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Background

Intervertebral disc degeneration (IDD) progression involves multiple factors, including loss of nucleus pulposus cells and extracellular matrix as the basic pathological mechanism of degeneration, and is closely related to cellular senescence and immune cell infiltration. The aim of study was to identify critical cellular senescence-related genes and immune cell infiltration characteristics in IDD.





Methods

Four datasets, including GSE70362, GSE112216, GSE114169, and GSE150408, were downloaded from the Gene Expression Omnibus database. The senescence-related genes were acquired from the CellAge Database and intersected with differentially expressed genes (DEGs) between IDD and control samples for senescence-related DEGs (SRDEGs). Protein-protein interaction (PPI) network analysis was performed to obtain ten hub SRDEGs. A consensus cluster analysis based on these hub genes was performed to divide the patients into clusters. The functional enrichment, and immune infiltration statuses of the clusters were compared. Weighted gene co-expression network analysis was used to identified key gene modules. The overlapping genes from key modules, DEGs of clusters and hub SRDEGs were intersected to obtain potential biomarkers. To verify the expression of potential biomarkers, quantitative polymerase chain reaction (qPCR) and immunohistochemistry were performed by using human intervertebral disc tissues.





Results

In the GSE70362 dataset, a total of 364 DEGs were identified, of which 150 were upregulated and 214 were downregulated, and 35 genes were selected as SRDEGs. PPI analysis revealed ten hub SRDEGs and consensus cluster analysis divided the patients into two clusters. Compared to Cluster 2, Cluster 1 was highly enriched in extracellular matrix organization and various metabolic process. The level of Follicular T helper cells in the Cluster 1 was significantly higher than that in the Cluster 2. IGFBP3 and NQO1 were identified as potential biomarkers. The remaining 3 datasets, and the result of qPCR and immunohistochemistry showed that the expression levels of NQO1 and IGFBP3 in the degenerated group were higher than those in the control or treatment groups.





Conclusion

Senescence-related genes play a key role in the development and occurrence of IDD. IGFBP3 and NQO1 are strongly correlated with immune infiltration in the IDD and could become novel therapeutic targets that prevent the progression of IDD.
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1 Introduction

Low back pain (LBP), a prevalent public health issue impacting individuals globally, not only inflicts physical discomfort on patients but also imposes a significant economic burden on society (1). Intervertebral disc degeneration (IDD) is one of the most common lumbar degenerative diseases and recognized as the major cause of LBP. Although substantial progress has been achieved in the management of discogenic LBP, a great number of patients still respond badly to the long-lasting clinical therapy. With the goal of finding potential preventive methods, many research has been done to explore various pathological mechanism of IDD, such as DNA replication errors, metabolic disturbances, inflammation, and loss of functional cells and stem cells (2). The intervertebral disc is anatomically composed of the internal nucleus pulposus (NP), the peripheral annulus fibrosus (AF), and the cartilaginous endplates adjacent to vertebral bodies. The NP tissue of intervertebral disc plays a critical role in maintaining the physiological functions of the spine and its dysfunction is widely recognized as the pivotal element in the development of IDD (3).

Cellular senescence, which features the irreversible cessation of the cell cycle, is a fundamental mechanism that mediates age-related dysfunctions and chronic diseases such as IDD and osteoarthritis (4–6). It has been reported that enhanced apoptosis significantly contributes to reduce nucleus pulposus cells (NPCs) and extracellular matrix (ECM), but senescent cells also accumulate in the degenerative NP (7). Despite cell cycle transition arrest and proliferation cease, senescent cells are metabolically viable, and exhibit altered expression of various catabolic cytokines and degrading enzymes (8). By reducing cell viability and changing its microenvironment, excessive senescence is causally linked to the degradation of ECM and loss of hydrophilic matrix molecules in the degenerative intervertebral discs (9). In the advanced stage of degeneration, collapsed disc space and generalized structural deterioration could alter the disc biomechanics, leading to the continuously elevated inflammation levels and pain factors (10).

Additionally, in healthy intervertebral disc tissue, neither blood vessels nor nerve cells are typically detected within the NP. This anatomical structure makes the NP isolate from the development of immunological tolerance and become an immune‐privileged organ (11). However, the damage of physical barrier between the IVD and the immune system due to ruptured AF leads to exposure of NP to the immune cells in the bloodstream and triggers immune response. Various immune cells, including macrophages, T cells, B cells, and NK cells, are involved in IDD progression or disc herniation (12). These infiltrating immune cells secrete a large amount of proinflammatory cytokines (IL‐1β, TNF‐α, IL‐6, and IFN‐γ et al.), and aggravate immune activation and inflammatory reactions (12, 13). Currently, biological therapy targeting immune and inflammation modulation for IDD is still in its early stages. The role of molecular immunology and the relationship between the immune response and cellular senescence in the process of IDD are not fully understood. More in-depth exploration in immune-related inflammatory response should be conducted to improve IDD treatment.

In general, both immunological infiltration and cellular senescence are significant risk factors of IDD, and targeting these mechanisms may develop novel preventive and therapeutic approaches to improve the management and treatment of this disease. In this study, we employed an integrated bioinformatics and basic experiments strategy to uncover critical genes correlated with cellular senescence and alterations in the immunological infiltration in degenerative NP tissues. The findings of this study will provide fresh light on the molecular and cellular research of IDD. To the best of our knowledge, this is the first study to examine the impact of cellular senescence on the immunological infiltration landscape in NP tissues using consensus cluster analysis, providing insights into novel therapeutic strategies and a substantial theoretical foundation for future innovative studies.




2 Materials and methods



2.1 Data collection and preprocessing

The transcriptome profiling data for IDD were downloaded from four datasets in the Gene Expression Omnibus (GEO) database, including GSE70362, GSE112216, GSE114169, and GSE150408. Specifically, GSE70362 (based on the GPL17810 platform) contained 16 degenerated disc NP tissues and 8 control NP tissues. GSE112216 (GPL16686 platform) included 3 samples (degenerative NPCs co-cultured with adipose-derived mesenchymal stem cells (ASCs)) and 3 control (degenerative NPCs only). GSE114169 (GPL15314 platform) contained 4 samples (NPCs from lumbar disc herniation patients treated with neurotropin) and 4 control (NPCs from lumbar disc herniation patients). GSE150408 (GPL20301 platform) contained 17 peripheral blood samples from patients with lumbar disc herniation and 17 peripheral blood samples from healthy volunteers. The GSE70362 dataset was used to identify the differentially expressed genes (DEGs). The GSE112216, GSE114169, and GSE150408 datasets were used to validate the expression of senescence-related genes. The senescence-related genes were acquired from the CellAge online Database (https://www.genomics.senescence.info/cells).

The principal component analysis (PCA) of GSE70362 dataset was performed to check the sample separation between IDD and control groups by using the “FactoMineR” and “factoextra” packages in R. The “tinyarray” package was used to perform probe annotation for the microarray data. When a gene corresponded to multiple probe IDs, only the first ID will be preserved.




2.2 Determination of DEGs

The DEGs were acquired by utilizing the R package “limma”, and the criterions of identifying the DEGs were set as |log2FC| > 0.585 and P value < 0.05. The senescence-related DEGs (SRDEGs) were acquired by the intersection of DGEs based on GSE70362 and senescence-related genes based on CellAge database by using the Venn diagram. Volcano plot of the DEGs, and hierarchical cluster heatmap of the SRDEGs were obtained by the “ggplot2” and “pheatmap” R packages.




2.3 Functional enrichment analysis

The Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were performed by using the clusterProfiler package in R. The GO classification system is composed of three categories: biological process, cell component, and molecular function. The analysis was restricted to the species “Homo sapiens”. The SRDEGs list was employed for GO and KEGG enrichment analysis. All gene symbols in the SRDEGs list were converted to ENTREZ IDs. Following this, the enrichGO and enrichKEGG functions were applied to acquire GO terms and KEGG maps of biological functions. A threshold P value of < 0.05 was considered statistically enriched. The R package “ggplot2” was used for the visualization of the enriched items.




