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Editorial on the Research Topic 


Molecular advances in diagnosis and treatment of CNS tumors, volume II


It’s been barely two years since the publication of the first volume of the Research Topic “Molecular advances in diagnosis and treatment of CNS tumors” (Zhang et al.). In the last two years, researchers across the world continue to make great strides in the fight against the brain and spinal cord tumors. Here we are delighted to present the second volume of this research topic which includes ten original research articles, four review articles and one meta-analysis that cover several important themes:

Some of the manuscripts published in this volume concern studies that further elucidate the molecular pathobiology of particular CNS tumors. For IDH-wildtype diffuse astrocytic tumors in adults, the fifth edition of the WHO classification of CNS tumors considers IDH-wild type lower-grade glioma (LGG) as a provisional entity as tumors that conform to this diagnosis most likely can be reclassified as other tumors with additional genetic analyses. Indeed, Wang et al. showed that the differentially expressed genes in LGG patients were mainly enriched in metabolic pathways and pathways in cancer and in the function of signal transduction and positive regulation of GTPase activity, whereas in glioblastoma (GBM) patients, they were mainly enriched in the PI3K-Akt signaling pathway and in the functions of apoptotic process and oxidation-reduction process. Wang et al. studied the role of cancer-derived immunoglobulin G (cancer-IgG) in glioma which has been known to be associated with several malignancies such as breast cancer, colorectal cancer, and lung cancer. They found that the expression of cancer-IgG was higher in glioma and molecular subtypes with poor prognosis. The overall survival of patients with a high expression of cancer-IgG was worse in the stratified analysis. In addition, cancer-IgG may function in phagosome, antigen processing and presentation, extracellular matrix structural constituent, antigen binding, and collagen-containing extracellular matrix. Traditionally, the histology-based glioma classification is composed of multiple different molecular subtypes with distinct behavior, prognosis, and response to therapy, and now each aspect can be assessed by corresponding emerging MR sequences like amide proton transfer-weighted MRI, inflow-based vascular-space-occupancy MRI, and radiomics informed algorithms. Indeed, Wei and Wei discussed these recent advances in MRI in their timely review to demonstrate that preoperative diagnosis of glioma has stepped into molecular and algorithm-assisted levels.

Epilepsy is a common clinical symptom in patients with glioma, which can impair neurocognitive function and quality of life. In the only meta-analysis study accepted in the second volume, Song et al. investigated the relationship between five commonly used tumor molecular markers and the incidence of perioperative epilepsy in patients with glioma. Their findings showed that isocitrate dehydrogenase 1 (IDH1) mutation was significantly correlated with the incidence of preoperative epilepsy, but not with intraoperative and postoperative epilepsy. There was no correlation between O6-methylguanine-DNA methyltransferase methylation and 1p/19q deletion and the incidence of perioperative epilepsy.

The rest of the accepted manuscripts studied other common CNS tumors. Liang et al. discovered that aurora kinase A and kinesin family member 20A may be involved in the initiation and development of medulloblastoma. Liu et al. studied the expression of tumor biomarkers and evaluate their clinical significance in non-functioning pituitary adenomas with different invasion patterns. Cathepsin K has the potential as a marker for sphenoid sinus invasion, whereas MMP9 and MMP2 may be markers for cavernous sinus invasion. Two comprehensive reviews, one by Zhang et al. on biomarkers associated with vestibular schwannoma growth, the other one by Ferguson et al. on the advances in leptomeningeal disease diagnosis with a focus on the role of circulating tumor DNA, have been included for readers’ interests.

While CNS tumors can now be much more precisely characterized than a few years ago, the translation of this increased knowledge into more effective treatments is still seriously lagging behind. Three studies explored the benefits of promising antitumor therapeutic agents. Tsai et al. analyzed the impact of valproic acid (VPA) on GBM patient survival and its possible correlation with temozolomide (TMZ) treatment and p53 gene mutation. Their analysis of clinical data indicates that the survival benefit of a combined TMZ and VPA treatment in GBM patients is dependent on their p53 gene status. In cellular experiments, VPA enhanced the antineoplastic effect of TMZ by enhancing p53 activation and promoting the expression of its downstream pro-apoptotic protein, PUMA. Thus GBM patients with wild-type p53 may benefit from a combined TMZ+VPA treatment. In their seminal review, Bonafé et al. presented mounting evidence to argue that the effectiveness of four natural plant compounds, namely caffeine, dipotassium glycyrrhizinate (DPG), curcumin, and euphol is likely achieved through enhancing apoptosis-related pathways and cell cycle impairment in GBM cell lines. Furthermore, antitumoral effect of these plant compounds on GBM cell lines through microRNAs (miRNAs) modulation was investigated. Interestingly, only DPG and curcumin were found to be effective on miRNA modulation. The same group further evaluated in a separate study the expression profiles of miRNAs related to NF-κB suppression in the T98G GBM cell line after DPG exposure. The most over-expressed miRNAs were miR-4443 and miR-3620. Their results suggest that DPG inhibits cell viability by activating apoptosis and inhibiting cell proliferation and stem cell subpopulation formation through miR-4443 and miR-3620 upregulation. Both miRNAs are responsible for the post-transcriptional inhibition of NF-κB by CD209 and TNC modulation.

One study focused on identifying novel therapeutic targets for glioma. Through analysis of The Cancer Genome Atlas (TCGA) data, Ma et al. identified that OLFML2A is a key promotor of gliomagenesis. OLFML2A expression was significantly upregulated in glioma specimens and positively correlated with pathological grades and shorter overall survival in glioma patients. Mechanistically, OLFML2A downregulation inhibits Wnt/β-catenin signaling by upregulating amyloid precursor protein expression and reducing stabilized β-catenin levels, leading to the repression of MYC, CD44, and CSKN2A2 expression. By uncovering the oncogenic effects in human and rodent gliomas, their data support OLFML2A as a potential therapeutic target for glioma.

Finally, this volume includes three studies investigating the independent prognostic markers in CNS tumor. Primary central nervous system diffuse large B-cell lymphoma (PCNS-DLBCL) is an uncommon non-Hodgkin lymphoma subtype, and its clinical and pathological characteristics remain unclear. Qi et al. retrospectively evaluated PCNS-DLBCL patient data to determine clinical and pathological characteristics and prognostic factors. Multivariate analysis identified Ki-67 and CD3 as independent prognostic factors for survival. Moreover, multifocal lesions and deep brain involvement were unfavorable independent prognostic markers for progression-free survival. This study indicates that targeted drug development for adverse prognostic factors is possible and provides guidance for clinical treatment decision-making. He et al. showed that higher prognostic nutrition index (PNI) was an independent prognostic factor for grade IV glioma. Interestingly, they found that the nomogram including preoperative PNI, age, extent of resection, number of gliomas, and MGMT methylation status could predict the prognosis of patients with grade IV glioma well. Wang et al. selected five DNA damage repair genes (DDRGs) including CDK4, HMGB2, WEE1, SMC3 and GADD45G to construct a DDRGs signature for glioma. The survival analysis showed that the DDRGs signature could differentiate the outcome of the low- and high-risk groups. The immune microenvironment analysis revealed that more immunosuppressive cells, such as tumor associated macrophages and regulatory T cells, were recruited in the high-risk group. Therefore, the five DDRGs signature and its impact on the infiltration of immunosuppressive cells could potentially predict the prognosis.

In summary, in the second volume of the Research Topic entitled “Molecular Advances in Diagnosis and Treatment of CNS Tumors” a tremendous amount of information with relevance for neurooncology has been published. Hopefully, this collection of knowledge can be exploited to help drastically improve the lives of patients that suffer from a CNS tumor.
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Objective

Glioma is the most frequent type of malignant cerebral tumors. DNA damage repair genes (DDRGs) play a crucial role in the development of cancer. In this study, we constructed a DDRGs signature and investigated the potential mechanisms involved in this disease.



Methods

RNA sequence data, microarray data, and corresponding clinical information of gliomas were downloaded from The Cancer Genome Atlas (TCGA), Chinese Glioma Genome Atlas (CGGA), and Gene Expression Omnibus (GEO). Subsequently, we identified candidate genes by differential analysis and Cox regression analysis. The least absolute shrinkage and selection operator Cox regression model was utilized to construct a DDRGs signature using TCGA training dataset. According to this signature, patients with glioma were divided into low- and high-risk groups. The predictive ability of the signature was validated by prognostic analysis, receiver operating characteristic curves, principal component analysis, and stratification analysis in TCGA testing and CGGA verification datasets. CIBERSORT and single-sample gene set enrichment analysis (ssGSEA) were used to evaluate the immune microenvironment of glioma. Moreover, we conducted GSEA to determine the functions and pathways in the low- and high-risk groups. Finally, a nomogram was constructed by combining the signature and other clinical features.



Results

A total of 1,431 samples of glioma (592 from TCGA, 686 from the CGGA, and 153 from the GEO) and 23 samples of normal brain tissue from the GEO were analyzed in this study. There were 51 prognostic differentially expressed DDRGs. Additionally, five DDRGs (CDK4、HMGB2、WEE1、SMC3 and GADD45G) were selected to construct a DDRGs signature for glioma, stratifying patients into low- and high-risk groups. The survival analysis showed that the DDRGs signature could differentiate the outcome of the low- and high-risk groups, showing that high-risk gliomas were associated with shorter overall survival. The immune microenvironment analysis revealed that more immunosuppressive cells, such as tumor associated macrophages and regulatory T cells, were recruited in the high-risk group. GSEA also showed that high-risk glioma was correlated with the immune and extracellular matrix pathways.



Conclusion

The five DDRGs signature and its impact on the infiltration of immunosuppressive cells could precisely predict the prognosis and provide guidance on the treatment of glioma.





Keywords: glioma, DNA repair, tumor microenvironment, prognosis, immune cells



Introduction

Glioma is the most common type of primary tumors of the central nervous system (CNS), accounting for approximately 70% of cases. It is also a major cause of death among patients with intracranial tumors (1). Patients with glioma are primarily treated with surgical resection, radiotherapy, chemotherapy, and a combination of different therapies. The National Comprehensive Cancer Network guideline recommends chemoradiation with or without tumor-treating fields (TTF) for the adjuvant treatment of primary glioblastoma (GBM). However, the prognosis of GBM remains poor, mainly due to the high risk of recurrence and resistance to chemoradiotherapy (2–4). In addition, gliomas do not have clear boundaries and are characterized by high degrees of infiltration via diffusion and a high proliferation rate, thereby complicating surgical resection (5). Recently, some new therapies have been proposed for numerous types of cancer, including immunotherapy and molecular targeted therapy. Randomized controlled clinical studies have shown that these treatments could significantly improve the survival of patients with lung cancer, colorectal cancer, and numerous other types of tumors (6–8). However, some clinical trials have found that these therapeutic modalities are not as effective in patients with glioma. Some researchers argued that this may be attributed to differences in the microenvironments of gliomas and other types of cancer (9).

Radiotherapy and chemotherapy can cause DNA double-strand breaks in tumor cells, which in turn trigger cell apoptosis and death. The DNA damage repair mechanism of tumor cells is abnormally activated; it mainly repairs damaged DNA by homologous recombination and non-homologous end joining. Following DNA double-strand breakage, DNA damage receptors are activated and damage repair proteins, such as BRCA1 DNA repair associated (BRCA1), BRCA2, and RAD51 recombinase (RAD51), are recruited at the damaged sites to repair damaged DNA this process leads to complete resistance to the tumoricidal effect of chemoradiotherapy (10). The alkylating agent temozolomide (TMZ), which can induce DNA breaks in glioma cells and subsequently lead to cell death, is one of the major therapeutic approaches used in patients with glioma. O-6-methylguanine-DNA methyltransferase (MGMT) encodes a DNA damage repair protein that protects tumor cells against DNA double-strand breaks caused by alkylating agents, such as TMZ. Some researchers have demonstrated that the expression levels of MGMT could predict sensitivity to TMZ in patients with glioma (11). Therefore, DNA damage repair genes (DDRGs) play an important role in tumor resistance to chemoradiotherapy.

DNA repair deficiency is also an emerging biomarker of response to immune checkpoint blockade (12). Alterations in DDRGs are associated with genomic instability and increased somatic tumor mutational burden, which in turn promote the generation of tumor-specific neoantigens. The continuous stimulation of the body by tumor antigens generates a persistent immune activation response. This effect depletes or remodels the related effector cells in the tumor microenvironment, thereby impairing their normal functions. In turn, an immunosuppressive microenvironment is generated that promotes tumorigenesis and progression (13). Thus, the tumor microenvironment contains more neoantigens and the function of immune cells of the tumor microenvironment becomes more complex, especially with regards to immunosuppressive cell infiltration. At present, there are few studies on the interaction between DDRGs and the tumor microenvironment of gliomas.

In this study, we collected RNA sequencing data, microarray data, and corresponding clinical information of gliomas from The Cancer Genome Atlas (TCGA), Chinese Glioma Genome Atlas (CGGA), and Gene Expression Omnibus (GEO) databases. Next, we identified survival-related DDRGs by univariate regression analysis. Subsequently, a DDRGs signature for prognostic prediction was constructed using least absolute shrinkage and selection operator (LASSO) regression and Cox proportional hazards regression. The DDRGs signature composed of CDK4, HMBG2, WEE1, SMC3 and GADD45G could accurately predict the prognosis of gliomas. More importantly, we found that the DDRGs signature was strongly associated with immunosuppressive cell infiltration in the microenvironment of gliomas. Our results demonstrated that the DDRGs signature was closely related to prognosis and provided reliable clues for elucidating the microenvironment of glioma.



Materials and Methods


Data Acquisition and Identification of Candidate Genes

RNA sequencing data and corresponding clinical information from TCGA LGG and GBM datasets were downloaded from TCGA data portal (https://portal.gdc.cancer.gov/) updated to July 19, 2019. Gene expression profiling and corresponding clinical features of gliomas were obtained from the CGGA database (http://www.cgga.org.cn/) up to May 6, 2020, including the datasets mRNAseq-693 and mRNAseq-325. The microarray dataset GSE4290 for differential gene analysis was downloaded from the GEO database (https://www.ncbi.nlm.nih.gov/geo). RNA sequencing data from TCGA (LGG and GBM datasets) and CGGA (693 and 325 datasets) were normalized and batched using the limma R package. All data were screened to remove samples with missing clinical information. The clinicopathological characteristics of patients in this study are presented in Table 1. A total of 513 DDRGs were retrieved from the molecular signature database (MSigDB) (https://www.gsea-msigdb.org/gsea/msigdb) and previous literature (14) (Supplementary Table S1). Differentially expressed DDRGs between gliomas and normal brain tissues the GSE4290 dataset were identified using the limma R package and the following criteria: |logFC|>1; false discovery rate <0.05. Next, data from TCGA were randomly divided into the training and testing datasets. Candidate genes in TCGA training dataset were identified through univariate Cox analysis with cut-off values of P<0.001. An interaction network of candidate genes was constructed using the Search Tool for the Retrieval of Interacting Genes (STRING) database (version 11.0) (15).


Table 1 | Clinicopathological characteristics of glioma patients from the TCGA, CGGA and GEO databases.





Construction and Validation of a DDRGs Signature

Candidate genes were analyzed using LASSO regression and Cox proportional hazards regression. The independent variable in the regression was the expression of candidate DDRGs, and the response variable was the prognosis of patients in the training set. Subsequently, the DDRGs signature was constructed by a linear combination of the regression coefficient multiplied by its mRNA expression level:

	

Using the formula shown above, we can calculate the risk score for each patient with glioma. Patients were separated into high- and low-risk groups according to the median score. Prognostic analysis was performed with the survminer package in R.

Principal component analysis (PCA) was performed to explore the distribution in the low- and high-risk groups using the Rtsne package, an established dimensionality reduction method (16). Using the survivalROC R package, we constructed a time-dependent receiver operating characteristic (ROC) curve and Harrell’s concordance index to assess the predictive value of the DDRGs signature for prognosis. The online database Gene Expression Profiling Interactive Analysis (GEPIA; http://gepia.cancer-pku.cn/index.html) (17) was used to analyze the expression and prognosis of genes constituting the DDRGs signature in glioma. In addition, the protein expression levels of these genes were determined using the Human Protein Atlas (http://www.proteinatlas.org) online database (18).



Internal and External Validation of the DDRGs Signature

TCGA testing and CGGA datasets were used for internal and external validation, and a risk score could be calculated for each patient with glioma using the formula shown above. Based on the median values, patients were divided into high- and low-risk groups. Next, the prognostic analysis, PCA, and construction of the time-dependent ROC curve of each patient were performed using R. Univariate and Multivariate Cox regression analyses were used to identify independent prognostic factors.



Survival Analysis of the DDRGs Signature in Stratified Patients With Glioma

In this study, patients with glioma were stratified according to their clinicopathological features including age, sex, primary-recurrent-secondary (PRS) type, grade, IDH, 1p19q, and MGMT status. The Kaplan–Meier survival analysis was implemented to calculate the survival rates in the low- and high-risk groups of stratified patients.



Construction of a Predictive Nomogram

In clinical research, nomograms are widely used to predict the outcomes of patients with cancer (19). In the CGGA cohort, all clinical features were utilized for the construction of a nomogram to investigate the probability of 1-, 2-, and 3-year overall survival (OS) of patients with glioma using the rms R package. A calibration curve was used to compare the predictions of this nomogram with the actual rates using the rms package. Specifically, the C-index was used as a discrimination measure considering the censored data in this survival analysis study. To demonstrate the incremental value of the DDRGs signature over the clinicopathological characteristic for individualized assessment of OS, the decision curve was constructed.



Evaluation of the Glioma Microenvironment Through CIBERSORT and Single-Sample Gene Set Enrichment Analysis (ssGSEA)

CIBERSORT (20) utilizes a deconvolution algorithm to predict the percentages of 22 phenotypes of immune cells in tumor tissue. This method was used to estimate the population fractions of immunocytes in the low- and high-risk groups. Violin plots were generated using the vioplot package to show differences in the infiltration of immunocytes between the high- and low-risk groups. In addition, the degree of immune cell infiltration was quantified using enrichment scores calculated through ssGSEA of the Gene Set Variation Analysis package of the R software. This analysis yielded 29 immune infiltration-related information, including immune cell species, immune function, and immune-related pathways. The patients of glioma were hierarchically clustered to high, medium or low immune group based on ssGSEA scores for those 29 immune infiltration related information.



Gene Set Enrichment Analyses

Finally, we searched for the underlying molecular mechanism through which the DDRGs signature indicated worse prognosis in patients with glioma using the GSEA 4.0.2 software (21). We used the MsigDB, c2.cp.kegg.v7.2.symbols.gmt and c5.go.bp.v7.2.symbols.gmt as the functional gene sets. Default weighted enrichment statistics were used, and the number of random combinations was set to 1,000. A normalized enrichment score (NES) >1 and false discovery rate <0.05 denoted statistical significance.



Statistical Analysis

The R software (4.0.0) with corresponding packages and GraphPad Prism 7 (GraphPad Software Inc., San Diego, CA, USA) were used for statistical analyses. Unless specified otherwise above, P<0.05 denoted statistically significant differences.




Results


Characteristics of Patients With Glioma

The flow chart of this research study is shown in Figure 1. Gene expression profile and clinical information of gliomas were obtained from clinical databases with large sample sizes. Patients with incomplete clinical information were removed. In total, 1,431 samples of glioma and 23 normal brain tissues were obtained from TCGA-LGG, TCGA-GBM, CGGA, and GSE4290 datasets. The detailed clinical features of gliomas collected from the articles are summarized in Table 1.




Figure 1 | Flow chart of this study.





Data Preprocessing and Identification of Candidate Genes

We analyzed differentially expressed genes (DEGs) between gliomas and normal brain tissues in the GSE4290 cohort using the Wilcoxon test; the microarray data included a total of 153 samples of glioma and 23 normal brain tissues. According to the screening criteria (|logFC|>1, false discovery rate <0.05), a total of 2,450 DEGs were identified. Among those, 1,450 were upregulated and 1,425 were downregulated (Figure 2A). In addition, 513 DDRGs were retrieved from the MSigDB (https://www.gsea-msigdb.org/gsea/msigdb) and previous literature (14) (Supplementary Table S1). We found that 51 genes were both DEGs and DDRGs (Figure 2B). The gene expression profiles of these genes are displayed through heatmaps (Figure 2C). Figure 2D illustrates the interaction of these 51 genes in the protein–protein interaction network. Next, TCGA data were randomly divided into two datasets (294 and 298 patients in the training and testing datasets, respectively) (Table 1). Univariate independent prognostic analysis was performed for these 51 genes in TCGA training dataset. A total of 43 genes were significantly associated with prognosis (Figure 2E). In addition, we used the Metascape website to analyze the function of these genes. As expected, these 43 DDRGs were involved in DNA damage repair processes and cell cycle pathways (Supplementary Figure S1).




Figure 2 | Screening candidate genes and construction a DNA damage repair genes (DDRGs) signature using LASSO regression and Cox proportional hazards regression. (A) Volcano plot of differentially expressed genes (DEGs) between gliomas and normal brain tissues. (B) Venn diagram showing the intersection of DEGs and DDRGs. (C) Heatmap was used to show the expression of the genes at the intersection. (D) The protein–protein interaction (PPI) network downloaded from the STRING database indicated the interactions among the candidate genes. (E) Forest plot showing the hazard ratios from the univariate Cox regression analysis. (F) LASSO coefficient profiles of the 43 candidate genes in TCGA training dataset. (G) A coefficient profile plot was generated against the log (lambda) sequence. Selection of the optimal parameter (lambda) in the LASSO model for TCGA training dataset. (H) Forest plot showing the five genes that composed the DDRGs signature. LASSO, least absolute shrinkage and selection operator; STRING, Search Tool for the Retrieval of Interacting Genes; TCGA, The Cancer Genome Atlas. **p < 0.01,***p < 0.001.





Construction of a Prognostic Model Using the Training Dataset

The 43 candidate genes were subsequently analyzed using LASSO regression and Cox proportional hazards regression. The independent variable in the regression was the expression profiles of these candidate genes, and the response variables were the clinical features of gliomas in TCGA training dataset (Figures 2F, G). Next, five risk genes (CDK4, HMGB2, WEE1, SMC3, and GADD45G) were identified (Table 2). The DDRGs signature was calculated as follows: RiskScore=0.307*CDK4expression+0.356*HMGB2expression+0.445*WEE1expression+(−0.453*SMC3expression)+(−0.371*GADD45Gexpression). The forest map of Cox regression analysis indicated that SMC3 and GADD45G were positively correlated with the prognosis of patients with glioma, whereas CDK4, WEE1, and HMGB2 were negatively correlated with prognosis (Figure 2H). To further investigate the properties of these five DDRGs, we retrieved their expression levels and impact on the prognosis of patients with glioma in the GEPIA website. In agreement with the results of a previous differential analysis, the expression levels of these five genes were higher in both LGG and GBM than in normal brain tissue (Supplementary Figures S2A–E). In terms of prognostic analysis, consistent with our previous results, high expression of CDK4, HMGB2, and WEE1 could lead to poor prognosis of glioma; however, gliomas with high expression of SMC3 and GADD45G were linked to longer survival (Supplementary Figures S2F–J). Subsequently, we investigated the proteins encoded by these five genes in patients with glioma using the Human Protein Atlas database. The previously described protein expression profile and gene expression levels were similar, and CDK4, HMGB2, WEE1, SMC3, and GADD45G exhibited medium staining intensity. However, their corresponding expression levels in normal brain tissues were not detected, or the staining intensity was low (Supplementary Figures S3A–E). Each patient could be scored according to this formula; patients with glioma in TCGA training dataset were divided into high-risk and low-risk groups (n=147, respectively) according to the median score (Figure 3A). A heatmap was used to describe the expression of these five DDRGs in different groups (Figure 3B). In the high-risk group, CDK4, HMGB2, and WEE1 were upregulated, whereas SMC3 and GADD45G were downregulated. Figure 3C suggests that patients in the high-risk group were associated with a higher mortality rate and shorter survival than those in the low-risk group. Consistently, based on the Kaplan–Meier curve, patients in the low-risk group had a significantly better OS (hazard ratio [HR]=8.17, 95% confidence interval [CI]: 4.53–14.73, P<0.001) than those in the high-risk group (P<0.01) (Figure 3D). Following the classification of patients with glioma into high- and low-risk groups according to the risk model, PCA was performed. The results revealed that the patients in different risk groups were distributed in two directions (Figure 3E). Time-dependent ROC curves were constructed to further evaluate the accuracy of the DDRGs signature for predicting prognosis. The area under the curve values for 1-, 2-, and 3-year survival were 0.913, 0.929, and 0.918, respectively (Figure 3F). The calculated C index was to be 0.769 in the training TCGA cohort.


Table 2 | The information of 5 DNA repair genes constructing the prognostic risk model.






Figure 3 | Prognostic analysis of the DDRG signature in TCGA training set. (A) The distribution and median value of the risk scores in TCGA training dataset. (B) The distributions of status, OS, and risk score in TCGA training dataset. (C) Heatmap showing the expression of five genes in the low- and high-risk groups. (D) Survival curve was used to analyze OS of the low- and high-risk groups in TCGA training dataset. (E) Principal components analysis (PCA) of the DDRGs signature. (F) The AUC values of time-dependent ROC curves verify the prognostic performance of the risk score in TCGA training dataset. AUC, area under the curve; DDRGs, DNA damage repair genes; OS, overall survival; ROC, receiver operating characteristic; TCGA, The Cancer Genome Atlas.





Analysis of the DDRGs Signature Using TCGA Testing and CGGA Validation Datasets

We further clarified the role of the DDRGs signature in predicting prognosis in patients with glioma by performing analysis using TCGA testing and CGGA validation datasets. Scores for each patient were calculated using the formula shown above, and patients were divided into high- and low-expression groups based on the corresponding median score (Supplementary Figures S4A–D). The distribution of patients in TCGA testing and CGGA cohorts was presented in Figures 4A, B. High-risk patients in the TCGA training dataset had a shorter OS (HR=9.96, 95% CI: 5.47–18.13, P<0.001), in the external CGGA validation dataset were same as TCGA dataset (HR=4.74, 95% CI: 3.87–5.80, P<0.001) (Figures 4C, D). PCA revealed that patients in the two subgroups were distributed in discrete directions in both TCGA testing and CGGA datasets (Figures 4E, F). In addition, in the TCGA testing dataset, the area under the curve values of the DDRGs signature for 1, 2, and 3 years were 0.826, 0.920, and 0.948, respectively; in the CGGA dataset, these values were 0.740, 0.814, and 0.815, respectively (Figures 4G, H). The C-indexes were 0.722 and 0.819 in testing TCGA and validation CGGA sets.




Figure 4 | The accuracy of the DDRGs signature was verified using internal and external validation. (A, B) Scatter plots depicting the survival and status of patients in the high- and low-risk groups in TCGA testing and CGGA validation datasets. (C, D) Survival curve was used to analyze OS in the low- and high-risk groups in TCGA testing and CGGA sets. (E, F) Principal component analysis (PCA) of the DDRG signature in TCGA testing and CGGA sets. (G, H) ROC curves were constructed for TCGA testing and CGGA sets. CGGA, Chinese Glioma Genome Atlas; DDRG, DNA damage repair gene; OS, overall survival; ROC, receiver operating characteristic; TCGA, The Cancer Genome Atlas.





Independent Prognostic Value of the DDRGs Signature

Univariate and multivariate Cox regression analyses were performed to assess whether DDRGs signature was an independent prognostic indicator. In the TCGA database, Univariate Cox regression analysis demonstrated that the risk scores were associated with the overall survival rate of glioma patients(HR=5.103, 95%CI=3.407-7.620, P<0.001). Multivariate Cox regression analysis revealed that the risk scores were independent risk factors for predicting the overall survival rate of glioma patients(HR=2.967, 95%CI=1.627-4.823, P<0.001). The results were validated in the CGGA (Supplementary Figures S5A–D).



Prediction of Outcome by the DDRGs Signature in Stratified Patients

We subsequently sought to validate the prognostic role of the DDRGs signature in gliomas with different clinical characteristics. Survival analysis was performed for patients from the CGGA dataset who were divided according to their age (<42, ≥42), sex (female, male), PRS type (primary, recurrent), grade (II, III, IV), IDH (mutation, wild), 1p19q (co-deletion [codel], non-codel), and MGMT status (methylated, unmethylated). The Kaplan–Meier analysis showed that a low risk score was linked to longer OS than a high risk score in all stratified patients (Figures 5A–O). Consistent results were obtained from TCGA dataset (Supplementary Figures S6A–J). Interestingly, we noted that all stratified patients with grade IV disease in TCGA dataset were in the high-risk subgroup. Moreover, the risk scores were significantly higher in GBM than LGG in the GSE4290, TCGA, and CGGA cohorts (Supplementary Figures S7A–C). These results suggested that the DDRGs signature could precisely predict the prognosis of gliomas, linking patients with a high-risk score to poor survival.




Figure 5 | Prediction of outcome of the DDRGs signature in stratified patients in the CGGA dataset. (A–O) Survival analysis of the signature in patients stratified by age, sex, PRS type, grade, IDH, 1p19q status, and MGMT promoter. CGGA, Chinese Glioma Genome Atlas; DDRG, DNA damage repair gene; IDH, isocitrate dehydrogenase; MGMT, O-6-methylguanine-DNA methyltransferase; PRS, primary-recurrent-secondary.





Relationship Between the DDRGs Signature and Clinical Characteristics of Gliomas

To examine the association between this DDRGs signature and clinical characteristics of gliomas in CGGA cohort, we investigated potential positive correlations of the risk score with age and grade of glioma. We also explored that the risk score was lower in IDH mutation, 1p19q codel and MGMT methylated significantly which were the clinical features with good prognosis of glioma (Figure 6).




Figure 6 | Box charts showing the characteristics of patients in different risk groups, including age, sex, PRS type, grade, IDH, 1p19q, MGMT, and survival status. IDH, isocitrate dehydrogenase; MGMT, O-6-methylguanine-DNA methyltransferase; PRS, primary-recurrent-secondary.





Relationship Between the DDRGs Signature and Immune Cell Infiltration in the Tumor Microenvironment

Next, we performed CIBERSORT and ssGSEA to evaluate the relationship between the DDRGs signature and immune cell infiltration in the tumor microenvironment of gliomas. The 686 glioma samples obtained from the CGGA dataset were segregated into low- and high-risk group using the formula shown above. CIBERSORT was used to analyze the RNA sequencing data of these selected patients and evaluate the fractions of 22 immune cell types in the high- and low-risk groups. Surprisingly, the risk score was positively correlated with T follicular helper cells, regulatory T (Treg) cells, and macrophages M0 (P<0.01). In contrast, it was negatively correlated with CD4 naïve T cells, CD4 memory resting T cells, gamma-delta T cells, monocytes, and activated mast cells (P<0.01) (Supplementary Figures S8A, B). Subsequently, we also conducted ssGSEA to determine the degree of immune cell infiltration. We similarly observed that the risk score was positively correlated with activated dendritic cells, B cells, CD8+ T cells, dendritic cells, macrophages, mast cells, plasmacytoid dendritic cells, T helper (Th) cells, Th2 cells, tumor-infiltrating lymphocytes, and Treg cells; in contrast, the risk score was negatively correlated with neutrophils and Th1 cells. Moreover, we found that the risk score was correlated with immune processes, such as CCR, check-point, cytolytic activity, etc. (Supplementary Figures S8C, D). According to these results, we divided patients with glioma into high- group, medium-, and low-immunity groups. As expected, patients with higher risk scores tended to be in the high-immunity group (Supplementary Figure S8E). In addition, the present study revealed that the risk score was negatively correlated with tumor purity, and positively correlated with immune score and stroma score. These findings indicated that the risk score was closely related to the tumor microenvironment (Figures 7A–E). Next, we analyzed the relationship between the risk score and immune checkpoints (programmed cell death 1 [PD1], programmed cell death 1 ligand 1 [PDL1], T-cell immunoglobulin mucin family member 3 [TIM3], cytotoxic T-lymphocyte associated protein 4 [CTLA4], B7-H3, and lymphocyte activating 3 [LAG3]) through correlation analysis. The Pearson analysis showed that the risk score was strongly positively correlated with B7-H3 (r=0.720), moderately and weakly correlated with PDL1 (r=0.443), TIM3 (r=0.330), LAG3 (r=0.210), and CTLA4 (r=0.190), and moderately negatively correlated with PD1 (r=−0.320) (Figures 8A–F).




Figure 7 | Immune infiltration patterns of low- and high-risk score analyzed by ssGSEA methods in glioma from the CGGA dataset. (A) Heatmap revealing the scores of immune cells in low, middle, and high immunities. (B–E) Scatter plot showing the correlation between risk score and tumor purity, ESTIMATE, immune and stromal score. CGGA, Chinese Glioma Genome Atlas; ssGSEA, single-sample gene set enrichment analysis.






Figure 8 | Correlation analysis between the DDRG signature and immune checkpoints. (A–F) Relationship between the DDRG signature and B7-H3, PDL1, TIM3, LAG3, CTLA4, and PD1, respectively. CTLA4, cytotoxic T-lymphocyte associated protein 4; DDRG, DNA damage repair gene; LAG3, lymphocyte activating 3; PD1, programmed cell death 1; PDL1, programmed cell death 1 ligand 1; TIM3, T-cell immunoglobulin mucin family member 3.





Identification of Involved Signaling Pathways

GSEA was performed to further examine the mechanism of DDRGs and poor prognosis of patients with glioma. In the c2.cp.kegg dataset, we found that the high-risk group was significantly associated with the following pathways: antigen processing and presentation (NES=2.80, P<0.0001), cytokine-cytokine receptor interaction (NES=1.937, P=0.0039), extracellular matrix receptor interaction (NES=1.90, P=0.0059), and T cell receptor signaling pathway (NES=1.703, P=0.017). Gene Ontology analysis showed that high risk was closely associated with the following pathways: activation of immune response (NES=2.79, P<0.0001), antigen receptor-mediated signaling pathway (NES=1.96, P<0.0012), lymphocyte-mediated immunity (NES=2.13, P<0.0001), and regulation of lymphocyte activation (NES=2.330, P<0.0001) (Figures 9A, B).




Figure 9 | GSEA of the relevant mechanisms involved in the DDRG signature. KEGG (A) and GO (B). DDRGs, DNA damage repair genes; GSEA, gene set enrichment analysis; KEGG, Kyoto Encyclopedia of Genes and Genomes; GO, Gene Ontology.





A Personalized Prognostic Prediction Model

The nomogram can conveniently and rapidly predict the prognosis of patients with cancer; hence, it is widely used in clinical research on cancer (19). According to the clinical information and risk model score of patients with glioma, a nomogram model was established to predict the prognosis of patients, including age, PRS type, grade, IDH, 1p19q, MGMT status, and risk score. Each patient was scored according to their respective different clinical traits and risk score; subsequently, the 1-, 2-, and 3-year survival rates of patients with glioma were predicted according to the prediction line at the bottom of the nomogram (Figure 10A). Calibration curves indicated that actual and predicted survival matched well (Figure 10B), particularly for 3-year survival. Meanwhile, the calculated C index was to be 0.785. The decision curves shown in Figure 10C demonstrated the clinical usefulness of the prediction models, indicating that the DDRGs nomogram achieved a higher overall net benefit than the clinicopathologic nomogram within most range of threshold probabilities.




Figure 10 | Nomogram for the prediction of prognostic probabilities in the CGGA dataset. (A) The nomogram for the prediction of OS was developed using the CGGA dataset. (B) The calibration plots for predicting 3-year survival. (C) Decision curve analysis for the DDRGs signature nomogram and the clinicopathological nomogram to estimate the OS. CGGA, Chinese Glioma Genome Atlas; OS, overall survival; DDRGs, DNA damage repair genes.






Discussion

In 2020, the number of new CNS tumor cases was 308,102, accounting for 1.6% of the total number of new tumor cases, worldwide. Moreover, 251,329 deaths due to brain tumors were reported, accounting for 2.5% of cancer-related deaths globally (22). Gliomas constitute approximately 70% of intracranial malignancy cases and are the leading cause of death among these patients. The prognosis of patients with gliomas, particularly GBM, is poor; median survival after the postoperative administration of concurrent chemoradiotherapy is <2 years (23). The main reasons for the poor prognosis of gliomas are the aggressive proliferation, invasive growth and chemoradiotherapy resistance of glioma cells (24).

It has been proved that DDRGs are closely related to chemoradiotherapy resistance of tumors (25, 26). In this study, we investigated DDRGs and constructed a risk model consisting of five such genes (CDK4, HMGB2, WEE1, SMC3, and GADD45G) by differential analysis using LASSO regression and Cox proportional hazards regression. We validated the accuracy of this model for predicting the prognosis of gliomas by internal and external validation and stratification analysis. In the TCGA cohort, we found that all GBM patients were in high-risk subgroup. But we did not observe it in the CGGA set. Nevertheless, we found that most of the patients with GBM in the CGGA set were still in high-risk subgroup and had statistical significance. Further, we also explored that the risk score of LGG was significantly lower than GBM in TCGA, CGGA and GSE4290 databases. Moreover, by analyzing the clinical characteristics of patients with glioma, we found that the risk score was positively correlated with malignancy and negatively correlated with protective factors (e.g., IDH mutation, 1p19q codel, and MGMT methylation). Collectively, these results suggest that this risk model is significantly associated with the prognosis of patients with glioma.

