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Background: Intervertebral disc degeneration (IDD), characterized by diverse pathological changes, causes low back pain (LBP). However, prophylactic and delaying treatments for IDD are limited. The aim of our study was to investigate the gene network and biomarkers of IDD and suggest potential therapeutic targets.
Methods: Differentially expressed genes (DEGs) associated with IDD were identified by analyzing the mRNA, miRNA, and lncRNA expression profiles of IDD cases from the Gene Expression Omnibus (GEO). The protein–protein interaction (PPI) network, Gene Ontology (GO) enrichment, Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis as well as miRNA–lncRNA–mRNA networks were conducted. Moreover, we obtained 71 hub genes and performed a comprehensive analysis including GO, KEGG, gene set enrichment analysis (GSEA), gene set variation analysis (GSVA), Disease Ontology (DO), methylation analysis, receiver operating characteristic (ROC) curve analysis, immune infiltration analysis, and potential drug identification. We finally used qRT-PCR to verify 13 significant DEGs in normal and degenerative nucleus pulposus cells (NPCs).
Results: We identified 305 DEGs closely related to IDD. The GO and KEGG analyses indicated that changes in IDD are significantly associated with enrichment of the inflammatory and immune response. GSEA analysis suggested that cell activation involved in the inflammatory immune response amide biosynthetic process was the key for the development of IDD. The GSVA suggested that DNA repair, oxidative phosphorylation, peroxisome, IL-6-JAK-STAT3 signaling, and apoptosis were crucial in the development of IDD. Among the 71 hub genes, the methylation levels of 11 genes were increased in IDD. A total of twenty genes showed a high functional similarity and diagnostic value in IDD. The result of the immune cell infiltration analysis indicated that seven genes were closely related to active natural killer cells. The most relevant targeted hub genes for potential drug or molecular compounds were MET and PIK3CD. Also, qRT-PCR results showed that ARHGAP27, C15orf39, DEPDC1, DHRSX, MGAM, SLC11A1, SMC4, and LINC00887 were significantly downregulated in degenerative NPCs; H19, LINC00685, mir-185-5p, and mir-4306 were upregulated in degenerative NPCs; and the expression level of mir-663a did not change significantly in normal and degenerative NPCs.
Conclusion: Our findings may provide new insights into the functional characteristics and mechanism of IDD and aid the development of IDD therapeutics.
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INTRODUCTION
Low back pain (LBP) is one of the most common musculoskeletal disorders and has been estimated to affect 60–80% of adults (Wu et al., 2021). LBP represents a heavy burden for patients as well as the society (Liu et al., 2021) and leads to disability (Zhang et al., 2021). Intervertebral disc degeneration (IDD) is recognized as the major cause of LBP (Smolders et al., 2013). Current treatment of IDD, including conservative therapies and surgical interventions, often only alleviates the patients’ pain without preventing the progression of IDD (Stich et al., 2020). Furthermore, the clinical results are suboptimal (Wang H. et al., 2020). Surgical therapies are generally associated with various complications (Smolders et al., 2013). Therefore, a comprehensive understanding of the pathological changes and molecular mechanisms underlying IDD appears to be essential for diagnosis and developing new therapeutic approaches.
Currently, the research on mechanisms of action of IDD mainly focuses on tissue fibrosis (Wang X. et al., 2019), inflammatory responses (Chang et al., 2021), the anabolism of extracellular matrix (Wang R. et al., 2020), insufficient transport of metabolites (Ge et al., 2020), enhanced aggrecan and collagen degradation (Du et al., 2021), and the structural and functional abnormalities in mitochondria (Song et al., 2021). However, the exact mechanisms of IDD remain elusive as the pathogenesis of IDD is complex and heterogeneous. With the rapid and extensive use of high-throughput system technologies, integrated bioinformatics analysis has emerged as a promising approach to explore the mechanism of IDD.
In this study, we identified differentially expressed genes (DEGs) associated with IDD by analyzing two mRNA expression profiles, three miRNA expression profiles, and two long non-coding (lnc) RNA expression profiles that were downloaded from the GEO database. Next, we constructed a PPI network and performed Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses of the DEGs from the PPI network. Subsequently, we constructed the lncRNA–miRNA–mRNA network. We obtained 71 differentially co-expressed mRNAs and performed a comprehensive analysis on them. GO, KEGG, gene set enrichment analysis (GSEA), and gene set variation analysis (GSVA) were used to study the molecular mechanisms of IDD. The Disease Ontology (DO) was used to study the association between genes and diseases. Methylation levels were validated by GSE129789. Diagnostic accuracy was assessed using a receiver operating characteristic (ROC) curve analysis. The immune infiltration was analyzed using the CIBERSORT algorithm. We then predicted potential drugs or molecular compounds using the DGIdb database, and finally we used qRT-PCR to verify the 13 significant DEGs in normal and degenerative nucleus pulposus cells (NPCs). Our findings regarding the mechanisms of IDD could be used for further exploration of biomarkers or treatment targets for IDD.
