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Background: The main challenge in the study of schizo-
phrenia is its high heterogeneity. While it is generally ac-
cepted that there exist several biological mechanisms that 
may define distinct schizophrenia subtypes, they have not 
been identified yet. We performed comprehensive gene ex-
pression analysis to search for molecular signals that dif-
ferentiate schizophrenia patients from healthy controls and 
examined whether an identified signal was concentrated 
in a subgroup of the patients.Methods: Transcriptome 
sequencing of 14 superior temporal gyrus (STG) sam-
ples of subjects with schizophrenia and 15 matched con-
trols from the Stanley Medical Research Institute (SMRI) 
was performed. Differential expression and pathway 
enrichment analysis results were compared to an inde-
pendent cohort. Replicability was tested on 6 additional 
independent datasets.Results: The 2 STG cohorts showed 
high replicability. Pathway enrichment analysis of the 
down-regulated genes pointed to proteasome-related path-
ways. Meta-analysis of differential expression identified 
down-regulation of 12 of 39 proteasome subunit genes in 
schizophrenia. The signal of proteasome subunits down-
regulation was replicated in 6 additional datasets (overall 
8 cohorts with 267 schizophrenia and 266 control samples, 
from 5 brain regions). The signal was concentrated in a sub-
group of patients with schizophrenia.Conclusions: We de-
tected global down-regulation of proteasome subunits in a 
subgroup of patients with schizophrenia. We hypothesize 
that the down-regulation of proteasome subunits leads to 

proteasome dysfunction that causes accumulation of ubi-
quitinated proteins, which has been recently detected in a 
subgroup of schizophrenia patients. Thus, down-regulation 
of proteasome subunits might define a biological subtype 
of schizophrenia.

Key words:  gene expression/postmortem brain 
samples/integrated analysis/ubiquitin proteasome system

Introduction

Schizophrenia affects 1% of the population and has a com-
plex pathophysiology that is far from being fully under-
stood. The main challenge is its high genetic and clinical 
heterogeneity.1 While for years several subtypes definitions 
were in scientific and clinical use, the DSM-5 has omitted 
them after concluding that they do not predict the course 
of illness.2 However, it is generally accepted that there exist 
several mechanisms that may define distinct schizophrenia 
subtypes, which have not been identified yet.

Recently, the ubiquitin proteasome system (UPS), gov-
erning protein degradation, has been associated with 
schizophrenia at both transcript3–6 and protein levels,7,8 
with tendency for down-regulation in schizophrenia 
brain samples. On the genomic level, UPS pathways were 
enriched with schizophrenia-associated copy number 
variants,9 and the proteasome pathway was enriched in 
schizophrenia susceptibility genes.10
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Recent findings suggest a more pronounced role of 
the UPS in schizophrenia. Accumulation of  ubiquitin-
ated proteins has been identified in brain samples of  a 
subgroup of  schizophrenia patients in the STG, frontal 
cortex, and prefrontal cortex samples.11 Another study 
detected elevated ubiquitinated protein levels in the or-
bitofrontal cortex of  schizophrenia patients.12 While 
ubiquitin binds to proteins (which become “ubiqui-
tinated”), targeting them for proteasome degrada-
tion, proteasome dysfunction can cause accumulation 
of  ubiquitinated proteins,13 as has been detected in 
schizophrenia. Recent studies of  proteasome activity 
in schizophrenia have, however, yielded inconsistent 
results.12,14 Thus, while the elevation of  ubiquitinated 
protein levels seems to play a role in schizophrenia, it is 
not clear whether this is caused by dysfunction of  the 
proteasome.

Two studies7,14 have examined protein levels of  prote-
asome subunits in schizophrenia, with 3 regulatory sub-
units found to be decreased in both (Table 2). Several 
studies reported down-regulation of  proteasome sub-
units genes,4,6,15,16 but only 2 subunits were found to be 
down-regulated in more than a single study (Table 2). 
Thus, while there is evidence for down-regulation of 
both transcript and protein levels of  proteasome 
subunits in schizophrenia, the results are currently 
sporadic.