2.4 Protein-protein interaction network analysis

The protein-protein interaction (PPI) network of the SRDEGs was established based on the STRING database v12.0 (https://cn.string-db.org/). The protein interaction pairs with a confidence score >0.40 were selected and further imported to the Cytoscape software v3.9.1. By using the MCC analysis method in the CytoHubba plug-in, and the top ten significantly connected nodes were selected as the hub SRDEGs for further analysis.

To evaluate the relationships among these hub SRDEGs, the correlations among the hub SRDEGs were conducted by using Pearson correlation analysis. P value < 0.05 imply that the genes have a strong correlation. The correlation matrix heatmap and thescatter plots were mapped by using the “corrplot”, “ggplot2”, and “ggstatsplot” R packages.




2.5 Consensus cluster analysis

The R package “ConsensusClusterPlus” was applied to classify NP samples of GSE70362 dataset into different clusters based on the hub SRDEGs. The maximum subtype k was 8 and the optimal clusters number was comprehensively evaluated based on the result of the cumulative distribution function (CDF) curve, consensus matrix and consistent cluster score (>0.9). The subtype assignments were checked using t-distributed stochastic neighbor embedding (tSNE) analysis. The R package “limma” was used again to analyze DEGs of clusters, with |log2FC| > 0.585 and P < 0.05 as the differential gene-screening criteria. The gene expression profiles of hub SRDEGs within different clusters also were compared and visualized using the R packages “ggpubr” and “ggplot2”. The GO enrichment analysis of clusters was performed by using the clusterProfiler package in R.




2.6 Weighted gene co-expression network analysis

The R package “WGCNA” was used to identify co-expression modules. The variability of gene expressions across the samples of GSE70362 dataset was measured by median absolute deviation (MAD) method, and the top 5000 MAD genes were identified for following processing. After removing outlier samples in the cluster tree by using the “flashclust” R package, residual samples were reserved for subsequent analysis. When a rational soft power threshold was determined through the “pickSoftThreshold” function, an adjacency matrix was constructed and converted into a topological overlap matrix (TOM). The TOM-based phase dissimilarity metric with a minimum gene volume of 30 for the gene dendrogram was utilized to categorize genes with similar expression patterns into gene modules using average linkage hierarchical clustering. The module with the strongest relevance to clusters form consensus cluster analysis were selected as key modules. The gene significance (GS) and module membership (MM) values of all genes within the module were also generated and the genes were selected when the GS > 0.7 and MM > 0.6. The overlapping genes from key module genes, DEGs of clusters and senescence-related genes were selected as cluster genes for further analysis.




2.7 Single-gene gene set enrichment analysis

The cluster genes and hub SRDEGs were intersected to obtain potential biomarkers for further analysis. To explore the significant pathways associated with potential biomarkers, the gseKEGG function [Gene Set Enrichment Analysis (GSEA) of KEGG] of the R “clusterProfiler” package was used. According to the expression value, the correlation coefficients of potential biomarkers with all genes in the gene sets were ranked. The threshold for enrichment significance was |NES| >1, and adjust P value was <0.05.




2.8 Construction of ceRNA and mRNA–transcription factor networks

A ceRNA network was constructed based on the identified potential biomarkers. To interact mRNAs and miRNAs in a reliable way, 3 validated databases (“mirecords”, “mirtarbase”, and “tarbase”) in the R package “multiMiR” was employed. To obtain the miRNA-targeted lncRNAs, the miRNA-Target data from ENCORI/starBase were downloaded (https://rnasysu.com/encori/index.php). To construct the ceRNA network, the mRNA-miRNA and miRNA-lncRNA pairs were visualized with Cytoscape software (version 3.9.1). To analyze the regulatory effect of transcription factors (TFs), the targeted relationships between TFs and potential biomarkers were retrieved from the Network Analyst database (https://www.networkanalyst.ca/), and an interaction network between potential biomarkers and TFs was constructed and visualized with Cytoscape software (version 3.9.1).




2.9 Immune infiltration analysis by CIBERSORT algorithm

Immune cell infiltrations of IDD and control samples were evaluated by using a bioinformatics algorithm called CIBERSORT. The R package “CIBERSORT” and the leukocyte gene signature matrix LM22 were used to simulate and calculate the transcription feature matrix of 22 immune cells, and the number of calculations was set to 1,000. The differences between the IDD and control samples in the percentage of immune cells were tested using the Wilcoxon test, with a P value < 0.05 considered to be statistically significant. The “tinyarray” R package was used to visualize the differences between the immune cells of IDD and control groups. The correlations between immune cells and potential biomarkers, as well as the correlations between different immune cell, were calculated using the “corrplot” R package and Pearson correlation analysis.




2.10 External validation of potential biomarkers expression

The mRNA expression of identified potential biomarkers was verified in GSE56081, GSE112216, and GSE176205. The comparison between the two sets of data was performed with the Wilcoxon test. P < 0.05 was considered significant. Quantitative Polymerase Chain Reaction (qPCR) was performed to analyze the mRNA expression of potential biomarkers in IDD and control samples. This study was performed in line with the principles of the Declaration of Helsinki and approved by the ethics committee of our hospital. Informed consent was obtained from all individual participants included in the study. The degree of NP was determined by magnetic resonance imaging (MRI) following Pfirrmann classification (14). Tissues of Pfirrmann I-II were assigned to the control/non-degenerative group, whereas NP samples with grade III–V were assigned to the degenerative group. Human NP tissues were obtained from patients who underwent posterior spinal fusion surgery. Total RNA extraction and RNA reverse transcription were done as described in our previously report (15). A 7500 Real-time PCR system (Applied biosystems) was used to performed qPCR analyses. GAPDH was set as an internal control. All primers were listed in Supplementary Table S1.

NP tissues were fixed in 4% paraformaldehyde, then dehydrated, and embedded in paraffin. About 5 μM-thick sections were made for immunohistochemistry. After deparaffinization, tissue sections were incubated overnight at 4°C with NQO1 (11451-1-AP, proteintech, China) and IGFBP3 (10189-2-AP, proteintech, China) antibodies after epitope retrieval, H2O2 treatment, and non-specific antigens blocking. Then the sections were treated for two hours at room temperature with secondary antibodies, and an enhanced DAB staining kit was used to detect the signal. The ImageJ software was used for histomorphometric evaluation.




2.11 Statistical analyses

In the current study, R 4.3.1, SPSS version 25.0, GraphPad Prism 8 and Cytoscape software version 3.9.1 were used for data processing, statistical analysis, and plotting of graphs. To compare two normally distributed continuous variables, an independent samples t-test was employed. The Wilcoxon test was utilized to evaluate differences among variables that did not follow a normal distribution. A P value < 0.05 was considered statistically significant.





3 Results



3.1 PCA analysis and SRDEGs

After conducting PCA analysis on the GSE70362 dataset, it was observed that one sample deviated significantly from the overall clustering pattern, indicating its potential as an outlier (Figure 1A). To minimize the impact of this outlier on the subsequent analysis, it was decided to remove this specific sample from the dataset. By removing the outlier, the subsequent PCA analysis was performed on a refined dataset that better reflected the true clustering patterns of the remaining samples (Figure 1B).




Figure 1 | PCA analysis and identification of SRDEGs in IDD and controls. (A) PCA analysis before removing the outlier; (B) PCA analysis after removing the outlier; (C) Volcano map of DEGs between IDD and control samples; (D) Venn diagram of SRDEGs between DEGs and senescence-related genes; (E) Heat map of 35 SRDEGs in the IDD and control samples. PCA, Principal component analysis; IDD, intervertebral disc degeneration; DEGs, differentially expressed genes; SRDEGs, senescence-related differentially expressed genes.



A total of 364 DEGs were identified using the “limma” package with P < 0.05, of which 210 were downregulated and 154 were upregulated. The volcano plots of GSE70362 were shown in Figure 1C. By overlapping the 364 DEGs with 866 SRDEGs, 35 SRDEGs that differed significantly between the IDD and control groups were identified (Figure 1D). The gene expression patterns of 35 SRDEGs were presented in the heatmap (Figure 1E).




