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Abstract: Schizophrenia, a psychological disorder with enormous societal impact, is a result of abnormalities in gene
expression and dysregulation of the immune response in the brain. Few studies have been conducted to understand its
etiology, however, the exact molecular mechanism largely remains unknown, though some poorly understood theories
abound. Present meta-study links the role of central nervous system, immunological system and psychological disorders
by using global expression approach and pathway analysis.

We retrieved genome-wide mRNA expression data and clinico-pathological information from five independent studies of
schizophrenic patients from Gene Expression Omnibus database. We continued further with three studies having common
platform. Our result showed a total of 527 differentially expressed genes of which 314 are up regulated and 213 are down
regulated. After adjusting the sources of variation, we carried out pathway and gene ontology analysis, and observed
alteration of 14-3-3-mediated signaling, y-aminobutyric acid receptor signaling, role of nuclear factor of activated T-cells
in regulation of the immune response, G beta gamma signaling, dopamine- and cyclic AMP-regulated phosphoprotein of
relative molecular mass 32,000 feedback in cAMP signaling, complement system, axonal guidance signaling, dendritic
cell maturation, cAMP response element-binding protein signaling in neurons and interleukin-1 signaling pathways and
networks.

Conclusively, our global gene expression pathway and gene set enrichment analysis studies suggest disruption of many
common pathways and processes, which links schizophrenia to immune and central nervous system. Present meta-study
links the role of central nervous system, immunological system and psychological disorders by using global expression
approach and pathway analysis.

Keywords: Schizophrenia, psychological disorder, gene expression, immune system, DNA microarray, central nervous system.

INTRODUCTION The transcriptomic meta-analysis is a commonly used
strategy to explore the molecular basis of the disease and has
recently gained popularity in neuropsychiatry and
neuroimmunology as well [19-22]. Differential gene
expression studies of schizophrenia have reported varied

inconsistent gene list with altered expression [23, 24]. The

‘Schizophrenia’ literally means ‘splitting of the mind’, is a
severe psychiatric disorder with abnormal patterns of
behavioral or psychological symptoms [1]. Schizophrenic
patients suffer from multiple categories of psychological

disorders and affects ~1% of world population [2]. It involves
complex interactions between genetic and environmental
factors [3] and also is associated with myelination, synaptic
transmission, metabolism, immune function and ubiquitination
[4-8]. Symptoms vary in type and severity whereas etiological
reasons include genetic predisposition [9], developmental [10]
or neurodegenerative processes [11], neurotransmitter abnor-
malities [12, 13], viral infection [14] and immune dysfunction
or autoimmune mechanisms [15-18].
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differences can be attributed to many factors: difference of
sample cohort, methodologies, platform choice, and data
analysis and besides them batch effect can also add
variability [25-29]. We attempt to combine high-throughput
genomics studies and re-analyze the data to reduce
variability and therefore identify the consistent gene
expression changes.

Previous studies have reported the common gene loci for
susceptibility genes for schizophrenia and human leukocyte
antigen (HLA) complex which are involved in immune
function [30]. Key mediator role of cytokines in immune and
central nervous system has also been reported [30, 31]. An
increased level of interleukin (IL) -1, IL-6 and tumor
necrosis factor has been reported in schizophrenia patients
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amid loss of central nervous system volume and microglial
activation [32]. It has also been shown that increased IL-8
levels in pregnancy are associated with risk of schizophrenia
in the offspring [33, 34].

Although studies have been conducted to link mental
disorders (schizophrenia) with immune dysfunction and
alterations in central nervous systems, the pathophysiology
and molecular mechanism of the illness is still not well
understood, indicating a strong genetic component that lie as
the base for the disease. In an attempt to gain deeper insight
into disease mechanism, we applied comprehensive
microarray analysis on publicly available data to determine
the common molecular features of the disease.

