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Supplemental Methods
Schizophrenia Risk Gene Expression (SRGE)
Allen Human Brain Atlas (AHBA) (1) describes RNA microarray data collected from
postmortem brains of six human donors (no history of neuropsychiatric or neuropathological
disorders, demographics are tabulated in Supplemental Table S1). As described in
http://help.brain-map.org/display/humanbrain/Documentation the samples were dissected
using manual macrodissection for large regions (cortex and subcortical structures) and laser
captures microdissection for smaller regions (subcortical structures and brainstem) (1). For
four donor brains, 466 samples covering the left hemisphere were obtained (mean: 466
samples, std: 72,6) and of two donor brains (DonorID: H0351.2001 and H0351.2002)
respectively 946 and 893 samples covering both left and right hemisphere were dissected.
Data of the cortical samples of the left hemisphere of all six subjects were included for
further analysis (making in total 2024 samples). Of each sample, AHBA contains data of
20,737 genes represented by 58,692 probes. Per subject and for each of the samples, the
normalized expression levels (as computed by the Allen institute for Brain Science and
described in http://help.brain-map.org/display/humanbrain/Documentation) corresponding to
probes representing the same gene were averaged to form gene expression profiles, resulting
in (per subject, per cortical patch) a vector of expression values of 20,737 elements. Gene
expression of each sample was further normalized by dividing expression values by the mean
sample value. Next, per subject, each of the cortical samples were directly mapped to cortical
areas of the 57 region subdivision of the Desikan-Killiany parcellation atlas (DK-57, 57

1

Romme et al.

Supplement

cortical areas covering the single hemisphere (2)). Mapping was performed in volumetric
space by means of computation of the shortest Euclidean distance between the provided
normalized Montreal Neurological Institute (MNI) coordinates of the AHBA samples and the
MNI coordinates of all voxels of FreeSurfer’s fsaverage subject belonging to the DK-57
regions. As such, no intermediate translation was applied. Similar mapping procedures have
been performed by French and colleagues who mapped the gene expression levels of the left
hemisphere as included in AHBA to the DK-34 atlas (3). As AHBA contains samples of both
cortical and subcortical samples, a distance threshold of 1 mm (i.e. one T1 voxel size) was
included to avoid incorrect assignment of subcortical regions to DK-57 cortical regions. As a
further step we verified all label names of the selected samples, which led to the exclusion of
two additional subcortical samples. As such, only samples (very close to) cortical tissue were
included. Next, for each of the six datasets, and for each of all DK-57 regions, the gene
expression profiles of the samples within a cortical region were averaged to create a gene
expression profile (providing expression levels of the 20,737 genes). This was performed for
each of the available 6 donor datasets separately, resulting in a data matrix of donor x area x
genes = 6 x 57 x 20,737. Finally, expression levels were averaged across the 6 subject
datasets, resulting in an area x gene data matrix of size 57 x 20,737.
Schizophrenia risk genes. The recent GWAS study of The Schizophrenia Working Group of
the Psychiatric Genomics Consortium reported 43 out of the 108 loci to link to single genes
(4). The gene expression profiles of these 43 PGC were extracted from AHBA for analysis
(Supplemental Table S2). Per subject and per cortical region, expression values of each of
these 43 genes were taken from the data matrix and expression values of the schizophrenia
risk genes were averaged per cortical area to obtain a single 57-element Schizophrenia Risk
Genes Expression (SRGE) cortical vector, describing the level of variation in gene expression
of schizophrenia risk genes across the (left-hemisphere) cortical mantle.
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Validation datasets. Based on the GWAS of the PGC, two additional SRGE profiles were
computed for which we extracted the gene expression of 1) the 43 single genes with an
additional set of 15 genes located within a distance of 500 kb of a loci, and 2) all genes
corresponding to the 108 associated loci (N=349, thus also including multi gene associated
loci). The gene expression profiles of 53 out of 58 genes and 314 out of 349 genes were
found to be present in AHBA.
For further validation, we computed a SRGE profile on the basis of a recent paper of
Chen and colleagues (5), in which a list of the 25 most commonly mentioned SNPs identified
by GWAS studies and their corresponding genes (n=85) was reported (Supplemental Table
S2). Gene expression values of 76 of these 85 genes were available in AHBA, with 13 risk
genes overlapping with the single genes reported in the paper of PGC and used in our main
analysis (4). Similar as described for the PGC gene set, an average SRGE profile was
computed for the 57 regions of the DK-57 atlas following the procedure described above. An
additional SRGE profile was computed in which the overlapping 13 risk genes were excluded
from the validation dataset (see Supplemental Results below).

Macroscale connectivity data
Participants. Anatomical T1-weighted and diffusion-weighted MR scans were acquired for
48 schizophrenia patients and 43 healthy control subjects on a 3 Tesla Philips Achieva
clinical MRI scanner, taken from a dataset previously reported in the context of examination
of hub connectivity in schizophrenia (6). Participants provided written informed consent and
underwent psychiatric assessment procedures using the Comprehensive Assessment of
Symptoms and History. Diagnostic consensus of patients was obtained in the presence of a
psychiatrist with the DSM-IV criteria for schizophrenia. Supplemental Table S3 provides the
demographics of the patients and control participants.
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Diffusion MRI processing. For each participant, two diffusion weighted imaging sets
comprising 30 diffusion-weighted volumes (b-value: 1000 s/mm2) and five unweighted (b =
0) volumes were acquired (scanning parameters: parallel imaging SENSE p-reduction 3;
TR/TE = 7035/68 ms, 2 mm isotropic voxel size, 75 slices, b=1000 s/mm2, second set with
reversed k-space read-out). Processing of the acquired imaging data included the following
steps: first, diffusion-weighted images were corrected for movement and eddy current
distortions and for susceptibility distortions by computing a correction map on the basis of
the (with opposite k-space readout required) b=0 scans, which was subsequently applied to
the 2 sets of weighted diffusion scans (7, 8), resulting in a corrected set of 30 diffusionweighted volumes. Second, a subject’s anatomical T1-weighted image (parameters: 3D FFE
using parallel imaging; TR/TE 10ms/4.6ms; FOV 240x240mm, 200 slices, 0.75 mm isotropic
voxel size) was used to parcellate the cortex into 114 distinct regions (57 for the left, 57 for
the right hemisphere) according to a subdivision of the FreeSurfer’s Desikan-Killiany atlas.
This cortical map was registered to the diffusion-weighted images by means of coregistration of the T1 and b=0 image. Third, for each voxel within the brain mask, a diffusion
profile was reconstructed using a combination of compressed sensing techniques (CFARI
(9)) and robust tensor fitting approaches to allow for the reconstruction of complex fiber
architectures while maintaining high accuracy in voxels with a single dominant diffusion
direction. In this hybrid approach, the diffusion profile of a voxel was described by a tensor
unless compressed sensing indicated the existence of multiple pronounced diffusion
directions. Fourth, deterministic streamline tractography (suited for multi-direction
approaches) was used for the reconstruction of white matter tracts, by starting eight
streamlines in every voxel of the cerebral white matter and following the best matching
diffusion direction from voxel to voxel until the streamline made a sharp turn (>45°), exited
the brain, or entered a voxel with a low fractional anisotropy (<0.1). A validation analysis in
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which connectivity matrices were recomputed using DTI only revealed consistent findings
(see Supplemental Results below).
Connectome reconstruction. For each individual dataset, a connectome map was formed by
determining for each pair of cortical regions whether they were connected by at least one
streamline from the total set of reconstructed tractography streamlines that touched both
regions of interest. The strength of connectivity of the reconstructed pathways was
determined as the number of interconnecting streamlines (NOS) as selected from the total set
of reconstructed streamlines as those streamlines that touched both cortical regions. The
individual connectome map was represented as an undirected weighted graph described in
mathematical terms as a connectivity matrix M of size 114 x 114 (with each hemisphere
including 57 cortical areas) with cell M(i,j) reflecting the connectivity strength between
region i and region j of the DK-57 atlas. To correct for potential effects of regional volume on
metrics on the reconstruction of the NOS weights of the connectivity matrix (as noted to have
an effect on connectome reconstruction (10, 11)), for each reconstructed tract the level of
streamline density was determined, computed as the number of interconnecting streamlines
(i.e. NOS) between two regions divided by the sum of the volume (i.e. number of voxels) of
the two connected regions of interest. Fractional anisotropy (FA) and mean diffusivity (MD)
of tracts - as averaged over all points of the included tracts between two areas (12, 13) - and
used as a metric of white matter integrity were computed as a control condition.
Regional connectivity. Per dataset, network analysis was used to compute the level of
regional strength for each of the DK-57 cortical areas. Region connectivity of each of the
DK-57 regions was determined as the total sum of connectivity strength (i.e. NOS / SD) over
the total set of the reconstructed pathways of a cortical region, in graph theoretical terms
equal to the metric of ‘nodal strength’ (14). Whole brain connectivity strength of the 57 left
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hemispheric regions (i.e. the set of cortical regions of which SRGE profiles were computed,
see above) was taken for further analyses.