MATERIALS AND METHODS
Microarray Data
The Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo) (Barrett et al., 2007) is a public database of high-throughput gene expression data and microarrays. In total, seven gene expression datasets were derived from GEO, and each dataset was divided into healthy and IDD subgroups (Table 1). GSE124272 (Wang Y. et al., 2019) and GSE150408 (Wang et al., 2021) are both series of the GPL21185 Agilent-072363 SurePrint G3 Human GE v3 8 × 60 K Microarray 039494. GSE63492 (Liu et al., 2015), GSE16726 (Ji et al., 2018), GSE19943 (Wang et al., 2011), GSE56081 (Wan et al., 2014), GSE153761, and GSE129789 are series of the GPL19449 Exiqon miRCURY LNA microRNA Array, seventh generation REV-hsa, mmu, & rno (miRBasev18.0), GPL8701Agilent Escherichia coli 15 K array, GPL9946 Exiqon human miRCURY LNA™ microRNA Array V11.0, GPL15314 Arraystar Human LncRNA microarray V2.0 (Agilent-033010 Probe Name version), GPL22120 Agilent-078298 human ceRNA array V1.0 4 × 180 K, and GPL21145 Infinium MethylationEPIC. The data type was microarray expression profiles, and the species selected was Homo sapiens.
TABLE 1 | Information of data.
[image: Table 1]Identification of DEGs and Hub Genes
First, we performed data normalization. Next, DEGs were screened using the “limma” packages (Ritchie et al., 2015). The genes with |log (FC)|> 1 and p-value < 0.05 were defined as differentially expressed genes. Subsequently, the volcano plotting tool (http://soft.sangerbox.com/), “pheatmap” package in R software, and Online tool Draw Venn Diagram (http://bioinformatics.psb.ugent.be/webtools/Venn/) were used to plot the volcano maps, the heatmap, and the Venn map of DEGs. We obtained hub genes associated with IDD by intersecting differentially expressed mRNA with target genes of differentially expressed miRNAs.
Protein–Protein Interaction Network Construction
The STRING database (Szklarczyk et al., 2019) contains known protein and predicted protein interactions and includes results from experimental data, results from text mining of PubMed abstracts, and results from other databases as well as results predicted using bioinformatics methods. We used the STRING database to select differentially expressed genes with a combined score of more than 400 to construct a mRNA-related protein–protein interaction network (PPI) and visualized the network model using Cytoscape (version 3.6.1) (Shannon et al., 2003). The DEGs were functionally annotated using “clueGO” (Bindea et al., 2009).
Functional Enrichment Analyses of DEGs and Hub Genes
GO functional annotation analysis is a common method for large-scale functional enrichment research of genes, including biological process (BP), molecular function (MF), and cellular component (CC) (Ashburner et al., 2000). KEGG is a widely used database for storing information about genomes, biological pathways, diseases, and drugs (Kanehisa and Goto, 2000). We used the “clusterProfiler” of the R package (Yu et al., 2012) to analyze the function of DEGs from the PPI network and hub genes.
Disease Ontology
DO allows the enrichment analysis of diseases according to genes, and the similarities between diseases play an important role in studying and understanding the pathogenesis of complex diseases, early prevention and diagnosis of critical diseases, research and development of new drugs, and drug safety evaluation. We used “DOSE” of R package (Ashburner et al., 2000) to analyze the functions of hub genes.
lncRNA–miRNA–mRNA Network
MiRNA is a type of endogenously encoded non-coding single-stranded RNA molecule, with a length of 19–25 nucleotides. Generally, miRNAs have a complex regulatory network. One miRNA can regulate multiple target genes, and the same target gene can be regulated by multiple miRNAs (Lu and Rothenberg, 2018). LncRNA is a type of RNA molecule with a transcript length of more than 200 nucleotides. It is generally agreed that they do not encode proteins but rather participate in the epigenetic, transcriptional, and post-transcriptional regulation of protein-encoding genes (Arraiano, 2021). We obtained the differentially expressed miRNA-related mRNA and lncRNA from the miRNet database (Fan and Xia, 2018) and visualized the miRNA–mRNA–lncRNA regulatory network using Cytoscape software.
Gene Set Enrichment Analysis of Hub Genes
We used GSEA to evaluate the distribution trend of genes in a predefined gene set sorted by the degree of phenotypic correlation to judge the contribution to the specific phenotype (Subramanian et al., 2005). The “c2.all.v7.4.symbols” and “c5.all.v7.4.symbols” obtained from the MSigDB database were selected as the reference gene sets (Liberzon et al., 2015).
Gene Set Variation Analysis of Hub Genes
We used GSVA which is a non-parametric and unsupervised analysis method that was mainly used to evaluate the gene set enrichment results of on-chip nuclear transcriptome by transforming the gene expression matrix between different samples into the gene set expression matrix between samples (Wang et al., 2011). The “h.all.v7.4.symbols.gmt” gene set obtained from the MSigDB database was selected as the reference gene set.
Methylation Analysis of Hub Genes
GSE129789, the genome-wide DNA methylation profile of human IDD, which has series on GPL21145 Infinium MethylationEPIC, was used to annotate the methylation levels of hub genes in IDD.