A basic limitation of gene expression studies of schizo-
phrenia is the fact that brain samples are usually composed 
of a mixture of cell types, which might dilute authentic 
changes. In addition, schizophrenia is highly heteroge-
neous1 and typical changes in gene expression are modest 
(fold change range 1.03–1.3317), which are thus difficult to 
detect. A  relatively simple way to deal with these limita-
tions is to perform a systematic comparison between inde-
pendent datasets. Here we performed RNA-sequencing of 
STG samples from 14 schizophrenia and 15 control subjects 
from the Stanley Medical Research Institute (SMRI). We 
applied pathway enrichment analysis to the list of genes 
detected as differentially expressed. We then used an inde-
pendent cohort from the Mount Sinai School of Medicine 
(MSSM) to test the replicability of our results. A systematic 
meta-analysis of the SMRI and MSSM was applied to a 
subgroup of 39 inter-connected genes, which showed a ten-
dency for down-regulation in schizophrenia. Six additional 
cohorts of different brain regions were used to further ex-
amine the robustness of our results. One of the 6 datasets 
was from the same patients as the SMRI data described 
above, from a different brain region. Finally, we checked 
whether the signal characterizes a subgroup of the patients.

Methods

SMRI Subjects

STG postmortem tissues from 15 subjects with schiz-
ophrenia and 15 healthy controls were obtained from 

the SMRI using approved protocols for tissue collec-
tion and informed consent.18 Samples were examined 
by a neuropathologist to exclude cerebral pathologies.19 
Diagnoses were performed independently by 2 psychiat-
rists according to DSM-IV, and matched by age, gender, 
postmortem 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).

MSSM Subjects

STG samples of 19 schizophrenia and 14 healthy controls 
were obtained from the Brain Bank of the Department of 
Psychiatry of the MSSM (Table 1). All cortical dissections 
and sample preparation were described previously20–22; see 
also the Supplementary Information. Gene expression 
was measured using Affymetrix HG-U133A microarrays.

RNA-Sequencing

Brain regions were dissected at SMRI and delivered to 
Israel, where total RNA was isolated using the Trizol 
method. The concentration of total RNA and RNA 
Integrity Number (RIN) were measured. Samples with 
concentration ≥ 10  ng/μl and RIN ≥5 were selected for 
sequencing (one schizophrenia sample was excluded). The 
mean RIN was 6.3 (± 0.5), and the mean ratio of 260/280 
was 1.6 (±0.14). The mean total RNA yield was 15.4 μg (± 
9.7). See Supplementary Methods for a description of the 
libraries preparation protocol. For raw RNA-sequencing 
data description see Supplementary Table 1S.

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 

Table 1. Subjects’ Characteristics

Characteristics Schizophrenia Control P-value

SMRI subjects
 Number of subjects 14 15  
 Gender (M/F) 9/5 9/6 1
 Age (y) 43.6 (13) 48.1 (10.6) .32
 Brain pH 6.2 (0.3) 6.3 (0.2) .35
 RIN 6.2 (0.5) 6.4 (0.5) .17
 PMI (min) 2052 (900) 1424 (596) .03
MSSM subjects
 Number of subjects 19 14  
 Gender (M/F) 14/5 5/9 .04
 Age (y) 77.4 (10.9) 82.4 (12.7) .23
 Brain pH 6.4 (0.2) 6.6 (0.3) .08
 PMI (min) 814 (499) 460 (429) .04

Note: Average values (SD). To compare schizophrenia and con-
trols 2-sided t-test P-values were calculated for the continuous 
variables and Fisher’s exact test P-value was calculated for M/F 
ratio.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa160#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa160#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa160#supplementary-data
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Table 2. Proteasome Subunits Differential Gene and Protein Level Expression, in Previous Studies and in Our Meta-Analysis

#
Proteasome Subunit 
Genes

Previous Gene 
Expression 
Studies

Previous Protein 
Level Studies7,14

Our Meta-Analysis 
(SMRI+MSSM)

SMRI+ MSSM Meta-
Analysis Summary Measure 

[Confidence Interval]

 Structural subunits
 20S core α subunits     

1 PSMA1 (also named 
20S α1)

Down-regulated 
in 2 studies4,35

Not measured Unchanged −0.37 [−0.97, 0.21]

2 PSMA2 (20S α2)  Not measured Down-regulation −1.13 [−1.68, −0.59]
3 PSMA3 (20S α3)  Not measured Unchanged −0.63 [−1.67, 0.4]
4 PSMA4 (20S α4)  Not measured Unchanged −0.43 [−0.9, 0.07]
5 PSMA5 (20S α5)  Not measured Down-regulation −0.61 [−1.13, −0.09]
6 PSMA6 (20S α6)  Unchanged in ref.14 Down-regulation −0.63 [−1.15, −0.12]
7 PSMA7 (20S α7)  Not measured Down-regulation −0.79 [−1.32, −0.27]