Assessment of between group patient-control connectivity
Next, combining the individual connectome datasets of the patients and controls, betweengroup differences in region macroscale connectivity was computed as the ratio of change in
region connectivity (i.e. nodal NOS and SD strength) between the patient and control
population (i.e. [PATIENTS-CONTROLS]/[CONTROLS]), with the resulting cortical map
reflecting regional variation in between-group differences in macroscale connectivity strength
in schizophrenia.

Statistical analysis
Associations between SRGE and patient-control between-group differences in regional
disconnectivity were assessed using Pearson’s correlation analysis. For statistical evaluation
of the observed correlations, i.e. to examine whether an observed correlation was higher than
one could expect under the null-condition, permutation testing was used. For 10,000
iterations, a set of 43 genes was randomly selected from the total pool of 20,737 ABHA
genes and their average expression profile was computed (following the same procedure as
the computation of the SRGE profile for the 43 schizophrenia risk genes) and the correlation
to the between-group differences in macroscale disconnectivity was computed. This resulted
in a null-distribution of correlation effects that could be expected under the null-hypothesis of
no specific effect between macroscale connectivity changes and gene expression profiles. The
correlation observed for the SRGE profile was then given a p-value as the proportion of the
null-distribution that exceeded the SRGE correlation (two-sided).
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Alternative cortical parcellations
The main analysis was replicated using DK-34 and DK-111 parcellation atlases, respectively
dividing the cortex into 34 and 111 distinct brain regions (2). For the DK-34 atlas, on average
16.5 (std: 9.5) donor samples were present in AHBA. For the DK-111 atlas this number was
decreased to 5.1 samples (range 0-26), with 3 regions having no samples. Using the DK-34
and DK-111 atlases revealed highly similar findings (see Results). Second, a validation was
performed using the Automatic Anatomical Labeling (AAL) atlas (45 brain regions, 12.5
samples (range:0-50) per area) (15), which also revealed similar findings (see Supplemental
Results below).

Gene classes
We examined gene subsets corresponding to six specific gene classes specified by the
schizophrenia PGC working group (4). This subdividion of schizophrenia risk genes followed
current hypotheses on schizophrenia etiology and treatment, describing six classes of genes
related to i) therapeutic targets (2 genes), ii) glutamatergic neurotransmission (6 genes), iii)
neuronal calcium signaling (7 genes), iv) synaptic function and plasticity (9 genes), v) other
neuronal ion channels (5 genes), and vi) neurodevelopment (7 genes). Permutation testing
examining correlation between connectivity effects and randomly selected genes (of equal
number of the examined set of genes, see above) was used to provide statistical evaluation,
obtaining a distribution of correlation effects observed under the null condition (10,000
permutations performed).
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Top strongest correlating genes
We performed, for each gene included in AHBA separately, correlation analysis between the
cortical gene expression profile and regional macroscale disconnectivity. The top 100 (and
top 200 for validation) scoring genes out of the total set of 20,737 genes were selected –as
listed in Supplemental Table S4– for further examination.
We examined the role of the top 100 (and additionally top 200) scoring genes in the
disorder. First, for each of the strongest correlating genes, a PubMed / Google Scholar search
was performed, in which we looked for scientific publications reporting on this gene in
relationship to schizophrenia (and/or other psychiatric disorders). We searched for the
combination of [GENEsymbol] AND [[schizophrenia] OR [psychiatric disorder]] and listed
the publications reporting effects on the examined gene, documenting the number of
strongest correlating genes (out of the 20,737 possible picks) previously reported in context
of schizophrenia. For the top 100 genes our search revealed 34 genes to be previously
reported in context of schizophrenia (see Results). Statistical evaluation to investigate
whether this observed number was beyond chance level was obtained by computing the a
priori probability of randomly selecting the observed number out of the total number of
AHBA genes, with an estimated total number of ~2800 genes involved in schizophrenia,
following:
2800
1