The CDK4 promotes tumor cell differentiation from G1 to S phase and increases proliferation. Schmidt et al. (27) were the first to report that amplification of the CDK4 gene occurs in highly malignant GBMs and anaplastic astrocytomas, whereas there are alterations observed in benign astrocytomas. Additionally, recent studies have shown that overexpression of the CDK4 gene was closely related to poor prognosis of patients with glioma (28). HMGB2 is a member of the high mobility group of the nonhistone chromatin-associated proteins that regulate the processes of transcription, replication, recombination, and DNA repair (29). HMGB2 is highly expressed during embryonic development, but lowly expressed in adult organs; it is mainly detected in lymphoid organs and testes. HMGB2 is highly expressed in most tumor tissues (30). As a target gene of mi-R130a, HMGB2 controls the proliferation and epithelial mesenchymal transition of glioma cells (31). WEE1 is a nuclear kinase belonging to the serine/threonine protein kinase family. It is a key regulator of cell cycle progression and maintenance of genomic stability. WEE1 can control the cell cycle by phosphorylating CDK1 and regulating the activity of the CDK1/cyclin B complex. As an integral part of the G2/M phase checkpoint, WEE1 determines the time point of entry into mitosis and inhibits the early progression of the cell cycle, while also participating in the cellular response to DNA damage (32). Shahryar et al. (33) reported that inhibition of WEE1 expression increased the sensitivity of GBM to radiation. This effect may be related to the blockage of WEE1 in the G2M phase of GBM. SMC3 is an essential component of the cohesin family. Studies found that SMC3 activates nuclear factor-κB (NF-κB) through autocrine tumor necrosis factor-α (TNF-α), which inhibits apoptosis in cancer cells. However, it also can activate the AKT pathway, thereby promoting cancer growth (34). GADD45G (relative molecular mass: 18,000 Da) is an evolutionarily conserved protein among members of the growth arrest and DNA damage-inducible protein 45 family. Its expression is elevated in response to a variety of exogenous genotoxic and oncogenic stimuli. Li et al. (35) found that knockdown of GADD45G expression increased the proliferative and migratory ability of esophageal cancer cells. It has also been shown that overexpression of GADD45G reverses resistance to sorafenib both in vitro and in vivo. Moreover, the proapoptotic effect of sorafenib on sorafenib-sensitive cells is partially abolished by inhibiting the expression of GADD45G using siRNA (36). The traditional view that the CNS is an immune privileged organ arose from the fact that the blood–brain barrier can selectively block the delivery of immune cells and immune macromolecules from the periphery to the CNS. Nonetheless, this is not absolute, and recent studies suggested that lymphatic vessels existing in the brain can also generate an immune response (37). The use of immunotherapy has resulted in significant breakthroughs in the therapeutic landscape of cancer, particularly in the treatment of tumors, such as lung cancer, melanoma, and colorectal cancer. Nevertheless, in gliomas, immunotherapy has not achieved good outcomes, mainly because glioma gradually develops a multifactorial, multicellular complex suppressive immune microenvironment during growth (9, 38). Infiltration of immunosuppressive cells in the tumor microenvironment is key to the efficacy of immunotherapy and tumor immune evasion; the major immunosuppressive cells include tumor-associated macrophages (TAMs) and Treg cells (39). In this study, the infiltration of immune cells in each patient was determined through CIBERSORT and ssGSEA; the high-risk group had more immunosuppressive cells, such as TAMs and Treg cells. Patients were divided into high-, moderate-, and low-immunity groups, according to the degree of immune cell infiltration. Unexpectedly, we observed a trend of positive association between patients in the high-risk group and high-immunity group. It has also been shown that patients with glioma and high immunity are associated with worse prognosis (40). The present findings are consistent with those of previous studies. This also explains the poorer prognosis of patients in the high-risk group.

Chemoradiotherapy can cause double-strand breaks in the DNA of cancer cells, thereby initiating a series of reexamined biochemical reactions for the repair of damaged DNA. Failure to efficiently repair damage or correctly modify DNA can lead to gene mutations, chromosomal rearrangements, or even cell death. Therefore, DNA damage repair is intimately linked to genomic instability. Genomic instability in cells can result in the production of a large number of neoantigens that are more easily recognized by the immune system, which in turn leads to the infiltration of more immune cells in the tumor microenvironment. The infiltrating immune cells are reprogramed by various tumor-derived cytokines and chemokines, acquiring unique functional phenotypes and transforming into tumor-related immune cells. The tumor microenvironment of glioma is particular owing to the unique brain immunology. As the essence of blood–brain barrier, the immune privilege of CNS can inhibit and delay the immune response. The occurrence, development, and immune evasion of gliomas are closely related to this physiological state (i.e., the tumor immunosuppressive microenvironment), which markedly limits the effectiveness of immunotherapy. In addition to the inherent immunosuppressive microenvironment of glioma, the infiltration of immunosuppressive cells (e.g., TAMs, myeloid-derived suppressor cells, tumor-associated neutrophils, and Treg cells) is also closely related to the tumor immunosuppressive microenvironment (41). Glioma cells interact with various components in their microenvironment, jointly inducing the formation of the immunosuppressive microenvironment and promoting the progression of glioma. Therefore, elucidation of the mechanism of the immunosuppressive microenvironment of glioma may provide an important theoretical basis for improving immunotherapy strategies against glioma. Of the various immunotherapies, checkpoint blockade is currently the most widely applied in clinical practice; however, it may not be the most promising treatment for glioma. Effector T cells can be reactivated by binding to specific antibodies and checkpoint molecules, thereby performing their cytotoxic role against tumor cells.

PD1 and its ligand PDL1/2 are the most widely studied immune checkpoint molecules thus far. These molecules can negatively regulate the signal transduction pathway mediated by T cell receptors. By binding to PDL1, PD1 suppresses the proliferation and differentiation of T cell, blocks the production of inflammatory factors, and leads to T cell inactivation. CTLA4, a member of the immunoglobulin superfamily, is a glycoprotein expressed on the surface of activated clusters of differentiated CD4 and CD8 T cells. It is an important negative regulator in the immune system and the first immunomodulatory molecule to be used in targeted therapy. CTLA4 inhibits T cell activation and induces T cell incompetence by binding the natural CD80 and CD86 ligands expressed on antigen-presenting cells. LAG3 is a member of the immunoglobulin superfamily and exerts an inhibitory effect on lymphocytes. It can enhance the negative regulatory function of Treg cells, which play an important role in the immune response. In addition, it is involved in the immune evasion of various tumor cells. TIM3 is a negative immune checkpoint molecule that can be expressed in T cells, monocyte macrophages, Treg cells, natural killer cells, and tumor cells. The binding of TIM3 to its ligand galectin 9 (LGALS9) induces the depletion of T cells, which cannot be activated and are unable to secrete cytokines, leading to tumor immunosuppression and immune evasion (42). As a newly discovered member of the B7-CD28 checkpoint pathway, B7-H3 plays an extremely important role in the process of tumor immunity. Numerous studies have shown that B7-H3 is highly expressed in most tumors and associated with tumor immune evasion, which is inextricably linked to tumor stemness, invasion, and metastasis (43). B7-H3 is highly expressed in patients with glioma, positively correlated with tumor pathological grade, and negatively correlated with survival (44). In this study, we found that the DDRGs signature was positively correlated with these immune checkpoints, particularly B7-H3, which could serve as a potential approach to enhancing immunotherapy for glioma.

The present study was characterized by some limitations. Firstly, despite the use of the GEO, TCGA, and CGGA databases for validation, there is a lack of multicenter data. In future studies, we plan to analyze data of patients with glioma from our hospital and other hospitals. Secondly, our results warrant further validation in vitro and in vivo. Further validation of this risk model could lead to precise prediction of the prognosis of patients with glioma and provide guidance for treatment.

In this study, we analyzed the differential expression of DDRGs between gliomas and normal brain tissues and constructed a signature composed of five such genes. The DDRGs signature could accurately predict the prognosis of patients with glioma, which was validated using data obtained from both TCGA and CGGA databases. Most importantly, immune cell infiltration analysis revealed that the DDRGs signature was closely related to inhibitory immune cell infiltration in the microenvironment of glioma. These findings provide a new potential approach and strategy for improving immunotherapy against glioma.
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Supplementary Figure 1 | Metascape dataset showing the interaction and enrichment pathways of candidate genes.

Supplementary Figure 2 | The gene expression of the constructed risk model and its prognostic impact on glioma patients were analyzed through the GEPIA online website. Figure 2 A-E exhibited the differential expression of CDK4, HGMB2, WEE1, SMC3, GADD45G respectively in LGG and GBM. Figure 2 F-J revealed the overall survival of low and high expression of CDK4, HGMB2, WEE1, SMC3, GADD45G in glioma, respectively. GEPIA, Gene Expression Profiling Interactive Analysis; LGG, lower grade glioma; GBM, glioblastoma.

Supplementary Figure 3 | Protein expression of the genes used for the construction of risk models by the Human Protein Atlas. A-E: immunohistochemical assay in normal and tumor tissue of CDK4, HGMB2, WEE1, SMC3, GADD45G, respectively.

Supplementary Figure 4 | TCGA testing and CGGA datasets were used to verify the accuracy of the DDRGs signature. (A, B) Scatterplots illustrating the risk scores for patients with glioma in TCGA testing and CGGA datasets. (C, D) The Heatmap illustrating the expression of the five genes in the high- and low-risk groups. TCGA, The Cancer Genome Atlas; CGGA, Chinese Glioma Genome Atlas; DDRGs, DNA damage repair genes.

Supplementary Figure 5 | Univariate and multivariate Cox analysis of prognostic risk scores for gliomas. Univariate Cox regression analysis. Forest plot of associations between risk factors and the survival of gliomas in the TCGA (A), and CGGA (B). Multiple Cox regression analysis. The DDRGs signature is an independent predictor of gliomas in the TCGA (C), and CGGA (D). TCGA, The Cancer Genome Atlas; CGGA, Chinese Glioma Genome Atlas.

Supplementary Figure 6 | Prediction of outcome of the DDRGs signature in stratified patients in TCGA dataset. Survival analysis of the signature in patients stratified by age (A, B), gender (C, D), grade (E, F), IDH (G, H), and 1p19q status (I, J). DDRGs, DNA damage repair genes; TCGA, The Cancer Genome Atlas; IDH, isocitrate dehydrogenase.

Supplementary Figure 7 | Comparison of risk scores in GBM and LGG in the TCGA (A), CGGA (B), and GSE4290 (C). TCGA, The Cancer Genome Atlas; CGGA, Chinese Glioma Genome Atlas.

Supplementary Figure 8 | Relationship between the DDRGs signature and immune infiltrating cells in the tumor microenvironment. (A) CIBERSORT was used to analyze the types and proportion of infiltrating immune cells in the tumor microenvironment of patients with glioma. (B) Differences in immune infiltrating cells between high- and low-risk groups determined by CIBERSORT. (C, D) Differences in immune infiltrating cells and immune related pathways between high- and low-risk groups determined by ssGSEA. (E) Violin diagram showing the relationship between immune grouping and risk score. DDRGs, DNA damage repair genes; ssGSEA, single-sample gene set enrichment analysis.
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Purpose

Current studies and guidelines suggest that the biobehavior of IDH-wild type (IDH-wt) lower-grade glioma (LGG, WHO II-III) is similar to IDH-wt glioblastoma (GBM). However, differences in their clinical and molecular characteristics have not been reported. This study aimed to analyze the clinical and genetic information of gliomas with IDH-wt.



Methods

389 patients with IDH-wt were enrolled in the study (LGG=165, GBM=224), and their clinical and genetic information was collected from the Chinese Glioma Genome Atlas (CGGA). We conducted an analysis of this information between the two groups of patients and drew conclusions thereof.



Results

The median age of the LGG patients was 42 (18–74) years, whereas that of the GBM patients was 51 (18–79) years (P < 0.010). GBM patients were more likely to undergo total resection (P = 0.018) and had fewer epileptic seizure symptoms (P < 0.001). The median overall survival (OS) was 55 months for the LGG patients and only 14.83 months for the GBM patients (P < 0.01). The median progression-free survival (PFS) was 44 months for the LGG patients and only 9.767 months for the GBM patients (P < 0.001). GBM patients were more prone to PETN mutations (P = 0.010). Transcriptome analysis showed that the differentially expressed genes in LGG patients were mainly enriched in metabolic pathways and pathways in cancer and in the function of signal transduction and positive regulation of GTPase activity, whereas in GBM patients, they were mainly enriched in the PI3K-Akt signaling pathway and in the functions of apoptotic process and oxidation-reduction process.



Conclusions

Our data indicate that these two groups of patients should be re-evaluated and treated differently, despite both having IDH wild type.
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Introduction

Gliomas are the most common and lethal type of primary malignant central nervous system (CNS) tumor, with an extremely poor prognosis. They comprise approximately 30% of all brain tumors and 80% of all malignant brain tumors (1). According to the World Health Organization (WHO) classification of tumors of the CNS, malignant adult diffuse gliomas are classified into grades II to IV based on their histologic features. In the 2016 edition of the classification, gliomas were subdivided into more subtypes based on molecular features, such as 1p/19q codeletion and IDH mutational status (2–4). With the addition of molecular pathology to the diagnosis of glioma by the WHO in 2016, the classification of glioma has undergone new changes, providing a new basis for the prediction of patient treatment and prognosis, thus improving the accuracy of treatment (5, 6). With the newly proposed molecular pathology-based diagnosis, IDH, as a very important classification standard, has been widely used in the classification and diagnosis of glioma (7). According to Yan et al.’s research, more than 80% of LGGs harbor an IDH mutation, including diffuse astrocytoma (grade II, 90%), pleomorphic xanthoastrocytoma (grade II, 14%), and anaplastic astrocytoma (grade III, 73%), whereas only 5% of primary GBMs contain IDH mutations (2, 3, 8).

Current studies have mainly focused on a comparison between IDH mutant-type LGG and GBM. Few studies have been conducted on glioma with IDH-wt. According to the latest studies by the RTOG 9802 and Kosuke et al., the prognosis of IDH-wt LGG is substantially poor, with a median OS and PFS of 22.8 and 8.4 months, respectively, close to those of GBM (9, 10). In addition, in terms of molecular genetic background, IDH-wt LGG and GBM are similar, and some researchers believe that IDH-wt GBM may develop from IDH-wt LGG (11). In addition, in the third cIMPACT-NOW report, the committee recommended reclassifying IDH1/2 wild-type diffuse lower-grade gliomas of WHO grade II and III (LGG) as diffuse astrocytic glioma, IDH1/2-wt with molecular features of glioblastoma (12). Moreover, NCCN guidelines recommend that IDH wild-type LGG be treated using therapy typical for GBM (13). However, according to the abovementioned reports and the latest literature, as well as our data, we found that IDH-wt LGG and IDH-wt GBM may have differences in their prognoses and molecular features, such as TERT promoter mutation and EGFR amplification, which may lead to differences in treatment (12, 14).

Our study explored the differences between the two types of glioma by comparing the clinical and genetic information of 389 patients, which will provide a theoretical basis for better distinguishing the two types of patients and future precision medicine.



Methods


Patients

We screened 850 IDH wild-type glioma patients from 2546 glioma patients in the Chinese Glioma Genome Atlas (CGGA) database (http://cgga.org.cn/), and a further 389 patients were obtained according to the following conditions: they have complete clinical information, older than 18 years, newly diagnosed, and received the standard treatment regimen. All patients were followed up until May 2019 or death, after they received the first operation. Their clinical characteristics, such as age, sex, resection range, survival, and chemotherapy regimen, and molecular pathological information, such as 1p/19q co-deletion, MGMT methylation status, and PTEN mutational status, were collected for subsequent analysis. We also selected 140 of the 389 patients to collect their mRNA sequencing (mRNA-seq) data. All patients received the treatment regimen based on the NCCN guideline and received the MRI examination within 24 h after the operation to assess the extent of resection (15). All research performed was approved by the Tiantan Hospital Institutional Review Board (IRB). All the subjects were diagnosed with glioma by consensus, according to central pathology reviews by independent board-certified neuropathologists and further graded based on the 2007/2016 WHO classification. Written informed consent was obtained from all patients.



Identification of Molecular Alterations

IDH1/2 (IDH) mutational status and the methylation status of the O6-methylguanine-DNA methyl-transferase (MGMT) promoter were detected by pyrosequencing. We predicted 1p/19q codeletion status by FISH. To determine the mutation status of P53 and PTEN, we used an immunohistochemical method (16–19).



Data Analysis

To identify the gene sets related to particular biological processes present in IDH-wt LGG and GBM, we screened 140 patients from 398 patients (61LGG, 79GBM), and collected their WEseq data, then gene expression profiling and gene set enrichment analysis (GSEA) were performed as described previously (20). The analysis we conducted was based on that found on the Database for Annotation, Visualization, and Integrated Discovery (DAVID) website (21, 22). Survival distributions were estimated with Kaplan-Meier survival analysis, and log-rank analysis was used to assess the significance of differences between stratified survival groups using GraphPad Prism 8.0 statistical software. The χ2 test was performed by SPSS software (IBM SPSS Statistics 24). We found the gene sequencing data of the enrolled patients through the CGGA database, calculated the mean value of each gene, and then used unpaired t test grouping to select genes of interest in IDH-wt LGG and GBM. We used R Studio to perform supervised cluster analysis on the screened differential genes to identify whether they were different from each other.




Results


Clinical Information Analysis

In this study, we enrolled 165 LGG patients and 224 GBM patients. In terms of clinical information, LGG cohort has 99 male and 66 female, GBM cohort has 146 male and 78 female patients. In terms of clinical information, we found that the median age of the IDH wild-type LGG and GBM patients was 42 years (range, 18–74 years; primarily 40–47 years, with a median age of 42 years) and 51 years (range, 18–79 years; primarily 47–53 years; with a median age of 51 years), respectively (P < 0.010). 135 (60.3%) IDH-wt GBM patients and 77 (46.7%) LGG patients underwent total resection (P = 0.018). Epileptic symptoms were noted for 50 (22.3%) IDH-wt GBM patients and 82 (49.7%) IDH-wt LGG patients (P < 0.001). There was no significant difference in the extent of invasion (multilobe LGG, 56 patients (33.9%); multilobe GBM, 74 patients (33%); P = 0.264) or sex (P = 0.296) between the two groups of patients. Data for all of the above patients are shown in Table 1. As to therapy, 134 LGG patients (81.2%) received radiotherapy and 190 GBM patients (84.8%) received radiotherapy (P = 0.072). 80 LGG patients (48.5%) received chemotherapy and 159 GBM patients (71.0%) received chemotherapy (P < 0.001).


Table 1 | Characteristics of clinical and molecular in this study.





Molecular Pathological Characteristics

Among the patient information we collected, 1p/19q codeletion occurred in none of the IDH-wt GBM patients (0%) or IDH-wt LGG patients (0%). About 5% LGG patients have PTEN mutation versus 11.6% GBM patients (P = 0.010). However, in our data, there was no significant difference in MGMT methylation status (15.2% LGG has methylation and 30.8% GBM has methylation, P = 0.520), P53 mutational status (7.9% LGG was mutant, 7.6% GBM was mutant, P = 0.518), TERT promoter mutations (7.3% LGG was mutant, 9.8% GBM was mutant, P = 0.991), and EGFR amplification (4.2% LGG was amplification and 6.3% GBM was amplification, P=0.204) between the two groups of patients (Table 1).



Survival Analysis

To understand patient prognosis, we collected survival data from the enrolled cohort. The overall survival (OS) was 55 months for the IDH-wt LGG patients and only 14.83 months for the IDH-wt GBM patients (Hazard ratio, 0.3213; 95% CI of hazard ratio, 0.2543-0.4060; P < 0.001). The median progression-free survival (PFS) was 44 months for IDH-wt LGG and only 9.767 months for GBM (HR, 0.3535; 95% CI, 0.2826-0.4421; P < 0.001) (Figure 1). By Kaplan-Meier survival analysis, we found significant differences in survival between the two groups, even though the treatment strategy for IDH-wt LGG was less aggressive than that for IDH-wt GBM. We performed univariable Cox regression analysis on the patient prognostic data and found that in LGG, patients with MGMT methylation had a better prognosis (P < 0.001). The prognosis of LGG patients who did not undergo radiotherapy or chemotherapy was better (P = 0.038). In LGG, the prognosis of grade 2 glioma was significantly better than that of grade 3 glioma (P < 0.001). In GBM, patients without PTEN mutations had a better prognosis (P = 0.023). Intraoperative total tumor resection (P = 0.015), postoperative radiotherapy (P = 0.034), and postoperative acceptance with chemotherapy (P < 0.001) were associated with a better prognosis. Then we performed a multivariate analysis using the SPSS software and found that the prognostic factors were different between the two groups of patients. In LGG, the OS and PFS were mainly affected by MGMT methylation (P < 0.001), TERT promoter mutation (P = 0.005), TP53 (P = 0.002), and the onset age (P < 0.001). While in GBM, the OS and PFS were more likely to be affected by interoperative resection (P = 0.004), radiotherapy (P = 0.006), chemotherapy (P = 0.001), and onset age (P = 0.03).




Figure 1 | The Log-rank test and Gehan-Breslow-Wilcoxon test for overall survival (OS) (A) and progression-free survival (PFS) (B) indicate that IDH-wt LGG was associated with longer overall survival (P < 0.001) and longer progression-free survival (P < 0.001) than IDH-wt GBM.





Gene Expression Analysis

We used R Studio to perform supervised cluster analysis on the 140 patient gene sequencing data (61 LGG and 79 GBM) and obtained gene heat maps describing the levels of gene expression in the different patient groups (Figure 2). Through the obtained gene heat map, it can be seen that there are obvious differences in the gene expression levels and gene expression types between IDH-wt LGG patients and IDH-wt GBM patients. Gene expression in LGG patients was more concentrated in the upper left corner of the picture, the first quarter of the list of genes, this part of the gene is low expressed in GBM patients. We screened the IDH-wt LGG and GBM genes from the database and performed Gene Ontology (GO) analysis. The results of the analysis were completely different for gliomas of different grades (Figure 3). The differentially expressed genes in patients with IDH-wt LGG were mainly enriched in the signal transduction and positive regulation of GTPase activity functions, whereas those in patients with IDH-wt GBM were mainly enriched in the functions of apoptotic process and oxidation–reduction process.




Figure 2 | Supervised cluster analysis of the gene sequencing data. We obtained gene heat maps describing gene expression in the different patient groups and found that there were obvious differences in gene expression levels and gene expression types between IDH-wt LGG patients and IDH-wt GBM patients.






Figure 3 | Functional enrichment analysis of associated genes for LGG (A) and GBM (B), indicating the functional roles of the gene sets in the different subgroups. Enrichment results for biological processes were obtained from the GO database. The orders of the biological processes listed in the bubble chart are based on the number of targets annotated in biological process (BP).



We compared the gene expression of the patients and used the Kyoto Encyclopedia of Genes and Genomes (KEGG) database provided by the DAVID website for correlation analysis and found that the cellular pathways of IDH wild-type LGG and GBM were completely different in terms of magnitude and function (21, 22). The differentially expressed genes in LGG were mainly enriched in metabolic pathways and MAPK signaling pathway, whereas those in GBM were mainly enriched in the Focal adhesion and HTLV-1 infection (Figure 4).




Figure 4 | Patient gene expression analysis was performed using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database provided by the DAVID website for correlation analysis. The orders of the biological processes listed in the bubble chart are based on the number of targets annotated in biological process (BP).






Discussion

Following the release of the WHO’s new glioma classification in 2016, there has been a growing trend toward precision medicine. Our research compared the clinical information, molecular pathology, and gene expression between IDH-wt LGG and GBM patients. According to the results of our analysis, we found that there were significant differences between the two groups in the abovementioned aspects.


Clinical Information

We use the chi-square test to analyze the two cohort patients, and we found that there is no significant difference between them in gender (P = 0.296). The IDH-wt LGG patients were more elderly than GBM patients in our patients (P < 0.01). According to Ostorm et al.’s research, GBM is mainly found in elderly patients (65-75), and LGG is mainly found in younger patients (age<65) (23). By comparing the two sets of data, we found that our conclusion is similar to them, but our patients have a younger onset age than them, this may be because our patients are all IDH-wt glioma patients, and these characteristics of molecular (IDH-wt) might lead to a tendency toward a younger age of onset in GBM, and the primary LGG patients was much more younger than the primary GBM patients. Epilepsy is one of the most common symptoms of glioma patients, so we collected the history of epilepsy of the enrolled patients. Through the chi-square test, we found that there was a significant difference between the two groups of patients (P < 0.001), so we believe that LGG patients are more likely to have epileptic through the course of the disease, which may because LGG is more incline to widespread invasion growth pattern, whereas the GBM are more likely show the characteristics of localized growth. Through the chi-square test, we found that there are no differences in the two patient groups in tumor location. In the treatment regimen, by collecting patient surgical data, we found that GBM patients are more inclined to undergo total tumor resection, and the LGG patients are more likely receive partial resection, which may because the course of LGG is longer and the scope of tumor invasion may be wider than GBM; furthermore, there is no obvious MRI enhancement boundary, so surgery for total resection may be difficult. Through the chi-square test, we found that there is a tendency that GBM patients were more likely to receive radiotherapy after the operations (P = 0.072). Besides, in LGG patients, 80 (48.5%) received TMZ for chemotherapy and 78 (47.3%) were not, whereas in GBM patients, 159 (71%) has TMZ for chemotherapy and 56 (25.0%) did not receive any chemotherapy. The chi-square test suggests that there have obviously been differences between them (P < 0.001). In summary, we concluded that there are significant differences between LGG and GBM in terms of clinical manifestations.



Molecular Pathological Characteristics

Among the patients we collected, none of the LGG or GBM patients had 1p/19q codeletion. This result is consistent with the current major view (24). In LGG patients, eight (5.0%) patients have PTEN mutation and 26 (11.6%) GBM patients have PTEN mutation, which is more than double the rate for LGG, so we conducted that GBM are more incline to PTEN mutation (P = 0.010). By studying the previous literature, we found that the abovementioned data are consistent with the previously reported data (25–28). In regard to p53 mutational status and MGMT methylation status, we could not find any significant differences. The chi-square test results showed that the P value for the difference in P53 mutational status between IDH-wt LGG and GBM was 0.518, whereas that for the MGMT methylation status the P value was 0.52, indicating no statistically significant difference between the groups for either condition. And the same condition is true for TERT promoter (P = 0.991) and EGFR amplification (P = 0.204). Through the abovementioned analysis, we believe that although only some of the abovementioned molecular pathological characteristics are different between IDH-wt LGG and GBM, significant differences were demonstrated in at least PETN mutational status.



Survival Analysis

By analyzing the survival data, we found that although the treatment strategy for IDH-wt LGG is less aggressive than GBM, its OS and PFS were still better (P < 0.001). It is generally accepted that some molecular characteristics are associated with a better prognosis, just like MGMT methylation and PTEN or P53. Combined with the molecular pathological characteristics, we believe that LGG is different from GBM. According to the research data from RTOG 9802, the OS and PFS of LGG are 7.5 and 4.4 years, respectively, which are significantly longer than what we reported. However, the RTOG 9802 was mainly focused on IDH mutation patients, whereas they found that the LGG patients have a better prognosis than GBM patients, and our study draws the same conclusion (29). Then we conducted a COX analysis and found a different conclusion about it. In LGG, the better prognosis is associated with MGMT methylation and no radiotherapy (P = 0.199) and no chemotherapy (P = 0.744). However, in GBM, the better prognosis is more inclined to NO PTEN mutation, total resection, radiotherapy, and chemotherapy. Besides, age affected both OS and PFS in LGG and GBM patients (Table 2).


Table 2 | Multivariate analysis results for LGG and GBM patients.





Gene Expression Analysis

Based on the above differences in clinical and molecular pathology, we found 3,000 differentially expressed genes from the CGGA database between the two groups through unpaired t-test analysis (P < 0.01). Through these differentially expressed genes, we conducted supervised clustering analysis and produced a gene heatmap. Through the heatmap, we found that the LGG patients were more concentrated in the first 700 genes. While the GBM was mainly gathering in the later 2000 genes. Since the GBM patients’ heatmap clearly split into different transcriptomic classes, we also conducted a supervised cluster analysis of gene expression in GBM patients alone and found that these patients met Verhaak’s classes (Figure 5) (30). Then we used full genes list to perform GO analysis and KEGG pathway analysis and found that there were also differences in the signaling pathways and protein expression levels between LGG and GBM patients. The differentially expressed genes in LGG patients primarily performed the function of signal transduction (GO:0007165), positive regulation of GTPase activity (GO:0043547), and so on (Figure 3A), according to the G-O database, we found that LGG mainly focused on the upregulate signal transduction, activation of GTPase activity, and positive regulation of guanyl-nucleotide exchange factor activity, obviously, it could help the progress of the tumor, whereas those among GBM patients primarily performed the functions of apoptotic process (GO:0006915), oxidation-reduction process (GO:0055114), cell division (GO:0051301), and so on (Figure 3B). which means GBM has the function of positive regulation of apoptotic process and neuron apoptotic process. Besides, although the oxidation-reduction process is obsolete, it still shows that GBM has a hypermetabolic state, this might mean that GBM is in a highly proliferative state. Regarding to KEGG pathway analysis, the differentially expressed genes in LGG were more enriched in pathways in cancer (hsa05200), MAPK signaling pathway (has04010), and so on (Figure 4A), which was mainly associated with various cellular functions, including cell proliferation, differentiation, migration. Besides, it is also linked to evading apoptosis, proliferation, and sustained angiogenesis. All the pathways are associated with upregulating tumor growth, whereas those in GBM were more enriched in the HTLV-1 infection pathway (hsa05166), focal adhesion (hsa04510), and so on (Figure 4B). HTLV-1, which is human T-cell leukemia virus type 1 in full name, is a pathogenic retrovirus that is associated with adult T-cell leukemia/lymphoma (ATL) (31). However, it is also linked to some classical pathways and genes, such as PI3K-Akt and PTEN, so we believe it has a deep impact on GBM patients. Compared with LGG, the GBM G-O analysis and KEGG express were different.




Figure 5 | Supervised cluster analysis of gene expression in GBM patients shows it suits the Verhaak’s classes well.



Although IDH-wt LGG and GBM have many similarities, the current data and research are insufficient to show that they are the same, nor can IDH-wt LGG be treated the same way as GBM. Further research is needed to reclassify these diseases in greater detail. However, according to the recently released NCCN 2020 treatment guidelines, IDH-wt LGG should be treated more similarly to GBM. Therefore, whether this regimen is the most suitable treatment regimen should be further analyzed (13).

Although the results of our analysis are relatively significant, this study included data from the CGGA database, which contain data only on Asians, which may cause a certain bias in the gene expression. In addition, our study only included newly diagnosed patients and excluded recurrent GBM patients, which may also produce a certain bias for this latter group. Currently, treatment regimens for IDH-wt LGG in the NCCN treatment guidelines tend to be consistent with GBM, and the 3rd version of cIMPACT-NOW indicates that when IDH-wt diffuse astrocytoma has certain molecular pathological characteristics, it can be considered a WHO grade IV glioma; however, through our analysis of clinical information, molecular pathology, and gene expression, we found that there are still many differences between IDH-wt LGG and GBM (12, 13)




Conclusion

Through the abovementioned analyses, we found that there are differences between LGG and GBM in terms of prognosis, epilepsy, resection range, PTEN mutational status, and biological behavior. These differences imply that whether the current treatment regimen is ideal still needs to be explored further.
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Glioma, the most common primary brain tumor in adults, can be difficult to discern radiologically from other brain lesions, which affects surgical planning and follow-up treatment. Recent advances in MRI demonstrate that preoperative diagnosis of glioma has stepped into molecular and algorithm-assisted levels. Specifically, the histology-based glioma classification is composed of multiple different molecular subtypes with distinct behavior, prognosis, and response to therapy, and now each aspect can be assessed by corresponding emerging MR sequences like amide proton transfer-weighted MRI, inflow-based vascular-space-occupancy MRI, and radiomics algorithm. As a result of this novel progress, the clinical practice of glioma has been updated. Accurate diagnosis of glioma at the molecular level can be achieved ahead of the operation to formulate a thorough plan including surgery radical level, shortened length of stay, flexible follow-up plan, timely therapy response feedback, and eventually benefit patients individually.
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Introduction

With its heterogeneous histological and imaging features, gliomas may still be the most common primary brain tumors in adults. The prognosis of patients with gliomas is not better than that of patients with other cancers, even for glioma patients who undergo various therapies such as aggressive surgery, chemoradiotherapy, and antiangiogenic therapy. Gliomas frequently occur in brain lesions and can be difficult to discern radiologically from other brain lesions, which might influence surgical planning and the course of follow-up treatment. In recent years, the development of magnetic resonance imaging (MRI) has greatly improved the clinical treatment and management of glioma patients. Previously, clinicians could only acquire basic information of tumor mostly from contrast-enhanced T1-weighted MR sequences. However, the pathophysiological aspects of gliomas can now be directly visualized and investigated with the help of emerging functional MR sequences. Currently, MRI plays a role throughout the course of the clinical treatment cycle. In addition to allowing the identification of different lesions in the central nervous system, the therapy plan can be elaborated in light of increasingly exquisite neuro-oncological imaging. With preoperative grading and key onco-marker detection, the formulation of individual treatment plans could contribute to improving prognosis and shortening the hospital length of stay (LOS). The correct radiological assessment during follow-up is crucial not only for the follow-up of glioma recurrence and progression but also for accurate assessment of therapeutic responses.

This review presents the frontiers of MR sequences in clinical applications relevant to the oncological imaging of glioma. The correlations between the MR sequences and their clinical applications in a glioma oncology diagnosis are discussed. Finally, the application of ultra-high-field MRI to glioma oncology is discussed.



Noninvasive Preoperative Grading

Noninvasive preoperative grading and differential diagnosis of gliomas are useful for neurosurgeons. To differentiate between non-enhancing and enhancing brain tumors, amide proton transfer (APT)-weighted (APTw) MRI can be used in presurgical radiological assessments (1). As an indirect indicator of the cellular mobile protein content, APTw imaging has been well-received for its chemical exchange saturation transfer (CEST) technique, which allows visualization of changes in amide protons in the peptide bonds of mobile proteins that carry the water necessary for MRI. Routine subjoined APTw sequences in preoperative radiological examinations could be used for preliminary differentiation between low-grade (LGGs) and high-grade (HGGs) gliomas (1). The introduction of intravoxel incoherent motion (IVIM) MRI alongside APTw improved the efficiency of differentiation between LGGs and HGGs, with an area under the curve of 0.986 (2). Another systematic review that included 353 patients to evaluate the diagnostic performance of APTw MRI in differentiating between LGGs and HGGs indicated that HGGs have significantly higher amide proton-transfer signal intensity than LGGs (3). The pooled sensitivity and specificity were 88% and 91%, respectively. The clinical utility of APTw MRI was thus considered reliable.

Another powerful and advanced MRI technique is MR perfusion-weighted imaging (PWI), which can be used to visualize the aggressiveness and malignancy of a glioma. PWI facilitates the identification of the proliferation of neogenesis vessels and tumor angiogenesis in gliomas (4). Tumoral vessels can lead to hemodynamic changes in the brain due to their pathological structure, which is revealed in color maps of cerebral blood volume (CBV) and vessel wall permeability by means of PWI. This efficiency can be quantified as the relative CBV (rCBV), which is the ratio of tumoral CBV to normal-appearing white matter CBV. In PWI, increased CBV often reflects HGGs. At their first presentation, the rCBV of primary solid and non-enhancing WHO grade II gliomas on PWI was significantly lower in LGGs than that in HGGs (5). By setting the rCBV threshold at a fixed value for differentiation, dynamic susceptibility contrast-enhanced (DSC) PWI-derived rCBV is available and reliable for distinguishing newly diagnosed non-enhancing LGGs from HGGs.

As the traditional assessment for CBV, vascular-space-occupancy (VASO) MRI is impractical because of its low signal-to-noise ratio (6). Inflow-based VASO (iVASO) is improved by only inverting the blood flowing into the slice, which could reduce the partial effects of cerebrospinal fluid volume. Activating the iVASO response within a certain time window could maximize the reflection of arterial/arteriolar CBV (rCBVa) changes (7). Combining rCBVa from iVASO MRI with the minimum apparent diffusion coefficient (mADC) from diffusion-weighted imaging (DWI) shows higher preoperative grading efficiency than any sequence alone (8).

For the last decade, dynamic contrast-enhanced (DCE)-MRI has been a well-established technique for preoperative grading of gliomas (9, 10). The previous glioma grading model, mainly based on the “hot-spot” logic of DCE-MRI, recorded the average value of several well-visualized structures as the “hot-spot,” which advanced mapping of tumor boundaries but was deficient in measuring its heterogeneity. To quantify spatial variation in the grayscale intensity and depict the latent imaging heterogeneity, the use of textural features in DCE-MRI has advanced preoperative glioma grading. Textural features obtained from DCE-MRI, calculated by an algorithm and screened by the model, showed good efficiency of discrimination between grade III and IV gliomas. This had been impossible in the prior “hot-spot” model because of excessive homogeneity (11, 12).

The degree of intratumoral susceptibility signal (ITSS) of susceptibility-weighted imaging (SWI) helps to visualize normal vascular brain structures and the vasculature inside the glioma (13). HGGs tend to have greater micro-hemorrhage volume and vigorous angiogenesis under 3-T conventional MRI. Using a 7-T MRI scanner has a significant advantage over using its precursor in terms of spatial resolution due to its higher signal-to-noise ratio. Moreover, local image variance (LIV) is a new complementary technique that uses 7-T MRI for the quantification of hypointense microvascular SWI structures. Using LIV-SWI for quantitative analyses in preoperative gliomas, a significantly higher value can be found in HGGs than in LGGs, making 7-T MRI practical for preoperative grading (14).