MATERIALS AND METHODS
Patients and Samples

Global expression studies of schizophrenia were
performed with expression dataset retrieved from NCBI’s
GEO database (Table 1). Provided sample information was
used to classify case and control. We initially assembled a
dataset of 114 schizophrenic and 99 healthy control
individuals from five independent studies from different
microarray platforms; GSE21935 [35], GSE17612 ([36],
GSE21138 [37], GSE62333 [38], GSE18312 [39], however,
we continued further finally with 81 schizophrenic and 71
healthy controls from three studies (GSE17612::28:23;
GSE21138::30:29; GSE21935::23:19) having common
platform (GPL570, HG-U133 Plus 2 array chip) to
minimize the variations and to obtain bigger cohort size for
present meta-analysis study. We also unified the data coming
from different sources using integrated bioinformatics
approach.

Gene Expression Analysis

Partek Genomics Suite version 6.6 (Partek Inc., MO,
USA) was used to import affymetrix .CEL files which were
normalized using RMA (robust multiarray average)
algorithm. Analysis of variance (ANOVA) was applied on
the grouped data set to analyze mean expression level on a
gene-by-gene basis and differentially expressed genes were
generated using a Benjamini Hochberg's FDR (false
discovery rate) of 0.05 with 2 and 1.5 fold change cut off.
Disease and tissue type were two factors in ANOVA model
and equal variance were assumed. Spearman’s correlation
similarity matrix was used for 2-dimensional unsupervised
average linkage hierarchical clustering and classification.
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Functional and Pathway Analysis

The principal microarray data analysis was done to detect
biological pathways to demonstrate the utilities of more
robust biomarker discovery methods for complex diseases
like schizophrenia. Ingenuity Pathways Analysis (IPA)
software (Ingenuity Systems, Redwood City, CA) was used
to define biological networks, interaction and functional
analysis among the differentially regulated genes in
schizophrenia. We uploaded 527 differentially expressed
genes of schizophrenia, along with their p-values and fold
changes, into the TPA tool for core analysis revealing asso-
ciated genetic network, canonical pathway, and biofunctions.

Gene Set Enrichment Analysis

A Dbroader understanding of global expression results is
possible by grouping the genes of interest into biological
processes, cellular component and molecular functions of the
genes. Gene ontology enrichment study was done to
functionally categorize schizophrenia's significant genes and
to identify specific genes linked with immunological
response and process. The implication of this relationship
amid transcriptomic data and canonical pathways was
calculated by Fisher’s exact test and a cutoff enrichment
score >3 (p-value <0.05) was used to identify major over
expression of functional categories.

RESULTS

This study was focused to find common connections
between psychological disorders (schizophrenia) with CNS
and immunological processes using transcriptional profiling
of nearly 28,000 annotated genes. We analyzed gene
expression data retrieved from GEO database and identified
genes linked to different biological pathways and networks.
Principal component analysis was done to make sure that the
samples from the same tissue type clustered tightly together
and outliers were removed from study accordingly.

Identification of Differentially Expressed Genes

To understand the molecular link among psychological
disorders (schizophrenia), CNS and immunology, we did
genome-wide transcriptomic analysis and identified 527
differentially expressed genes, 314 up and 213 down
regulated (1.5 fold change, p < 0.05) while when the cutoff
was made more stringent that is 2 fold FDR, the number of
significant genes were reduced to 51 with 27 up and 24 down
regulated (Table 2, Fig. 1). Of the genes that were

Table 1. Gene Expression Dataset of Schizophrenia retrieved for GEO database.
Dataset Reference Microarray Platform Brain Regions No. of Subjects (Scz:control)
GSE21935 [35] HG-U133 Plus 2.0 Superior temporal cortex (BA22) 23:19
GSE17612 [36] HG-U133 Plus 2.0 Anterior Prefrontal cortex (BA46) 28:23
GSE21138 [37] HG-U133 Plus 2.0 Frontal (BA46) 30:29
GSE62333 [38] HuGene-1_1-st Fibroblast 20:20
GSE18312 [39] HuEx-1 0-st Blood 13:8
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Table 2.