20.737 2800
100
20.737
100

2.9 10

with 20,737 reflecting all AHBA genes, the number 100 describing the top scoring 100
genes, and an estimated number of 2800 describing the total estimated number of genes (with
a higher number resulting in a more conservative statistical evaluation) based on the genome
scan meta-analyses IIA set of the 2008 report of the Schizophrenia Gene Resource group in
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which 2295 schizophrenia risk genes are described (16), combined with an additional set of
505 multiple genes later discovered in large GWAS studies (4).
Second, we examined the subset of strongest correlating genes with the publically
available PGC GWAS data (https://www.med.unc.edu/pgc) describing p-values and odds
ratios of 102,637 SNPs (4). The data was used to check whether top 100 (and 200) correlating
genes indeed show indications for higher involvement in schizophrenia and to investigate
whether there is a potential enhanced involvement in schizophrenia for the 49 (and 104)
genes remaining from our top 100 (and 200) analysis (100 - 51 genes resulting from the
PubMed and Google Scholar search). The AHBA genes were used as input for SNPnexus
database to obtain their corresponding SNP IDs (rs codes), which were then linked to the
SNP IDs as included in the PGC database. GWAS odds ratios and p-values were successfully
achieved for 13,759 out of 20,737 AHBA genes (of the other SNPs no data was available in
the PGC data). From the 49 AHBA genes, data of 18 genes was available in the PGC
database, which we used for further analysis testing whether their average odds ratio differed
significantly from a random set of 18 genes taken from the PGC GWAS data using
permutation testing. With odds ratios higher and lower than 1 both indicating a potential
higher involvement in a disorder, the deviation from 1 was taken for evaluation (i.e. the
absolute value of 1-odds ratio). Permutation testing was used for statistical evaluation in
which for 10,000 iterations a set of 18 genes was randomly selected from the total pool of
13,759 genes computing their average odds ratio deviation from 1. Based on this null
distribution, effects were assigned a p-value as the proportion of the null-distribution that
exceeded random permutations. In addition to the odds ratios, we tested the average GWAS
p-values of the set of selected genes using permutation testing. A similar analysis was
performed for the 104 genes remaining from top 200 analysis, of which for 44 genes PGC
GWAS data was available (https://www.med.unc.edu/pgc).
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Third, a gene-pathway analysis was performed for the set of top 100 (and,
additionally top 200) strongest correlating genes using PANTHER analysis (17) and the Web
interface of ConsensusPathDB (18) tool. Overrepresented pathways were analyzed on the
level of predefined functional gene sets, based on co-annotation with Gene Ontology terms
(19), with a small p-value indicating more of the pathway members present in the input list
than can be expected at chance level. All obtained p-values were FDR corrected for the
performed multiple testing.

C4A
Recently McCaroll and colleagues report on their discovery of C4A located within the major
histocompatibility complex (MHC) on chromosome 6 to play an important role in the
modulation of synaptic connectivity loss in schizophrenia. Out of all 20,737 correlations,
C4A showed the 15th strongest association, thereby strengthening our hypothesis of higher
involvement in schizophrenia of the not previously reported strongest correlating genes. In
the results section we describe the association between the pattern of C4A expression and
between-group macroscale connectivity differences in more detail.

Bipolar disorder validation
We examined the potential specificity of our observed schizophrenia findings by means of
examination of a large MRI dataset of bipolar I disorder patients (216 patients, 144 matched
healthy controls, demographics Supplemental Table S8) and two sets of bipolar disorder risk
genes.
Cortical gene expression profiles of bipolar disorder risk genes. Following the exact same
procedures as for the schizophrenia risk genes, two bipolar disorder risk gene expression
(BRGE) profiles were computed for genes extracted from two meta-analysis studies. Bipolar
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gene set I) was extracted from the study of Seifuddin and colleagues and includes 18 genes
associated with either bipolar I disorder or bipolar II disorder (of which 17 genes were
available in AHBA, Supplemental Table S7, left panel). Out of the 18 genes one gene
(DRD2) overlapped with the set of 43 single PGC genes (20). Bipolar gene set II) was
extracted from work of Craddock and Sklar, describing 13 bipolar I disorder risk genes (21)
(all available in AHBA, Supplemental Table S7, right panel), in which top findings of eight
GWAS studies were summarized. From the 13 genes included in bipolar gene set II), two
genes (CACNA1C and ZNF804A) overlapped with the set of 43 single PGC genes.
Following the same steps as for the computation of the SRGE schizophrenia expression
profile, for each set of genes an average BRGE profile was computed for the 57 regions of
the DK-57 atlas.
Macroscale connectivity data. MRI scans were acquired for a group of 216 bipolar I disorder
patients and 144 control subjects (demographics shown in Supplemental Table S8), a dataset
previously described by Collin and colleagues (see (22) for a detailed description). In brief,
for each participant, one anatomical (T1-weighted) scan and two diffusion-weighted imaging
(DWI) scans were acquired on a 3.0 Tesla Philips clinical MRI scanner at the University
Medical Center Utrecht, the Netherlands. All data was acquired with the exact same T1 and
DWI protocol as described for the schizophrenia group. Concordantly, data processing and
connectome reconstruction followed the same steps, resulting in, for each of the 57 cortical
areas of the left hemisphere, macroscale disconnectivity levels across the cortex in terms of
number of streamlines (NOS), streamline density (SD), fractional anisotropy (FA) and mean
diffusivity (MD).
Next, based on the computed bipolar risk genes expression (BRGE) profiles and the
pattern of macroscale connectivity reductions, we examined the potential specificity of our
reported gene-connectivity association in schizophrenia in a three-way analysis:
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1. Pearson’s correlation analysis was performed comparing the schizophrenia risk genes
expression profile (i.e. SRGE) with the bipolar macroscale connectivity differences
(hypothesizing no significant association).
2. The cortical bipolar risk genes expression profiles (i.e. BRGE) were correlated to
schizophrenia macroscale connectivity differences (hypothesizing no significant association).
3. The cortical bipolar risk genes expression profiles (i.e. BRGE) were correlated to bipolar
connectivity reductions.

Multiple testing
P-values belonging to the schizophrenia risk gene expression profiles (both main gene set and
validation set), the six different gene classes as specified by the PGC and bipolar disorder
validation were corrected for multiple testing by means of False Discovery Rate (FDR). Pvalues corresponding to the strongest correlating genes and overrepresentation analysis were
separately FDR corrected.

Supplemental Results
Patient-control difference in terms of t-statistics
Alternatively, the pattern of macroscale MRI disconnectivity was assessed by means of a tstatistic between the two groups, which revealed highly similar findings (SRGE – regional
disconnectivity correlation: NOS: r=0.556, p=0.0239, SD: r=0.503, p=0.033, permutation
testing).

Alternative cortical parcellation atlases
Using the DK-34 (i.e. coarser resolution) and DK-111 (i.e. a finer resolution) atlases revealed
similar correlation values between SRGE scores and macroscale disconnectivity (DK-34:
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NOS: r=0.719, p=0.0001, SD: r=0.702, p=0.0012; DK-111: NOS: r=0.347, p=0.019, SD:
r=0.329, p=0.049, permutation testing).
Second, resampling AHBA samples and DTI connectivity data to the regions of the
Automatic Anatomical Labeling (AAL) atlas, revealed a similar association between SRGE
and the pattern of macroscale disconnectivity (NOS: r=0.650, p=0.0049, SD: r=0.651,
p=0.0071, permutation testing; 45 cortical areas in total, with region rectus_L and
parahippocampal_L of the AAL template were excluded in this correlation as outliers as no
clear reconstruction of DTI connectivity could be made in these regions).

