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Background: Glioblastoma multiforme (GBM) is the most common and invasive primary central nervous system tumor. The prognosis after surgery, radiation and chemotherapy is very poor. Bromodomain (BRD) proteins have been identified in oncogenic rearrangements, and play a key role in the development of multiple cancers. However, the relationship between BET proteins and prognosis of GBM are still worth exploring, and the distinct functions of BET proteins and tumor immunology in GBM have not been fully elucidated. Therefore, it is particularly important to develop effective biomarkers to predict the prognosis of GBM patients.
Methods: Metascape, David, Kaplan-Meier Plotter, Oncomine, GEPIA, TCGA, TIMER, and LinkedOmics databases were used to assess the expression and prognosis for BET proteins in GBM. ROC analysis of risk model was established to identify the correlation between BET genes and overall survival in GBM patients. TIMER and GEPIA databases were used to comprehensively investigate the correlation between BET genes and tumor immune infiltration cells. Moreover, the image of immunohistochemistry staining of BET proteins in normal tissue and tumor tissue were retrived from the HPA database. In addition, differential analysis and pathway enrichment analysis of BRD4 gene expression profile were also carried out. Finally, immune-fluorescence and Western blot were used to clarify the expression of BRD4 in GBM cells.
Results: Bioinformatics analysis showed that the expression levels of BET genes in GBM may play an important role in oncogenesis. Specifically, bioinformatic and immunohistochemistry analysis showed that BRD4 protein was more highly expressed in tumor tissues than that in normal tissues. The high expression of BRD4 was associated with poor prognosis in GBM. The expression of BET genes were closely related to the immune checkpoint in GBM. The correlation effect of BRD4 was significantly higher than other BET genes, which represented negative correlation with immune checkpoint. The expression of BRD4 was positively associated with tumor purity, and negatively associated with immune infiltration abundance of macrophage, neutrophil and CD8+ T-cell, respectively. Cox analysis showed that the model had good survival prediction and prognosis discrimination ability. In addition, the expression levels of BRD4 protein was significantly higher in U-251 MG cells than that in normal cells, which was consistent with the results of bioinformatics data.
Conclusion: This study implied that BRD4 could be hopeful prognostic biomarker in GBM. The increased expression of BRD4 may act as a molecular marker to identify GBM patients with high-risk subgroups. BRD4 may be a valuable prognostic biomarker, and a potential target of precision therapy against GBM.
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INTRODUCTION
Gliomas are the most important tumors in the field of neurooncology. Malignant gliomas account for about 70% of all gliomas, the overall 5-year relative survival rate was almost 32.1% (Lapointe et al., 2018; Barnholtz-Sloan et al., 2018). Glioblastoma multiforme (GBM) is a primary malignant brain tumor. Because these tumors are so malignant, most patients have a poor prognosis after surgery, radiation, and chemotherapy (Wu et al., 2021). GBM is a World Health Organization (WHO) grade IV glioma with the worst prognosis (Wesseling and Capper, 2018). Despite the active treatment efforts and various combination treatment schemes, the prognosis of GBM patients is still very poor. The OS is 10.2 months, and the 5-year survival rate is less than 5% (Gao et al., 2022; Li et al., 2022). GBM is also the big challenges in cancer treatment. Therefore, it is particularly important to understand the molecular mechanism of GBM and develop the appropriate and effective biomarkers or therapeutic targets to predict the prognosis of patients with GBM. Tumour associated macrophages (TAMs) are the largest immune cell population found in GBM, accounting for 30%–40% of tumor cells (Charles et al., 2012). TAMs directly inhibit T-cell function through the surface presentation of PD-L1, which activates PD-1 and CTLA-4, respectively (Niedbała et al., 2022). Immunotherapy is a revolution in cancer treatment (Ballas, 2018). Therefore, the highly immunosuppressive property of GBM microenvironment is a new strategy for developing therapeutic schemes.
Bromodomain and extra-terminal domain (BET) belongs to Bromodomain protein family members mainly including BRD2, BRD3, BRD4 and BRDT. BET protein family is involved in recognition of histone lysine acetylation (Donati et al., 2018; Pervaiz et al., 2018). BET proteins are important epigenetic regulators and transcriptional regulators, which play an important role in cell cycle (Gao et al., 2018). Additionally, BET proteins have been identified in carcinogenic rearrangements, which is a fusion protein leading to high carcinogenicity (Shi and Vakoc, 2014). Meanwhile, a variety of small molecule inhibitors of BET proteins have also been developed, showing great clinical application potential (Ceribelli et al., 2014). BRD4 has attracted attention as a promising anti-cancer drug target due to its strong effect on expression of the transcription factor MYC, which is a well-known pro-oncogenic master regulator and a major driver of wide variety of cancers (Cancer Genome Atlas Research Network, 2011; Cancer Genome Atlas Network, 2012a; Cancer Genome Atlas Network, 2012b; Cancer Genome Atlas Research Network, 2015). BET proteins (especially BRD4) have been shown to be effective in preclinical and clinical trials for lung cancer, breast cancer, leukemia, liver cancer, and multiple myeloma (Donati et al., 2018; Bauer et al., 2021). However, the study on the tolerance and toxicity of BET inhibitors is not comprehensive enough. Phase I drug has certain dose limiting toxicity (Bechter and Schöffski, 2020). The effectiveness of GBM treatment is limited by the blood brain barrier and resistance to single drug (Yang et al., 2021). Although the function of BET proteins have been investigated, the expression profile of BET proteins and the mechanism of BET proteins in GBM are still worth exploring. Furthermore, the unique functions of BET proteins and tumor immunology in GBM have not been fully elucidated.