Both rCBV from PWI and ITSS from SWI are capable of grading glioma noninvasively. The rCBV achieves this through comparing the CBV of tumor with white matter, while ITSS does this through visualizing the glioma vasculature. While the study by Park et al. (15) indicates that the degree of ITSS shows a significant correlation with the value of rCBVmax in the same tumor segments and the diagnostic performance of SWI on glioma grading is comparable to that of PWI, recent research further illustrated that glioma pathological type correlated with SWI ITSS score and WHO grade correlated with rCBV ratio (16). The combination of rCBV values and ITSS scores to improve grading accuracy is recommended (17).



Differential Diagnosis

Glioma mostly manifests with neurological dysfunction, which can also be associated with other neoplastic and nonneoplastic lesions such as brain inflammation, lymphoma, or brain metastasis. Certain lesions require nonoperative treatments, rendering it necessary to distinguish them from gliomas. In clinical practice, clinical symptoms and preoperative examination features of these conditions often overlap, making them indistinguishable. The lack of a clear diagnosis may lead to invasive procedures such as biopsy, surgery, or even radiotherapy that may not only be inappropriate for the primary disease treatment but also eventually aggravate a patient’s condition. Therefore, it is imperative for clinicians to assess alternative noninvasive differential diagnostic tools to ensure an accurate preoperative assessment.


Differential Diagnosis of Inflammation vs. Glioma

In routine clinical practice, the differentiation of brain parenchyma inflammation from grade II glioma may present a dilemma for neurosurgeons. Both inflammation and glioma manifest on conventional MR sequences as lesions with a mass effect. On certain sequences, they share the same characteristics, such as hypointensity on T1-weighted imaging (T1WI), hyperintensity on T2-weighted imaging (T2WI), and no enhancement on postcontrast T1WI. Radiomics analysis, a rapidly growing method, refers to the conversion of radiological images to quantitative data using a feature extraction algorithm. The radiomics algorithm overcomes the difficulties associated with the resolution limits of the bare human eye, making it an emerging and significant approach in clinical radiological assessments. By extracting several radiomics features from routine 3-T MRI sequences and integrating them into an algorithm, a radiomics model has achieved good diagnostic efficacy for distinguishing inflammation and glioma (18).



Differential Diagnosis of Primary Central Nervous System Lymphoma vs. Glioma

Primary central nervous system lymphoma (PCNSL) is another common brain lesion with an increase in the incidence rate in recent decades due to the rising number of immunosuppressed and immunocompetent patients. PCNSL and HGGs share structural overlaps on MRI, both of which illustrate contrast-enhancing lesions with peritumoral edema. Quantitative APTw imaging analysis indicates that significantly higher homogeneous APTw hyperintensity, APTw min, and magnetization transfer ratio (MTR) and lower APTw max, APTw max-min, and CEST total signal intensity values can be found in PCNSLs than in HGGs. APT imaging is designed to detect free proteins and peptides in tissue. High MTR value and low CEST total signal of PCNSL lesions are often associated with a higher nuclear-to-cytoplasmic ratio. APTw max-min parameter indicates the APTw signal heterogeneity within the lesion. Significantly lower APTw max-min in PCNSL than in HGGs is consistent with the histopathological features that PCNSLs are histologically relatively homogeneous (19).

The peritumoral edematous areas of PCNSLs show significantly lower APTw value than that in HGGs, but the edema MTR values showed no statistical difference between these two types of tumors (19).



Differential Diagnosis of Brain Metastasis vs. Glioma

Identifying a glioma from brain metastasis is another clinical predicament due to the similar symptoms of these conditions. PWI, an MRI sequence that can characterize the peritumoral area, theoretically ensures a high diagnostic performance in differentiating glioma from brain metastasis. Several sequences from PWI can play a vital role in clinical efficiency, such as DSC, DCE, and arterial spin labeling imaging. DSC is the PWI technique that is most commonly preferred by clinicians. Researchers tend to use rCBV as a DSC parameter to distinguish gliomas from brain metastases, as gliomas tend to invade adjacent brain tissue, whereas brain metastases tend to extrude adjacent brain tissue (20). In DCE-MRI, a glioma has higher peritumoral rCBV values than those in brain metastasis, indicating that the rCBV sequence can be practically used for target identification (21).

Numerous studies have reported distinguishing HGGs with solitary brain metastasis using DWI and diffusion tensor imaging (DTI) (22, 23). The focus of this differentiation is to distinguish infiltrative edema caused by the glioma from metastatic vasogenic edema. The mean minimum peri-enhancing ADC values in HGG are significantly higher than those in brain metastases, and combining DWI and DTI has shown a moderate diagnostic performance in this peritumoral area (24–26) (Figure 1 and Table 1).




Figure 1 | Diffusion-weighted imaging (DWI) and diffusion tensor imaging (DTI) of a glioma. T1-weighted imaging (T1WI) (A), fluid-attenuated inversion recovery (FLAIR) (B), DWI (C), DWI with b = 0 s/mm2 (D), DWI with b = 1,000 s/mm2 (E), DTI apparent diffusion coefficient (ADC) mapping (F), DTI fractional anisotropy (FA) mapping (G), DTI directional encoded color FA mapping (H), diffusion tensor tractography (DTT) (I).




Table 1 | MR sequence and parameter in glioma diagnosis.






Key Onco-Marker Detection


Isocitrate Dehydrogenase

Mutation of the metabolic enzyme isocitrate dehydrogenase (IDH) is one of the earliest known genetic events in the tumorigenesis of LGGs. Recent studies indicate that IDH may be a key driver in the development of multiple subtypes of LGGs. Molecular classification of gliomas has been revised due to the discovery of the IDH1 mutation. Gliomas with IDH1 mutations tend to have a more favorable prognosis.

Radiomics models can also play a vital role in identifying IDH-mutant gliomas ahead of surgery. After extracting the mADC, relative ADC (rADC), and rCBVmax from DWI, DSC-PWI, and conventional MRI data and integrating them into a prediction model, the mADC and rADC values were found to be higher in IDH-mutant gliomas than in IDH-wild-type gliomas. IDH-mutant gliomas also presented considerably lower rCBV values. The prediction model demonstrated a moderate diagnostic performance (31–33).

From a metabolic perspective, in IDH-mutant gliomas, isocitrate is not converted to α-ketoglutarate (α-KG) as usual but is converted to a new signature metabolite, 2-hydroxyglutarate (2-HG) (34). MR spectroscopy (MRS) is a noninvasive diagnostic modality that allows the detection and quantification of metabolites in cells and patients (35). Given that only IDH-mutant gliomas produce 2-HG, measuring 2-HG levels through MRS can estimate the IDH mutation status (36).

However, using MRS to identify IDH-mutant gliomas by detecting 2-HG has some drawbacks, as the process of correlating the 2-HG level and glioma tumor volume and MRS per se is time-consuming. Under APTw imaging, IDH-wild-type gliomas tend to demonstrate heterogeneous masses with scattered punctate or patchy high APTw signals, while IDH-mutant lesions show homogeneous iso-intensity to minimal APTw signals, making APTw a non-tumor volume-dependent and time-saving modality (37).

IDH1-R132H mutation status can also be predicted using 7-T CEST-MRI, with advanced diagnostic accuracy (p < 0.0001). The same MR sequence used in preoperative grading can be applied in IDH mutation status prediction, as IDH mutant gliomas manifest lower mean SWI-LIV values than IDH–wild-type gliomas (14).



O6-Methylguanine-DNA Methyltransferase

Temozolomide (TMZ) is an oral alkylating agent that has been suggested to augment anti-glioma immune responses. Glioma patients may not respond to chemotherapy of alkylating agents due to the alkylator resistance caused by pivotal DNA repair enzyme such as O6-methylguanine-DNA methyltransferase (MGMT). Chemosensitivity to TMZ can be restored by methylating the MGMT promoter (MGMTpm). Therefore, MGMT promoter methylation is a robust indicator of glioma patients’ sensitivity to TMZ treatment. A radiomics approach using an automated machine-learning algorithm achieved moderate discriminatory accuracy of the MGMTpm status (38). Gd-3DT1WI, T2WI, and fluid-attenuated inversion recovery sequence (Flair) from 3-T MRI scans were integrated into the algorithm, of which the kernel is formed by applying the tree-based pipeline optimization tool (TPOT). The input features can thereafter be selected and classified, and the best machine-learning pipeline can be generated.

CBVa obtained from iVASO MRI can identify the difference of tumor histogram and structural features between MGMT methylation gliomas and unmethylation ones. The root mean square and variance features from CBVa histogram and contrast-enhancing component of the tumor location from structural imaging enable the iVASO-CBVa to evaluate the MGMT methylation status in gliomas (39).



Histone H3-K27M Mutation

Compared to gliomas in other regions, diffuse midline gliomas (DMGs) mostly lead to a worse prognosis due to their diffuse growth pattern and high levels of intrinsic resistance to therapy. DMG occurs near the cerebral or infratentorial brain midline and occasionally intrudes into the spinal cord (40). DMG shares anatomical features with diffuse intrinsic pontine glioma (DIPG), a term that has now been abolished by the World Health Organization (WHO). In 2012, aberrations in a regulatory histone gene (H3) resulting in an amino acid substitution from lysine to methionine at residue 27 (K27M) were discovered in up to 40% of pediatric glioblastomas (41). Follow-up studies indicated that four out of every five childhood DIPG patients may possess H3-K27M mutations. These patients have a dismal prognosis (a mean of 0.73 years of survival), while those lacking the mutation survive for a mean of 4.6 years. Quantifying and qualifying the radiological features of the DWI in H3-K27M DMG, a moderately low ADC value compared to the H3-K27M wild type can be found in solid tumors (42). Through statistically different ADC values, several significantly lower parameters such as minimal ADC, peritumoral ADC, ratio of minimal ADC, and ratio of peritumoral ADC can be integrated to assess the H3-K27M mutational status in DMG (43).



Ki-67

Proliferation-related Ki-67 is a representative antigen in the cell cycle. It has been widely used as a proliferation marker for human tumor cells. Ki-67 maintains low expression levels in normal brain tissues but is elevated in solid glioma tumors. More malignant tumors often possess a higher Ki-67 marker index and lead to worse prognosis. Therefore, it is imperative to assess the Ki-67 level preoperatively for better individual treatment (44). Fluctuations in texture features can be found in the peritumoral area of glioma due to the expression of Ki-67. As such, a radiomics model that integrates texture features from T1WI and T2WI can effectively assess the Ki-67 level noninvasively (45).

Conventional MRI can provide information about the volume, location, and texture of the tumor and inevitably suffers bias caused by the selected region of interest (46). Multicontrast MRI, the combination of multiple conventional MRI contrast sequences, could improve the objectivity of lesion detection (47). Multicontrast radiomics provides complementary information on both geometric characteristics and molecular biological traits, which correlate significantly with tumor proliferation. Under multicontrast MRI, non-wavelet and wavelet radiomics features were found to correlate significantly with the Ki-67 labeling index. The radiomics features and related parameters extracted from multicontrast demonstrated a good prediction of the Ki-67 level (48).



P53

As a tumor suppressor gene, p53 has strong effects on gliomagenesis (49). p53 level often results in poor prognosis and malignant transformation of LGGs. Recent studies indicated that the sensitivity of gliomas to chemoradiotherapy may also be associated with the p53 level. Mutant p53 was found to be specifically associated with tumor location and enhancement texture maps in LGGs based on preoperative MRI scans (50). The least absolute shrinkage and selection operator (LASSO) method is an automated machine-learning approach that can select the best predictive features from the cohort to prevent the bias of overfitting and under-generalization caused by human selection. By integrating p53-related first-order (including maximum, median, minimum, and uniformity), shape- and size-based, and textural (including correlation, run percentage, and sum entropy) features, p53 level can be noninvasively and preoperatively predicted (51).



Telomerase Reverse Transcriptase

The key for cancer cells to maintain their proliferative potential and avoid apoptosis is to maintain telomeres. Telomerase reverse transcriptase (TERT) is the rate-limiting catalytic subunit of telomerase. By increasing TERT expression, telomere length can be sustained (52). Mutations in the promoter region of TERT may facilitate TERT expression and serve as a crucial onco-marker in gliomas, particularly in glioblastomas (GBMs). Numerous studies have demonstrated that >80% of primary GBMs have a mutated TERT promoter (TERTpm) (53), indicating that it is fundamental to this tumor type. Volume of interest is a collection of key radiomics features selected by a specialized radiologist that can be further optimized to generate an optimal radiomics signature (Radscore). Based on a LASSO regression, multiple radiomics features, such as core necrotic volume percentages, Cho/Cr, Lac, and the Radscore, were found to be significantly higher in TERTpm than in TERT-wild-type tumors. Multiparameter models based on these statistically significant variables could predict the TERT promoter mutation status preoperatively (54).



Alpha-Thalassemia/Mental Retardation, X-Linked

The function of alpha-thalassemia/mental retardation, X-linked (ATRX), as a chromatin remodeling protein is mainly expressed through histone variant H3.3. Distributed widely in gliomas, ATRX mutations contribute to the development of alternative lengthening of telomeres (ALT), and ATRX loss-of-function mutations have been confirmed to promote ALT (55). Based on the LASSO regression model, ATRX-associated radiomics features can be auto-selected. The ATRX status affects the overall image brightness, uniformity of the gray-level distribution, coarseness of an image, and symmetry of the image (56) (Table 2).


Table 2 | Detection of onco-markers preoperatively by MRI.





Epidermal Growth Factor Receptor

The epidermal growth factor receptor (EGFR) belongs to the ERBB family of tyrosine kinase receptors. EGFR signaling cascade is a key regulator in cell proliferation, differentiation, division, survival, and cancer development (59). EGFR overexpression can promote malignant proliferation of glioma cells, and several studies have focused on suppressing malignant proliferation by inhibiting its activity (60). A radiomics algorithm formed by texture features extracted from T2WI shows a good prediction of EGFR level in lower-grade gliomas. With 41 features validated and applied, the area under the curve (AUC) of the receiver operating characteristic (ROC) prediction curve reached the value of 0.95 (57).

Another study distinguished between glioma with amplified and non-amplified EGFR under DWI. EGFR-amplified tumor shows lower mean ADC values than EGFR-non-amplified gliomas, with an AUC of 0.75. Increased EGFR amplification has been associated with increased levels of cellular growth and proliferation. Higher EGFR amplification level reflects higher cellularity, which may lead to lower ADC values; thus, the mADC could independently predict the EGFR amplification level (58).




Response to Therapy

In addition to overall survival, which is the gold standard of response to therapy, radiology-related measurements are increasingly favored by clinicians and radiologists. The Response Assessment in Neuro-Oncology (RANO) criteria were used for the accurate and reproducible assessment of responses to treatment in gliomas. The RANO criteria, which involve the radiology-based evaluation and measurement of tumors, can identify postsurgical progression in a timely manner, alter chemoradiotherapy plans, shorten clinical trial lengths, and reduce drug development costs (61).


Identification of Tumor Progression

For most glioma patients, the glioma posttreatment radiation effect (PTRE) and tumor progression tend to occur in the first 2 years after surgery. Both present enhanced lesions, peritumoral irregular edema, space-occupying effects, and cystic necrosis, similar to conventional MRI- and CT-enhanced images. The treatment and prognosis of PTRE and tumor progression are quite different. PTRE often manifests as a positive response to adjuvant treatment and typically does not require further invasive treatment. Tumor progression, on the other hand, is a sign that the previous therapy had failed and should prompt treatment changes that may provide benefit. Therefore, it is crucial for clinicians to distinguish between PTRE and tumor progression to develop a proper treatment plan. Higher perfusion was observed in regions showing glioma progression due to active cell proliferation. In regions of PTRE, a lower perfusion status tends to be present because of capillary stenosis. This hemodynamic turmoil leads to rCBV variations. Due to the refined assessment possible with rCBV, DSC-PWI is a reliable tool for the timely identification of tumor progression (27).



Temozolomide Responses

As an oral alkylating agent, TMZ is currently commonly administered to glioma patients due to it improving the adverse effects of traditional chemotherapy drugs. 1H MRS is a metabolic imaging method that can noninvasively measure several tumor metabolite levels. The levels of α-ketoglutarate and glutamate, intermediate products of mutant IDH gliomas, can be detected and quantitatively assessed by 1H MRS. In an in vitro experiment, after treatment with TMZ, the α-ketoglutarate and glutamate levels were found to be significantly lower than those in untreated glioma cells, indicating that 1H MRS may be a potential assessment tool for assessing the response to TMZ treatment in IDH1-mutant gliomas (28).



Standard Chemoradiotherapy Responses

CEST is a recently emerged MR technique. Low concentrations of biomolecules can be detected using CEST by selective saturation of metabolite-bound protons and subsequent magnetization transfer to free water. This technology yields additional information about metabolic activity and the tissue microenvironment without the need for conventional contrast agents or radioactive tracers. CEST at 3-T reported good discrimination between glioma treatment responders and nonresponders. Using CEST-MRI to monitor the therapeutic response of gliomas to standard 6-week chemoradiotherapy (CRT) and several CEST matrices revealed significant differences, including in the MTR, nuclear Overhauser effect (NOE), and APT. Part of the matrix can even identify potential tumor progressors before the start of CRT (29).

The application of 7-T MRI allows the detection of more sophisticated and heterogeneous CEST effects. The relayed NOE signal in 7-T CEST-MRI scans allows direct distinction between responders and nonresponders immediately after the end of CRT. 7-T CEST-MRI enables early response assessments 4 weeks ahead of standard clinical evaluations, according to RANO (30).




Clinical Feasibilities of Advance Sequences

APT technique was firstly invented in 2003 (62), and until now, it is the only noninvasive and non-radiative MR molecular imaging technology to be used for quantification of free protein. APT is currently applied for detecting brain tumors (63), grading gliomas, distinguishing active glioma from treatment effects, identifying genetic markers in gliomas, detecting ischemic stroke (62), and detecting Alzheimer’s disease (64) and Parkinson’s disease (65). Thus, APT technique is worth priority recommendation for hospitals with neurology and neurosurgery specializations.

Radiomics is an emerging field in quantitative imaging. Radiomics uses high-throughput extraction of advanced quantitative features to describe tumor phenotypes objectively and quantitatively. These features could be extracted from the existing medical images by advanced mathematical algorithms to uncover tumor characteristics that one may fail to appreciate by the naked eye. Radiomics features have shown promise in the prediction of treatment response (66), differentiating benign and malignant tumors (67), and assessing cancer genetics in many cancer types (68). With no extra hardware needed, radiomics can be quickly mastered and deployed to serve clinicians.

The most evident clinical application of 7-T is the higher spatial resolution in the brain compared to 3-T. In the last few years, studies indicate new insights into the pathology of the cerebral cortex on 7-T, such as cerebrovascular related neurodegenerative disease (69), multiple sclerosis (70), cortical microinfarcts (71), and mesial temporal lobe epilepsy (72). The higher spatial resolution contributes to the imaging of microvascular structures under SWI, which helps preoperative grading, and allows direct distinction between responders and nonresponders of CRT under 7-T CEST-MRI scans. For other aspects in glioma diagnosis, the clinical utility of 7-T MRI is yet to be explored.

For other techniques that require no upgrade of existing MR equipment such as rCBV from PWI and ADC from DWI, we recommend that neurosurgeons and radiologists utilize those sequences for glioma advance diagnosis at once.



Conclusion and Future Directions

Advanced MRI plays an increasingly important role in the clinical management of glioma by using emerging MR sequences to maximize safe resection, minimize surgery risk, individualize a CRT plan, shorten LOS, and ultimately prolong patients’ lives (Figure 2). A variety of parameters in multiple MR sequences are available for clinical use. The deployment of 7-T MRI with advanced morphological, functional, and metabolic imaging capabilities increasingly makes comprehensive diagnoses of gliomas possible. The correct and effective use of these MR techniques facilitates improved preoperative assessments for the accurate diagnoses and treatment responses of gliomas. Research focus on automatic machine learning and qualitative raw image data processing procedure that enables robust and thorough information for neurosurgeons will be crucial for enhancing glioma management in clinical routine. The correct and effective use of these MR techniques enables improved preoperative assessments of accurate diagnoses and treatment responses for glioma.




Figure 2 | Glioma clinical practice flow under standard MR scan and advance MR scan.
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Purpose: Tumors derived from the neuroepithelium are collectively termed gliomas and are the most common malignant primary brain tumor. Epilepsy is a common clinical symptom in patients with glioma, which can impair neurocognitive function and quality of life. Currently, the pathogenesis of glioma-related epilepsy is not fully described. Therefore, it is necessary to further understand the mechanism of seizures in patients with glioma. In this study, a comprehensive meta-analysis was conducted to investigate the relationship between five commonly used tumor molecular markers and the incidence of perioperative epilepsy in patients with glioma.

Methods: PubMed, EMBASE, and Cochrane Library databases were searched for related research studies. Odds ratio and the corresponding 95% confidence interval were used as the main indicators to evaluate the correlation between tumor molecular markers and the incidence of perioperative epilepsy in patients with glioma.

Results: A total of 12 studies were included in this meta-analysis. The results showed that isocitrate dehydrogenase 1 (IDH1) mutation was significantly correlated with the incidence of perioperative epilepsy. A subgroup analysis showed that IDH1 was significantly correlated with the incidence of preoperative epilepsy, but not with intraoperative and postoperative epilepsy. There was no correlation between O6-methylguanine-DNA methyltransferase methylation and 1p/19q deletion and the incidence of perioperative epilepsy. Tumor protein p53 and epidermal growth factor receptor could not be analyzed because of the limited availability of relevant literature. There was no significant heterogeneity or publication bias observed among the included studies.

Conclusion: The present meta-analysis confirms the relationship between tumor molecular markers and the incidence of perioperative epilepsy in patients with glioma. The present results provide more comprehensive evidence for the study of the pathogenesis of glioma-related epilepsy. Our research may offer a new method for the treatment of perioperative seizures in patients with glioma.

Keywords: tumor molecular markers, epilepsy, meta-analysis, glioma, perioperative


INTRODUCTION

Gliomas are the most common malignant tumors of the central nervous system. Seizures occur in 40–70% of patients with glioma (1). Some patients experience epilepsy as the initial symptom, leading to the diagnosis of glioma. Other patients will experience epilepsy during or after tumor resection. Epilepsy reduces the quality of life of patients with glioma and causes huge economic and emotional burdens (2). Despite the availability of antiepileptic drug treatment, approximately half of the patients will develop drug resistance; some patients also continue to experience refractory epilepsy (3). Therefore, it is necessary to systematically investigate the pathogenesis of glioma-related epilepsy.

Previous studies have shown that tumor growth stimulates seizures and vice versa, indicating a potential interconnection between the mechanisms of these two pathological conditions (4). A large number of studies have shown that glioma-associated epilepsy is associated with tumor grade and histopathology (4, 5). However, recent studies have shown that tumor molecular markers (TMMs), such as O6-methylguanine-DNA methyltransferase (MGMT) gene promoter methylation, 1p/19q co-deletion, and isocitrate dehydrogenase 1 mutant (IDH1mut), also affect the occurrence of epilepsy. Nonetheless, due to the small sample size of most studies, the currently available results are inconsistent.

Studies conducted by Stockhammer et al. and Liang et al. showed that preoperative seizures are significantly related to IDH1mut (6, 7). However, Mullican et al. concluded the opposite (8). Yang et al. reported that patients with a low expression of the MGMT protein were linked to a higher frequency of postoperative seizures (9). In addition, Feyissa et al. showed that patients with methylation of the MGMT gene promoter were more likely to suffer from postoperative epilepsy (10). Previous studies have shown that 1p/19q co-deletion is related to epileptic seizures in adults (11, 12). Interestingly, Mulligan showed that the existence of 1p/19q co-deletion was not associated with the occurrence of preoperative seizures in patients with low-grade glioma (8). Considering these results, a systematic and comprehensive meta-analysis is required to reach a definitive conclusion. In a meta-analysis conducted in 2018, IDH1 mutations have been associated with a higher incidence of preoperative epilepsy in patients with low-grade glioma (13). However, a comprehensive meta-analysis of other genetic TMMs and glioma epilepsy is lacking. Therefore, the objective of the present study was to examine the relationship between five routinely tested TMMs and perioperative epilepsy in patients with glioma.



METHODS


Search Strategy

The PubMed, Embase, and Cochrane Library databases were searched from the establishment of each database to May 2020. The search terms used were “epilepsy”, “glioma”, “isocitrate dehydrogenase” or “IDH”, “methyltransferase” or “MGMT”, “ATRX”, “1p/19q”, “P53”, and “EGFR”. The search strategy is shown in detail in Table 1.


Table 1. Retrieval strategy.
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Selection Criteria

The inclusion criteria were as follows: (1) observational studies and (2) publications in Chinese and English. The exclusion criteria were the following: (1) repeated publications, (2) studies with no full text, incomplete information, or inability to extract data, (3) a different definition of exposure from that encountered in most publications, (4) animal experiments, and (5) case reports, reviews, comments, and systematic reviews.



Data Extraction and Management

Literature retrieval, screening, and information extraction were independently performed by two researchers. In case of disagreement, a consensus was reached after a discussion with a third researcher. The extracted data included the following: author, year, research type, sample size, and clinical index.



Quality Assessment

The Newcastle–Ottawa Scale (NOS, http://www.ohri.ca/programs/clinical_epidemiology/oxford.htm) was used by the two researchers to independently evaluate the quality of the included studies. Any disagreement was resolved through a discussion with a third researcher. The NOS includes four items of “research object selection” (four points), one item of “inter-group comparability” (two points), and three items of “outcome measurement” (three points), with a maximum score of nine points; scores ≥7 and <7 points indicate high- and low-quality literature, respectively.



Data Analysis

Meta-analysis was performed using the R language (version 4.0). Odds ratio (OR) and 95% confidence interval (CI) were used as an effect index to evaluate the correlation between TMMs and the incidence of perioperative epilepsy in patients with glioma. I2 was used to evaluate heterogeneity. Values of p ≥ 0.1 and I2 ≤ 50% indicated that the studies were homogeneous, and the fixed effects model was used for a combined analysis. Furthermore, p < 0.1 and I2 > 50% indicated study heterogeneity, and sensitivity analysis or subgroup analysis was used to determine the source of heterogeneity. If the heterogeneity remained large, the random effects model was utilized or a descriptive analysis was performed. When a single outcome index included more than 10 articles, funnel plot and Egger's bias test were used to analyze the publication bias of each index.




RESULTS


Study Selection

The comprehensive literature search identified 87 references from PubMed, 273 references from EMBASE, and 11 references from Cochrane (total of 371 references). After removing duplicates, 299 abstracts were reviewed and screened. Twelve studies were selected for full-text evaluation and met the inclusion criteria. Figure 1 illustrates the flow chart.


[image: Figure 1]
FIGURE 1. PRISMA flow chart of the included studies.




Study Characteristics and Quality of Evidence


Study Characteristics

The 12 selected cohort studies were published between 2012 and 2020 and conducted in China (n = 5), Germany (n = 2), the United States of America (n = 2), the United Kingdom (n = 2), and Australia (n = 1). One and 11 studies were prospective and retrospective cohort studies, respectively. The characteristics of the included studies are shown in Table 2.


Table 2. Characteristics of the included studies.
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Quality of Evidence

All included studies had a NOS score ≥7, meeting the quality requirement. The specific results are shown in Table 3.


Table 3. Evaluation of the study quality.
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Data Analysis


IDH Mutation

The heterogeneity testing of 12 studies (I2 = 50%, p = 0.02 < 0.1) showed slight heterogeneity and combined random effects size (OR = 2.93; 95% Cl: 2.06–4.17; p = 0.000). These findings suggested a significant correlation between IDH mutation and perioperative epilepsy (Figure 2).


[image: Figure 2]
FIGURE 2. Forest plot of the correlation between IDH mutation and perioperative epilepsy. CI, confidence interval; IDH, isocitrate dehydrogenase; OR, odds ratio.




MGMT Methylation

The heterogeneity testing of three studies (I2 = 27 < 50%, p = 0.25 > 0.1) did not show significant heterogeneity in this study and combined fixed effects size (OR = 1.09; 95% Cl: 0.69–1.71; p = 0.720). The difference was not statistically significant. There was no correlation between MGMT methylation rate and perioperative epilepsy (Figure 3).


[image: Figure 3]
FIGURE 3. Forest plot of the correlation between MGMT methylation and perioperative epilepsy. CI, confidence interval; MGMT, O6-methylguanine-DNA methyltransferase; OR, odds ratio.




1p/19q Deletion Rate

The heterogeneity testing of three studies (I2 = 13 < 50%, p = 0.32 > 0.1) did not show significant heterogeneity and combined fixed effect size (OR = 1.40; 95% Cl: 0.94–4.65; p = 0.087). The difference was not statistically significant. There was no significant correlation between 1p/19q deletion and perioperative epilepsy (Figure 4).


[image: Figure 4]
FIGURE 4. Forest plot of the correlation between 1p/19q deletion and perioperative epilepsy. CI, confidence interval; OR, odds ratio.




IDH Mutation Subgroup Analysis

The intraoperative combination combined effect (OR = 1.19; 95% Cl: 0.72–1.95) did not suggest a significant correlation between the occurrence of intraoperative epilepsy and the presence of IDH in patients with glioma (Figure 5). The heterogeneity within the preoperative group (I2 = 0 < 50%, p = 0.51 > 0.1) and combined effects size (OR = 3.32; 95% Cl: 2.53–4.36) indicated a significant correlation between the occurrence of preoperative epilepsy and IDH in patients with glioma. The heterogeneity within the postoperative group (I2 = 61 > 50%; p = 0.08 < 0.1) and combined effect size (OR = 2.66; 95% Cl: 0.85–8.31) indicated that the occurrence of postoperative epilepsy in patients with glioma was not related to IDH.


[image: Figure 5]
FIGURE 5. Subgroup analysis of the relationship between IDH mutation and perioperative epilepsy. CI, confidence interval; IDH, isocitrate dehydrogenase; OR, odds ratio.




Bias Test

The results of Egger's bias test based on the funnel chart of this study (p = 0.259 > 0.05) did not indicate an obvious publication bias (Figure 6).


[image: Figure 6]
FIGURE 6. Funnel plot of the correlation between IDH mutation and perioperative epilepsy. IDH, isocitrate dehydrogenase.




Sensitivity Analysis

The results of the sensitivity analysis in this study are shown in Figures 7–9. After removing each article in order, it was shown that the individual studies did not have a marked influence on the results. The analysis indicated that the results of this study are relatively stable.


[image: Figure 7]
FIGURE 7. Sensitivity analysis of the correlation between IDH mutation and perioperative epilepsy. CI, confidence interval; IDH, isocitrate dehydrogenase; OR, odds ratio.



[image: Figure 8]
FIGURE 8. Sensitivity analysis of the correlation between MGMT methylation and perioperative epilepsy. CI, confidence interval; MGMT, O6-methylguanine-DNA methyltransferase; OR, odds ratio.



[image: Figure 9]
FIGURE 9. Sensitivity analysis of the correlation between 1p/19q deletion and perioperative epilepsy. CI, confidence interval; OR, odds ratio.






DISCUSSION

The present meta-analysis confirmed that IDH1 mutation was significantly associated with the incidence of perioperative epilepsy in patients with glioma. In contrast, MGMT methylation and 1p/19q deletion were not related to the incidence of perioperative epilepsy in patients with glioma. Unfortunately, it was not possible to analyze the role of tumor protein p53 (TP53) or epidermal growth factor receptor due to the lack of relevant research literature. The subgroup analysis showed that IDH1 was significantly correlated with the incidence of preoperative epilepsy in patients with glioma; however, it was not significantly correlated with the incidence of intraoperative and postoperative epilepsy. There was no significant heterogeneity and publication bias observed in the included studies, indicating that the results of this meta-analysis are stable.

Previous studies have shown that 1p/19q co-deletion is associated with a better overall survival rate in patients with low-grade glioma. TP53 mutation usually indicates a shorter survival time. IDH1 mutation, MGMT methylation, and 1p/19q co-deletion are good prognostic indicators for low-grade gliomas, being linked to a better overall survival rate (14–16). Interestingly, the combination of IDH1 mutation, MGMT methylation, and TP53 immunopositivity is associated with a faster progression to high-grade tumors (16). Thus far, tumor-related gene changes may be used as a basis for determining the prognosis of glioma. Nevertheless, this tendency has not been well investigated as a potential biomarker of epilepsy. Researchers have been committed to exploring the biochemical changes in the tumor microenvironment, searching for pathogenic and influencing factors of tumor-related epilepsy at the molecular level.

Duan et al. reported that IDH1 mutations are significantly associated with preoperative seizures in patients with glioma (17). Recently, Feyissa et al. confirmed that IDH1 mutation and MGMT methylation are associated with the occurrence of perioperative seizures (10). However, Liubinas et al. found that the presence of IDH1 mutations is not related to the incidence of epilepsy (18), though the results of that study may have been influenced by the inclusion of higher-grade tumors. Yang et al. reported that patients with a low expression of the MGMT protein were more likely to experience seizures after operation (19). In contrast, Feyissa et al. found that methylation of the MGMT gene promoter was associated with increased postoperative seizure control (10). However, they did not investigate other TMMs thought to be related to postoperative seizure control, which may have influenced their findings. Mulligan et al. showed that the combined deletion of 1p/19q was not related to the occurrence of preoperative seizures in patients with low-grade oligodendrogliomas (8). Moreover, due to the limited number of related studies, this meta-analysis could not determine the relationship between TMMs and perioperative seizures in patients with tumor-grade glioma.

The mechanism of tumor-related epilepsy remains unclear. The present findings showed that IDH1 mutations are associated with perioperative epilepsy; the subgroup analysis further showed that IDH1 is significantly related to preoperative epilepsy. The underlying mechanism of IDH mutation and perioperative seizures is unclear. This may be attributed to the activation of the receptor of N-methyl-D-aspartate (NMDA) by D-2-hydroxyglutarate (D2HG), which has a very similar structure to that of glutamate (20). Exogenous D2HG can increase the discharge of neurons in rats. The excitatory effect of D2HG could be blocked by treatment with a selective NMDA receptor antagonist (21). Numerous studies have also shown that the concentration of D2HG in glioma cells carrying IDH1 mutations is 100–300-fold higher than that measured in normal tissues (22). These studies suggested that D2HG may promote the occurrence and development of epilepsy in patients with glioma. Moreover, some studies have shown that perioperative epilepsy is not related to the location, grade, or histopathology of glioma (10, 23, 24). Previous studies have also shown that seizures may not occur in all patients with similar glioma localization and histology (24, 25). Therefore, the heterogeneity of TMM in gliomas may lead to the observed variability of epilepsy in patients with glioma. These results are important for the research and treatment of glioma-related epilepsy.

Although our results did not have any publication bias or statistically significant heterogeneity, the present analysis included 11 retrospective studies and no randomized studies. Moreover, there are still fewer TMMs other than IDH1 mutations. Hence, further studies are warranted to verify the present findings.



CONCLUSION

Our findings provide supporting evidence for the correlation between TMMs and glioma-related seizures. Future studies should include epileptic symptoms and detect more TMMs. Clarifying the mechanism of perioperative epilepsy in glioma will benefit the clinical treatment of patients with this disease and the precise treatment of epilepsy.
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Vestibular schwannomas (VSs, also known as acoustic neuromas) are relatively rare benign brain tumors stem from the Schwann cells of the eighth cranial nerve. Tumor growth is the paramount factor for neurosurgeons to decide whether to choose aggressive treatment approach or careful follow-up with regular magnetic resonance imaging (MRI), as surgery and radiation can introduce significant trauma and affect neurological function, while tumor enlargement during long-term follow-up will compress the adjacent nerves and tissues, causing progressive hearing loss, tinnitus and vertigo. Recently, with the deepening research of VS biology, some proteins that regulate merlin conformation changes, inflammatory cytokines, miRNAs, tissue proteins and cerebrospinal fluid (CSF) components have been proposed to be closely related to tumor volume increase. In this review, we discuss advances in the study of biomarkers that associated with VS growth, providing a reference for exploring the growth course of VS and determining the optimal treatment strategy for each patient.
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1 Introduction

VSs are histologically benign lesions deriving from the Schwan cells of the vestibulo-cochlear nerve commonly occur unilaterally, or bilaterally in the pathognomonic for the hereditary disorder neurofibromatosis type 2 (NF2) (1, 2). Generally, the mere presence of benign tumors is not a therapeutic indication. However, the slow but progressive growth of this intracranial tumor can confer compression to adjacent cranial nerve and brainstem, resulting in neurological deficits, balance difficulty and sensorineural hearing loss (SNHL) (3).

The goal of VS treatment has shifted from saving lives towards functional preservation, with multifaceted decision including watch-wait-rescan protocol, surgical resection and radiation (4, 5). However, surgery can be traumatic (6), while radiotherapy has a low hearing retention rate and can affect neurological function even after many years (7). We can see from the literature that two-thirds of VS did not grow during 3.6 years of follow-up, the average growth rate of sporadic VS was 1.1 mm/year diameter, and for NF2-related tumors 1.7 mm/year (8, 9), supporting the wait and watch policy in appropriate patients. A study showed that conservative management in small‐ to medium‐sized VS (less than 2cm) can improve rates of facial nerve preservation and hearing protection in comparison to patients who undergo primary surgical treatment (10). Therefore, for stable or involuting tumors with no mass effect, or elderly patients who will suffer higher risk of comorbidities, the continuing trend toward observation with regular follow-up imaging is reasonable (5, 11).