Alternative SRGE profiles
Analysis of alternative SRGE profiles including respectively 58 (single genes combined with
genes close to PGC loci (within 500 kb)) and 349 schizophrenia risk genes (all multiple genes
included), again revealed positive associations of respectively r=0.608 (p=0.0007,
permutation testing) and r=0.4108 (p=0.102, permutation testing). As expected, an attenuated
effect was observed when including all 349 genes, as this analysis likely involved the
inclusion of more false-positive genes with only one (or a subset) gene instead of all genes
located on a loci associated with the disorder.
Excluding the overlapping 13 genes of the schizophrenia risk genes validation dataset
of Chen and colleagues, the SRGE profile still revealed a positive association with
macroscale connectivity reductions as observed in schizophrenia patients (NOS: r=0.5742,
p=0.0219; FA: r=0.5708, p=0.0140).

Patient-control cortical thinning
To rule out potential effects of cortical thinning on our main effect (i.e. the correlation
between SRGE and regional macroscale disconnectivity), the relationship between SRGE and
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cortical thinning in the patient population was examined. Cortical thinning between the
patient and control group was computed as the level of change in average cortical thickness
of

the

DK-57

regions

between

patients

and

controls

(i.e.

[PATIENTS-

CONTROLS]/[CONTROLS]). As expected, no clear correlation was observed between
SRGE profile and the cortical pattern of cortical thinning (r=0.2803, p=0.1422), ruling out a
strong influence of cortical thinning on our main results.

DTI only
Computing the connectivity matrices by using DTI only revealed a similar correlation
between SRGE and macroscale disconnectivity (r=0.459, p=0.034).

Calcium signaling genes
We investigated to what extent our main SRGE effect was driven by the subclass of calcium
signaling genes. Out of the 7 genes included in the calcium signaling class, 5 genes were
included in the total set of 43 PGC genes (CACNA1I, RIMS1, CACNA1C, CACNB2 and
ATP2A2). Excluding these calcium signaling genes still revealed a significant correlation
between the expression profile of the remaining set of 38 risk genes and regional
disconnectivity (r=0.576, p=0.024, permutation testing, surviving FDR).

Top strongest correlating genes
We examined for each of the 20,737 AHBA genes their potential associative effect to the
cortical pattern of macroscale disconnectivity as observed in schizophrenia, resulting in a
normal distribution of 20,737 correlation coefficients (Supplemental Figure S5). Out of the
set of top 100 scoring-genes (all p<1.56x10-6, individually surviving FDR and Bonferroni),
34 genes (2.2 times higher than one would expect under the null-condition of selecting 100
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genes in a random selection from the total of 20,737 genes, p=1.35x10-5) were reported in at
least one scientific study (Supplemental Table S4 lists all reports). Moreover, out of the
remaining 66 genes, 17 genes were reported to form a risk gene in other psychiatric
conditions including bipolar disorder (5 genes), autism spectrum disorder (4 genes),
obsessive-compulsive disorder (3 genes), attention deficit hyperactivity disorder (4 genes)
and alcohol dependence (1 gene) (all listed in Supplemental Table S4).
In the top 200 analysis we examined for each of the 20,737 AHBA genes their
potential associative effect to the cortical pattern of macroscale disconnectivity. Out of the set
of the top 200 strongest correlating genes, 71 genes (32.0%, 2.4 times more than one would
expect under the null-condition of selecting 200 random elements out of a total of 20,737,
p<0.0001) were found previously reported in context of schizophrenia in at least one
scientific study (Supplemental Table S4 lists all reports). Moreover, out of the remaining 129
genes, 25 genes were reported in the context of other psychiatric disorders, including bipolar
disorder (7 genes), autism spectrum disorder (4 genes), obsessive-compulsive disorder (4
genes), attention deficit hyperactivity disorder (4 genes), major depressive disorder (4 genes)
and alcohol addiction (2 genes) (Supplemental Table S4).

Cross-reference with GWAS data of the PGC
PGC GWAS data (odds ratios and p-values) was available for 50 out of the top 100
correlating genes. The average odds ratio deviating from 1 ([absolute (odds ratios – 1)]) of
this set was 0.0372, which is significantly higher than to expect on chance level (p=0.0172,
permutation testing). The average GWAS p-value also suggests higher involvement in the
disorder (average GWAS p=0.0722, p=0.0072 based on permutation testing). As validation,
we examined the set of 108 genes out of the top 200 correlating genes of which PGC GWAS
data was available. The average odds ratio deviating from 1 of this set of 108 genes was
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0.0387, suggesting higher involvement in the disorder (p=0.0072, permutation testing). This
was further confirmed by the average GWAS p-value of 0.0662 (p=0.0023, permutation
testing).
We next examined the set of genes of which our PubMed/Google Scholar search
revealed no hits. Of 18 genes out of the 49 genes of the top 100 scoring genes PGC GWAS
data was available (Supplemental Table S4) (4). The average odds ratio deviating from 1 of
this set of 18 genes included 0.0327, showing a trend for potential higher involvement of
these genes in schizophrenia (p=0.110, permutation testing). The average GWAS p-value of
this set of 18 genes was 0.089, significantly lower than to expect on chance level (p=0.035,
permutation testing). For the 44 genes out of the 104 genes of the top 200 scoring genes PGC
GWAS data was available (Supplemental Table S4). The average odds ratio deviating from 1
of this set was 0.0346, which is significantly higher than to expect on chance level (p=0.048,
permutation testing). The average GWAS p-value also suggests higher involvement in the
disorder (average GWAS p=0.084, p=0.028 based on permutation testing).
We also examined the total set of all 540 genes surviving Bonferroni correction. For
307 out of these 540 genes, PGC GWAS data was available, revealing an average odds ratio
deviating from 1 of 0.0346 (p=0.034, permutation testing) and an average GWAS p-value of
0.093 (p=0.031, permutation testing), As a control condition, when the same analysis was
performed for the 500 correlating genes outside the set of significant genes (i.e. correlating
the top correlating genes 1040-540 not surviving Bonferroni correction), no such effects were
observed (GWAS OR: p=0.296, GWAS p-values: p=0.340, permutation testing). Further
confirming our findings of the top 100 and top 200 analyses, these findings again suggest the
set of top scoring genes (i.e. top 540 genes reaching Bonferroni correction) to be potentially
involved in the etiology of schizophrenia.

16

Romme et al.

