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ABSTRACT
Background: Ubiquitination of proteins is responsible for proteasomal degradation, the

main intracellular protein degradation system. Recently, aggregations of ubiquitinated
proteins have been identified in schizophrenia. While proteasome activity disruption is
a potential cause, previous studies have yielded inconsistent results.

Methods: We performed transcriptome sequencing of 14 superior temporal gyrus
(STG) samples of subjects with schizophrenia and 15 matched controls from the
Stanley Medical Research Institute (SMRI), and compared differential expression and
pathway enrichment analysis to that of an independent cohort. Meta-analysis of
differential expression was applied to 39 proteasome subunits genes. Replicability was
tested on six additional independent datasets of four additional brain regions.

Results: The two STG cohorts showed high replicability. Pathway enrichment analysis
of the down-regulated genes pointed to proteasome-related pathways. 12 of 39
proteasome subunit genes were found to be down-regulated in schizophrenia. The
signal of down-regulation of multiple proteasome subunits was replicated in six
additional datasets.

Conclusions: We detect global down-regulation of multiple proteasome subunits in
schizophrenia which might lead to proteasome dysfunction, that can be the cause of the
recently detected aggregation of ubiquitinated proteins. The concordance between 8
independent cohorts (267 schizophrenia, 266 control samples) remarkably strengthens

the validity and robustness of our results.
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1 Introduction
Schizophrenia, a debilitating illness affecting 1% of the population, has a complex

pathophysiology that is still far from being fully understood. Recently, the ubiquitin
mediated proteasome system (UPS), a protein degradation system, has been associated
with schizophrenia. The UPS was shown to be dysregulated at the transcript (1-4) and
protein levels (5, 6) in brain samples of subjects with schizophrenia, with a tendency for
down-regulation. In addition, UPS peripheral blood transcript levels have been
associated with severity of positive symptoms (7). The UPS was associated with
schizophrenia at the genomic level too - a copy number variant meta-analysis revealed
that two ubiquitin related gene-ontologies were highly enriched with schizophrenia
associated copy number variants (8), and the proteasome pathway was enriched in the

group of schizophrenia susceptibility genes (9).

Recent findings suggest a more pronounced role of the UPS in the pathogenesis of
schizophrenia. Ubiquitinated protein levels were found to be elevated in the
orbitofrontal cortex of patients with schizophrenia compared to controls (10). Similarly,
individuals with treatment-resistant schizophrenia had higher levels of ubiquitinated
proteins in erythrocytes compared to those with recent disease onset (10). Searching for
a possible mechanism, no change has been detected in proteasome activity between
schizophrenia and control, in neither blood nor brain (10). Another study (11), however,
did find intra-cellular compartment-specific dysfunction of the proteasome activity in
STG samples of patients with schizophrenia from the Mount Sinai School of Medicine
(MSSM) cohort. Finally, increase in protein insolubility and increased ubiquitination of
the insoluble proteins has been found in (12), in a subset of brain samples of patients
with schizophrenia, suggesting that sequestration of misfolded proteins plays a role in

its pathogenesis, possibly through disruption of critical pathways. Thus, while elevation
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of ubiquitinated protein levels seems to play a role in schizophrenia, it is not clear
whether this is caused by dysfunction of the proteasome. Of note, decreased proteasome
activity is generally associated with ubiquitinated protein accumulation (13), as has

been recently detected in schizophrenia.

Several studies reported differential expression of proteasome subunits in schizophrenia
(2, 4, 14, 15), but agreement between them was sporadic, with only two subunits
reported as differentially expressed in more than a single study. These two were
PSMA1 (also named 20S «al), a structural subunit, which was found to be down-
regulated in both (2) and (16); and PSMC6 (also named 19S Rpt4), a regulatory particle
subunit, which was reported as down-regulated by (2) and (4). Only two studies (5, 11)
have examined protein levels of proteasome subunits in schizophrenia, with three
regulatory subunits found to be down-regulated in both. However, both studies
examined elderly subjects (mean age 70+), from the same brain bank, MSSM, and only
a subgroup of proteasome subunits were measured. Thus, while there is evidence for
down-regulation of both mRNA and protein levels of proteasome subunits in

schizophrenia, the results are sporadic and only partially consistent.

Turning back to the transcriptome, note that differential expression studies of human
brain samples of patients with schizophrenia generate both false positives and false
negatives and the results of one study are often not reproduced by another. A basic
limitation is the cellular complexity of the brain tissue and the fact that brain samples
are usually composed of a mixture of different cell types. This might cause a situation
where authentic gene expression changes in a subpopulation of the cells are diluted and

reported as false negatives. In addition, as schizophrenia is highly heterogeneous both


https://doi.org/10.1101/853226

bioRxiv preprint doi: https://doi.org/10.1101/853226; this version posted December 1, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

genetically and clinically (17), we expect only modest changes in gene expression
between groups of patients and controls. Indeed, it has been shown that the magnitude
of fold change is typically modest (less than 1.33) and thus difficult to detect (18). A
plausible and a relatively simple way to deal with these limitations is to perform a
systematic comparison between results of separate, independent gene expression
datasets. However, only few studies of schizophrenia have used gene expression data
from more than one source (for example, (18)). To the best of our knowledge no study
has performed transcriptome analysis of independent datasets of post mortem STG
samples of patients with schizophrenia. Here we performed RNA sequencing of the
STG of 14 schizophrenia and 15 control subjects from the Stanley Medical Research
Institute (SMRI) cohort. The STG participates in the development of auditory
hallucinations (19, 20) and the volume of this cortical area is decreased in subjects with
schizophrenia (21). We identified a group of differentially expressed genes that served
as input to pathway enrichment analysis, to search for pathways that are dysregulated in
schizophrenia. We then used an independent cohort of elderly subjects with
schizophrenia from the MSSM cohort to test the consistency and robustness of our
results. A systematic meta-analysis, integrating both SMRI and MSSM, was applied to
a subgroup of 39 genes, which were shown to be both highly inter-connected and with a
clear tendency to down-regulation in schizophrenia. We then used 6 additional
independent gene expression datasets of different brain regions to further check the
replicability and robustness of our results. Note that one of the six datasets was from the

same patients as the SMRI data described above, but from a different brain region.
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2 Methods and Materials

2.1 Subjects

Stanley Medical Research Institute (SMRI) subjects

STG postmortem tissues from 15 subjects with schizophrenia and 15 healthy controls
were obtained from the SMRI using approved protocols for tissue collection and
informed consent (22). All samples were examined by a certified neuropathologist to
exclude Alzheimer's disease and other cerebral pathology (23). Diagnoses were
performed independently by two psychiatrists according to DSM-IV criteria, and
matched by age, sex, post-mortem interval (PMI) and pH (Table 1). RNA sequencing
was applied to 29 out of the 30 STG samples (one sample did not pass quality control —

see below).