ROC Analysis and Friend Analysis of Hub Genes
ROC curve analysis, which yields indicators of accuracy such as the area under the curve (AUC), provides the fundamental principle and rationale for distinguishing between the specificity and sensitivity of diagnostic performance. We used the pROC package of R software (Robin et al., 2011) to conduct our ROC curve analysis. To analyze the functional correlation between hub genes, we used the GOSemSim package of R software (Yu, 2020) for friend analysis of hub genes.
Immune Infiltration Analysis and ROC Analysis
CIBERSORT is an algorithm that deconvolutes the expression matrix of immune cell subtypes based on the linear support vector regression principles. We used RNA-Seq data (Newman et al., 2019) and CIBERSORT algorithm for immune infiltration analysis. Next, we selected the meaningful immune cells which were divergent between the two datasets and used the ROC curve analysis to analyze the correlation between hub genes and meaningful immune cells.
Potential Drug Identification
We used DGIdb version 3.0.2 (https://www.dgidb.org), a public resource for drug targeting and sensitive genomes and drug–gene interactions (Cotto et al., 2018), to predict potential drugs or molecular compounds interacting with DEGs and used Cytoscape software to visualized the drug–hub gene interaction network.
Nucleus Pulposus Cell Isolation and Culture
Normal intervertebral disc tissue was collected from a patient with organ donation. Human NP tissue was cut into pieces and digested in 0.2% type II collagenase (Thermo Fisher Scientific, Massachusetts, United States) and 0.25% trypsin (Thermo Fisher Scientific) for 3 h. After filtration and washing with PBS, the suspension was centrifuged, and the isolated cells were cultured in DMEM containing 15% fetal bovine serum (FBS, Thermo Fisher Scientific) and 1% penicillin–streptomycin (Thermo Fisher Scientific). The medium was changed twice a week, and the NPCs of the third generation were used in the following experiments. The experimental scheme was approved by the Ethics Committee of Zhujiang Hospital of Southern Medical University.
qRT-PCR
The third generation NPCs were divided into the normal group and degenerative group. The cells in the degenerative group were treated with the TNF-α (100 ng/ml) culture medium, the cells were collected after 48 h, and then used for follow-up experiments. The total RNA of NPCs was extracted and synthesized into cDNA according to the manufacturer’s protocol (Promega Biotech Co., Ltd, Beijing, China). qRT-PCR was performed on a LightCycler 96 (Roche Life Sciences, Switzerland, Basel) using Real-Time PCR Mix (Vazyme Biotech, Nanjing, Jiangsu Province, China). The gene expression relative to GAPDH and U6 expression was assessed using the 2−ΔΔCt method (Xiang et al., 2020). Independent experiments were conducted in triplicate (the sequence fragments of RNAs are shown in Table 2).
TABLE 2 | Sequence fragments of RNAs.
[image: Table 2]Statistical Analysis
All data calculations and statistical analyses were performed using R programming (https://www.r-projec t.org/, version 4.0.2). Multiple test corrections were performed using Benjamini I–Hochberg and false discovery rate to reduce the false-positive rate. Between groups, comparisons were performed using the independent Student t-test. The non-normally distributed variables were analyzed using Mann–Whitney U tests. Two-tailed p-values < 0.05 were considered statistically significant.
RESULTS
Identification of DEGs
The mean values of gene expression for each dataset were approximately the same after normalization (Figure 1). Following the standardization of the microarray results, 1,125 upregulated genes and 2,831 downregulated genes were identified in seven microarray datasets; we also performed cluster analysis on the expression values of DEGs, and the results showed that DEGs could well distinguish between degenerative disc tissue and normal disc tissue (Figures 2, 3). Furthermore, overlap of DEGs (223 overlapping mRNAs in GSE124272 and GSE150408; 40 overlapping lncRNAs in GSE56081 and GSE153761; and 42 overlapping miRNAs in GSE63492, GSE116726, and GSE19943) was identified (Figures 4A–C). We identified 223 differentially expressed mRNAs and found 6,342 target genes regulated by 42 differentially expressed miRNAs. A total of 71 hub genes related to disc degeneration were obtained by the intersection of the 223 differentially expressed mRNAs and 6,342 target genes (Figure 4D; Table 3).
[image: Figure 1]FIGURE 1 | Calibration of eight sets of data. The blue color represents the degenerative intervertebral disc tissue, and the yellow color represents the normal intervertebral disc tissue. We marked (A–H) represent the Calibration of eight sets of data.
[image: Figure 2]FIGURE 2 | Differential expression of mRNA and lncRNA associated with IDD. (A,C,E,G) Volcano map of differentially expressed genes. The abscissa represents the log2-fold change, and the ordinate represents the -log10 (p-value). The red node indicates the upregulated differentially expressed genes, the blue node indicates the downregulated differentially expressed genes, and the gray node indicates genes that are not significantly differentially expressed. (B,D,F,H) Heatmap of differentially expressed genes. The abscissa indicates the patient ID, and the ordinate indicates the respective differentially expressed genes. Red represents the high gene expression, and blue represents the low gene expression. The dark purple annotation bar represents the degenerative intervertebral disc tissue, and the light purple annotation bar represents the normal intervertebral disc tissue.