 Catalytic subunits
 20S core β subunits     

8 PSMB1 (20S β1)  Not measured Unchanged −0.17 [−0.73, 0.37]
9 PSMB2 (20S β2)  Down-regulation 

trend7 (P = .08); un-
changed in ref.14

Down-regulation −0.62 [−1.13, −0.11]

10 PSMB3 (20S β3)  Not measured Unchanged −0.25 [−0.75, 0.25]
11 PSMB4 (20S β4)  Not measured Unchanged −0.03 [−0.53, 0.46]
12 PSMB5 (20S β5)  Unchanged7,14 Down-regulation −0.73 [−1.28, −0.18]
13 PSMB6 (20S β6)  Not measured Unchanged −0.13 [−1.25, 0.97]
14 PSMB7 (20S β7)  Not measured Unchanged −0.37 [−0.87, 0.13]

 Immunoproteasome β 
subunit genes

    

 PSMB8 (20S β5i)  Unchanged7,14 unchanged in SMRI; 
absent in MSSM

 

15 PSMB9 (20S β1i)  Unchanged7 Unchanged −0.04 [−0.45, 0.54]
16 PSMB10 (20S β2i)  Unchanged7,14 Unchanged 0.16 [−0.38, 0.71]

 Regulatory subunits
 19S AAA-ATPase 

subunits (Rpt)
    

17 PSMC1 (19S Rpt2)  Unchanged in ref.7; 
Down-regulated in 
ref.14

Unchanged 0.02 [−0.48, 0.52]

18 PSMC2 (19S Rpt1)  Down-regulated in 2 
studies7,14

Down-regulation −0.93 [−1.46, −0.4]

29 PSMC3 (19S Rpt5)  Unchanged in ref.7; 
Down-regulated in 
ref.14

Unchanged −0.11 [−0.62, 0.38]

20 PSMC4 (19S Rpt3)  Down-regulated in 2 
studies7,14

Down-regulation −0.67 [−1.19, −0.15]

21 PSMC5 (19S Rpt6)  Down-regulated in 2 
studies7,14

Unchanged 0.02 [−0.48, 0.52]

22 PSMC6 (19S Rpt4) Down-regulated 
in 2 studies4,6

Unchanged7; Down-
regulated in ref.14

Down-regulation −0.83 [−1.36, −0.3]

 19S non-ATPase sub-
units (Rpn)

    

23 PSMD1 (19S Rpn2)  Not measured Unchanged 0.07 [−0.42, 0.58]
24 PSMD2 (19S Rpn1)  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 Rpn10)  Unchanged7 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 PSMD7 (19S Rpn8)  Not measured Unchanged −0.07 [−1.02, 0.86]
30 PSMD8 (19S Rpn12)  Not measured Unchanged −0.39 [−0.9, 0.11]
31 PSMD9 (19S Rpn4)  Not measured Unchanged −0.39 [−1.42, 0.63]
32 PSMD10  Not measured Unchanged 0.13 [−0.36, 0.63]
33 PSMD11 (19S Rpn6)  Unchanged7 Down-regulation −0.73 [−1.25, −0.21]
34 PSMD12 (19S Rpn5)  Not measured Unchanged −0.23 [−0.74, 0.26]
35 PSMD13 (19S Rpn9)  Not measured Unchanged 0.05 [−0.58, 0.69]
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levels. See Supplementary Methods for full description. 
Pre-processing: Lowess correction was calculated.23 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 excluded from the anal-
ysis, leaving 16 482 genes after filtering (out of 23 715). 
We compared this method to filtering by the coefficient of 
variation (CV). CV was calculated for each of the 23 715 
genes. A cutoff  of CV = 0.73 passed 16,482 genes. The 2 
lists of 16,482 genes had 16 265 in common. Therefore 
the specific filtering method used did not affect our 
conclusions.