Mount Sinai School of Medicine (MSSM) subjects

Human brain samples of 19 schizophrenia and 14 matched healthy controls from the
STG were obtained from the Brain Bank of the Department of Psychiatry of the MSSM
(Table 1). All cortical dissections and sample preparation were described previously
(24-26). Brain banking activities were approved by the MSSM Institutional Review
Board and written consent for brain donation was obtained from the next-of-kin of all
subjects. cases diagnosed as schizophrenia met the DSM-111/1V criteria, as determined
by clinical investigators. None of the samples, of neither subjects with schizophrenia
nor controls, showed evidence of any significant neuropathology (27). Whole-genome

gene expression was measured using Affymetrix HG-U133A microarrays.
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Table 1. Subjects’ characteristics; Average values (standard deviation)

Characteristics Schizophrenia Control
SMRI subjects

Number of subjects 14 15

Gender (M/F) 9/5 9/6

Age (years) 43.6 (13) 48.1 (10.6)
Brain pH 6.2 (0.3) 6.3 (0.2)
MSSM subjects

PMI (minutes) 2052 (900) 1424 (596)
Number of subjects 19 14

Gender (M/F) 14/5 5/9

Age (years) 77.4 (10.9) 82.4 (12.7)
Brain pH 6.4 (0.2) 6.6 (0.3)
PMI (minutes) 814 (499) 460 (429)

2.2 RNA sequencing

The brain regions were dissected by the staff at SMRI, and total RNA was isolated in
Sheba Medical Center, Israel, using the Trizol method. Total RNA samples were
delivered on dry ice to The Nancy & Stephen Grand Israel National Center for
Personalized Medicine (G-INCPM) for quality control and whole transcriptome
sequencing. The concentration of total RNA and RNA Integrity Number value (RIN)
were measured. Samples with concentration of > 10 ng/ul and RIN >5 were selected
for sequencing, with 29 out of 30 samples passing (one schizophrenia sample was
excluded). Among these samples, the mean RIN was 6.3 (x 0.5), and the mean ratio of

260/280 was 1.6 (+ 0.14). The mean total RNA yield was 15.4 pug (£ 9.7).
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Libraries preparation was done using the INCPM-RNA-seq protocol (see
supplementary methods for a description of the protocol). For raw RNA sequencing

data description see Table 1S.

2.3 Mapping, quantification of gene expression levels and pre-processing

We used standard software tools for mapping fragments to the genome and for
quantification of gene expression levels. See supplementary methods for full
description. Pre-processing: Lowess correction was calculated (28). Then expression
threshold was set to 6 (log scale) to reduce noise. Filtering: Genes with expression
values below 6 in at least 80% of the samples were filtered out of the analysis. 16,482

genes were left for the rest of the analysis after filtering (out of 23,715).

2.4 MSSM microarray pre-processing

Standard MAS-5 algorithm was used for normalization. Lowess correction was then
applied, expression levels below 20 were set to 20 and log2-transformation was done.
Probe-sets without assigned Affymetrix gene symbols annotation were removed. 12,033
probe-sets were left for the rest of the analysis after filtering (out of 22,283),
representing 8,542 gene symbols. Probe sets of the same gene were combined. For full

details see supplementary methods.

2.5 Differential gene expression analysis

We fitted a linear model to estimate the effects of the technical and sample covariates
that were provided for both MSSM and SMRI datasets, as listed in Table 1. As PH did
not differ significantly between the schizophrenia and control samples (see Table 1), we
included the other three covariates, age, gender and post-mortem interval (PMI). We
used a stepwise procedure (29) for the linear fit for each gene separately, using the

MATLAB function stepwiselm, with the default parameters. Then, we refitted the


https://doi.org/10.1101/853226

bioRxiv preprint doi: https://doi.org/10.1101/853226; this version posted December 1, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

model using only the selected variables, including diagnosis. Finally, for each gene, the
diagnosis coefficient was statistically tested for being nonzero, implying an estimated
effect for schizophrenia, above and beyond any other effect from the covariates. This
test produces a t-statistic and a corresponding P-value. P-values were adjusted for
multiple hypothesis testing using the false discovery rate (FDR) procedure (30). Since
the differential gene expression in brain samples of subjects with schizophrenia versus
controls was previously shown to be modest (18) and the list of differentially expressed
genes is subjected to further pathway enrichment analysis, we decided to use a non-
stringent FDR threshold of 15%. We performed also a standard 2-sided t-test on the
expression values in schizophrenia versus controls. The results were very similar to

those obtained by linear regression (see Figure 1S in supplementary information).

2.6 Pathway enrichment analysis using GeneAnalytics

GeneAnalytics tool (geneanalytics.genecards.org (31)) was applied to compute

enrichment of biological pathways. GeneAnalytics leverages PathCards

(http://pathcards.genecards.org/), which clusters thousands of pathways from multiple

sources into Superpathways, in order to improve inferences and pathway enrichment
analysis and reduce redundancy. Superpathways were scored based upon log2-
transformation of the binomial p-value which was equivalent to a corrected p-value

with significance defined at <0.05.

2.7 Differential expression STRING database network view

Network creation: Given a list of genes, a network is built. A network consists of
genes (nodes) and genes co-expression relations (edges). The co-expression relations
data was downloaded from the STRING database, version 10.5 (32). Each such
connection has a score between 0 and 1 that "indicates the estimated likelihood that a

given interaction is biologically meaningful, specific and reproducible™ (32). The
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product of this process is a network whose nodes correspond to genes and edges
corresponds to co-expression relations. Only edges with STRING score greater than
0.1 are considered.

Differential expression network view: Given a network and gene expression data,
of both patients and controls, the following steps are taken, for each gene:

1) The mean expression and standard deviation values, Mc and Sc, are calculated
using the controls samples only.

2) The mean expression, Mp, is calculated using the patients’ samples.

3) Mp-Mc is calculated, the difference in the expression mean between the two
groups of samples.