[image: Figure 3]FIGURE 3 | Differentially expressed miRNA associated with disc degeneration. (A,C,E) Volcano map of differentially expressed genes. The abscissa represents log2-fold Change, and the ordinate represents -log10 (p-value). The red node indicates upregulated differentially expressed genes, the blue node indicates downregulated differentially expressed genes, and the gray node indicates genes that are not significantly differentially expressed. (B,D,F) Heatmap of differentially expressed genes. The abscissa represents the patient ID, and the ordinate represents the respective differentially expressed genes with red indicating high gene expression and blue indicating low gene expression. The dark purple comment bar indicates the degenerative disc tissue, and the light purple comment bar indicates the normal disc tissue.
[image: Figure 4]FIGURE 4 | Differential expression of mRNA, lncRNA, miRNA, and hub gene in IDD. (A) Venn diagram of differentially expressed genes in two sets of mRNA data. (B) Venn diagrams of differentially expressed genes in two sets of lncRNA datasets. (C) Venn diagrams of differentially expressed genes in three sets of miRNA data. (D) IDD-related differentially expressed mRNA and miRNA-targeted mRNA Venn diagram.
TABLE 3 | Total 71 hub genes related to disc degeneration.
[image: Table 3]PPI Network
The interactions of 223 differentially expressed mRNAs were analyzed using the STRING online database to investigate the PPI network underlying IDD. The network model was visualized using Cytoscape (version 3.6.1). The network contains 93 genes and 163 interaction pairs. The average degree of nodes is 2.88, and the local clustering coefficient is 0.518. TLR4 interacted with 20 differentially expressed mRNAs, TLR8 interacted with 16 differentially expressed mRNAs, and STAT3 interacted with 15 differentially expressed mRNAs (Figure 5A).
[image: Figure 5]FIGURE 5 | mRNA-related PPI networks and ceRNA networks differentially expressed in IDD. (A) Protein interaction network of differentially expressed mRNA associated with disc degeneration. (B) clueGO-GO analysis of genes in PPIs that differentially express mRNAs associated with disc degeneration. (C) clueGO-KEGG analysis of genes in PPIs that differentially express mRNAs associated with disc degeneration. (D) ceRNA network of hub genes. The red node represents the hub gene, the green node represents the miRNA that regulated the hub gene, and the blue node represents lncRNA.
GO and KEGG Enrichment Analyses of DEGs
To verify the function of differentially expressed mRNA in IDD, we first performed GO and KEGG on DEGs obtained from the PPI network. GO analysis results showed that changes in BPs of DEGs were mainly enriched in T-cell activation involved in the immune response, macrophage activation, positive regulation of interleukin (IL)-5 production, regulation of lipase activity, negative regulation of cysteine-type endopeptidase activity, IL-15-mediated signaling pathway, lymphocyte chemotaxis, positive regulation of osteoblast differentiation, and regulation of IL-1 beta production (Figure 5B). The result of KEGG pathway enrichment indicated that DEGs were significantly enriched in epithelial cell signaling following Helicobacter pylori infection, renal cell carcinoma, malaria, measles, and prolactin signaling pathway (Figure 5C).
lncRNA–miRNA–mRNA Network
The top 3 targeted DEGs for miRNAs were TAOK1 (modulated by 12 miRNAs), G3BP1 (modulated by 11 miRNAs), and GIGYF1 (modulated by 11 miRNAs). The top 3 DEGs that may control the mRNA copy number were hsa-mir-185-5p that controlled 1,142 mRNAs, hsa-mir-129-5p that controlled 1,111 mRNAs, and hsa-mir-671-5p that controlled 1,081 mRNAs. The top 3 targeted differentially expressed lncRNAs for miRNAs were NEAT1 (modulated by 13 miRNAs), KCNQ10T1 (modulated by 10 miRNAs), and LINC00963 (modulated by 10 miRNAs). The top 3 miRNAs that may control the lncRNA copy number were hsa-mir-185-5p that controlled 66 lncRNAs, hsa-mir-4306 that controlled 66 lncRNAs, and hsa-let-7f-5p that controlled 53 lncRNAs. Also, we constructed a miRNA–mRNA–lncRNA regulatory network between differentially expressed mRNAs, miRNAs, and lncRNAs (Figure 5D), which contained 71 mRNAs, 35 miRNAs, and 3 lncRNAs. The first 2 mRNAs regulated by the most miRNAs are TMOD3 regulated by 7 miRNAs and KHSRP regulated by 6 miRNAs. The first 2 miRNAs controlling multiple genes are hsa-mir-129-5p and hsa-mir-185-5p, which control 17 genes, respectively. (Figure 5D).