Supplement

Overrepresentation analysis. We explored the set of top strongest correlating genes by
examining their potential overrepresentation in certain gene pathways.
First, PANTHER overrepresentation analysis (17) revealed strong overrepresentation
of the top 100 strongest correlating genes in the biological processes synaptic transmission
(p=1.80x10-8), cell-cell signaling (p=2.80x10-7) and regulation of cell and protein
localization (p=8.06x10-6, all surviving FDR). Second, analysis using the Web interface of
ConsensusPathDB tool (18) showed significant overrepresentation of 54 gene ontology terms
(all tabulated in Supplemental Table S5), centralized around processes involved in cell-cell
signaling and secretion (p<1.15x10-3), protein complex formation (p<5.0x10-3) and
regulation of synapse structure or activity (p<2.60x10-3) processes all reported to be involved
in the pathophysiology of schizophrenia (26–28).
PANTHER analysis for the set of top 200 strongest correlating genes revealed
overrepresentation of biological processes involved in synaptic transmission (p<1.31x10-5)
and regulation of (ion) transmembrane transport (p<6.69x10-3, all surviving FDR). Web
interface of ConsensusPathDB showed significant overrepresentation of 182 gene ontology
terms (all tabulated in Supplemental Table S6), centralized around processes involved in
formation and regulation of synapses and cell-to-cell signaling (p<1.00x10-3) and structure
and activity of transporters and receptors (p<7.58x10-3, all FDR corrected).
Finally, PANTHER overrepresentation analysis for the 540 genes surviving
Bonferroni correction again showed enrichment of pathways involved in (regulation of)
potassium ion transmembrane transport, single organism signaling and cell communication.
Additional overrepresented pathways comprised involvement of cellular response to zinc ion,
(regulation of) central nervous system development and generation of neurons. These
pathways are again often mentioned as important in the pathophysiology of schizophrenia
(23-26).
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C4A
Linking the regional C4A expression to reductions in macroscale connectivity as observed in
schizophrenia showed an inverse association of -0.698 (p=1.622x10-9, reaching a FDR
threshold of 1.561x10-6 based on the 20,737 correlations, Supplemental Figure S5), which
appeared to be the 15th highest absolute Pearson’s correlation coefficient out of all 20,737
AHBA genes in our dataset. Focusing on the set of inverse associations, C4A occupied the
second strongest association. The strongest inverse association was shown for the gene
ZFP36L1, which is previously associated with schizophrenia using a molecular pathway
analysis (27). The encoded protein of ZFP36L1 is known to be involved in the regulation of
the response to growth factors (28).

Bipolar disorder validation
Correlation analysis between the SRGE profile and MRI connectivity reductions of the group
of bipolar patients did not show a relationship (NOS: r=-0.088, p=0.506 | FA: r=-0.236,
p=0.302). Second, correlation analysis between BRGE profiles and regional disconnectivity
in the schizophrenia group revealed no significant relationships (set I: NOS: r= -0.2481,
p=0.487 | FA: r=-0.09, p=0.543; set II: NOS: r=0.139, p=0.711 | FA: r=-0.088, p=0.487).
Third, linking BRGE profiles to the pattern of macroscale disconnectivity as observed in the
bipolar patients did reveal positive correlations for FA (set I: FA: r=-0.530, p=0.0007; NOS:
r=-0.0331, p=0.807; set II: FA: r=-0.392, p=0.0025, NOS: r=-0.053, p=0.697).
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Supplemental Figures

Figure S1. Association between default gene expression of schizophrenia risk genes (SRGE,
x-axis) and regional macroscale connectivity reductions as observed in the disorder
(streamline density (SD), y-axis) (r=0.548, p=0.028).

Figure S2. Distribution of correlation coefficients of all 20,737 AHBA genes (light grey) and
PGC single-genes (dark grey). Figure illustrates that a larger proportion of PGC single-genes
show strong correlation to regional disconnectivity. Note in particular the high penetrance of
PGC genes in the two highest bins (correlation 0.4-0.6).
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Figure S3. Positive association between default gene expression profile (SRGE) of
schizophrenia risk genes as obtained from the report of Chen and colleagues (5) (x-axis) and
macroscale disconnectivity (number of streamlines, NOS) (y-axis) (r=0.600, p=0.0071).

Figure S4. Positive association between gene expression of the subset of schizophrenia risk
genes related to neuronal calcium signaling (x-axis) and the pattern of macroscale
disconnectivity (streamline density, SD) (y-axis) (r=0.632, p=0.0018).
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Figure S5. Figures show an inverse association between bipolar disorder risk genes
expression profiles (BRGE, x-axis) and regional macroscale connectivity reductions
(fractional anisotrophy (FA), y-axis) for the set of bipolar disorder genes as selected from
Seifuddin et al., 2012 (20) (BRGE-I, left panel) and as selected from the study of Craddock
and Sklar, 2013 (21) (BRGE-II, right panel).
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Table S1. Demographics of human donors included in the Allen Human Brain Atlas
Donor ID

Sex

Age (years)

Race/ethnicity

H0351.2001

Number of
samples
946

Male

24

H0351.2002

893

Male

39

H0351.1009
H0351.1012
H0351.1015
H0351.1016

363
529
470
501

Male
Male
Female
Male

57
31
49
55

African
American
African
American
Caucasian
Caucasian
Hispanic
Caucasian
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Table S2. Genes extracted from the latest GWAS of PGC (above) and Chen and
colleagues (below).
CACNA1C**
TSNARE1**
SLC39A8
MAD1L1**
ZSWIM6**
IMMP2L
SNX19**
ZNF804A**
CNKSR2
CACNB2**
TCF4**

CNTN4
DRD2
CACNA1I
PJA1
GRM3
SNAP91
PLCH2
ATP2A2
FUT9
TLE2
ZNF536

TBC1D5
BCL11B
HCN1
CYP26B1
GRAMD1B
SATB2
GPM6A
CSMD1**
CUL3
MMP16**
GRIN2A

PRKD1
EPC2
NLGN4X
RIMS1
MAN2A1
GALNT10
C11orf87
TMTC1
FAM5B
C12orf42

MHC2*
CACNA1C
LRRIQ3
MDK
HIST1H2BJ
TSNARE1
C2orf82
MMP16
PRSS16
MAD1L1
EFHD1
FANCL
NKAPL
ZSWIM6
GIGYF2
VRK2
TRIM26
ABCB9
KCNJ13
GLT8D1
NPYD*
ARL6IP4
NGEF
GNL3
MIR137*
C12orf65
ESAM
ITIH1
ARL3
CDK2AP1
MSANTD2*
ITIH3
AS3MT
MPHOSPH9
NRGN
GRIA1
C10orf32
OGFOD2
VSIG2
CILP2
CNNM2
PITPNM2
TCF4
GATAD2A
CYP17A1
RILPL2
AMBRA1
HAPLN4
INA
SBNO1
ARHGAP1
MAU2*
NT5C2
SETD8
ATG13
NCAN
PCGF6
AC073043.2
CHRM4
NDUFA13
PDCD11
C2orf69
CKAP5
PBX4
SFXN2
TYW5*
CREB3L1
SUGP1*
TAF5
SNX19
DGKZ
TM6SF2
TRIM8
ZNF804A
F2
PCGEM1*
USMG5
CACNB2
HABRI1
CSMD1
WBP1L*
Upper part of table summarizes the genes extracted from the paper of PGC (4). Only the
genes showing single association with a loci were included. * indicates that the gene is not
included in AHBA, and therefore not used for analysis. ** points the overlapping genes
between the two groups.
Lower part of the table summarizes the genes extracted from the paper of Chen and
colleagues (5) used as validation risk gene set. * indicates that the gene is not included in
AHBA, and therefore not used for analysis.
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Table S3. Demographics of schizophrenia patients and healthy control subjects
Characteristics