3.2 Functional enrichment analysis

GO enrichment analysis showed that 35 SRDEGs were primarily enriched in biological process, including nitric oxide biosynthetic process, nitric oxide metabolic process, reactive nitrogen species metabolic process, response to nutrient levels, regulation of neuron death, positive regulation of muscle cell apoptotic process, response to ketone, regulation of neuron apoptotic process, neuron death, and positive regulation of myoblast differentiation. In molecular function, these genes were mainly enriched in insulin-like growth factor binding, and insulin-like growth factor I binding (Figure 2A; Supplementary Table S2). KEGG enrichment analysis showed that 35 SRDEGs were significantly activated in the cellular senescence, chemical carcinogenesis - reactive oxygen species, and p53 signaling pathway (Figure 2B; Supplementary Table S3).




Figure 2 | Functional enrichment analysis and construction of PPI network. (A) GO enrichment analysis of 35 SRDEGs; (B) KEGG pathway enrichment analyses of SRDEGs; (C) PPI network construction of 35 SRDEGs; (D) The top 10 SRDEGs using MCC analysis; (E) Correlation of SRDEGs. PPI, protein-protein interaction; SRDEGs, senescence-related differentially expressed genes; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes. *represents P < 0.05, **represents P < 0.01, ***represents P < 0.001.






3.3 PPI network construction

The PPI network analysis was performed based on the STRING database and visualized by Cytoscape software (Figure 2C). Then the top ten hub SRDEGs were determined based on the PPI score, including CCND1, ATF3, IGFBP3, GDF15, MAP3K5, TXNIP, RASSF1, AGT, SOD2, and NQO1, as shown in Figure 2D. Among these hub SRDEGs, ATF3, AGT, and RASSF1 were downregulated in IDD, and the rest seven genes were obviously upregulated. Then, Pearson correlation analysis was performed to evaluate the relationships among these hub SRDEGs (Figure 2E). The most negatively related pair was MAP3K5-AGT (r= -0.80 and P < 0.01), and the most positively related pairs were NQO1-IGFBP3 (r= 0.73 and P < 0.001) and IGFBP3-CCND1 (r= 0.69 and P < 0.001).




3.4 Consensus cluster analysis

Using an unsupervised consensus clustering technique, 23 samples were classified based on the expression of top ten hub SRDEGs. The consensus matrix analysis revealed that k=2 was the ideal choice (Figures 3A–C). Cluster 1 contained 13 samples and Cluster 2 contained 10 samples. The tSNE analysis revealed a distinction between the two clusters (Figure 3D). The expression level of CCND1, GDF15, IGFBP3, and NQO1 was significantly higher in Cluster 1 than those in Cluster 2, whereas the expression level of ATF3 and RASSF1 was higher in Cluster 2 than that in Cluster 1 (Figure 3E). A total of 573 DEGs were identified between Cluster 1 and Cluster 2. The volcano plots were shown in Figure 3F. The result of GO enrichment analysis showed that Cluster 1 mainly enriched in biological process, such as extracellular matrix organization, extracellular structure organization, and cell component, such as collagen-containing extracellular matrix, endoplasmic reticulum lumen, as well as molecular function such as insulin-like growth factor binding, fibronectin binding. (Figure 3G; Supplementary Table S4).




Figure 3 | Consensus cluster analysis. (A) Consensus matrix when k=2; (B) Representative CDF curves; (C) CDF delta area curves when k was ranged 2 to 8; (D) tSNE analysis of two clusters; (E) Hub SRDEGs expression between two clusters; (F) Volcano map of DEGs between two clusters; (G) GO enrichment analysis between two clusters. CDF, cumulative distribution function; tSNE, t-distributed stochastic neighbor embedding; DEGs, differentially expressed genes; SRDEGs, senescence-related differentially expressed genes; GO, Gene Ontology. *represents P < 0.05, **represents P < 0.01, ***represents P < 0.001.






3.5 WGCNA analysis

To further precisely excavate key genes associated with senescent clusters, a gene co-expression network using the WGCNA algorithm was constructed. The sample hierarchical cluster analysis results showed good clustering among the samples, with no significant outliers (Figure 4A). The soft threshold was set to 9 to satisfy the scale-free topology of the network, where the corresponding R2 was 0.85 and the average connectivity was high (Figure 4B). A gene hierarchy clustering dendrogram was constructed by gene correlation, and a total of 20 gene modules were identified (Figure 4C). The blue module, containing 967 genes, exhibited the strongest correlation with the senescent clusters (Figure 4D). The scatter plot (Figure 4E) showed a strong correlation between GS and MM in the blue module. Finally, 100 module genes were screened out for the subsequent analysis by setting the thresholds of GS > 0.6 and MM > 0.7. Then, eight genes, AKR1B1, ALKBH3, HIPK2, IGFBP3, NQO1, PRKCH, RARB and SAT2, were selected as the cluster genes (Figure 4F).




Figure 4 | WGCNA analysis. (A) The sample dendrogram and feature heat map; (B) Graphs of scale independence, mean connectivity, and scale-free topology; (C) Gene clustering dendrogram with dynamic identification of modules; (D) Module-trait relationships; (E) Scatter plot analysis of blue module, key module genes were screened out in the upper-right area where GS > 0.7 and MM > 0.6; (F) Venn diagram of cluster genes among key module genes, DEGs of clusters and senescence-related genes. WGCNA, weighted gene co-expression network analysis; GS, gene significance; MM, module membership; DEGs, differentially expressed genes.






3.6 Single-gene GSEA and construction of networks

The cluster genes and hub SRDEGs were further intersected to obtain 2 potential biomarkers, IGFBP3 and NQO1 (Figure 5A). Subsequently, single-gene GSEA were performed to explore the biological functions and potential pathways associated with two biomarkers. The top five KEGG pathways, “Ribosome”, “Valine, leucine and isoleucine degradation”, and “Fatty acid biosynthesis” were negatively correlated with IGFBP3. “N-Glycan biosynthesis” and “Protein processing in endoplasmic reticulum” were positively correlated with IGFBP3 (Figure 5B; Supplementary Table S5). For NQO1, “Proteasome”, “Protein processing in endoplasmic reticulum”, “Spinocerebellar ataxia”, “Bacterial invasion of epithelial cells”, and “Nucleocytoplasmic transport” were activated most significantly (Figure 5C; Supplementary Table S6). We also noted that twenty-five pathways were correlated with both potential biomarkers, such as “Necroptosis”, “Alzheimer disease”, “Regulation of actin cytoskeleton”, “TGF-beta signaling pathway” and “Cellular senescence”. Based on the two potential biomarkers, ceRNA and mRNA–TF networks were developed. The ceRNA network included 239 interactions, 86 miRNAs, and 89 lncRNAs (Figure 5D; Supplementary Table S7). The mRNA-TF network included 59 interactions and 48 TFs. NQO1 interacted with 26 TFs, while IGFBP3 interacted with 33 TFs (Figure 5E; Supplementary Table S8).




Figure 5 | Single-gene GSEA and construction of ceRNA and mRNA–TF networks. (A) Venn diagram of overlapping genes between hub SRDEGs and module genes; (B) single-gene GSEA of IGFBP3; (C) single-gene GSEA of NQO1; (D) ceRNA network; (E) mRNA–TF network. GSEA, gene set enrichment analysis; TF, transcription factor; SRDEGs, senescence-related differentially expressed genes.






3.7 Immune infiltration analysis

The results of the CIBERSORT analysis showed that the level of Follicular T helper (Tfh) cells in the Cluster 1 was significantly higher than that in the Cluster 2 (Figures 6A, C). Also, IDD group had more activated dendritic cells and less M2 macrophages than the control group (Figures 6B, D). The interaction between immune cells was visualized in Figure 6E. The results demonstrated that memory B cells had a significant negative correlation with plasma cells, while they had a significant positive correlation with Eosinophils. Regulatory T cells (Tregs) had a significant negative correlation with TFH cells but a significant positive correlation with resting mast cells. Activated NK cells had a significant negative correlation with activated mast cells but a significant positive correlation with monocytes.