GO, KEGG, and DO Enrichment Analyses of Hub Genes
To verify the function of the 71 hub genes, we performed GO function annotation (Figure 6A). The GO analysis showed that changes in the BPs of hub genes were mainly enriched in the following biological processes: inflammatory response, myeloid cell differentiation, adaptive immune response, phosphorylation, cellular response to lipopolysaccharide, positive regulation of transcription from RNA polymerase II promoter, positive regulation of gene expression, positive regulation of interferon-gamma production, innate immune response, and positive regulation of ERK1 and ERK2 cascade (Figure 6B). The changes in the CCs of hub genes were significantly enriched in cytoplasmic vesicles, lipid particles, and the plasma membrane (Figure 6C). The changes in the MFs of hub genes were significantly enriched in protein binding, transcription factor activity, sequence-specific DNA binding, actin binding, complement component C5a receptor activity, carbohydrate binding, DNA binding, transcriptional activator activity, and RNA polymerase II core promoter proximal region sequence-specific binding (Figure 6D). The result of DO analysis indicated that hub genes were significantly enriched in myeloproliferative disease, acute leukemia, malignant neoplasm of the salivary gland, Escherichia coli infections, immunologic deficiency syndromes, epiretinal membrane, chronic myeloproliferative disorder, malignant mesothelioma, polycythemia vera, and familial dementia (Figure 6E). The KEGG pathway analysis indicated that hub genes were mainly enriched in measles, acute myeloid leukemia, transcriptional mis-regulation in cancer, malaria, and chemokine signaling pathway (Figure 6F). We demonstrated gene expression in these five pathways (Figure 6G). Also, the functional annotation of hub genes is shown in Table 4.
[image: Figure 6]FIGURE 6 | Enrichment analysis of hub genes. (A) GO enrichment analysis of hub genes. (B–D) BP, CC, and MF for enrichment analysis. Gene expression display of the first 12 results of BP, the first three results of CC, and the first eight results of MF in enrichment analysis. The node color indicates the gene expression level, purple indicates the upregulation of gene expression, and blue indicates the downregulation of gene expression. (E) DO enrichment analysis of hub genes. The horizontal axis is the gene name, and the vertical axis is the disease name. Color indicates gene expression level, red indicates gene upregulation, and blue indicates gene downregulation. (F) KEGG enrichment analysis results of hub genes, in which node color indicates the significance level of pathway enrichment and node size indicates the number of genes enriched in the pathway. (G) For the first five enrichment results in KEGG enrichment analysis, the rectangular color indicates the gene expression level, red indicates the upregulation of gene expression, and blue indicates the downregulation of gene expression. Line colors identify different pathways.
TABLE 4 | Functional annotation of hub genes.
[image: Table 4]GSEA Analysis
The biological functions and pathways that were highly altered in IDD samples compared to those observed in healthy samples from GSE124272 and GSE150408 were determined using GSEA (Figures 7A,C,E,G). The results indicated that the genes of GSE124272 were significantly involved in top three biological functions: amide biosynthetic process, catalytic activity acting on RNA, and cellular response to DNA damage stimulus (Figure 7B) and top three biological pathways: ribosome, cell cycle, and spliceosome (Figure 7F). The results indicated that the genes of GSE150408 were significantly involved in top three biological functions: cell activation involved in the immune response, leukocyte-mediated immunity, and myeloid leukocyte activation (Figure 7D) and top three biological pathways: ribosome, lysosome, and systemic lupus erythematosus (Figure 7H). The GSEA enrichment analysis is shown in Tables 5, 6.
[image: Figure 7]FIGURE 7 | GSEA analysis. (A,C) For GSEA-GO enrichment analysis of two sets of mRNA data, the node color indicates the significant level of GO-term enrichment, and the node size indicates the number of genes enriched in the GO-term. (B,D) Top three presentations of GSEA-GO enrichment analysis results for both mRNA datasets. (E,G) GSEA-KEGG enrichment analysis of two sets of mRNA data. The node colors indicate the significance of pathway enrichment, while the node size indicates the number of genes enriched in the pathways. (F,H) Top three presentations of GSEA-KEGG enrichment analysis results for both mRNA datasets.
TABLE 5 | GSEA enrichment analysis of the GSE124272 dataset.
[image: Table 5]TABLE 6 | GSEA enrichment analysis of the GSE150408 dataset.
[image: Table 6]GSVA Analysis
We carried out GSVA of IDD samples and compared it with healthy samples from GSE124272 and GSE1150408. The results were displayed as a heatmap (Figures 8A,B). All IDD samples were separated into low- and high-score groups according to the median GSVA score. In total, we obtained 28 high-score hallmark gene sets and 21 low-score gene sets (Figure 8C), of which 8 hallmark gene sets scored high in both datasets and 4 hallmark gene sets scored low in both datasets (Figures 8D,E). The 8 high-scoring hallmark gene sets included DNA repair, hedgehog signaling, E2F targets, myc targets, oxidative phosphorylation, and peroxisome. The 4 low-scoring hallmark gene sets included IL-6-JAK-STAT3 signaling, apoptosis, interferon-α response, and complement system.
