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Glioma is the most common malignancy of the central nervous system. Although advances in surgical resection, adjuvant radiotherapy, and chemotherapy have been achieved in the last decades, the prognosis of gliomas is still dismal. COL5A1 is one of the collagen members with minor content but prominent functions. The present study examined the biological functions, prognostic value, and gene-associated tumor-infiltrating immune cells of COL5A1 through experiments and bioinformatics analysis. We found that the overexpression of COL5A1 was positively correlated with the increasing tumor malignancies and indicated poor prognosis in gliomas. Moreover, downregulation of COL5A1 could inhibit proliferation and migration of glioma cells and enhance their temozolomide sensitivities in vitro. Further bioinformatic analysis revealed that COL5A1 and its co-expressed genes participated in a number of pathways and biological processes involved in glioma progression. Finally, we evaluated the tumor-infiltrating immune cells of gliomas depending on COL5A1 and found that the percentages of the dendritic cells, which were known as the central mediator of tumor microenvironment in gliomas, were positively associated with the expression levels of COL5A1. Taken together, COL5A1 is an important biomarker and potential therapeutic target of gliomas.
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Introduction

Glioma is the most common malignancy in the brain, accounting for more than 70% malignancies of the entire central nervous system (1). Although surgical resection followed by radiotherapy and chemotherapy has become the current standard care for glioma, its prognosis is still dismal, especially for glioblastoma (GBM), of which the 5-year survival rate is less than 5% (2). Due to the characteristics of invasive growth and tumor heterogeneity, complete cure of gliomas is usually impossible. Since a majority of low-grade gliomas, during treatment, convert to higher grades or even evolve in secondary GBMs, tumor progression is a thorny problem in the treatment of gliomas. Temozolomide (TMZ) is an oral antitumor drug approved by the US Food and Drug Administration (FDA) for the treatment of glioma. As a DNA-alkylating agent, TMZ is known to induce cell-cycle arrest at the G2/M phase and eventually lead to apoptosis (3). Unfortunately, at least 50% of gliomas do not respond to TMZ, of which some patients are intrinsically positive for resistance-related genes, such as p53 mutation, homeostatic iron regulator (HFE) mutation, and O6-methylguanine-DNA alkyltransferase (MGMT) promoter unmethylation; the others acquire the resistance after TMZ administration (4). Therefore, it is crucial to pursuing new targets of gliomas concerning tumor progression and TMZ chemoresistance for improving prognosis of gliomas.

Collagen type V alpha 1 chain (COL5A1), located at the long (q) arm of chromosome 9, encodes collagen type V, which may be a structurally minor player but functionally prominent in the collagen hierarchy (5). Collagen type V plays an important role in regulating fiber diameter and assembly of collagen fibers (6). COL5A1 was reported to promote proliferation and metastasis of multiple tumors, such as lung cancer, gastric cancer, breast cancer, and renal cell carcinoma (7–10). Moreover, a previous study found that the overexpression of COL5A1 was correlated with tumor-infiltrating immune cells (TIICs) and enhanced the paclitaxel resistance in ovarian cancer (11). However, the biological functions of COL5A1 in gliomas are still unclear.

In the present study, we investigated the expression levels of COL5A1 in gliomas with different grades or pathological types based on public data and clinical samples. Then, the prognostic value, co-expressed gene cluster and involved pathways, biological processes, and associated tumor-infiltrating immune cells in respect of COL5A1 were explored via bioinformatic analysis. Furthermore, cell experiments were conducted to examine the effects of downregulating COL5A1 in glioma cells on cell phenotypes such as proliferation, migration, and chemoresistance to TMZ.



Material and Methods


Cell Culture and Transfection

Human glioma cell lines of U87 and U251, purchased from the American Type Culture Collection (ATCC, Gaithersburg, MD, USA), were cultured in DMEM medium containing 10% fetal bovine serum and 1% penicillin and streptomycin in an incubator at 37°C with 5% CO2. The specific COL5A1 small interfering RNA (si-COL5A1, 5′-CGAGGGUGAGACCUAUUACUA-3′) and non-specific control siRNA (NC, 5′-UUCUCCGAACGUGUCACGUUU-3′) were synthesized by Wuhan Gene Create Corporation and transfected according to the manufacturer’s instructions. Three groups of glioma cells were included in this study, of which the blank group referred to cells not transfected, while the non-specific control (NC) and si-COL5A1 groups represented glioma cells transfected with non-specific control siRNA and si-COL5A1, respectively.



