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Competing endogenous RNA (ceRNA) and autophagy were related to neurological diseases. But the relationship among ceRNA, autophagy and Schizophrenia (SZ) was not clear. In this study, we obtained gene expression profile of SZ patients (GSE38484, GSE54578, and GSE16930) from Gene Expression Omnibus (GEO) database. Then we screened the autophagy-related differentially expressed lncRNA, miRNA, and mRNA (DElncRNA, DEmiRNA, and DEmRNA) combined with Gene database from The National Center for Biotechnology Information (NCBI). In addition, we performed enrichment analysis. The result showed that biological processes (BPs) mainly were associated with cellular responses to oxygen concentration. The enriched pathways mainly included ErbB, AMPK, mTOR signaling pathway and cell cycle. Furthermore, we constructed autophagy-related ceRNA network based on the TargetScan database. Moreover, we explored the diagnostic efficiency of lncRNA, miRNA and mRNA in ceRNA, through gene set variation analysis (GSVA). The result showed that the diagnostic efficiency was robust, especially miRNA (AUC = 0.884). The miRNA included hsa-miR-423-5p, hsa-miR-4532, hsa-miR-593-3p, hsa-miR-618, hsa-miR-4723-3p, hsa-miR-4640-3p, hsa-miR-296-5p, and hsa-miR-3943. The result of this study may be helpful for deepening the pathophysiology of SZ. In addition, our finding may provide a guideline for the clinical diagnosis of SZ.
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INTRODUCTION

Schizophrenia is a serious genetic psychiatric disease that usually occurs in late adolescence or early adulthood, and it affected 1.13 million people worldwide in 2017 (1, 2). Lifetime prevalence of the disease is close to 1%, and only 10–15% of patients are able to engage in paid work (3). The main risk factors of the disease include disorders of the dopamine system (4); early brain trauma, especially damage to the frontal and temporal lobes (5); use of illicit drugs (6); and infections during pregnancy caused by various factors (7). The pathogenesis of schizophrenia is unclear, and most studies have shown it to involve interactions between genes and the environment (8). The disease is diagnosed based on positive symptoms, such as hallucinations, delusions, and unusual behavior; or negative symptoms, such as blunted emotional reactions, lack of emotion and lack of language. The presence of two or more symptoms is usually indicative of the disease. First-line treatments against schizophrenia are haloperidol and chlordiazepoxide, but they often show poor efficacy and are associated with high risk of serious adverse reactions (9). Identifying better treatments requires a deeper understanding of the biological basis of schizophrenia.

Autophagy, the process of degrading intracellular components in lysosomes, plays an important role in the central nervous system by contributing to neuronal homeostasis (10). Loss of autophagy can destroy neuronal homeostasis (11), leading to abnormal neuronal activity, which in turn may contribute to various neurological disease (12). In fact, loss of autophagy in animal model can seriously damage social and cognitive functions, which may lead to mood disorders, psychotic-like symptoms and behavioral change (13, 14). Dysregulation of autophagy in neurological diseases may involve altered gene regulation. In particular, it may involve changes in how much microRNAs (miRNAs) repress the translation of target genes, perhaps as a result of changes in the levels of long non-coding RNAs (lncRNAs) (15). According to the competing endogenous RNA (ceRNA) hypothesis, lncRNAs compete with target mRNAs for binding to miRNAs, acting as miRNA “sponges” (16). In support of this hypothesis, altered lncRNA-mediated gene regulation has been implicated in schizophrenia (17), and certain miRNAs are up-regulated in schizophrenia and other neurological diseases (18).

Whether schizophrenia involves altered interactions among lncRNAs, miRNAs, and mRNAs is unclear. Based on comparison of blood samples from schizophrenia patients and healthy controls in public datasets, the present study identified a ceRNA network that may regulate autophagy-related genes in the disease. These insights may help clarify the disease process, guide new drug development, and improve diagnosis.