[image: Figure 8]FIGURE 8 | GSVA analysis of hub genes. (A) GSVA analysis of mRNA dataset GSE124272 indicates 50 hallmark gene sets. (B) GSVA analysis of mRNA dataset GSE150408 indicates 50 hallmark gene sets. (C) Venn diagram of hallmark for significant differences in normal disc tissue and disc-degenerated tissue from GSE124272 and GSE150408 GSVA analyses. (D) Venn diagram of hallmark with a lower enrichment score in normal intervertebral disc tissue than that in IDD tissue from GSE124272 and GSE150408 datasets. (E) Venn diagram of hallmark with higher enrichment scores in normal intervertebral disc tissue than that in IDD tissue from GSE124272 and GSE150408 datasets. (F) Methylation level analysis of hub genes. Hub genes whose methylation levels were significantly different in normal intervertebral disc tissue and IDD tissue are shown.
Methylation Analysis of Hub Genes
The aligned methylation data of the 71 hub genes in IDD were obtained from GSE129789, and our analysis indicated significant hypermethylation of ARHGAP27, CSNK2A1, ETV6, FNBP1L, KLF4, LTF, MGAM, MYO1F, NUCB2, RNF19B, and WWP3 (Figure 8F). The methylation of hub genes may be an important biomarker and potential therapeutic target for IDD.
ROC Analysis and Friend Analysis of Hub Genes
We used ROC curve analysis to assess the diagnostic accuracy of the 71 hub genes. The results show that the AUC of 20 genes (AKR1C3, ATG2A, ATP6V1C1, C15orf39, C5AR2, C9orf72, DHRSX, DPH5, ETV6, FKBP1A, FRY, KHSRP, MEX3C, NCF1, LYST, NOA1, PLIN5, RNF19B, TMOD3, and ZSWIM6) in both datasets was greater than 0.5, showing good classification efficiency (Figure 9). Next, we analyzed the functional similarity of the aforementioned genes. The results showed that 20 genes had low functional similarity and were highly representative (Figure 10A).
[image: Figure 9]FIGURE 9 | ROC curve for diagnosis of 20 hub genes. The horizontal axis represents the test’s specificity, and the vertical axis represents the test’s sensitivity. The brick red curve is the test result for data 1, and the blue curve is the test result for data 2.
[image: Figure 10]FIGURE 10 | Immune infiltration analysis of hub genes. (A) Friend analysis of 19 hub genes. The horizontal axis represents the correlation strength, and the vertical axis indicates the gene name. (B) Immune infiltration analysis of 22 immune cells by 71 hub genes from the GSE124272 dataset. Pink indicates degenerative tissue of intervertebral disc, and blue–green indicates normal tissue. (C) Immune infiltration analysis of 71 hub genes into 22 immune cells using the GSE150408 dataset. The pink color indicates IDD tissue, and the blue–green color indicates normal tissue. (D) Pearson correlation coefficient between active NK cell enrichment abundance and 58 hub gene expression values related to IDD. GSE124272 dataset, in which the node size indicates the absolute value of correlation and the node color indicates the significant correlation. (E) Pearson correlation coefficient between the abundance of active NK cell enrichment and the expression values of 20 hub genes related to IDD. GSE150408 dataset, in which the node size indicates the absolute value of correlation and the node color indicates the significant correlation. (F) ROC curve of the seven hub genes and NK cell activation (from GSE124272 dataset). Test specificity and sensitivity are presented on the horizontal and vertical axes, respectively. (G) ROC curve of the seven hub genes and NK cell activation (from the GSE150408 dataset). Test specificity and sensitivity are presented on the horizontal and vertical axes, respectively. (H) Hub gene–potential drug network; the yellow node represents the hub gene, and the violet node represents the potential drug.
Immune Cell Infiltration Analysis
To examine the relationship between 71 hub genes and 22 immune cell types that frequently infiltrate the IDD microenvironment, we first performed immune cell infiltration analyses on GSE124272 and GSE150408 datasets (Figures 10B,C). We found significantly different concentrations of NK cells activated between healthy and IDD samples in both datasets. Next, we analyzed the relationship between 71 hub genes on GSE124272 and GSE150408 datasets and NK cell activation using the Pearson correlation analysis (Figures 10D,E) and obtained 7 hub genes (ARHGAP27, C15orf39, DEPDC1, DHRSX, MGAM, SLC11A1, and SMC4) that were closely related to NK cell activation in both datasets. We found that the aforementioned 7 hub genes associated with NK cell activation distinguished the degenerative intervertebral disc tissue from healthy tissue data from the GSE124272 and GSE150408 datasets using the ROC analysis (Figures 10F,G).
Identification of the Potential Drugs
We used the DGIdb database to determine the potential drug or molecular compounds that could regulate the DEGs. The results displayed a drug–hub gene interaction network (Figure 10H). We identified 205 potential drugs or molecular compounds corresponding to 24 mRNAs. Among them, 10 drugs or molecular compounds targeted two key genes at the same time, including ALTIRATINIB, APTO-253, CRIZOTINIB, CYC-116, DACTOLISIB, ENTRECTINIB, PF-00562271, QUERCETIN, R-406, and SP-600125. In addition, we found that 73 drugs or molecular compounds targeted the MET gene and 73 drugs or molecular compounds targeted the PIK3CD gene.