(Schizophrenia vs controls).
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Differentially expressed upregulated and downregulated genes (FDR >0.05, Fold change >2) of psychological disorders

Gene Symbol Gene Title Fold-Change (Upregulated) p-Value/FDR
S100A8 S100 calcium binding protein A8 6.03527 0.000437201
CI1QB complement component 1, q subcomponent, B chain 2.77543 0.000771172
C1QC complement component 1, q subcomponent, C chain 2.62656 0.000543679
MTIM metallothionein 1M 2.56029 3.78E-05
SCIN scinderin 2.53803 0.000503976
BAG3 BCL2-associated athanogene 3 2.52431 6.69E-06
FCGR3A///FCGR3B Fc fragment of IgG, low affinity Ile:),vf/e;fefptor (CD16a)///Fc fragment of IgG, 2.4807 0.000377411
CP ceruloplasmin (ferroxidase) 2.46205 0.000257121
YBX3 Y box binding protein 3 2.29616 0.000418019
CD14 CD14 molecule 2.22078 0.00135428
FCGR1B Fc fragment of IgG, high affinity Ib, receptor (CD64) 2.16093 0.00038466
PDK4 pyruvate dehydrogenase kinase, isozyme 4 2.15486 0.00129401
C10orf10 chromosome 10 open reading frame 10 2.15203 0.00164335
PLSCR4 phospholipid scramblase 4 2.15148 6.47E-07
SERPINA1 serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), 5 13441 0.000444364
member 1
CIQA complement component 1, q subcomponent, A chain 2.1291 0.000984387
MTIX metallothionein 1X 2.11952 0.000517547
MGST1 microsomal glutathione S-transferase 1 2.11244 9.70E-05
HLA-DPA1 major histocompatibility complex, class II, DP alpha 1 2.09413 0.00157553
AQP1 aquaporin 1 (Colton blood group) 2.08546 0.000524451
IFITM1///IFITM2 interferon induced transmembrane protein 1///interferon induced 505941 0.000214366
transmembrane protein
RFX4 regulatory factor X, 4 (influences HLA class II expression) 2.03979 4.53E-06
SLCO4A1 solute carrier organic anion transporter family, member 4A1 2.03534 0.000768198
IFITM2 interferon induced transmembrane protein 2 2.03097 0.00020738
SLC39A12 solute carrier family 39 (zinc transporter), member 12 2.01999 2.90E-06
AQP4 aquaporin 4 2.01523 4.67E-05
DTNA dystrobrevin, alpha 2.00358 0.00326206
Gene Symbol Gene Title Fold-Change (Downregulated) p-value/FDR
RGS4 regulator of G-protein signaling 4 -3.10433 0.000335282
PVALB parvalbumin -2.95709 1.14E-05
NDRG3 NDRG family member 3 -2.60441 2.24E-06
GAD1 glutamate decarboxylase 1 (brain, 67kDa) -2.44832 2.71E-05
RAB3C RAB3C, member RAS oncogene family -2.37211 0.00075108
NEFH neurofilament, heavy polypeptide -2.2927 0.000214867
GABRALI gamma-aminobutyric acid A receptor, alpha 1 -2.24225 0.000109665
TACI1 tachykinin, precursor 1 -2.22834 0.00103168
Cllorf87 chromosome 11 open reading frame 87 -2.17618 0.000726334
CADPS Ca++-dependent secretion activator -2.14635 0.00323668
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(Table 2) contd.....

Gene Symbol Gene Title Fold-Change (Upregulated) | p-Value/FDR
CBLN4 cerebellin 4 precursor -2.14357 5.26E-07
RASGRF1 Ras protein-specific guanine nucleotide-releasing factor 1 -2.09706 0.000118709
ATP2B2 ATPase, Ca++ transporting, plasma membrane 2 -2.08439 8.67E-06
MFSD4 major facilitator superfamily domain containing 4 -2.07121 0.000166348
VSNL1 visinin-like 1 -2.06718 0.00188539
PAK1 p21 protein (Cdc42/Rac)-activated kinase 1 -2.06697 0.00109483
MYTIL myelin transcription factor 1-like -2.06303 0.00249397
NEFL neurofilament, light polypeptide -2.05627 0.0006315

SST somatostatin -2.03488 0.00311891
SNAP25 synaptosomal-associated protein, 25kDa -2.0244 0.000626538

PCSK1 proprotein convertase subtilisin/kexin type 1 -2.02398 0.00260887

ATP6VIA ATPase, H+ transporting, lysosomal 70kDa, V1 subunit A -2.00755 0.00395464
SCAMP1 secretory carrier membrane protein 1 -2.00147 0.000712588