In this article, first of all the disease-gene association, GO and KEGG pathways enrichment analysis of BET genes were evaluated in Metascape and David database, respectively. In addition, the expression level of BET genes in GBM tumor tissues and adjacent normal tissues was analyzed using the Oncomine and GEPIA database. Kaplan-Meier Plotter tool was used to evaluate the impact of BET mRNA expression on the prognosis of GBM patients. Moreover, TCGA and TIMER database were used to evaluate the immune checkpoints and immune infiltration levels of BET genes expression in GBM patients. ROC analysis of risk model was established to identify the correlation between BET genes and the prognosis in GBM patients. In conclusion, our study systematically described the expression profile of BET in GBM, and revealed the difference of BRD4 expression, which was over-expressed and significantly correlated with the prognosis of GBM patients. BRD4 may be a potentially valuable biomarker for prognosis evaluation of GBM.
MATERIALS AND METHODS
Metascape database analysis
Metascape (http://metascape.org) aims to provide a comprehensive gene list annotation and analysis resource for experimental biologists (Zhou et al., 2019). Metascape integrates multiple authoritative data resources such as GO, KEGG, UniProt and DrugBank, so that it can not only complete pathway enrichment and biological process annotation, but also perform gene-related protein network analysis and related drug analysis. In this study, Metascape was used for pathway analysis and prediction of adjacent genes related to BET proteins.
David database analysis
DAVID 6.8 (https://david.ncifcrf.gov/home.jsp) is a bioinformatics database that integrates biological data and analytical tools to provide systematically integrated annotation information on biological functions for large-scale gene or protein lists. It can be used for differential analysis of genes and enrichment of pathways (Huang et al., 2009). In our study, GO and Reactome pathway enrichment analysis of BET proteins and related neighbor genes were screened out from DAVID database. The GO enrichment analysis included three parts: biological process (BP), cellular component (CC) and molecular function (MF). The Reactome pathway enrichment analysis was used to screen out potential molecular mechanisms.
GEPIA database analysis
GEPIA, the gene expression profiling interactive analysis (http://gepia.cancer-pku.cn), is used to analyze RNA sequencing expression data of tumor and normal samples from TCGA and GTEx projects (Tang et al., 2017). GEPIA can perform single-gene analysis, cancer analysis, and multi-gene analysis. Single-gene analysis included whole body analysis, tumor stage analysis, survival analysis and co-expression analysis. The transcriptional level of BET proteins in GBM and normal tissue were calculated from GEPIA database. The correlation analysis of BRD4 and related genes in tissue on account of the TCGA and GTEx data. The overall survival (OS) or disease free survival (DFS) analysis of BET gene expression was counted by database. The multiple gene analysis can be compared in GEPIA 2 database.
Oncomine database analysis
ONCOMINE (http://www. oncomine.org) is the largest oncogene microarray database and integrated data mining platform (Rhodes et al., 2004). The mRNA expression and DNA copy number of BET proteins family were analyzed by Oncomine database. The Oncomine platform contains 715 datasets and data from 86,733 cancer samples. The following conditions were used for analysis: Gene-BRD4; analysis type - cancer vs normal analysis; cancer type - Brain and CNS Cancer. In the study, two-fold change, p-value = 1E-4 and top 10% gene rank were selected as filter threshold. This analysis selected 11 datasets (2004 samples) which based on a series of Brain and CNS Cancer studies, including 62 datasets (5571 samples).
The cancer genome atlas (TCGA) database analysis
TCGA database (https://portal.gdc.com) includes genome, transcriptome, epigenetic, proteome and other genomics data. The clinical information of GBM patients was downloaded from the database. The expression levels of eight genes were selected to be immune checkpoint, which were CTLA4,CD274,LAG3,SIGLEC15, HAVCR2, TIGIT, PDCD1 and PDCD1LG2. The transcription related to the immune checkpoint and the expression of these 8 genes were analyzed (Ravi et al., 2018; Wang et al., 2019). The above analysis methods and R package were implemented by R foundation.
TIMER database analysis
TIMER database (http://cistrom.shinyapps.io/timer/) uses RNA-Seq expression profiling data to detect the infiltration of immune cells in tumor tissues. TIMER provides the infiltration of 6 types of immune cells (B-cell, CD4+ T-cell, CD8+ T-cell, Neutrphils, Macrophages and Myeloid dendritic cells) (Hoadley et al., 2014; Jin et al., 2021). The relations between BET genes and immune score was investigated with Spearman in TIMER database. The R software ggstatsplot package was used to plot the correlation between gene expression and immune score, and the R software heatmap package was used to plot the correlation between multiple genes. In this study, the “gene” module was used to evaluate the correlation between BET genes expression and immune cell infiltration, and the “SCNA” module was used to compare the level of immune infiltration in GBM with different changes in somatic cell copy numbers.
