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A B S T R A C T   

Schizophrenia (SZ) is a chronic and devastating mental illness that affects around 20 million 
individuals worldwide. Cognitive deficits and structural and functional changes of the brain, 
abnormalities of brain ECM components, chronic neuroinflammation, and devastating clinical 
manifestation during SZ are likely etiological factors shown by affected individuals. However, the 
pathophysiological events associated with multiple regulatory pathways involved in the brain of 
this complex disorder are still unclear. This study aimed to develop a pipeline based on bioin-
formatics and systems biology approaches for identifying potential therapeutic targets involving 
possible biological mechanisms from SZ patients and healthy volunteers. About 420 overlapping 
differentially expressed genes (DEGs) from three RNA-seq datasets were identified. Gene ontology 
(GO), and pathways analysis showed several biological mechanisms enriched by the commonly 
shared DEGs, including extracellular matrix organization (ECM) organization, collagen fibril 
organization, integrin signaling pathway, inflammation mediated by chemokines and cytokines 
signaling pathway, and GABA-B receptor II and IL4 mediated signaling. Besides, 15 hub genes 
(FN1, COL1A1, COL3A1, COL1A2, COL5A1, COL2A1, COL6A2, COL6A3, MMP2, THBS1, DCN, 
LUM, HLA-A, HLA-C, and FBN1) were discovered by comprehensive analysis, which was mainly 
involved in the ECM organization and inflammatory signaling pathway. Furthermore, the miRNA 
target of the hub genes was analyzed with the random-forest-based approach software miRTar-
Base. In addition, the transcriptional factors and protein kinases regulating overlapping DEGs in 
SZ, namely, SUZ12, EZH2, TRIM28, TP53, EGR1, CSNK2A1, GSK3B, CDK1, and MAPK14, were 
also identified. The results point to a new understanding that the hub genes (fibronectin 1, 
collagen, matrix metalloproteinase-2, and lumican) in the ECM organization and inflammatory 
signaling pathways may be involved in the SZ occurrence and pathogenesis.  
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1. Introduction 

Schizophrenia (SZ) affects around 2.5 % of the global population and is one of the top 10 causes of disability globally [1]. SZ is a 
neurodevelopmental condition that appears early but is compensated for until the average age of clinical onset in young adulthood [2, 
3]. The growing prevalence of SZ illness is a severe global problem for the scientific community to overcome. The scientific community 
has undertaken efforts in recent decades to develop effective therapeutics for the devastating pathophysiology of SZ. In genome-wide 
association and gene-expression profiling, investigations into the impacts of SZ pathogenesis observed that numerous genes connected 
to the immune system, cytoskeletal development, and neuroinflammation had been implicated [4,5]. However, the precise patho-
logical mechanisms that promote SZ progression are often ambiguous and poorly understood. The influence of environmental, genetic, 
neurodevelopmental, immunological, and neuroinflammatory factors on the onset and course of SZ has led to several theories to 
explain the pathophysiological mechanisms underpinning SZ [6–8]. 

The neuroinflammatory process has been linked to SZ-associated genes that have a variety of functions in the brain [9]. Accu-
mulating recent evidences reported that the cytotoxic consequences of chronic microglial activation might promote the progression of 
SZ and enhance secondary neuronal degeneration, reduced neurogenesis, and synaptic dysfunction [10–12]. A growing body of 
research suggests that microglia play a novel role in regulating the ECM remodeling during normal brain homeostasis, and these 
activities may, in turn, become dysfunctional in SZ [13,14]. The ECM and interstitial environment are essential regulators of neu-
roinflammation and the immune response, just as they are for glial cells-mediated scar formation [15]. Damage-associated molecular 
patterns (DAMPs) are structural components of the ECM and products of its degradation that stimulate or inhibit microglial reactivity 
by signaling through pattern recognition receptors (e.g., Toll-like receptors) [13,16,17]. For example, in vitro culturing of microglia on 
a CSPG substrate induces microglial activation, proliferation, and expression of IGF-1, MMP-2, and MMP-9, whereas pharmacological 
inhibition of CSPG production with xyloside after spinal cord injury alters neuroinflammation and cytokine production differently 
depending on treatment timing [18]. It has been reported that repeated social defeat caused an increase in biomarkers for EMC 
remodeling and blood-brain barrier (BBB) leakage, thus resulting in enhanced BBB permeability associated with microglial phago-
cytosis [19,20]. 