RNA Extraction and Real-Time Polymerase Chain Reaction

Total RNA of cells was isolated with TRIzol reagent (15596-026, Ambion). After lysing for 5 min, trichloromethane was added into the mixed solution. Then, the supernatant was mixed with isopropyl alcohol and centrifuged for 10 min at 12,000 rpm and 4°C. Following washing with 75% alcohol for twice, the precipitated RNA was dissolved by DEPC-water and stored at -4°C. Reverse transcription was performed, and the synthesized cDNAs were amplified and quantified using the QuantStudio 6 PCR system (ABI). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control. The primer sequences are listed as follows: GAPDH, forward, 5′-GGAAGCTTGTCATCAATGGAAATC-3′, reverse, 5′-TGATGACCCTTTTGGCTCCC-3′, COL5A1, forward, 5′-AGATGGCAAGTGGCACAGAAT-3′, reverse, 5′-GGTGGTCCGAGACAAAGAGC-3′. Calculation and quantification of gene expression were based on the 2- ΔΔCt method.



Protein Extraction and Western Blot Analysis

The proteins were isolated by RIPA lysis buffer (Beyotime, P0013B), and the concentrations were determined by the BCA detection kit (Beyotime, P0010). About 30 μg proteins was loaded and electrophoresed onto 8% SDS polyacrylamide gel (GE Healthcare Bioscience, 30166428) and then transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, IPVH00010). The membranes were blocked with 5% non-fat milk for 60 min at 37°C and were then incubated with primary antibodies (COL5A1, 1:1,000, Abcepta, AP10487a, β-actin, 1:2,000, Servicebio, GB11001) overnight at 4°C, anti-rabbit secondary antibodies (1:5000, Servicebio, GB1213) at room temperature for 2 h. The detection of signal was conducted using Bryo ECL Kit (Beyotime, P0020) and the measurement of proteins’ expression was done by ImageJ (Version 1.8.0).



Immunohistochemical Staining Analysis

Human glioma tissues were collected from patients that underwent craniotomy in Wuhan Union Hospital. The study was approved by the Ethics Committee of Wuhan Union Hospital, and written informed consent was obtained from these patients. A total of 18 glioma samples, including 6 WHO grade II, 6 grade III, and 6 grade IV, were used in this step. After fixing with 4% paraformaldehyde, embedding in paraffin, and slicing specimens into 5-μm-thick sections, sections were deparaffinized and dehydrated. After antigen retrieval and endogenous peroxidase destruction, sections were incubated with a primary antibody (COL5A1, 1:500) overnight and then incubated with a secondary antibody (1: 50, Beyotime, A0208). Sections were counterstained with hematoxylin after treating horseradish peroxidase and 3,3′-diaminobenzidine. Images were captured by an optical microscope, and ImageJ software was applied to count the targeted positive areas. The percentages of COL5A1-positive staining area were calculated using three different visual fields from each section at a magnification of ×400.



Cell Proliferation and TMZ Sensitivity Detection

Cell Counting Kit-8 (CCK-8, Beyotime, C0038) was used to detect cell proliferation and TMZ sensitivity. After transfection for 48 h, 5,000 cells were seeded in 96-well plates to culture for 24, 48, and 72 h, then 10 μl of CCK-8 reagent was added and the relative numbers of cells were calculated based on absorbance of each well at a wavelength of 450 nm. For the drug sensitivity test of TMZ, a density of 10,000 cells were seeded in 96-well plates to culture for 12 h, then TMZ with gradient concentrations was added and the CCK-8 reagent was added to measure the relative cell concentrations after 48 h.



Colony Formation Assay and Wound Healing Assay

Glioma cells were planted in six-well plates with a density of 1,000 cells per well. After culturing for 1 week, the cells were fixed with 4% paraformaldehyde and stained with 0.5% crystal violet. The numbers of colonies were counted by ImageJ. As for wound healing assay, 5*105 cells were seeded in six-well plates, and a 1,000-μl sterile tip was used to scratch the wound when the cells reached 100% confluency. Then, the serum-free medium was used for subsequent cell culture to exclude the impact of cell proliferation. Pictures were obtained under an optical microscope at 0 and 24 h to calculate the healing percentage of the wound.