Correlation of BRD4 and immune infiltration level
An integrated repository portal for tumor-immune system interactions (TISIDB, http://cis.hku.hk/TISID B/index. php) was used to examine tumor and immune system interactions in 28 types of tumor-infiltrating lymphocytes (TILs) across human cancers. The relative abundance of TILs were inferred by using gene set variation analysis (GSVA) based on BRD4 expression.
The receiver operating characteristic analysis
The clinical information of Glioma samples was obtained from TCGA and ICGC database. The least absolute shrinkage and selection operator (LASSO) regression algorithm was used for feature selection, 10-fold cross validation and R software package were used for the above analysis (Zhang et al., 2020). The patients were divided into high-risk group and low-risk group with the median risk score as the critical value. The ROC curve was generated to predict the accuracy of patients’ OS through time-dependent ROC analysis. In the KM curves, hazard ratio (HR) with 95% confidence interval (CI) and p-values were generated by logrank tests.
The prognostic of BRD4 gene on a single sample (Pediatric Brain Tumor- Multiple subtypes, 251 cases) was studied in the ICGC training set, the samples was ranked from high to low expression of this gene, and the prognosis differences of different groups was analyzed. The worse the prognosis of high expression, the better the gene may promote tumor development.
The expression levels and regression coefficients of the five genes were combined using the linear combination method to obtain the risk score formula, as follows: Risk score = [image: image] where Exp was the expression level of each prognostic gene, and β was the regression coefficient.
Development of a nomogram and clinical characteristics analysis
The corresponding clinical information for BET genes were downloaded from the TCGA dataset (https://portal.gdc.com). The nomogram was used to study the influence of genes, clinical factors (such as age, sex, stage, etc.) on the prognosis. First of all, if there was significance in single factor cox regression analysis, which was considered that this variable was related to the prognosis; At the same time, if this variable was also significant in multivariate cox regression analysis, it can be considered as an independent prognostic factor. Univariate and multivariate cox regression analysis were used to identify the proper terms to build the nomogram. The nomogram according to BET gene and clinical characteristics was performed by “rms” package. The forest was used to show the p-value, HR and 95% CI of each variable by “forestplot” R package. The BET expression and the clinical characteristics of GBM were compared with survival status and survival time to determine whether the BET gene expression can be regarded as an independent prognostic factor.
Immunohistochemistry analysis
The Human Protein Atlas (HPA) (https://www.proteinatlas.org) aims to provide 17,268 unique proteins distribution information in different tissues and cells. The pathology part contains the pathological information of mRNA and protein expression data of human cancer, as well as millions of immunohistochemical staining results (Sjostedt et al., 2020). In the study, in order to compare the expression of BET proteins in normal tissues and tumor tissues, immunohistochemical staining images of genes were collected from HPA database. ImageJ software was used for immunohistochemical quantitative analysism, the area, mean density and integrated optical density (IOD) of positive cells was calculated in each group.
LinkedOmics database analysis
LinkedOmics database (http://www.linkedomics.org/login. php) includes multi-omics data and clinical data for 32 cancer types. The database can not only analyze gene expression, but also analyze gene and tumor patients’ prognosis and survival, protein phosphorylation, gene methylation, non-coding RNA related genes and other data. KEGG and Gene Set Enrichment Analysis (GSEA) can also be analyzed (Vasaikar et al., 2018). The LinkFinder module was used to analyze the differential expression of BRD4 related genes in the TCGA GBM cohort (n = 528). GSEA was used to analyze the GO and KEGG pathways.
Immunofluorescence analysis
The principle of immunofluorescence experiment is to label fluorescein on antibody and directly react with the corresponding antigen. The expression of BRD4 in neuroglial cells and U-251 MG cells was analyzed by immunofluorescence staining. The logarithmic growth cells were taken, washed twice with PBS (1000rpm, 5 min) by centrifugation, and the cell sheets were prepared by a cytocentrifugation machine or directly prepared cell smears. Then cells were incubated with an anti-BRD4 (1:200, ab128874, Abcam, Tianjin, China) antibody overnight. Then, the diluted fluorescent secondary antibody (1:1000, ab97023, Abcam, Tianjin, China)was added dropwise and incubated for 1 h. DAPI was added dropwise and incubated in the dark for 5 min, the specimens were stained, and the slides were sealed with a mounting liquid containing an anti-fluorescence quencher, and then the images were collected under a fluorescence microscope (Olympus BX53, Japan). The expression of BRD4 was semi quantitative using the specific fluorescence intensity. The average fluorescence intensity of fluorescence photos taken by laser confocal microscope was detected by ImageJ software. Mean gray value (Mean) = Integrated density (IntDen)/Area.