Figure 6 | Immune infiltration analysis. (A) Accumulation diagram of immune cell content between Cluster 1 and Cluster 2; (B) Accumulation diagram of immune cell content between IDD and control samples; (C) Histogram of the content of immune cells in Cluster 1 and Cluster 2; (D) Histogram of the content of immune cells in IDD and control samples; (E) Correlation of immune cells; (F) Correlation between two potential biomarkers and immune cells. IDD, intervertebral disc degeneration. *represents P < 0.05, **represents P < 0.01, ***represents P < 0.001.



Pearson correlation analysis was applied to examine the relationship between the two potential biomarkers and infiltrating immune cells. The results indicated that both NQO1 and IGFBP3 had a significant negative correlation with memory B cells, M2 macrophages, resting NK cells, and Eosinophils, while they had a significant positive correlation with M0 Macrophages, plasma cells, Gammadelta T cells (γδ T cells), and Tfh cells (Figure 6F). Additionally, IGFBP3 had a significant negative correlation with resting memory CD4+ T cells.




3.8 External validation

To verify the expression of potential biomarkers, the differential expression analyses were further performed in the GSE112216, GSE114169, and GSE150408 datasets. In the GSE112216 dataset, the expression level of IGFBP3 and NQO1 in the degenerative NPCs was decreased significantly after cocultured with ASCs (Figure 7A). Similarly, in the GSE114169 dataset, neurotropin treatment inhibited the expression of IGFBP3 and NQO1, but the differences did not reach a significant level (Figure 7B). We also found that IGFBP3 was differentially expressed in the peripheral blood of patients with lumbar disc herniation compared with that of healthy controls (Figure 7C). Then, 6 human NP tissues including 3 from patients with discs of Pfirrmann level II and 3
from patients with degenerated discs of level IV were collected (Supplementary Table S9). The result of qPCR showed that expression level of NQO1 and IGFBP3 in the degenerated group was significantly higher than those in the control group (Figure 7D). The immunohistochemistry also indicated a significant increase in the expression level of NQO1 and IGFBP3 in the NP tissues of IDD (Figures 7E, F).




Figure 7 | External validation. (A) mRNA expression levels of NQO1 and IGFBP3 between ASCs and control groups in the GSE112216 dataset; (B) mRNA expression levels of NQO1 and IGFBP3 between neurotropin and control groups in the GSE114169 dataset; (C) mRNA expression levels of NQO1 and IGFBP3 between IDD and control groups in the GSE150408 dataset; (D) mRNA expression levels of NQO1 and IGFBP3 between IDD and control samples; (E) Immunohistochemical staining of IGFBP3 and histograms of quantitative immunohistochemical staining results; (F) Immunohistochemical staining of NQO1 and histograms of quantitative immunohistochemical staining results. ASCs, adipose-derived mesenchymal stem cells; IDD, intervertebral disc degeneration. *represents P < 0.05, **represents P < 0.01, ***represents P < 0.001.







4 Discussion

IDD is the most common chronic degenerative disease encountered in orthopedic clinics, among which the most common affected site is the lumbar spine. Despite years of efforts and attempts, the mechanisms of IDD remain controversial and there are no reports confirming that existing treatment measures can prevent or reverse progression of IDD. Clinical evidences suggest a close relationship between cell aging and worse outcomes in IDD patients (16, 17). There are also evidences that IDD is closely related to immune inflammation (2, 12). This provides new ideas and entry points for the treatment of IDD. However, although some biomarkers have been identified in previous studies, there is no focus on the comprehensive investigation of cellular senescence and immune infiltration related to the occurrence and development of IDD. Thus, this study was performed to explore potential SRDEGs of IDD and further investigate their relationship with immune infiltration based on comprehensive analysis.

We screened out the DEGs in IDD according to the public dataset, including 210 downregulated genes and 154 upregulated genes. Then we found that the expression of senescence-related DEGs in IDD group was different from that in control group. We identified 35 SRDEGs, including 16 downregulated SRDEGs and 19 upregulated SRDEGs. These genes were primarily associated with regulation of apoptotic process, metabolic process, and insulin-like growth factor binding. Consistent with this finding, features of cell senescence are frequently described by irreversible proliferation arrest, resistance to apoptosis, and enhanced catabolic metabolism (7, 18). Moreover, these genes were also involved in pathways, such as cellular senescence, p53 signaling pathway, and reactive oxygen species (ROS). Both p53 pathway and ROS play a critical role in aging, and their dysregulation is closely implicated in degenerative NP and could be a leading driving factor for the progress of IDD (19).

Immune cell infiltration analysis showed that the expression level of M2 macrophages was higher in normal group, whereas the expression level of activated dendritic cells was significantly higher in degenerative group. We speculated that this difference in immune cell infiltration may be related to the different IDD progression in the two groups. In the degenerative disc, disruption of ECM barrier and release of specific surface antigens from NPCs stimulate the corresponding dendritic cells of the immune system, trigger the process of cell-mediated immunity, and expand tissue damage and systemic inflammation (12). Also, low level of M2 macrophages in the degenerative group suggested that the patients had progressed to the stage of inflammatory circulation. Increasing evidences support that macrophages M1 polarization shows a proinflammatory effect, while M2 state plays an anti-inflammation and remodeling effect in response to injury (20).

Then, we conducted the PPI network analysis to further identify hub genes among these SRDEGs. We determined ten most important hub SRDEGs, as follows: CCND1, ATF3, IGFBP3, GDF15, MAP3K5, TXNIP, RASSF1, AGT, SOD2, and NQO1. To subdivide different characteristics of cell senescence, we attempted to use ten hub genes to perform a consensus cluster analysis on 23 NP samples and finally obtained two clusters, including 13 samples for Cluster 1 and 10 samples for Cluster 2. The expression of CCND1, ATF3, IGFBP3, GDF15, RASSF1, and NQO1 in both clusters was significantly increased or decreased. We investigated biologically related functions of two clusters and found that compared to Cluster 2, Cluster 1 was highly enriched in ECM organization and various metabolic process. These results suggested that Cluster 1 was significantly correlated with enhanced catabolic metabolism of cellular senescence, and Cluster 2 could be thought as a normal cluster.

Similarly, immune cell infiltration analysis also showed that the expression level of Tfh cells was higher in Cluster 1 than Cluster 2. This reflected different immune microenvironments of two clusters. NPCs aging plays a promoting role during IDD occurrence and development. At this stage, senescent NPCs could produce a large amount of pro-inflammatory factors, including IL-6, IL-1β, and TNF-α. These inflammatory chemokines will further recruit immune cells to infiltrate into the intervertebral disc (6, 19). Tfh cells are specialized providers of T cell help to B cells, and are essential for germinal center formation, affinity maturation, and the development of most high-affinity antibodies and memory B cells (21). The production of Tfh cells requires Bcl-6. IL-6, IL-12, and IL-27 activate transcription factors STAT3 or STAT4 to induce Bcl-6 expression and promote Tfh lineage differentiation (21, 22). There is currently no research reporting the role of Tfh cells in IDD. Previous studies have demonstrated that robust regulation of Tfh cell response and subsequent antibody maturation are critical for infection clearance, whereas aberrancy in controlling Tfh immune response is implicated in progression of autoimmune diseases such as systemic lupus erythematosus, arthritis, and type I/II diabetes (22). Therefore, the infiltration of Tfh cells within NP tissues may exacerbate the inflammatory response, and accelerate the aging of NPCs and disc degeneration. Further researches are needed to elucidate the regulatory role of Tfh cells in the process of cellular senescence.

Then, a combination of DEGs and WGCNA method was used to identify 2 potential biomarkers, IGFBP3 and NQO1. Subsequent single-gene GSEA analysis confirmed that these two genes significantly correlated with cell senescence, apoptosis, and some neurodegenerative diseases. The external validation also confirmed that the expression level of two genes significantly decreased in the NPCs of degenerative intervertebral disc after cellular or drug treatment. Meanwhile, we also found a significant increase in the expression of IGFBP3 in the peripheral blood of lumbar disc herniation patients compared to normal individuals. Also, immune infiltration analysis also found that these two genes were significantly correlated with various immune infiltration cells such as T cells, macrophages, and B cells. The above results indicated that cellular senescence and immune infiltration were closely related and had a synergistic effect on the progression of IDD, and these two genes may play a key role in the regulatory process.