Nevertheless, observation policy carries the inherent risk of tumor progression and hearing deterioration in growing tumors, which emphasizing the importance of the identification of effective and convenient indicators to predict growth characteristics at the time of diagnosis to weigh the benefits and risks of active treatment against watchful observation. Previous studies have reported onset at an early age, increasing size in the first year, hearing loss, extrameatal tumor location, cerebellopontine angle extension, sway velocity with eyes open were risk factors for tumor growth (9, 12–15). Here, we provide a narrative review on the topic of biomarkers currently considered to be related to VS growth in order to assist surgeons to select the most accurate treatment approach and the development of innovative targeted therapies.



2 Methods

The authors conducted a literature review using Web of Science and PubMed databases in order to identify important recent publications and synthesized them into a comprehensive review of potential biomarkers of VS growth. The search strategy included the search terms “growth”, “expression” and “vestibular schwannoma”. We have also scanned the reference lists of published articles for further potential hits of relevance to this review. Peer-reviewed full articles published in English till August 2021 were included to compile this review. Search results were judged for relevance by the research team using the title, abstract and if necessary full text. Studies were included, if they 1) explored the relationship between biomarkers and the size or growth of sporadic VS or NF2-associated VS; 2) explored molecules that aberrantly expressed in VS compared with normal tissues; 3) drug research for VS treatment. Studies were excluded, if they 1) merely found some imaging manifestations or clinical features related to VS growth; 2) case reports.



3 Results

We summarized the search results into five major types of biomarkers, which are summarized in Table 1.


Table 1 | Summary table of potential biomarkers related to VS growth.




3.1 Merlin Pathway Related Proteins

Neurofibromin 2 gene mutation and the function loss of its transcription protein merlin (an acronym for moesin-ezrin-radixin-like protein) are widely regarded to play a paramount role in the pathogenesis of both sporadic and bilateral VS (46, 47). Merlin belongs to the ERM (for ezrin, radixin, moesin) family of cytoskeleton linker proteins and shares a common structural organization with it: a relatively conserved N-terminal FERM domain, followed by a α-helical region and a charged hydrophilic-COOH terminal tail (48). The neurofibromin 2 gene encodes for two major isoforms of merlin: exon 16 skipping production isoform 1 and exon 16 retention isoform 2, both of which carry full tumor suppressive function (49).

Merlin maintains the stability of the cell membrane by the binding of integral membrane proteins and spectrin actin cytoskeleton and mediates cell contact inhibition (50). Merlin exerts its growth suppressive function by modulating the activity of intracellular promitogenic signal cascades related to tumor formation, including Ras/Raf/MEK/ERK (51), PI3K/Akt (52), c-JNK (53), Hippo signaling pathway, and the overall activity of the E3 ubiquitin ligase CRL4DCAF1 in the nucleus (54). Moreover, merlin was reported to assuming a possible role in the mediation of cell cycle progression (55).

Classically, it was considered that the activity of merlin was regulated by phosphorylation on the main regulatory Ser518: dephosphorylated merlin functions as a growth inhibitor in a closed conformation formed by intramolecular association of its N-terminal domain (NTD) and carboxy-terminal domain (CTD), while phosphorylated merlin cannot form a folded state and is functionally deficient (56). However, subsequent researches have shown that transcripts of the mutated neurofibromin 2 gene or phosphorylated merlin have a more closed form, leading to impaired contact-dependent inhibition of proliferation (57, 58). There is also a controversial view holding that merlin’s tumor suppressive function is independent of its conformational change (59). The activation of receptor tyrosine kinases (RTKs), integrins, CD44 and cadherin signal are responsible for the regulation of merlin’s phosphorylation via the downstream effector p21-activated kinase 1 (PAK1) and myosin phosphatase targeting subunit 1 (MYPT1) (Figure 1) (60, 61).




Figure 1 | Configurational changes of Merlin in response to receptor tyrosine kinases (RTKs), integrins, clusters of differentiation 40 (CD40) and cadherins signal stimulation. Activation of RTKs and integrins triggers GTP loading of Ras, which drives three mitogenic downstream pathways: Raf/MEK/ERK, PI3K/Rac/PAK, and PI3K/PIP3/Akt/PKB. p21-activated kinase 1 (PAK1) is an effector of the downstream pathway activated by Ras, which phosphorylates merlin at Ser518 and converts it to an inactive conformation. Conversely, myosin phosphatase targeting subunit 1(MYPT1) dephosphorylates and reactivates merlin. C-kinase potentiated protein phosphatase-1 inhibitor of 17 kDa (CPI-17) acts as a cellular inhibitor of MYPT1, causes loss of function of merlin. CD44 inactivates merlin. Engagement of cadherins inactivates PAK1 and activates MYPT1, inducing merlin’s tumor suppressor function in a two-fold way. Here we adopt the broadly accepted hypothesis that phosphorylated merlin is the inactive form.




3.1.1 RTKs

The over-expression and over-activation of at least four types of RTKs and their ligands involved in the progression or invasion of sporadic and NF2-associated VS: ErbB (62), platelet-derived growth factor (PDGF) (63), basic fibroblast growth factor (bFGF) (19) and vascular endothelial growth factor (VEGF) (64).

VEGF is one of the most prominent angiogenesis stimulator that can regulate irregular blood vessel sprouting and growth except for simple remodeling of the capillary basement membrane (65), and lead to development of an immuno suppressive tumor microenvironment (66). Compared with normal vestibular nerve, the expression of VEGF, VEGFR-1/Flt and VEGFR-2/Flk as well as the coreceptor NP1 were considerable increased in VS tissues, suggesting at least a part of neoplastic growth was induced via the promotion of angiogenesis (39, 64, 67). Tissue microarray analysis of 182 sporadic VSs found significantly higher VEGF levels in the groups of recurrent and preoperatively irradiated tumors when compared to primary VS patients (67). However, there are contradictory views as to whether VEGF expression is correlated with sporadic VS growth characteristics. Koutsimpelas et al. initially found a positive correlation between VEGF expression and tumor volume, tumor growth index (calculated by dividing the maximal tumor diameter by the patient’s age) and microvessel density (MVD, defined by CD31 staining) (16), but further investigation with expanded sample size demonstrated that although tumors with high proliferation index and high levels of VEGF and its receptor were more common than those with low proliferation activity expressing low levels of VEGF and its receptor, the expression of neither VEGF nor its receptors correlated with the proliferation indexes (Ki-67) or the growth characteristics of the tumors (67). Multiple anti-VEGF therapy studies in patients with progressive NF2-VS have shown that bevacizumab can not only ameliorate hearing loss and reduce tumor size (68), but also normalize the tumor vasculature and reduce vasogenic edema, which improved the delivery of oxygenation, a potent radiosensitizer, and therefore reduced radiation dose and minimized radiation-related neurotoxicity (69).

As a regulator of cell growth and division, PDGF can regulate stemness in schwannoma cell lines and have a role in tumorigenesis (70). The PDGF family consists of five different disulphide-linked dimers built up of four different polypeptide chains encoded by four different genes. These isoforms, PDGF-AA, PDGF-AB, PDGF-BB, PDGF-CC and PDGF-DD, act via two RTKs, PDGF receptors α and β (71). Nilotinib (17) and Gleevec (18, 63, 72) pharmacologically inhibit these two receptors and their main downstream signaling pathways that have been proved to be over-expressed and activated in VS, and could also potentially reduce the angiogenic activity and growth rate of VS.

bFGF (also known as FGF-2 or FGF-β) was not only an identified angiogenic cytokine (73), but also implicated in tumor maintenance and metastasis (74). bFGF was identified as a mediator to protect auditory neurons from acoustic trauma and aminoglycoside ototoxicity, it was 3.5-fold higher in good hearing VS versus poor hearing VS (75), and its plasma concentration increased while patient’s hearing improved after bevacizumab regimen (76). bFGF is also a known mitogen that promotes the proliferation of cell cultures derived from sporadic VS and increased the invasive phenotype mediated by Akt and ERK in HEI-193 cells (19, 77). In sporadic VS, increased levels of bFGF were positively correlated with tumor volume, tumor growth index and MVD (16). The mechanism by which bFGF stimulates mitosis might divergent from the way it modulates hearing. This notion, together with the results of cytokine array analysis where levels of ErbB, a well-established growth modulator, are not correlate with hearing status, may partly explain the irrelevance of tumor growth rate or tumor volume with VS patients’ hearing outcome (75).

The ErbB family consists of four members: ErbB-1/EGFR/Her1, ErbB-2/Neu/Her2/p185, ErbB-3/Her3, and ErbB-4/Her4. ErbB family is upregulated in many malignant tumors, and also aberrantly expressed in VS. It has been reported that 68% of EGFR (62% sporadic and 75% NF2-associated VS), 84% of ErbB2 (76% sporadic and 94% NF2-related VS) and 34% of ErbB3 were upregulated in VS (20). Of EGFR ligands, EGF was up-regulated in all NF2-related VS, but none of the sporadic VS; Neuregulin was up-regulated in 86% of sporadic VS and 19% of NF2-related VS (20). In HEI-193 cells, the addition of EGF increased cellular invasion by 10-fold, which could be reduced by the inhibition of PI3K/Akt (19). Both dual small molecule inhibitor of EGFR and ErbB2 Lapatinib and the EGFR inhibitor Erlotinib demonstrated their therapeutic effects in VS (78–80).



3.1.2 Ras and Related Raf/MEK/ERK, PI3K/Akt and Rac/PAK

The small G-protein Ras, the downstream oncoprotein of RTKs that cycles between an inactive GDP-bound and an active GTP-bound state, play a role in the cascade of cell proliferation and division. In its active state, Ras can interact with several different effectors, thereby triggering an array of downstream signaling networks that responsible for promoting cellular transformation and driving tumorigenesis, such as Ras/Raf/MEK/ERK and Ras/PI3K/Akt pathways (81–83). It is well known that activation of Ras leads to subsequent activation of Rac/Cdc42 and its downstream effector PAK1, whose phosphorylation of Raf on Ser338 and MEK on Ser298 is required for effective signal transfer of Ras (Figure 1) (84, 85).

An increasing body of literature suggests that merlin counteract Ras-induced transformation at multiple levels. Merlin interferes with the expression of endogenous growth factor receptor binding 2 (GRB2) protein (21), directly reduces the GTP-loading of Ras and Rac to restrain their activation (86), and directly binds to the p21 binding domain (PBD) of PAK1 to interrupt PAK1 activation and its recruitment to focal adhesions (22, 87). Merlin competitively binds to angiomotin and releases the Rac1 negative regulator Rich1, which ultimately attenuates Rac1 signaling (23). Dysfunction of merlin would allow for enhanced Ras signal transduction and accelerated tumor growth rate (24).

Merlin itself is regulated by PAK reciprocally, it was phosphorylated at Ser518 by active PAK and therefore lose the inhibition of cell transformation. Activated Rac expression induces merlin phosphorylation and decreases the association between merlin and cytoskeleton (60). Based on the study of the role of Ras pathway signal transduction in the growth of VS, preclinical assessment of PAK inhibitors (88), MEK1/2 inhibitors (81) and Ailanthone, the down regulator of Ras and Raf, all exhibited certain antitumor properties (89).



3.1.3 MYPT1

MYPT1 is a phosphatase that forms the C-kinase potentiated protein phosphatase-1 inhibitor of 17 kDa (CPI-17)–MYPT1 switch along with its most specific and potent inhibitor CPI-17, regulating the phosphorylation of both merlin and other ERM family proteins (24, 90). Although highly homologous, the activity changes of merlin and other ERM proteins after C-terminal phosphorylation are opposite, and fulfils an antagonistic role in Ras activity control: the phosphorylation inactivates merlin, which counteracts Ras-induced transformation (91), but activates ERM proteins, which are essential for proper Ras activation (92). Thus, the oncogenic protein CPI-17 may activate Ras signaling in a two-fold way.

A previous systematically investigation on schwannomas showed that CPI-17 stained negative in non-tumor pathologies, but specifically up-regulated in over 90% of schwannomas, primarily in sporadic schwannomas (25). Moreover, high CPI-17 levels were found to correlate with higher Ki-67 proliferation indices, indicating a putative role of CPI-17 in schwannoma progression (25). Xu et al. found the over-expression of CPI-17 was a prominent feature of sporadic VS tissues, and there was a significantly positive correlation between CPI-17 expression and merlin phosphorylation (26), confirming the rationality of the causal chain CPI-17–MYPT1–merlin dysfunction in VS.



3.1.4 Yes-Associated Protein (YAP)

The deregulation of the Hippo pathway and the accompanying activation of Yes-associated protein (YAP) has been implicated in VS cell proliferation (27). As described in Figure 2, merlin initiate Hippo pathway to promote the phosphorylation and degradation of YAP and its homologous protein transcriptional coactivator with PDZ-binding motif (TAZ) (93, 94). In the inactivated state of merlin, YAP/TAZ migrates into the nucleus and binds to TEA domain family members (TEAD), stimulating the transcription of pro-proliferation and anti-apoptotic genes (27, 95).




Figure 2 | Schematic diagram of merlin and Hippo pathway signaling. On the one hand, merlin initiates the Hippo pathway by directly activating mammalian STE20-like protein (MST1/2), which in turn phosphorylates large tumor suppressor homolog 1/2 (LATS1/2), or by recruiting LATS 1/2 to the plasma membrane for phosphorylation by MST1/2 kinases. The activated LATS1/2 directly phosphorylates Yes-associated protein (YAP) at Ser397 and transcriptional coactivator with PDZ-binding motif (TAZ) at Ser311, priming the neighboring phosphodegron motif for phosphorylation by CK1δ/ϵ kinases and multi-level control of YAP/TAZ levels. In parallel, merlin also translocates to the nucleus and blocks the activity of the nuclear E3 ubiquitin ligase CRL4DCAF1, which promotes the ubiquitylation of LATS1/2 to activate YAP. In merlin-deficient cells, YAP/TAZ accumulates in the nucleus and forms hybrid transcription factors with TEA domain (TEAD) family proteins to promote the transcription of pro-proliferative genes, including PTGS2 and miR-29. PTGS2 encodes cyclooxygenase-2 (COX-2) that catalyzes the conversion of arachidonic acid (AA) to prostaglandin E-2 (PGE-2), thus promoting PGE-2 mediated MAPK, ERK, PI3K pathway. By inducing miR-29, YAP can also inhibit the translation of phosphatase and tensin homolog (PTEN), a broadly downregulated tumor suppressor in vestibular schwannoma.



The E3 ubiquitin ligase CRL4DCAF1 can directly ubiquitinylate and destabilize LATS1/2 to activate YAP (54). Merlin can translocates into the nucleus, binds with high affinity to CRL4DCAF1 and blocks its function (28). It is postulated that this merlin-CRL4DCAF1-LATS1/2-YAP signaling axis might be the key mechanism of merlin’s tumor suppressive effect. Although no studies have directly confirmed the correlation between VS tumorigenesis and CRL4DCAF1 activity, targeted inhibition of the upstream activator of CRL4DCAF1, NEDD8-activating enzyme (NAE), can induce inhibitory YAP phosphorylation and reduce cell proliferation in mouse neurofibromin 2-mutant schwannoma cells and human neurofibromin 2-mutant mesothelioma cell line (96), indicating a growth-promoting role of CRL4DCAF1 in neurofibromin 2-inactivated tumors.




3.2 Inflammatory Signal

At present, there is increasing evidence that a variety of solid tumors contain a certain degree of tumor-associated inflammation that play a role in the cancer formation, progression and metastasis (97). Inflammatory response in cancer patients comprises both the local inflammatory response and the systemic response. The local inflammatory response is mediated by chemokines, cytokines, growth factors and matrix metalloproteinases (MMPs) secreted from in situ tumor cells, stromal cells, and infiltrating immune cells, and can became accomplices to cancer development by enhancing cell survival, invasion, neovascularization, and adaptive immunity suppression (98). Meanwhile, inflammation in the tumor microenvironment could be reflected in peripheral circulation, i.e., systemic inflammatory response that characterized by white cell components in peripheral blood, such as the platelet−to−lymphocyte ratio (PLR) and neutrophil−to−lymphocyte ratio (NLR), which have been highlighted as probable markers of pathologic responses for numerous types of solid tumors (99, 100).

It has been demonstrated that the volume increase of VS is not merely based on cell proliferation, but is also implicated with (neo)vascularization, intratumoral hemorrhage, cyst formation and inflammatory reaction (32, 101, 102).


3.2.1 Nuclear Factor-Kappa B (NF-κB)

NF-κB is a ubiquitous, evolutionary conserved transcription factor central to cell growth, apoptosis, inflammation and various malignant diseases (103). As a group of homo- and hetero-dimeric proteins composed of members of the Rel family, NF-κB complexes includes p65/RelA, RelB, c-Rel, p50/p105 (NF-κB1), and p52/p100 (NF-κB2) five subunits (104), and resides in the cytoplasm of non-stimulating cells in the form of complexes with inhibitor of κB (IκB). The NF-κB signaling pathway is activated by inflammatory cytokines or growth factors, and induces gene transcription of these factors in a feedback-loop way (Figure 3) (105–107).




Figure 3 | Schematic diagram of the canonical and non-canonical NF-κB signaling pathway. In the canonical pathway, on the left, the binding of epidermal growth factor (EGF), tumor necrosis factor-α (TNF-α), interleukin-1 (IL-1) and lipopolysaccharides (LPS) to their respective receptors lead to the phosphorylation of inhibitor of κB (IκB)-kinase β (IKKβ) in the IKK complex, which in turn phosphorylates IκBα, culminating in its polyubiquitination and proteasomal degradation. The free NF-κB homo- or heterodimers, in this case p65/p50, then translocate into the nucleus to bind to κB motif and promote target gene transcription. The non-canonical pathway, on the right, is activated by the binding of lymphtoxin β (LTβ), CD40 ligand (CD40L), and B-cell activating factor (BAFF) to their respective receptors, causing IKKα dimers phosphorylation by the NF-κB-inducing kinase (NIK). Phosphorylation of p100 by activated IKKα initiates proteasomal processing of p100 N-terminal to form p52. The p52/RelB heterodimers can then undergoes nuclear translocation and modulates the gene transcription of pro-inflammatory cytokines in a feedback-loop way.



Studies have shown that merlin negatively regulates NF-κB signaling, and the elevated NF-κB signal was considered as the hub of the interaction network of aberrant expressed molecules in VS pathobiology (29, 30, 108). In the absence of merlin, overexpressed NIK and IKKα induced high NF-κB dependent transcription (29), while merlin expression blocks NF-κB activation by the inhibition of p65, NIK, IKKα, tumor necrosis factor-α (TNF-α)-induced IκB degradation, NF-κB–DNA binding and endogenous NF-κB signaling (30). Besides, activated NF-κB is thought to be the mechanism by which elevated p75NTR expression promotes cell survival in VS (109). Hyper NF-κB activity in VS potentiated hepatocyte growth factor (HGF) to c-Met autocrine feed-forward loop to promote tumor cell proliferation (108), and increased the expression of factors that reported to be increased in VS or correlated with the prognosis or absolute tumor growth rate of VS, such as matrix metalloproteinase 2 (MMP-2), MMP-9 (40), MMP-14 (41), COX-2 (110), interleukin-1 (IL-1), IL-6, TNF-α (64) and signal transducers and activators of transcription 1 (STAT1) (111).



3.2.2 Cyclooxygenase-2 (COX-2)

COX-2 is an isozyme of the COX family, catalyzes the conversion of arachidonic acid to prostaglandins, including the biosynthesis of prostaglandin E-2 (PGE-2). In a healthy state, COX-2 is involved in maintaining cell homeostasis, while its response to homeostatic dysregulation might lead to the development of cancer (112). Studies have demonstrated that COX-2 is upregulated in various solid tumors and involved in cancer inflammation (113). COX-2 is released to the cancer microenvironment by type II macrophages, cancer−associated fibroblasts and tumor cells, and can suppress tumor cell apoptosis, enhance cell adhesion to promote tumor-induced angiogenesis and achieve an aggressive phenotype (114, 115).

COX-2 presented at high levels in majority (96.67%) of VS tissue samples, and those VSs with higher COX-2 expression showed higher proliferation rate (31). Transcription of COX-2 is thought to be promoted by NF-κB. Aspirin modifies both NF-κB signaling and COX-2 expression (116), and has been shown to have therapeutic effects in several tumors with high COX-2 levels (117, 118). Although some studies have shown that aspirin may halt VS growth (119, 120), the latest meta-analysis disproved this viewpoint (121).



3.2.3 Macrophages

Tumor associated macrophages (TAMs) can be broadly classified into two categories, both of which are differentiated from monocytes in response to stimulus signals (122). The first type is M1-type inflammatory macrophages, also known as classically activated macrophages. M1-type macrophages are critically important in host defense and killing of tumor cells by the production of pro-inflammatory cytokines such as interferon-γ (IFN-γ), TNF-α and IL-18, which have potent microbiome-killing properties and hence are considered as ‘good’ macrophages (123). In order to avoid collateral damage to healthy cells/tissues by M1-type macrophages, M2-type macrophages, or alternatively activated macrophages, usually presented at the later stage of inflammatory response to suppressing destructive immunity, promoting wound repair and fibrosis. The effects of M2-type macrophages are manifested in the tumor microenvironment as inhibiting anti-tumor immunity, promoting tumor matrix remodeling and inducing angiogenesis (123). Collective data have shown that the high densities of M2-type macrophages in the tumor microenvironment are associated with the secretion of VEGF and MMP-9 (124), and worse prognosis in numerous cancer types (125, 126).

In a previous study, it was demonstrated that macrophages, rather than tumor cells, accounted for the majority of proliferating cells in the growing sporadic VS (32). Using Iba-1 as a pan-macrophage marker, the study of 24 sporadic VSs and 20 NF2-related VSs showed that the microvessel surface area was positively correlated with TAM density, and that Iba-1+ macrophages contributed significantly to VEGF production (127). This supports the idea that targeting macrophages along with vascular supply should be viewed as promising therapeutic options in both VS groups.

de Vries et al. determined the role of M2-type macrophages in promoting angiogenesis and volumetric tumor growth in sporadic VS tissue sections. They compared the expression of CD163, a specific marker for M2-type macrophages, in 10 rapidly growing VSs and 10 slow-growing VSs, and found that CD163 expression was significantly higher in fast-growing VS, and tumors with higher CD163 expression had more microvessels (as assessed by CD31). Consistent with these findings, the levels of macrophage colony-stimulating factor (M-CSF), an important cytokine that stimulates macrophage polarization into an M2-type macrophage, and its synergistic cytokine interleukin-34 (IL-34), are increased in fast-growing VS, suggesting their potential function as promoters of tumor progression (33). Recently, Bi et al. demonstrated variable expression of immune regulatory markers as well as immune infiltrates in VS (128). They found both tumor volume and volumetric growth were positively correlated with CD163 expression, and the relationship between PD-L1 and growth strengthened with increasing CD163 infiltration, suggesting a prominent role of immunotherapy in VS treatment (128).



3.2.4 Neutrophil-to-Lymphocyte Ratio (NLR)

As a representative index of systemic inflammation, preoperative peripheral blood NLR is related to the pathological characteristics of many tumors (129).The pretreatment NLR is calculated according to the absolute neutrophil count (ANC) and the absolute lymphocyte count (ALC) of routine blood tests obtained prior to any intervention. A high NLR indicated greater systemic inflammation and elevated circulating concentrations of pro-inflammatory and angiogenic cytokines, which can enhance tumor progression, immunosuppression and peritumoral stroma formation, and therefore is considered as a promising negative prognostic biomarker in solid tumors (130).

The utility of NLR has been pointed for predicting oncological growth in patients with VS. Kontorinis et al. found a significant difference of NLR between 79 growing VSs and 82 non-growing VSs, with high NLR was observed predominantly in the growing VS group (34). However, there is no such discrepancy between regressing VS and growing VS (131). A probable speculation is that NLR-associated inflammation functions not only in the pathomechanism of tumor growth, but also in the decrease of tumor size. Currently, the critical limitation needs to be obviated for NLR’s clinical application and further investigation is that there is no consensus on the cutoff value of NLR (34).




3.3 miRNAs

miRNAs are small non-coding RNAs that responsible for the post-transcriptional regulation of genes by partially or perfectly complementary to the target mRNAs, leading to protein synthesis abortion or transcription inhibition (132). miRNAs play an important role in tumor initiation and development, and are potential targets for therapeutic interventions in diverse cancers.

Several differentially expressed miRNAs have been identified in VS tissues (133, 134). Using principal component analysis, affected gene ontology analysis, and analysis of miRNA expression fold changes, Sass et al. determined the relationship between rapid tumor growth and upregulation of miR-29abc, miR-19, miR-340-5p, miR-21, miR-221 and downregulation of miR-744 and let-7b (35). miR-29 fulfills controversial function in tumor progression and invasion in different tumors (135–137), and was reported to be upregulated in previous VS studies (134). Concordant with this research, Cioffi et al. demonstrated that miR-21 was over-expressed in VS compared with normal vestibular nerve tissue (36). Yang et al. found that downregulation of miR-21 by ailanthone reduced the proliferative potential of VS cells and induced apoptosis and autophagy (89). Other deregulated miRNAs also serve as modulators of tumor-related signaling pathways, such as miR-340 in Ras/Raf/MAPK (138) and let-7b in SOCS1/STAT (139). Notably, the contributions of miR-19, miR-21 and miR-221 to tumor growth are all related to their down-regulation of tumor suppressor PTEN (36, 136, 140), suggesting the role of PTEN and its downstream PI3K/Akt/mTOR signaling pathway in VS cancerigenic process.



3.4 Proteins in Tumor Tissue

CD105, better known as endoglin, is a homodimeric transmembrane glycoprotein that highly expressed on activated angiogenic endothelial cells (141). Used as a marker of MVD, CD105 has proven itself as a potent prognostic indicator and a potential target for antiangiogenic therapy and chimeric antigen receptor-based T-cell (CAR-T) immunotherapy in several tumors (142–144). Calculated by immunohistochemically assessed CD105 expression, Gino et al. correlated the vessel cross-sectional area (VA) and vessel density (VD) with tumor dimensions and tumor growth rate in both NF2-associated VS and sporadic VS, and found a positive correlation between VD and tumor growth rate in NF2-VS, and VA and VD with tumor size in sporadic VS (37). Considering the great achievements of anti-angiogenesis therapy in VS and the specificity of CD105 to indicate the vascular front where sprouting takes place, it seems reasonable to use circulating CD105 to monitor tumor growth and to treat VS with anti-endoglin antibodies.

With several over-expressed neurotrophic factors in VS drawn attention as putative key mediators of tumor growth, Kramer et al. explored the relationship between gene expression profiles of neurotrophic factors and proliferation-associated Ki-67 labelling index, and observed significantly elevated brain derived neurotrophic factor (BDNF) expression that correlated with mitotic activity in VS (38).BDNF plays a pivotal role in myelination processing and supports the survival and synaptic integrity of the auditory nerve (145). This mitosis-promoting neurotrophic factor, together with the previously mentioned bFGF, which has the dual effects of hearing protection and growth stimulation of VS cells (16, 75), may partially explain the seemingly paradoxical phenomenon that VS patients with tumor growth do not necessarily experience hearing loss.

MMPs comprise a large family of zinc- and calcium-dependent proteolytic enzymes. Apart from their essential role in promoting cell differentiation and the reconstruction of the extracellular matrix in a regenerative milieu, MMPs play a fundamental role in tumor progression, invasion, and angiogenesis (146). Expression characteristics of several MMPs family members in VS have been explored. MMP-2 and its endogenous inhibitors tissue inhibitors of metalloproteinase (TIMP)-1 were found interstitially in sporadic solid VS, while the majority of MMP-9 was localized in tumor cells, and its concentration in tumor sample homogenates was positively correlated with the absolute tumor growth rate (40). Consistent with previous studies showing that the proteolytic activity of MMPs might degrade collagen, fibronectin, laminin and contribute to cyst formation and expansion, the expression of MMP-2 and MMP-9 were upregulated in cystic VS samples compared with solid VS (147). In cystic VS tissues, MMP-2 was localized to tumor cells on the cyst cavity inner surface and its levels were higher in the cystic fluid than in other samples (148).

Histologically, VS can be classified into two tissue types, where Antoni type A has a compact structure with interwoven bundles of long bipolar spindle cells and Antoni type B characterized by a loose texture and small, uniform satellite cells. It is known that cystic VS consist of a large mass of Antoni type B area, where the expression of MMP-14 was significantly higher than that in Antoni type A (39). The abundance and proteolytic activity of MMP-14 in VS patients was correlated with the degree of SNHL and surgical outcomes (41). Besides, MMP-2, MMP-9 and MMP-14 are all principal proteins of the MMPs family in the vasculature, implying degeneration of tumor tissues by MMPs and the accompanying increased tumor vessel permeability and adhesion to the facial nerve are critical in VS tumorigenesis, cyst formation and preoperative hearing impairment.

As a membrane-anchored protein of the A-Disintegrin and Metalloproteinase (ADAM) protein family, the overexpression of ADAM9 in solid tumors has been correlated with aggressive tumor phenotypes and unfavorable clinical prognosis (149). ADAM9 may implicated in tumor progression and invasion either via non-proteolytic mechanisms that include interactions between tumor cells and endothelial or peritumoral stromal cells (150), or proteolytic mechanisms that involve an enzymatic modification called “shedding” or processing of cell-surface proteins (151). The value of ADAM9 inhibition in reducing migration and invasion of different solid tumors has been established (152, 153). The earliest expression assessment of ADAM9 in VS by Breun et al. found an 8.8-fold higher ADAM9 mRNA level in VS compared with in healthy peripheral nerves, and a strong correlation between ADAM9 mRNA expression and the degree of functional impairment (42). Further, in VS primary cell cultures, ADAM9 knock down caused a 58% reduction in cell numbers, which might be a hint that ADAM9 plays a role in inducing VS progression (43).



3.5 Components in Cerebrospinal Fluid

VSs usually originate from Schwann cells of the cisternal portion of nerve rootlets exposed to CSF and may alter CSF composition by secreting proteins or altering CSF metabolism (154). CSF-based liquid biopsy approaches have been used to characterize protein expression during the pathogenesis of several brain tumors (155, 156), and differential components analyses of CSF are also expected to yielded diagnostic and therapeutic targets in VS.

Two studies have been done on CSF composition to identify biomarkers that predict VS growth. Ariyannur et al. found the levels of hyaluronan (HA) were 17-fold higher in NF2-related VS cases compared to the controls, and the rate of HA synthesis and secretion by primary schwannoma cells was commensurate with their proliferation rate (44). HA is a cell-surrounding mucopolysaccharide that binds to the Schwann cell surface CD44 receptor to trigger an uninterrupted cell proliferation cascade. Deranged HA-CD44 interaction has been identified as one of the central causative factors for schwannoma and a tumor suppressor target of merlin (157). Schwannoma cells increase their self-reproductive potential by secreting HA under the innate condition, suggesting that elevated HA in the CSF of patients with NF2-VS may be used as an indicator of tumor growth.

By characterizing the CSF proteome among VS patients with different grades, Huang et al. found that ATP-binding cassette subfamily A member 3 (ABCA3), secretogranin-1 (SCG1), Krueppel-like factor 11 (KLF11), voltage-dependent calcium channel subunit alpha-2/delta-1 (CA2D1), brain acid soluble protein 1 (BASP1), and peroxiredoxin-2 (PRDX2) in CSF were associated with VS growth (45). It is notable that some of them did not simply increase or decrease as the tumor grows, but reached their maximum or minimum values at certain phases, suggesting that volumetric growth of VS may be driven by different signaling pathways at different tumor stages.




4 Discussion

VS is a benign but potentially devastating tumor whose aggressively growth can be associated with significant morbidity including deafness and facial neuropathy. Usually, treatment of VS relies on surgery, radiation and regular follow-up. Better knowledge of the pathogenesis of VS has led to several targeted therapies with the effect of reducing tumor volume or restoring patients’ hearing, of which bevacizumab has achieved the most promising results (68).

The majority of VSs may not enlarge after initial diagnosis, with an average annual growth rate of 1.11 mm (9). In order to preserve hearing function and enhance the quality of life, a substantial proportion of newly diagnosed patients will choose wait-and-scan policy, who were put at the risk of sudden tumor growth due to extremely variable growth patterns of VS. Hence, it would be helpful to identify predictive factors for VS growth at time of diagnosis. Several epidemiological, clinical, and radiological characteristics were thought to be related to the increased risk of subsequent tumor growth, such as patients’ age, tumor location, hearing loss, and grow at first follow-up (9, 12–14). But there were some inconsistencies among reports of predicting growth-related factors (9), making the accuracy of this approach debatable.

From the perspective of VS growth mechanisms, numerous achievements had been obtained in exploring the relationship between tumor growth and biomarkers. The exact mechanism of VS onset and progression has remained elusive, with only a broad association with genetic and epigenetic aberrations of merlin, inflammation factors, proteolytic enzymes and nutrient supply pathways. Notably, there are mutual interactions between abnormally expressed molecules in VS biology. Merlin, whose conformational changes are regulated by RTKs and integrin signals, is also an inhibitor of the pro-inflammatory transcription factor NF-κB (30). On the other hand, high numbers of tumor infiltrating leukocytes in VS tissues can enhance cell survival, promote tumor growth and degenerative changes through the production of growth factors, cytokines, and MMPs (33, 128, 158). These evidences indicate that the progression of VS appears to be the result of interactions of these dysregulated pathways, drugs that target multiple signaling pathways simultaneously merit further investigation.

Despite the many recent advances in the identification of growth-related biomarkers, their translational researches have encountered several problems. First, current available VS animal models have some limitations. The commonly utilized animal models for the study of VS including patient-derived xenograft mice model (159), merlin-deficient Schwann cell or SC4 cells mouse model (160, 161). Nevertheless, merlin-deficient Schwann cells may not accurately reproduce VS (162), and it takes more than 2 weeks for the construction of mouse model. Recently proposed zebrafish xenograft model with shorter period of model establishment (163), as well as the application of 3D in vitro cell culture system (164) and ex vivo organ cultures (165) that fully mirror the growth patterns of VS, promise to further elucidate the role of these biomolecules in the pathogenesis of VS. Second, clinical validation of these hypotheses should take tumor diameter and clinical course into consideration. Current studies demonstrate non-linear changes of protein expression as VS size increases (45), suggesting that tumor progression at different grades might be stimulated by different signaling pathways and can therefore be predicted by different biomarkers. Along similar lines, different stages of the natural course of VS might be driven by different mechanisms either. During the enlarge of VS, accelerated growth, regression, or quiescence of the tumor can occur at any stage (2). Classifying patients according to the growth characteristics of VS and analyzing biomarker levels in different groups would shed light on which pathway induces VS initiation and which involves in VS shrinkage or growth cessation. Third, research is urgently needed to address how to obtain tissue expression data in a non-traumatic way. MRI texture analysis have been previously associated with VEGF expression in head and neck squamous cell carcinoma (166), and might also reflected VEGF levels in VS. A more precise non-invasive in vivo marker expression evaluation technique is targeted molecular imaging [MRI, computed tomography (CT), positron emission computed tomography/single-photon emission computed tomography (PET/SPECT) and fluorescence] (161, 167–169). Recently, Morrison et al. injected the covalently linked compounds formed by anti-VEGFR2 or anti-Her2/Neu monoclonal antibodies and near-infrared probe into Schwann cell xenograft models in mice, and observed strong correlations between day 1 tumor fluorescence and eventual maximum tumor volume (170). Apart from advanced imaging techniques, the circulating biomarkers level could also serve as convenient and reliable indicators for the prediction of subsequent tumor growth (37, 44).

We highlight some of the known and novel indicators with potential to predict VS growth enlightened therapeutic targets of VS and are critical for clinicians in stratifying patient’s risk preoperatively, formulating individualized therapeutic tactics, and guiding clinical trial enrollment.
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Glioma is a highly heterogeneous and lethal tumor with an extremely poor prognosis. Through analysis of TCGA data, we identified that OLFML2A is a key promotor of gliomagenesis. However, the molecular function of OLFML2A and its underlying mechanism of action in glioma remain unclear. In this study, we found that OLFML2A expression was significantly upregulated in glioma specimens and positively correlated with pathological grades in glioma patients. Moreover, Kaplan–Meier survival analysis of TCGA data revealed that glioma patients with higher OLFML2A expression had shorter overall survival. Importantly, OLFML2A knockdown in glioma cells inhibited cell proliferation and promoted apoptosis. Mechanistically, OLFML2A downregulation inhibits Wnt/β-catenin signaling by upregulating amyloid precursor protein (APP) expression and reducing stabilized β-catenin levels, leading to the repression of MYC, CD44, and CSKN2A2 expression. Furthermore, OLFML2A downregulation suppressed the growth of transplanted glioma subcutaneously and intracranially by inhibiting Wnt/β-catenin pathway-dependent cell proliferation. By uncovering the oncogenic effects in human and rodent gliomas, our data support OLFML2A as a potential therapeutic target for glioma.
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Introduction

Glioma is characterized by extremely poor outcomes (1). In particular, glioblastoma (GBM), a World Health Organization (WHO) grade IV tumor, is the most common and aggressive malignant brain tumor in humans, and even with radical surgery, radiation therapy, and chemotherapy, the median survival time is less than 12 months (2, 3). Studies have partly characterized the genetic basis of tumorigenesis in glioma over the past two decades (4, 5). Based on these findings, the molecular classification standard of central nervous system tumors was established by the WHO in 2016 (6). However, glioma is a highly heterogeneous tumor (7), and there are many specific molecules that can be used for its classification. Thus, identifying the molecules that regulate glioma progression may contribute to the development of reliable therapeutic targets for glioma.