Western blot analysis
Cells were collected and lysed to extract total protein. After quantification, the same amount of protein was separated by SDS-PAGE electrophoresis, and then the protein was transferred to polyvinylidene fluoride membrane (PVDF). The membranes were blocked in blocking solution for 2 h and incubated with BRD4 (1:1000, ab128874, Abcam, Tianjin, China) primary antibody at 4°Covernight, PBS washed the membranes. Then added secondary antibody (1:5000, ab97023, Abcam, Tianjin, China)and incubated for 2 h at room temperature, developed with ECL luminous color developer. β-Actin was used as internal reference. Gel-pro2020D-I analysis software was used to digitize the gray value of each special band on the picture. The gray value of the target protein/the internal Actin to correct the error, and the result represents the relative content of the target protein. Each assay was performed in triplicate.
Statistical methods
Chi-square test was used to evaluate the correlation between molecular subtypes and routine clinical variables. Benjamin-Hochberg’s FDR was used to correct multiple tests. The log-rank tests was used to evaluate survival scores. These statistics are carried out using R software.
RESULTS
Enrichment analysis of BET proteins functional networks in GBM
The differential expression function and pathway enrichment of BET genes in GBM were analyzed by Metascape and GEPIA databases. Gene list enrichment was identified in the ontology category of DisGeNET. The results indicated that human disease-associated genes might be closely related to medulloblastoma and adenocarcinoma (Figure 1A). Medulloblastoma was a type of central nervous system tumor, which showed a strong association between BET genes and brain tumors. The top 2 GO enrichment items of BET genes focused on biological processes were chromatin organization and chromatin remodeling(Figure 1B). The top 10 related genes of BET were identified through GEPIA dataset (Table 1).
[image: Figure 1]FIGURE 1 | The enrichment analysis of BET genes were predicted by bioinformatics analysis. (A) The top few enriched clusters were identified in DisGeNET ontology categories in Metascape database. (B) The Go enrichment heatmap was plotted with p-value in Metascape database. (C) The Reactome pathway enrichment analysis of BET co-expression genes in David database. The more abundant the gene, the darker the color.
TABLE 1 | The top 10 significant genes correlated with differentially expressed BET genes in GBM (GEPIA).
[image: Table 1]The most highly enriched Reactome pathways were calculated by DAVID 6.8 (Figure 1C). As expected, among the top 10 Reactome pathway: chromatin organization, chromatin modifying enzymes, regulation of TP53 activity, transcriptional regulation by TP53, potential therapeutics for SARS, RUNX3 regulates p14-ARF, positive epigenetic regulation of rRNA expression, gene expression, epigenetic regulation of gene expression, and SUMO E3 ligases SUMOylate target proteins were significantly associated with the tumorigenesis. The pathway of potential therapeutics for SARS, RUNX3 regulates p14-ARF, and SUMO E3 ligases may be involved in the regulation of immune system.
Aberrant expression of BET genes in GBM
The GEPIA dataset was used to compare the BET mRNA expression between tumor and normal tissues. The gene list was inputed in the list, all cancer species were selected, and generated the polygene analysis map. The transcriptional levels of BET (BRD1,BRD2,BRD3, BRD4 and BRDT) were compared between cancer and normal samples in GEPIA database. This feature provided expression matrix plots based on BET genes. The mRNA expression levels of BRD4 was more significantly increased in GBM patients than other types of cancer (Figure 2A).
[image: Figure 2]FIGURE 2 | The transcription levels of BET genes in GBM samples. (A) Multiple gene comparison in different cancer types were generated in GEPIA database. T:Tumor tissues; N: Normal tissues. (B) The transcription level of BET genes in GBM patients. The scatter diagram of expression of BET genes in GBM. (C) The box plot of BET genes expression in GEPIA database (*p < 0.05). (D–H) The copy number of BRD1, BRD2, BRD3, BRD4, BRDT were shown in TCGA Brain 2 cohort, respectively. The p-values, t-Test, fold change, and copy number gain gene rank were based on Oncomine database.
Comparison of BET mRNA expression between GBM tumor and normal tissues in GEPIA database. The results indicated that the expression levels of BRD2, BRD3, BRD4 were higher in GBM tumor tissues than those in normal tissues, and BRDT expression in tumor was lower than that in normal tissues. The expression of BRD4 was more significantly increased in GBM cancer tissues than other gene (Figures 2B,C).
This study preliminarily evaluated the transcriptional level of BET genes in several brain studies of TCGA. The Oncomine data showed that DNA copy number variation (CNV) of BRD4 in GBM tissues was significantly higher than that in normal brain tissue and blood (p ˂ 0.01). The copy number gain gene rank of BRD1,BRD2, BRD3, BRD4 and BRDT was 16,261(in top 87%),9063(in top 49%),9028(in top 48%), 1306(in top 7%) and 7634 (in top 41%), respectively (Figures 2D–H). The over-expression gene rank of BRD1,BRD2, BRD3, BRD4 and BRDT was 6451(in top 52%),4946(in top 40%),5998(in top 48%), 3054(in top 16%) and6196 (in top 50%), respectively (Supplementary Figures S1A–E). Despite fold difference within 2, the gene rank of BRD4 was still in the top 7% based on DNA CNV and in the top 16% based on expression, which was better than that of other BET genes in GBM. Therefore, the expression of BRD4 can be used as a potential diagnostic indicator in GBM.