Schizophrenia
patients
(n = 48)
29.4 (7.5)
35/13
5.1 (1.5)

Controls
(n = 43)

Age, mean (sd), y
28.7 (7.8)
Sex, M/F
28/15
5.7 (2.1)
Parental educational level, mean
(sd)#
DWI
48
43
Diagnosis, No. (%)
Schizophrenia
34 (71)
Schizophreniform disorder
1 (2)
Schizoaffective disorder
13 (27)
Duration of illness, mean (sd), y
6.8 (6.3)
PANSS total score, mean (sd)
62.6 (10.9) [37-88]
[range]
Antipsychotic medication, No.
(%)
Atypical antipsychotics
39 (81)
Typical antipsychotics
6 (12)
No currently using
0
Medication history not
3 (6)
available
Abbreviations: PANSS = Positive and Negative Syndrome Scale; sd = standard deviation;
No. = number. #Parental educational level: ranging from (unfinished) primary school
education (1) to university (7).
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Table S4. Top 200 strongest correlating genes
Nr

Gene symbol

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

RTKN2
ATRNL1*
KIAA1107
CALML3
IER5L
CACNG2
ZFP36L1
PPP3CA
STAT4*
CACNA2D3
ITPR1
ENO2
KIAA0408*
EPHX4
C4A
SSX2IP
CADPS2
KCNB1
C20orf177
SCAND3
MAGI3
FRMPD4
MYSM1*
LRRN3
KCNQ5
PREP*
TDRD1*
PARD6B
STX19
AC099797.1
PLCB1
OR2L3
TMEM81
PCSK1*
ARHGAP4
RARB
KCNS2*
PLXDC1*
LHFPL1
SLITRK5
FLRT2

42
43
44

FMN1
RPH3A
C10orf140

Associated with
schizophrenia
(references)
(29, 30)

Associated with
other psychiatric
disorder(s)

References

(31)

BD

(32)

BD
ASD

(46)
(49-52)

ASD

(55)

ASD

(56-58)

BD

(61)

ADHD

(64)

ASD

(66)

OCD
ADHD
BD
OCD
MDD

(68-70)
(72)
(71)
(73, 74)
(77)

(33-35)
(27, 36)
(37-39)
(40, 41)
(42)
(43, 44)

(45)
(47, 48)
(4)

(53, 54)
(55)

(59, 60)

(62, 63)

(65)
(67)

(71)

(75, 76)
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Gene symbol

45
46
47
48
49
50
51
52
53

GPR21
TIAM2
APLN
YOD1
GCNT4
C9orf61
STEAP2*
ZNF323
PRPS2

54
55
56
57
58
59
60

TRIM37
AC021534.2
GABRA4
ROS1
TNNC2
VIL2
CDH7

61
62
63
64
65
66

MAML2
CCDC8
MEGF11
CHML
C14orf91
SLITRK3

67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88

EIF4E1B
STXBP5L
GABRA1
GPR158*
FBXO9
TSPYL1
SLC25A44
CCDC77
SLC20A1
CAMKK2
KCNH1
FBXO16*
ABHD4*
APOL6
FAM119A
PHEX
ZSCAN12
LOC644242
LOC646548
C18orf45
TASP1
LIPG*

Supplement

Associated with
schizophrenia
(references)

Associated with
other psychiatric
disorder(s)

References

Alcohol
dependence
ASD

(79)
(80)

ASD

(81)

BD
MDD
ASD

(83)
(84)
(85)

MDD

(89)

OCD
ASD

(90)
(91)

ASD

(92-94)

BD
BD

(100)
(101)

ADHD

(104)

(78)

(82)

(41)
(86, 87)
(88)

(95-97)
(98, 99)

(102)
(59)

(103)

(30, 105)
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Gene symbol

89
90
91
92
93

TPST2*
PTH2R*
RFPL3
ACTR1B
CYP2E1

94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118

PIRT*
POSTN*
PGBD4
AHNAK
DDAH2
EFHA2
GNB5
C5orf38
FAXC
C10orf105*
PRDM2
RORB
FHL2*
C12orf68
CD86
HEYL
EIF4A2
C10orf116
LOC151009
CCNE1
NAGPA*
OPN3
FLJ33996
LY6D
ATP2B2

119
120

FCGRT
ARNTL

121
122
123
124
125
126
127
128
129
130
131
132

SHD*
GLS2
C11orf65
ELAVL2
FGF14*
C11orf87
ETS2*
NUPR1
CXCR4
KCNA3
OR2L13
STK38L

Supplement

Associated with
other psychiatric
disorder(s)

References

ASD

(106)

Alcohol
dependence

(108, 109)

ADHD
BD

(64)
(110)

MDD
BD

(111)
(113)

MDD

(115)

(98, 116)

ASD
BD

(117)
(118)

(119)

BD
MDD

(119-121)
(111)

Associated with
schizophrenia
(references)

(107)

(110)

(98)

(112)
(114)

(114)
(98)

(122)
(4)
(123)
(124-126)
(127)
(128)
(129)
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Gene symbol

133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149

POU6F2
CD99
PLEKHA5
HTR1F
MIAT
PRKCB
GK
SERTAD4
ZNF365*
HECW1*
MRPS30
FMR1
FAM183A*
HCN1*
SLC35F3*
GABRD
GLRB

150
151
152
153
154
155
156
157
158
159
160
161
162

SBNO1
NUAK1
EFNA5
RAD54B
MRVI1
DCLK1
KLF12
CSPG4*
MKX*
LRRTM3
WWTR1*
LFNG
GRIN2A

163
164
165
166
167
168
169
170
171
172
173
174
175
176

IFI27L2
TSPAN11*
C11orf41
RPRML
LRRC25
FANCI
EXTL2
FBLN7
ZNF567
TMEM25*
KCTD8*
AL161668.2
PRSS16
MT1X

Supplement

Associated with
schizophrenia
(references)
(114)
(130)

Associated with
other psychiatric
disorder(s)

References

BD

(131)

OCD
ASD

(135)
(136)

ADHD
BD

(138)
(139)

ADHD
BD

(143)
(145)

BD
BD
Alcohol
dependence

(146)
(151)
(152)

(40)
(132)

(133)
(134)

(137)
(139)
(140)
(141)
(142) (143)
(144)

(121)

(147-150)

(153)
(154)
(103)

(155-157)
(99, 110, 153)
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Gene symbol