Hierarchical Clustering of Differentially Expressed Schizophrenic genes
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Fig. (1). Hierarchical clustering of differentially expressed schizophrenic genes. Description: dendrogram shows the specific pattern of
change in expression in red-blue picture where red denotes upregulation and blue denotes downregulation according the color scale at the
bottom. Each column and row represents single gene and experiment respectively.
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Fig. (2). 14-3-3-mediated Signaling pathway overlaid with significant genes of schizophrenia. Red donates up regulation (TNFRSF1A,
TUBBG6, VIM, YAP1) and green denotes down regulation (GFAP, MAP2K4, PRCL2, PRKCB, YWHAB/E/Z).

upregulated, the most significant were S100 calcium binding
protein A8 (S100A8), complement component 1, q
subcomponent, B chain and C chain (C1QC and C1QC),
metallothionein 1M and 1X (MT1M and MT1X), scinderin
(SICN), Fc fragment of IgG Illa, receptor (FCGR3A), and
BCL2-associated athanogene 3 (BAG3), while the most
downregulated genes were: regulator of G-protein signaling
4 (RGS4), parvalbumin (PVALB), NDRG family member 3
(NDRG3), glutamate  decarboxylase 1  (GADI1),
neurofilament, heavy polypeptide (NEFH) Ca'-dependent
secretion activator (CADPS), cerebellin 4 precursor
(CBLN4) and gamma-aminobutyric acid A receptor, alpha 1
(GABRA1). Gene ontology enrichment method shows the

connection of schizophrenia with immune and CNS, and we
found following -major histocompatibility complex, class 11
genes such as; DM alpha (HLA-DMA), DP alpha 1 (HLA-
DPAL1), DQ beta 1 (HLA-DQBI) and DR beta 1 (HLA-
DRBI1) to be up regulated.

Pathways and  Networks Immune

Dysfunction in Schizophrenia

Underlying

We examined molecular networks of schizophrenia
associated genes using Ingenuity Pathway Analysis tool to
decipher the wunderlying molecular mechanisms and
physiological processes which may be involved in the
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Fig. (3). Role of NFAT in regulation of the immune response pathway overlaid with significant genes of schizophrenia showed immune
effect. Red donates up regulation (TNFRSF1A, TUBB6, VIM, YAPI) and green denotes down regulation (GFAP, MAP2K4, PRCL2,

PRKCB, YWHAB/E/Z).

disease pathophysiology. Transcriptomic signatures of
schizophrenia displayed noteworthy disturbances in
signaling pathways like 14-3-3-mediated Signaling (Fig.2),
role of nuclear factor of activated T-cells (NFATSs) in
regulation of the immune response (Fig. 3), y-aminobutyric
acid (GABA) receptor signaling (Fig. 4), G beta gamma
signaling, dopamine- and cyclic =~ AMP-regulated
phosphoprotein  of relative molecular mass 32,000
(dopamine-DARPP32) feedback in cAMP signaling,
complement system, axonal guidance signaling, dendritic
cell maturation, cAMP response element-binding protein
(CREB) signaling in neurons and IL-1 signaling (Table 3).
This analysis helped us to conclude a strong correlation
amongst schizophrenia, immune dysfunction and CNS.

Functional analysis has predicted the following pathways
to be significantly affected (considering the cut off, Z score
> 2) - calcium signaling (Z score -2.64), Liver X receptor-
retinoid X receptor activation (Z score -2.45), neuropathic
pain signaling in dorsal horn neurons (Z score -2.44),
gonadotropin-releasing hormone signaling (Z score -2.24),
renin-angiotensin signaling (Z score -2.23), CREB signaling

in neurons (Z score -2.23), and aryl hydrocarbon receptor
signaling (Z score +2.00). We also found increased level in
role of NFAT in regulation of the immune response (Z score
+1.667), Gai signaling (Z score +1.63), and integrin-linked
kinase signaling (Z score +1.667) pathways.