MMPs are a family of structurally similar proteolytic enzymes that remodeling of the ECM to keep synaptic functioning and BBB 
intact [21]. MMP-mediated ECM dysfunction plays a crucial role in SZ pathophysiology [22]. Dysregulation of MMPs by neuro-
inflammation causes ECM abnormalities, which change neuronal processes such as synaptic plasticity and BBB disruption directly or 
indirectly [22,23]. Growth factors, cytokines including TNF-α, and IL-1β, chemical agents, physical stress, and, most crucially, 
cell-to-cell or cell-to-ECM interaction are all known to trigger MMP genes [24]. This study suggested that TNF-α, and IL-1β induce 
transcription of MMP-3 and MMP-9, which may be involved in neuroinflammation. MMP-9 can also be activated by other proteases 
(MMP-3) and free radicals (nitric oxide, which works by N-nitrosylation) [25]. MMPs have a role in the degradation of CSPGs, a key 
component of ECM [26]. Decreased levels of CSPGs have been discovered in the brains of SZ patients [27]. Alterations complicate the 
pathophysiology of SZ in MMP expression caused by glial cells [22]. MMP hydrolyzes ECM, which is involved in neural control, 
neurotransmitter signaling, and synaptic plasticity [28]. In the schizophrenic brain, upregulation of MMPs and an imbalance between 
MMP and TIMP are linked to various ECM abnormalities [22]. MMP expression can be upregulated by oxidative stress and neuro-
inflammation, leading to tissue degradation, neuronal death, and ECM abnormalities in SZ [29,30]. 

This is why well-established bioinformatics methods and analytical approaches were employed to investigate the therapeutic 
targets as well as molecular signaling pathways that could play a critical role in the SZ pathogenesis. Firstly, we identified shared 
overlapping DEGs using RNA sequencing data from SZ patients and healthy controls. Secondly, GO and functional enrichment pathway 
analyses of shared overlapping genes has investigated to uncover the significant biological mechanisms and signaling pathways. Then, 
the PPI network was used to identify the hub genes which are impacting the pathophysiology of SZ patients. Moreover, this work was 
predicted transcriptional factors and PKs that may be involved in the SZ pathogenesis. In addition, the miRNA-gene regulatory network 
of the selected hub genes was predicted by miRNA databases. Finally, this study suggested that the hub genes (FN1, Collagen, MMP-2, 
and Lumican) dysregulation linked with EMC organization and inflammatory signaling pathways may be involved in the SZ occurrence 
and pathogenesis. 

2. Materials and methods 

2.1. Literature search and datasets collection 

In order to collect the RNA sequencing and transcriptomes gene expression raw data samples, this work was used to search two 
public repositories GEO RNA-seq database including NCBI Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/) [31] and 
GREIN [32]. The keyword “Schizophrenia” extracted three RNA-seq datasets with accession numbers GSE92874 (4 controls and 4 
cases), GSE63738 (6 controls and 6 cases), and GSE121376 (28 controls and 28 cases). In order to acquire RNA-seq datasets, the 
criteria were used to follow inclusion: (1) Original experiments studies were conducted for screening RNA expression levels between 
control and schizophrenia, (2) the RNA-seq datasets were identified only for the organism “Homo sapiens” (3) RNA-seq raw data 
samples were deposited in the NCBI GEO for publicly accessible use, (4) high throughput sequencing Illumina 2500 and 6000 plat-
forms for extracting RNA-seq, and (5) RNA-seq datasets submitted in the year range between 2007 and 2021. The search excluded 
datasets obtained from the healthy control and SZ patients according to earlier criteria. 
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2.2. RNA-seq data processing and identification of common DEGs 

The GREIN (http://www.ilincs.org/apps/grein/)32 web application was used to identify DEGs from three RNA-seq datasets. GREIN 
employed a negative binomial generalized linear model executed in edgeR to find DEGs between control and SZ patients. Furthermore, 
using Bioinformatics & Evolutionary Genomics Venn diagram web application tool like jVenn (https://jvenn.toulouse.inrae.fr/app/ 
index.html) [33] was identified common significant DEGs from all three RNA-seq datasets (GSE92874, GSE63738, and GSE121376). 

2.3. GO and signaling pathway enrichment analyses of common DEGs 

GO and pathway enrichment studies were used to determine the biological characteristics of mutual DEGs in SZ. GO enrichment 
analysis was performed on FunRich bioinformatics software [34]. Different statistically significant results for BP, MF, and CC were 
identified with a p-value <0.01. 

Then, to determine the molecular signaling pathways functional enrichment analysis, Fisher’s exact test employed the combined 
DEGs using EnrichR (https://maayanlab.cloud/Enrichr/) [35] (A comprehensive gene enrichment analysis web-based tool). Then, 
using different datasets suggested putative signaling pathways and gene annotation ontologies related to common DEGs. Four data-
bases were utilized in this computational approach to investigate biological signaling pathways of commonly shared DEGs in SZ, 
namely: Reactome 2016, BioPlanet 2019, Panther 2016, and NCI Nature 2016. We chose the top-listed pathways depending on the 
standard criteria of a P-value of <0.01. 

2.4. Construction of protein-protein interaction network and screening of hub genes 

To further determine the functional interactions between these common DEGs, the protein interaction network was mapped using 
experimentally validated interactome database STRING (https://string-db.org/) (Version 11.5) [36]. Studies were also limited to 
“Homo sapiens” with a high confidence level of >0.7 and we selected a medium confidence level 0.4. Then, using the Cytoscape 
software (https://cytoscape.org/) (Version 3.9.0) [37], import a tab-separated values (TSV) file to visualize a protein-protein inter-
action network, where the number of nodes denotes proteins, and the edges indicate their interactions. Based on degree methods with a 
high interconnected score, the CytoHubba plugin [38] of the Cytoscape program was used to identify the top 15 hub genes. Based on 
the length of the shortest paths, CytoHubba plugin offers 11 topological analysis methods, such as Degree, Maximum Neighbourhood 
Component, and Closeness etc. Higher degrees values are more likely to be essential proteins, and the degree of a protein correlates 
with the gene’s essentiality [39]. Using Cytoscape software was also able to identify the hub genes interaction network. 