The prognostic value of BET genes in GBM
The critical efficiency of BET genes were explored in the survival of GBM patients in GEPIA database. The correlation between BET mRNA levels and GBM patient survival was analyzed using the Kaplan-Meier plotting tool. The survival curves for high expression (red) and low expression (blue) of BET genes were plotted in GBM patients. The Kaplan-Meier curve analyses showed that decreased BRD4 mRNA levels were significantly associated with overall survival (OS) and disease-free survival (DFS) in GBM patients (Figure 3; p < 0.01). The GBM patients with low expression of BRD4 predicted better OS and DFS. Therefore, survival analysis showed that decreased BRD4 expression was significantly associated with improved prognosis in GBM patients.
[image: Figure 3]FIGURE 3 | The prognostic value of BET genes in GBM patients from the GEPIA database. The survival curves were plotted using the Kaplan–Meier Plotter. (A) The overall survival rate (OS) of BRD1, BRD2, BRD3 and BRD4 mRNA, respectively. (B)The disease-free survival rate (DFS of BRD1, BRD2, BRD3 and BRD4 mRNA, respectively. (C–F) The effect of BRD1, BRD2, BRD3 and BRD4 expression level on patient survival from UALCAN database, respectively.
Distinct characteristics of immunogenicity of BET genes in GBM
Options for partial correlation conditioned on tumor purity was provided. The expression profiles of 8 immune checkpoint genes critical for immune regulation (CD274, CTLA4, HAVCR2, LAG3, SIGLEC15, TIGIT, PDCD1 and PDCD1LG2) were further examined. The expression of eight genes were significantly higher in GBM and LGG patients compared to normal patients (Figures 4A,B). The results indicated that the expression of BET gene was significantly correlated with immune checkpoint of 153 patients with GBM (Figure 4C). The expression of BRD1, BRD2 and BRD3 were significantly positively correlated with LAG3 (Cor = 0.275, p = 5.98e−04), (Cor = 0.172, p = 3.38e−02) and (Cor = 0.164, p = 4.29e−02), respectively. The expression of BRD2 and BRD3 was significantly negatively correlated with HAVCR2 (Cor = −0.309, p = 1.06e−04) and (Cor = −0.319, p = 6.33e−05), respectively. The expression of BRD4 was significant negatively correlated with CTLA4 (Cor = -0.227,p = 4.75e−03) and HAVCR2 (Cor = −0.391, p = 7.62e−07) and PDCD1LG2 (Cor = -0.244,p = 2.48e−03). Therefore, The expression of BET genes closely related to the immune checkpoint genes in GBM.
[image: Figure 4]FIGURE 4 | Immunological checkpoint related transcriptional level and expression in Glioma samples in TCGA dataset. (A)The expression distribution of immune checkpoints gene (CD274, CTLA4, HAVCR2, LAG3, SIGLEC15, TIGIT, PDCD1 and PDCD1LG2) in tumor and normal tissues. (B)The heatmap of gene expression related to immune checkpoint (*p < 0.05, **p < 0.01, ***p < 0.001). (C)The correlation between BET genes expression and immune checkpoint gene expression in GBM.
TIMER database was used to analyze tumor infiltrating immune cells (including B-cell, CD4+T-cell, CD8+T-cell, macrophages, neutrophils and myeloid dendritic cells). The immune cell analysis was performed to determine changes in the tumor microenvironment resulting from differential expression of BET proteins (Figure 5A). In the study of six types of immune cells, BRD4 gene was significantly higher correlation effect than other BET genes, which represented negative correlation. The macrophage (loge(S) = 13.47, p = 0.003, CI95% [−0.39, −0.08]), neutrophil (loge(S) = 13.47, p = 0.003, CI95% [−0.39, −0.08]), and CD8+ T-cell expression (loge(S) = 13.42, p = 0.028, CI95% [−0.33, −0.01]) showed the significant difference in infiltration abundance with BRD4 expression in GBM patients (Figure 5B, p < 0.05). The level of BRD4 expression in BET was significant correlation with the level of immune infiltration. The expression of BRD4 was positively correlated with tumor purity, and negatively correlated with immune infiltration abundance of macrophage, neutrophil and CD8 + T-cell, respectively. Additionally, The significant correlation of with 28 types of TILs was performed across human cancers (Figure 5C). BRD4 was significantly correlated with abundance of activated CD8 T-cell (Act_CD8; rho = −0.445, p < 0.001), and effector memeory CD4 T-cell (Tem_CD4; rho = −0.496, p < 0.001) of TILs across human heterogeneous cancers (Figures 5D,E). The results showed that BRD4 gene was negatively correlated with most TILs.Therefore, the BRD4 was significantly negatively correlated with immune infiltration in BRD family genes.