MSSM Microarray Pre-processing

MAS-5 algorithm was used for normalization. Lowess 
correction was then applied, expression levels below 
20 were set to 20 and log2-transformation was applied. 
Probe-sets without assigned gene symbols were removed. 
12 033 probe-sets were left for the rest of the analysis after 
filtering (out of 22 283), representing 8542 gene symbols. 
Probe sets of the same gene were combined. For full de-
tails, see Supplementary Methods.

Differential Gene Expression Analysis

A linear model was fitted to each gene by a stepwise 
procedure,24 using the MATLAB function stepwiselm 
with default parameters. As pH did not differ signifi-
cantly between schizophrenia and controls (Table 1), at 
first age, gender and PMI were included as covariates. 
Later we added pH as well (see Discussion). The 
model was then refitted using only the selected vari-
ables, including diagnosis. Finally, for each gene, the 
diagnosis coefficient was statistically tested for being 
nonzero, implying an effect for schizophrenia, beyond 
any other effect of  the covariates. This produced a 
t-statistic and a corresponding P-value, which were 
adjusted for multiple hypothesis testing using the 
false discovery rate (FDR) procedure.25 As the dif-
ferentially expressed genes are subjected to further 

pathway enrichment analysis, a non-stringent FDR 
threshold of  15% was used. A  standard 2-sample 
t-test was also performed; the results were very sim-
ilar (Supplementary Figure 1S).

Pathway Enrichment Analysis Using GeneAnalytics

GeneAnalytics tool26 was used for pathway enrichment 
analysis. GeneAnalytics leverages PathCards (http://
pathcards.genecards.org/), which clusters thousands of 
pathways from multiple sources into Superpathways, 
in order to improve inferences and reduce redundancy. 
Superpathways are scored by log2-transformation of 
the binomial P-value, which is equivalent to a corrected 
P-value with significance level <0.05.

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 rela-
tions data was downloaded from the STRING database, 
version 10.5.27 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”.27 Only edges with STRING score greater 
than 0.1 are included in our network.
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 control samples 
only.

2. The mean expression, Mp, is calculated using the pa-
tients’ samples.

3. Mp-Mc is calculated, the difference in the expression 
means between the 2 groups of samples.

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

#
Proteasome Subunit 
Genes

Previous Gene 
Expression 
Studies

Previous Protein 
Level Studies7,14

Our Meta-Analysis 
(SMRI+MSSM)

SMRI+ MSSM Meta-
Analysis Summary Measure 

[Confidence Interval]

36 PSMD14 (19S Rpn11)  Unchanged7 Down-regulation −0.89 [−1.42, −0.37]
 11S subunits     

37 PSME1 (11S α)  Down-regulated in 
ref.7; unchanged in 
ref.14

Unchanged −0.33 [−0.84, −0.16]

38 PSME2 (11S β)  Unchanged7,14 Unchanged 0.29 [−0.65, 1.24]
39 PSME3 (11S gamma)  Unchanged7 Unchanged −0.07 [−0.85, 0.7]

Note: 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 boldfaced. In the meta-analysis, a gene is defined as down-regulated if  its summary measure is lower 
than zero and the confidence interval does not cross zero.

Table 2. Continued

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa160#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa160#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa160#supplementary-data
http://pathcards.genecards.org/
http://pathcards.genecards.org/
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Finally, the network is displayed as an undirected graph, 
with each node colored according to the deviation described 
above, (Mp-Mc)/Sc. The edges represent co-expression re-
lations. Only genes that have co-expression relations with 
other genes in the network are displayed.

Results

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 medica-
tions, alcohol or substance use, we performed correlation 

analyses between the expression pattern of the differen-
tially expressed genes and Fluphenazine equivalent dosage, 
substance use, and alcohol use measures. Correlation ana-
lyses for Fluphenazine equivalent dosage and alcohol use 
did not reveal any significant association with differential 
expression. Correlation analysis for substance use detected 
2 down-regulated genes (out of 986) with statistically sig-
nificant correlated expression (Supplementary Methods 
and Supplementary Figures 2S–4S).

Pathway enrichment analysis was applied separately to 
the up and down-regulated genes. Results are presented 
in Supplementary Tables 3S–4S for the up-regulated 
and down-regulated genes, respectively. Out of 49 path-
ways enriched in the down-regulated genes, 5 are directly 
UPS related (marked in Supplementary Table 4S). While 

Fig. 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 .28 (P = 4.7 × 
10−133). The colorbar represents the density in each cell, calculated by voronoi procedure48 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 7498 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. A node’s color corresponds to the deviation of expression from the 
control samples group, in terms of standard deviation units. 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).