Further gene ontology enrichment method identified
various immunological responses to be affected in
schizophrenia and also found alteration in the expression of
the genes such as: complement component 1, q
subcomponent, A, B and C chain (C1QA, C1QB, C1QC),
complement component 3 (C3), complement component 4A
and 4B (C4A, C4B), CD14 molecule (CD14), Fc fragment of
IgE, high affinity I, receptor for; gamma polypeptide
(FCERI1Q), fibroblast growth factor 2 and 9 (FGF2 and
FGF9), interferon, gamma-inducible protein 16 (IF16),
integrin, beta 2 (ITGB2), v-yes-1 Yamaguchi sarcoma viral
related oncogene homolog (LYN), mitogen-activated protein
kinase kinase 4 (MAP2K4), p21 protein (Cdc42/Rac)-
activated kinase 1 (PAK1), S100 calcium binding protein
A8, A9, All and Al12 (S100A8, S100A9, S100A11 and
S100A12), Thy-1 cell surface antigen (THY1), transforming
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Table 3. Top ingenuity canonical pathways identified in pathway and network analysis.
Canonical Pathways -log (p-Value) Molecules
. . . VIM, MAP2K4, TNFRSF1A, TUBB6, PRKCB,
14-3-3-mediated Signaling 4.52E00 YAP1, PLCL2, YWHAE, YWHAZ, YWHAB, GFAP
. . FCGRI1B, GNA13, FCER1G, RCAN2, GNAL, FCGR2A,
Role of NFAT in Regulation of the Immune Response 4.26E00 PPP3R1, GNBS. GNG3. HLA-DMA, ITPR1. LYN, FCGR3A/FCGR3B
Lo SLC32A1, GABBR2, GAD1, GABRG2, UBQLNI,
GABA Receptor Signaling 3.97E00 GABRAI, NSF. GABRD
Lo KCNIJ9, KCNJ3, GNA13, GNB5, GNG3, PAK1,
G Beta Gamma Signaling 3.75E00 PRKCB, GNAL, PRKARIA
. N GNA13, MAP2K4, GNB5, GNG3, PAKI,
Tec Kinase Signaling 3-36E00 TNFRSF21, PRKCB, FCER1G, RHOJ, GNAL, LYN
Lo GNA13, MAP2K4, GNB5, GNG3, PAK1, PRKCB, ITPR1,
CXCR4 Signaling 2.79E00 RHOJ, GNAL, LYN
Calcium-induced T Lymphocyte Apoptosis 2.79E00 PPP3R1, HLA-DMA, PRKCB, ITPR1, FCER1G, ATP2A2
. . . . STON2, FGF12, S100A8, PPP3R1, SERPINA1, AMPH,
Clathrin-mediated Endocytosis Signaling 2.78E00 ITGBS, ITGB2, FGF2, SYNJ1, FGF9
. . . . KCNIJ9, KCNJ3, PPP3R1, PRKCB, ITPR1, PLCL2, ATP2A2,
Dopamine-DARPP32 Feedback in cAMP Signaling 2.56E00 CAMKK?2, CALY, PRKARIA
. . CRH, GNA13, RARRES3, PRKCB, ITPR1, PLCL2, GRIA4,
Synaptic Long Term Depression 2.53E00 GNAL, LYN
. . . GNA13, PPP3R1, GNB35, GNG3, PRKCB, ITPR1, FCERIG,
Phospholipase C Signaling 2.42E00 RHOJ, TGM2, FCGR2A, AHNAK, LYN
Complement System 2.18E00 C1QC, CI1QB, ITGB2, C1QA
GNA13, ADAM23, PAK 1, TUBB6, NGEF, EFNAS5, EPHA4,
Axonal Guidance Signaling 2.1E00 RTN4, GNAL, PRKARIA, SLIT2, PPP3R1, GNBS5, GNG3,
KLCI, PRKCB, PLCL2
.. . FCGRI1B, MAP2K4, HLA-DMA, TNFRSF1A, TYROBP,
Dendritic Cell Maturation 2.1E00 FCERIG, PLCL2, FCGR2A, FCGR3A/FCGR3B
N BCL6, PPP3R1, MAP2K4, PRKCB, APBBI1IP, PTPRC,
B Cell Receptor Signaling 1.99E00 SYNJ1, FCGR2A, LYN
CD28 Signaling in T Helper Cells 1.97E00 PPP3R1, MAP2K4, HLA-DMA, PAK1, ITPRI, PTPRC,
FCERIG
T GNA13, GNB5, GNG3, PRKCB, ITPR1, PLCL2, GRIA4, GNAL,
CREB Signaling in Neurons 1.97E00 PRKARIA
IL-1 Signaling 1.9E00 GNA13, MAP2K4, GNB5, GNG3, GNAL, PRKARIA