Flow Cytometry

In this study, flow cytometry was used to detect cell cycle and apoptosis. For cell-cycle assays, U87 cells from all groups were harvested and washed with PBS three times. Then, 70% ethanol was used to fix the cells at 4°C for 30 min. After incubation with RNase (50 μg/ml) at 37°C for 30 min, cells were stained with propidium iodide (PI) (Sigma, P4170) in the dark and analyzed using a flow cytometer (Beckman, CytoFLEX). For apoptosis detection, cells were cultured with complete medium containing TMZ (50 μg/ml) for 48 h and then examined with Annexin V-FITC/PI detection kit (Elabscience, E-CK-A211) according to the manufacturer’s instruction. The % apoptosis was the sum of Annexin V-FITC+/PI- (early apoptosis) and Annexin V-FITC+/PI+ (late apoptosis) cells.



Gene Expression Distribution and Prognostic Analysis Based on Samples From the CGGA and TCGA Databases

The RNA-seq data and clinical information of glioma samples were retrieved from The Cancer Genome Atlas (TCGA) database (https://xenabrowser.net/datapages/) (12) and Chinese Glioma Genome Atlas (CGGA) database (http://www.cgga.org.cn/download.jsp) (13). The gene expression distribution of COL5A1 among different grades and pathological types was analyzed and displayed by R software (Version 3.6.2) and “ggplot2” package. The prognostic value of COL5A1 was also examined and presented using R software and “survival” package.



Co-Expressed Genes’ Prediction, Protein–Protein Interaction Network’s Construction, and Function Enrichment Analysis

The co-expressed genes of COL5A1 in GBM based on the expression profiles of TCGA GBM datasets were predicted by the LinkedOmics database (http://www.linkedomics.org/login.php) (14). The top 50 positive co-expressed genes and an equal number of negative co-expressed genes were selected for further analysis. The protein–protein interaction (PPI) network co-expressed genes were constructed using String Version 11.0 (https://string-db.org/) with a confidence of 0.7 and presented by Cytoscape (Version 3.6.1). Function annotation of Gene Ontology Biological Process (GO-BP), Gene Ontology Cellular Component (GO-CC), Gene Ontology Molecular Function (GO-MF), and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were performed by means of DAVID Bioinformatics Resources 6.8 (15) and displayed by the “ggplot2” R package.



Gene Set Enrichment Analysis in the GBM Cohort From TCGA

Expression profiles of 173 GBM samples were downloaded from TCGA database. KEGG and hallmark gene sets with different COL5A1 expressions were performed with Gene Set Enrichment Analysis (GSEA) 4.1 (http://www.broadinstitute.org/gsea/).



Immune Infiltration Analysis

Tumor Immune Estimation Resource (TIMER) is a comprehensive database designed for the analysis of immune cell infiltration across different types of cancers (16). We analyzed the relationship between COL5A1 expression and the abundance of six immune infiltrating cells, including B cell, CD8+ T cell, CD4+ T cell, macrophage, neutrophil, and dendritic cell, using the TIMER “gene” module. Then, the influences of the correlated immune cells on prognosis of GBM and LGG were explored in the TIMER “survival” module.



Statistical Analysis

GraphPad Prism (Version 8.4.2) was used to analyze all data that were expressed as the means ± standard deviation (SD). Two-tailed Student’s t test was employed to evaluate the difference between two groups; one-way ANOVA test was used to evaluate differences among three groups, and p < 0.05 was considered significant. All experiments were repeated at least three times, and representative results are shown.