2.5. Identification of a transcription factor linked to the protein network 

Transcription factors (TFs) play an essential role in several biological pathways by acting in the extensive protein complexes 
network generated by a protein-protein interaction network that initiates and controls genetic code transcription. Based on the hy-
pergeometric p-value, the X2K is a web-based algorithm bioinformatics tool (https://maayanlab.cloud/X2K/) [40] (regulatory net-
works platform) from the ChIP-seq experiments (ChEA) database (http://amp.pharm.mssm.edu/lib/chea.jsp) [41] to determine the 
top transcriptional factors. The Genes2Networks (G2N) algorithm (https://maayanlab.cloud/G2N/) [42] was used to identify tran-
scriptional factors by identifying proteins that interact physically with these transcription factors. This tool aids scientists in filtering 
transcription factors with protein network complex connections to better understand the cell signaling cascade. 

2.6. KEA determines the relationship between kinases, proteins, and transcription factors 

PTKs are enzymes that turn on the cell of phosphorylated targeted proteins to control signaling proteins dynamically. The KEA 
module of X2K [40] has been used to identify protein kinase. KEA [43] is a command-line program that can match shared DEGs lists of 
mammalian proteins to the PTKs expected to phosphorylate them. The upstream signaling network depended on a regulatory 
kinase-substrate interaction within the extended subnetwork incorporating protein kinases, protein-protein interactions, and tran-
scription factors with phosphorylation using the HPRD (https://www.hprd.org/), PhosphoSite (https://www.phosphosite.org/ 
homeAction.action), phospho. ELM (http://phospho.elm.eu.org/), NetworKIN (https://networkin.info/), and Kinexus (https:// 
www.kinexus.ca/) databases. 

2.7. Analysis of microRNA-hub genes regulatory network 

The microRNA-hub gene interaction network identified the regulatory molecules which could be implicated in SZ pathogenesis. 
Based on miRTarBase database (https://mirtarbase.cuhk.edu.cn/) plugging [44], the miRNA-hub gene regulatory networks were 
revealed using the NetworkAnalyst (https://www.networkanalyst.ca/) [45] website, and then Cytoscape constructed the miRNA-hub 
genes network. Then, the determination of miRNA-hub genes enrichment analysis depended on the adjusted p-value of 0.05 and 
interaction threshold 3 using MIENTURNET (http://userver.bio.uniroma1.it/apps/mienturnet/) [46] interactive web tool. Further, 
the miRTarBase database determined the predicted miRNA targets with set an inclusion threshold criteria minimum ≥5 interactions 
and an adjusted p-value of 0.05. In order to ensure that the reported interactions are statistically significant, a minimum number of 
interactions (≥5) is necessary. Setting a minimal threshold can aid in filtering out false positives because a limited number of 
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interactions might be more susceptible to random chance [44]. 

2.8. Identification of potential biological signaling pathways 

To identify the potential biological pathway connected with common DEGs, the FunRich (version 3.1.4) interactive bioinformatics 
tool [34] (http://www.funrich.org) was employed against the human genomic and proteomic database as integrated with the FunRich 
background. 

Fig. 1. Identification of common shared overlapping DEGs between SZ and healthy among three RNA-seq datasets. A, C, E are Interactive Heat map 
of the top 100 DEGs among three GEO datasets. B, D, F are MA plots of DEGs in healthy and SZ in the GSE63738, GSE92874, and 
GSE121376 datasets. 
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Fig. 2. GO enrichment analysis of commonly found DEGs in SZ. A) Biological process, B) Molecular function, (C) Cellular component.  
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2.9. Utilizing hub genes to infer the network biology of EMC architecture 

Network biology approaches identified scored-based hub genes and EMC organization-associated interaction through data inte-
gration and quality control with several-fold more interactions (>500,000) network biology approach. The InWeb_InBioMap databases 
(https://www.lagelab.org/resources/) [47] was utilized with a relevance score cut-off of 0.85 to design hub genes associated with 
EMC organization and integrin cell surface interactions network pathway. The InWeb_InBioMap database has a cut-off value of 0.85 
meaning that interactions with a relevance score of 0.85 or above are significant and are probably high-confidence protein-protein 
interactions. A relevance score of 0.85 is employed in this instance as a threshold to eliminate weaker (<0.45) or less dependable 
relationships and focused on those with higher (>1) indications of biological significance [48]. Finally, hub genes are also screened by 
sharing EMC organization, and integrin cell surface interactions networks link using these same databases. 

2.10. Design EMC-Receptor interaction complex pathway 

ShinyGO v0.741 (http://bioinformatics.sdstate.edu/go74/) [49] was used to create a diagram of the EMC-receptor interaction 
based on KEGG pathway databases. A threshold of P-value of 0.05 and the organism Homo sapiens were used to evaluate the signif-
icance level of KEGG pathway enrichment for drawing this diagram. 