growth factor, beta 2 (TGFB2), transforming growth factor,
beta receptor 1 (TGFBR1), tumor necrotic factor receptor
superfamily, member 1A and member 21 (TNFRSFIA and
TNFRSF21), and V-set and immunoglobulin domain
containing 4 (VSIG4) (Table 4, Fig. 5).

DISCUSSION

Although central nervous systems, mental disorders
(schizophrenia) and immune dysfunction are discussed since
couple of decades, the field has never come into the
mainstream of research. To understand the complexity of
schizophrenia, recent research on pathogenesis has shifted its
focus on meta-analysis of high throughput data of
neurotransmitter systems in the brain and the present study is
a humble step in this direction. Genome wide approaches
have been applied several times for the human gene
expression analysis focusing on specific diseases as a route
to gain an insight into aetiology and understand the

underlying  pathogenic mechanisms. The wup and
downregulation of various genes are being increasingly
reported as biomarkers for prognosis as well as diagnosis of
complex diseases like cancer, autoimmune and
neurodegenerative disorders [40-43].

For long genetic studies have shown that the most
probable schizophrenia’s susceptibility genes are on
chromosome 6p22.1 [44] while this region also includes
many genes of the HLA complex which are shown to have a
direct relation to the immune function [30, 45]. In addition,
other studies have shown the mutual regulatory relationship
of immune and central nervous systems in which
inflammatory marker plays the key role of mediator in the
brain-immune system relay during the acute phase immune
response [30, 31]. In the present study, we have reported
many new genes and pathways showing strong association in
between schizophrenia, immune system and central nervous
system. We hereby, discuss the role of the most associated
canonical pathways.
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Fig. (4). GABA Receptor Signaling pathway overlaid with significant genes of schizophrenia showed under expression. All overlaid genes
were down regulated (GABBR2, GABRA1, GABRD, GABRG2, GAD1, NSF, SLC32A1, UBQLNI1) and shown in green color.
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Fig. (5). Functional analysis and Gene Ontology analysis: (A) Gene set enrichment analysis study showing strong association of
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represented by enrichment score (14.11). (B) Pie chart diagram showing percentage distribution of sub-function under immune response

process.
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Gene ontology enrichment study identified genes linking schizophrenia with Immunological process.

Immunological Functions

Genes

Activation of Immune response

CIQA, C1QB, C1QC, C3, C4A///C4B///C4B_2, CACNB4, CD14, CFH///CFHR1, FCERIG,
FCGRI1A///FCGRI1B, FCGR2A, FCGR3A///FCGR3B, HLA-DPA1, HLA-DQB1, HLA-DRB1//HLA-DRB4,
HSP90ABI, IF116, ITGB2, ITPR1, LYN, MAP2K4, PAK1, PRKCB, PTPRC, THEMIS, THY 1, TNFRSF21,

VSIG4

Immune effector process

C1QA, C1QB, C1QC, C3, C4A///C4B///C4B_2, CADM1, CFH///CFHR1, DDIT4, FCERIG,
FCGRI1A///FCGRI1B, FCGR2A, FCGR3A///FCGR3B, HLA-DMA, HLA-DQB1, HLA-DRB1//HLA-DRB4,
HSP90ABI, IF116, IFITM1, IFITM2, IFITM3, ITPR1, LYN, PAK1, PLSCR1, PTPRC, TRIM22, VSIG4,

ZC3HAV1

Immune response (Innate, humoral,
adaptive)

ARHGDIB, BCL6, C1QA, C1QB, C3, C4A///C4B///C4B_2, CADM1, CALM1//CALM2, CD14, CFH///CFHRI1,
FCERIG, FCGR1B, FCGR2A, FCGR3A///FCGR3B, FGF2, FGF9, GEM, HLA-DMA, HLA-DPAL, IF116,
IFITM1///IFITM2//IFITM3, ITGB2, ITPR1, LGALS3, LOC101060503, LYN, MAP2K4, PAK1, PPP3RI1,

PRKARIA, S100A12, S100A8, TNFRSF21, TRIM22, TYROBP, VSIG4, YWHAB, ZC3HAV1.