Results


Overexpression of COL5A1 Is Correlated With Higher Tumor Grades and Malignancy Progression of Gliomas

To investigate the expression distributions of COL5A1 among different tumor grades, pathological phenotypes, and tumor progression status, the expression profiles and clinical information of gliomas obtained from the CGGA database were integrated and analyzed. We found that the expression levels of COL5A1 increased along with tumor grades significantly (Figure 1A). Especially in the GBMs (WHO IV), COL5A1 was more highly expressed than the grade II and III gliomas dramatically (p < 0.001). The results of the immunohistochemical analysis based on glioma samples were also consistent with the trend above (Figures 1E–H). As shown in Figure 1B, the recurrent gliomas exhibited higher levels of COL5A1 than the primary ones (p < 0.05). We also evaluated the levels of COL5A1 in gliomas according to their isocitrate dehydrogenase (IDH) mutation and 1p/19q co-deletion status, which served as important molecular markers for identifying glioma subtypes. The results demonstrated that COL5A1 was obviously overexpressed in groups of IDH wild-type and 1p/19q non-co-deletion (p < 0.0001, Figures 1C, D).




Figure 1 | COL5A1 is correlated with multiple malignant features of gliomas. (A) Expression levels of COL5A1 in gliomas of different grades. (B) Expression levels of COL5A1 in primary and recurrent gliomas. (C) Expression levels of COL5A1 in gliomas with IDH mutant and wild types. (D) Expression levels of COL5A1 in gliomas with 1p/19q co-deletion and non-co-deletion. (E–H) Representative images of IHC staining of COL5A1 in different grades glioma tissues and the corresponding % positive area (**p < 0.01; ****p < 0.0001).





Overexpression of COL5A1 Indicates Dismal Prognosis in Gliomas and Correlates With Pathways in Regard to Tumor Progression

In order to explore the prognostic value of COL5A1 in gliomas, expression profiles and clinical information of glioma samples from the CGGA and TCGA databases were retrieved for prognosis analysis. As shown in Figures 2A, B, the overall survivals of patients with lower expression of COL5A1 in the TCGA LGG and TCGA GBM datasets were longer than those of higher groups. Similar trends were observed in CGGA glioma datasets (Figures 2C, D), of which patients were divided into grade II–III and GBM groups. To assess the biological functions of COL5A1 in gliomas, we performed gene set enrichment analysis (GSEA) based on mRNA expression profiles of 173 glioblastomas from the TCGA database. Intriguingly, a high expression of COL5A1 was mainly enriched in the KEGG pathways of the ECM receptor interaction, complement and coagulation cascades, focal adhesion, and glycosaminoglycan biosynthesis keratan sulfate, which were all related to progression or chemoresistance of glioma cells (Figures 2E–H).




Figure 2 | High expression levels of COL5A1 indicates poor prognosis and correlates with KEGG pathways related to tumor progression. (A–D) Survival analysis based on expression levels of COL5A1. (E–H) The top four positive KEGG pathways of GSEA based on COL5A1 (ES, enrichment score; NES, normalized enrichment score; FDR, false discovery rate).





COL5A1 Is Associated With Other Genes Related to Tumor Progression

To further elucidate the biological functions of COL5A1, the function module of LinkedOmics was used to screen genes correlated with COL5A1 based on the expression profiles of TCGA GBM datasets. The heatmaps in Figures 3A, B presented the top 50 genes positively, and an equal number of genes negatively correlated with COL5A1. Genes positively related to COL5A1 included oncogenic genes like FSTL3, CXC chemokine family members (CXCR4, CXCL3), and MMP7. On the other hand, the negatively correlated genes included antitumor genes such as ALDOC, COX7A2, and KLRG1. The PPI networks of the co-expressed genes were constructed and visualized as Figure 3C, which suggested collagen members, such as COL8A1, COL1A1, and COL1A2, were the main connected components with COL5A1. Besides, LUM, P4HA2, PCOLCE, and SERPINH1 were main proteins interacting with the collagen members above. As for the negatively correlated proteins, GRM1, NRXN1, and GAD1 were the hub proteins. Interestingly, the function enrichment analysis of genes co-expressed with COL5A1 concluded a number of significant KEGG pathways and GO categories (p < 0.05) participating in the malignant behavior of proliferation, invasion, and migration in cancers (Figures 3D–G). For instance, the significantly enriched KEGG pathways consisted of ECM–receptor interaction, focal adhesion, protein digestion and absorption, and so on (Figure 3D). The enriched GO BPs included positive regulation of transforming growth factor beta 1 production (GO: 0032914), transforming growth factor beta receptor signaling pathway (GO: 0007179), extracellular matrix organization (GO: 0030198), positive regulation of cell migration (GO: 0030335), and positive regulation of cell proliferation (GO: 0008284) (Figure 3E). Similarly, extracellular matrix (GO: 0031012), collagen trimer (GO: 0005581), actin cytoskeleton (GO: 0015629), extracellular matrix structural constituent (GO: 0005201), and extracellular matrix constituent conferring elasticity (GO: 0030023) were included in the enriched terms of GO CC and GO MF (Figures 3F–G).