3. Results 

3.1. Identification of overlapping common DEGs 

This study collected the gene expression profiles of three RNA-seq datasets (GSE92874, GSE63738, and GSE121376) from the NCBI 
GEO database to identify and investigate differentially expressed gene expression patterns that may impact SZ development. Firstly, 
the DEGs were obtained by analyzing three RNA-seq datasets using the GREIN interactive web platform. A total of 3462 (2431 
upregulated and 1031 downregulated genes), 1772 (990 upregulated and 782 downregulated genes), and 5643 (2887 upregulated and 
2756 downregulated genes) deregulated DEGs were identified from the GSE92874, GSE63738, and GSE121376 respectively based on 
the criteria of p-value <0.05 and log2FC ≥ 1 or ≤ − 1. Fig. 1A, C, E illustrates an interactive heatmap of the top 100 upregulated and 
downregulated genes. Fig. 1 (B, D, F) shows all the DEGs with a log2FC versus the – log10 (p-value) between the SZ patients and 
healthy groups in a MA plot, and positive Log2FC represents upregulated genes, whereas negative Log2FC indicates downregulated 
genes. Four hundred twenty overlapping DEGs were identified using Venn diagrams among, GSE92874, GSE63738, and GSE121376 
datasets, including 290 upregulated genes and 130 downregulated genes (Fig. S1). Then, using bioinformatics and machine learning 
tools were employed to analyze the functional annotation of genes, enrichment analysis of interaction networks, and molecular and 
biological pathways using those commonly deregulated DEGs. 

3.2. Gene ontological analysis of overlapping DEGs 

The GO is a comprehensive conceptual model for describing the functional characteristics of DEGs. GO analyzed the functional 
annotation of overlapping DEGs into three functional categories: BP, MF, and CC. In the aspect of BP, the overlapping DEGs were 
enriched in cell communication, and signal transduction etc. (Fig. 2A). In terms of MF (Fig. 2B), the commonly shared DEGs were 
mainly involved in EMC structural constitute, and MHC receptor class I receptor activity etc. For the CC category, overlapping 
expressed genes were significantly enriched in extracellular, and EMC pathways etc. (Fig. 2C). These findings suggest that EMC-related 
processes are essential in the SZ development mechanisms. 

3.3. Identification of significant signaling pathway enrichment analysis 

Using web-based bioinformatics tools like EnrichR, including four pathways databases such as Reactome, Panther, BioPlanets, and 
NCI nature, performed gene set enrichment analysis of overlapping DEGs to find critical signaling pathways that may relate to SZ 
pathogenesis. The top 15 signaling pathways were chosen based on the significance of the adjusted p-value of less than 0.01 as a 
criterion for pathway analysis. Critical biological pathways were identified which may be implicated in SZ using the Reactome 2016 
pathway database, including EMC organization, and collagen biosynthesis and modifying enzymes etc. (Fig. S2A). Panther 2016 
pathway revealed integrin signaling pathway, and ionotropic glutamate receptor pathway etc. (Fig. S2B). Results from the BioPlanet 
2019 pathway database identified the most significant biological function associated with signaling pathways, including beta-1 
integrin cell surface interactions, TGF-beta regulation of EMC, and EMC organization etc. (Fig. S2C). The pathway analysis of the 
NCI 2016 nature database revealed beta1 integrin cell surface interactions, and syndecan-1-mediated signaling events etc. (Fig. S2D). 
We showed pathway enrichment analysis, gene name, adjusted p-value, and combined score (Supplementary Tables 1A, 1B, 1C, 1D). 
These pathway enrichment analysis findings suggest that EMC and integrin cell surface contacts may have played a role in the pro-
gression of SZ. 

3.4. Protein-protein interaction network and hub protein identification 

The PPIs network of DEGs was generated using the STRING database (version 11.5), with combined scores more significant than 0.7 
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(interaction score: high confidence), and visualized using Cytoscape software, with 183 nodes and 384 edges (Fig. S3A). When we 
selected a medium confidence level 0.4 as an interaction score, we found 280 nodes and 687 edges. Besides, by setting up highest 
confidence level 0.9 and low confidence level 0.150 as an interaction score, we only found 40 nodes and 123 edges and 389 nodes and 
1000 edges, respectively. Finally, in our study, we selected a medium confidence level 0.4 as exact value to test network with reported 
interaction score in different confidence level. Furthermore, the PPIs network is employed for hub protein discovery, which may aid in 
identifying a therapeutic biomarker for the disease comorbidities. 

To analyze hub protein across the PPIs network, MNC, degree, closeness and MCC approaches employed the Cytoscape plugin 
CytoHubba, which generated the Hub proteins network. The PPI networks selected the top 15 hub proteins using the techniques above. 
The therapeutic targets were determined SZ pathogenesis and progression by identifying the top 15 hub proteins (FN1, COL1A1, 
COL3A1, COL1A2, COL5A1, COL2A1, COL6A2, COL6A3, MMP2, THBS1, DCN, LUM, HLA-A, HLA-C, and FBN1), which have signif-
icantly higher degree interactions (Fig. 3). The found hub proteins are potential biomarkers that might lead to new SZ therapeutic 
targets and play critical roles in EMC construction during SZ development. 