4) The deviation from the control group is calculated, by: (Mp-Mc)/Sc

Then the network is displayed as an undirected graph such that the node's colors
correspond to the deviation described above, (Mp-Mc)/Sc. The edges represent co-
expression relations. Note that only genes that have co-expression relations with

other genes in the network are displayed.

3 Results

3.1 UPS related pathways are enriched in the group of genes which are down-

regulated in SMRI STG samples of individuals with schizophrenia

Differential expression analysis was performed, yielding 881 up-regulated and 986
down-regulated genes. In order to examine possible connection to antipsychotic
medications, alcohol or substance use, we performed correlation analyses between
the expression pattern of the differentially expressed genes and Fluphenazine
equivalent dosage, substance use and alcohol use measures. Correlation analyses for
Fluphenazine equivalent dosage and alcohol use did not reveal any significant

association with differential expression. Correlation analysis for substance use

10
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detected two down-regulated genes (out of 986) with statistically significant

correlated expression (see supplementary methods and Figures 2S-4S).

Pathway enrichment analysis was applied separately to the up and down-regulated
genes. Results are presented in Table 2 (Table 1S) for the down-regulated (up-
regulated) genes. It can be seen that out of 49 enriched pathways, five are directly
UPS related (appear in bold in Table 2). While several pathways have higher
enrichment scores, we focus on the UPS and proteasome-related pathways, since five
such pathways were enriched, and several closely related additional pathways were

also enriched (see Table 2).

3.2 The UPS signal is highly replicated in the MSSM STG samples
We tested whether our findings are replicated in the STG of the MSSM cohort, an

independent cohort of elderly subjects. We first examined whether the two datasets
are comparable. Though microarrays, which were used in the MSSM, differ from
RNA-seq in their capture features, there was a high positive correlation of the t-
statistics (schizophrenia vs. control) between SMRI and MSSM across all 7,498

genes common to both platforms (Figure 1A).

We next repeated the differential expression and pathway enrichment analyses in the
MSSM cohort. 919 genes and 794 genes were found to be up-regulated and down-
regulated in schizophrenia, respectively. MSSM and SMRI differentially expressed
genes have a significant overlap — corresponding to hypergeometric P-values of
9.8%10” and 1.1*10™° for the up-regulated and down-regulated genes, respectively

(see Figure 1B).

11
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Table 2. Pathway enrichment analysis of down-regulated genes with corrected p-value <
0.05. GeneAnalytics tool superpathways that were found to be enriched in the list of down-
regulated genes are ordered by descending order of their enrichment score. The enrichment

scores are in the second column and the superpathways' names are listed in the third column.

The fourth column presents the number of down-regulated genes that belong to each
superpathway , with the total number of genes of the superpathway in parentheses. MSSM
enrichment score is given in the 5™ column, where (-) sign means that the superpathway wasn't

enriched in the list of MSSM down-regulated genes. For superpathways that are known to
involve the UPS, a reference indicating the UPS involvement is given in the 6™ column.

Ubiquitin-proteasome directly related pathways are in bold.

# Score | SuperPath Name Num Matched | MSSM Evidence for UPS
(SuperPath) Enrichment | involvement
genes Score
1 41.07 | MRNA Splicing - Major Pathway | 65 (307) 33.59
2 28.4 | Chks in Checkpoint Regulation 46 (224) 18.43
3 27.72 | Translational Control 41 (189) 24.61
4 26.05 | Vesicle-mediated Transport 93 (660) 18.05
5 25.02 | CDK-mediated ~ Phosphorylation | 114 (880) 18.12 the UPS plays a
and Removal of Cdc6’ central role (33)
6 24.58 | Gene Expression 203 (1841) 29.46
7 21.52 | Protein Processing in Endoplasmic | 34 (166) 20.01 integrally involved in
Reticulum the UPS (34)
8 21.33 | DNA Damage 49 (292) 13.79 closely involve the
UPS (35)
9 21.24 | Cell Cycle, Mitotic 84 (622) 13.65 tightly regulated by
the UPS (36)
10 19.58 | Ubiquitin-Proteasome 27 (122) 18.4
Dependent Proteolysis
11 19.06 | Metabolism of Proteins 175 (1628) 25.5
12 18.59 | Regulation of Degradation of | 18 (63) 10.93 dominated by the
DeltaF508 CFTR in CF UPS (37)
13 16.6 | Cell Cycle 28 (145) -
14 16.59 | Ubiquitin Mediated Proteolysis 27 (137) 10.94
15 16.23 | Signaling By Hedgehog 27 (139) 12.4
16 15.57 | Proteolysis_Putative = Ubiquitin | 12 (35) -
Pathway
17 15.39 | Cellular Response to Heat Stress 20 (89) 13.16 heat shock proteins
recognize misfolded
proteins and
incorporate the UPS
(38)
18 15.35 | Transcription-Coupled Nucleotide | 23 (112) -
Excision Repair (TC-NER)
19 15.29 | Nucleotide Excision Repair 16 (61) -
20 14.6 | Class I MHC Mediated Antigen | 95 (823) 15.89
Processing and Presentation
21 14.52 | Innate Immune System 210 (2132) 22.32
22 14.01 | HIV Life Cycle 98 (865) 11.41
23 13.78 | Clathrin-mediated Endocytosis 25 (137) - akey process that