IGFBP3 (Insulin-like growth factor binding protein 3), one of the six members of the insulin-like growth factor binding protein family, is a key protein in the insulin-like growth factor (IGF) pathway. IGFBP3 can function in an IGF-dependent as well as in an IGF-independent manner. The IGF-dependent roles of IGFBP3 include its endocrine role in the delivery of IGFs from the site of synthesis to the target cells that possess IGF receptors and the activation of associated downstream signaling (23). IGF-independent roles of IGFBP3 include its interactions with proteins of ECM and plasma membrane, and its translocation through plasma membrane into cytoplasm and nucleus (24). IGFBP3 is a well-documented inhibitor of cell growth and/or promoter of apoptosis in several cell types, primarily through the attenuation of IGF pathway (25). Also, these bioactivities can occur in the IGF-independent pathways. Evidences suggest an interaction between IGFBP3 and TGF-β signaling pathways. It has been demonstrated that growth inhibitory signal of IGFBP3 may require an active TGF-β signaling pathway and implicate Smad 2/3 in its signal transduction (24). Furthermore, IGFBP3 has been proposed as a functional ligand for TGF-β receptor V, which is characterized to inhibit cell growth (23).

Kim et al (26). suggested a potential role of IGFBP3 in the senescence of human umbilical vein endothelial cells, as downregulation of IGFBP3 by siRNA rescued the growth arrested induced by p53 overexpression. Moreover, an inverse correlation with Foxo3a activity was identified when overexpression of IGFBP3 accelerated senescence. Foxo3a belongs to the family of Forkhead transcription factors that appear to transcriptionally up-regulate antioxidant defenses, including superoxide dismutase and catalase. Foxo3a protein levels were increased in aged cells following IGFBP3 knockdown. Downregulation of Foxo3a is known to accelerate senescence in human dermal fibroblasts, suggesting a possible relationship between IGFBP3 and Foxo3a. However, the role of IGFBP3 in regulating IDD and NPCs aging is still unclear. Considering that IGFBP3 is one of the most highly expressed IGF binding proteins, and its role in regulating cell senescence has been demonstrated in certain cell types, we speculate that IGFBP3 may play a crucial role in regulating inflammation, immune response, oxidative stress, and cell senescence within the intervertebral disc. Therefore, in the upcoming research, we aim to delve deeper into the role and regulatory mechanisms of IGFBP3.

NQO1 (NAD(P)H:quinone oxidoreductase 1) is a cytosolic reductase that plays an important role in cellular responses to oxidative stress. NQO1 protects cells against various cytotoxic quinones and oxidative stress, and catalyzes reduction and detoxification of quinone substrates, thereby preventing cytotoxic effects of carcinogens (27). As a crucial anti-oxidative enzyme, NQO1 is likely to play a significant role in the intervertebral disc because oxidative stress contributes to the progress of IDD. Previous studies have reported that NQO1 declines with aging, providing less efficient protection against oxidative stress at many levels (28). Overexpression of a quinone reductase homolog in yeast extends both chronological and replicative lifespan (29). A recent high throughput anti-aging drug screen identified 2 compounds from more than 2600 screened, both of which affected pyridine nucleotide redox ratios and one of these compounds functioned via NQO1 catalysis (30, 31).

NQO1 also plays an important role in cancer. Numerous human cancers express 5- to 200-fold higher levels of NQO1 than their healthy tissue counterparts (32). Liu et al (33). reported that expression of NQO1was induced during oncogene-induced senescence (OIS). Depletion of NQO1 resulted in the delayed onset of senescence, while ectopic expression of NQO1 enhanced the senescence phenotype. Analysis of the mechanism underlying the up-regulation of NQO1 expression during senescence identified that NQO1 promoted p53 accumulation in an MDM2 and ubiquitin independent manner, which reinforced the cellular senescence phenotype. They also demonstrated that NRF2/KEAP1 signaling regulated NQO1 expression during OIS. Depletion of NQO1 facilitated cell transformation and tumorigenesis, which indicated that NQO1 took part in the senescence barrier and had anti-oncogenic properties in cell transformation (33). However, involvement and function of NQO1in IDD are less well understood than its role in cancer. From the above studies, we can see that NQO1 may have different roles in different cells and microenvironments. We believe that NQO1 may protect NPCs from apoptosis and other phenotypes by alleviating oxidative stress damage, but whether this protective effect can delay aging is still unknown.

This study has several limitations. First, patients with lumbar degenerative diseases often have severe IDD, making it easy to collect these disc tissues during surgery. However, for healthy patients with no disc degeneration or mild degeneration, doctors cannot obtain disc tissue. This factor results in very few normal intervertebral disc tissues, limiting the sample size of the dataset. Additionally, we found that the sequencing platforms of these datasets are inconsistent, making it impossible to merge the datasets. The limited sample size to some extent reduces the reliability of the results. In the future, we need to continue collecting intervertebral disc tissues from various patients to expand the sample size of the dataset. Second, this study only validated the expression levels of key genes in degenerated NP tissue, but whether these two genes can regulate NPC aging and IDD remains unknown. We speculated that IGFBP3 may have a promoting effect on inflammation, oxidative stress, and cellular senescence within the intervertebral disc. However, given NQO1’s ability to alleviate oxidative stress damage, regulate cell cycle progression, and counteract cell transformation and tumor formation, the increased expression of NQO1 may not be a detrimental factor promoting NPC aging. Therefore, in the upcoming research, we need to validate the impact and regulatory mechanisms of key genes on NPC aging and IDD through in vivo and in vitro studies by knocking down or overexpressing these genes. Finally, there are many factors that contribute to IDD, and the incidence and severity of disc degeneration vary among different populations. In this study, due to the limited sample size of the dataset, we were unable to control for some potential confounding factors. Additionally, the degree of disc degeneration in the degenerated group was not entirely consistent. These factors may have an impact on the expression of senescence-related genes and immune infiltration. If we cannot effectively reduce the impact of these factors, it may significantly decrease the reliability of the results. In the future, as the sample size of the dataset expands, we need to focus on these confounding factors in the analysis process to mitigate their effects.

In summary, senescence-related genes play an important role in regulating the senescence of NPCs, ECM metabolism, and senescence-related secretory phenotype. The senescence of NPCs is closely related to immune infiltration, which can jointly promote the occurrence of IDD. Through a series of bioinformatics analyses, we have identified for the first time that IGFBP3 and NQO1 may play a central role in the regulation of senescence of NPCs and immune infiltration. The findings of this study provide new insights and important evidence for further elucidating the mechanisms of IDD, and also offer new targets for the treatment of IDD.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.





Ethics statement

The studies involving humans were approved by The ethics committee of Affiliated Changzhou Second People’s Hospital of Nanjing Medical University. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants’ legal guardians/next of kin.





Author contributions

MW: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Project administration, Supervision, Validation, Writing – original draft, Writing – review & editing. HW: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Project administration, Supervision, Validation, Writing – original draft, Writing – review & editing. XW: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Project administration, Software, Supervision, Validation, Visualization, Writing – review & editing. YS: Conceptualization, Funding acquisition, Investigation, Methodology, Project administration, Resources, Supervision, Validation, Visualization, Writing – review & editing. DZ: Conceptualization, Funding acquisition, Investigation, Methodology, Project administration, Resources, Supervision, Validation, Visualization, Writing – review & editing. YJ: Conceptualization, Data curation, Funding acquisition, Investigation, Methodology, Project administration, Resources, Supervision, Validation, Visualization, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was supported by the National Natural Science Foundation of China (Grant No. 82160555) and Natural Science Foundation of Xinjiang Uygur Autonomous Region (Grant No. 2022D01A317).