3.5. Analysis of transcription factors 

Transcription factor enrichment analysis (TFEA) was performed based on the hypergeometric p-value and selected the top 20 TF 
candidates (Fig. 4A). SUZ12, EZH2, IRF8, TP63, TRIM28, TP53, FOSL2, and EGR1 etc. The Genes2Networks (G2N) method is 
employed to find proteins that physically interact with PPIs and TFs to investigate their relationships. Based on the degree of the nodes, 
the regulatory network of linked TFs and their functionally and physically interacting proteins was depicted (Fig. 4B). 

3.6. Identification of protein kinase with upstream regulatory network 

Using the KEA module of X2K, the most critical PTKs linked with SZ were identified to examine possible neurotherapeutic kinase 
targets. The results of KEA revealed that CSNK2A1, GSK3B, CDK1, MAPK14, and ATM, etc., are the most critical PTKs in intracellular 
signaling pathways related to SZ (Fig. 5A). Finally, several human protein reference databases constructed a regulatory kinase- 
substrate network in which active PTKs phosphorylate substrates inside the enlarged subnetwork of transcription factors and inter-
mediary proteins (Fig. 5B). 

3.7. Prediction of miRNAs targets with hub genes 

Using network analyst, the miRNA-hub gene regulatory network associated with the development of SZ was constructed. According 
to the miRNA-hub gene-targeted network, the network included hsa-miR-29c-3p, hsa-miR-29b-3p, hsa-miR-29a-3p, and hsa-miR-143- 
3p, etc. which had targeted relationships with the hub genes (Fig. 6A). Finally, using mirTarBase employed to identify the miRNA- 
target enrichment analysis result based on significant adjusted p-value and target hub genes interaction (Fig. 6B). 

The FunRich software examined possible biological pathways related to SZ (Fig. 7). These findings revealed that SZ’s major po-
tential biological pathways had been compromised of integrin family cell surface interactions, VEGFR3 signaling in lymphatic 

Fig. 3. Construction of protein-protein interactions network and hub gene identification using Cytohubba plugin. Interactomics analysis of Hub 
genes interaction networks. Larger to smaller circles represent higher to lower degrees of ranking. 
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Fig. 4. Transcriptional factors analysis of common DEGs. A) Identification of top 20 transcription factors based on hypergeometric p-value, B) 
Interaction between transcription factors with known protein-protein network by using the G2N method. TFs were represented by red nodes, 
whereas grey nodes represented proteins. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.) 

Fig. 5. Kinase enrichment analysis of common DEGS with transcription factors and protein-protein interaction network. A) Recognition of top 20 
transcription factors from commonly DEGs in schizophrenia. B) Upstream pathway involvement transcription factors to kinases through known 
protein-protein interactions of commonly DEGs. Blue nodes represent protein kinase, grey nodes illustrate intermediate protein, and red nodes 
describe transcription factors. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 6. Hub Genes and miRNA targets interaction network using Network Analyst. A) miRNA-target Enrichment analysis result using MitarBase, B) 
Network of miRNA and hub genes specific targets by miTarbase. Violate color represents hub genes and blue circles describe miRNA. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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endothelium, dopamine, and serotonin degradation pathway, and transmission across chemical synapses etc. According to the bio-
logical pathways, analysis results might be helpful for future studies to investigate the involvement the SZ pathogenesis. 

3.8. Interconnection of hub genes associated with EMC organization and integrin cell surface interactions mechanism 

Connectome analysis observed a network of signaling molecules, receptors, plasma membrane-bound transcription factors, kinases, 
enzymes, and structural proteins interconnected with hub genes to determine the potential biological signal of EMC organization and 
integrin cell surface interactions network pathway. Fig. 8A shows that FBN1-"governs as a signaling molecule” interacts with MMP-2/ 
13/8/12, regulates structural protein networks, and maintains plasma membrane stability. Similarly, MIA, itself also a signaling 
molecule, is tightly bound with EMCs proteins such as FN1, THBS1, COL5A1, COL3A1, COL1A2, COL2A1, COL2A1, COL5A1, and 
COL6A3, thus may be modulated integrin activity. Then, the hub genes association with shared EMC organization and integrin cell 
surface interactions network pathway was determined. Our hub genes identification result described that EMC organization shared 
their interaction with integrin cell surface molecules and their signaling pathways (Fig. 8B). However, it needs to be confirmed and 
experimentally validated this computational analysis results. Finally, hub genes used overlapping DEGs of SZ to create a schematic 
diagram of the EMC-receptor interaction complex pathway based on the KEGG database. In Fig. 8C, we tried to identify how EMC- 
associated genes interact with integrin receptor and proteoglycan molecules based on the KEGG pathway analysis by 

Fig. 7. Identification of potential biological pathways associated with SZ pathogenesis. 420 DEGs overlapping genes shared multiple biological 
mechanisms may be involved in the disease pathology of SZ. 