12
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transports a  wide
range of molecules
from the cell surface
to the interior and is
closely regulated by
the UPS (39)
24 13.68 | Signaling By NOTCH1 22 (113) -
25 13.47 | Copper Homeostasis 14 (54) -
26 13.46 | Mitotic G1-G1/S Phases 27 (156) -
27 13.29 | Transport to The Golgi and | 41 (285) 17.23
Subsequent Modification
28 13.2 | Regulation of Cholesterol | 14 (55) -
Biosynthesis By SREBP (SREBF)
29 13.13 | Telomere  C-strand  (Lagging | 20 (100) -
Strand) Synthesis
30 13 Terpenoid Backbone Biosynthesis | 11 (36) -
31 12.61 | Processing of Capped Intronless | 10 (31) -
Pre-mRNA
32 12.56 | Mitotic Metaphase and Anaphase 29 (180) 11.56 tightly regulated by
the UPS (40)
33 12.45 | Transport of  The SLBP | 31 (199) 12.88
Independent Mature MRNA
34 12.31 | Remodeling of Adherens Junctions | 22 (121) 12.71 cadherin, the main
adhesion molecule in
adherens junctions, is
tightly regulated by
the UPS (41)
35 12.08 | Cell Cycle Checkpoints 31 (202) -
36 11.92 | Presenilin Action in Notch and | 12 (46) -
Wnt Signaling
37 11.5 | Circadian Rythm Related Genes 31 (207) 13.68
38 11.4 | RNA Transport 27 (171) 14.03
39 11.3 | CLEC7A (Dectin-1) Signaling 24 (145) 11.77
40 11.17 | Formation of HIV Elongation | 28 (182) -
Complex in The Absence of HIV
Tat
41 10.96 | Cellular Senescence 55 (452) 14.27
42 10.95 | RNA Polymerase Il Transcription | 15 (72) -
Termination
43 10.94 | Calnexin/calreticulin Cycle 10 (36) -
44 10.86 | Mechanisms of CFTR Activation | 11 (43) 9.96
By S-nitrosoglutathione (normal
and CF)
45 10.75 | Proteolysis Role of Parkin in The | 15 (73) 15.85
Ubiquitin-Proteasomal Pathway
46 10.75 | Sterol Regulatory Element-Binding | 15 (73) -
Proteins (SREBP) Signalling
47 10.67 | Metabolism 235 (2543) 10.35
48 10.52 | Cytoskeletal Signaling 40 (304) 12.9
49 10.24 | Brain-Derived Neurotrophic Factor | 23 (144) 11.87
(BDNF) Signaling Pathway

13
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Figure 1. A) Binned density scatter plot comparing the t-statistics for case versus control
differential expression between the independent MSSM replication cohort assayed on
microarrays and the SMRI RNA-seq data; correlation between the statistics is 0.28 (P =
4.7%10—133). The colorbar represents the density in each cell, calculated by voronoi procedure
(42) and normalized to values between 0 (minimal density) and 1 (maximal density). B)
Hypergeometric p-value calculation for the intersection between SMRI and MSSM down-
regulated genes. The 986 SMRI and 794 MSSM down-regulated genes were intersected with
the 7,498 genes that are present in both cohorts, yielding 595 SMRI and 734 MSSM down-
regulated genes, with 129 shared genes. C) SMRI Differential expression network view for
Ubiquitin-Proteasome Dependent Proteolysis superPathway. The node's colors correspond
to the deviation of expression from the control samples group, in terms of standard deviation
units (see Methods). The edges represent STRING database co-expression relations. Only genes
that have co-expression relations with other genes in the network are displayed. A subgroup of
highly-interconnected genes, coding for proteasome subunits, is circled D) Zoom in on
proteasome subunits. The same plot as in C), for a subgroup of highly-interconnected genes
coding for proteasome subunits (circled in C)).

Pathway enrichment analysis was applied, and 27 and 48 pathways were enriched in
up-regulated and down-regulated genes, respectively (results are listed in Tables 2S

and 3S). Intersection between the SMRI 49 enriched pathways and the MSSM 48

14
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enriched pathways in the down-regulated genes yields 30 pathways, listed in Table 2
(hypergeometric p-value: 2.5%10°%). Specifically, it can be seen that for four out of
the five SMRI enriched UPS pathways, enrichment is replicated in the MSSM. A
similar analysis of the up-regulated genes yields a hypergeometric p-value of

1.03*10°®.

3.3 A network view of the UPS identifies down-regulation of a tightly connected

cluster of proteasome subunits

To further explore the UPS differential expression, we applied to the SMRI a
differential expression network view (see methods). The network view included the
genes of the Ubiquitin-Proteasome Dependent Proteolysis GeneAnalytics
“superpathway” (31), which is representative of the UPS and was statistically
significantly enriched in both SMRI and MSSM (see Table 2). It is important to note
that the network view includes all 69 genes of the pathway for which network data from
the STRING database (43) was available, and not only those 27 genes that were found
to be down-regulated. As can be seen in Figure 1C, there is a cluster of tightly inter-
connected genes which are mostly down-regulated in schizophrenia (represented by
bluish colours of the nodes). Interestingly, this cluster is composed of proteasome
subunits, as shown in Figure 1D. The same analysis of the MSSM vyields a similar view

(Figure 5S).
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3.4 Meta-analysis of SMRI and MSSM datasets identifies down-regulation of

multiple proteasome subunits in STG samples of subjects with schizophrenia

To further explore the differential expression of the proteasome subunits genes, we
performed a meta-analysis of the expression of each of the 39 proteasome subunit
genes, whose expression has been measured by both SMRI and MSSM (see
supplementary methods). The list of proteasome subunits genes, meta-analysis results
and comparisons to previous gene expression and protein-level studies are described in
Table 3. We detect for the first time down-regulation of multiple types of proteasome
subunit genes. Overall, 12 out of 39 measured subunit genes were down-regulated (see

Table 3).

Table 3. Proteasome subunits differential gene and protein level expression, in previous
studies and in our meta-analysis. Previous gene expression studies’ results were listed only
for genes which were detected as differentially expressed in more than one study. Down-
regulation findings are highlighted in blue. In the meta-analysis, a gene is defined as down-
regulated if its summary measure is lower than zero and the confidence interval doesn’t cross

ZEro.
# | Proteasome subunit | Previous gene | Previous protein level studies | Our meta- | SMRI+ MSSM
genes expression (5,11) analysis meta-analysis
studies (SMRI+MSSM) | summary
measure
[confidence
interval]
Structural subunits
20S core o subunits
1 Down-regulated Not measured unchanged -0.37[-0.97, 0.21]
PSMA1 (also named | in 2 studies (2,
20S al) 16)
2 | PSMA2 (208 a2) Not measured Down-regulation | -1.13 [-1.68, 0.59]
3 | PSMA3 (20S a3) Not measured unchanged -0.63 [-1.67, 0.4]
4 | PSMA4 (20S 04) Not measured unchanged -0.43 [-0.9, 0.07]
5 | PSMAS5 (20S a5) Not measured Down-regulation | -0.61 [-1.13, -0.09]
6 | PSMAG (20S 06) unchanged in (11) Down-regulation | -0.63 [-1.15, -0.12]
7 | PSMA7 (20S 07) Not measured Down-regulation | -0.79 [-1.32, 0.27]
Catalytic subunits
20S core P subunits
8 Not measured unchanged -0.17 [-0.73, 0.37]