Acknowledgments

We thank Dr. Jianming Zeng (University of Macau), and all the members of his bioinformatics team, biotrainee, for generously sharing their experience and codes.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1439976/full#supplementary-material




References

1. Wong, CK, Mak, RY, Kwok, TS, Tsang, JS, Leung, MY, Funabashi, M, et al. Prevalence, incidence, and factors associated with non-specific chronic low back pain in community-dwelling older adults aged 60 years and older: A systematic review and meta-analysis. J Pain. (2022) 23:509–34. doi: 10.1016/j.jpain.2021.07.012

2. Liu, XW, Xu, HW, Yi, YY, Zhang, SB, and Wang, SJ. Role of ferroptosis and immune infiltration in intervertebral disc degeneration: novel insights from bioinformatics analyses. Front Cell Dev Biol. (2023) 11:1170758. doi: 10.3389/fcell.2023.1170758

3. Tian, Z, Gao, H, Xia, W, and Lou, Z. S1pr3 suppresses the inflammatory response and extracellular matrix degradation in human nucleus pulposus cells. Exp Ther Med. (2024) 27:265. doi: 10.3892/etm.2024.12553

4. Coryell, PR, Diekman, BO, and Loeser, RF. Mechanisms and therapeutic implications of cellular senescence in osteoarthritis. Nat Rev Rheumatol. (2021) 17:47–57. doi: 10.1038/s41584-020-00533-7

5. Lucas, V, Cavadas, C, and Aveleira, CA. Cellular senescence: from mechanisms to current biomarkers and senotherapies. Pharmacol Rev. (2023) 75:675–713. doi: 10.1124/pharmrev.122.000622

6. Silwal, P, Nguyen-Thai, AM, Mohammad, HA, Wang, Y, Robbins, PD, Lee, JY, et al. Cellular senescence in intervertebral disc aging and degeneration: molecular mechanisms and potential therapeutic opportunities. Biomolecules. (2023) 13(4):686. doi: 10.3390/biom13040686

7. Wang, Y, Cheng, H, Wang, T, Zhang, K, Zhang, Y, and Kang, X. Oxidative stress in intervertebral disc degeneration: molecular mechanisms, pathogenesis and treatment. Cell Prolif. (2023) 56:e13448. doi: 10.1111/cpr.13448

8. Zhang, X, Zhang, Z, Zou, X, Wang, Y, Qi, J, Han, S, et al. Unraveling the mechanisms of intervertebral disc degeneration: an exploration of the P38 Mapk signaling pathway. Front Cell Dev Biol. (2023) 11:1324561. doi: 10.3389/fcell.2023.1324561

9. Zhang, L, Pitcher, LE, Yousefzadeh, MJ, Niedernhofer, LJ, Robbins, PD, and Zhu, Y. Cellular senescence: A key therapeutic target in aging and diseases. J Clin Invest. (2022) 132(15):e158450. doi: 10.1172/JCI158450

10. Vergroesen, PP, Kingma, I, Emanuel, KS, Hoogendoorn, RJ, Welting, TJ, van Royen, BJ, et al. Mechanics and biology in intervertebral disc degeneration: A vicious circle. Osteoarthritis Cartilage. (2015) 23:1057–70. doi: 10.1016/j.joca.2015.03.028

11. Gao, Y, Chen, X, Zheng, G, Lin, M, Zhou, H, and Zhang, X. Current status and development direction of immunomodulatory therapy for intervertebral disk degeneration. Front Med (Lausanne). (2023) 10:1289642. doi: 10.3389/fmed.2023.1289642

12. Ye, F, Lyu, FJ, Wang, H, and Zheng, Z. The involvement of immune system in intervertebral disc herniation and degeneration. JOR Spine. (2022) 5:e1196. doi: 10.1002/jsp2.1196

13. Song, C, Zhou, Y, Cheng, K, Liu, F, Cai, W, Zhou, D, et al. Cellular senescence - molecular mechanisms of intervertebral disc degeneration from an immune perspective. BioMed Pharmacother. (2023) 162:114711. doi: 10.1016/j.biopha.2023.114711

14. Pfirrmann, CW, Metzdorf, A, Zanetti, M, Hodler, J, and Boos, N. Magnetic resonance classification of lumbar intervertebral disc degeneration. Spine (Phila Pa 1976). (2001) 26:1873–8. doi: 10.1097/00007632-200109010-00011

15. Shen, Y, Zhao, S, Wang, S, Pan, X, Zhang, Y, Xu, J, et al. S1p/S1pr3 axis promotes aerobic glycolysis by Yap/C-Myc/Pgam1 axis in osteosarcoma. EBioMedicine. (2019) 40:210–23. doi: 10.1016/j.ebiom.2018.12.038

16. Wang, M, Wang, X, Wang, H, Shen, Y, Qiu, Y, Sun, X, et al. Validation of roussouly classification in predicting the occurrence of adjacent segment disease after short-level lumbar fusion surgery. J Orthop Traumatol. (2024) 25:2. doi: 10.1186/s10195-023-00744-0

17. Wang, M, Xu, L, Chen, X, Zhou, Q, Du, C, Yang, B, et al. Optimal reconstruction of sagittal alignment according to global alignment and proportion score can reduce adjacent segment degeneration after lumbar fusion. Spine (Phila Pa 1976). (2021) 46:E257–E66. doi: 10.1097/BRS.0000000000003761

18. Kudlova, N, De Sanctis, JB, and Hajduch, M. Cellular senescence: molecular targets, biomarkers, and senolytic drugs. Int J Mol Sci. (2022) 23(8):4168. doi: 10.3390/ijms23084168

19. Xu, J, Shao, T, Lou, J, Zhang, J, and Xia, C. Aging, cell senescence, the pathogenesis and targeted therapies of intervertebral disc degeneration. Front Pharmacol. (2023) 14:1172920. doi: 10.3389/fphar.2023.1172920

20. Wang, Y, Smith, W, Hao, D, He, B, and Kong, L. M1 and M2 macrophage polarization and potentially therapeutic naturally occurring compounds. Int Immunopharmacol. (2019) 70:459–66. doi: 10.1016/j.intimp.2019.02.050

21. Crotty, S. T follicular helper cell differentiation, function, and roles in disease. Immunity. (2014) 41:529–42. doi: 10.1016/j.immuni.2014.10.004

22. Jogdand, GM, Mohanty, S, and Devadas, S. Regulators of Tfh cell differentiation. Front Immunol. (2016) 7:520. doi: 10.3389/fimmu.2016.00520

23. Varma Shrivastav, S, Bhardwaj, A, Pathak, KA, and Shrivastav, A. Insulin-like growth factor binding protein-3 (Igfbp-3): unraveling the role in mediating Igf-independent effects within the cell. Front Cell Dev Biol. (2020) 8:286. doi: 10.3389/fcell.2020.00286

24. Baxter, RC. Signaling pathways of the insulin-like growth factor binding proteins. Endocr Rev. (2023) 44:753–78. doi: 10.1210/endrev/bnad008

25. Wen, SY, Ali, A, Huang, IC, Liu, JS, Chen, PY, Padma Viswanadha, V, et al. Doxorubicin induced ros-dependent Hif1alpha activation mediates blockage of Igf1r survival signaling by Igfbp3 promotes cardiac apoptosis. Aging (Albany NY). (2023) 15:164–78. doi: 10.18632/aging.204466

26. Kim, KS, Kim, MS, Seu, YB, Chung, HY, Kim, JH, and Kim, JR. Regulation of replicative senescence by insulin-like growth factor-binding protein 3 in human umbilical vein endothelial cells. Aging Cell. (2007) 6:535–45. doi: 10.1111/j.1474-9726.2007.00315.x

27. Oh, ET, Kim, HG, Kim, CH, Lee, J, Kim, C, Lee, JS, et al. Nqo1 regulates cell cycle progression at the G2/M phase. Theranostics. (2023) 13:873–95. doi: 10.7150/thno.77444

28. Zhang, GL, Wang, W, Kang, YX, Xue, Y, Yang, H, Zhou, CM, et al. Chronic testosterone propionate supplement could activated the Nrf2-are pathway in the brain and ameliorated the behaviors of aged rats. Behav Brain Res. (2013) 252:388–95. doi: 10.1016/j.bbr.2013.05.063

29. Jimenez-Hidalgo, M, Santos-Ocana, C, Padilla, S, Villalba, JM, Lopez-Lluch, G, Martin-Montalvo, A, et al. Nqr1 controls lifespan by regulating the promotion of respiratory metabolism in yeast. Aging Cell. (2009) 8:140–51. doi: 10.1111/j.1474-9726.2009.00461.x