Antigen processing and presentation

AP1S1, DYNCIIIL, FCERIG, FCGR1A///FCGR1B, HLA-DMA, HLA-DPA1, HLA-DRB1//HLA-DRB4,

KIFAP3, KLC1, RAB3C, RAB6A

Lymphocyte co-stimulation

HLA-DPA1, HLA-DQBI, LYN, PAK1

T-cell Selection

HLA-DMA, ITPKB, PTPRC, THEMIS

Leukocyte migration

FCERI1G, ITGB2, LGALS3, LYN, MSN, PECAM1, S100A8, S100A9, TGFB2

Production of Molecular mediator of
immune response

HLA-DQBI1, HLA-DRB1///HLA-DRB4

Tolerance Induction and Leukocyte
homeostasis

LYN

Leukocyte activation

BCL6, CADM1, FCER1G, MT1G, PRKCB, PTPRC, S100A12, TYROBP, ZFP36L1, ZFP36L2

14-3-3 Mediated Signaling Pathway

The 14-3-3 proteins are a family of neuroprotective
proteins abundantly expressed in the brain [46] existing as
homodimers or heterodimers in following isoforms: B, v, ¢,
M, 6, /0 and  [47, 48]. They are functionally involved in the
neurite outgrowth, synaptic transmission and plasticity
regulation, neuronal differentiation, migration and survival,
and ion channel regulation [47, 49-51]. Dysregulation of 14-
3-3 proteins have been implicated in schizophrenia [52, 53].
Foote et al, 2015 exhibited synaptic alterations, and
schizophrenia-associated ~ behavioral  deficits  mainly
impairments in associative learning and memory in 14-3-3
functional knockout transgenic mice [54]. The underlying
cause can be attributed to alterations in multiple
neurotransmission systems due to reduction of dendritic
complexity and spine density in forebrain excitatory neurons,
which alter synaptic connectivity in the prefrontal cortical
synapse of the 14-3-3 functional knock-out mice. The
dendritic spine defect stems at molecular level from
dysregulated actin dynamics secondary to a disruption of the
14-3-3-dependent regulation of phosphorylated cofilin.

We list out reasons to suggest that the 14-3-3 family of
proteins may be candidate risk genes for schizophrenia [55]:
i. linkage analysis reports single nucleotide polymorphisms
of individual 14-3-3 isoforms in schizophrenia patients [56];
ii. Ywhah, encoding the 14-3-3n isoform, is located within
the established 22q12-13 candidate risk chromosomal region
[57]; iii. postmortem studies detected decreased neuronal
expression of 14-3-3 at the protein and the mRNA levels in
the brains of schizophrenia patients [52, 58]; and iv. exome
sequencing revealed that de novo mutations of Ywhag and
Ywhaz are among a group of postsynaptic proteins

overrepresented in schizophrenia populations [59, 60].
Besides these reasons, 14-3-3 mediated signaling was also
recently reported as one of the most prominent pathway in an
elaborate hippocampal difference-in-gel electrophoresis (2-D
DIGE) proteomics study coupled with IPA [53].

Role of NFAT in Regulation of the Immune Response
Pathway

NFATSs are a family of calcium-dependent transcription
factors expressed in a variety of immune cells and critically
involved in immune response, prime regulators of T-cell
development and function [61]. NFAT is specifically
activated by stimulation of receptors coupled to calcium -
calcineurin (CaN) signals. Both common genetic variation
and rare mutations in genes encoding Ca>" channel subunits,
have pleiotropic effects on risk for multiple neuropsychiatric
disorders, like schizophrenia [62]. The assembly of varied
NFAT complexes functions simultaneously as coincidence
detectors as well as signal integrators [63]. CaN is linked to
receptors for neurotransmitters like NMDA, dopamine and
GABA [64]. NFAT and Fos-Jun complex is required for
productive immune responses.