PSMBI (208 B1)
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9 Down-regulation  trend  (5) | Down-regulation | -0.62 [-1.13, 0.11]
PSMB2 (20S B2) (p=0.08); unchanged in (11)
10 | PSMB3 (20S B3) Not measured unchanged -0.25[-0.75, 0.25]
11 | PSMB4 (20S p4) Not measured unchanged -0.03 [-0.53, 0.46]
12 | PSMB5 (20S B5) unchanged (5, 11) Down-regulation | -0.73 [-1.28, -0.18]
13 | PSMB6 (20S B6) Not measured unchanged -0.13 [-1.25, 0.97]
14 | PSMB7 (20S B7) Not measured unchanged -0.37 [-0.87, 0.13]
Immunoproteasome
3 subunit genes
unchanged (5, 11) unchanged in
SMRI; absent in
PSMBS (20S B5i) MSSM
15 | PSMB9 (20S Bli) unchanged (5) unchanged -0.04 [-0.45, 0.54]
16 | PSMB10 (20S B2i) unchanged (5, 11) unchanged 0.16 [-0..38, 0.71]
Regulatory subunits
19S AAA-ATPase
subunits (Rpt)
17 unchanged in (5); Down- | unchanged 0.02 [-0.48, 0.52]
PSMCI1 (19S Rpt2) regulated in (11)
18 Down-regulated in two studies | Down-regulation | -0.93 [-1.46, 0.4]
PSMC?2 (19S Rptl) (5,11)
29 Unchanged in (5); Down- | unchanged -0.11 [-0.62, 0.38]
PSMC3 (19S Rpt5) regulated in (11)
20 Down-regulated in two studies | Down-regulation | -0.67 [-1.19, 0.15]
PSMC4 (19S Rpt3) (5,11)
21 Down-regulated in two studies | unchanged 0.02 [-0.48, 0.52]
PSMCS5 (19S Rpt6) (5, 11)
22 Down-regulated unchanged (5); Down-regulated | Down-regulation | -0.83 [-1.36, 0.3]
in two studies (2, | in (11)
PSMC6 (19S Rpt4) 4)
19S non-ATPase
subunits (Rpn)
23 | PSMD1 (19S Rpn2) Not measured unchanged 0.07 [-0.42, 0.58]
24 | PSMD2 (19S Rpnl) Not measured unchanged -0.03 [-1.49, 1.41]
25 | PSMD3 (19S Rpn3) Not measured unchanged -0.34[-0.87, 0.18]
26 | PSMD4 (19S Rpnl10) unchanged (5) unchanged 0.09 [-0.41, 0.59]
27 | PSMD5 Not measured unchanged 0.17 [-0.69, 1.05]
28 | PSMD6 (19S Rpn7) Not measured Down-regulation | -0.62 [-1.13, -0.1]
29 | PSMD?7 (19S Rpn8) Not measured unchanged -0.07 [-1.02, 0.86]
30 | PSMDS (19S Rpnl12) Not measured unchanged -0.39[-0.9, 0.11]
31 | PSMD?9 (19S Rpn4) Not measured unchanged -0.39 [-1.42, 0.63]
32 | pPSMDI10 Not measured unchanged 0.13 [-0.36, 0.63]
33 | PSMDI11 (19S Rpn6) unchanged (5) Down-regulation | -0.73 [-1.25, -0.21]
34 | PSMDI12 (19S Rpn5) Not measured unchanged -0.23 [-0.74, 0.26]
35 | PSMD13 (19S Rpn9) Not measured unchanged 0.05 [-0.58, 0.69]
36 | PSMD14 (19S Rpnl1) unchanged (5) Down-regulation | -0.89 [-1.42, -0.37]
11S subunits
37 Down-regulated in (5); | unchanged -0.33 [-0.84, 0.16]
PSMEI (11S ) unchanged in (11)
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38

PSME2 (11S ) unchanged (5, 11) unchanged 0.29 [-0.65, 1.24]

39

PSME3 (11S gamma) unchanged (5) unchanged -0.07 [-0.85, 0.7]

3.5 Down-regulation signal of multiple proteasome subunits in schizophrenia is

replicated in 6 independent datasets of 5 different brain regions

In order to further validate our results and to check whether the down-regulation of the
proteasome subunits in schizophrenia is specific to the STG or appears in additional
regions, we repeated the differential expression network analysis of the 39 proteasome
subunits genes using 6 additional schizophrenia vs. control independent datasets (fully
described in the supplementary information): dorso-lateral prefrontal cortex (DLFPC)
samples from Arion 2015 (4) and from Ramaker 2017 (44), STG samples from Barnes
2011 (45), Cerebellum samples from Chen 2018 (46), Brodmann area 23 (BA23)
samples from the SMRI cohort, and Brodmann area 10 (BA10) samples from Mycox
2009 (47). The results are presented in Figure 2. The DLPFC samples of Arion 2015
(Figure 2A) exhibit pronounced down-regulation of most of the proteasome subunits,
while in the DLPFC samples of Ramaker 2017 (Figure 2B), there is only slight
tendency of down-regulation, though present in most of the genes; the binomial p-
value for the number of genes with (even slightly) reduced expression versus the
control group is p= 6.4 10®). Interestingly, while Ramaker 2017 (44) used brain
samples composed of mixture of cells, Arion 2015 (4) used laser microdissection in
order to capture pyramidal neurons of layers 3 and 5. Thus, the difference in the
magnitude of the down-regulation might be due to dilution of the signal, caused by
the mixture of cell types used in Ramaker 2017. The Cerebellum samples from Chen
2018 (46) (Figure 2D), BA10 samples from Mycox 2009 (Figure 2E) and BA23
SMRI (Figure 2F) samples show clear tendency for down-regulation (binomial p-

values 6.9 107, 1.2 10®° and 0.04, respectively). However, the magnitude of down-
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Figure 2. Proteasome subunits differential expression network view: The node's colors
correspond to the deviation from the group of the control samples, in terms of standard
deviation units (see Methods). The edges represent STRING database co-expression
relations. Only genes that have co-expression relations with other genes in the network are
displayed. A) DLPFC, Arion 2015 dataset (4). B) DLPFC, Ramaker 2017 dataset (44). C)
STG, Barnes 2011 dataset (45). D) Cerebellum, Chen 2018. E) BA10, Mycox 2009 dataset
(47) F) BA23, SMRI dataset.

regulation is modest (mostly less than 1 standard deviation). STG samples of Barnes
2011 (45) (Figure 2C) show a similar pattern. Down-regulation might be specific to

neurons or even to subtypes of neurons; the fact that the brain samples in these
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datasets are composed of mixture of cells could dilute this signal. Overall, this
analysis replicates the signal of down-regulation of multiple proteasome subunits, in

both the STG and additional 4 brain regions, measured on 6 independent datasets.