30. Vatolin, S, Radivoyevitch, T, and Maciejewski, JP. New drugs for pharmacological extension of replicative life span in normal and progeroid cells. NPJ Aging Mech Dis. (2019) 5:2. doi: 10.1038/s41514-018-0032-4

31. Ross, D, and Siegel, D. The diverse functionality of Nqo1 and its roles in redox control. Redox Biol. (2021) 41:101950. doi: 10.1016/j.redox.2021.101950

32. Tossetta, G, Fantone, S, Goteri, G, Giannubilo, SR, Ciavattini, A, and Marzioni, D. The role of Nqo1 in ovarian cancer. Int J Mol Sci. (2023) 24(9):7839. doi: 10.3390/ijms24097839

33. Liu, K, Jin, B, Wu, C, Yang, J, Zhan, X, Wang, L, et al. Nqo1 stabilizes P53 in response to oncogene-induced senescence. Int J Biol Sci. (2015) 11:762–71. doi: 10.7150/ijbs.11978




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Wang, Wang, Wang, Shen, Zhou and Jiang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-15-1439976-g002.jpg
response to nutrient levels

response to ketone 1

regulation of neuron death

regulation of neuron apoptotic process

reactive nitrogen species metabolic process -
positive regulation of myoblast differentiation 4
positive regulation of muscle cell apoptotic process 4
nitric oxide metabolic process

nitric oxide biosynthetic process -

neuron death

insulin—like growth factor | binding 4

insulin-like growth factor binding

B

Sulfur metabolism

Prolactin signaling pathway

Peroxisome

p53 signaling pathway

Non-small cell lung cancer

Cushing syndrome

Chemical carcinogenesis — reactive oxygen species
Cellular senescence

Bladder cancer

Arginine and proline metabolism

MAP3K5
SOD2
TXNIP
GDF15
NQO1
IGFBP3
CCND1
AGT
RASSF1

ATF3

0.62

0.61

-0.80

GO enrichment

Enrichment Factor

KEGG enrichment

1@
([ ]
©
®
®
L]
L
°
o
5]
20 40 60 80

10 20
Enrichment Factor

1.00

0.35

1.00

0.56

0.52

-0.55 | -0.61

-0.34

-0.35

30

0.44

-0.45

-0.61

-0.43

pvalue

0.020
0.015
0.010

0.005

Count

a A 0O N =

pvalue

0.20
0.15
0.10

0.05

0.69

-0.42

-0.39

-0.51

‘SeEeeP
o 2B 5 2 5®.,

1.00
0.41

1.00

-0.39 0.38

04 06

f“ :
K-
< I
al
¢\l
@\.
¢

>

1.00





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Identification of cellular senescence-related genes and immune cell infiltration characteristics in intervertebral disc degeneration

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Data collection and preprocessing

          



          		

            2.2 Determination of DEGs

          



          		

            2.3 Functional enrichment analysis

          



          		

            2.4 Protein-protein interaction network analysis

          



          		

            2.5 Consensus cluster analysis

          



          		

            2.6 Weighted gene co-expression network analysis

          



          		

            2.7 Single-gene gene set enrichment analysis

          



          		

            2.8 Construction of ceRNA and mRNA–transcription factor networks

          



          		

            2.9 Immune infiltration analysis by CIBERSORT algorithm

          



          		

            2.10 External validation of potential biomarkers expression

          



          		

            2.11 Statistical analyses

          



        



        



        		

          3 Results

        

          		

            3.1 PCA analysis and SRDEGs

          



          		

            3.2 Functional enrichment analysis

          



          		

            3.3 PPI network construction

          



          		

            3.4 Consensus cluster analysis

          



          		

            3.5 WGCNA analysis

          



          		

            3.6 Single-gene GSEA and construction of networks

          



          		

            3.7 Immune infiltration analysis

          



          		

            3.8 External validation

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-15-1439976-g004.jpg
Sample dendrogram and trait heatmap Cluster Dendrogram Module membership vs. gene significance

° cor=0.55, p=1.5e-77
@
o o o
© A o
S @ ®
3 S
R S = =
§ [To) B 1
= 8 Q o ﬁ § © g % @ | cmrrmrrmesmssseliascsar sme sma wms s sm e e e sms A ©
=) © = ®© B~ 9 = Ot ey @
(0] ~— E w0 N O v N
T g o n o N N o © oo N~ |
re) O I il ~ O Wz O |
N 0 I O~~~ NN = O T 8
I 0 ¥ © @S p | T g
S35 83‘%,\@ A O gu&8§§w .| dms Bk Bt Sat ey $® Ame 6 @E SEE e Buk S ES At g NnE rEs 0 S
o (D ~ ~ N~ N D » nw w 'l sws v 3 8&3 %5 &5 ¢ asly 86 8 §5 %5 Fas @ 65 §@ 5 %@ % % 8% % OEARE EmOSEOEE G =]
v w =~ — ~ = - M s <«
™ (D 0 N N [Te) N~ M — (D (D oS a8 | rmziwmz EmE g @& ¥ el sEE iR ERE IRY ERE FEF FEE FER R VR E BB R 9)
N N ~K~ @2 QR o 0 s s D D ®» ©O
=T s Ol 5B B0 o 0 2 ®
22 23 =2 EE®° c 8
Q 0o o 8 % (% % % Module colors
O O O 0
S
Normal D
Module-trait relationships
Degenerative
MEcyan =
Cluster1
MEpurple 02 0.4 06 0.8
Cluster2 MEyeIIow Module Membership in blue module
MElightyellow
MEgreenyellow
B MEmidnightblue F
Scale independence Mean connectivity MElightgreen Senescence genes Cluster DEGs
MEsalmon
o .
N o & MElightcyan
& o
< o MEblue
2 8
29 = MEDblack
T z
% 28 MEmagenta
(9}
(o) v c 0 A 5
s o 5o MEgreen %) 03 o )
g 3 P _
3 o § MEbrown 3 RS o on
o o = o . = =
r S MEturquoise X Y ©3) 03
5 o o MEtan| | @% G o ope
(] o
O N . o =
* MEpink 0% 0% o3 %
$ o 87891012 1416 182022242628 30 M Eg rey60 ‘(81)7 ?(5147) 85232) ‘(8-§)2 —
' ' ' ' |
0 5 10 15 20 25 30 0 5 10 15 20 25 30 MEred 05 RN o5 R
Soft Threshold (power) Soft Threshold (power) MEgrey 0.23 -0.23 -0.31 ?6321) Blue module
3 R N
S S
S & F
S O O
D





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-15-1439976-g006.jpg
1.00 9

0.75

0.50

Estiamted Proportion

0.25

‘b

N
4° & ~ & & & & & < & o & & X3 ¥ $° &
A G A \«” A P I U Al \«” & @ \«*’ <« \«” \«” <«
& & & & & & & & & & & & & & & & & & & & & &
Group . Cluster1 . Cluster2 . B cells memory . Macrophages MO . Monocytes . T cells CD4 memory activated . T cells gamma delta
. B cells naive . Macrophages M1 . Neutrophils . T cells CD4 memory resting - T cells regulatory (Tregs)
Cell Type . Dendritic cells activated . Macrophages M2 . NK cells activated . T cells CD4 naive
. Dendritic cells resting . Mast cells activated . NK cells resting . T cells CD8
. Eosinophils . Mast cells resting . Plasma cells . T cells follicular helper
Group - Cluster1 - Cluster2
04 * ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
.
L]
0.34
<
=)
5
g‘ L
& 024
°
o
T
£
k74
w
014
. °
L
L] ° ° L]
3 o °
.
: : & A
0.04 — =l —Ea N -—rCo
& S > &N (<} o)) @ @2 <) > K% o @ o) ° o
I 5 3 = s £ z z £ s b 2 g S g g
T o o 1 ? 173 S g 17 £ [$] 19 S 173 o o
< = 5] ot o} 19 9 i} 15} © F 15§ o = =
i g = [} [} & 5 £ & g £ S < = 3] 5]
& £ > I <4 © 3 @ > 3 & S 2 @ @
3 5 S s s 3 2 i g 2 Kef ) = 2 ) )
= S & L I 8 a g s 2 o
= X (5}
< 2 ) 8 g = £ @ bl & & =
2 8 o = = g E = =4 T
8 - 2 8 2 o
~ 8 2 3
~ o
S
~
D
=
mn @
=) o b
2 = 3 2
[oN ©
~ 5 3 2 © =
> 8] E B c < 9% o 3 o
> ] o = o S [ — = =1 £
&= = c = ) [ © @ =
<] © = 0 € B L = £ 0 > 7]
2 = O = = [] [0} = o
£ %) E @ o < © 0] 0 =2 L
e o) [o)] 0 o &2 £ o)) ) 3]
(9] = 2 £ ] = [a)] K] o = E ] © O S
= a = »o § & ©O T =2 £ o) s & B 2 73
(/] o (72} o] o) o » o = [} » o o o] o
= c = b o = = o o = — £ = o o -
Q =z o} 5] = ] 7] c 0] [} 7] G c 7}
o o O X © 0] (3] © [0} (3} o © © o ¥ ©
m W - Z = Z - =2 0O - + o = = =z =
B cells memory e S () © O @ © O