177
178
179
180
181
182
183
184
185
186

MYO1B*
TOMM40L*
EPS8*
RP11-6013.5
LIN28B*
WDFY4*
LAMA1
ST8SIA5*
GABARAP
GABRB3

Supplement

Associated with
schizophrenia
(references)

Associated with
other psychiatric
disorder(s)

References

Alcohol
dependence

(160)

(158)
(159)

187
PSAT1
(161)
188
RP11-403C10.2
189
FAP
190
STRBP*
191
CA7
192
DPP8
193
POLR2J
194
CACNG8
(162)
195
FES*
196
TIMP1
(163)
197
IFT57
198
GLCCI1*
199
LOC100286909
200
AKR7A2
MDD
(164)
Table lists the top 200 strongest correlating genes. Gene symbols in blue indicate an inverse
association between gene expression and the between-group macroscale connectivity
differences as observed in schizophrenia. * indicates availability of p-values and odds ratios
in the PGC database.
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Table S5. Pathway analysis top 100 strongest correlating genes
Gene ontology term

Set size

GO:0007268 synaptic transmission
GO:0050803 regulation of synapse
structure or activity
GO:0007267 cell-cell signaling
GO:0008076 potassium channel
complex
GO:0007343 egg activation
GO:0032879 regulation of
localization
GO:0044700 single organism
signaling
GO:0097458 neuron part
GO:0050808 synapse organization
GO:0023061 signal release
GO:0048489 synaptic vesicle
transport
GO:0007154 cell communication
GO:0021756 striatum development
GO:0034762 regulation of
transmembrane transport
GO:0051049 regulation of transport
GO:0051963 regulation of synapse
assembly
GO:0007269 neurotransmitter
secretion
GO:0006887 exocytose
GO:0042634 regulation of hair cycle
GO:0071805 potassium ion
transmembrane transport
GO:0034702 ion channel complex
GO:1902495 transmembrane
transporter complex
GO:0005923 bicellular tight junction
GO:0032589 neuron projection
membrane

729
223

Candidate
contained (N (%))
13 (1.8)
7 (3.2)

p-value
8.91x10-7
1.07x10-5

1238
87

15 (1.2)
4 (4.6)

1.37x10-5
2.26x10-4

8

2 (25.0)

2301

18 (0.8)

3.20x104
5.17x10-4

6125

34 (0.6)

5.86x10-4

1179
212
452
128

12 (1.0)
5 (2.4)
7 (1.6)
4 (3.1)

5.81x10-4
7.97x10-4
6.45x10-4
9.46x10-4

6343
17
385

34 (0.5)
2 (11.8)
6 (1.6)

1.15x10-3
1.52x10-3
0.002

1751
75

14 (0.8)
3 (4.0)

0.002
0.0022

161

4 (2.5)

0.0022

100
22
175

6 (1.5)
2 (9.1)
4 (2.3)

0.0024
0.0026
0.003

289
324

5 (1.7)
5 (1.5)

0.0031
0.0050

110
36

3 (2.7)
2 (5.6)

0.0064
0.0068
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Table S6. Pathway analysis top 200 strongest correlating genes
Gene ontology term

Set size
729

Candidate
contained (N (%))
27 (3.7)

Synaptic transmission
(GO:0007268)
Cell-cell signaling (GO:0007267)
Gated-channel activity
(GO:0022836)
Ion channel complex (GO:0034702)
Transmembrane transporter complex
(GO:1902495)
Transporter complex (GO:1990351)
Passive transmembrane transporter
activity (GO:0022803)
Channel activity (GO:0015267)
Postsynapse (GO:0098794)
Ion channel activity (GO:0005216)
Substrate-specific channel activity
(GO:0022838)
Postsynaptic membrane
(GO:0045211)
Synaptic membrane (GO:0097060)
Single organism signaling
(GO:0044700)
GABA receptor complex
(GO:1902710)
GABA-A receptor complex
(GO:1902711)
Regulation of localization
(GO:0032879)
Regulation of transport
(GO:0061049)
Cell communication (GO:0007154)
Regulation of synapse structure or
activity (GO:0050803)
GABA receptor activity
(GO:0016917)
Regulation of transmembrane
transport (GO:0034762)
Regulation of ion transport
(GO:0043269)
Chloride channel complex
(GO:0034707)
Benzodiazepine receptor activity
(GO:0008603)
Regulation of membrane potential
(GO:0042391)
Synapse organization (GO:0050808)
Neuron part (GO:0097458)

p-value
3.2x10-10

1236
328

35 (2.8)
16 (4.9)

8.51x10-10
4.16x10-8

280
324

15 (5.2)
15 (4.6)

5.2x10-8
2.3x10-7

330
433

15 (4.5)
17 (3.9)

2.91x10-7
3.52x10-7

433
351
399
410

17 (3.9)
15 (4.3)
16 (4.0)
16 (3.9)

3.52x10-7
5.92x10-7
5.97x10-7
8.56x10-7

203

11 (5.5)

2x10-6

252
6125

12 (4.8)
82 (1.3)

2.67x10-6
7.29x10-6

18

4 (22.2)

1.71x10-5

18

4 (22.2)

1.71x10-5

2301

40 (1.7)

2.19x10-5

1751

33 (1.9)

2.77x10-5

6343
223

82 (1.3)
10 (4.5)

3.13x10-5
3.21x10-5

22

4 (18.2)

3.98x10-5

385

13 (3.4)

4.32x10-5

585

16 (2.7)

7.11x10-5

50

5 (10)

8.25x10-5

11

3 (27.3)

1.1x10-4

367

12 (3.3)

1.19x10-4

212
1179

9 (4.2)
24 (2.0)

1.26x10-4
1.32x10-4
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Gene ontology term

Set size
169

Candidate
contained (N (%))
8 (4.7)

Cation channel complex
(GO:0034703)
Ion transmembrane transport
(GO:0034220)
Receptor complex (GO:0043235)
Positive regulation of synapse
assembly (GO:0051965)
Intrinsic component of membrane
(GO:0031224)
Ion transport (GO:0006811)
Single-organism transport
(GO:0044765)
Regulation of synapse organization
(GO:0060807)
Ion transmembrane transporter
activity (GO:0015075)
Calcineurin complex (GO:0005955)
Single-organism localization
(GO:1902578)
Plasma membrane (GO:0005886)
Regulation of synapse assembly
(GO:0051963)
Integral component of membrane
(GO:0016021)
Signal release (GO:0023061)
Signal transducer activity
(GO:0004871)
Cell periphery (GO:0071944)
Synapse assembly (GO:0007416)
Substrate-specific transmembrane
transporter activity (GO:0022891)
Voltage-gated potassium channel
complex (GO:0008076)
Transmembrane transporter activity
(GO:0022857)
Plasma membrane region
(GO:0098590)
Ionotropic glutamate receptor
complex (GO:0008328)
Regulation of cellular process
(GO:0050794)
Regulation of biological process
(GO:0050789)
Intrinsic component of plasma
membrane (GO:0031226)
Plasma membrane part (GO:004469)
Integral component of plasma
membrane (GO:0005887)

p-value
1.43x10-4

970

21 (2.2)