Expression Level of Key DEGs
In order to further verify the accuracy of the aforementioned results, we detected the expression of 13 DEGs by qRT-PCR. The results showed that 7 DEGs closely related to NK cell activation were downregulated in degenerative NPCs. In addition, the results showed that LINC00887 was significantly downregulated in degenerative NPCs; H19, LINC00685, mir-185-5p, and mir-4306 were upregulated in degenerative NPCs; and the expression level of mir-663a did not change significantly in normal and degenerative NPCs (Figure 11).
[image: Figure 11]FIGURE 11 | Expression level of hub DEGs in normal and degeneration NPCs. (A) Expression level of mRNAs in normal and degeneration NPCs. (B) Expression level of miRNAs in normal and degeneration NPCs. (C) Expression level of lncRNAs in normal and degeneration NPCs. *p < 0.05.
DISCUSSION
IDD is a high-incidence degenerative disease, often resulting in low back pain and even disability. However, in most cases, the clinical results are suboptimal. Therefore, understanding the pathological changes and molecular mechanisms of IDD is crucial for clinical diagnosis and treatment. Efficient microarray and bioinformatics analyses help us understand the molecular mechanisms of the disease onset and development, which is invaluable for biomarkers and therapeutic target identification.
First, we identified DEGs associated with IDD by analyzing seven expression profiles and constructed a PPI network and performed GO and KEGG enrichment analyses of the DEGs from the PPI network. Previous studies have proved that alternatives in national NP cell behavior are related to inflammation and immune response, while IL-1, macrophages, and lymphocytes have been verified to be upregulated in IDD (Phillips et al., 2013). The top three genes in the PPI network were TLR4, STAT3, and TLR8. Also, previous studies have shown that the inflammatory response (Bin et al., 2021), immune response (Sun et al., 2020), and IL-6/JAK/STAT3 pathway are related to the degeneration of human NP cells (Wu et al., 2021). In addition, a study of single-cell RNA sequencing of IDD pointed out that chondrocytes in one of the differentiated orientations interact with macrophages and endothelial cells and have an inflammatory amplification effect (Han et al., 2022). Taken together, it is speculated that the IL and TLR families may play a significant role in the development of IDD.
Next, we constructed the lncRNA–miRNA–mRNA network. Also, 11 widely regulated RNAs were screened. Of these, miR-185-5 P and NEAT1 have been shown to be associated with IDD progression (Zhang H. et al., 2020; Li et al., 2021). The remaining genes have been shown to be involved in the pathological process of other diseases (Ren et al., 2019; Tollenaere et al., 2019; Yang et al., 2019a; Zhang et al., 2019). Currently, it has not been proven that these genes are related to IDD. However, inflammatory responses, macrophage activation, the AKT/NF-kB signaling pathway, collagen II, and aggrecans have been shown to be associated with the progress of IDD. Therefore, we speculate that the aforementioned genes may represent potential biomarkers for IDD. We then selected 71 differentially co-expressed genes as hub genes and performed GO, KEGG, GSEA, GSVA, and DO on the hub genes. The changes of hub genes were significantly enriched in cytoplasmic vesicles, lipid particles, and the plasma membrane. Since lipopolysaccharide-induced NP cell pyroptosis could be inhibited by MSC-derived exosomes in vitro (Zhang J. et al., 2020), we speculate that exosomes may represent a new therapeutic site for IDD. The methylation analysis of the hub genes showed that 11 genes (ARHGAP27, CSNK2A1, ETV6, FNBP1L, KLF4, LTF, MGAM, MYO1F, NUCB2, RNF19B, and WWP3) were hypermethylated in IDD. Nevertheless, there is no clear proof that these genes are related to IDD. Our data mining further shows that transcription factors and DNA binding play a significant role in IDD. The 11 key genes have been confirmed to be related to inflammatory reactions, autophagy, and macrophages (Huett et al., 2009; Lawrence et al., 2020; Sahoo et al., 2020; Taracha-Wisniewska et al., 2020). Therefore, we infer that they most likely play a role in IDD by regulating inflammatory responses, autophagy, and numerous other aspects. We believe this will provide a reference for understanding the mechanism underlying IDD development and guiding the treatment of IDD.
Among the five KEGG pathways, the chemokine pathway was identified as being strongly associated with the development of IDD. Previous studies have confirmed that multiple molecules involved in these pathways were associated with pathological changes in that intervertebral disc tissue (Gao et al., 2016; Wang J. et al., 2019; Liu et al., 2020). Our data mining results further confirm that the chemokine pathway plays a crucial role in the development of IDD.