Olfactomedin-like 2A (OLFML2A) belongs to subfamily IV of olfactomedin domain-containing (OLFM) proteins (8), also known as photomedins-1, which were first identified and characterized in the mouse retina (9). In normal human tissue, OLFML2A is predominantly detected in the photoreceptor layer of the retina but is not expressed in neuronal tissues (10). In general, the function of OLFML2A remains poorly understood at present. Recent studies have shown that OLFML2A is highly expressed in triple-negative breast cancer (TNBC) and positively related to cell growth, proliferation, and migration (11). In acute myeloid leukemia, high OLFML2A expression is associated with extramedullary infiltration and predicts a poor prognosis (12). Consistent with these findings, Dai et al. showed that OLFML2A is also overexpressed in liver hepatocellular carcinoma (LIHC) and many other cancers, such as breast cancer and leukemia, by comparing the Oncomine dataset to normal samples (13). Ultimately, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway and process enrichment analysis suggested that OLFML2A regulates the tumorigenesis of LIHC through angiogenesis, negative regulation of DNA-binding transcription factor activity, regulation of neuronal differentiation, positive regulation of apoptosis, and autophagy via the Wnt, Notch, and hypoxia signaling pathways (13). The above observations underscore that OLFML2A may be involved in the development of many cancers. However, the detailed regulatory mechanisms have not yet been thoroughly validated, and the underlying molecular mechanisms need to be elucidated. Moreover, the role of OLFML2A in glioma has not been reported.

Therefore, to better understand the function of OLFML2A and identify new markers for targeted glioma therapy, in vitro and in vivo assays and bioinformatics analyses were performed to elucidate the function and mechanisms of OLFML2A in glioma progression.



Materials and Methods


Cell Culture

Human glioblastoma cell lines (U87MG and U251) were purchased from GeneChem (Shanghai, China) and cultured in DMEM (HyClone, USA) supplemented with 10% fetal bovine serum (Sigma, USA) and 1% penicillin and streptomycin (Beyotime). All cells were cultured in a humidified incubator at 37°C under an atmosphere with 5% CO2.



Lentiviral Transduction

Cells were seeded in 6-well plates at a density of 5×104 cells/well and incubated at 37°C until reaching 30% confluence. According to the determined multiplicity of infection, an appropriate amount of lentivirus was added to the culture medium of glioma cells for transduction, and the cells were cultured for another 14 h. Subsequently, the medium containing the lentivirus was removed, and the cells were cultured in normal medium for 58 h. GFP expression was observed under a fluorescence microscope 3 days after infection, and glioma cells with an infection efficiency of >80% were selected for subsequent analysis.

All lentiviruses were purchased from GeneChem (Shanghai, China). The forward sequences of the shRNAs targeting OLFML2A in U251 and U87MG cells were as follows: sh-OLFML2A-1 (TCTATGTCACCAACTACTA) and sh-OLFML2A-2 (GCCAAACAAACATTCACTA). The forward sequence of the shRNA targeting OLFML2A in C6 cells was as follows: AGGCCGGTGGAGTAATATGTA. To increase the efficiency of RNA interference, four shRNAs targeting amyloid precursor protein (APP) were designed, and the four plasmids carrying the different shRNAs were mixed in equal proportion for lentiviral packaging. The forward sequences of the shRNAs targeting APP in U87MG cells were as follows: psc10391 (ccCTGTTCATTGTAAGCACTT), psc10392 (gcAGACACAGACTATGCAGAT), psc11434 (ccCAAAGTTTACTCAAGACTA), and psc11435 (gcCATCTTTGACCGAAACGAA).



Immunohistochemistry (IHC)

All glioma specimens were routinely embedded in paraffin and then analyzed by immunohistochemical staining. To this end, specimens were cut into 5-μm sections and then subjected to antigen retrieval. Subsequently, the sections were incubated with primary antibodies (anti-OLFML2A, Abcam, ab75882, 1:200; anti-Ki-67, Abcam, ab15580, 1:200; anti-APP, Abcam, ab32136, 1:300; anti-β-catenin, CST, CST#8480, 1:50; anti-P-β-catenin (Ser33/37/Thr41), CST, CST#9561, 1:200; anti-GSK-3β, CST, CST#12456, 1:800; and anti-P-GSK-3β, CST, CST#9323, 1:50) overnight at 4°C and then visualized using a DAB detection kit according to the manufacturer’s protocol. Then, the sections were counterstained with hematoxylin and observed under a BX-53 microscope (Olympus, Tokyo, Japan). The degree of immunostaining in the sections was reviewed and scored independently by two observers based on both the percentage of positively stained tumor cells and the staining intensity. The staining intensity was graded into four categories on a scale from 0 to 3 (intensity score): no staining (0), light-brown staining (1), brown staining (2), and dark-brown staining (3). Protein staining was evaluated using the following formula: overall staining score = intensity score × percentage score.



Cell Proliferation Analysis by Celigo Assay

Cell proliferation was analyzed using a Celigo assay as previously described (14). Briefly, cells were cultured in 96-well plates at a density of 1,000 cells/well and treated with the indicated shRNAs or control shRNA (shCtrl). The medium was changed every other day, and the cells were imaged with a Celigo Imaging Cytometer for 5 consecutive days. For each experimental well of a 96-well plate, Celigo scans of four visual fields at each time point (40 × magnification) were performed, and the images were analyzed with the corresponding software. Each assay was conducted in triplicate. After 5 days of consecutive measurements, a cell growth curve was plotted to assess cell proliferation.



3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyl Tetrazolium Bromide (MTT) Assay

MTT and dimethyl sulfoxide (DMSO) solutions (Sigma-Aldrich, St. Louis, MO, USA) were used to assess the cell proliferation. Specific cells (2×104) were seeded into 96-well plates, and sterile MTT solution (10 μl) was added to each well after for 24, 48, and 72 h of cultivation. After culturing for 4 h at 37°C, the medium was removed, and 150 μl DMSO was added to each well. Then, the absorbance at 490 nm was measured with a microplate reader (SpectraMax i3X, MOLECULAR, CA, USA).



Quantitation of Apoptosis by Flow Cytometry

An Annexin-V-APC apoptosis detection kit (eBioscience, Cat. No. 88-8007) was used to evaluate cell apoptosis according to the manufacturer’s instructions. First, glioma cells were infected with a lentivirus expressing OLFML2A or a scrambled shRNA sequence (Scr-shRNA). Subsequently, after culturing for another 4 days, the cells were harvested, washed with PBS, and then resuspended in staining buffer at a final density of 1×106-1×107/ml. Then, 5 μl of Annexin-V-APC was added to 100-μl aliquots of cell suspensions and incubated at room temperature for 10–15 min. Signals were detected with a FACSCalibur instrument (Becton-Dickinson, USA).



Animal Studies

All animals were purchased from the Animal Experiment Center of Gansu College of Traditional Chinese Medicine (Lanzhou, China) and housed in a standardized specific pathogen-free animal facility. All experimental procedures were approved by the Institutional Animal Care and Use Committee of Lanzhou University Second Hospital. All mice were maintained and were used in accordance with the guidelines approved by the Institutional Animal Care and Use Committee.

For the tumor xenograft implantation model, 4-week-old mice were randomly divided into two groups (n=10 per group) and implanted with 1×106 U87MG cells that were previously transfected with OLFML2A shRNA lentivirus or the negative control. Then, the cells were mixed with Matrigel (50% volume) and subcutaneously implanted into the right flanks of the nude mice (BALB/c). Tumor volume was determined using an external caliper every 3–4 days and calculated using the formula (Length×Width2)/2. Mice were sacrificed 50 days after transplantation, at which time tumors were excised and used in subsequent analyses.

For the orthotopic model, 1×106 C6-OLFML2A-shRNA or control cells were injected into the right corpus striatum of the brains of 6-week-old Wistar rats using a stereotactic frame (n=5 per group). Spectral computed tomography (HD750 CT scanner; GE Healthcare, Little Chalfont, UK) was performed to record tumor growth at 14 and 19 days after injection using the same scanning parameters described in a previous study (15). Rats were monitored and sacrificed when neurological signs appeared or after 35 days.



Gene Chip Microarray Analysis

Total RNA was extracted using an RNAiso Plus kit (TaKaRa Biotechnology Co., Ltd., Dalian, China) and assessed using a NanoDrop 2000 Spectrophotometer (Thermo Scientific, MA, USA) and an Agilent Bioanalyzer 2100 (Palo Alto, CA, USA) (16). Only samples of sufficient quality were used in subsequent gene chip experiments. The RNA quality control standards were as follows: 1.7<A260/A280<2.2 on the NanoDrop 2000 and an RNA integrity number (RIN)> =7.0 and a 28S/18S ratio > 0.7 on the Agilent 2100 Bioanalyzer. The microarray was processed as described in a previous study (17). Briefly, amplified RNA (aRNA) was prepared from total RNA using a GeneChip 3’ IVT Express kit (Affymetrix, Santa Clara, CA, USA). Then, DNA was synthesized, after which double-stranded template DNA was synthesized. Biotin-labeled aRNA was obtained by in vitro transcription. Then, aRNA was purified, fragmented, labeled, and hybridized with an Affymetrix GeneChip® Human Transcriptome Array 2.0 (Affymetrix, Santa Clara, CA, USA). After hybridization, the chips were washed and stained. Finally, raw intensity data were analyzed using Affymetrix Expression Console software after the images and raw data were scanned. Genes that were up- or downregulated with fold changes of > 2.0 or < 2.0 were analyzed using Affymetrix Transcriptome Analysis Console Software.



Ingenuity Pathway Analysis

Ingenuity pathway analysis (IPA) of differentially expressed genes (DEGs) was conducted with Qiagen’s Ingenuity Pathway Analysis algorithm (www.qiagen.com/ingenuity, Qiagen, Redwood City, CA, USA). Canonical pathway analysis, functional analysis, regulatory effect analysis, and interaction network analysis were performed, with activation z-scores and overlapping p-values calculated as described in a previous study (18).



Quantitative Reverse Transcription PCR

Cells in the exponential growth phase were collected and lysed with an RNAiso Plus kit (TaKaRa Biotechnology Co., Ltd., Dalian, China) to extract total RNA. A NanoDrop-2000 spectrophotometer (Thermo Scientific, MA, USA) was used to measure the purity and concentration of RNA. According to the manufacturer’s protocol, total RNA was reverse-transcribed using the Prime Script RT kit (TaKaRa Biotechnology Co., Ltd.) for 15 min at 37°C before being heat inactivated for 20 s at 85°C. Subsequently, quantitative reverse transcription PCR (qRT-PCR) was performed using SYBR® Premix Ex Ta Master Mix (TaKaRa Biotechnology Co., Ltd.) and a Bio-Rad CFX96 Real-time PCR system (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The primers used for qRT-PCR are shown in Table 1. qRT-PCR was performed in a final volume of 10 μl with the following thermocycling program: an initial denaturation at 95°C for 10 min followed by 40 cycles of 95°C for 10 s, 60°C for 30 s, and 72°C for 30 s. As the reaction progressed, fluorescence signals were obtained. After amplification, a melting curve analysis was performed, the results of which were used to determine the dissociation characteristics of the PCR products. The 2-ΔΔCq method was used to calculate the mRNA expression level relative to that of the internal reference gene GAPDH. Each sample was assayed in triplicate.


Table 1 | Primer sequences used in this study.





Western Blot Analysis

Cells were lysed using RIPA buffer (Beyotime Institute of Biotechnology) on ice for 30 min, after which the samples were centrifuged at 12,000×g for 45 min at 4°C. The protein concentrations of the samples were determined using a BCA protein assay kit (Solarbio, China), after which the proteins were subjected to SDS-PAGE and transferred to PVDF membranes. The membranes were then blocked with TBST containing 5% bovine serum albumin (BSA; Solarbio, China) for 2 h at room temperature and then incubated with primary antibodies against the following antigens: OLFML2A (1:500, Abcam, ab85458, UK); GAPDH (1:1,000, Abcam, ab8245, UK); APP (1:500, Abcam, ab32136, UK); β-catenin (1:500, CST, CST#8480, USA); P-β-catenin (Ser33/37/Thr41) (1:500, CST, CST#9561, USA); GSK-3β (1:500, CST, CST#12456, USA); and P-GSK-3β (1:500, CST, CST#9323, USA) overnight at 4°C. The membranes were then washed three times with TBST and incubated with a horseradish peroxidase-conjugated secondary antibody for 2 h at room temperature. The blots were visualized with an enhanced chemiluminescence (ECL) kit (Solarbio, China) and scanned with ChemImager 5500 V2.03 software. The relative integrated density values (IDVs) were calculated using Fluor Chen 2.0 software using GAPDH as an internal control.



Statistics and Data Analysis

All data are presented as means ± standard deviation (SD). Statistical analyses were performed using Prism 8 (GraphPad Software, San Diego, CA, USA). Two-tailed Student’s t-test was used to assess the significance of the differences between two groups, and one-way ANOVA was used to assess the significance of the differences among multiple groups. Survival curves were analyzed using the Kaplan–Meier method and assessed by the log-rank test. P-values<0.05 were considered to indicate a significant difference.




Results


OLFML2A Overexpression Is Correlated With Glioma Progression and Poor Prognosis

By analyzing datasets from The Cancer Genome Atlas (TCGA), we observed that OLFML2A expression was significantly upregulated in glioma tissues compared to normal brain tissue and that OLFML2A expression was positively correlated with glioma grades (Figures 1A, B). Kaplan–Meier survival analysis of TCGA data revealed that glioma patients with higher OLFML2A expression had shorter overall survival (Figure 1C). Real-time PCR results showed that OLFML2A expression was upregulated in four different glioma cell lines (Figure 1D). Taken together, these findings suggested that OLFML2A is overexpressed in human glioma.




Figure 1 | OLFML2A expression is elevated in gliomas and correlated with tumor grade and prognosis. (A) Expression profile of OLFML2A mRNA in primary glioma tissues (n=548) and normal brain tissues (n=10; Mann–Whitney U test; ***P < 0.001; TCGA). (B) Expression profile of OLFML2A mRNA in low-grade glioma (LGG) samples (n=515) and glioblastoma (GBM) samples (n=152; Mann–Whitney U test; ***P < 0.001; TCGA). (C) Kaplan–Meier survival curves comparing glioma patients with low and high OLFML2A expression levels (n = 664; P < 0.001; TCGA) based on the median value of OLFML2A mRNA. (D) Real-time PCR analysis of OLFML2A expression in four human glioma cell lines. (E, F). Immunohistochemistry (IHC) analysis of OLFML2A in 69 specimens with low- and high-grade gliomas. Scale bar=100 μm. The score was calculated according to the degree of cell staining and the proportion of positive cells. The staining index is shown as the product value of two scores. (**P < 0.01).



To determine the clinical relevance of OLFML2A in glioma patients, OLFML2A expression was examined in 69 paraffin-embedded, archived glioma tissues by IHC. As expected, OLFML2A was significantly upregulated in glioma tissues (Figure 1E). Furthermore, OLFML2A levels were positively correlated with pathological grades in glioma patients (Figure 1F). Collectively, these findings confirmed the TCGA analysis results and suggested a potential association between OLFML2A upregulation and the progression of glioma.



OLFML2A Expression Is Efficiently Inhibited by Lentiviral-Based shRNA in Human Glioma Cell Lines

A positive correlation between OLFML2A expression and glioma pathological grades suggested that OLFML2A may be involved in the development and progression of glioma. To assess the biological role of OLFML2A in glioma, we used a lentivirus-based shRNA strategy to knockdown OLFML2A expression in glioma cell lines. U251 and U87MG cells were infected with a lentivirus specifically targeting human OLFML2A (OLFML2A-shrNA) or a negative control (Scr-shRNA) to evaluate the knockdown efficiency. Cells infected with the lentivirus were cultured and harvested, and total RNA/protein samples were collected. Then, the OLFML2A mRNA and protein levels were detected by qRT-PCR and Western blotting. The results demonstrated that OLFML2A mRNA expression was significantly reduced (Figure 2A), and OLFML2A protein was barely detectable in cells treated with OLFML2A-shRNA (Figures 2B, C). These results indicated that lentivirus-based shRNA strategy could inhibit OLFML2A expression at the protein and mRNA levels.




Figure 2 | OLFML2A expression is efficiently inhibited by lentiviral-based shRNA in human glioma cell lines. (A, B) OLFML2A mRNA levels were assessed by qRT-PCR in U251 (A) and U87MG (B) cells. (C) OLFML2A protein content in glioma cell lines was assessed by western blotting. **P < 0.01. NC, cells infected with negative control lentivirus expressing Scr-shRNA; KD1 and KD2, cells infected with an OLFML2A-knockdown lentivirus expressing OLFML2A-shRNA-1 and OLFML2A-shRNA-2, respectively.





OLFML2A Knockdown Leads to Reduced Glioma Cell Proliferation In Vitro

U251 and U87MG cells express high levels of OLFML2A protein. To determine whether OLFML2A is required for the proliferation of these cell lines, we generated U251 and U87MG cells with lentivirus-delivered OLFML2A shRNA knockdown as previously described. Then, Celigo assays were performed to monitor cell growth for 5 days. As shown in Figures 3A–F, silencing OLFML2A decreased the total cell numbers and slowed the growth rate of U251 and U87MG cells. Subsequently, the MTT assay was used to further evaluate the effect of OLFML2A knockdown on the proliferation of U251 and U87MG cells. As indicated in Figures 3G–J, the cell proliferation rate of the OLFML2A-shRNA group was markedly reduced compared to that of the control group.




Figure 3 | OLFML2A knockdown inhibits cell growth and proliferation. (A–F) U251 and U87MG cell growth was measured by Celigo assays for 5 days. (G–J) U251 and U87MG cell growth was measured by the MTT assay for 5 days. The data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.





Suppression of OLFML2A Expression Leads to Increased Glioma Cell Apoptosis

The ability to resist cell death, another hallmark of cancers, is essential for tumor development (19). The reduction in cell numbers induced by OLFML2A knockdown may be attributable to cell proliferation inhibition and increased cell apoptosis. To further investigate whether OLFML2A promotes glioma cell proliferation by regulating cell apoptosis, we used Annexin-V staining to assess apoptosis in OLFML2A-knockdown and control U251 cells. OLFML2A knockdown significantly induced apoptosis in U251 cells (Figures 4A, B), and similar results were observed in U87MG cells following OLFML2A silencing by shRNA (Figures 4C, D).




Figure 4 | OLFML2A suppression promotes the apoptosis of glioma cells. (A–D) U251 and U87MG cell apoptosis was assessed using Annexin-V staining and analyzed by flow cytometry. The rate of apoptosis is presented as the mean ± SD. ***P < 0.01.





Disruption of Multiple Crucial Cell Cycle Regulation Pathways Involved in Cancer Development by OLFML2A Knockdown

The results described above showed that OLFML2A is crucial for tumor development in human glioma cell lines. However, the mechanisms underlying OLFML2A-mediated glioma development and its downstream pathways have not been systematically explored. Therefore, global gene expression profiling of U87MG cells infected with lentiviruses expressing either Scr-shRNA or OLFML2A-shRNA was performed using a microarray platform, and 1,911 genes showing significant differential expression were identified (based on |fold change|≥2.0 and FDR<0.05), of which 658 were upregulated and 1,253 were downregulated (Figures 5A, B and Supplementary Table 1, Supplementary Data Sheet 1). Then, functional analysis was performed via IPA, and the DEGs were observed to be enriched in cancer, cell cycle, cell death and cell survival, cellular growth, and proliferation, suggesting that OLFML2A is significantly (based on a P<0.001 threshold) involved in proliferation and cell cycle regulation processes (Figure 5C).




Figure 5 | Widespread changes in gene expression in U87MG cells with OLFML2A knockdown as determined by microarray analysis. (A) Heatmap representation of 1,911 genes showing significant differential expression in the human malignant glioma cell line U87MG infected with a lentivirus expressing either Scr-shRNA (NC) or OLFML2A-shRNA (KD) under the criteria P<0.05 and |fold change|>2. Genes and samples are listed in rows and columns, respectively. The color scale for the normalized expression data is shown at the bottom of the microarray heatmap (green and red represent down- and upregulated genes, respectively). (B) Volcano plots. The genes with significantly altered expression are marked in red. The selected thresholds were a |fold change| > 2 and P < 0.05. (C) Disease and function analysis was performed to classify the enriched genes after OLFML2A silencing. (D) Annotated classical pathway analysis indicated that multiple signaling pathways involved in cell proliferation were enriched after OLFML2A silencing. Blue and orange represent suppressed and activated signaling pathways, respectively, and the intensity of the color indicates the degree of activation or inhibition. NC, cells infected with negative control lentivirus Scr-shRNA; KD, cells infected with OLFML2A-shRNA-1.



Canonical pathway analysis using IPA was conducted to further evaluate potential signaling pathways, resulting in 136 pathways being identified (Supplementary Table 2-Canonical Pathways.xlsx), of which 117 were inhibited and 19 were activated following OLFML2A gene suppression (based on |Z-score|>0 and P<0.05). Notably, among the inhibited signaling pathways, those involved in cell proliferation and cell cycle regulation, such as Cyclins and Cell Cycle Regulation, Estrogen-mediated S-phase Entry, and Glioblastoma Multiforme Signaling, were significantly inhibited (based on |Z-score|>2 and P<0.05) (Figure 4D). In addition, Cell Cycle Regulation by BTG Family Proteins (Z-score=-1.633), TGF-β Signaling (Z-score=-1.387), Wnt/β-catenin Signaling (Z-score=-1.342), and Antiproliferative Role of Somatostatin Receptor 2 (Z-score=-1.265), which are important signaling pathways in glioma proliferation and cell cycle regulation, were also inhibited (Figure 4D). Furthermore, Apoptosis Signaling (Z-score=1.508), Cell Cycle: G1/S Checkpoint Regulation (Z-score=1.291), and Cell Cycle: G2/M DNA Damage Checkpoint Regulation (Z-score=0.943) were activated (Figure 5D). Collectively, these findings provided a strong rationale for the role of OLFML2A as a crucial molecule that regulates the proliferation of glioma cells.



OLFML2A Knockdown Suppresses the Wnt/β-Catenin Pathway in Glioma Cells

The results of previous studies have shown that the Wnt/β-catenin pathway is activated in glioma and is essential for glioma growth, proliferation, cell cycle regulation, and apoptosis (20). Importantly, the IPA data showed that Wnt/β-catenin signaling was one of the inhibited pathways enriched in the OLFML2A-associated gene signatures (Figure 5D). The expression of 21 molecules involved in the Wnt/β-catenin pathway was altered (Figures 6A, B). Subsequently, we validated the expression levels of the 21 molecules by real-time PCR and observed that the expression levels of Wnt ligands (Wnt3, Wnt5a, and Wnt5b), the transcription factor LEF1, and genes downstream of Wnt (MYC, CD44, and CSKN2A2) were decreased when OLFML2A was downregulated (Figure 6C). The changes in the remaining molecules were generally consistent with the gene chip results (Figure 6C). These data preliminarily confirmed that Wnt activity is suppressed upon OLFML2A downregulation. Furthermore, we observed that the mRNA levels of the Wnt target genes MYC, CD44, and CSKN2A2 were significantly and positively correlated with the OLFML2A mRNA levels in GBM patients by analyzing TCGA data (Figure 6D). Accumulating evidence has demonstrated that the regulation of β-catenin and GSK-3β phosphorylation controls Wnt/β-catenin pathway activation (20). Therefore, we subsequently assessed the phosphorylation of β-catenin and GSK-3β in U87MG cells. The results showed that the Thr41/Ser37/Ser33 phosphorylation levels of β-catenin were significantly increased upon OLFML2A downregulation (Figure 6E). Conversely, stabilized β-catenin levels were decreased when OLFML2A was downregulated (Figure 6E). Additionally, we observed that phosphorylated GSK-3β levels were significantly decreased while total GSK-3β levels were elevated upon OLFML2A downregulation (Figure 6E). Thus, our results indicated that high levels of OLFML2A expression may activate the Wnt/β-catenin pathway to promote cell proliferation and inhibit cell apoptosis.




Figure 6 | OLFML2A knockdown suppresses the Wnt/β-catenin pathway in glioma cells. (A) The fold change, P-values, and regulatory effect of the molecules associated with the Wnt/β-catenin signaling pathway relative to OLFML2A knockdown are collated in the table. (B) The Wnt/β-catenin signaling pathway was mapped by IPA, and the 21 molecules involved in the Wnt/β-catenin pathway are included in the table (A). Green: downregulated. Red: upregulated. (C) The expression of the 21 molecules involved in the Wnt/β-catenin pathway was verified by qRT-PCR in U87MG cells. **P < 0.01, ***P < 0.001. (D) The correlation of OLFML2A expression with that of MYC, CSNk2A2, and CD44 from a TCGA dataset (n = 169). (E) The β-catenin, p33/37/41-β-catenin, GSK-3β, and P-GSK-3β protein contents in U87MG cells were assessed by western blotting. NC, cells infected with negative control lentivirus expressing Scr-shRNA; KD, cells infected with OLFML2A-shRNA-1-expressing lentivirus.





APP Acts as an Intermediate Molecule to Mediate the Downstream Regulatory Effects of OLFML2A in Glioma

To further elucidate the regulatory mechanism of OLFML2A on the Wnt/β-catenin pathway and cell proliferation, an IPA-based interaction network analysis was performed, the results of which confirmed that APP is an important intermediate molecule that mediates the downstream regulatory effects of OLFML2A (Figure 7A). APP has been reported to be a negative regulator of Wnt/β-catenin signaling pathways (21). Our results showed that OLFML2A knockdown increased APP expression (Figures 7B, C). Furthermore, we observed that APP expression was significantly downregulated in GBM tissues compared to normal brain tissue by analyzing TCGA data (Figure 7D). Additionally, we demonstrated that APP downregulation partly increases the proliferation of OLFML2A-knockdown U87MG cells (Figures 7E, F). These data further suggested that APP is a functional regulator that mediates the downstream regulatory effects of OLFML2A through the Wnt/β-catenin pathway in glioma.




Figure 7 | APP acts as an intermediate molecule to mediate the downstream regulatory effects of OLFML2A in glioma. (A) IPA-based interaction network analysis. The interaction network analysis table shows the interactions among molecules in the datasets. (B, C) APP expression in U87MG cells was assessed by qRT-PCR (B) and western blotting (C). NC, cells infected with negative control lentivirus expressing Scr-shRNA; KD, cells infected with OLFML2A-shRNA-1-expressing lentivirus. (D) Expression profile of APP mRNA in primary GBM tissues (n=169) and normal brain tissues (n=5; Mann–Whitney U test; **P < 0.01; TCGA). (E, F) U87MG cell growth was measured by Celigo assays for 5 days. NC, cells infected with negative control lentivirus expressing Scr-shRNA; OLFML2A KD, cells infected with OLFML2A-shRNA-1-expressing lentivirus; OLFML2A KD+APP KD, cells infected with OLFML2A-shRNA-1 and APP-shRNA lentiviruses.





OLFML2A Downregulation Leads to the Repression of Glioma Cell Proliferation In Vivo

We used a xenograft model to verify whether OLFML2A knockdown reduces tumor growth in vivo. U87MG cells infected with Scr-shRNA or OLFML2A-shRNA were transplanted into the right flanks of immunocompromised nude mice, and the results showed that OLFML2A knockdown led to significant decreases in tumor volume and weight (Figures 8A–C) (n = 10). Moreover, the IHC results showed that OLFML2A knockdown could significantly reduce the positivity rate of Ki-67 in subcutaneous tissues (Figure 8D). In addition, the level of APP expression was consistent with the in vitro results (Figure 8E). Furthermore, the IHC results also indicated that β-catenin phosphorylation levels were significantly elevated while stabilized β-catenin levels were markedly decreased following OLFML2A downregulation (Figure 8E). These results confirmed that OLFML2A functions as an oncogene in glioma by regulating the Wnt/β-catenin pathway via APP in vivo.




Figure 8 | OLFML2A downregulation leads to the repression of glioma cell proliferation and inhibition of the Wnt/β-catenin signaling pathway in xenograft implantation models. (A–C) Subcutaneously transplanted gliomas were utilized to analyze the effect of OLFML2A on glioma in vivo, and tumor values were measured every 3–4 days. (D) Representative IHC images of Ki67 expression in two groups of subcutaneous glioma tissues; scale bar=100 µm. (E) APP, p33/37/41-β-catenin, β-catenin, GSK-3β, and P-GSK-3β expression in two groups of subcutaneous glioma tissues was detected by IHC. *P < 0.05, **P < 0.01, ***P < 0.001.



To further verify the effects of OLFML2A on glioma growth in immunocompetent animals, we transplanted C6 cells transfected with Scr-shRNA or OLFML2A-shRNA into the right striatum of Wistar rats (n = 5) and observed that OLFML2A downregulation strongly suppressed the growth of intracranial glioma by CT scan on days 14 and 19 after transplantation (Figure 9A). Similarly, gross observations also showed that OLFML2A downregulation could significantly suppress orthotopic glioma growth (Figure 9B), and the positive rate of Ki-67 was also decreased after OLFML2A knockdown (Figure 9C).




Figure 9 | OLFML2A knockdown inhibits cell growth and proliferation in an orthotopic model. (A) Intracranial xenografts of gliomas were established with C6 cells after OLFML2A downregulation, and representative spectral computed tomography images show the tumor size at 14 and 19 days after transplantation in each group. (B) Representative gross images of gliomas after dissection from mice in each group at 21 days. (C) IHC staining of Ki-67 showed the proliferation state of transplanted glioma. **P < 0.01, ***P < 0.001.






Discussion

Glioma is a very aggressive and heterogeneous tumor that lacks effective targeted therapies and has a relatively poor prognosis (22). Therefore, there is an unmet need to identify new targets to develop potential diagnostic and therapeutic strategies. In the present study, we first analyzed an available genomic database (TCGA) and identified OLFML2A as a putative molecule involved in glioma tumorigenesis. Our results indicated that OLFML2A is upregulated in glioma, positively correlated with tumor grade, and negatively correlated with the prognosis of glioma patients. In addition, we observed that the level of OLFML2A is correlated with glioma proliferation and apoptosis. Downregulation of OLFML2A expression dramatically suppressed the growth of glioma cells both in vitro and in vivo, and silencing OLFML2A significantly promoted the apoptosis of glioma cells. Furthermore, we confirmed that Wnt/β-catenin pathway activation is involved in OLFML2A-regulated glioma cell proliferation in vitro and in vivo. Finally, we demonstrated that APP is an important intermediate molecule that mediates the downstream regulatory effects of OLFML2A in glioma. Overall, OLFML2A was shown to primarily regulate glioblastoma through Wnt/β-catenin signaling by targeting APP. Our results suggested that OLFML2A promotes the progression of glioblastoma and may be a potential novel prognostic factor for glioblastoma. Importantly, OLFML2A may be a promising target gene for glioma treatment.

OLFML2A is a member of the OLF family (8). Interestingly, data obtained over the past several years demonstrated that OLF family proteins play important roles in neurogenesis, neural crest formation, dorsal ventral patterning, cell–cell adhesion, cell cycle regulation, and tumorigenesis and may act as modulators of critical signaling pathways (Wnt, BMP) (8). The human OLFML2A gene is located on chromosome 9q33.3 and encodes a secreted glycoprotein known as photomedin-1 (10). An understanding of the biological functions of proteins possessing the OLF domain has remained elusive (8, 10, 23). In the field of cancer research, the tumorigenic function of OLFM4 has been verified in many tumors (24, 25). Intriguingly, the tumorigenic function of OLFML2A is also gradually emerging. OLFML2A expression was shown to be negatively correlated with the biological progression and clinical features of TNBC, LIHC, and leukemia (11–13). Moreover, as previously reported, the Wnt/β-catenin pathway is a potential regulatory target of OLFML2A, through which OLFML2A regulates several malignant biological processes in LIHC (13). Consistent with previous studies, our results indicate that OLFML2A acts as an oncogene that exerts an important effect on glioma progression. Moreover, an IPA-based pathway enrichment analysis identified the Wnt/β-catenin pathway as being altered after OLFML2A downregulation.

Extensive studies have shown that abnormal activation of the Wnt signaling pathway leads to the malignant biological process of glioma, including cell proliferation, cell apoptosis, and cell invasion (26). In the classic Wnt/β-catenin pathway, Wnt ligands combine with the receptor protein frizzled (Fzd) and low-density lipoprotein receptor related protein 5/6 (LRP5/6) to form a protein complex, which then activates Dishevelled (Dvl), leading to the phosphorylation and inactivation of glycogen synthase kinase 3β (GSK-3β) and preventing stabilized β-catenin from being phosphorylated and degraded (26, 27). Stable β-catenin in the cytoplasm further enters the nucleus and binds to the T-cytokine/lymph enhancer binding factor (TCF/LEF) transcription factor, resulting in the transcription of Wnt target genes such as MYC, CD44, cyclin D1, and PPAR-δ (26, 27). In our present study, we demonstrated that the expression levels of Wnt ligands (Wnt3, Wnt5a, and Wnt5b), the transcription factor LEF1, and Wnt-downstream genes (MYC and CD44) were decreased when OLFML2A was downregulated. Furthermore, total GSK-3β levels were significantly elevated, and GSK-3β phosphorylation was decreased upon OLFML2A downregulation. Additionally, the levels of stabilized β-catenin were decreased while the Thr41/Ser37/Ser33 phosphorylation levels of β-catenin were increased when OLFML2A was downregulated. Overall, the results of our present study indicate that OLFML2A downregulation can inactivate the Wnt/β-catenin pathway to inhibit cell proliferation and promote cell apoptosis.

The results of an IPA-based interaction network analysis confirmed that APP is an important intermediate molecule that mediates the downstream regulatory effects of OLFML2A in glioma. Accumulating evidence has shown that abnormal cleavage of APP is a central process in the pathological mechanisms of Alzheimer’s disease (AD) (27–29), and the Wnt/β-catenin pathway is dysfunctional in AD brains (30–32). Furthermore, APP has been reported to downregulate β-catenin expression by increasing its degradation (32, 33), and overexpressed APP prevents β-catenin translocation into the nucleus through physical binding and precludes the transcription of Wnt target genes in AD disease models (21). These findings indicated a reciprocal regulation between APP and the Wnt/β-catenin signaling pathway. The results of the interaction network analysis were consistent with the function of APP acting as a suppressor of the Wnt/β-catenin pathway. In our present study, we observed that APP was expressed at low levels in glioma tissue. APP expression was observed to be negatively correlated with OLFML2A, and OLFML2A knockdown led to increased APP levels both in vitro and in vivo. Moreover, APP downregulation partially attenuated inhibitory effect of OLFML2A knockdown on cell proliferation. Therefore, we concluded that OLFML2A downregulation inhibits Wnt/β-catenin signaling by upregulating APP expression and reducing stabilized β-catenin levels.



Conclusion

In summary, our results suggest that OLFML2A plays a crucial role in the proliferation of glioma and acts as an oncogene to promote the progression of glioma in humans. Mechanistically, OLFML2A knockdown inhibits the Wnt/β-catenin signaling pathway by upregulating APP expression and promoting β-catenin phosphorylation, leading to repressed MYC, CD44, and CSKN2A2 expression. Our data indicate that the oncogenic effect of OLFML2A in glioma occurs through regulation of Wnt/β-catenin signaling, which may provide a new potential therapeutic target for glioma.
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Glioblastoma (GBM), the most lethal type of brain tumor in adults, has considerable cellular heterogeneity. The standard adjuvant chemotherapeutic agent for GBM, temozolomide (TMZ), has a modest response rate due to the development of drug resistance. Multiple studies have shown that valproic acid (VPA) can enhance GBM tumor control and prolong survival when given in conjunction with TMZ. However, the beneficial effect is variable. In this study, we analyzed the impact of VPA on GBM patient survival and its possible correlation with TMZ treatment and p53 gene mutation. In addition, the molecular mechanisms of TMZ in combination with VPA were examined using both p53 wild-type and p53 mutant human GBM cell lines. Our analysis of clinical data indicates that the survival benefit of a combined TMZ and VPA treatment in GBM patients is dependent on their p53 gene status. In cellular experiments, our results show that VPA enhanced the antineoplastic effect of TMZ by enhancing p53 activation and promoting the expression of its downstream pro-apoptotic protein, PUMA. Our study indicates that GBM patients with wild-type p53 may benefit from a combined TMZ+VPA treatment.
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Introduction

Glioblastoma (GBM), the most common and most lethal type of brain tumor, accounts for 50% of malignancies in the intrinsic central nervous system and has the highest loss of potential life years compared to other cancers (1–3). Standard treatment includes surgical excision and concomitant chemoradiotherapy with temozolomide (TMZ), followed by TMZ chemotherapy. Recent studies in molecular biology have shown that, despite similarities in histological appearances, GBM harbors significant genetic, epigenetic, and gene expression heterogeneities both interpersonally and intratumorally (4–6). The heterogeneous genetic background of GBM patients results in variable sensitivities of cancer cells to TMZ treatment and, thus, differential clinical outcomes. Hypermethylation at the promoter of O6-methylguanine DNA methyltransferase (MGMT), a DNA repair gene, is associated with increased sensitivity to TMZ treatment and improved patient survival (7–11). Isocitrate dehydrogenase 1 (IDH1) mutant GBM patients have more favorable outcomes, partly due to the enhanced sensitivity to TMZ chemotherapy (12, 13). On the other hand, a dysfunctional p53 DNA response pathway is associated with TMZ resistance (10, 14, 15). Previous studies have shown that somatic alterations that deregulate p53 were found in 85%–90% of GBM tumors, including 27.9% of p53 gene mutations or deletions (16). Furthermore, p53 mutation often co-occurs with IDH1 and ATRX mutations, which are critical markers defining GBM molecular classification (17, 18). These molecular alterations have significant clinical implications in that they not only define radically different subgroups of GBM but also significantly affect tumor susceptibility to treatment and, thus, patient prognosis (19–21).