CaN, along with transcription factor NFAT, is regulator
of neurons and plays an important role in circuit
development and refinement through axonal outgrowth,
synaptogenesis, memory formation and neuronal response
[65, 66]. Extracellular Ca®" stimulus activates CaN
phosphatase and quickly dephosphorylates NFATc proteins
which on reaching the nucleus, get assembled on DNA with
nuclear proteins [65, 66]. Nuclear import of
dephosphorylated NFATs 1is facilitated by importins;
however, dephosphorylated NFATs are rapidly exported
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from nucleus and rephosphorylation is carried by glycogen
synthase kinase 3 to critically regulate the NFAT
transcription from transient Ca®" influxes and to decode the
Ca®" signals is to be exhibited. Other kinases including CK1,
p38 and c-Jun NH2-terminal kinases, also phosphorylate
NFAT proteins and control their nuclear shuttling [63]. T-
Cell anergy is induced by NFATI, if its interaction with
transcriptional partners (c-Fos and c-Jun) is prevented.
Possible role of NFAT signaling in schizophrenia
pathogenesis has been suggested in genetic studies
conducted on mice and humans [63].

Mutant CaN-Ay gene knockout mice displayed
characteristic symptoms of schizophrenia like increased
random movement, attention deficits, less social interaction,
and deficits in sensorimotor gating by impaired prepulse
inhibition [67]. This indicates insufficiency of CaN to be one
of the causes for schizophrenia. NFAT signaling pathway is
a well known target for immunosuppressive drugs
(cyclosporines and FK506) wherein they bind to
immunophilins that potentially block interaction between
CaN and NAFT and effectively suppressing the immune
response [68].

GABA Receptor Signaling Pathway

GABA is the chief inhibitory neurotransmitter regulating
numerous processes all through the brain development of a
child [69]. During adulthood, GABA signaling mainly
regulates hippocampal neurogenesis [70]. Alterations in
GABAA receptor (GABAAR) expression levels disturbs
neural synchrony and play vital role in the pathogenesis of
CNS disorders including schizophrenia [71, 72], anxiety [73]
and inflammatory responses [74]. Deregulated inflammatory
mediators have an impact on downstream pathways involved
in neuronal inflammation, damage and degeneration, leading
to pathogenesis of neuropsychiatric disorders like
schizophrenia [75]. GABA-mediated synaptic transmission
produces synchronized neural network oscillations that
controls the processing and flow of neural information
required for normal cognitive function of brain [76, 77]. A
study conducted on postmortem brain suggests an
association of deficits of GABA-mediated synaptic
transmission [71].

Several gene association studies had linked GABA
receptor subunits to schizophrenia [78-80]. Decreased
protein expression of GABAgp receptor subunits 1 and 2
(GABBRI1 and GABBR?2) has been reported [81]. Recently,
proteomic pathway analysis of the hippocampus in
schizophrenia highlighted GABAergic interneuron pathology
[53]. Considerable decline of GABRP1 protein in
schizophrenia patient's brains has been reported [69]. Novel
therapeutics based on neurosteroids that can promote GABA
modulation and lessen GABAergic dysfunction seems
promising.

Interestingly, high-throughput genome-wide study has
reported that NFATc4 along with GABA receptor signaling
modulates hippocampal neurogenesis of progenitor cells and
plays key role in the regulation of GABA signaling. GABA
receptor signaling further regulates the expression of
GABRA2 and GABRA4 subunit, suggesting that the
GABAAR/calcineurin/NFATc4 axis is a potential selective

Karim et al.

druggable target for the emotional mental disorders treatment
[82].

CONCLUSION

Present study shows that several of the differentially
expressed genes and canonical pathways recognized in
schizophrenia have already been found to be involved in
immune function and central nervous systems. Gene
ontology enrichment studies further strengthens the
association between schizophrenia with immunological
responses. In conclusion, our global gene expression and
pathway analysis suggests disruption of many common
pathways and processes linking schizophrenia with immune
and central nervous system. Our findings warrant further
study of the molecular mechanisms underlying the identified
canonical metabolic networks responsible for the complex
etiology of the multi-factorial disease. More such studies
targeting significantly associated pathway might open the
opportunities for pathway-specific therapeutic and diagnostic
biomarker discoveries.
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