Figure 3 | COL5A1 co-expressed genes and function enrichment analysis based on them. (A, B) Heatmaps showing the top 50 genes positively or negatively correlated with COL5A1; red and blue represent positively and negatively associated genes, respectively. (C) The networks of genes positively and negatively correlated with COL5A1. (D–G). Functional enrichment analysis of the selected 100 genes; bubble plots represent significantly enriched terms in KEGG pathways and GO categories (p < 0.05) (BP, biological processes; CC, cell component; MF, molecular functions).





Knockdown of COL5A1 Inhibits Proliferation and Migration and Enhances TMZ Sensitivity of Glioma Cells In Vitro

The specific siRNA (si-COL5A1) was transfected into U87 and U251 cells to knock down COL5A1 expression, and the knockdown efficiency was validated by real-time polymerase chain reaction (RT-PCR) and Western blotting (Figures 4A, B). Figures 4C, D showed that knockdown of COL5A1 inhibited cell proliferation of glioma cells. Especially for U87 cells, the decrease of COL5A1 resulted in a more than three-fold proliferation reduction on the third day of CCK-8 assays (p < 0.001). Moreover, the results of colony formation assay suggested that the long-term proliferation ability was weakened obviously (p < 0.0001) by COL5A1 knockdown (Figures 4E, F). To clarify the mechanism of COL5A1 knockdown inhibiting glioma cell proliferation, we performed flow cytometry and detected the cell cycles of U87 cells with or without siRNA intervention. Compared with the blank and NC groups, higher ratios of G1/G2 were observed in the si-COL5A1 group (p < 0.001, Figures 4G, H), suggesting that decreased COL5A1’s inhibition of tumor proliferation may be through blocking the cell cycle in the G1 phase. We also performed wound healing assays to explore the effect of COL5A1 knockdown on the cell’s migration ability. As presented in Figures 4I, J, the migration abilities of U87 and U251 cells, especially the U87 cells (p < 0.0001), decreased dramatically when COL5A1 was downregulated. In the drug toxicity assays of TMZ (Figures 4K, L), cell viabilities of U87 and U251 in si-COL5A1 groups were all worse than those of the NC groups when exposed to gradient concentrations of TMZ from 100 to 300 μg/ml (p < 0.05), indicating that downregulation of COL5A1 could sensitize glioma cells to temozolomide obviously. We also used flow cytometry to further illustrate the mechanism of TMZ sensitivity enhancement induced by COL5A1 knockdown. After exposure to 50 μg/ml TMZ for 2 days, the percentage of apoptotic cells in the si-COL5A1 group was higher than both of the blank and NC groups (p < 0.01, Figure 4M), suggesting that COL5A1 knockdown may sensitized glioma cells to TMZ via promoting apoptosis.




Figure 4 | Knockdown of COL5A1 inhibits proliferation, migration, and TMZ resistance of glioma cells in vitro. (A, B) The relative expressions of COL5A1 in U251 and U87 cells were analyzed by qRT-PCR and Western blot after transfected with si-COL5A1. (C, D) The proliferation ability was determined using the CCK-8 assay following 3 days of culture. (E, F) The long-term cell viability was evaluated using the colony formation assay. (G, H) The cell-cycle phase of U87 cells was analyzed by flow cytometry. (I, J) Wound healing assay was performed to explore the cell’s migration ability. (K, L) Knockdown of COL5A1 could sensitize glioma cells to temozolomide. (M) Knockdown of COL5A1-sensitized tumor to TMZ chemotherapy by promoting apoptosis (*p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001).