4 Discussion

The main finding of our study is a global down-regulation of multiple proteasome
subunits in post mortem brain samples of individuals with schizophrenia. This finding
was replicated in 8 datasets of 5 different brain regions of overall 267 schizophrenia and
266 control samples, in both elderly and relatively young patients. A plausible scenario
that stems from our results is that the observed down-regulation causes reduced
proteasomal activity, which leads to the recently detected aggregation of ubiquitinated

proteins in schizophrenia (10, 12).

As described in (12), the ubiquitinated proteins aggregates recently found in
schizophrenia were enriched with pathways related to nervous system development,
suggesting that the aggregation of ubiquitinated proteins is related to disease
pathogenesis, possibly through disruption of relevant pathways. While decreased
proteasome activity is generally associated with ubiquitinated protein accumulation
(13), recent efforts to explore interruption of proteasome activity in schizophrenia led to

inconsistent results (10, 11).

While our results of global down-regulation of proteasome subunits could suggest that

dysfunction of the proteasome causes the observed accumulation of ubiquitinated
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proteins, we note that this hypothesis is inconsistent with (10), where no change has
been detected in proteasome activity between schizophrenia and controls, in both blood
and orbitofrontal cortex samples. A possible explanation to this inconsistency is that the
down-regulation signal we detect is specific to neurons or subtypes of neurons, and
since the brain samples measured in (10) were composed of mixture of cell types, the

signal was diluted.

Support for the hypothesis of proteasome dysfunction in schizophrenia comes from
(11), where intra-cellular compartment-specific dysfunction of the proteasome activity
in STG samples was found in patients with schizophrenia. However, It should be noted
that no change in the protein levels of the structural subunit PSMAG (also named 20S
a6), or 4 catalytic subunits that were measured, were observed (11). Based on that, it
was concluded that there is no change in global proteasome content, which is
inconsistent with our hypothesis. However, only one structural subunit was measured,
and in the same study six proteasome regulatory subunits showed decreased protein
levels, while a subgroup of them showed also positive correlation with proteasome
activity (11). In addition, while samples of 25 pair-matched schizophrenia and control
subjects, originating from one cohort, were measured in (11), we measure samples of
more than 250 subjects with schizophrenia and 250 controls, of 8 independent datasets.
Moreover, in case the signal of proteasome subunits down-regulation we detect is
indeed specific to subtypes of neurons, it could explain the inconsistency between this
signal and the absent of change in one structural and 4 catalytic subunits protein levels
in (11), in which samples composed of mixtures of cell types were measured. Thus, it
seems that our hypothesis is plausible, and in case the down-regulation signal we detect

Is specific to subtypes of the cells, it can explain the inconsistencies described above.

21


https://doi.org/10.1101/853226

bioRxiv preprint doi: https://doi.org/10.1101/853226; this version posted December 1, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

The possibility that the down-regulation and possibly resulting dysfunction of the
proteasome is specific to subtypes of the brain cells is supported by our analysis of
Arion 2015 dataset, of laser microdissected neurons (4), where we detected higher
magnitude of down-regulation signal compared to the other datasets, which are
composed of mixture of cell types (see Figure 2). A dilution of the down-regulation
signal when studying brain samples composed of mixture of cell types could also
explain why this signal hasn’t been detected previously, although tens of relevant gene
expression studies have been published. Actually, if we look at some of the datasets
shown in Figure 2 separately (for example, see Figure 2B, C, D, E), it is hard to detect
the down-regulation signal. Each single proteasome subunit is not pronouncedly down-
regulated in those datasets. Only the combination of analysing the proteasome subunits
as a group, with integrated analysis of independent datasets, enabled the detection of the

global down-regulation signal.

This study, like other postmortem studies, is limited by several features. Every
postmortem study represents only a snapshot of neurobiology at the end of life and
cannot address the neurobiological abnormalities that may have existed when the
disease was first expressed. This is especially important in the case of schizophrenia, as
there is evidence that the pathogenesis of the disorder may be rooted in early
development (48). The fact that we compare independent cohorts of both relatively
young and elderly subjects significantly strengthens the validity of the results, but
doesn’t fully overcome this serious limitation. The question of medication exposure
must also be considered carefully, as exposure to antipsychotics has the potential to

affect gene expression. This limitation was addressed by the correlation analysis we
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performed, which found no significant association between Fluphenazine equivalent
dose and gene expression. In addition, the fact that the subjects of the cohorts
significantly differ in their age suggests that duration of exposure to antipsychotics is
unlikely to influence proteasome subunits gene expression substantively. The fact that
the proteasome down-regulation signal we identified in two STG independent cohorts
was replicated in 6 additional cohorts of different brain regions significantly increases
the validity and generalizability of this signal. As gene expression do not always
correlate with the levels of the proteins coded by the genes, the fact that we measure
gene expression alone is a serious limitation, which causes difficulties in making
conclusions regarding the biological consequences of the signal we detect. While few
studies detected decreased protein levels of several proteasome subunits (5, 11), the
results were not fully consistent and the recent studies of proteasome activity in
schizophrenia were not consistent either (no change in activity was detected in (10),
while (11) detected altered proteasome activity in schizophrenia). Thus, further study is
needed in order to decipher the consequences of the global down-regulation of multiple
proteasome subunits we detect in schizophrenia, in terms of protein levels and
proteasome activity. In addition, there is a need to study specific brain cell types
(neurons, glial cells, etc.) separately, in order to explore whether the signal is specific to

a subgroup of the cells.

Overall, we detect, for the first time, global down-regulation of proteasome subunits
expression in schizophrenia. This might lead to proteasome dysfunction and be the
cause of the aggregation of insoluble ubiquitinated proteins, which was recently found

in a subset of brain samples of patients with schizophrenia. Further exploration of
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proteasome activity in schizophrenia, the effect of its subunits expression on the activity
level and the relation between the activity level and the recently shown aggregation of
ubiquitinated proteins in schizophrenia is needed. This could lead to a better
understanding of the biological basis of the disease and might lead to improved

nosology and to finding novel therapeutic targets.