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa160#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa160#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa160#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa160#supplementary-data
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several pathways have higher enrichment scores, we focus 
on the UPS and proteasome-related pathways, since 5 
such pathways were enriched, and 11 closely related addi-
tional pathways were also enriched (Supplementary Table 
4S). One of these pathways is Class  I  MHC Mediated 
Antigen Processing and Presentation, where proteins de-
graded by the proteasome are a major source of peptides 
presented by MHC class I molecules.28

The UPS Signal is Highly Replicated in the MSSM 
STG Samples

Our findings are replicated in the STG of the inde-
pendent MSSM cohort of elderly subjects. We first exam-
ined whether the 2 datasets are comparable. Though 

microarrays differ from RNA-seq in their captured fea-
tures, there was a significant positive correlation of the 
t-statistics (schizophrenia vs controls) between SMRI 
and MSSM across 7498 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 significantly 
overlap (hypergeometric P-values: 9.8 × 10–7, 1.1 × 10–19 
for the up-regulated and down-regulated genes, respec-
tively; see Figure 1B).

Pathway enrichment analysis yielded 27 and 48 enriched 
pathways in up and down-regulated genes, respectively 

Fig. 2. Proteasome subunits differential expression network view: The nodes’ colors correspond to the deviation from the group of the 
control samples, in terms of SD units. 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.6 (B) DLPFC, Ramaker 2017 dataset.30 (C) STG, 
Barnes 2011 dataset.31 (D) Cerebellum, Chen 2018.32 (E) BA10, Mycox 2009 dataset.33 (F) BA23, SMRI dataset.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa160#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa160#supplementary-data
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(results are listed in Supplementary Tables 5S and 6S). 
Intersecting SMRI 49 enriched pathways with 48 from 
MSSM in the down-regulated genes yields 30 shared 
pathways; see Supplementary Table 4S (hypergeometric 
P-value: 2.5 × 10–36). Four out of the 5 SMRI enriched 
UPS pathways were enriched also in the MSSM. A similar 
analysis of the up-regulated genes yields a hypergeometric 
P-value of 1.03 × 10–6. Interestingly, one of the pathways 
that were enriched in the MSSM up-regulated genes is 
Metabolism of Proteins, which contains UPS-related 
genes. Thus, while a subgroup of the pathway genes is 
up-regulated, another is down-regulated. For further de-
tails, see Supplementary Information.

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 
used differential expression network view for SMRI (see 
Methods). It was applied to the Ubiquitin-Proteasome 
Dependent Proteolysis GeneAnalytics “superpathway”,26 

which is representative of the UPS and was significantly 
enriched in both SMRI and MSSM (Supplementary 
Table 4S). The network view includes all 69 pathway genes 
for which network data was available from STRING,29 
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 (bluish colors of the nodes). 
Interestingly, this cluster is composed of proteasome sub-
units, as shown in Figure 1D. The same analysis of the 
MSSM yields a similar view (Supplementary Figure 5S).

Meta-Analysis of SMRI and MSSM Datasets 
Identifies Down-Regulation of Multiple Proteasome 
Subunits in STG Samples of Subjects With 
Schizophrenia

We performed a meta-analysis of the expression of 
each of the 39 proteasome subunit genes, whose expres-
sion has been measured by both SMRI and MSSM (see 
Supplementary Methods). The list of proteasome sub-
units genes, meta-analysis results and comparisons to 

Fig. 3. (A) SMRI STG schizophrenia samples fold change matrix of proteasome subunits genes. Each row represents one of the 12 
proteasome subunits genes that were found to be down-regulated in schizophrenia in the meta-analysis of the SMRI and MSSM 
datasets. Each column represents one of the SMRI schizophrenia samples. The color code represents the fold change, ie, the expression 
value of the proteasome subunit gene in the specific sample, divided by its mean expression in the 15 control samples. Samples and 
genes locations were sorted by the SPIN tool.36 The left half  of the samples, “Group 1,” are marked by the left bar along the x-axis and 
the right half, “Group 2,” by the right bar. (B) DLPFC Arion 2015 schizophrenia samples fold change matrix of proteasome subunits 
genes. The same plot as in (A) for the DLPFC Arion 2015 dataset. (C) A schematic preliminary model for a biological mechanism based 
division of schizophrenia patients into subtypes.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa160#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa160#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa160#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa160#supplementary-data
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previous gene expression and protein-level studies are 
summarized in Table  2. Overall 12 out of 39 subunit 
genes were found to be down-regulated.