Valproic acid (VPA) is an anti-epileptic drug that is widely used to treat or prevent perioperative seizures associated with GBM (22). In addition to its anti-epileptic activity, it has been shown in some retrospective studies that VPA was capable of improving GBM patient survival when given in conjunction with TMZ (23–26). However, the results of these studies are inconsistent. Multiple mechanisms of the anticancer action of VPA have been proposed, including inhibition of histone deacetylase (HDAC), alteration in the chromatin structure, disruption of DNA repair pathways or redox regulation, and induction of autophagy (27–30). Several reports have shown that VPA induces p53-dependent radiosensitization and chemosensitization in vitro and in vivo (31–34). In the present study, we attempted to identify GBM genetic alterations that are associated with favorable outcomes of VPA treatment in GBM patients and decipher the underlying mechanism. In clinical samples, GBM patient survival with respect to VPA treatment and p53 gene status was investigated. Furthermore, the effect of TMZ alone or in combination with VPA on GBM cancer cells was examined using both p53 wild-type and p53 mutant human GBM cell lines, and its underlying molecular mechanisms were examined.



Materials and Methods


Patient Data Collection

The institutional database of Linkou Chang-Gung Memorial Hospital was used to identify patients who underwent surgical excision of GBM between January 2015 and December 2017 following guidelines approved by the IRB board (IRB# 201701979B0). Patients who underwent standard treatment for newly diagnosed GBM, which included surgical excision, TMZ combined chemoradiotherapy (CCRT), and oral TMZ chemotherapy, and patients who underwent surgical excision for recurrent GBM were included. Patients who underwent biopsy only, did not undergo surgical excision, had a diagnosis based on imaging only, did not have histopathologically proven GBM, and did not undergo standard treatment for newly diagnosed GBM were excluded. A total of 166 patients were recruited. The medical records of these patients were reviewed and followed up until December 31, 2019. Clinical details, including immunohistochemical (IHC) staining of specific markers such as MGMT, the patient’s seizure status, date of birth, date of diagnosis, date of operation, and the recorded date of disease progression or death, were recorded. Residual tumor samples were obtained from the tumor bank.



p53 and IDH1 Mutation Analysis

Genomic DNA was extracted from frozen tissues, exon 4 of IDH1 and IDH2 or exons 4–9 of p53 were PCR amplified from tumor DNA, and mutations were analyzed by sequencing analysis. The primers used in PCR and sequencing are shown in Table 1. All mutations were confirmed by sequencing both DNA strands.


Table 1 | The sequencing primers of exon 4 of IDH1 and IDH2 or exon 4-9 of p53.





Cell Culture and Treatment

The GBM cell lines U87, DBTRG-05MG, U118MG, and LN229 were purchased from ATCC (Manassas, VA, USA). U87 cells were grown in minimum essential medium (MEM) supplemented with 10% fetal bovine serum (FBS) at 37°C in an atmosphere of 5% CO2. DBTRG-05MG cells were grown in RPMI-1640 supplemented with 10% FBS at 37°C in an atmosphere of 5% CO2. U118MG and LN229 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS at 37°C in an atmosphere of 5% CO2. The p53 status of these cell lines was confirmed using DNA sequencing analysis (Supplementary Figure S7). Cells at 70% confluency were washed with phosphate-buffered saline (PBS) and treated with TMZ (0–10 mM) and/or VPA (2.5 mM) in complete culture medium at 37°C in the dark.



RNA Interference

Knockdown of p53, E2F1, or HDAC2 in GBM cells by RNA interference with human p53 siRNA (Sigma, St. Louis, MO, USA), E2F1 Silencer Select siRNA (/N4390824; Life Technology Corporation, Carlsbad, CA, USA), or HDAC2 Silencer Select siRNA (AM51331; Life Technology Corporation) was carried out according to the manufacturer’s protocol using GenMute siRNA Transfection Reagent (SignaGen Laboratories, Frederick, MD, USA). The sequence of the p53 siRNA targeting p53 mRNA (NM_000546.5) was GACUCCAGUGGUAAUCUAC, and siRNA was synthesized by Sigma (St. Louis, MO, USA). p53 siRNA, E2F1 siRNA, HDAC2 siRNA, or control siRNA was transfected at a final concentration of 30 nM for 24 h, followed by TMZ or VPA treatment as described above. Western blotting and reverse transcription PCR (RT-PCR) analyses were used to verify the efficiency of transfection.



Cell Viability Assay

GBM cells were plated in 96-well culture plates and incubated in a humidified chamber at 37°C and 5% CO2 overnight before drug treatment. Cell viability was assessed 24 h after the addition of the drugs. The culture medium was then removed from each well and replaced with 150 μl of MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide; 0.5 mg/ml) in complete medium. The cells were incubated for 2 h at 37°C. Formazan crystals formed in cells were dissolved in 50 μl of dimethyl sulfoxide (DMSO). The absorbance of the samples at 570 nm was measured using a microplate reader. The results were evaluated by measuring the optical density of the MTT solution at 570 nm.



Western Blot Analysis

The cell lysate was prepared by sonication in RIPA buffer with protease and phosphatase inhibitor cocktails. Proteins (30 µg) were separated by 8%–15% sodium dodecyl sulfate–polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes, blocked in 5% milk, and incubated overnight at 4°C in primary antibodies including PARP (1:1,000; #9542, Cell Signaling, Danvers, MA, USA), E2F1 (1:1,000; #3742, Cell Signaling, Danvers, MA, USA), p53 (DO-1) (1:1,000;, cat. no. OP43, Calbiochem, San Diego, CA, USA), PUMA (1:1,000; #12450, Cell Signaling, Danvers, MA, USA), caspase 3 (1:1,000; #9662, Cell Signaling, Danvers, MA, USA), and caspase 9 (1:1,000; #9502, Cell Signaling, Danvers, MA, USA), followed by the respective anti-IgG secondary antibodies (1:3,000; Millipore, Burlington, MA, USA) for 1 h at room temperature. Membranes were developed for visualization and photography using enhanced chemiluminescence (ECL) (Millipore Corporation, Billerica, MA, USA). Optical band densities were quantified using ImageJ software, and the results were analyzed using Excel software.



Flow Cytometry Analysis of the Cell Cycle Phases

After harvesting, the cells were washed twice in ice-cold PBS and fixed in ice-cold 70% ethanol for 30 min or overnight at 4°C. The cells were washed in PBS and digested with DNase-free RNase A (50 U/ml) at 37°C for 30 min. Before flow cytometry analysis, the cells were resuspended in 500 μl propidium iodide (PI, 10 μg/ml; Sigma, St. Louis, MO, USA) for DNA staining. PI staining was used to measure the cell cycle status using a Becton-Dickinson FACScan instrument (Franklin Lakes, NJ, USA) and the Cell Quest software.



Quantitative Real-Time RT-PCR

Total RNA was isolated from the harvested cells using the TRIzol® Reagent (Thermo Fisher Scientific, Waltham, MA, USA) and underwent reverse transcription using RevertAid Reverse Transcriptase (Thermo Fisher Scientific) according to the manufacturer’s instructions. Subsequent real-time RT-PCR analysis of cDNA was performed in triplicate using SYBR green dye on the StepOnePlus™ Real-Time PCR System (Applied Biosystems, Waltham, MA, USA). The primer sequences are shown as follows (5'–3'): PUMA, CCTGGAGGGTCCTGTACAATCTC; GCAGGCACCTAATTGGGCTC; GAPDH: CCGTCTAGAAAAACCTGCC; GCCAAATTCGTTGTCATACC. To calculate the relative mRNA expression, GAPDH was used as an internal control for all quantitative RT-PCRs and compared with the control groups.



Statistical Analyses

Student’s t-tests were used to determine statistical significance, and two-tailed p-values are shown. A minimum of three independent replicate experiments were performed to justify the use of statistical tests. Survival and progression-free survival were analyzed using Kaplan–Meier survival analysis, and the log-rank test was used for comparisons between two groups. Multivariate analysis was performed using Cox regression analysis. P < 0.05 was considered statistically significant. All statistical analyses were performed using SPSS software version 20.0.




Results


TMZ Combined with VPA Is Associated With Improved Survival in GBM Patients With Wild-Type p53

To evaluate the effect of VPA on the survival of GBM patients, we retrospectively reviewed patients diagnosed with primary GBM from 2015 to 2017 who underwent curative excisional surgery. Some of these patients underwent more than one surgical excision during these 2 years. For the purpose of analysis, we only included each patient’s first operation. The demographic data are shown in Table 2. Of all 166 patients, 139 underwent surgery for newly diagnosed GBM and 27 underwent surgery for recurrent tumors. All newly diagnosed GBM patients underwent standard treatment, including surgical excision, combined chemoradiotherapy with TMZ, and TMZ chemotherapy. All recurrent GBM patients received avastin treatment after surgical excision. The median survival of all patients combined was 15.20 ± 1.17 months, with 15.67 ± 1.42 months for newly diagnosed patients and 13.10 ± 2.34 months for recurrent GBM patients.


Table 2 | Patient demographics and clinical characteristics of glioblastoma (GBM) patients.



Of these 166 patients, 51 out of 139 newly diagnosed GBM patients and 5 out of 27 recurrent GBM patients had VPA treatment for over 30 days. These patients were classified into the long-term VPA group. Patients who received long-term VPA treatment had significantly longer survival (Figure 1A), which is concordant with our previous report (36). Kaplan–Meier survival analyses showed that only long-term VPA treatment was associated with longer overall survival in the combined newly diagnosed and recurrent patients, while younger age (<65 years), seizure history, and long-term VPA treatment were associated with better survival in newly diagnosed GBM patients (Figure 1B and Supplementary Figures S1A–C). In the Cox regression analysis, none of these factors were independent prognostic factors (Supplementary Tables S1 and S2). We further analyzed the characteristics of patient who underwent VPA treatment and their impact on the effects of VPA treatment. There were significantly more seizure patients and more female patients in the long-term VPA group (Table 2). The effect of VPA on median survival in the different groups is shown in Supplementary Table S3. Favorable outcomes with VPA treatment were observed in patients with newly diagnosed GBM (Figure 1B) and in patients who were under 65 years old (Figure 1C), but not in those with recurrent GBM (Supplementary Figure S1D) or older patients (≥65 years old) (Supplementary Figure S1E). The effect was not affected by the patient’s gender or seizure status.




Figure 1 | Kaplan–Meier analysis of the survival of glioblastoma (GBM) patients according to the valproic acid (VPA) treatment group. Survival plots of all GBM patients (A), newly diagnosed GBM patients (B), younger GBM patients (<65 years old) (C), and younger (<65 years old), newly diagnosed GBM patients with wild-type IDH1 and wild-type p53 (D). The p-value was calculated using the log-rank test in SPSS software.



To further elucidate the effects of VPA on GBM subtypes, we examined the IHC staining reports of these patients to identify the expression status of MGMT and study its correlation with the VPA treatment effect. Additionally, we tried to obtain surgical specimens from these patients and evaluated their IDH1 mutation status. MGMT promoter methylation inhibits DNA repair gene expression and is significantly associated with improved patient survival and TMZ sensitivity. Of the 166 patients recruited, IHC staining was available in 92 patients. No correlation was found between the expression of MGMT determined by IHC and patient survival (Supplementary Figure S2). Additionally, VPA treatment did not result in a statistically significant overall survival benefit in either MGMT staining-positive or MGMT staining-negative patients (Supplementary Figure S3), although there appears to be a trend toward better survival in long-term VPA-treated MGMT staining-negative newly diagnosed GBM patients (Supplementary Figure S3E).

Since several previous studies have indicated that VPA affects tumor growth via p53-dependent pathways (31–34), we also checked the p53 mutation status in these tissue samples. We were able to obtain 85 tumor tissue samples from these GBM patients. The demographic data and gene analysis results are shown in Table 3. The majority of these samples were IDH1 wild type, IDH2 wild type, and p53 wild type. Ten samples out of these 85 had IDH1R132 mutations, while none had IDH2 mutations. Of the p53 mutations identified in 11 tumors, 10 were missense mutations and one was a nonsense mutation, and all of them were identified as p53-inactivating mutations in the IARC TP53 database (R20) (37) (Supplementary Table S4 and Supplementary Figure S4). The mutational status of p53 was not significantly associated with the overall survival or progression-free survival of either newly diagnosed or recurrent GBM patients (Supplementary Figure S5). Further analysis revealed that VPA treatment is associated with improved survival in GBM patients who were under 65 years old and had newly diagnosed IDH wild-type and p53 wild-type GBM (Figure 1D), but not in patients who were under 65 years old and had newly diagnosed IDH wild-type and p53 mutant GBM, patients who were older than 65 years with newly diagnosed IDH wild-type GBM, and patients with newly diagnosed IDH mutant GBM, with recurrent GBM regardless of the p53 or IDH mutational status, and with p53 mutant or IDH mutant GBM regardless of age or recurrence status (Supplementary Figure S6).


Table 3 | Patient demographics and clinical characteristics of 85 glioblastoma (GBM) patients whose tumor samples underwent genetic evaluation.



In conclusion, our results indicate that the survival benefit of VPA in GBM patients may be dependent on the patient’s age, IDH mutation status, and p53 mutation status. Long-term VPA treatment may confer some degree of survival benefit in newly diagnosed and p53 wild-type GBM patients who are under 65 years old.



VPA Treatment Enhanced TMZ-Induced Cytotoxicity in GBM Cancer Cells in a p53-Dependent Manner

Since the survival benefit of TMZ combined with VPA treatment was observed in newly diagnosed GBM patients with wild-type p53 (Figure 1D), we hypothesize that VPA may exert its pro-survival effect by enhancing the anticancer activity of TMZ dependent on the p53 gene status. To determine whether VPA enhances the TMZ-mediated inhibition of GBM cancer cell proliferation and whether p53 mutation affects susceptibility to GBM, we examined the effect of TMZ alone or in combination with VPA on GBM cancer cell lines with varying p53 status. We found that co-treatment with VPA enhanced the growth inhibitory effect of TMZ in p53 wild-type GBM cells U87 and DBTRG-05MG, but did not significantly affect the growth of p53 mutant GBM cells LN229 and U118MG (Figures 2A, B and Supplementary Figure S7). This is consistent with the cell cycle analysis showing that combined treatment with TMZ and VPA increased the sub-G1 population in U87 and DBTRG-05MG cells (Figures 2C, D), indicating enhanced cellular apoptosis. The effect was not apparent in LN229 and U118MG cells (Figures 2E, F). Western blotting analysis confirmed that VPA treatment significantly increased caspase 3 and caspase 9 cleavage in U87 and DBTRG-05MG cells and increased the expression of PUMA, a pro-apoptotic protein downstream of p53 activation, as measured 24 h after TMZ treatment, but not in LN229 and U118MG cells (Figures 3A, B and Supplementary Figure S8). These results suggest that, in TMZ-induced genotoxic events, VPA increased TMZ cytotoxicity by activating p53 and enhancing the expression of PUMA. To further validate the role of p53 in VPA-induced apoptosis in combination with TMZ, we knocked down p53 in the U87 and DBTRG-05MG cell lines and evaluated the activation of the apoptosis pathway and the expression of PUMA in response to TMZ or VPA treatment. Knockdown of p53 expression in both cell lines significantly reduced the activation of the apoptotic pathway, as measured by caspase 9 and caspase 3 activation and enhanced PUMA expression (Figures 3C, D). In conclusion, our results show that the effect of VPA on GBM cancer cell proliferation is p53-dependent and that VPA enhances TMZ-induced apoptosis by promoting the expression of PUMA, a pro-apoptotic gene downstream of p53.




Figure 2 | Cytotoxicity of temozolomide (TMZ) without or with valproic acid (VPA) in glioblastoma (GBM) cell lines. (A) Cytotoxicity of different dosages of TMZ (0–10 mM) for 24 h in p53 wild-type GBM cells (U87 and DBTRG-05MG) and p53 mutant GBM cells (U118MG and LN229). (B) Cytotoxicity of TMZ (1 or 3 mM) combined with VPA (2.5 mM) for 24 h in p53 wild-type GBM cells (U87 and DBTRG-05MG) and p53 mutant GBM cells (U118MG and LN229). Cytotoxicity was analyzed using the MTT assay, as described in Materials and Methods. Data are the mean ± SD. **p < 0.01 compared with cells without TMZ or VPA treatment; #p < 0.05 compared with cells with TMZ treatment. (C, D) Cell cycle analysis of TMZ (1 mM) combined with VPA (2.5 mM) for 24 h in p53 wild-type GBM cells (U87 and DBTRG-05MG). (E, F) Cell cycle analysis of TMZ (3 mM) combined with VPA (2.5 mM) for 24 h in p53 mutant GBM cells (U118MG and LN229). Cell cycle was analyzed using propidium iodide (PI) staining with flow cytometry, as described in Materials and Methods.






Figure 3 | Temozolomide (TMZ) combined with valproic acid (VPA) enhanced cellular apoptosis through the p53–PUMA pathway in GBM cell lines. Western blot analysis of apoptosis (PARP, cleavage of caspase 9 and caspase 3), E2F1, p53, and PUMA, a downstream target of p53, in p53 wild-type GBM cells (U87 and DBTRG-05MG) (A) and p53 mutant GBM cells (U118MG and LN229) (B). p53 wild-type GBM cells (U87 and DBTRG-05MG) were treated with TMZ (1 mM), VPA (2.5 mM), or TMZ (1 mM) combined with VPA (2.5 mM) for 24 h, and p53 mutant GBM cells (U118MG and LN229) were treated with TMZ (3 mM), VPA (2.5 mM), or TMZ (3 mM) combined with VPA (2.5 mM) for 24 h. (C, D) Western blot analysis of apoptosis (PARP, cleavage of caspase 9 and caspase 3), E2F1, p53, and PUMA, a downstream target of p53, in U87 and DBTRG-05MG cells after the knockdown of p53 with siRNA (Si-p53) followed by TMZ or VPA treatment, as described above. Note that the knockdown of p53 reduced the apoptosis induced by TMZ combined with VPA in p53 wild-type cell lines.





Neither E2F1 nor HDAC2 Further Enhanced TMZ-VPA-Induced Apoptosis in p53 Wild-Type GBM Cells

We tried to further delineate the mechanisms by which VPA enhanced p53 downstream PUMA expression. Previous studies have shown that abundant crosstalk exists between the p53 and E2F1 pathways (38). In genotoxic events, there is extensive crosstalk between the MDM2–p53 and Rb–E2F1 pathways, which cooperate to initiate apoptosis. We found that the expression of E2F1 was decreased in response to TMZ or TMZ+VPA treatment after p53 knockdown (Figures 3C, D). However, E2F1 knockdown did not affect the activation of the apoptosis pathway or the expression of PUMA induced by VPA+TMZ treatment (Supplementary Figure S9). The results suggest that E2F1 activation was modulated by p53 activation, but was not necessary for TMZ+VPA to exert its pro-apoptotic function. Additionally, several studies indicated that the degradation of HDAC2 is one of the anticancer actions of VPA (28, 39) and that knockdown of HDAC2 enhances the sensitivity of GBM cancer cells to TMZ (40). Therefore, we examined the expression and the effect of HDAC2 on the apoptosis-enhancing ability of VPA+TMZ treatment. We found that HDAC2 expression did not decrease after VPA treatment for 24 h alone or in combination with TMZ (Figures 4A, B). Additionally, knockdown of HDAC2 did not abrogate but further enhanced the pro-apoptotic effect of VPA+TMZ co-treatment in either p53 wild-type GBM cell line, as inferred from the increased PARP cleavage and caspase 9 and caspase 3 activation (Figures 4A, B). A synergistic effect was not observed in either p53 mutant GBM cell line (Figures 4C, D). Interestingly, knockdown of HDAC2 in LN229 and U118MG p53 mutant cells induced cellular apoptosis without TMZ or VPA treatment (Figures 4C, D). Our results indicate that VPA may not exert its effect by inhibiting E2F1 activation or HDAC2 activity/expression. HDAC2 inhibition may induce apoptosis in p53 mutant cells via other signaling pathways.




Figure 4 | Knockdown of HDAC2 further enhanced the apoptosis pathway induced by temozolomide (TMZ) combined with valproic acid (VPA) in p53 wild-type cell lines. (A) Western blot analysis of apoptosis (PARP, cleavage of caspase 9 and caspase 3), E2F1, p53, and PUMA, a downstream target of p53, in p53 wild-type GBM cells, U87 (A) and DBTRG-05MG (B), and in p53 mutant GBM cells, LN229 (C) and U118MG (D), after the knockdown of HDAC2 with siRNA (Si-HDAC2) followed by TMZ or VPA treatment, as described below. p53 wild-type GBM cells (U87 and DBTRG-05MG) were treated with TMZ (1 mM), VPA (2.5 mM), or TMZ (1 mM) combined with VPA (2.5 mM) for 24 h, and p53 mutant GBM cells (U118MG and LN229) were treated with TMZ (3 mM), VPA (2.5 mM), or TMZ (3 mM) combined with VPA (2.5 mM) for 24 h. Note that the knockdown of HDAC2 induced cellular apoptosis in p53 mutant GBM cells.






Discussion

Glioblastoma (GBM) has been shown to harbor great genetic, epigenetic, and gene expression heterogeneities in both interpersonal and intratumor tissues (4–6, 41). GBM arises de novo (primary GBM) or via the dedifferentiation of lower-grade glioma (secondary GBM) (42). While distinct mutations are predominant in each subtype, alterations of the tumor suppressor p53 are the most common (43). These molecular alterations of GBM significantly affect tumor susceptibility to chemotherapy and, thus, patient prognosis (19–21). It has been shown that the expressions of p53 in newly diagnosed and recurrent GBM patients are inconsistent and can be altered upon recurrence (44, 45). Whether p53 mutation affects GBM sensitivity to chemotherapy and prognosis remains controversial (46–49). In this study, our results indicate that VPA enhances TMZ cytotoxicity by promoting apoptosis through enhancing p53 pathway activation and increasing the expression of its downstream target gene, PUMA. Wild-type p53 expression in GBM cells is necessary for VPA to exert its function. Screening of p53 mutations may help identify GBM patients who will benefit from a combined VPA and TMZ treatment.

The life expectancy of GBM patients is 12–18 months, despite advances in diagnosis and treatment (50–52). Several known prognostic factors include age, preoperative functional status, history of seizure, tumor location and size, extent of surgery, use of radiotherapy, and IDH mutation (52–56). In our study, the median survival of newly diagnosed GBM patients was 15.67 ± 1.42 months. Younger age (<65 years), seizure history, and long-term VPA treatment (>30 days) were associated with favorable outcomes (Supplementary Figures S1A, C and Figure 1A). The results are roughly concordant with other studies (52, 54). On the other hand, the median survival of recurrent GBM patients was 13.10 ± 2.34 months, which was not significantly different from that of newly diagnosed patients (p = 0.300). Since all our recurrent GBM patients underwent surgical excision, it is likely that the included patients were in better physical condition capable of undergoing surgery and had tumors that were presumably located at favorable locations suited for surgical intervention, thus improving the results. When combining newly diagnosed and recurrent GBM patients, only VPA treatment was statistically significantly associated with improved survival (Figure 1A).

VPA is used to treat seizures in our hospital. Although it has been shown that long-term use of anticonvulsants in seizure-free patients adds no clinical benefits (57, 58), some physicians in our institute were used to keeping anticonvulsants for patients who had symptoms suspicious of complex partial seizures or absence of seizures until the diagnosis was excluded. Therefore, in our dataset, there were some patients who had no definite seizure diagnosis, but who received VPA for more than 1 month (Table 2). Although long-term VPA treatment was associated with improved survival in the single variate analysis (Figure 1A), multivariate Cox regression analysis did not indicate VPA use as an independent prognostic factor (Supplementary Tables S1 and S2). Since VPA is used to treat seizures, which in itself is a favorable prognostic factor, evaluation of the VPA effect on the survival of GBM patient is confounded by the presence of seizures. Furthermore, there appeared to be more female patients in our long-term VPA group (Table 2). Gender alone does not affect treatments given to patients in our hospital. Although our seizure treatment did not differentiate between males or females, it was not shown in our study that gender significantly affected the results of GBM survival or VPA treatment (Supplementary Figure S1B), which indicates that there may be some degree of selection bias in our dataset. Further analysis indicated that VPA treatment appeared to be effective in newly diagnosed GBM patients and in younger patients (Figures 1B, C), but not in recurrent GBM or in patients over 65 years old (Supplementary Figures S1D, E). This result is also concordant with previous studies (59, 60). Interestingly, in our analysis, the benefit of long-term VPA treatment did not reach statistical significance in either the seizure or no-seizure group but in the combined group (Supplementary Table S3), indicating that the presence or absence of seizures does not significantly impact the effect of VPA. Kuo et al. reported that VPA does not improve survival in patients who are seizure-free (59). This discrepancy is likely caused by our small sample size and the patient variability and requires further investigation.

The MGMT promoter methylation status has long been recognized as a prognostic factor of GBM patient survival (61, 62). However, it was not routinely examined in our hospital because the test was not covered by our National Health Insurance program. The Clinical Pathology Department in our institute used IHC staining to detect MGMT expression, which is known to have low specificity and undetermined thresholds and may not have a strong correlation with the outcomes of GBM patients (63–65). In this study, we did not have enough resources or patient samples to perform methylation-specific PCR. Our analysis did not demonstrate a survival benefit in either MGMT staining-positive or MGMT staining-negative patients (Supplementary Figure S2). We also did not detect a pro-survival effect of VPA treatment in either MGMT staining-positive or MGMT staining-negative patients (Supplementary Figures S3A, D). In newly diagnosed MGMT-negative GBM patients, there appeared to be a trend toward improved survival in the long-term VPA treatment group, but this trend did not reach statistical significance (p = 0.052) (Supplementary Figure S3E). Interestingly, there are some reports indicating that VPA may enhance TMZ sensitivity by downregulating MGMT expression (30). Roos et al. reported that GBM cells with functionally intact p53 genes were more sensitive to TMZ treatment due to the activation of the Fas/CD95/APO-1 receptor and the subsequent apoptosis triggered by O6-methylguanine, a product of TMZ-induced DNA damage (66). Further studies evaluating the effect of MGMT promoter methylation on VPA treatment and its interaction with the p53 pathway may help better identify VPA-responsive patients. In conclusion, our data indicate a possible survival benefit of prolonged VPA treatment in younger, newly diagnosed GBM patients.

The molecular alterations of GBM have been shown to significantly affect tumor susceptibility to chemotherapy and, thus, patient prognosis (19–21). In this study, p53 mutation was detected in 11 out of the 85 patients sampled. The mutational status of p53 did not significantly affect patient survival (Supplementary Figure S5), which is concordant with previous studies (67). We also found that TMZ combined with long-term VPA treatment was effective in GBM patients with wild-type p53 (Figure 1D). Additionally, genetic alterations affecting the function of the p53 pathway, such as CDKN2A/ARF deletion or MDM2/MDM4 amplification, could be present in ~85% of all GBM patients (16) and had similar effects on the pro-survival effect of VPA treatment. Whether these genetic alterations that impair the p53 pathway activation affect VPA-induced TMZ potentiation requires further study. Since only 11 p53 mutant samples were identified (Table 3), the study may be limited by its small sample size, patient heterogeneity, and possible selection bias. However, we were able to demonstrate that VPA enhances TMZ cytotoxicity by enhancing apoptosis via the p53 pathway and the expression of the downstream target, PUMA (Figures 3A, B and Supplementary Figure S8) using p53 wild-type and p53 mutant human GBM cells.

p53 is commonly activated in response to DNA damage, genotoxicity, oncogene activation, aberrant growth signals, and hypoxia, all of which are events that can be encountered during carcinogenesis (48). p53 upregulated modulator of apoptosis (PUMA), a Bcl-2 homology 3 (BH3)-only pro-apoptotic Bcl-2 family member, was identified as a molecule that directly mediates p53-associated apoptosis (68). The PUMA protein associates with the mitochondria and induces apoptosis much earlier than the apoptosis that results from the exogenous expression of p53 when it is overexpressed in various cell lines (69). Previous studies have shown that PUMA overexpression results in massive apoptosis in GBM cells with wild-type or mutant p53, indicating that it is a therapeutic tool for GBM (70). Additionally, PUMA has been shown to increase the drug sensitivity of TMZ-resistant cells; thus, PUMA may be a suitable target for intervention to improve the therapeutic efficacy of TMZ (71). Here, we found that PUMA was further induced in p53 wild-type GBM cells, U87 cells, and DBTRG-05MG cells (Figure 3A). In our study, TMZ treatment induced p53 activation and apoptosis in p53 wild-type GBM cells, which was further enhanced by VPA treatment. For the in vitro experiments with GBM cells, we used TMZ at concentrations of 1 and 3 mM, based roughly on the IC50 at 24 h (Figure 2). This TMZ concentration induces cell death mainly via non-repaired N-alkylations, while for O6-methylguanine-induced apoptosis, much lower doses are sufficient, which are in the range of 1–50 μM (72). Under clinical conditions, the tissue concentration of TMZ is approximately 1 μg/ml (5.2 μM) and the serum concentration about 15 μg/ml (78 μM) (73, 74). In this concentration range, the main treatment effect is achieved via O6-methylguanine-induced DNA double-strand breaks and subsequent apoptosis. Whether the findings reported here are clinically relevant requires further elucidation. Additionally, there were some inconsistent reports of p53 gene activity in LN229 cells (75, 76). The majority agrees that LN229 retains at least partial p53 activity despite the mutation. In our study, we did find a missense mutation at exon 4. Treatment with TMZ failed to induce PUMA expression in LN229 cells (Figure 3B), suggesting at least a possible partial loss of p53 function. We also demonstrated that the knockdown of p53 abrogated the expression of PUMA and the cleavage of caspase 9, caspase 3, and PARP in p53 wild-type GBM cells treated with TMZ+VPA (Figures 3C, D) and reversed the pro-apoptotic effect of VPA in TMZ treatment, indicating that VPA enhanced TMZ-induced cell apoptosis via p53–PUMA pathway activation.

Several mechanisms for the anticancer effect of VPA have been proposed, including inhibition of HDAC, alteration of the chromatin structure, disruption of DNA repair pathways or redox regulation, and induction of autophagy (11, 27–30). Xie et al. reported that VPA attenuates the immunosuppressive function of myeloid-derived suppressor cells and may potentially improve the antitumor activity of CD8+ T cells (77). In malignant melanoma cells, VPA was shown to enhance IFN-β-induced caspase 8 expression, thus improving its response to TMZ treatment (78). In murine limb organogenesis, VPA was shown to induce p53 hyperacetylation through its HDAC inhibitor activity, thus enhancing p53 target gene expression (79). Among these mechanisms, VPA, as an HDAC inhibitor, has been widely recognized. It induces HDAC2 degradation and inhibits HDAC2 activity (28, 39). However, our results did not show a reduction in HDAC2 expression subsequent to VPA treatment (Figure 4). Knockdown of HDAC2 further enhanced TMZ+VPA-induced cellular apoptosis in p53 wild-type GBM cells (Figures 4A, B). Interestingly, HDAC2 silencing induced cellular apoptosis in p53 mutant GBM cells (Figures 4C, D), which is consistent with previous studies showing that silencing HDAC2 can suppress the proliferation of GBM cells (40). On the other hand, several potent HDAC inhibitors that entered clinical trials in recent years, such as vorinostat (SAHA) or trichostatin A (TSA), failed to demonstrate a significant survival benefit to patients in phase II clinical trials, either as single agents or in combination with standard TMZ treatment (80–82). This is consistent with our results that only VPA, but not SAHA or TSA, enhanced TMZ-induced apoptosis in U87 cells (Supplementary Figure S10). These results together suggest that VPA may not exert its effect by inhibiting HDAC2 activity or expression, and HDAC2 inhibition may potentiate the effect via other signaling pathways.



Conclusion

Our results indicate that the survival benefit of the combination regimen of TMZ and VPA in GBM patients is dependent on their p53 mutation status. In cellular models, our results show that VPA enhanced the antineoplastic effect of TMZ by enhancing apoptosis via activation of the p53 pathway and increasing the expression of its downstream pro-apoptotic protein, PUMA. Taken together, wild-type p53 may serve as an indicator of the effectiveness of a combined TMZ+VPA treatment in GBM.
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Objective

Gliomas are the most aggressive intracranial tumors accounting for the vast majority of brain tumors with very poor prognosis and overall survival (OS). Cancer-derived immunoglobulin G (cancer-IgG) has been found to be widely expressed in several malignancies such as breast cancer, colorectal cancer, and lung cancer. Cancer-IgG could promote tumorigenesis and progression. However, its role in glioma has not been revealed yet.



Methods

We mined open databases including the Chinese Glioma Genome Atlas (CGGA), The Cancer Genome Atlas (TCGA), and the Gene Expression Omnibus (GEO) to study the role of IGHG1, which encodes cancer-IgG in glioma. Examination of the differential expression of IGHG1 was carried out in the GEO and TCGA databases. Furthermore, its expression in different molecular subtypes was analyzed. Stratified analysis was performed with clinical features. Subsequently, immune infiltration analysis was conducted using single-sample gene set enrichment analysis (ssGSEA). GSEA was performed to reveal the mechanisms of IGHG1. Lastly, immunohistochemistry was processed to validate our findings.



Results

In this study, we found that the expression of IGHG1 was higher in glioma and molecular subtypes with poor prognosis. The overall survival of patients with a high expression of IGHG1 was worse in the stratified analysis. Immune infiltration analysis indicated that the expression level of IGHG1 was positively correlated with the stromal score, ESTIMATE score, and immune score and negatively correlated with tumor purity. Results from the GSEA and DAVID demonstrated that IGHG1 may function in phagosome, antigen processing and presentation, extracellular matrix structural constituent, antigen binding, and collagen-containing extracellular matrix. Finally, immunohistochemistry assay validated our findings that patients with a high expression of cancer-IgG had poor OS and disease-free survival (DFS).



Conclusion

Cancer-IgG is a promising biomarker of diagnosis and treatment for patients with glioma.





Keywords: cancer-derived immunoglobulin G, progression, glioma, microenvironment, IGHG1



Introduction

Gliomas are the most aggressive intracranial tumors accounting for the vast majority of brain tumors with very poor prognosis and overall survival (OS) (1). According to the malignant degree of glioma, the World Health Organization (WHO) classifies it into grades I–IV. Generally, grade I and II gliomas are considered less malignant and invasive. However, grades III to IV have a higher degree of malignancy and a strong invasive ability. In recent years, the diagnosis and evaluation of glioma have changed greatly, such as the combination of histopathological diagnosis and molecular markers. In 2021, the fifth edition of the WHO Classification of Tumors of the Central Nervous System (CNS) has been published. The latest classification emphasizes the importance of molecular and integrated diagnosis in the diagnosis and treatment of glioma (2). Standard therapy includes maximal safe tumor resection and radiation therapy with oral chemotherapy (3). Recent evidence found that tumor treating fields have good prospects for the treatment of gliomas (4). But the OS of patients with glioma is still very poor. Glioblastoma (GBM) patients have the worst prognosis, with a 5-year survival rate of less than 5% and, eventually, relapse (5). Therefore, it is urgent to explore new biomarkers for the treatment of glioma.

The classical immunological theory holds that immunoglobulin G (IgG), which plays a great role in human defense against pathogenic microorganisms, is produced only by B lymphocytes and plasma cells. However, more and more studies have shown that cancer cells can also produce IgG, called cancer-derived immunoglobulin G (cancer-IgG), such as those in breast cancer, colon cancer, cervical cancer, and lung cancer (6–9). Lee et al. immunized mice with the cleavage product of the ovarian cancer cell line OC-3-VGH to obtain the monoclonal antibody (mAb) RP215, which can specifically recognize cancer-IgG by recognizing a special glycosylation site in the constant region of the IgG heavy chain (10). Liao et al. found that cancer-IgG recognized by RP215 promoted the proliferation, invasion, and metastasis of tumor cells, which is a potential tumor stem cell marker (6). Tang et al. also showed that cancer-IgG promoted the occurrence and development of lung squamous cell carcinoma by activating the focal adhesion pathway (8). Some studies have also shown that cancer-IgG induced tumor immune escape by inhibiting effector T-cell proliferation in the tumor microenvironment (TME) (11). IgG consists of two heavy chains and two light chains. Each heavy chain and light chain is composed of a constant region and a variable region. The expression of IGHG1, which encodes the constant region of immunoglobulin heavy chain, is positively correlated with cancer-IgG (12). Accumulating evidence proved that IGHG1 is highly expressed in tumors and promotes oncogenesis and progression (13, 14). However, cancer-IgG and IGHG1 have not been studied in gliomas.

In this study, we firstly analyzed the expression of IGHG1 in glioma and its relationship with prognosis through The Cancer Genome Atlas (TCGA), Gene Expression Omnibus (GEO), and the Chinese Glioma Genome Atlas (CGGA) databases. In addition, we also analyzed its possible mechanism through immune infiltration and gene set enrichment analysis (GSEA). Finally, the expression of cancer-IgG in glioma and its relationship with OS and progression-free survival (PFS) were analyzed by immunohistochemistry.