MATERIALS AND METHODS


Data Collection and Processing

We downloaded the datasets from the Gene Expression Omnibus (GEO) database, each dataset had been normalized with MAS5 when the authors submitted them into the database as required (http://www.ncbi.nlm.nih.gov/geo/). The whole-blood RNA (mRNAs and lncRNAs) expression profiles of GSE38484 based on GPL6947 platform, taken from 106 patients with schizophrenia and 96 controls (19, 20). Peripheral-blood miRNA expression profiles of GSE54578 based on GPL16016 platform included 15 patients and 15 controls were also downloaded (21). The lncRNAs and mRNAs were distinguished according to the file Homo_sapiens.GRCh38.97.chr.gtf on the Ensembl website (http://asia.ensembl.org) (22, 23). The above two datasets (GSE38484 and GSE54587) were used to construct a potential ceRNA network in schizophrenia. The dataset of GSE16930 based on GPL2879 platform, containing 18 patients and 2 controls (24), was used to validate diagnostic performance and expression of RNA in ceRNA network. If one gene corresponded to multiple probes, the average expression value the these probes was considered to be the expression of the gene. The work flow was shown in Figure 1.
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FIGURE 1. Flowchart of the study design. lncRNA, long noncoding RNA; miRNA, microRNA; NCBI, National Center for Biotechnology Information.




Screening for Autophagy-Related Differentially Expressed RNAs in Schizophrenia

The limma package (25) was used to identify differentially expressed mRNAs, lncRNAs, and miRNAs (DEmRNA, DElncRNA, and DEmiRNA) between patients with schizophrenia and controls. The RNA that was log2|fold change (FC)| >1 and adjusted p <0.05 was considered differentially expressed. The autophagy-related genes were obtained combined the differentially expressed RNAs (DERNAs) and the autophagy-related genes in Gene database (www.ncbi.nlm.nih.gov/gene). The autophagy-related genes were obtained using the autophagy as the search key word in the Gene database.



Functional Enrichment Analysis

Potential interactions among autophagy-related genes were identified using the STRING database (26), and protein-protein interactions (PPIs) network was visualized using Cytoscape (27). In order to further explore the biological functions of autophagy-related genes, gene ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis was performed using the clusterProfiler R package (28). For further exploring the differences of biological functions between SZ patients and controls, the gene set variation analysis (GSVA) was performed using GSVA package (29) in R. Gene set enrichment analysis (GSEA) was performed using GSEA2-2.2.4 (Java version) (30). The reference gene set (c5.bp.v6.2.symbols.gmt and c2.cp.kegg.v6.2.symbols.gmt) were obtained from The Molecular Signatures Database (version 6.2) (31). GO and KEGG networks were analyzed and drawn using the ClueGO plug-in (32) in Cytoscape.



Exploration of an Autophagy-Related ceRNA Network in Schizophrenia

To construct a ceRNA regulation network, interactions between DEmRNAs and DEmiRNAs were predicted using the TargetScan database (version: release 7.2) (33). Then the DEmiRNAs in these interaction pairs were used to identify target mRNAs, again based on the TargetScan database. Target mRNAs that we found to be differentially expressed in schizophrenia were considered candidate target mRNAs in the ceRNA network. The co-expression network comprising DElncRNAs, DEmiRNAs and DEmRNAs was visualized using Cytoscape.



Identifying Core Dysregulated DElncRNAs, DEmiRNAs, and DEmRNAs in Schizophrenia

GSVA scores were calculated using an unsupervised, non-parametric algorithm in the GSVA package (29) separately for DElncRNAs, DEmiRNAs, and DEmRNAs. Core genes are also called hub genes, genes that play a vital role in biological processes. In related pathways, the regulation of other genes is often affected by this gene. The ability of the core sets identified based on GSVA score to diagnose schizophrenia was assessed in terms of the area under the receiver operator characteristic curve (AUC) (34).



Statistical Analysis

We screened the differentially expressed genes in the two groups using unpaired t-tests provided by limma package. Unless otherwise stated, we considered p-value < 0.05 to be statistically significant.