[image: Figure 5]FIGURE 5 | The correlation between BET genes expression and immune score was analyzed in TIMER and TISIDB database. (A) The heatmap of the correlation between BET genes and immune score in six types of immune cells. The different colors indicated different correlation coefficients (blue for positive correlation and red for negative correlation). (B) Relationships between the immune infiltration abundances and BRD4 expression in different immune cells (B-cell, CD4+T-cell, CD8+T-cell, neutrophils, macrophages and myeloid dendritic cells). (C) The correlations between expression of BRD4 and 28 types of TILs across human heterogeneous cancers. (D) BRD4 significantly negative correlated with abundance of activated CD8 T-cell (Act_CD8; rho = −0.445, p < 0.001). (E) BRD4 significantly negative correlated with abundance of effector memeory CD4 T-cell (Tem_CD4; rho = −0.496, p < 0.001).
The bilateral Wilcoxon rank-sum test was used to compare the infiltration level of each SCNA category with the normal value. The SCAN module was used to study immune cell infiltration caused by gene copy number alterations in different BET genes expression (Figure 6). Our results suggested that alterations in gene copy number could affect immune cell infiltration. Overall, the expression of BRD4 in BET genes may play a key role in tumor development by participating in immune response.
[image: Figure 6]FIGURE 6 | Effect of gene copy number changes expressed by different BET genes expression on immune cell infiltration in TIMER database. (A) BRD1, (B) BRD2, (C) BRD3,(D) BRD4,(E) BRDT.
Prognostic analysis of risk score in GBM
To determine the association of BET genes with the prognosis of GBM patients, the ROC risk analysis model was established. Ten fold cross validation of LASSO regression was performed to obtain the best lambda value (λmin = 0.0102), which was related to 5 genes significantly associated with OS in DEGs (Figure 7A). Therefore, the risk score for five genes was constructed according to the Cox coefficient: risk score=(−1.0055)* Exp (BRD1)+ 0.399* Exp (BRD2)+(−0.6401)* Exp (BRD3) +1.3192* Exp (BRD4) +(−1.5436)* Exp (BRDT). Median cutoff points were obtained using the R package and patients were divided into high-risk group (n = 330) and low-risk group (n = 329). The heatmap showed the correlation between the survival status of all patients in the sequence and the five prognostic genes (Figure 7B).
[image: Figure 7]FIGURE 7 | Analysis of prognostic assessment of BET genes in TCGA dataset (A–D), and external validation of BRD4 gene signature in ICGC training set (E–H). Patients were divided into low-risk and high-risk groups. (A) LASSO regression analysis was performed on BET genes to calculate the correlation coefficients. Coefficients of selected features are shown by lambda parameter; Partial likelihood deviance versus log(λ)was drawn using LASSO Cox regression model. (B) The LASSO algorithm was used to generate risk scores for the training cohort from TCGA. Relationship of BET proteins expression with risk score, survival time, and survival status were shown in the training cohort. (C) Distribution of KM survival curves for differential expression of BET proteins in the training cohort. (D) ROC curve and AUC of BET proteins signature classification. (E) Kaplan-Meier survival analysis of patients in different risk groups from TCGA dataset. (F) Kaplan-Meier survival analysis of patients in different risk groups from ICGC training set. (G) The ROC curves for risk score in TCGA dataset. (H) The ROC curves for risk score in ICGC training set. The higher values of AUC corresponding to higher predictive power.
The KM survival curve showed that the OS of high-risk group was worse than that of low-risk group, which indicated that the low-risk group had significant difference in logrank p < 0.01, HR = 0.238 (0.179–0.317). The OS of the samples with higher risk score was significantly smaller than that of the lower risk score, indicated that the higher the risk score, the worse the prognosis (Figure 7C). The ROC of risk score was analyzed using the R software package timeROC, and the classification efficiency of 1-year, 3-year and 5-year prognosis was analyzed (Figure 7D). The AUC of this model was greater than 0.7, indicated that the polygenic model had better predictive power in 1, 3, and 5-year OS. Univariate Cox analysis showed that the model had good survival prediction and prognosis discrimination ability.
Due to the external validation of BRD4 gene signature in ICGC training set, the risk score was calculated for each patient, and patients in the two validation sets were divided into high- and low-risk groups based on the median risk score. The results showed that the survival rate was lower in the high-risk group (Figures 7E,F). The AUC values of the ROC curves for the 1-, 3- and 5-year survival rates were 0.572, 0.597 and 0.615 in TCGA dataset (Figure 7G), and 0.638, 0.791, and 0.743 in ICGC training set (Figure 7H), respectively. Based on the risk score, the prognostic model had high accuracy and stability in brain cancer disease prognosis assessment.
ROC curve was used to evaluate the predictive effect of each BRD family member on GBM prognosis. The KM survival curve showed that the OS of BRD4 with high-risk group was worse than that of low-risk group. The AUC values of BRD4 ROC curves for the 1-, 3- and 5-year survival rates were 0.604, 0.725, and 0.636, respectively. The results also showed that BRD4 had significant difference (logrank p < 0.05) in the prognosis of GBM, while BRD1, BRD2, BRD3 and BRDT had no significant difference (Supplementary Figure S2).