Down-Regulation Signal of Proteasome Subunits in 
Schizophrenia is Replicated in 6 Independent Datasets 
of 5 Different Brain Regions

To examine whether down-regulation of  proteasome 
subunits is specific to the STG we repeated the differ-
ential expression network analysis of  the 39 protea-
some subunit genes using 6 additional datasets (fully 
described in the Supplementary Information): dorso-
lateral prefrontal cortex (DLFPC) samples from Arion 
20156 and from Ramaker 2017,30 STG samples from 
Barnes 2011,31 Cerebellum samples from Chen 2018,32 
Brodmann area 23 (BA23) samples from the SMRI 
cohort, and Brodmann area 10 (BA10) samples from 
Mycox 2009.33 The results are presented in Figure  2. 
The DLPFC samples of  Arion 2015 (Figure 2A) exhibit 
pronounced down-regulation, while in the DLPFC 
samples of  Ramaker 2017 (Figure  2B) the signal is 
weaker, though present in most of  the genes; the bi-
nomial P-value for the number of  genes with (even 
slightly) reduced expression versus the control group 
is P = 6.4 × 10−6). Interestingly, while Ramaker 201730 
used brain samples composed of  mixture of  cells, Arion 
20156 used laser microdissection to capture pyramidal 
neurons. Thus, the difference in 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 201832 (Figure  2D), BA10 sam-
ples from Mycox 2009 (Figure  2E) and BA23 SMRI 
(Figure  2F) show clear tendency for down-regulation 
(binomial P-values 6.9 × 10−7, 1.2 × 10−5, and .04, re-
spectively), with modest magnitude (mostly less than 1 
SD). STG samples of  Barnes 201131 (Figure 2C) show 
a similar pattern. Down-regulation might be specific 
to neurons or subtypes of  neurons; as the brain sam-
ples in these datasets are of  mixture of  cells, the signal 
might be diluted. Overall, this analysis replicates the 
signal of  down-regulation of  multiple proteasome sub-
units, in both the STG and additional 4 brain regions.

Down-Regulation of Proteasome Subunits in 
Schizophrenia is Concentrated in a Subgroup of the 
Patients

To explore whether the signal is concentrated in a sub-
group of  the patients, we applied fold change anal-
ysis of  the 12 down-regulated proteasome subunits 
(listed in Table 2) to each of  the SMRI schizophrenia 
samples. The results are plotted in Figure  3A. Half  
of  the patients (7/14, “Group  2”; marked blue along 
the x-axis) show down-regulation tendency (bluish 
colors) of  most of  the 12 proteasome subunits genes, 

while the others (“Group 1”; marked green) show fold 
change values closer to 1, for most genes. The same 
analysis of  the Arion 2015 dataset, of  microdissected 
pyramidal neurons, yields even more pronounced dis-
tinction (Figure 3B). A similar picture emerges for the 
other 6 datasets (Supplementary Figure 7S). Support 
for this observation comes from a recent study,34 where 
transcriptomics analysis of  189 DLPFC samples of 
schizophrenia patients vs 206 healthy controls identi-
fied 2 molecular subtypes of  schizophrenia. In “Type 
1” (about half  of  the patients) 4 differentially expressed 
genes (schizophrenia vs controls) were detected, and in 
“Type 2” more than 3000. When examining the list of 
differentially expressed genes (Supplementary Table 3B), 
28 proteasome subunits were differentially expressed, all 
down-regulated, in “Type 2,” while no proteasome sub-
unit genes were differentially expressed in “Type 1.”

We then applied a similar analysis as in, ref.34 and 
compared each of  “Group  1” and “Group  2” sam-
ples to the controls, separately. Differential expression 
analysis was applied to the 47 SMRI measured prote-
asome subunit genes, in each of  the 2 groups. While in 
“Group 1” no differentially expressed genes were found, 
in “Group 2” 23 proteasome subunits were found to be 
differentially expressed (FDR < 15%; Supplementary 
Table 8S). We conclude that proteasome subunits down-
regulation characterizes about half  of  the patients with 
schizophrenia.