RESULTS


DElncRNAs, DEmiRNAs, and DEmRNAs in Schizophrenia

Comparison between patients with schizophrenia and controls revealed 2,400 DElncRNAs (1,130 up-regulated, 1,270 down-regulated), 69 DEmiRNAs (19 up-regulated, 50 down-regulated), and 3,859 DEmRNAs (811 up-regulated, 2,048 down-regulated) (Figure 2A). Of the total set of DEmRNAs, 375 were related to autophagy, of which 176 were up-regulated and 199 down-regulated (Figure 2B). The heatmap suggested that DEmRNAs could distinguish patients from controls to a certain extent (Figure 2C).


[image: Figure 2]
FIGURE 2. Differential expression analysis and screening of autophagy-related mRNAs. (A) Manhattan diagram showing differentially expressed (DE) lncRNAs, DEmiRNAs and DEmRNAs in schizophrenia (SZ). (B) Genes overlapping between the set of autophagy genes and the set of DEmRNAs. (C) Heatmap showing the expression of autophagy-related DEmRNAs. Yellow means up-regulation, blue means down-regulation.




Biological Functions and Pathways Involving Autophagy-Related DEmRNAs in Schizophrenia

The autophagy-related DEmRNAs encoded a wide range of proteins, based on the STRING database. The analysis identified 161 interaction pairs and 130 nodes in the network when the score was higher than 980 (Supplementary Figure 1). Enrichment analysis showed that autophagy-related DEmRNAs supported cellular responses to oxidative stress, regulation of protein catabolism, apoptosis signaling, as well as biological processes related to cellular responses to oxygen concentration (Figure 3A). They were also closely related to ErbB signaling, AMPK signaling, mTOR signaling and the cell cycle (Figure 3B). The GSEA result showed that there were common GO function and KEGG pathways combined with Figures 3B,C. Two GO functions, “positive regulation of autophagy” and “response to oxygen levels,” were up-regulated in SZ patients compared with controls (Figure 3C). Only one KEGG pathway, “ubiquitin mediated proteolysis,” was upregulated in SZ patients compared to controls (Figure 3D). ClueGO analysis showed that autophagy-related DEmRNAs may also be related to apoptosis and to signaling mediated by mTOR, MAPK, and ErbB (Figure 3E). The results showed that autophagy-related DEmRNAs may be involved in positive regulation of catabolism, apoptosis signal, and regulation of transcription factors (Figure 3F).


[image: Figure 3]
FIGURE 3. Biological functions and KEGG pathways involving autophagy-related DEmRNAs in schizophrenia (SZ). (A) Biological processes involving autophagy-related DEmRNAs. (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways involved in autophagy-related DEmRNAs. (C) Biological processes involving autophagy-related DEmRNAs. (D) KEGG pathways involved in autophagy-related DEmRNAs. (E) Pathway enrichment analysis of 375 autophagy-related DEmRNAs using ClueGO. (F) Biological enrichment analysis of 375 autophagy-related DEmRNAs using ClueGO. Each node represents a biological process or KEGG pathway. Edges represent connections between the nodes, and the length of each edge reflects the relatedness of two processes.




Involvement of a ceRNA Network in Autophagy-Related DEmRNAs in Schizophrenia

Next, potential interactions among the above genes were explored according to the ceRNA hypothesis. Based on a minimal score of 0.4, we identified 31 autophagy-related DEmRNAs that may interact with 14 DEmiRNAs (Figure 4A, Tables 1–3). In total, there were 25 DElncRNAs, 13 DEmiRNAs and 30 autophagy-related DEmRNAs, with the threshold of score >0.4 (Figure 4B, Table 4). These results, combined with the enrichment analysis, suggest that lncRNAs may regulate the phenotype through ceRNA. We identified 15 DElncRNAs, 8 DEmiRNAs and 11 autophagy-related DEmRNAs and 10 KEGG pathways (Figure 4C, Tables 4, 5). We focused on the nine KEGG pathways previously linked to schizophrenia in the literature: Wnt signaling pathway, adherence junctions, ErbB signaling pathway, spinocerebellar ataxia, apoptosis, MAPK signaling pathway, cell cycle, endocytosis, and focal adhesion (Figure 4D).