Materials and Methods


Data Acquisition and Processing

RNA sequencing and clinical data of patients with lower grade glioma (LGG) and GBMs were downloaded from TCGA database. We also obtained the gene expression profiling and corresponding clinical features of gliomas from the CGGA (15). The microarray dataset GSE4290 was downloaded from the GEO database (16). All RNA sequencing data downloaded from TCGA and CGGA should be standardized and batched by the R limma package. Excluding patients with unknown or incomplete clinicopathological parameters, only the gliomas with complete clinicopathological parameters and survival data in the dataset were retained.



IGHG1 Differential Expression Analysis

In the GSE4290 cohort, differences in the expression of IGHG1 in glioma and normal brain tissues were analyzed. The expression levels of IGHG1 in LGG, GBM, and normal brain tissues were compared in TCGA and GETx databases. Then, the patients were grouped according to the following clinical characteristics: age (≤41 and >41 years), gender (female or male), grade (grades II, III, and IV), status (alive or dead), isocitrate dehydrogenase (IDH) status (mutation or wild type), 1p19q status [co-deletion (codel) or non-codel], and O6-methylguanine-DNA methyltransferase (MGMT) (methylated or unmethylated). Wilcoxon tests were adopted to analyze the differential expressions between the abovementioned groups.



Prognostic Analysis

Patients with glioma were divided into a high group and a low group according to the median value of the expression of IGHG1. Then, the patients were stratified according to their clinicopathological features, such as age (<42 and ≥42 years), gender (female or male), grade (grades II, III, and IV), IDH status (mutation or wild type), 1p19q status (codel or non-codel), and MGMT (methylated or unmethylated). Kaplan–Meier survival analysis was implemented to calculate the survival rates in the groups with low and high expressions of IGHG1. Then, we analyzed the relationship between the expression of IGHG1 and progress-free interval (PFI) in TCGA cohort.



Evaluation of the Effect of IGHG1 on Glioma Microenvironment

Single-sample gene set enrichment Analysis (ssGSEA) was used to estimate the population fractions of immunocytes in gliomas. In addition, the degree of immune cell infiltration was quantified using enrichment scores calculated through the Gene Set Variation Analysis package of the R software. According to the degree of immune cell infiltration in the TME, glioma patients were divided into high, medium, and low immune groups. Spearman’s correlation analysis was used to analyze the relationship between the expression of IGHG1 and the tumor purity, stromal score, ESTIMATE score, and immune score.



Database for Annotation, Visualization and Integrated Discovery and GSEA

The differentially expressed genes (DEGs) between gliomas with high and low expressions of IGHG1 in the CGGA cohort were identified using the R limma package and the following criteria: |logFC| > 1 and false discovery rate (FDR) <0.05. In order to further explore the possible mechanism of IGHG1, we conducted Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis using the Database for Annotation, Visualization and Integrated Discovery (DAVID) 6.8 online website (https://david.abcc.ncifcrf.gov/). The GSEA 4.0.2 software was also used for this purpose. A normalized enrichment score (NES) >1 and FDR <0.05 were considered meaningful.



Immunohistochemical Staining and Scoring

The tissue microarray (TMA) used in this study was purchased from Shanghai Outdo Biotech Co., Ltd. (Shanghai, China). All patients were diagnosed with glioma by pathology. The mAb RP215 (sc-69849; Santa Cruz Biotechnology, Santa Cruz, CA, USA) was used to specifically recognize cancer-IgG. Human tissues were stained using mouse and rabbit specific horseradish peroxidase (HRP)/3,3′-diaminobenzidine (DAB) Detection IHC Kit (ab64264; Abcam, Cambridge, UK) according to the manufacturer’s instructions. The immunohistochemical staining score was based on previously published articles. The staining intensity was scored as follows: 0: no staining; 1: weak staining; 2: moderate staining: and 3: strong staining. The positive staining cell rate was scored as follows: 0: 0%–5%; 1: 5%–25%; 2: 26%–50%; 3: 51%–75%; and 4: >75%. A score below three points was considered negative and more than three points as positive.



Statistical Analyses

The levels of IGHG1 in tumor and normal tissue samples were compared using the Wilcoxon signed-rank test. Spearman’s rank correlation coefficients between IGHG1 expression and the tumor purity, stromal score, ESTIMATE score, and immune score were tested. Kaplan–Meier survival curves were used to analyze the effect of IGHG1 and tumor-derived IgG on prognosis. Statistical analyses were performed using IBM SPSS 24.0, GraphPad Prism 6, and R 4.0.1 software. P < 0.05 was considered statistically significant.




Results

We utilized open databases to explore the expression of IGHG1, which encodes the heavy chain of IgG. There are 176 cases in the GSE4290 dataset, 587 in TCGA, and 686 in the CGGA database. Besides, a TMA containing 169 cases was included in our study. The clinical characteristics and molecular features are all listed in Table 1.


Table 1 | Clinicopathological characteristics of glioma patients from the Gene Expression Omnibus (GEO), The Cancer Genome Atlas (TCGA), and the Chinese Glioma Genome Atlas (CGGA) databases and tissue microarray.




Expression of IGHG1 Is Upregulated in Patients With Glioma

We found that the expression of IGHG1 in patients with glioma was higher than that in normal tissues from the GEO database (p < 0.01; Figure 1A). In TCGA, the expression of this gene showed a trend to be higher in low-grade glioma, but with no statistical significance (Figure 1B). However, IGHG1 was upregulated remarkably in GBM (p < 0.001; Figure 1C). From the results, we drew the conclusion that the expression of IGHG1 is upregulated in patients with glioma.




Figure 1 | Differences in the expression of IGHG1 between glioma and normal brain tissues. (A) In the GSE4290 dataset, the expression of IGHG1 differed between glioma and normal brain tissues. (B) In The Cancer Genome Atlas (TCGA) cohort, there was no significant difference in the expression of IGHG1 in lower grade glioma (LGG) and normal brain tissues. (C) The expression of IGHG1 in glioblastoma (GBM) was significantly higher than that in normal brain tissue in TCGA. * represent P < 0.01. *** represent P < 0.0001 and ns, represent no significance.





Expression of IGHG1 Is Correlated With Clinical Features That Predict Poor Prognosis

To examine the expression of IGHG1 in patients with different clinical characteristics, the CGGA database was used, which contains more details on the clinical features of the patients included in our study. The results showed that the expression of IGHG1 was upregulated in patients over 41 years (p < 0.01; Figure 2A). There was no significant gender difference (Figure 2B). The expression level of IGHG1 was upregulated coupled with grade promotion (p < 0.001; Figure 2C). Deceased patients had higher expression levels than did those who are alive (p < 0.001; Figure 2D). A high expression of IGHG1 was found in patients with the molecular subtype IDH wild type and 1p19q non-codel (p < 0.001; Figures 2E, F), but there was no significance in the status of MGMT methylation (Figure 2G). In short, a high expression of IGHG1 was correlated with the characteristics that predict poor prognosis.




Figure 2 | Differences in the expression of IGHG1 among the different clinical characteristics in patients with glioma. Expression of IGHG1 in different ages (A), genders (B), grades (C), living state (D), isocitrate dehydrogenase (IDH) status (E), 1p19q status (F), and O6-methylguanine-DNA methyltransferase (MGMT) status (G). * represent P < 0.01. *** represent P < 0.0001 and ns, represent no significance.





Glioma Patients With High Expression of IGHG1 Had Poor Prognosis

Stratification analysis was programmed to evaluate the influence of IGHG1 expression on the prognosis of glioma patients. The survival probability of patients with a high expression of IGHG1 was poorer than that of those with a low expression, overall (HR = 1.97, 95%CI = 1.64–2.38, p < 0.001) (Figure 3A). We reached the same conclusions for patients younger than 41 years (HR = 1.83, 95%CI = 1.38–2.47, p < 0.001) (Figure 3B) and those over 41 years (HR = 2.01, 95%CI = 1.58–2.58, p < 0.001) (Figure 3C). The survival probability in patients with a high expression of the gene was worse in both females (HR = 2.29, 95%CI = 1.70–3.10, p < 0.001) (Figure 3D) and males (HR = 1.80, 95%CI = 1.41–2.29, p < 0.001) (Figure 3E). The survival probability of patients who were diagnosed with WHO grade III glioma (HR = 1.76, 95%CI = 1.26–2.42, p < 0.001) was significantly poor. But those with WHO grades II and IV did not reach the considered threshold (Figures 3F–H). Finally, patients with a high expression of IGHG1 had a lower survival probability of reaching the threshold in the IDH mutation subgroup (HR = 2.26, 95%CI = 1.71–3.00, p < 0.001), the 1p19q codel subgroup (HR = 3.00, 95%CI = 1.69–5.31, p < 0.001), the 1p19q non-codel subgroup (HR = 1.65, 95%CI = 1.35–2.01, p < 0.001), the MGMT methylated subgroup (HR = 1.91, 95%CI = 1.40–2.47, p < 0.001), and the MGMT unmethylated subgroup (HR = 2.09, 95%CI = 1.08–2.70, p < 0.001), except for the IDH wild-type subgroup (Figures 3I–N). We also found that patients with a high expression of IGHG1 had shorter PFI in TCGA cohort (LGG: HR = 1.44, 95%CI = 1.09–1.89, p = 0.009; GBM: HR = 1.41, 95%CI = 1.00–1.99, p = 0.053) (Supplementary Figures S1A–D). On the whole, patients with a high expression of IGHG1 had poor prognosis.




Figure 3 | Prediction of the outcome of IGHG1 in stratified patients in the Chinese Glioma Genome Atlas (CGGA) dataset. (A) Survival curve used to analyze overall survival (OS) in the low- and high-IGHG1 groups in the CGGA dataset. (A–N) Survival analysis of the signature in patients stratified by age (B, C), gender (D, E), grade (F, H), isocitrate dehydrogenase (IDH) status (I, J), 1p19q status (K, L), and O6-methylguanine-DNA methyltransferase (MGMT) promoter (M, N).





High IGHG1 Expression Was Correlated With High Immune Infiltration

ssGSEA was performed to assess immune cell infiltration. Patients were clustered into low, moderate, and high immunity groups based on the state of immune cell infiltration. Analysis revealed that patients with more immunocyte infiltration also had a higher expression of IGHG1. The results are demonstrated in Figure 4A. There was also a distinct difference in the expressions of the genes among the groups. The expression level of IGHG1 was negatively correlated with tumor purity (r = −0.610, p < 0.001) (Figure 4B), but it was positively correlated with the stromal score (r = 0.570, p < 0.001) (Figure 4C), ESTIMATE score (r = 0.610, p < 0.001) (Figure 4D), and immune score (r = 0.610, p < 0.001) (Figure 4E). In brief, IGHG1 expression is closely relevant to the TME. A high expression of IGHG1 indicates more immune cell infiltration in glioma (p < 0.001; Figure 4F).




Figure 4 | Immune infiltration patterns of the low- and high-IGHG1 groups analyzed using single-sample gene set enrichment analysis (ssGSEA) methods in glioma from the Chinese Glioma Genome Atlas (CGGA) dataset. (A) Heatmap revealing the scores of immune cells in the low, medium, and high immunity groups. (B–E) Scatter plot showing the correlations between IGHG1 and tumor purity, stromal score, ESTIMATE score, and immune score. (F) A high expression of IGHG1 indicates more immune cell infiltration in glioma. *** represent P < 0.0001.





IGHG1 Functions in Immune-Related Pathways in Glioma

To uncover the potential mechanisms of the functions of IGHG1, the CGGA database was analyzed to identify the DEGs. A volcano map was plotted for the DEGs (Figure 5A). DAVID analysis was carried out. A majority of the genes were related with immune-related functions, such as phagosome, antigen processing and presentation, extracellular matrix structural constituent, antigen binding, and collagen-containing extracellular matrix (Figure 5B). GO and KEGG analyses were performed using GSEA. The following were enriched in GO with thresholds of FDR < 0.05 and NES > 1: GO_ACTIVATION_OF_IMMUNE_RESPONSE, GO_ADAPTIVE_IMMUNE_RESPONSE, GO_LEUKOCYTE_PROLIFERATION, GO_REGULATION_OF_LYMPHOCYTE_ACTIVATION, and GO_T_CELL_PROLIFFERATION (Figure 5C). The following were enriched in KEGG analysis with thresholds of FDR < 0.05 and NES > 1: KEGG_ANTIGEN_PROCESSING_AND_PRESENTATION, KEGG_CELL_ADHESION_MELECULES_CAMS, KEGG_INTESTINAL_IMMUNE_NETWORK_FOR_IGA_PRODUCTION, and KEGG_PRIMARY_IMMUNODEFICIENCY (Figure 5D). To summarize, the same with ssGSEA, GO and KEGG analyses revealed that IGHG1 plays a role in immune-related processes in glioma.




Figure 5 | Database for Annotation, Visualization and Integrated Discovery (DAVID) and gene set enrichment analysis (GSEA) of the relevant mechanisms involved in IGHG1. (A) Volcano map showing the differentially expressed genes. (B–D) DAVID (B), Kyoto Encyclopedia of Genes and Genomes (KEGG) (C), and Gene Ontology (GO) (D) were used to analyze the relevant mechanisms.





Expression of Cancer-IgG Leads to Poor Prognosis by Immunohistochemistry Assay

To back up our findings, immunohistochemistry assay was conducted with RP215, a mAb of cancer-IgG, using a TMA. Figures 6A–C show the weak staining, moderate staining, and strong staining intensities, respectively. Analysis of the TMA showed that OS (HR = 3.37, 95%CI = 2.21–5.14, p < 0.001) (Figure 6D) and disease-free survival (DFS) (HR = 6.02, 95%CI = 3.28–11.04, p < 0.001) (Figure 6E) were obviously poorer in patients with a high expression of cancer-IgG. In general, the expression of cancer-IgG represents poor prognosis.




Figure 6 | The expression of cancer-derived immunoglobulin G (cancer-IgG) in gliomas and its prognostic significance were analyzed by immunohistochemistry. (A–C) Cancer-IgG is weakly, moderately, and strongly positive in gliomas, respectively. (D, E) A high cancer-IgG expression in glioma was Analysis of the TMA showed that disease-free survival (DFS) (HR = 6.02, 95%CI =3.28–11.04, p < 0.001) (D) and OS (HR = 3.37, 95%CI = 2.21–5.14, p < 0.001) (E) were obviously poorer in patients with a high expression of cancer-IgG.






Discussion

Central nervous system cancer is a heterogeneous disease. Its new cases account for about 1.6% of the new tumors worldwide every year, and the mortality is about 2.5% (17). Gliomas accounting for 80% of central nervous system tumors have the characteristics of heterogeneity and complexity. Patients with glioma, especially GBM, have poor prognosis with a median survival of <2 years (5). From the initial morphological classification to the latest molecular classification in 2021, the accuracy of glioma diagnosis and prediction has been greatly improved. However, only a few of the available molecular markers truly influence clinical decision-making and treatments such as MGMT promoter methylation, co-deletion of 1p and 19q, and IDH1/IDH2 mutations (18). Therefore, it is urgent to understand in depth the pathogenesis of glioma, discover new molecular targets, and develop new treatment methods.

When it comes to IgG, which is composed of two heavy chains and two light chains, we firstly hold that it is an antibody secreted by B cells that has a protective effect on the body. However, there is a growing view that tumor cells can also produce IgG by themselves, as cancer-IgG. Cancer-IgG has been widely studied in many specified epithelial tumors, such as breast cancer (6), prostate cancer (19), and bladder cancer (20). More and more evidence also showed that cancer-IgG promotes the occurrence and development and the immune escape of tumors. But the role of cancer-IgG in tumorigenesis is complex and, in glioma, is poorly understood.

In our study, we firstly analyzed the expression of IGHG1, the gene encoding the heavy chain of IgG, in glioma with bioinformatics methods. The expression level of IGHG1 in patients with glioma was apparently upregulated from the GEO and TCGA databases, especially in GBM. The OS of patients with a higher expression of IGHG1 had worse prognosis compared with those with a lower expression. Similar consequences have been found in some epithelial cancers. Xinyu et al. provided novel evidence that IGHG1 acted as an oncogene by promoting gastric cancer cellular proliferation, migration, and chemoresistance (21). Jing et al. demonstrated that IGHG1 was increased in prostate cancer tissues and promoted cell growth through activating the MEK/ERK/c-Myc pathway (22). In order to further verify the role of IGHG1 in glioma, we performed stratified analysis. The results showed that patients with the molecular subtype IDH wild type and 1p19q non-codel had a higher expression of IGHG1. As is known, IDH wild type and 1p19q non-codel represent poor prognosis (23). Furthermore, our analysis showed that patients who were diagnosed with WHO grade IV glioma had the highest expressions of IGHG1. WHO grade II glioma patients had the lowest expressions. The expression of IGHG1 was positively relevant to tumor grade and could predict adverse prognosis. It turns out that a high expression of IGHG1 was associated with some of the molecular subtypes mentioned previously that represent bad prognosis.

RP215 is a mAb that specifically recognizes the sialylation site of the heavy chain of cancer-IgG (24). In the present study, we used RP215 for immunohistochemical staining, which distinguishes IgG produced by B cells. Similar to the results of the bioinformatics analysis, it was shown that a high level of cancer-IgG is significantly related to poor prognosis in glioma. Patients with a higher expression of cancer-IgG have shorter DFS. In addition, cancer-IgG expression was shown to be a powerful prognostic marker for survival. Previous researchers have discovered that cancer-IgG is an independent poor prognostic factor, as also suggested by our findings in glioma studies. Ming et al. found that a high cancer-IgG expression in pancreatic ductal adenocarcinoma and parathyroid carcinoma was related to poor DFS and OS (25, 26). Jiang et al. studied cancer-IgG in colorectal cancer. They found that the overexpression of cancer-IgG in colorectal cancer patients led to poor prognosis (27).

Many studies have concentrated on the mechanisms of cancer-IgG in carcinogenesis. Qiu et al. firstly discovered that cancer-IgG has growth factor-like activity (28). Later studies also proved this view and further found that cancer-IgG can also play the role of an oncogene through the AKT, FAK, SOX2, and other signaling pathways in cancer cells (8, 9, 19, 29). Interacting cells in the TME are considered to regulate the characteristics of cancers, such as uncontrolled proliferation, malignant metastasis, and chemoradiotherapy resistance (30). Recent studies have shown that cancer cells could secrete cancer-IgG into the TME that binds to sialic acid-binding immunoglobulin-type lectins (Siglecs) on effector CD4+ and CD8+ T cells. Then, cancer-IgG is secreted into the TME and promotes tumor cell immune escape (11). Xiaoyan et al. discovered that IGHG1 in pancreatic carcinomas is associated with immune evasion (31). In our study, we explored the role of IGHG1 in the glioma microenvironment with ssGSEA. The results illustrated that patients with a high expression of IGHG1 were clustered into a high immunity group and those with a low expression into a low immunity group. A high expression of IGHG1 was correlated with more immunocyte infiltration. Immune cells including the microglia and peripheral macrophages, granulocytes, myeloid-derived suppressor cells, and T lymphocytes infiltrate into the glioma. In the microenvironment of glioma, the infiltration of microglia/macrophages and myeloid-derived suppressor cells was negatively correlated with prognosis (32). Combined with our findings, this suggests that IGHG1 could play a role in immune-related processes, leading to poor OS. We made use of GSEA and DAVID to verify the results of the ssGSEA. We confirmed that IGHG1 played a role in immune-related pathways. Defects of antigen processing pathways are relevant to malignant transformation, leading to the loss of major histocompatibility complex (MHC I) in cancer cells, which is one of the mechanisms of immune escape (33). Our results suggested that the expressions of IGHG1 and cancer-IgG could induce immune escape, contributing to poor survival.

In this study, we found that the expressions of IGHG1/cancer-IgG were higher in glioma with poor prognosis. In addition, IGHG1/cancer-IgG were closely related to immune cell infiltration in the glioma microenvironment. Together, IGHG1/cancer-IgG are promising biomarkers of diagnosis and treatment in patients with glioma. However, the conclusion of this article, only from bioinformatics analysis and immunohistochemistry, needs to be further verified in in vivo and in vitro experiments. The detailed mechanism needs to be explored in further studies.
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Leptomeningeal disease (LMD) is a devastating category of CNS metastasis with a very poor prognosis and limited treatment options. With maximal aggressive therapy, survival times remain short and, without treatment, prognosis is measured in weeks. Both LMD diagnosis and treatment are challenging topics within neuro-oncology. In this review, we discuss the advances in LMD diagnosis with a focus on the role of circulating tumor DNA (ctDNA) and discuss the role of targeted and immunotherapy in LMD treatment.
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Introduction

Leptomeningeal disease (LMD) is a dire category of central nervous system (CNS) metastasis that entails tumor cell dissemination to the cerebrospinal fluid (CSF) and/or leptomeninges and often results in significant neurological morbidity. It occurs in approximately 5-15% of patients with solid tumors, and the incidence is rising (1–8). Among solid malignancies, lung cancer, breast cancer and melanoma are most frequently associated with LMD. Further within each primary malignancy, specific subtypes have been linked with an increased propensity for LMD. In patients with non-small cell lung cancer (NSCLC), those harboring an epidermal growth factor receptor (EGFR) mutation have a higher risk of LMD; specifically 9.4% in EGFR-mutant tumors versus 1.7% in wild-type tumors in a retrospective analysis of patients with NSCLC LMD (9). Similarly in breast cancer, tumor subtype, specifically HER2 (human epidermal growth factor receptor 2) status has been described to impact LMD propensity and outcome (10, 11). For example, the triple negative molecular subtype (estrogen/progesterone/HER2 negative) accounts for approximately 40% of breast cancer LMD cases, however only is diagnosed in 10% of all breast cancer patients, indicating a clear overrepresentation of this subtype among LMD patients. Furthermore, the time from breast cancer diagnosis to the development of LMD is shorter in hormone receptor negative cases (12–14).

As mentioned, the incidence of LMD is rising across various tumor types, possibly due to the fact that patients live longer with both extracranial and intracranial parenchymal metastatic disease due to advances in systemic therapy and improved imaging. Autopsy reports suggest that the actual frequency of LMD may be underestimated. In fact, one postmortem analysis of patients with cancer who exhibited neurologic symptoms revealed that 18% had evidence of leptomeningeal infiltration (15). The spread of cancer cells can be local or disseminated through the entire CNS, and LMD almost always results in rapid neurologic disability and death. If untreated, survival can be as short at 4-6 weeks (5). However, even with currently available treatment options, prognosis remains dismal, and therefore, LMD represents one of the most challenging disease processes in neuro-oncology. In this review we will discuss advances in the diagnosis and treatment of LMD with a focus on targeted and immunotherapy.



Challenges in LMD Diagnosis and the Role of ctDNA

The diagnosis of LMD is currently based on neurological symptoms, contrast-enhanced magnetic resonance imaging (MRI) or computed tomography (CT) imaging characteristics and CSF cytopathology analysis. Since CSF tumor spread can propagate to the entire CNS, LMD can present with a wide constellation of neurological symptoms and signs from invasion of the brain, spine and/or cranial nerves. As such, symptoms may include (but not limited to) headache (from meningeal irritation), cranial nerve palsies, altered mental status, bowel or bladder dysfunction and/or extremity weakness. Furthermore, some patients may develop symptoms of elevated intracranial pressure from LMD induced aberrations in CSF dynamics. Radiographically, LMD may present with a variety of enhancement patterns on MRI. Classically, MRIs show linear or nodular enhancement along the cerebral sulci, dura, cerebellar folia, spinal cord/cauda equina and/or cranial nerves (16) (Figure 1). LMD disease can also cause abnormalities in CSF dynamics resulting in ventriculomegaly and potentially increased intracranial pressure. Finally, CSF analysis is critical in the diagnosis of LMD and is currently considered the gold standard. CSF is most commonly acquired via lumbar puncture and cytology may show the presence of malignant cells. In addition to cytology, CSF cell count and chemistry (particularly protein levels) are abnormal in 90% of LMD patients, aiding in diagnosis (17, 18).




Figure 1 | Representative post-contrast brain MRI (axial) showing diffuse LMD with enhancement within the cerebral sulci.



Despite these approaches, the definitive diagnosis of LMD can still be quite challenging due to the limited sensitivity of initial CSF cytology and MRI and the high variability of presentation between patients. MRI has the benefit of being non-invasive, so it is typically the first diagnostic step; however, the sensitivity and specificity are 75% and 77%, respectively (19). Several clinical scenarios, including recent radiation or surgery, infection and intracranial hypotension, can resemble LMD by also causing abnormal enhancement. Furthermore, adjacent parenchyma metastasis can also cause localized sulcal/leptomeningeal enhancement. In situations where imaging is unclear or equivocal, CSF analysis is required; however, in many cases, CSF analysis is performed as an additional confirmatory step even when radiographic findings are consistent with LMD. Despite CSF analysis being the diagnostic gold standard, it still has significant limitations. First, CSF cytology has lower sensitivity than MRI, with malignant cells reportedly detected in only 50-67% of patients (17, 20–22). Frequently, two or three CSF samples are required to establish the diagnosis of LMD, as the sensitivity rises to 80-90% with a second and third lumbar puncture (17). In most cases, CSF chemistry, specifically elevated protein, can be observed, but these abnormalities are also non-specific. Finally, CSF cytological analysis may suffer from inter-observer variability and may depend on the experience of the pathologist (16).

Prompt diagnosis of LMD is critical, and improved diagnostics could potentially improve the outcome of these patients. Further, none of the currently available diagnostic modalities can provide reliable information on disease burden or (early) response to treatment. As such, novel molecular tools have emerged to address these issues. Considering the pathogenesis of LMD remains elusive, these tools also provide the opportunity to assess specific and potentially actionable therapeutic targets.

Among recent molecular advancements, circulating tumor DNA (ctDNA) has provided an avenue to address the above concerns. ctDNA are short, double stranded tumor DNA fragments that are released by tumor cells as a result of cell apoptosis and or necrosis. ctDNA are different from so called circulating tumor cells (CTCs), which are intact tumor cells (23, 24). The role of ctDNA has been demonstrated in multiple studies across different solid tumor types and includes aiding early diagnosis, monitoring treatment response and monitoring patients for early recurrence in the adjuvant setting (23, 25–27). Further, tumor-specific genomic abnormalities can be detected in ctDNA using next-generation sequencing techniques or PCR-based options, and this assay has demonstrated a strong concordance with the genomic profile of malignant tissue, making ctDNA a potentially powerful biomarker (23, 28).

In the setting of neurological malignancies, the utility of plasma-derived ctDNA is suboptimal (29–32). However, recent studies have shown that CSF is a promising platform for ctDNA analysis in the setting of intracranial pathology (31). For example, Mattos-Arruda et al., performed targeted sequencing and/or exome sequencing coupled with droplet digital PCR (ddPCR) on matched CSF-derived ctDNA, plasma-derived ctDNA, and tumor tissue deposits in patients with both primary and metastatic brain tumors (31). These authors reported significantly higher genomic alteration sensitivity in CSF-derived ctDNA than in plasma-derived ctDNA in patients with CNS tumors. Furthermore, this same study observed treatment-associated changes in CSF ctDNA signatures through longitudinal collection of CSF, potentially identifying new therapeutic targets. This finding has also been consistent in patients with LMD. In a study of patients with NSCLC LMD, Ying et al. performed sequencing on 72 matched CSF and plasma samples. Mutation detections rates were 81% in CSF versus only 62% in plasma. Moreover, the average maximum allelic frequency in plasma was 4.6% versus 44% in CSF, demonstrating that CSF is superior to plasma for mutation identification and genomic analysis of LMD (33).

In cases where CSF cytology and MRI finding are indeterminate, confirming the diagnosis of LMD is very difficult. Several studies have suggested that ctDNA can augment the diagnostic yield of CSF for prompt LMD diagnosis (34, 35). For example, Zhao et al. directly compared the sensitivity of imaging, CSF cytology and CSF ctDNA in the diagnosis of LMD. The authors evaluated CSF samples from 35 LMD cases across multiple primary malignancies (36). They reported that 71% of cases had positive CSF cytology and 63% had imaging features consistent with LMD while CSF ctDNA extraction and next-generation sequencing revealed cancer associated mutations in 100% of cases, highlighting the sensitivity of ctDNA. In a melanoma specific study, Ballester et al., utilized ddPCR and next-generation sequencing to evaluate the CSF-derived ctDNA of seven melanoma patients with LMD. First, this study confirmed the diagnostic power of ctDNA, as 30% of patients whose CSF samples were negative/indeterminate for malignant cells were positive for CSF ctDNA. Further, analysis of ctDNA showed the presence of melanoma associated mutations, and in two patients, they found a correlation between mutant allele fraction and radiographic tumor volume on MRI, suggesting that ctDNA could potentially aid in monitoring tumor burden (34). Since CSF can be collected serially at multiple time-points in the patients’ treatment course, small studies have investigated the role of ctDNA in assessing and monitoring LMD tumor burden pre- and post-treatment (36–39). In a cohort of patients with EGFR mutated, NSCLC LMD, Zheng et al., evaluated if ctDNA could assess response to EGFR targeted therapy with osimertinib (tyrosine kinase inhibitor). The authors reported that CSF ctDNA revealed the genomic landscape of LMD in patients prior to treatment with osimertinib and following progression on treatment. They reported that overall detection of EGFR-sensitizing mutations was greater than 93% in patients with EGFR-mutated NSCLC LMD. Further, detection of EGFR 19 deletion and positive T790M (a point mutation in the EGFR tyrosine kinase domain) in the CSF was associated higher median intracranial progression free survival on osimertinib. Concurrent cell cycle alterations with EGFR-sensitizing mutations were associated lower median intracranial progression free survival. Additionally, analysis of a cohort of patients whose CSF was genotyped following progression post osimertinib treatment revealed multiple potential resistance mechanisms (37). In summary, the utility of ctDNA has been shown in three main categories: first, to aid in early diagnosis; second, to assess treatment course and tumor burden; and third, to potentially uncover actionable targets to optimize or introduce novel treatment strategies.



Role of Targeted Therapy in LMD

Historically, the treatment for LMD was divided into systemic therapy, radiation and intrathecal (IT) approaches. Until recently, systemic treatment options have been significantly limited due to the inability of chemotherapy to penetrate the blood brain barrier (BBB). However, recent advances in the treatment that may overcome this limitation, namely targeted therapy and checkpoint inhibitors, have brought some hope for patients with LMD. Moreover, while the vast majority of investigation in NSCLC, breast and melanoma is based on the systemically administered therapies, IT approaches are currently being investigated.

For NSCLC LMD, current therapies target EGFR mutations and anaplastic lymphoma kinase (ALK) rearrangement via tyrosine kinase inhibitors (TKIs). Targeting these molecular alterations has substantially impacted the prognosis of advanced NSCLC. Multiple studies have been published on systemic targeted therapy applications for patients with NSCLC LMD including case reports, retrospective and prospective studies, as well as phase 1 open label and phase 3 randomized controlled trials. In regards to EGFR inhibition, first generation and second generation TKIs such as gefitinib, erlotinib and afatinib were initially evaluated with some success but most have been challenged by limited CNS penetration (40–42). Magnification of therapy using higher concentrations or a pulsatile regimen has been proposed to increase the CSF concentrations (43–46). However, as a result of this limited BBB permeability, CNS recurrence following treatment with first generation and second generation TKIs is as high as 40% (47). Based on multiple studies, third-generation TKI osimertinib has shown notable promise in the treatment of EGFR mutated LMD due to its higher BBB penetration (48–53). Yang et al. published a phase I study of 32 patients with LMD patients treated with osimertinib in which 87% of patients reported symptomatic improvement and 72% had a radiographic response (48). The follow-up study of 41 patients reported functional improvement in 57% of patients, a response rate of 41% and overall survival (OS) of 11 months [The BLOOM study (49)]. In a recent phase II study evaluating osimertinib in patients with brain metastasis and LMD, the authors reported an intracranial control rate of 92.5% (complete response in 12.5%) and a median OS of 13 months (53). Overall, based on these data, osimertinib is considered a viable treatment option for EGFR mutated NSCLC. An ongoing multicenter phase 2 trial [Osimertinib in Patients With a Lung Cancer With Brain or Leptomeningeal Metastases With EGFR Mutation (ORBITAL)] will assess CNS response rates to osimertinib as a single agent (NCT04233021). Another phase 2 trial is evaluating the safety and efficacy of osimertinib in combination with bevacizumab (NCT04425681 and NCT04148898).

AZD3759 is an alternative novel EGFR inhibitor that is capable of efficiently crossing the BBB. The safety of AZD3759 in patients with EGFR-mutant NSCLC, brain metastases and LMD was evaluated in a multicenter phase I study (54). Incidentally, the authors observed significant radiographic efficacy in three of four enrolled LMD patients. Another phase I study by Cho et al. reported that AZD3759 showed a reduction in EGFR expression in the majority of cases and stable disease in 50% (55). Nimotuzumab, another new generation TKI, has undergone limited evaluation, but a cases series with promising results and rapid responses has been reported (56).

ALK mutations are rare and can be found in approximately 3–7% of patients with NSCLC; targeting this mutation has been a notable step in the treatment of this patient population (57). The data specifically addressing the role of ALK inhibition in LMD is less robust than addressing EGFR inhibition, however, some small studies have been supportive of this approach and have demonstrated efficacy in CNS disease. Frost et al. reported the recent result of a German early access program with lorlatinib, a third-generation ALK inhibitor. This study included 52 patients who had progressed on first and second-line ALK inhibitors. The majority of the included patients had CNS disease [nine (17%) had LMD specifically], and the authors reported an intracranial response rate of 54% (58). A recent phase 3 clinical trial compared lorlatinib with first generation ALK inhibitor crizotinib in 296 patients with advanced ALK-positive NSCLC who had received no previous systemic treatment for metastatic disease. Intracranial response was a secondary end point and a complete intracranial response was achieved in 71% of cases, highlighting that later generation ALK inhibitors have relatively higher CNS efficacy. Case reports focused on LMD have shown impressive responses with ALK targeting (59, 60), but larger studies are still needed.

In breast cancer patients with LMD the majority of targeted therapy efforts have been focused on HER2+ patients. HER2 is a tyrosine kinase in the EGFR family; its overexpression has a known impact on patient prognosis and is associated with CNS dissemination (61). Among available agents, the HER2 antibody trastuzumab has received the most attention, as pivotal trials demonstrated its efficacy in HER+ breast cancer (62). However, the BBB penetration of trastuzumab is limited, making the CNS a frequent site of progression (63). In light of this, two arms of investigation have evolved to address HER2+ CNS disease (including LMD). First, new HER2 TKIs with better BBB penetration, including lapatinib, neratinib and tucatinib, are currently been evaluated. For example, lapatinib is a small molecule that binds HER2; it has shown limited CNS efficacy as a single agent (64), but encouraging results have been observed when used in combination with capecitabine (65–68). The recent HERCLIMB Trial (291 HER2+ patients with brain metastasis enrolled) evaluated the intracranial efficacy of tucatinib when combined with trastuzumab and capecitabine. This trial demonstrated that the combination of tucatinib, trastuzumab, and capecitabine significantly reduced the risk of intracranial progression or death (HR 0.32; p<0.001) and increased the intracranial response rate compared to control group (47 versus 20.0%; p = 0.03). However, this trial did not include LMD patients (69). For LMD specifically, Pellerino et al. reported the outcome of patients with HER2+ breast cancer LMD treated with neratinib. This study reported an OS of eight months, neurological improvement in 27% of cases, and stabilization of radiographic disease in 57% of cases (70). Second, to overcome the issue with BBB penetration, IT administration of HER2 targeted therapy has been explored in patients with HER2+ breast LMD. Of the available agents, IT administration of trastuzumab has been the most heavily evaluated. In a retrospective study by Figura et al., the authors compared the therapeutic efficacy of IT trastuzumab to IT methotrexate or whole brain radiation alone. IT trastuzumab resulted in significantly longer progression free survival and OS compared with the other treatment groups. Notably, 44% of patients treated with IT trastuzumab were alive at 6 months (71). A recent meta-analysis of 58 patients treated with IT trastuzumab reported radiological improvement in over 70% of patients and an OS of 13.2 months (72). Overall, IT trastuzumab is a potentially safe effective treatment of HER2+ LMD, but larger prospective studies needed.

Triple negative breast cancer (TNBC) presents a unique challenge as patients with this tumor type have limited targeted therapy options and a high risk of CNS dissemination. Poly adenosine diphosphate ribose polymerase enzymes (PARP enzymes) naturally repair the DNA breaks/damage that lead to apoptosis of tumor cells. BRCA (breast cancer susceptibility genes 1 or 2; BRCA) mutations impair the ability of PARP enzymes to repair damaged DNA. PARP inhibitors such as iniparib, olaparib, talazoparib and veliparib work by preventing tumor cells from repairing, allowing them to proceed to cell death. These inhibitors have been evaluated in patients with TNBC including those with brain metastasis. The use of PARP inhibitors has not yet been evaluated on a large scale in LMD, however, limited case reports have shown good clinical and radiographic response with olaparib (73, 74).

Finally, in melanoma, approximately 40-50% of patients with melanoma harbor a mutation in the serine/threonine kinase BRAF (75). As such, therapies targeting BRAF and MEK has significantly impacted the natural history and outcome of patients with BRAF mutant melanoma, even in those with CNS metastases. However, for patients with LMD, no prospective clinical trial using BRAF/MEK inhibitors has been performed to date, and data is limited mainly to case reports. Some of these outcomes have been very encouraging, as patients had prolonged survival; however, all these patients were BRAF/MEK treatment naïve when they were diagnosed with LMD and started on targeted therapy. This is important when assessing the available data, as patients who develop LMD while on targeted therapy continue to face a dismal prognosis (70). In addition, recent analyses of two large cohorts of patients confirmed that despite the use of targeted therapy, overall survival remained poor (76, 77).