Overexpression of COL5A1 Is Positively Correlated With High Proportions of Tumor-Infiltrating Dendritic Cells in Gliomas

The TIMER database was used to evaluate the relationships between the expression levels of COL5A1 and the abundance of TIICs in gliomas based on the TCGA database. In LGGs, the COL5A1 expression level was positively correlated with all the six kinds of TIICs (partial.cor > 0, p < 0.01, Figure 5A), while in GBMs, its correlations with only B cell (partial.cor < 0, p < 0.001), neutrophil (partial.cor < 0, p < 0.05), and dendritic cell (partial.cor > 0, p < 0.0001) appeared to be significant (Figure 5C). Then, we performed prognosis analysis depending on each kind of TIIC using the TIMER “survival” module. Interestingly, we found that the high levels of the six TIICs all indicated poor prognosis in LGGs (p < 0.01, Figure 5B). However, only high levels of tumor-infiltrating dendritic cells (TIDCs) led to poor prognosis in GBMs (p < 0.01, Figure 5D). The above results demonstrated that (i) overexpression of COL5A1 was positively associated with larger proportions of TIDCs in all grades of gliomas and (ii) a high level of TIDCs indicated poor prognosis in gliomas.




Figure 5 | Analysis of tumor-infiltrating immune cells (TIICs) based on COL5A1. (A, C) The correlation analysis of COL5A1 and TIICs in LGG and GBM. (B, D) Survival analysis based on TIICs in LGG and GBM. (cor, correlation coefficient; partial.cor, partial correlation coefficient).






Discussion

As the most abundant proteins in mammals, collagens are deposited in the extracellular matrix (ECM), contributing to mechanical properties, organization, and shape of tissues (17). During the occurrence and development of cancers, the ECM undergoes structural changes, in which the content and distribution of collagens are modified to coordinate with cancers’ biological properties. Collagens in turn interact with cancer cells via several receptor families and regulate their proliferation, migration, and metastasis (18). COL5A1, considered as a structurally minor player playing important roles in the collagen hierarchy, was reported to promote progression and chemoresistance and affect tumor-infiltrating immune cells in multiple cancers (7–11). In our study, the role of COL5A1 in gliomas was comprehensively explored based on biological experiments and bioinformatics analysis for the first time.

We observed significant differences in the incidence of COL5A1 expression between different grades and different pathologic types of gliomas: (i) high-grade gliomas expressed significantly higher levels of COL5A1 compared with low-grade gliomas; (ii) recurrent gliomas expressed a slightly more amount of COL5A1 than the primary; (iii) IDH wild-type gliomas had a higher COL5A1 expression than the IDH mutation type; and (iv) gliomas with 1p/19q co-deletion expressed lower levels of COL5A1 than the 1p/19q non-co-deletion type. A previous study by Deng et al. revealed that COL5A1 positively correlated with latent transforming growth factor-beta binding protein 1 (LYBP1), and they might work together to promote tumor progression via regulation of extracellular matrix (ECM) in GBM (19). Another study reported that the expression level of COL5A1 in recurrent LGG was significantly higher than the primary LGG (20). IDH mutation and 1p/19q co-deletion are important biomarkers and serve as basis for identifying glioma molecular subtypes (21, 22). IDH wild-type tumors have worse prognosis and thus are regarded as unrecognized glioblastomas (23). According to the 4th edition of the WHO classification, glioblastomas were separated into two major types based on mutations in the IDH 1 or 2 genes, with IDH wild-type glioblastomas accounting for more than 90% of the cases (24). Nevertheless, the 5th edition of the WHO classification updated in 2021 only kept the term of IDH wild-type glioblastoma (22). 1p/19q co-deletion, also known as an important prognostic factor, is associated with increased sensitivity to chemotherapy compared with 1p/19q non-co-deleted tumors (25). Additionally, the survival analysis of this study demonstrated that the high expression level of COL5A1 correlated with poor prognosis of glioma patients. In summary, COL5A1 is overexpressed in gliomas prone to malignant progression and can be used as an important marker of tumor malignancy and poor prognosis.