Fig. 8. Hub genes association with extracellular matrix organization and integrin cell surface interactions. A) Hub genes interaction related to ECM- 
integrin signaling pathway with signaling molecules, receptors and structural proteins, B) ECM-integrin signaling pathway with sharing hub gene 
interactions, C) EMC-Receptor interaction complex pathway using KEGG database. Red color represent common DEGs present in SZ. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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bioinformatics method. We observed that fibronectin, collagen, and THBS interact with integrin dimer (α1, α2, α3, α8, αV, αIIb, β1, and 
β3), thus resulting in maintaining their cell adhesion and signal strength. 

3.9. Identified targets validation with literature review 

According to GO and functional enrichment analysis, the commonly shared overlapping dysregulated genes were mainly impli-
cated in EMC organization, signal transduction, and ECM-receptor interaction process. These suggested results might be crucial in the 
progression of SZ. ECM molecules govern GABAergic function, and neuronal migration etc. [50]. Previously, it has been reported that 
altered ECM organization has been associated with the pathophysiology of SZ and neurodegenerative diseases [51,52]. A small peptide 
generated from a collagen protein may protect the brain from SZ by stimulating the formation of neural connections [53]. These 
studies suggested that abnormalities of collagen fibril organization may be linked to the pathogenesis of SZ. Evidence reported that 
signal transduction anomalies caused by changes in the kinase activity network are the foundation of SZ fundamental symptoms [54]. 
The results of functional enrichment analysis were consistent with earlier research. Pathway enrichment analysis was used to identify 
the top 15 pathways associated with the pathogenesis of SZ. Previously, it has been reported that SZ patient-derived cells are sensitive 
to ECM proteins that bind integrin receptors, thus resulting in increases in focal adhesion number and size in response to ECM proteins 
and alterations in cell shape and cytoskeleton [55]. Cadherins have a critical role in developing brain circuitry and mature synaptic 
function [56], hence genes encoding members of the cadherin superfamily play a vital role in the pathophysiology of neuropsychiatric 
illnesses. In the mammalian brain, the cadherin signaling system regulates adhesion molecules that are important in cell-cell contact 
[57]. The TGF-beta signaling pathway is crucial for the use-dependent control of GABAA synaptic transmission and dendritic ho-
meostasis; moreover, a disruption in the excitatory-inhibitory balance in the hippocampal network may induce psychiatric-like 
behavior [58]. In human mental illnesses like SZ, the TGF-β signaling pathway components have been altered in the hippocampus 
[58]. Syndecan signaling from the ECM to various cytoplasmic components and their distribution to different membrane compart-
ments rely on oligomerization; hence, the syndecan homodimer is a crucial functional unit [59]. However, future research needs to 
investigate the bidirectional link between Syndecan signaling and ECM organization in the pathophysiology of SZ. Mounting studies 
have reported that inflammatory signaling pathways have a significant role in depression and SZ, and chronic inflammation is linked to 
immunological dysregulation in SZ [60–62]. 

FN1 mutations may increase SZ susceptibility, suggesting that this gene is an SZ-susceptible gene [63]. Moreover, in patients with 
SZ, FN1 gene expression levels involved complement pathway activators (C1qA) and mediators (C3 or C4) enhanced in the midbrain 
parenchyma near dopamine cell bodies, especially in individuals with a high inflammatory biotype [64]. This study also discovered 
that peripheral macrophages were significantly increased in the midbrain of SZ cases related to high inflammatory potential. However, 
it remains unclear how FN1 triggered inflammatory signaling pathways in the progression of SZ pathogenesis. Evidence reported that 
the collagen chain gene (COL1A1) expression might be associated with the EMC ligands, thus resulting in the inactivation of DDR1 
with a time-dependent decrease in the SZ patients [65]. In addition, evidence reported that COL1A1 and COL1A2 genes expression 
levels were significantly decreased in patients with SZ compared to control [66]. One of the most increased genes, COL3A1, is detected, 
which encodes the pro-1 chains of type III collagen and exhibits a de novo mutation in SZ patients [67]. COL5A1 may be associated 
with genetic variations of psychotic experiences in SZ [68]. In distinct brain areas, the expression patterns of collagen family genes 
(COL1A1, COL3A1, COL1A2, COL5A1, COL2A1, COL6A2, COL6A3) encoding proteins that are fundamental components of ECM [69]. 
Chronic agonistic interactions may cause abnormal collagen genes expression, which might indicate specific ECM abnormalities in the 
brain areas of mice with different social experiences [70]. MMP-2 levels were significantly increased in the CSF of SZ patients, thus may 
be connected to neuro-inflammation in the brain [71]. This study postulated that the pathophysiology of SZ seems to be influenced by 
state-dependent changes in MMP-2 and activation of MMP-2, -7, and -10 cascades. A clinical study reported that THBS1 gene might 
have a critical role in the development of SZ patients [72]. The involvement of the THBS1 gene in SZ pathogenesis will need to be 
investigated further in the future. 