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. Although 
several scenarios may be possible, a reasonable model 
(Figure  3C) is that given a predisposition to schizo-
phrenia, certain (unknown) factors lead to (1) down-
regulation of multiple proteasome subunits in about half  
the patients. This in turn leads to (2) proteasome dysfunc-
tion which causes (3) accumulation of ubiquitinated pro-
teins. We discuss below the evidence relevant to each of 
the hypotheses (1)–(3) of our model.

Hypothesis (1) is supported by our main finding, 
which was replicated in 8 datasets of  5 different brain 
regions. We observed that the signal characterizes about 
half  the patients. This observation is supported by,34 
where 2 molecular subtypes of  schizophrenia were de-
tected, one (“Type 2”) with 28 down-regulated protea-
some subunits genes, and another (“Type 1”), without 
dysregulation of  these genes. In “Type 2” more than 3000 
genes (about 25% of those measured) were dysregulated 
(up- and down-regulated ratio close to 1:1). Thus, the 
fact that 28 proteasome subunits genes are dysregulated 
is somewhat less surprising. However, as all the 28 were 
down-regulated, it makes the concordance with our re-
sults significant.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa160#supplementary-data
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The fact that several studies identified decreased 
protein levels of  proteasome subunit genes (Table  2) 
supports hypothesis (2),of  proteasome dysfunction in 
schizophrenia. However, it was not established whether 
the lower protein levels are caused by lower expression 
of  the coding genes. Moreover, previous studies of  pro-
teasome activity in schizophrenia yielded inconsistent 
results. While in ref.14 intra-cellular compartment-
specific dysfunction in STG samples was found, no 
change has been detected in neither blood or brain in 
ref.12. A  possible explanation of  this inconsistency is 
that the signal is specific not only to a subgroup of  the 
patients, but also to neurons or subtypes of  neurons, 
and thus diluted. This is supported by our analysis of 
Arion 2015 dataset, of  laser microdissected neurons,6 
where higher magnitude of  down-regulation was de-
tected (Figure 2). This could also explain why the signal 
has not been detected by many previous relevant gene 
expression studies. Actually, if  we look at some of  the 
datasets (eg, Figure  2B–E), each proteasome subunit 
is not pronouncedly down-regulated. Only the anal-
ysis of  the proteasome subunits as a group, measured 
in multiple datasets, enabled the detection of  the global 
down-regulation signal.

Hypothesis (3), of  accumulation of ubiquitinated pro-
teins in schizophrenia, comes from 2 recent studies. In, 
ref.11 accumulation of ubiquitinated proteins has been 
identified for about half  the patients in the STG, frontal 
cortex and prefrontal cortex samples. In, ref.12 ubiquitin-
ated protein levels were found to be elevated in the orbit-
ofrontal cortex of schizophrenia patients. While the fact 
that dysfunction of proteasome can cause accumulation 
of ubiquitinated proteins13 suggests a causative connec-
tion between hypotheses (2) and (3),this link was not 
examined in schizophrenia.

Interestingly, lower pH was detected in brains with 
accumulation of ubiquitinated proteins in ref.11 and 
was also associated with elevated ubiquitinated protein 
levels in ref.12. As pH did not differ significantly between 
schizophrenia and controls in neither SMRI nor MSSM 
(Table  1), it was not included as a covariate in the dif-
ferential expression analysis. However, it may have more 
delicate associations with proteasome subunit genes’ ex-
pression, possibly in a subgroup of the patients. To ex-
amine this we performed a correlation analysis between 
pH levels and mean fold change of the 12 down-regulated 
proteasome subunits (listed in Table 2), in 7 datasets (for 
which pH information was available) and found a clear 
tendency for positive correlation (Supplementary Figure 
8S). This is concordant with the association between 
lower pH and accumulation of ubiquitinated proteins 
shown in ref.11,12 and gives indirect support to our hypoth-
esis that this accumulation is caused by down-regulation 
of the proteasome subunits.