Establishment and validation of BET nomogram
The nomogram was constructed by BET genes and the clinicopathological characteristics in the cohort of TCGA-GBM. The results showed that the distribution of different clinical indicator and BRD4 expression in all samples had different contributions in the whole scoring process (Supplementary Figure S3A). In addition, the OS of 2 and 3 years was predicted and analyzed, which showed that the nomogram had good prediction ability (Supplementary Figure S3B). The univariate (Supplementary Figure S3C) and multivariate (Supplementary Figure S3D) Cox regression analysis showed that BRD4 expression, age and grade had a significant correlation with OS. The univariate analysis and multivariate analysis showed that BRD4 was an independent prognostic factor for TCGA-GBM patients.
The immunohistochemistry analysis of BET proteins
The immunohistochemistry (IHC) results of the HPA database were used verify the difference in BET protein expression. By comparing the density, intensity and total quantity of staining, it was showed that BRD3 and BRD4 expression levels in GBM tissues were higher than those in normal cerebral cortex tissues (Figure 8). The study found that BRD4 protein was significantly higher expressed in tumor tissues than in normal tissues. There was no significant difference in the expression of BRDT, BRD1 and BRD2 in tumor tissue and normal tissue.
[image: Figure 8]FIGURE 8 | The immunohistochemistry of BET proteins in tumor tissues and normal cerebral cortex tissues (Scale bar: 200 μm). The expression of BRD4 protein in tumor tissues was higher than that in normal tissues.
Enrichment analysis of BRD4 gene functional networks in GBM
Overall, the expression of BRD4, one of the BRD family genes, may play an important role in tumor development. So we focused on the mechanism and signal pathway of BRD4 gene. Function module was used to analyze mRNA sequencing data of 528 GBM patients in TCGA. The volcano plot showed that 8780 genes were significantly positively and negatively correlated with BET genes (Figure 9A, false discovery rate [FDR] < 0.01). Heatmap showed that 50 significant genes were positively and negatively correlated with BRD4 expression (Figures 9B,C). The results showed a strong positive correlation between the expression of BRD4 and WIZ (Spearman correlation = 0.7719, p = 1.000e-48), KHSRP (Spearman correlation = 0.7555, p = 1.000e-48), CABIN1 (Spearman correlation = 0.7244, p = 1.000e-48), and GNA11(Spearman correlation = 0.7237, p = 1.000e-48), which reflected changes in regulation of RNA metabolic process, activating transcription factor, DNA Damage and RNA degradation.
[image: Figure 9]FIGURE 9 | Differentially expressed genes associated with BRD4 in GBM samples in LinkedOmics database. (A) The correlation between BRD4 and differentially expressed genes in GBM was analyzed by Spearman test. (B–C) Heatmaps showed the positive and negative correlation genes (top 50) with BRD4 in GBM.
The enrichment analysis of GO in GSEA showed that the differentially expressed genes related to BRD4 were mainly located in biological regulation, protein/nucleic acid binding and cell communication, which acted as transcription factor and molecular transducer (Figures 10A–D). KEGG pathway analysis showed enrichment in 19 most significant categories and representatives in the reduced sets. It was closely related to mRNA surveillance pathway, ubiquitin mediated proteolysis, notch signaling pathway, colorectal cancer, AMPK signaling pathway, mitophagy, oxidative phosphorylation, glioma pathway and so on (Figure 10E). There were 18 leading Edge Num in the Glioma pathway, such as AKT1, ARAF, CALM1,CCND1,E2F3,IGF1R, MAP2K2, MAPK1, PIK3CA,PIK3R1,PIK3R2,PLCG1,PRKCA,RAF1,SHC2,SHC3, SOS2 and TP53 (Figure 10F). Specific signal pathways were involved in the Glioma, such as Cell cycle, MAPK signaling pathway, Calcium signaling pathway, p53 signaling pathway, mTOR signaling pathway and so on (Figure 10G).
[image: Figure 10]FIGURE 10 | The function of BRD4 gene was predicted by the analysis of GO and KEGG in GSEA. (A) The GO enrichment analysis of target genes was predicted from three aspects: biological process (BP), cellular component (CC) and molecular function (MF). (B) The top 10 functional roles of BP for BRD4. (C) The top 10 functional roles of CC for BRD4. (D) The top 10 functional roles of MF for BRD4. (E) KEGG analysis of differentially expressed genes. (F) Enrichment analysis of KEGG pathway showed the regulation pathway of Glioma. (G) KEGG annotations of the Glioma pathway regulated by BRD4 in brain cancer (cBioPortal). Targets marked in red were related to the Leading Edge Gene.
BRD4 expression is significantly increased at the cellular level in GBM
Neuroglial cells and U-251 MG cells were obtained from the Institute of Radiation Medicine (Tianjin, China), which were cultured in RPMI 1640 medium and 10% fetal bovine serum (Bioroc Pharmaceutical & Biotech, Tianjin, China).
This study also carried out immunofluorescence experiments to verify that BRD4 showed green fluorescence in tumor cells, indicating the high expression (Figures 11A,B). Next, the expression level of BRD4 in U-251 MG cells and normal neuroglial cells was detected by western blots. Consistent with the analysis of TCGA data, BRD4 expression was significantly higher in tumor group than normal group (Figures 11C,D). The results suggested that high expression of BRD4 predicted poor prognosis in GBM.