1.51x10-4

323
58

11 (3.4)
5 (8.6)

1.61x10-4
1.68x10-4

5523

71 (1.3)

1.99x10-4

1537
3605

28 (1.6)
54 (1.4)

2.18x10-4
3.36x10-4

104

6 (5.8)

3.44x10-4

828

18 (2.2)

4.42x10-4

4
4068

2 (50)
55 (1.4)

4.72x10-4
5.16x10-4

4864
75

63 (1.3)
5 (6.7)

5.17x10-4
5.61x10-4

5402

66 (1.3)

5.77x10-4

452
1663

12 (2.7)
28 (1.7)

7.36x10-4
7.45x10-4

4967
129
895

63 (1.3)
6 (4.7)
18 (2.0)

9.3x10-4
1.08x10-3
1.09x10-3

87

5 (5.7)

1.1x10-3

975

19 (2.0)

1.15x10-3

901

18 (2.0)

1.17x10-3

52

4 (7.7)

1.2x10-3

10247

111 (1.1)

1.24x10-3

10723

115 (1.1)

1.28x10-3

1636

27 (1.7)

1.29x10-3

2528
1576

37 (1.5)
26 (1.7)

1.42x10-3
1.61x10-3
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Gene ontology term

Set size
191

Candidate
contained (N (%))
7 (3.7)

Phosphatidylinositol binding
(GO:0035091)
Transmembrane transport
(GO:0055085)
Egg activation (0007343)
Epoxide hydrolase activity
(GO:0004301)
Phosphatidylinositol phosphate
binding (GO:1901981)
Platelet dense tubular network
membrane (GO:0031095)
Neuron projection (GO:0043005)
Single-organism cellular process
(GO:0044763)
Adherens junction (GO:0005912)
Regulation of biological quality
(GO:0065006)
Membrane region (GO:0098589)
Cation transmembrane transporter
activity (GO:0008324)
Ether hydrolase activity
(GO:0016803)
Platelet dense tubular network
(GO:0031094)
Anchoring junction (GO:0070161)
mRNA cap binding complex
(GO:0005845)
RNA cap binding complex
(GO:0034518)
Chromatoid body (GO:003391)
Voltage-gated calcium channel
complex (GO:0006891)
Substrate-specific transporter
activity (GO:0022891)
Leading edge membrane
(GO:0031266)
Channel regulator activity
(GO:0016247)
Cell projection (GO:0042995)
Focal adhesion (GO:0005925)
Acetylglucosaminyltransferase
activity (GO:0008375)

p-value
1.68x10-3

1338

23 (1.7)

1.81x10-3

8
8

2 (25)
2 (25)

2.15x10-3
2.15x10-3

154

5 (4.8)

2.43x10-3

9

2 (22.2)

2.75x10-3

896
12248

17 (1.9)
126 (1.0)

2.79x10-3
3.22x10-3

467
3431

11 (2.4)
45 (1.3)

3.27x10-3
3.77x10-3

1086
825

19 (1.8)
13 (2.1)

3.86x10-3
4.08x10-3

11

2 (18.2)

4.15x10-3

11

2 (18.2)

4.15x10-3

486
12

11 (2.3)
2 (16.7)

4.4x10-3
4.95x10-3

13

2 (15.4)

5.81x10-3

13
41

2 (15.4)
3 (7.3)

5.81x10-3
5.94x10-3

1055

18 (1.7)

6.3x10-3

131

5 (3.8)

6.49x10-3

136

5 (3.7)

7.58x10-3

1769
388
48

26 (1.5)
9 (2.3)
3 (6.2)

7.77x10-3
8.32x10-3
9.05x10-3
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Table S7. Genes extracted for bipolar disorder validation analyses.
Bipolar disorder gene set I
Bipolar disorder gene set II
HTT/SLC6A4
MAOA
ODZ4
ITIH4
HTR2A
DAT1/SLC6A3
CACNA1C
ANK3
BDNF
DAOA
NCAN
MAPK3
DRD2
MTHFR
RHEBL1
PRBRM1
COMT
HTR2C
DHH
DRD3
GNB3
TRPC4AP
DRD4
GSK3B
SYNE1
TH
ACE
ZNF804A
TPH1
TNF-alpha*
ITIH3
Table summarizes the genes extracted from the papers of Seifuddin et al (20) (gene set I) and
Craddock and Sklar (21) (gene set II). * indicates that the gene is not included in AHBA.
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Table S8. Demographics of bipolar I disorder patients and healthy control subjects

Age in years, mean (sd)[range]
Gender, male/female No. (%)
Current IQ, mean (sd) [range]
Premorbid IQ, mean (sd) [range]
Handedness#,
right/left/ambidextrous(%)
Mood status at inclusion
Depressive symptoms (IDS-SR30),
mean (sd) [range]
Manic symptoms (ASRM),
mean (sd) [range]
Mood status
(eu/mils/dep/man/mix),No.(%)
Psychiatric history
No. (%) of (hypo-)manic episodes
(0/1-4/5-10/11-20/20+/unknown)
No. (%) of depressive episodes
(0/1-4/5-10/11-20/20+/unknown)
No. (%) of patients with history of
Psychotic features (yes/no/unknown)

Bipolar I disorder
patients (N=216)
47.4 (12.1) [20-79]
114/102 (52.8/47.2)
99.0 (14.2) [65-136]
106.7 (9.9) [79-130]
185/21/9 (86.0/9.8/4.2%)

Healthy controls
(N=144)
46.6 (14.5) [20-81]
68/76 (47.2/52.8)
108.7 (15.2) [73-144]
107.9 (9.2) [78-130]
118/21/4
(82.5/14.7/2.8)

16.7 (11.6) [0-58]
2.6 (3.0) [0-13]
101/50/36/8/21
(46.8/23.1/16.7/3.7/9.7)
0/121/47/17/22/9
(0/55.9/21.8/7.9/10.2/4.2)
20/84/38/29/30/15
(9.3/38.9/17.6/13.4/13.9/
6.9)
162/45/9 (75.0/20.8/4.2)

Medication
No. (%) of patients currently on
149/67 (69.0/31.0)
lithium treatment (yes/no)
No. (%) of patients on antipsychotic
93/109/14 (50.5/43.1/6.5)
medication (yes/no/unknown)
Abbreviations: sd = standard deviation; No. = number. #missing for two subjects. 30-item
Inventory of Depressive Symptoms-Self Report (IDS-SR30); Altman Self-Rating Mania
Scale (ASRM). Mood status: eu = euthymic; mild = mild symptoms; dep = moderate–severe
depression; man = mania; mix = mixed. Of note, mood status is based on self-report.
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