In order to further explore the association between 
pH and proteasome subunits expression, we repeated the 

step-wise linear regression for both SMRI and MSSM 
for the 12 down-regulated proteasome subunits, in-
cluding pH as a covariate (with age, PMI, and gender) 
for both cohorts and RIN was included for the SMRI 
(Supplementary Tables 9S–10S). This linear regression 
analysis gave moderate results in terms of the magnitude 
and statistical significance of the genes’ down-regulation, 
when compared to standard 2-sided t-test (Supplementary 
Figure 9S). However, the clear tendency for down-
regulation remained, with statistical significance. We 
thus conclude that pH, or the other included potential 
conounding factors, cannot solely explain our observed 
decreased expression of the proteasome subunits.

In order to further explore the notion of subtypes 
of schizophrenia, we compared the mean fold change 
(FC) of the 12 down-regulated proteasome subunits to 
the polygenic risk score (PRS) of the STG SMRI sam-
ples (Supplementary Information and Supplementary 
Figure 10S). No statistically significant correlation was 
found (P-value .56); but when a single outlier sample 
(with largest PRS and smallest FC) was omitted, we did 
get a significant Pearson correlation of 0.67 (P-value .03), 
supporting our hypothesis of association between protea-
some FC and clinical characteristics. However, since cor-
relation was calculated from only 11 samples, this needs 
further investigation.

As described in, ref.11 the accumulated ubiquitinated 
proteins were enriched with nervous system development 
related pathways, suggesting its possible relation to dis-
ease pathogenesis through disruption of relevant path-
ways. In addition, clinical symptoms were correlated with 
2 ubiquitin conjugation genes’ expression in patients’ 
peripheral blood.37 These findings might suggest that 
our hypothesized model defines a biological and clinical 
subtype of schizophrenia. In this context we note that 
Bortezomib, a proteasome inhibitor used in the treat-
ment of cancer, is not known to cause psychosis when 
given to glioblastoma patients (where the brain-blood-
barrier is disrupted).38–40 This seemingly suggests that 
proteasome dysfunction is not the cause of the symptoms 
seen in schizophrenia. In addition, pathways that ap-
parently are not connected to the proteasome/UPS were 
found to be dysregulated, both by us and by,34 suggesting 
there are other mechanisms that underlie the pathogen-
esis of schizophrenia. However, interestingly, 4 of 6 path-
ways repeatedly found as dysregulated in schizophrenia 
(reviewed in ref.41), involve the UPS: presynaptic func-
tion,42 signaling,43 oxidative stress44 and cellular immune 
mechanisms.45 In addition, it was recently shown that 
antipsychotics modulate UPS-related protein levels in 
oligodendrocytes.46 However, it is still not clear whether 
the UPS has a causal role in schizophrenia and further 
study is needed to decipher this connection.

Our study is limited by several features. Every post-
mortem study represents only a snapshot at the end of 
life. This is especially relevant in schizophrenia, as its 
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pathogenesis is probably rooted in early development.47 
The fact that we compare independent cohorts of both 
relatively young and elderly subjects strengthens the va-
lidity of the results, but does not fully overcome this limi-
tation. There is also the question of pharmacotherapy, as 
exposure to antipsychotics might affect gene expression. 
We found no significant correlation between Fluphenazine 
equivalent dose and expression levels. In addition, the 
fact that the subjects of the cohorts significantly differ in 
age suggests that duration of exposure to antipsychotics 
is unlikely to influence proteasome subunits expression 
substantively. The replication of the detected signal in 8 
cohorts from 5 brain regions significantly increases the 
validity and generalizability of this signal. As gene expres-
sion does not always correlate with the levels of the coded 
proteins, the fact that we measure gene expression alone is 
a serious limitation, which causes difficulties in making de-
finitive conclusions regarding the biological consequences 
of the results. While several studies detected decreased 
protein levels of proteasome subunits,7,14 the results were 
not fully consistent and the recent proteasome activity 
studies in schizophrenia were not consistent either, as de-
scribed above. Thus, further study is needed in order to 
decipher the consequences of the global down-regulation 
of proteasome subunits we detect in schizophrenia, in 
terms of protein levels and proteasome activity.

Overall, we detect global down-regulation of prote-
asome subunits in schizophrenia, which characterizes 
about half  of the patients. Based on ours and others’ 
recent findings we present a hypothesized model for a 
mechanism that defines a biological, and maybe also clin-
ical, subtype of schizophrenia. This has the potential to 
lead to a better understanding of the biological and clin-
ical subtypes of schizophrenia and to finding novel diag-
nostic and therapeutic tools.

Supplementary Material

Supplementary material is available at Schizophrenia 
Bulletin online.
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