5 Acknowledgements
We thank Professor Shai lzraeli for his advice and for providing the

conditions for RNA isolation and quality control measurements. We also thank Maree
Webster from the SMRI for her kind advice regarding the process of RNA isolation. We
thank Yifat Merbl for her advice regarding the biological significance of the results.
This work was funded by a 2014 NARSAD Young Investigator Grant from the Brain &
Behavior Foundation, the Leir Charitable Foundation, the Veterans Administration

MIRECC and the NIH Neurobiobank HHSN271201300031.

6 Disclosures
All authors declare that they have no conflict of interest.

24


https://doi.org/10.1101/853226

bioRxiv preprint doi: https://doi.org/10.1101/853226; this version posted December 1, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

REFERENCES

1. Middleton FA, Mirnics K, Pierri JN, Lewis DA, Levitt P (2002): Gene expression
profiling reveals alterations of specific metabolic pathways in schizophrenia. J
Neurosci. 22: 2718-29.

2. Altar CA, Jurata LW, Charles V, Lemire A, Liu P, Bukhman Y, et al. (2005):
Deficient Hippocampal Neuron Expression of Proteasome, Ubiquitin, and
Mitochondrial Genes in Multiple Schizophrenia Cohorts. Biol Psychiatry. 58: 85—
96.

3. Bousman CA, Chana G, Glatt SJ, Chandler SD, Lucero GR, Tatro E, et al. (2010):
Preliminary evidence of ubiquitin proteasome system dysregulation in
schizophrenia and bipolar disorder: convergent pathway analysis findings from
two independent samples. Am J Med Genet B Neuropsychiatr Genet. 153B: 494—
502.

4. Arion D, Corradi JP, Tang S, Datta D, Boothe F, He A, et al. (2015): Distinctive
transcriptome alterations of prefrontal pyramidal neurons in schizophrenia and
schizoaffective disorder. Mol Psychiatry. 20: 1397-1405.

5. Scott MR, Rubio MD, Haroutunian V, Meador-Woodruff JH (2016): Protein
Expression of Proteasome Subunits in Elderly Patients with Schizophrenia.
Neuropsychopharmacology. 41: 896-905.

6. Rubio MD, Wood K, Haroutunian V, Meador-Woodruff JH (2013): Dysfunction of
the Ubiquitin Proteasome and Ubiquitin-Like Systems in Schizophrenia.
Neuropsychopharmacology. 38: 1910-1920.

7. Bousman CA, Chana G, Glatt SJ, Chandler SD, May T, Lohr J, et al. (2010): Positive
symptoms of psychosis correlate with expression of ubiquitin proteasome genes in

peripheral blood. Am J Med Genet B Neuropsychiatr Genet. 153B: 1336-41.

25


https://doi.org/10.1101/853226

bioRxiv preprint doi: https://doi.org/10.1101/853226; this version posted December 1, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

8. Pescosolido MF, Gamsiz ED, Nagpal S, Morrow EM (2013): Distribution of
Disease-Associated Copy Number Variants Across Distinct Disorders of Cognitive
Development. J Am Acad Child Adolesc Psychiatry. 52: 414-430.e14.

9. Chang X, Lima L de A, Liu Y, Li J, Li Q, Sleiman PMA, Hakonarson H (2018):
Common and Rare Genetic Risk Factors Converge in Protein Interaction Networks
Underlying Schizophrenia. Front Genet. 9. doi: 10.3389/fgene.2018.00434.

10. Bousman CA, Luza S, Mancuso SG, Kang D, Opazo CM, Mostaid MS, et al.
(2019): Elevated ubiquitinated proteins in brain and blood of individuals with
schizophrenia. Sci Rep. 9. doi: 10.1038/s41598-019-38490-1.

11. Scott MR, Meador-Woodruff JH (2019): Intracellular compartment-specific
proteasome dysfunction in postmortem cortex in schizophrenia subjects. Mol
Psychiatry. . doi: 10.1038/s41380-019-0359-7.

12. Nucifora LG, MacDonald ML, Lee BJ, Peters ME, Norris AL, Orsburn BC, et al.
(2019): Increased Protein Insolubility in Brains From a Subset of Patients With
Schizophrenia. Am J Psychiatry. appi.ajp.2019.1.

13. Keller JN, Huang FF, Markesbery WR (2000): Decreased levels of proteasome
activity and proteasome expression in aging spinal cord. Neuroscience. 98: 149—
56.

14. Vawter MP, Barrett T, Cheadle C, Sokolov BP, Wood WH, Donovan DM, et al.
(2001): Application of cDNA microarrays to examine gene expression differences
in schizophrenia. Brain Res Bull. 55: 641-650.

15. Chu TT, Liu Y, Kemether E (2009): Thalamic transcriptome screening in three
psychiatric states. J Hum Genet. 54: 665-675.

16. Vawter MP, Barrett T, Cheadle C, Sokolov BP, Wood WH, Donovan DM, et al.

(2001): Application of cDNA microarrays to examine gene expression differences

26


https://doi.org/10.1101/853226

bioRxiv preprint doi: https://doi.org/10.1101/853226; this version posted December 1, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

in schizophrenia. Brain Res Bull. 55: 641-50.

17. Tsuang MT, Stone WS, Faraone S V. (2001): Genes, environment and
schizophrenia. Br J Psychiatry. 178: s18-s24.

18. Fromer M, Roussos P, Sieberts SK, Johnson JS, Kavanagh DH, Perumal TM, et al.
(2016): Gene expression elucidates functional impact of polygenic risk for
schizophrenia. Nat Neurosci. 19: 1442-1453.

19. Nenadic I, Smesny S, Schlosser RGM, Sauer H, Gaser C (2010): Auditory
hallucinations and brain structure in schizophrenia: voxel-based morphometric
study. Br J Psychiatry. 196: 412-413.

20. Silbersweig DA, Stern E, Frith C, Cahill C, Holmes A, Grootoonk S, et al. (1995):
A functional neuroanatomy of hallucinations in schizophrenia. Nature. 378: 176—
179.

21. Sun J, Maller JJ, Guo L, Fitzgerald PB (2009): Superior temporal gyrus volume
change in schizophrenia: A review on Region of Interest volumetric studies. Brain
Res Rev. 61: 14-32.

22. Torrey EF, Webster M, Knable M, Johnston N, Yolken RH (2000): The stanley
foundation brain collection and neuropathology consortium. Schizophr Res. 44:
151-155.