The results of the GSEA highlighted the important roles of inflammatory and immune responses in IDD. GSVA suggested that the gene sets highly correlated with IDD were associated with DNA repair, cell cycle, oxidative phosphorylation, IL-6-JAK-STAT3 signaling, and apoptosis. Among them, DNA repair and JAK-STAT3 signaling have been proved to be highly correlated with IDD (Nasto et al., 2013; Dai et al., 2021). Mitochondria are the principal source of energy and ROS production in IVD cells. Mitochondrial dysfunction leads to oxidative stress, cell death, and premature aging (Saberi et al., 2021). In IDD, mitotic damage leads to progressive aggregation of defective mitochondria, NP cell apoptosis, ECM degradation, and cartilage degradation (Sun et al., 2021). Moving forward, we can start from these related genes in our search for new treatments for IDD. Among the 71 hub genes identified in this study, PLIN5 has been shown to boost the transcription of genes involved in mitochondrial biogenesis and oxidative metabolism (Gallardo-Montejano et al., 2021). Furthermore, NOA1 was shown to be necessary for mitochondrial basic functions such as ATP synthesis and apoptosis (Kolanczyk et al., 2011). PLIN5 and NOA1 demonstrated good diagnostic efficacy in the ROC analysis. Therefore, we speculate that they might represent therapeutic targets for IDD.
Following immune cell infiltration analysis, we obtained seven overlapping genes (ARHGAP27, C15orf39, DEPDC1, DHRSX, MGAM, SLC11A1, and SMC4) that were strongly associated with active NK cells in both datasets. Among these, the expression of SLC11A1 protein was identified in NK and NK-like cells, and the expression of SLC11A1 might be closely related to the enhanced activation of congenital lymphocytes (Hedges et al., 2013). Although there is no clear evidence that SLC11A1 is involved in the development of IDD, the authors believed that SLC11A1 has a research value. Next, we explored the functions of the hub genes and found that numerous genes were associated with the autophagy process including DEPDC, DHRSX, ATG2A, and C9orf72. These four genes have been reported to be involved in the regulation of autophagy (Zhang et al., 2014; Bakula et al., 2017; Wang W. et al., 2020; Pang and Hu, 2021), and they also showed good classification efficiency in ROC analysis. In addition, DEPDC and DHRSX were highly correlated with NK cell activation. Previous studies have confirmed that autophagy plays a significant role in the development of IDD (Tang et al., 2019); therefore, we pointed out that experiments should further investigate the roles of these four genes in IDD.
Another interesting phenomenon was that MTF-1, MGAM, NUCB2, and TMOD3 were discovered to be related to the body glucose regulation (Xu et al., 2019; Yang et al., 2019b; Shrestha et al., 2021). Multiple studies have shown that diabetes is an important risk factor for IVDD (Cannata et al., 2020; Shao et al., 2021). Of interest, DO analysis of IDD samples showed enrichment for myeloproliferative disorders, acute leukemia, salivary gland malignancies, E. coli infection, immunodeficiency syndrome, subretinal membrane, chronic myeloproliferative disorders, malignant mesothelioma, polycythemia vera, familial dementia, and others. These conditions have not been previously shown to be high-risk factors for IDD. We wonder whether these conditions contribute to the progression of IDD in the same way diabetes does. If so, how can the treatment strategy be adjusted when treating patients who have such diseases comorbid with IDD?
The top two targeted hub genes for potential drug or molecular compounds were MET and PIK3CD, both regulated by 73 potential drugs or molecular compounds. HGF/c-Met signaling may utilize the HIF-1α expression to regulate cell proliferation in the intervertebral disc (Tonomura et al., 2020). The PIK3CD gene encodes a p110δ catalytic subtype of PI3Ks. P110δ is mainly enriched in leukocytes and regulates immune function. Also, the PI3K family has been confirmed to be involved in the progression of IDD (Ouyang et al., 2017). However, the specific mechanisms via which MET and PIK3CD act in IDD required further experimental investigation. We speculated that once the specific mechanisms of MET and PIK3CD in IDD are elucidated, these 73 drugs and molecules are likely to represent new options for the treatment of IDD.
This study had several limitations. First, the data used were downloaded from a public database, and it was not possible to assess whether there were entry errors. Also, there exist differences in the enriched gene functions and pathways of the differentially expressed genes between mRNA and protein data, and this study focused only on mRNA datasets (Xu et al., 2021). Second, our study only focused on the genes that were identified as differentially expressed in datasets. Thus, some characteristics such as sex, age, and degree of IDD have not been taken into consideration in our study. Third, more relevant experimental evidence was needed to fully clarify the role of central genes and the potential mechanism of IDD. Finally, to avoid analysis bias led by the retrospective nature of the current study, we should perform a prospective study in the future.
In conclusion, the molecular mechanisms underlying IDD have been explored in the present study using comprehensive bioinformatics analysis to clarify the related biological functions and pathways associated with the occurrence and development of IDD. By analyzing seven gene expression datasets, we studied the differential expression of mRNAs, miRNAs, and lncRNA related to the progression of IDD and constructed a PPI network as well as a lncRNA–miRNA–mRNA network and revealed the possible functions and pathways associated with the disease. Subsequently, we identified 71 hub genes that might play important roles in the disease onset and development. Next, we performed methylation, immune infiltration, and ROC analyses and predicted potential therapeutic drugs. A comprehensive analysis was performed to explore key potential mechanisms possibly involved in the occurrence and progression of IDD through comprehensive analysis. Further studies are urgently needed to verify and reveal further mechanisms. Our results may help identify new potential therapeutic targets for IDD.
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