A number of COL5A1 co-expressed genes mentioned in this study have been studied in gliomas. Follistatin-like protein 1 (FSTL1), as one of the positively correlated genes with COL5A1, was reported to promote TMZ resistance by sequentially regulating DIP2A protein distribution, H3K9 acetylation (H3K9Ac), and MGMT transcription (26). In addition, C–X–C motif chemokine receptor 4 (CXCR4), C–X–C motif ligand 3 (CXCL3), and matrix metallopeptidase 7 (MMP7), also considered as positively correlated genes, were reported as oncogenic genes and facilitate growth, invasion, migration, and chemoresistance in gliomas (27–29). On the other hand, aldolase C (ALDOC) and cytochrome oxidase subunit 7A2 (COX7A2), which were both negatively co-expressed genes of COL5A1, were good prognostic factors of gliomas (30, 31). Furthermore, the PPI networks of the co-expressed genes suggested that collagen members, such as COL8A1, COL1A1, COL1A2, and the like, were the main connected components with COL5A1. Prolyl-4-hydroxylase subunit 2 (P4HA2), as one of the hub genes interacted the collagen members above, was reported to play an important role in tumor proliferation, migration, invasion, and epithelial-to-mesenchymal transition (EMT) in gliomas (32, 33). Another similar hub gene Serpin family H member 1 (SERPINH1), also known as HSP47, was proved to promote GBM stem-like cell survival by modulating tumor microenvironment through TGF-β pathway (34) and enhance glioma angiogenesis through HIF1α-VEGFR2 signaling (35).

In this study, the function enrichment analysis based on COL5A1 and its co-expressed genes concluded a number of significant KEGG pathways and GO categories participating in the malignant behavior of proliferation, invasion, and migration in gliomas. For instance, the ECM receptor interaction pathway is considered to play an important role in glioma progression and correlate with tumor invasion (36, 37). The focal adhesion pathway is also famous as an oncogenic pathway in gliomas (38). Focal adhesion kinase (FAK) was reported to regulate migration and invasion of gliomas in vitro and in vivo (39). Transforming growth factor beta is a classical tumor progression factor in gliomas (40, 41), and its related pathways or biological processes (e.g., GO: 0032914 positive regulation of transforming growth factor beta 1 production, GO: 0007179 transforming growth factor beta receptor signaling pathway) were enriched in our analysis. In general, GO categories related to regulation of ECM stand out among function enrichment analyses, indicating that COL5A1 promotes glioma progression mainly through organization of ECM or activating ECM receptors.

The specific COL5A1 small interfering RNA was used to exploit the therapeutic potential of inhibiting COL5A1 in gliomas. Downregulation of COL5A1 was proved to inhibit proliferation and migration of glioma cells for the first time in our study. The results of flow cytometry in this study demonstrated that decreased COL5A1 improved the percent of glioma cells at the G1 phase. The G1 arrest of tumor cells was the mechanism of many antitumor drugs in gliomas, such as moxidectin, sinomenine, and ampelopsin (42–44). We also found that downregulation of COL5A1 could sensitize glioma cells’ response to TMZ. Since TMZ was reported to cause senescence and apoptosis in glioblastoma (45), we compared the apoptosis ratios of U87 cells exposed to 50 μg/ml TMZ from three groups and found that inhibition of COL5A1 could enhance apoptosis induced by TMZ significantly. These results suggest that COL5A1 may be a potential therapeutic target in gliomas.

Additionally, we evaluated the effect of COL5A1 on the abundance and distribution of TIICs in gliomas. TIICs are part of a complex microenvironment that promotes and/or regulates tumor development and growth (46). It was known that glioma created a profoundly immunosuppressive environment both locally and systemically, which severely restricted the efficacy of immunotherapy (47). Dendritic cells (DCs) have an integral role in influencing the immune response and are the subset of cells in the tumor microenvironment (TME) to which antitumor T cells are attracted, but they may alter their role from being immunostimulatory to immunosuppressive at different stages of cancer progression (48). TIDCs of gliomas are impaired in a variety of ways, which lead these DCs to confer immune suppression rather than immune stimulation at the local TME (49). In our study, the increasing expression of COL5A1 was positively related to more TIDCs in both LGG and GBM. Meanwhile, high amounts of TIDCs indicated worse prognosis in LGG and GBM, implying that COL5A1 may participate in the formation of immunosuppressive TME in gliomas.



Conclusion

COL5A1 is overexpressed in gliomas with more malignant features and plays an oncogenic role in tumor cells’ proliferation, migration, and chemoresistance to TMZ. Given its prognostic value, biological functions, and relationship with tumor-infiltrating immune cells, COL5A1 is a reliable biomarker and potential therapeutic target of gliomas.
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