23. Torrey EFF, Webster M, Knable M, Johnston N, Yolken RH (2000): The stanley
foundation brain collection and neuropathology consortium. Schizophr Res. 44:
151-155.

24. Hakak Y, Walker JR, Li C, Wong WH, Davis KL, Buxbaum JD, et al. (2001):
Genome-wide expression analysis reveals dysregulation of myelination-related
genes in chronic schizophrenia. Proc Natl Acad Sci U S A, 2001/04/11. 98: 4746—

4751.

27


https://doi.org/10.1101/853226

bioRxiv preprint doi: https://doi.org/10.1101/853226; this version posted December 1, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

25. Katsel PL, Davis KL, Haroutunian V (2005): Large-scale microarray studies of gene
expression in multiple regions of the brain in schizophrenia and Alzheimer’s
disease. Int Rev Neurobiol, 2005/03/31. 63: 41-82.

26. Katsel P, Davis KL, Gorman JM, Haroutunian V (2005): Variations in differential
gene expression patterns across multiple brain regions in schizophrenia. Schizophr
Res, 2005/06/01. 77: 241-252.

27. Purohit DP, Perl DP, Haroutunian V, Powchik P, Davidson M, Davis KL (1998):
Alzheimer disease and related neurodegenerative diseases in elderly patients with
schizophrenia: a postmortem neuropathologic study of 100 cases. Arch Gen
Psychiatry, 1998/03/24. 55: 205-211.

28. Ballman K V., Grill DE, Oberg AL, Therneau TM (2004): Faster cyclic loess:
normalizing RNA arrays via linear models. Bioinformatics. 20: 2778-2786.

29. Pope PT, Webster JT (1972): The Use of an F -Statistic in Stepwise Regression
Procedures. Technometrics. 14: 327-340.

30. Benjamini Y, Hochberg Y (1995): Controlling the false discovery rate: A practical
and powerful approach to multiple testing. J R Stat Soc. 57: 289-300.

31. Ben-Ari Fuchs S, Lieder |, Stelzer G, Mazor Y, Buzhor E, Kaplan S, et al. (2016):
GeneAnalytics: An Integrative Gene Set Analysis Tool for Next Generation
Sequencing, RNAseq and Microarray Data. Omi A J Integr Biol. 20: 139-151.

32. Szklarczyk D, Morris JH, Cook H, Kuhn M, Wyder S, Simonovic M, et al. (2017):
The STRING database in 2017: quality-controlled protein-protein association
networks, made broadly accessible. Nucleic Acids Res. 45: D362-D368.

33. Méndez J, Stillman B (2000): Chromatin association of human origin recognition
complex, cdc6, and minichromosome maintenance proteins during the cell cycle:

assembly of prereplication complexes in late mitosis. Mol Cell Biol. 20: 8602-12.

28


https://doi.org/10.1101/853226

bioRxiv preprint doi: https://doi.org/10.1101/853226; this version posted December 1, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

34. Kostova Z, Wolf DH (2003): For whom the bell tolls: protein quality control of the
endoplasmic reticulum and the ubiquitin-proteasome connection. EMBO J. 22:
2309-17.

35. Bergink S, Jentsch S (2009): Principles of ubiquitin and SUMO modifications in
DNA repair. 458: 461-467.

36. Bassermann F, Eichner R, Pagano M (2014): The ubiquitin proteasome system —
Implications for cell cycle control and the targeted treatment of cancer. Biochim
Biophys Acta - Mol Cell Res. 1843: 150-162.

37. Ahner A, Gong X, Frizzell RA (2013): Cystic fibrosis transmembrane conductance
regulator degradation: cross-talk between the ubiquitylation and SUMOylation
pathways. FEBS J. 280: 4430-8.

38. Flick K, Kaiser P (2012): Protein degradation and the stress response. Semin Cell
Dev Biol. 23: 515-22.

39. Piper RC, Dikic I, Lukacs GL (2014): Ubiquitin-dependent sorting in endocytosis.
Cold Spring Harb Perspect Biol. 6. doi: 10.1101/cshperspect.a016808.

40. Stegmeier F, Rape M, Draviam VM, Nalepa G, Sowa ME, Ang XL, et al. (2007):
Anaphase initiation is regulated by antagonistic ubiquitination and
deubiquitination activities. Nature. 446: 876-881.

41. Kowalczyk AP, Nanes BA (2012): Adherens junction turnover: regulating adhesion
through cadherin endocytosis, degradation, and recycling. Subcell Biochem. 60:
197-222.

42. Duyckaerts C, Godefroy G (2000): Voronoi tessellation to study the numerical
density and the spatial distribution of neurones. J Chem Neuroanat. 20: 83-92.

43. Szklarczyk D, Franceschini A, Wyder S, Forslund K, Heller D, Huerta-Cepas J, et

al. (2015): STRING v10: protein—protein interaction networks, integrated over the

29


https://doi.org/10.1101/853226

bioRxiv preprint doi: https://doi.org/10.1101/853226; this version posted December 1, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

tree of life. Nucleic Acids Res. 43: D447-D452.

44, Ramaker RC, Bowling KM, Lasseigne BN, Hagenauer MH, Hardigan AA, Davis
NS, et al. (2017): Post-mortem molecular profiling of three psychiatric disorders.
Genome Med. 9: 72.

45. Barnes MR, Huxley-Jones J, Maycox PR, Lennon M, Thornber A, Kelly F, et al.
(2011): Transcription and pathway analysis of the superior temporal cortex and
anterior prefrontal cortex in schizophrenia. J Neurosci Res. 89: 1218-1227.

46. Chen C, Meng Q, Xia Y, Ding C, Wang L, Dai R, et al. (2018): The transcription
factor POU3F2 regulates a gene coexpression network in brain tissue from patients
with psychiatric disorders. Sci Transl Med. 10. doi: 10.1126/scitransImed.aat8178.

47. Maycox PR, Kelly F, Taylor A, Bates S, Reid J, Logendra R, et al. (2009): Analysis
of gene expression in two large schizophrenia cohorts identifies multiple changes
associated with nerve terminal function. Mol Psychiatry. 14: 1083-1094.

48. Gogtay N, Vyas NS, Testa R, Wood SJ, Pantelis C (2011): Age of onset of
schizophrenia: perspectives from structural neuroimaging studies. Schizophr Bull.

37:504-13.

30


https://doi.org/10.1101/853226