[image: Figure 4]
FIGURE 4. Exploration of a competing endogenous (ce) RNA network in schizophrenia. (A) Network of miRNAs, showing relationships between 14 miRNAs and 31 target genes (mRNAs). Red means up-regulation and blue means down-regulation. Circles indicate miRNAs; diamonds, mRNAs. The darker the color, the greater the absolute value of logFC. (B) Sankey plot, showing relationships among mRNAs, lncRNAs, and miRNAs. (C) Network of lncRNAs, miRNAs, mRNAs, and KEGG pathways. Relationships involving 8 miRNAs, 15 lncRNAs, 11 mRNAs, and 10 KEGG pathways are shown. Triangles represent lncRNAs; circles, miRNAs; diamonds, mRNAs; squares, genes in KEGG pathways; V,KEGG pathway. Blue means down-regulation; red means up-regulation. (D) Nine KEGG pathways in the ceRNA network that have previously been associated with schizophrenia.



Table 1. The differentially expressed miRNA in miRNA-mRNA interaction.
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Table 2. The differentially expressed mRNA in miRNA-mRNA interaction.
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Table 3. The cumulative weighted context++ score for miRNA targeted DEmRNAs.
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Table 4. The cumulative weighted context++ score for miRNA targeted DElncRNAs.
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Table 5. The differentially expressed lncRNA in lncRNA-miRNA-mRNA interaction.
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Diagnostic Ability of Autophagy-Related Core DElncRNAs, DEmiRNAs and DEmRNAs for Schizophrenia

Most core dysregulated DElncRNAs were up-regulated in schizophrenia compared to controls (Figure 5A). However, the GSVA score based on the core DElncRNAs did not differ significantly between patients and controls (Figure 5B, Table 5). Similarly, the core DElncRNAs showed a poor ability to differentiate patients from controls in the test set (GSE38484, AUC = 0.606) and validation set (GSE16930, AUC = 0.694) (Figure 5C). Although core dysregulated DEmiRNAs did not give a significantly different GSVA score between patients and controls (Figure 5D, Table 6), the score proved to differentiate the two groups well (Figure 5E). This suggests its potential as a diagnostic biomarker. Most core dysregulated DEmRNAs were up-regulated in schizophrenia compared to controls (Figure 5F, Table 7). The GSVA score based on core dysregulated DEmRNAs were significantly higher in patients (p = 0.0087, Figure 5G), and it differentiated patients from controls with good AUCs in the test set (GSE38484, AUC = 0.659) and validation set (GSE16930, AUC = 0.778) (Figure 5H).


[image: Figure 5]
FIGURE 5. Performance of core dysregulated autophagy-related DElncRNAs, DEmiRNAs and DEmRNAs for diagnosing schizophrenia (SZ). (A) Gene set variation analysis (GSVA) of lncRNA expression. Blue means up-regulation; red means down-regulation. (B) GVSA score for core dysregulated DElncRNAs in the validation set (GSE16930). The horizontal axis shows sample names; the vertical axis, gene expression. Control data are shown in blue, patient data in yellow. (C) Receiver operating characteristic curves assessing how well the GSVA score for core dysregulated DElncRNAs diagnosed schizophrenia in the test set (GSE38484) and validation set (GSE16930). (D) GSVA-miRNA expression heat map. (E) ROC curve analysis for the GSVA score of core dysregulated DEmiRNAs in test set (GSE38484). (F) GSVA-mRNA expression heat map. (G) The expression of the GVSA score of core dysregulated mRNAs in validation set (GSE16930). (H) ROC analysis for the GSVA score of core dysregulated DEmRNAs in test set (GSE38484) and validation set (GSE16930).