[image: Figure 11]FIGURE 11 | Validation experiment of BRD4 expression in cells. (A) Immunofluorescence analysis of BRD4 (green) in normal neuroglial cells and U-251 MG cells (Scale bar: 20 μm). (B) Mean relative fluorescence intensity values for each group. (C) Western blot analysis of BRD4 protein between normal neuroglial cells and U-251 MG cells. β-Actin was an internal control. (D) Relative expression value of BRD4 protein (means ± SD, n = 3,**p < 0.01).
DISCUSSION
BET proteins, and in particular BRD4, have been implicated in human disease especially cancer. The BET family directly regulates the MYC gene expression, potentially reducing cell proliferation (Beroukhim et al., 2010). Neurogenic cancers may be associated with differential expression of BET proteins including medulloblastoma and neuroblastoma (Puissant et al., 2013). BET protein is also necessary for the proliferation of glioblastoma cells, BRD2 and BRD4 mRNA are significantly overexpressed in glioblastoma cells (Pastori et al., 2014). BRD2 and BRD4 are overexpressed in human primary and metastatic melanomas, and their inhibition results in downregulation of IL-6 and IL-8 (Klein et al., 2016). Many proteins that exploit BET proteins to recruit to specific regulatory complexes have been implicated in cancer development (Barbieri et al., 2013; Filippakopoulos and Knapp, 2014). In recent years, the role of BRD4 in brain glioma has been gradually concerned, but the research and application of BRD4 inhibitors in brain glioma are still limited. The effectiveness of GBM treatment is limited by the blood brain barrier and resistance to single drug (Yang et al., 2021). At present, OTX015 (MK-8628), a novel BRD2/3/4 inhibitor, used to treat glioma in preclinical trials, but the therapeutic effect of BET inhibitor on glioma needs further study. Glioma has a strong heterogeneity, and the effect of a single small molecule drug on glioma is limited. Therefore, the combination of BRD4 inhibitors and other drugs, optimization of dosage form are expected to be effective strategy to improve the therapeutic effect of BRD4 inhibition on glioma.
Recently, BRD4 has been reported to promote cell stemness (Wang et al., 2020) and progression in glioma (Kfoury et al., 2021). BRD4 was found to activate CLCF1 in U87 and U251 cells. Downregulation of CLCF1 significantly reduced cell proliferation, induced cell apoptosis and cell cycle G2 phase arrest, and weakened the migration and invasion in U87 and U251cells (Shen et al., 2022). In addition, GNE987 (BRD4 inhibitor) can damage the viability and inhibit cell proliferation in U87 cells, LN229 cells, U251 cells and A172 cells. GNE987 also can induce cell apoptosis, arrest cell cycle and promote apoptosis by down-regulating transcription of C-Myc and S100A16 (Ma et al., 2022). BRD4 inhibitor can inhibit the proliferation, migration and invasion of GBM cells and induce apoptosis. However, the exact mechanism of BRD4 in the progression of GBM remains unclear.
Immune components in the tumor microenvironment play an important role in clinical outcomes, and measurement of these immune components predicts long-term prognosis (Cooper et al., 2012; Yoshihara et al., 2013; Senbabaoglu et al., 2016). The differential expression of immune-related genes (IRGs) has been considered as an effective biomarker in many types of cancer (Schneider et al., 2019). Tumor microenvironment contains many subsets of immune cells with anti-tumor or tumor-promoting activity. (Hanahan and Weinberg, 2011). In addition, different tumor infiltrating immune cells will affect the prognosis of patients (Fridman et al., 2017). Therefore, IRGs can be used to identify potentially high-risk patients, thereby providing strategies for individualized treatment.
This study used bioinformatics analysis tools to screen tumor data from public databases for target gene analysis, and provided multiple layers of evidence for the potential of BRD4 as a molecular marker in GBM. The results also showed that the expression of BET genes were closely related to that of immune checkpoint gene in GBM. The level of BRD4 expression was significantly correlated with the tumor immune microenvironment in GBM patients. Overall, the expression of BRD4, one of BET genes, may play an important role in tumor development by participating in immune response. The over-expression of BRD4 may be used as molecular marker to identify high-risk subgroups of GBM patients. This study also analyzed the mechanism of BRD4 in GBM. On the one hand, it might be that p53 regulated downstream transcription factors through mTOR and MAPK signaling pathways, thereby affected cell cycle progression and inhibited tumor growth and metastasis. On the other hand, it might play a dual role in immune response or immune activation by regulating the regulatory T-cell in the tumor immune microenvironment to affect tumor progression.
CONCLUSION
The upregulated BRD4 expression was illustrated in this study, BRD4 could be significant for immune infiltration and be valuable in guidelines for evaluation of prognosis in GBM patients. Therefore, this study suggested that BRD4 may be a valuable prognostic biomarker, and a potential target of precision therapy against GBM. However, There are still limitations in our study, and relevant in vivo experiments should be carried out to verify our results. It is hoped that our results will provide researchers with new insights and this potential target may have clinical applications.
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