This investigation revealed that transcriptional factors (including SUZ12, EZH2, TRIM28, TP53, and EGR1) are associated with the 
disease progression and development of SZ pathogenesis. SUZ12 binds a location 1.5 kb downstream of the GAD1 TSS, and the 
H3K27me3 mark is enhanced at the GAD1 promoter region in the prefrontal cortex of individuals with SZ, along with a significant 
number of the discovered DMRs within the GAD1 regulatory network [73,74]. EZH2 may play a role in SZ risk at two different times: 
during development, when it causes neurodevelopmental abnormalities, and during adulthood, when it causes abnormal expression 
reactivation [75]. TRIM28 suppresses ERVs in the gene regulatory network that governs gene expression of protein-coding transcripts 
essential for brain development [76]. An essential link between TP53 and SZ was discovered by haplotype analysis [77]. These findings 
suggest that TP53 may have a role in SZ etiology. Consequently, transcriptional factors might be useful to develop potential therapeutic 
targets for SZ. Identification of PKs such as CSNK2A1, GSK3B, CDK1, and MAPK14 were reported to have a critical role in the 
pathogenesis of SZ [78,79]. 

4. Discussion 

This work integrated three RNA sequencing data from SZ patients using bioinformatics and systems biology techniques to uncover 
possible therapeutic targets for SZ prevention. Firstly, this study identified 420 DEGs with statistically significant overlap in SZ, with 290 
upregulated and 130 downregulated genes. The multi-step integrative bioinformatics methods used to look at the functional annotation of 
commonly shared DEGs, GO enrichment pathway analysis, interactomics analysis, upstream regulatory molecules, kinase enrichment 
analysis, miRNA-hub genes regulation network, biological signaling pathways analysis, as well as possible potential therapeutic targets. 
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Based on the pathway enrichment analysis results, overlapping genes were enriched in ECM remodeling, inflammation mediated by 
chemokines and cytokines signaling pathway, and GABA-B receptor II and IL4 mediated signaling. Numerous studies have reported 
that dysfunction of ECM remodeling contributes to pathological features of SZ, such as disruption of synapses connectivity, change of 
neuronal migration and axonal guidance, and abnormalities of neurotransmission, including GABAergic, glutamatergic, dopaminergic 
systems as well as neuroinflammatory process [80–82]. Given that many cognitive symptoms of SZ are thought to be linked to a 
mismatch between inhibitory GABA and excitatory glutamate neurotransmission in the dorsolateral prefrontal cortex. SZ cognitive 
deficits may be partly caused by MCHTAP expression or function dysregulation that disrupts GABAergic/glutamatergic balance 
[83–85]. ECM proteins are involved in neuronal cell migration, axonal growth, myelination, and the formation and maintenance of the 
neuromuscular junction at the BBB [86]. The ECM-integrin signaling pathway may regulate cell adhesion and signaling, endosomal 
trafficking, CSK dynamics, and gene expression at all stages of nervous system development, maintenance, degeneration, and 
regeneration [87,88]. Alterations of the GABAergic system have been implicated in the pathology of SZ [89]. In SZ, the GluRl and 
GluR2 subunits of kainic acid/amino-3-hydroxy5-methyl-4-isoxazole propionic acid (KA/AMPA) glutamate receptors are attenuated 
in the hippocampus [90]. Due to the loss of GABAergic hippocampal interneurons, GABAA receptors are increased, and GABA-uptake 
sites are diminished [91,92]. Furthermore, serotonergic 5-HT1A and 5-HT2 receptors are upregulated in the hippocampus in SZ, 
although 5-HT uptake sites remain constant [93]. Reduced GABA release and uptake at synaptic terminals, decreased expression of the 
GABA-synthesizing enzyme glutamic acid decarboxylase (GAD), altered expression of GABAA receptors, and a reduction in axon 
cartridges of GABAergic chandelier neurons have all been reported as anomalies of GABAergic interneurons [94]. Multiple 
GABA-related proteins, including GAD65, SYNPR, DBI, GAT3, SN1, and CPT1A, were dramatically downregulated in adolescence [95]. 
To maintain normal GABA homeostasis, these molecules participate in the GABA cycle, which includes GABA synthesis, release, re-
uptake, and replenishment. Dysregulation of the GABAergic system is mainly affected in the prefrontal cortex, thalamus, and hip-
pocampus during childhood and adolescence [96]. 

Though complicated biological mechanisms but linked, hypotheses for SZ pathology include GABAergic system and EMC 
remodeling hypotheses are being proposed here. Abnormalities in the ECM would affect GABAergic synaptic transmission, which is 
essential in the pathophysiology of neuropsychiatric disorders, including SZ [97]. It has been reported that the enhanced and persistent 
GABA activity that balances the reduced density of parvalbumin neurons might be connected to changes in the ECM mediated by 
gene-environment interactions [98,99]. However, it remains unexplored how ECM-associated proteins, including FN1, Collagen, 
MMP-2, and Lumican, consequently affect GABAergic system function during childhood. Is an altered epigenetic regulation of gene 
expression the molecular mechanism mediating transcription controlling pathways, thus resulting in a significant impact on the 
downstream pathways of ECM remodeling and GABAergic system in SZ? 