Table 6. Autophagy-related DElncRNAs, DEmiRNAs, and DEmRNAs in the ceRNA network potentially involved in schizophrenia.

[image: Table 6]


Table 7. The GSVA score of autophagy-related core DElncRNAs for schizophrenia.
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Table 8. The GSVA score of autophagy-related core DEmiRNAs for schizophrenia.
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Table 9. The GSVA score of autophagy-related core DEmRNAs for schizophrenia.
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DISCUSSION

Schizophrenia is a persistent mental illness that disrupts normal thinking, function and mobility, and it can seriously impact patients and their families. Current anti-schizophrenia drugs can treat only the symptoms of the disease (35). To deepen the understanding of pathology of SZ to guide the diagnosis and treatment, the present study exlpored a ceRNA network that may be related to the disease by altering the regulation of genes involved in autophagy.

At the core of the ceRNA network, we identified 15 lncRNAs, 8 miRNAs, 11 mRNAs, and 10 KEGG pathways. Several of these RNAs have already been associated with schizophrenia. The miRNA137, which maps to chromosome 1p21.3, appears to confer susceptibility to the disease (36), while miR-219 is significantly up-regulated in the dorsolateral pre-frontal cortex of patients (37). The lncRNA MIAT (38), also called Gomafu (39), is down-regulated in schizophrenia, and this lower expression appears to reduce the activity of neurons (40).

Among the 10 core KEGG pathways in our ceRNA network, nine have already been associated with schizophrenia: cell cycle (41), spinocerebellar ataxia (42), apoptosis (43), ErbB signaling (44), focal adhesion (45), endocytosis (46), adhesions junction (47), Wnt signaling (48), and MAPK signaling (49). Mammalian mTOR target mTOR complex 1 (mTORC1) phosphorylates Unc51-like autophagy-activated kinase to block the initiation of autophagy. Both AMPK and oxidative stress can activate the transcription factors EB, FOXO1/3, transcription factor 4, and NF-κB to turn on expression of the autophagy-activated kinase (50).

The results of this study show that based on the exploration of the ceRNA network in schizophrenia, eight core disorders of DEmiRNA (hsa-miR-423-5p, hsa-miR-4532, hsa-miR-593-3P, hsa-miR-618, hsa-miR-4723-3p, hsa-miR-4640-3p, hsa-miR-296-5p, and hsa-miR-3943) may play a role in the diagnosis and treatment of schizophrenia. This article provides some basis for the study of ceRNA in schizophrenia. A previous study showed that hsa-miR-423-5p expressed in brain and were associated with amyotrophic (50). Hsa-miR-296-5p can be used as the prognostic marker for anaplastic glioma, secondary and anterior glioma patient (51). These studies indicated that the miRNA may be used as biomarker for neurological diseases.

In short, this study provides deeper insights into the construction of lncRNA-miRNA-mRNA network involving autophagy-related genes in SZ, and provides new targets for the diagnosis of SZ patients. However, there are some limitations at present. Firstly, due to the small sample size of the lncRNA and mRNA verification sets, and the lack of miRNA verification sets. The expression profiles of lncRNA and mRNA are obtained from the same sample, but miRNA is obtained from a separate data set. The combination of two data sets into a network may lead to selection bias due to batch effect. Secondly, the results of our study only indicate that these ceRNA network may exist in patients with SZ. However, it needs further evidence whether ceRNA exists in SZ patients, with the help of systematic biological experiment in vivo or in vitro. Relevant molecular biology experiments are required to obtain more credible results.



CONCLUSION

Our results suggest that the ceRNA network is involved in schizophrenia, which may deepen our understanding of the disease and guide the development of new treatments. The GSVA score based on the following eight core dysregulated DEmiRNAs may improve diagnosis of the disease: hsa-miR-423-5p, hsa-miR-4532, hsa-miR-593-3P, hsa-miR-618, hsa-miR-4723-3p, hsa-miR-4640-3p, hsa-miR-296-5p, and hsa-miR-3943.
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