©

T cells regulatory (Tregs)
NK cells resting
Macrophages M2
Neutrophils

T cells CD4 memory resting

Mast cells activated

Dendritic cells activated

T cells follicular helper | Q ® o

T cells gamma delta

Plasma cells

Macrophages MO

©
©
Monocytes | ()

NK cells activated

Mast cells resting

1.00
0.751
c
K]
h=
o
Q
o
a
<5 050
L
£
8
7]
L
0.25
0.00
S S N uid 9 & & & > & s U
& & &b & & & F L @3‘ & & & & @9 & & &5 & LS
s@@@“@“@“\&“&&&@“&&&S@&&@“@&&
& & & & & & & & & & & & & & & & & & & & & &
Group . Normal . Degenerative . B cells memory . Macrophages MO . Monocytes . T cells CD4 memory activated . T cells gamma delta
. B cells naive . Macrophages M1 - Neutrophils . T cells CD4 memory resting . T cells regulatory (Tregs)
Cell Type . Dendritic cells activated . Macrophages M2 . NK cells activated . T cells CD4 naive
. Dendritic cells resting . Mast cells activated . NK cells resting . T cells CD8
- Eosinophils . Mast cells resting . Plasma cells . T cells follicular helper
Group HE Normal ES Degenerative
0.4 * * ns ns ns ns ns ns ns ns ns ns ns ns ns ns
L]
0.3
c
S
g
9 °
o 02
°
]
©
£ °
%
w
0.1
° o
.
°
° 3 o P
e L]
. ‘ ° o
e °
00 _i | K3 _s L —1* i-
By 2 &z F § £ g 8 2 2 § 3 £ §® 3}
o » °© T o > S b7 o @ 17 S o S 19 £
= 4 = £ = S I o g 4 4 @ & e 5 2
8 g £ & 8 s 5 = 5 ° ° 5 N 3 8 £
< = (5} S < 5 3 @ g o) 2]
° 3 5 3 @ = = S s g g < S @ 2 5
3 S S s 3 5 S = g a = I 8
S S %: 3 S ) S 173 X S S
© 5] =2 = x £ ] 1] Z [ % o
= S 8 2 = < = = 2 I}
g - 8 8 2 =
) ~ o
[s] ol :
o
¢
Macrophages MO
0.4
Plasma cells
T 0.2
1 cells gamma delta
T cells follicular helper 0
0.8
Mast cells resting -0.2
06 ‘ Mast cells activated
-0.4
NK cells activated
0.4
Neutrophils
0.2
T cells regulatory (Tregs)
0 Monocytes
B cells memory
-0.2
Macrophages M2
-0.4 NK cells resting
Eosinophils
-0.6
T cells CD4 memory resting
-0.8

Dendritic cells activated






OEBPS/Images/fimmu-15-1439976-g003.jpg
—log10(P.Value)

100

50

-100

-100

consensus matrix k=2

-50 0

Y1

1.0

50

consensus CDF

@

<
<}

©
o

consensus index

0.8

1.0

0.5

04

0.2
|

0.1

relative change in area under CDF curve
0.3

Delta area

*%*

*%

Expression

change
» down
stable

O up

12.54

10.0

5.04

2.51 *

* *kk

*k*k *

. ﬁ. *ﬁ

AGT ATF3 CCND1

G

unsaturated fatty acid metabolic process
prostanoid metabolic process

prostaglandin metabolic process |
acting on the CH-OH group of donors, NAD or NADP as acceptor
oxidoreductase activity, acting on CH-OH group of donors

NADP metabolic process |

NADP-retinol dehydrogenase activity{
low—density lipoprotein particle receptor activity |

isoprenoid metabolic process

insulin—like growth factor | binding {

insulin—like growth factor binding
icosanoid metabolic process
growth factor binding

fibronectin binding

extracellular structure organization
extracellular matrix organization
extracellular matrix binding
external encapsulating structure organization
endoplasmic reticulum lumen
diterpenoid metabolic process
cytokine binding

collagen—containing extracellular matrix-{
apical dendrite

GDF15

IGFBP3

MAP3K5

RASSF1

TXNIP

NQO1 SOD2
GO enrichment
(<]
[ ]
[ ]
i)
[ |
[ ]
@
[ ]
o
|
°
®
-
®
A
[ ]
=]
A
16 2'0

Enrichment Factor

p value
0.04

0.03
0.02
0.01

Count
® 5
@ 10
@ 5

Ontology
e BP
A CC
= MF





OEBPS/Images/fimmu-15-1439976-g001.jpg
Dim2 (11.2%)

Dim2 (10.9%)

150 =

100 =

50~

o

-50=

-100=

100=

o

-100=

.
-100

'
-100

Dim1 (13.6%)

0

Dim1 (14.1%)

.
100

'
100

DIRAS3

IGFBP1 0
NTN4

RARB

SOX4

MAP3K5

INPP4B -2
SOD2

PIR

PRMT6

ASPH

HIPK2 Group
IGEBP3 l Normal
NQO1 Degenerative
CRISPLD2

TGFBI

HOPX

KRT19

RASSF1

CKB

ATF3

ARG2

' PRKD1

AGT

LAYN

SERPINB2

MT1G

FOXQ1

PMVK

SELENBP1

-log10(P.Value)

-3

DEGs Senescence






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu.2024.1439976_cover.jpg
& frontiers | Frontiers in Immunology

Identification of cellular senescence-related
genes and immune cell infiltration
characteristics in intervertebral disc
degeneration





OEBPS/Images/fimmu-15-1439976-g005.jpg
Running Enrichment Score

Ranked List Metric

Running Enrichment Score

Ranked List Metric

Hub SRDEGs Module genes

NQO1&IGFBP3

=== Fatty acid biosynthesis

== N-Glycan biosynthesis

mmm  Protein processing in endoplasmic reticulum
mm Ribosome

=== Valine, leucine and isoleucine degradation

|rllllllll |II||IHI||I| I||I \‘Wlllll!ll}ll}rllllll|||||I|WIIIII |lrllll I||I|I|:|| leh’{ll’l ||I|I||||||| |I | |I‘llllll "””H”Illl)IIlllll

"llflll’"'h | NN ’III‘II Illlll | | || IIIII| : lll \llll| “ IIII IIIHI (I

1.0

00000

m=m Bacterial invasion of epithelial cells

== Nucleocytoplasmic transport

mmm  Proteasome

e
|
|

e AR AP YA

0.5

0000000000






OEBPS/Images/fimmu-15-1439976-g007.jpg
8.5

Expression

.
o

7.5

IDD

Control

IGFBP3

NQO1

IGFBP3

Group

B3 Control

B3 ASCs

ssion

Expre

Group IS
B3 Control g
b B3 Neurotropin
IGFBP3 NQO1
IGFBP3
15
*%*

o
<) =
o~
© 10 T
o
©
QO
2
.g 5
o £

c

(@)

(&)

0

Control IDD

IGFBP3

NQO1

NQO1

Group

B3 Control
B3 IDD

Relative mRNA expression

(fold change)

()]

NN

w

Positive area(%)
N

—

*%k%

*%k%k

IGFBP3 NQO1

NQO1

Control

IDD

mm Control
IDD