The bidirectional communication between the major histocompatibility complex (MHC) and the GABAergic system is hugely 
complicated during brain development and maintaining synaptic plasticity. Neurite outgrowth, synaptic transmission, the develop-
ment and maintenance of cortical connections, activity-dependent refinement in the visual system, and long-term and homeostatic 
plasticity are all regulated by MHC I molecules [100]. The balance of excitation to inhibition (E/I balance) on cortical neurons is 
controlled by MHCI, which affects glutamatergic vs. GABAergic synapses differently [101]. Because of the MHC I molecule’s capacity 
to influence glutamatergic and GABAergic synapse density in both directions, it is in a prime position to contribute to alterations in 
neural circuitry throughout brain development that might explain prodromal symptoms and enhance susceptibility to the second hit in 
SZ [102]. It has been demonstrated that MHC I regulates synapse density in the developing brain in an age-dependent manner [103, 
104]. MHC I levels are affected by genetic variations, gene expression alterations, or immunological dysregulation, and as in SZ in 
humans, synapse density should also be affected [100,105]. Further studies need to be clarified how MHC and GABAergic systems 
interact after a chronic immune-dysregulated state in offspring, thus causing SZ. 

In our study, MMP-2 identified as hub gene based on bioinformatics analysis which may be play a critical role in the pathogenesis of 
SZ. MMPs are zinc-dependent endopeptidases that play a key role in BBB integrity and brain disorders [106]. Recent studies have 
reported that MMP-9 is linked to the language and fluency aspects of cognition, and it raises the likelihood of cognitive impairment in 
SZ [107]. MMP-9, an extracellular network protease involved in glutamatergic signaling pathway, may have a role in SZ pathogenesis 
[108]. MMP-9 is involved in the maturation of inhibitory neurons that contain the calcium-binding protein parvalbumin, the em-
bryonic production of the specialized extracellular matrix structure perineuronal net, synaptic pruning, and myelination, all of which 
are considered to be impaired in SZ [109]. On the flip side, MMP-9 has a role in the brain development as well as ability to control 
synaptogenesis, axonal pathfinding and myelination [110]. Clinical study demonstrated that upregulated MMP-9 expression levels are 
directly linked with cognitive impairment in SZ patients [111]. It has been reported that over-activation of the MMP9/RAGE pathway 
causes redox dysregulation and neuro-inflammation, which leads to an inhibitory/excitatory imbalance in SZ pathophysiology [112]. 
An increase levels of MMP-2 and MMP-9 have been observed in the pathophysiology of neuropsychiatric diseases [113]. The extra-
cellular matrix is degraded by MMP proteins, which govern vascular remodeling [114]. Extracellular components such as collagen, 
gelatin, and laminin are cleaved by MMP-1 [115]. MMP-1 can also activate other MMPs, including as MMP2 and MMP9, which 
together can lower the expression of tight junction proteins such TJP1, OCLN, and CLDN5 [116]. MMP-2/-9 is capable of degrading 
tight junction proteins and basement membranes, two BBB components, directly, resulting in enhanced BBB permeability [117]. 
Microglial activation has been shown to degrade BBB by releasing MMP-2/-9. α–synuclein increased MMP-9 expression and gene 
transcripts in primary microglia from rats in a dose-dependent manner [118]. The link between MMP-2 and MMP-9 might also be 
assumed to have a potential biological mechanism of SZ pathogenesis. Therefore, we can postulate that MMP-2 and MMP-9 may have 
therapeutic importance in improvement of SZ disease progression and pathology. 

However, there are some limitations and drawbacks of this present study. We utilized several bioinformatics methods, network 
biology approaches and free online tools for functional analyses. Firstly, the bioinformatics methods and network biology approaches 

P. Bhuiyan et al.                                                                                                                                                                                                       



Heliyon 10 (2024) e25191

12

have certain limitations, such as the fact that it only considers the number of genes or DEGs value. In addition, an artificial threshold 
was required to get the genes of interest or differential expression. Furthermore, it often employs the most significant genes while 
ignoring others with no significant alterations, which may result in the loss of genes with lower significance but a more critical 
function, resulting in lowered detection sensitivity. Secondly, RNA-seq data were received from the GEO database, not conducted by 
the authors. Thirdly, only a small number of samples were used in our work to generate the transcriptome data, whereas a larger 
number of samples might yield a significant number of concordant genes. To find a suitable balance between finding statistically 
significant genes and limiting false positives rates, most convenient statistical method was not used. For pathway analysis, in the 
EnrichR online tool, we have not found the count number of gene and logFC value of each pathway. Finally, the predicted results 
should be validated by experimental data. 

5. Conclusion 

The main objective of this study is to investigate potential therapeutic targets in the development of SZ pathogenesis using bio-
informatics and network biology approaches. The pathway enrichment analysis provided most significant ECM organization pathways. 
The crucial hub genes were identified that may be therapeutically targeted for SZ pathogenesis, including fibronectin 1, collagen, 
matrix metalloproteinase-2, and lumican. Protein kinases, including CSNK2A1, GSK3B, CDK1, and MAPK14, as well as transcriptional 
factors such as TP53, EGR1, SUZ12, and TP63, play a significant role in the development of SZ in intracellular pathways. 
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39 (1) (2012) 19–28. 
[8] M.G. Henriksen, J. Nordgaard, L.B. Jansson, Genetics of schizophrenia: overview of methods, findings and limitations, Front. Hum. Neurosci. 11 (2017) 322. 
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