Role of Immunotherapy in LMD

Recent advances in the field of immunotherapy, specifically the use of checkpoint inhibitors, has led to improved outcomes across multiple malignancies, including in patients with advanced disease. Importantly, checkpoint inhibitors have shown to provide improved outcomes in patients with brain metastases, specifically in patients with melanoma brain metastases (78–80). Until recently, patients with LMD have been excluded from trials for patients with brain metastases, and the limited data for systemic checkpoint inhibitor therapy was based on case reports only (81–83). The ABS trial focused primarily on the checkpoint inhibitor treatment (nivolumab) of melanoma patients with parenchymal brain metastases and also allowed patients with LMD to be enrolled into cohort C, which also included patients who had failed local therapy, were symptomatic and required steroids. None of the 4 patients with LMD obtained benefit from treatment with nivolumab (79). Two recent prospective trials were designed specifically for patients with cancer and LMD, and both of them used systemically administered pembrolizumab, another checkpoint inhibitor. The first one, a phase 2 trial, mainly enrolled patients with breast cancer (n=17), lung cancer (n=2) and ovarian cancer (n=1) (84). The primary endpoint was OS at 3 months, with secondary endpoints being toxicity and response. With a median follow-up of 6.3 months (range, 2.2-12.5 months) in surviving patients, the primary endpoint was met, and 12 out of 20 patients were alive 3 months after enrollment. No new safety signals were observed with the use of systemic pembrolizumab in this patient population. A second phase 2 study by Naidoo et al. enrolled 13 patients across multiple pathologies and reported a CNS response rate of 38% and a median OS of 4.9 months (85). Importantly, these patients were all treatment naïve to checkpoint inhibition with anti-PD1. TNBC, which has limited targeted therapy options, has ongoing trials evaluating the therapeutic efficacy of checkpoint inhibition, specifically PD-1 and PDL-1 inhibition, in combination with stereotactic radiosurgery (NCT03807765, NCT03449238, NCT03483012). In addition, another trial is evaluating the safety and dose limiting toxicity of combining avelumab in combination with whole brain radiation for patients with LMD and any type of solid tumor history (NCT03719768).

The effect of the combination of ipilimumab and nivolumab on survival has also been assessed in a phase II trial 18 patients with LMD (86). These patients [with breast cancer (n=8), melanoma (n=2), lung (n=2) and other primary tumors (n=6)] were treated with the combination of ipilimumab and nivolumab. Importantly, the majority of patients (78%) required corticosteroids for symptom management at treatment initiation or any point during the trial. Like the prior trial with single agent anti-PD1, this trial met its primary 3-month OS endpoint, as 8 patients (44%) were alive at that time point. Median survival for the whole group of patients was 2.9 months (90% CI: 1.6- 5 months). Six patients (33%) had grade 3 or 4 treatment related toxicities, which is slightly less than previous reports, but importantly, no new safety signals were seen.

In addition to systemic administration, IT approaches using various immunotherapies have been investigated for the treatment of LMD. In a retrospective review of 178 melanoma patients, the authors reported that patients treated with IT therapy were afforded significantly longer survival time (76). Interestingly, the IT use of immunotherapy dates back to the 1980s, when IT interleukin 2 (IL-2) was first assessed in patients with melanoma LMD. Two large cohorts (n=46 n=43) of patients with melanoma reported a median OS of 11.5 months (range 7-19), as well as 1-year, 2-year and 5-year OS rates of 36%, 26% and 13%, respectively, in patients that responded to IT IL-2 (87, 88). However, this approach is associated with significant toxicities the need for prolonged and intensive in-hospital monitoring, making this therapy an option for only a highly selected group of patients. To avoid the toxicity associated with IT IL-2, and based on the fact that systemic anti-PD1 administration leads to higher response rates than high dose IL-2 in patients with metastatic melanoma, a recent first-in-human trial assessed the safety and initial efficacy of using IT nivolumab in combination with IV nivolumab (NCT03025256). This allowed for a dose intensified approach, as it was shown that systemically administered nivolumab has very poor CSF penetration (89). Initial results for the first 25 patients treated showed a median OS of 4.9 months at a median follow-up of 20 weeks (range 5-147), with 3, 6 and 12 months OS rates of 65%, 47% and 35%, respectively. Importantly, the use of IT nivolumab was very well tolerated with no grade 3 or 4 toxicities observed, and the addition of IV nivolumab did not increase the expected toxicity from systemic anti-PD-1 administration. The trial is ongoing, with translational data expected in the near future (90).



Conclusion

LMD represents a subtype of CNS metastatic disease with few treatment options, and patients diagnosed with LMD, as well as their treating physicians, face major challenge in both prompt diagnosis and treatment. This condition commonly results in rapid neurologic disability and death. Even with currently available therapies, prognosis remains grim. However, multiple avenues, including targeted and immunotherapy, are currently being explored to combat this challenging disease and gain a deeper insight into the underlying disease pathogenesis. Much more needs to be learned and done, but the initial results of these new approaches are promising.
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Background

Studies confirmed the predictive value of the prognostic nutrition index (PNI) in many malignant tumors. However, it did not reach a consensus in glioma. Therefore, this study investigated the prognostic value of preoperative PNI in operable high-grade glioma and established a nomogram.



Methods

Clinical data of high-grade glioma patients were retrospectively analyzed. The primary endpoint was overall survival (OS). Survival analysis was conducted by the Kaplan–Meier method, log-rank test, and Cox regression analysis. A nomogram was established. The prediction effect of the nomogram covering PNI was verified by area under the curve (AUC).



Results

A total of 91 operable high-grade glioma patients were included. Kaplan–Meier analysis showed that among grade IV gliomas (n = 55), patients with higher PNI (>44) showed a trend of OS benefit (p = 0.138). In grade III glioma (n = 36), patients with higher PNI (>47) had longer OS (p = 0.023). However, the intersecting Kaplan–Meier curve suggested that there may be some confounding factors. Cox regression analysis showed that higher PNI was an independent prognostic factor for grade IV glioma (HR = 0.388, p = 0.040). In grade III glioma, there was no statistically relationship between PNI levels and prognosis. When evaluating the prognostic ability of PNI alone by ROC, the AUC in grade III and IV gliomas was low, indicating that PNI alone had poor predictive power for OS. Interestingly, we found that the nomogram including preoperative PNI, age, extent of resection, number of gliomas, and MGMT methylation status could predict the prognosis of patients with grade IV glioma well.



Conclusion

The PNI level before surgery was an independent prognostic factor for patients with grade IV glioma. The nomogram covering PNI in patients with grade IV glioma also proved the value of PNI. However, the value of PNI in grade III glioma needs to be further evaluated. More prospective studies are needed to verify this conclusion.
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Introduction

The overall prognosis of patients with high-grade glioma is poor, and the survival of patients varied greatly, and their 5-year survival rate fluctuates between 5.5% and 75.2% (1). Therefore, it is very important to accurately predict the prognosis of patients. Research showed that the prognosis of patients with high-grade glioma was related to factors such as patient age, tumor characteristics, and treatment methods (1). Nevertheless, the accuracy in predicting the prognosis of high-grade gliomas is still limited. It is necessary to find more prognostic factors to comprehensively evaluate the prognosis of patients with high-grade glioma.

Studies showed that the nutritional status and inflammation of patients may affect the antitumor effect (2–5). The prognostic nutritional index (PNI) is based on the serum albumin count and lymphocyte count and is a comprehensive index for evaluating the nutritional status and inflammatory state of the body. Its calculation formula is serum albumin concentration (g/L) + 5× total lymphocyte count (109/l). More and more studies found that higher PNI can be used for independent factors for better prognosis of various malignant tumors, such as lung cancer (6), esophageal cancer (7), breast cancer (8), nasopharyngeal cancer (9), colorectal cancer (10), gastric cancer (11), and biliary tract cancer (12). However, there is no consensus on the role of PNI in glioma (13). Therefore, this study intended to explore the prognostic value of PNI in patients with operable high-grade glioma.



Methods


Patients

The clinical data of operable high-grade glioma patients from December 2013 to December 2019 in the First Affiliated Hospital of Chongqing Medical University were analyzed retrospectively. The inclusion criteria include the following (1): patients underwent tumor resection (2); patients with high-grade glioma diagnosed according to the 2016 WHO classification and global standard classification (3); patients who completed the “STUPP” radiotherapy and chemotherapy protocol (4); regular follow-up; and (5) blood routine and serum albumin examination within 1 week before operation. The exclusion criteria include the following (1): incomplete clinical data (2); receiving other treatments before tumor resection; and (3) having infection or inflammatory disease during the last month.



Data Collection and Hematological Examination

Clinical data of patients were collected including age, gender, tumor grade, histological type, tumor site, tumor number, and extent of resection. The extent of surgical resection was determined according to the preoperative and postoperative MRI and the surgeon’s intraoperative judgment. Postoperative MRI was obtained within 24–72 h after surgery. We used Carestream Vue PACS software to calculate the percentage of resection based on the preoperative MRI and postoperative MRI within 24–72 h and marked the tumor extent according to T1-enhanced sequence images. The percentage of tumor resection = (preoperative tumor volume-residual tumor volume)/preoperative tumor volume * 100%. No tumor remaining was considered as gross total resection (GTR), tumor resection extent > 90% was considered as near total resection (NTR), tumor resection extent between 80% and 90% was considered as subtotal resection (STR), and tumor resection extent <80% was considered as partial resection (PR). Blood routine and serum albumin results before surgery were collected. The cutoff value of the optimal PNI was obtained by X-Tile software.



Follow-Up

The primary endpoint of the study was OS. OS was defined as the time from the day of surgery to the death of the patient or the final follow-up. There were 91 patients who met the inclusion and exclusion criteria and were successfully followed up. The follow-up ended on September 12, 2020.



Statistical Analysis

We used the independent sample T test or Mann–Whitney U test to compare continuous variables, and the chi-square test or Fisher’s exact probability test to compare categorical variables. The Kaplan–Meier method, log-rank method, and Cox regression model were used for survival analysis. Survival was analyzed by calculating the hazard ratio (HR) and 95% confidence interval (CI). The prognostic ability of PNI was evaluated by the area under the curve (AUC) through the ROC curve. A nomogram covering the PNI was built, and the C index was calculated. The predictive effect of the nomogram was verified by the calibration curve through bootstrap sampling 1,000 times. The predictive ability of the nomogram covering PNI and the predictive model without PNI was compared by the ROC curve. SPSS version 25, X-Tile version 3.6.1, and R version 4.0.2 were used for data analysis. The statistical significance of the p value was set at 0.05 (double-sided).




Results


Patient Characteristics

A total of 91 high-grade glioma patients (36 cases of grade III and 55 cases of grade IV) were enrolled. The median age was 50 years (range 18–79 years). Table 1 showed the characteristics of grade III and grade IV glioma patients and their correlation with preoperative PNI. In patients with grade III and grade IV glioma, the best cutoff values of preoperative PNI were 47 and 44, respectively.


Table 1 | Baseline patient characteristics stratified by preoperative PNI in grade III glioma and grade IV glioma.





Survival Analysis

The median follow-up time for all patients was 21 months (95% CI: 23.4–31.4 months). The median OS for grade III glioma was 31 months (95% CI: 28.9–41.6 months), and the median OS for grade IV glioma was 17 months (95% CI: 17.5–27.1 months). Among patients with grade III glioma, the median OS of patients in the preoperative low PNI (≤47) group and high PNI (>47) group was 22 and 37 months, respectively. In grade IV glioma, the median OS for the preoperative lower PNI (≤44) group and higher PNI (>44) group was 14 and 17.5 months.

The Kaplan–Meier survival curve and log-rank test were used to analyze the prognosis of patients in different PNI states. It was found that in grade III glioma, the OS of patients with preoperative high PNI status was significantly longer than that of preoperative low PNI status (Figure 1A, p = 0.023). However, the Kaplan–Meier curve intersected, suggesting that in grade III gliomas, there may be confounding factors that make patients with high PNI have longer OS, so we conducted a multivariate analysis. Grade IV glioma patients with higher preoperative PNI also showed a similar trend of obtain better prognosis (Figure 1B, p = 0.138).




Figure 1 | Kaplan–Meier survival curves for patients stratified based on preoperative PNI in patients with grade III glioma (A) and patients with grade IV glioma (B). (PNI, prognostic nutritional index).



Cox regression analysis showed that in grade IV glioma, preoperative PNI level, extent of resection, and MGMT methylation status were significantly correlated with OS (Table 2). Since primary and secondary grade IV gliomas were usually distinguished according to the wild type and mutant type of IDH (14), and the predictive value of preoperative PNI in patients with different types of grade IV gliomas may be different, we performed subgroup analysis on IDH wild-type grade IV glioma patients. The results showed that patients with higher preoperative PNI had a tendency to obtain OS benefits (HR = 0.476, p = 0.126, Table 3). We did not further analyze the role of PNI in secondary grade IV gliomas due to the small number of IDH mutated grade IV gliomas patients included (n = 9). In grade III glioma, age, histological type, extent of resection, MGMT methylation status, and Ki-67 level were independent prognostic factors that affect OS in patients (Table 4), and patients with higher preoperative PNI showed a better prognosis only in the univariate analysis (HR = 0.301, p = 0.032).


Table 2 | Univariate and multivariate Cox regression analyses for overall survival in grade IV glioma patients.




Table 3 | Univariate and multivariate Cox regression analyses for overall survival in the IDH wide-type IV glioma subgroup.




Table 4 | Univariate and multivariate Cox regression analyses for overall survival in grade III glioma patients.



When assessing the prognostic ability of PNI in grade III and IV gliomas through the ROC curve, we found that the AUC was not high (0.65 and 0.50, respectively, Figure 2), which indicated that PNI alone had a limited effect of predicting OS in patients with high-grade glioma.




Figure 2 | The ROC curve of PNI for grade III and grade IV glioma patients.





The Establishment of a Nomogram

Important factors associated with the prognosis of high-grade gliomas included age, extent of resection, number of gliomas, and MGMT methylation status. Since our study showed that preoperative PNI level was an independent prognostic factor in grade IV glioma patients, however, in grade III glioma, a significant correlation between PNI and OS was only shown in univariate analysis, and the number of patients with grade III glioma included was relatively small. Therefore, we only drew a nomogram in grade IV gliomas covering preoperative PNI, age, extent of resection, number of gliomas, and MGMT methylation status (Figure 3) and evaluated the predictive effect of the nomogram. The C-index of the nomogram was 0.771 (95% CI: 0.708–0.834). The calibration curves for the 1-, 2-, and 3-year survival of the patients showed that when predicting the 2-year survival rate, the agreement between the prediction and the observation results was the best (Figures 4A–C), indicating that the repeatability of the nomogram was reliable. ROC analysis showed that the AUC of the nomogram covering the preoperative PNI was higher than the AUC of the prediction model without PNI (AUC = 0.716, 95% CI: 0.588–0.844 and AUC = 0.664, 95% CI: 0.501–0.827, respectively; Figure 5). This suggested that the nomogram could more accurately predict the prognosis of patients with grade IV glioma.




Figure 3 | The nomogram for survival of patients with grade IV glioma. (GTR, gross total resection; NTR, near total resection; PNI, prognostic nutritional index; PR, partial resection; STR, subtotal resection).






Figure 4 | The calibration curve of nomogram in patients with grade IV glioma at 1 (A), 2 (B), and 3 years (C).






Figure 5 | The ROC curve of the nomogram covering PNI and the ROC curve of traditional markers in grade IV glioma. (PNI, prognostic nutritional index).






Discussion

The nutritional status, inflammatory status, and immune function of patients with malignant tumors were often considered to be related to the prognosis (5, 15). Serum albumin levels were often used to assess the nutritional status of patients, and lymphocytes were often used to assess the immune function and inflammatory status of patients (16, 17). Many studies proved the prognostic value of serum albumin and lymphocytes in malignant tumors: lower albumin levels were linked to poor prognosis for cancer patients (13, 18), and high levels of lymphocytes may indicate a better prognosis (19–21). As an easily accessible index that could comprehensively evaluate the nutritional status and inflammatory status of patients, more and more studies confirmed its prognostic value in a variety of malignant tumors (9, 11, 22, 23). However, the prognostic value of PNI in glioma has not yet reached consensus (13, 24, 25).

This study mainly explored the predictive value of preoperative PNI in patients with operable high-grade glioma. We only included patients with high-grade glioma who received standardized postoperative adjuvant radiotherapy and chemotherapy. After excluding the influence of treatment factors, it could better reflect the predictive ability of preoperative PNI. The IDH mutation frequency (94% and 16%, respectively) and MGMT methylation frequency (61% and 38%, respectively) of grade III and grade IV glioma reported in our study were consistent with the frequency reported in the past (26, 27). Some factors that affect the prognosis of patients with high-grade glioma, such as age, histological type, single or multiple gliomas, extent of resection, MGMT methylation status, and Ki-67 level, were verified in our results (27–32). However, the OS of patients with different IDH statuses did not show significant statistical differences. It may be related to the small number of IDH wild-type grade III glioma patients and IDH mutant grade IV glioma patients we included. Regarding PNI, consistent with most studies, we found that preoperative PNI showed a predictive value (13). Our study found that in grade III and grade IV gliomas, the median OS of patients with higher preoperative PNI was longer than that of patients with lower PNI. Preoperative PNI was an independent prognostic factor for grade IV glioma. However, in univariate analysis, patients with higher preoperative PNI only had trends to get better OS. This may be because OS was affected by other factors in addition to preoperative PNI. When a multivariate analysis was performed, the significance of preoperative PNI becomes apparent. Furthermore, through ROC analysis, the nomogram covering PNI also showed a better prognostic value compared with the prediction model without PNI. In the IDH wild-type grade IV glioma subgroup, higher PNI only showed a trend for better OS. This may be due to the small number of IDH wild-type IV glioma patients included (n = 46). In this study, PNI did not show a good prognostic effect in grade III gliomas. Although our study showed that PNI in grade III gliomas was statistically significant in univariate Cox regression and Kaplan–Meier analysis, the intersecting Kaplan–Meier curves suggested that there might be confounding factors. Multivariate Cox analysis showed that the PNI was not an independent prognostic factor for grade III gliomas. This may be due to the strong heterogeneity of grade III gliomas, and a single indicator may not be used as a reliable independent prognostic factor. Moreover, the number of grade III gliomas patients we included was small (n = 36), which may be insufficient to support the inclusion of more indicators for multivariate analysis. In the future, we will follow more patients to evaluate the predictive value of PNI in grade III gliomas. In addition, we included 2 IDH wild-type grade III glioma patients. Some IDH wild-type grade III glioma patients may be classified as grade IV glioma with the development of molecular pathology (33). In the future, we would include more patients and evaluate the prognostic value of PNI in different subtypes of high-grade gliomas. Although, through the ROC curve, we found that in high-grade glioma, the predictive effect of PNI alone was limited, the nomogram based on PNI showed good predictive performance. The AUC of the nomogram covering PNI was higher than that of the prediction model without PNI. This showed that the nomogram covering preoperative PNI was better than traditional biomarkers. The molecular pathological diagnosis of patients may change with the advancement of molecular detection in the future. We will continue to include more patients and further optimize the nomogram to more accurately predict the OS of patients with high-grade glioma.

As a cheap and convenient indicator, PNI may affect the prognosis of patients with malignant tumors in many ways. Many studies found that the level of albumin was related to the nutritional status of patients and the immune system (34). Lower serum albumin levels indicated an increased nutritional risk for malignant tumor patients. In addition, lower albumin levels could also interfere with the body’s immune response and reduce antitumor effects (34, 35). Lymphocytes were an important cell group for body immunity and an important factor for regulating immunity. Lymphocytes could limit tumor growth and metastasis through cytotoxicity and improve patient prognosis (36, 37). Therefore, high levels of PNI may often be associated with better prognosis in patients with malignant tumors. However, in high-grade gliomas, this conclusion was not always valid, and more clinical data were still needed to explore the prognostic value of PNI in high-grade gliomas. Due to the special microenvironment of glioma, its immune response was different from other solid tumors. First, most immune cells could not pass the blood–brain barrier smoothly, and high-grade gliomas were relatively “cold” tumors (38). Secondly, the ratio of CD4+ T cells, CD8+ T cells, regulatory T cells (Treg), and other types of T lymphocytes in the glioma microenvironment was different. Studies showed that the number of CD4+ T cells, CD8+ T cells, and Treg cells could affect the tumor immune response in gliomas (39–41). In addition, gliomas could also be divided into different subtypes according to the Tumor Genomics Atlas Project (TCGA), and the prognosis of different subtypes may be different (42, 43). These may be the reasons why the findings found in other malignant tumors did not necessarily exist in high-grade gliomas.

There was no doubt that this study had certain limitations (1). As a single-center, retrospective study, the number of patients included in this study was limited and the follow-up time was insufficient. Moreover, the number of people in the high-PNI and low-PNI groups was uneven. We will continue to follow up more patients to obtain more accurate results (2). The biomarker status of the tumor may affect the prognosis of patients with high-grade glioma. We would continue to follow up and include more patients with more accurate tumor molecular classification to verify our findings and optimize the nomogram (3). Patients with high-grade glioma may receive different treatments after surgery, such as tumor-treating fields and bevacizumab, and the duration of treatment may also be different. All of these may lead to bias in research results. More prospective clinical trials were needed to evaluate the prognostic value of PNI in patients with high-grade glioma (4). Although the OS predicted by the nomogram was in good agreement with the observed OS, the general applicability of the findings still needed to be confirmed by external verification.



Conclusions

Preoperative PNI level was an independent prognostic factor for patients with grade IV glioma. The nomogram covering PNI could predict the prognosis of patients with grade IV glioma more accurately than traditional markers. The value of PNI in grade III glioma needs to be further evaluated. More large-scale prospective clinical trials are needed to evaluate the prognostic value of preoperative PNI in high-grade gliomas.
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Natural Plant Compounds: Does Caffeine, Dipotassium Glycyrrhizinate, Curcumin, and Euphol Play Roles as Antitumoral Compounds in Glioblastoma Cell Lines?
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Many plant-derived compounds are shown to be promising antitumor therapeutic agents by enhancing apoptosis-related pathways and cell cycle impairment in tumor cells, including glioblastoma (GBM) cell lines. We aimed to review four natural plant compounds effective in GBM cell lines as caffeine, dipotassium glycyrrhizinate (DPG), curcumin, and euphol. Furthermore, antitumoral effect of these plant compounds on GBM cell lines through microRNAs (miRs) modulation was investigated. However, only DPG and curcumin were found as effective on miR modulation. Caffeine arrests GBM cell cycle in G0/G1 phase by cyclin-dependent kinases (CDK) complex inhibition and by decreasing BCL-2 and increasing FOXO1 expression levels causing greater apoptotic activity. Caffeine can also directly inhibit IP3R3, p38 phosphorylation, and rho-associated protein kinase (ROCK), decreasing cell invasion and migration capacity or indirectly by inhibiting the tissue inhibitor metalloproteinase-1 (TIMP-1) and integrins β1 and β3, leading to lower matrix metalloproteinases, MMP-2 and MMP-9. DPG presents antitumoral effect in GBM cells related to nuclear factor kappa B (NF-κB) pathway suppression by IRAK2 and TRAF6-mediating miR-16 and miR-146a, respectively. More recently, it was observed that DPG upregulated miR-4443 and miR-3620, responsible for post-transcriptional inhibition of the NF-κB pathway by CD209 and TNC modulation, respectively leading to lower MMP-9 and migration capacity. Curcumin is able to increase miR-223-3p, miR-133a-3p, miR-181a-5p, miR-34a-5p, miR-30c-5p, and miR-1290 expression leading to serine or threonine kinase (AKT) pathway impairment and also it decreases miR-27a-5p, miR-221-3p, miR-21-5p, miR-125b-5p, and miR-151-3p expression causing p53-BCL2 pathway inhibition and consequently, cellular apoptosis. Interestingly, lower expression of miR-27a by curcumin action enhanced the C/EBP homologous protein(CHOP) expression, leading to paraptosis. Curcumin can inhibit miR-21 expression and consequently activate apoptosis through caspase 3 and death receptor (DR) 4 and 5 activation. Autophagy is controlled by the LC-3 protein that interacts with Atg family for the LC3-II formation and autophagy activation. Euphol can enhance LC3-II levels directly in GBM cells or inhibits tumor invasion and migration through PDK1 modulation.

Keywords: caffeine, dipotassium glycyrrhizinate, curcumin, euphol, microRNAs, glioblastoma cell lines


INTRODUCTION

The central nervous system (CNS) tumors account for about 3% of all neoplasms (1). Glial tumors or gliomas comprise 50% of all CNS tumors and 80% of all brain-initiating malignant tumors (2). Gliomas are subdivided into astrocytomas, oligodendrogliomas, and ependymomas (3). Furthermore, according to the World Health Organization (WHO), astrocytomas are divided into four degrees of malignancy, which are based on histopathological criteria such as the presence of atypical cells, mitosis, endothelial proliferation, and necrosis; and molecular depending on the presence or absence of mutations in the isocitrate dehydrogenase 1 and 2 genes (IDH1 and IDH2) (4).

Malignant gliomas are the most common primary brain tumor, representing 42% of CNS tumors (5). The most common aggressive glioma form is known as glioblastoma (GBM) or WHO grade IV has a 12–15-month medium survival rate. The lower-grade gliomas (WHO grades II and III) appear less aggressive at the time of diagnosis but eventually progress into a malignant phase within 5–10 years (6). Despite the surgical procedures and treatment regimens with radiation and chemotherapy, malignant gliomas remain incurable (6), due to their resistance to all conventional therapies and the diffuse infiltrative nature of the tumor cells.

Therefore, new therapies and therapeutic combinations need to be developed and quickly approved for use in patients. However, to gain approval, therapies need to be safe, effective, and able to penetrate the blood–brain barrier (BBB) (7). In that way, natural treatments might be new compounds that can eliminate GBM development and tumor expansion.

Many plant-derived compounds are shown to be promising antitumor therapeutic agents by enhancing apoptosis-related pathways in tumor cells through the regulation of microRNAs (miRs) expression (8, 9).

MicroRNAs are small molecules (on average about 22 nucleotides) of non-coding RNA that bind to complementary sequences in the 3'UTR portion of the transcribed mRNA target resulting in translational repression or gene degradation and silencing (10). The human species is able to synthetized ~2,600 mature miRs (11), and more than 50% of these miRs are located in cancer-associated genomic regions (12).

The deregulation of miRs is associated with the development and progression of several types of tumors (13), including GBM (14), by inhibiting the translation of its target genes (10). Recent evidence suggests that miRs play an essential role in the etiology of GBM, as they are involved in several biological processes, such as cell growth, migration and invasion, apoptosis, and cell differentiation (15).

Therefore, in this study, we aimed to review four natural plant compounds that may be effective in enhancing apoptosis-related pathways and cell cycle impairment in GBM cell lines. Furthermore, antitumoral effect of these plant compounds on GBM cell lines through miR modulation was investigated, although only DPG and curcumin were found as effective on miR modulation.



METHODS

Following the recommendations from Preferred Reporting Items for Systematic Review and Meta-Analysis (PRISMA), a systematic review of the studies published in the PubMed (http://www.ncbi.nlm.nih.gov/pubmed) database in the last 10 years was conducted. Experimental studies that included natural plant compounds as caffeine, dipotassium glycyrrhizinate (DPG), curcumin, and euphol in gliomas were included (19 studies) (Table 1). In addition, studies related to these natural compounds and miR effects were also selected for the present review (7 studies) (Table 2).


Table 1. The effects of the natural compounds on GBM cell lines (19–22, 41, 47, 49, 54, 63, 69, 83–87, 89, 92, 101).
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Table 2. The natural compound effects on miRs in GBM cell lines (83–87, 89).
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DISCUSSION


Does Caffeine Play Role on GBMs?

Caffeine (C8H10N4O2) is a methylxanthine compound commonly found in coffee and tea (Figure 1A), which are the most ingested neuroactive substance in the world (34). Caffeine possesses antiinflammatory and antioxidant effect, as acetylcholinesterase inhibitors (35). Recently, it was reported that caffeine consumption might be associated with lower glioma risk (36). In fact, caffeine has been associated with rat glial cell (C6) and human GBM cell lines (U251 and U87MG) growth inhibition and apoptosis activation (16, 17, 19, 21).


[image: Figure 1]
FIGURE 1. (A) Caffeine (C8H10N4O2) is an alkaloid occurring naturally in some 60 plant species, of which cocoa beans, kola nuts, tealeaves, yerba maté, guarana berries, guayusa, yaupon holly, and coffee beans are the most well-known. The best-known source of caffeine is the coffee bean, the seed of the coffee plant. (B) Licorice root (Glycyrhiza glabra) is widely used in traditional Chinese medicine for its pharmacological and physiological action as antiallergic, antibiotic, antiinflammatory, and antitumor effects. DPG (C42H60K2O16) is a dipotassium salt of GA, a compound isolated from licorice root. (C) Curcumin (diferuloylmethane; C21H20O6) is the main compound found in turmeric, an Indian spice derived from Curcuma longa Linn, which presents antioxidant and antiinflammatory effects. (D) The euphol (C30H50O), a tetracyclic triterpene alcohol, is the main constituent of the Euphorbia tirucalli known as aveloz.



Effects of Caffeine in Cell Cycle

The cell cycle checkpoints are controlled by cyclin and cyclin-dependent kinases (CDK) proteins. Generally, during final G1 phase, the cyclins D and E are synthetized, which associates with Cdk4 and/or Cdk6 and Cdk2 cyclins, respectively, forming CdkD/Cdk4,6 and CdkE/Cdk2 complexes (37). Both complexes participate in the phosphorylation and inactivation of the retinoblastoma protein (Rb). After phosphorylation, Rb unbound the transcription factor E2F protein, responsible for cyclin A and cyclin E synthesis (38) (Figure 2A). Caffeine effect on cell cycle might be associated with the suppression of CdkD/Cdk4,6 complex and subsequently phosphorylation (p) and inactivation of retinoblastoma (Rb) (39), preventing the E2F transcription factor unbound and the synthesis inhibition of important cell cycle proteins (40). In fact, it was observed that C6 (0.5 mM) and U87MG (1–5 mM) GBM cell lines presented lower S phase and G0/G1 phase arrested in a caffeine dose-dependent way (16, 17, 19, 21) (Figure 2A). Kaufmann et al. (41) have confirmed that caffeine actually targets the CdkD/Cdk4,6 complex required -for inactivation of pRB, in telomerase-expressing human fibroblasts.
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FIGURE 2. (A) Caffeine arrests the cell cycle on G0/G1 phase in GBM cell lines. Normally, GO/G1 cell cycle phase is regulated by the CdkD and CdkE, which interacts with Cdk4, Cdk6 and Cdk2 forming CdkD/Cdk4,6 and CdkE/Cdk2 complexes. The CDK complexes are responsible for retinoblastoma (Rb) inactivation through phosphorylation and consequently, releasing the transcriptional factor E2F, retaining the cell cycle active. Caffeine appears to arrest the cell cycle in G0/G1 phase in GBM cell lines C6, U251, and U87MG by CDK complex inhibition. No caffeine effects were observed on S, G2, or M phases. (B) Effects of caffeine and compounds derived from caffeine on invasion/migration capacity and angiogenesis impairing in GBM cell lines. The caffeine can inhibit the IP3R3, an ER calcium receptor, which leads to a lower concentration of intracellular calcium, decreasing cell invasion and migration capacity. The rho-associated protein kinase (ROCK) cathepsin B/FAK/ERK pathway, associate with cellular invasion and migration, is also inhibited by caffeine through targeting phosphorylated p38 (p-p38) and ROCK proteins direct or by indirect inhibition through the TIMP-1 and integrins β1 (I-β1) and I-β3, leading to lower MMP-2 and MMP-9. In addition, PT93, a compound derived from CA, acts direct in the inhibition of MMP-2 and contributing to lower cellular invasion or migration capacity. In the same way, the CA derivatives FLVM/FLVZ can either inhibit IL17 and HIF-1, leading to VEGF inhibition and angiogenesis impairing. The euphol derivative (IngC), on the other hand, acts in PKC and Wnt/β-catenin (β-C) pathways, inhibiting the PDK1, leading to lower concentration of β-C, an effector protein, consequently inhibiting the tumor invasion and migration.


In addition, the glycogen synthase kinase-3beta (GSK-3β) substrate phosphorylates the cyclin D1, leading to its degradation, decreasing Cdk4 activity, which leads to the S phase (19, 42). Hashimoto et al. (39) have suggested that the caffeine inhibitory effect on cell growth was mediated through GSK-3β by direct inhibition of PI3-kinase upstream. Interestingly, it was reported that caffeine, in combination with temozolomide (TMZ), revealed synergistic effects in U87MG cell line, since the combinational therapy TMZ suppressed the phosphorylation of ATM and p53 and downregulated p21 expression, thus releasing DNA-damaged cells from G2 arrest into premature mitosis. Cell cycle analysis demonstrated that the proportion of cells arrested in G2 phase decreased when caffeine was administered together with TMZ. In conclusion, the authors have demonstrated that caffeine enhanced the efficacy of TMZ through mitotic cell death by impeding ATM/p53/p21-mediated G2 arrest (43). The effects of caffeine on GBM cell cycle regulation are summarized in Figure 2A.



Effects of Caffeine in Apoptosis

It has been reported that caffeine has an anticancer apoptotic effect in various types of cancer such as gastric cancer (17), neuroblastoma (44), and GBM (16, 17, 19, 21).

The balance between the proapoptotic proteins, Bax, Bak, Bim, and Bad, and antiapoptotic proteins, Bcl-2 and Bcl-xL, regulates the apoptotic pathway (45). These proapoptotic and antiapoptotic proteins are responsible for cytochrome C (Cyt C) dissociation from the external mitochondrial membrane and prevent the Cyt C dissociation, respectively (46, 47). Therefore, the ratio Bax/Bcl-2 is an excellent indicative of apoptosis in tumor cells (46, 47) (Figure 3A).
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FIGURE 3. (A) Caffeine, curcumin, and euphol antitumoral effect on GBM cell lines. Generally, the mitochondrial apoptotic pathway is regulated by the proapoptotic protein Bax, which acts in the dissociation of cytochrome C (Cyt C) in the mitochondria (Mit). Thus, Cyt C along the procaspase 9 (PC9) and Apaf1, activate procaspase 3 (PC3) into caspase 3 (C3) leading the cell to apoptosis. Moreover, the nuclear protein Foxo1 acts in the transcription of Bim, which contributes to the dissociation of Cyt C and apoptosis stimulation. Therefore, the ratio Bax/Bcl-2 is an excellent indicative of cellular apoptosis. Caffeine acts decreasing BCL-2 and increasing FOXO1 expression levels causing greater apoptotic activity. Curcumin can inhibit miR-21 expression and consequently activating apoptosis by caspase 3 and death receptor (DR) 4 and 5 activations. Autophagy, a misfolded proteins degradation and elimination and also damaged organelles, is control by the LC-3 protein that interacts with Atg family for the LC3-II formation and autophagy activation. Euphol is able to enhance LC3-II levels direct in GBM cell lines. (B) Effects of GA, DPG, and curcumin on apoptosis, migration, and paraptosis in GBM cell lines. GA, a compound isolated from licorice root, has presented inhibition effect on cell proliferation and colony formation in U251 GBM cell line. In addition, GA also presented apoptosis stimulation in these cells. The GA antitumoral effect is by direct p65 protein inhibition, responsible for nuclear factor kappa B (NF-κB) pathway activating. More recently, DPG, a dipotassium salt of GA, also has presented antitumoral effect related to NF-κB pathway suppression by IRAK2 and TRAF6-mediating miR-16 and miR-146a, respectively, in U87MG and T98G cells. More recently, it was observed that DPG upregulated miR-4443 and miR-3620, responsible for post-transcriptional inhibition of the NF-κB pathway by CD209 and TNC modulation, respectively, in U251 and U138MG, leading to lower MMP-9. The curcumin effect was able to increase miR-223-3p, miR-133a-3p, miR-181a-5p, miR-34a-5p, miR-30c-5p, and miR-1290 expression leading to serine or threonine kinase pathway (AKT) pathway impairment. Curcumin effect also decreased miR-27a-5p, miR-221-3p, miR-21-5p, miR-125b-5p, and miR-151-3p expression causing p53-BCL2 pathway inhibition and consequently, GBM cell death. Interestingly, lower expression of miR-27a by curcumin action enhanced the CHOP protein expression, leading to paraptosis.


Two studies have showed a decreased expression of antiapoptotic Bcl-2 and no changes on proapoptotic protein Bax, indicating an imbalance of Bax/Bcl-2 ratio and consequently, increased Cyt C dissociation and caspase 3 activation after caffeine exposure in GBM cell lines (C6 and U87MG). Caffeine at 1 mM reduced the cell viability of both cell lines to <70%. Therefore, to avoid any effects on cell viability, the maximal non-cytotoxic concentration of caffeine on both GBM cells was 0.5 mM (16, 17) (Figure 3A).

Maiese et al. (48) have demonstrated that caffeine also acts increasing the expression of FOXO1, important for cell survival and apoptosis regulation. However, the apoptosis mechanisms induced by FOXO1 need to be elucidated (49, 50). One study has suggested that high FOXO1 expression after caffeine treatment caused an increased proapoptotic Bim protein expression and, consequently, contributed for the apoptotic effect in U251 GBM cell line (21) (Figure 3A).



Effects of Caffeine in Tumor Cell Invasion and Migration

The tumor cell invasion is due to the actin polymerization and the intracellular cytoskeletal organization calcium-dependent proteins (51, 52). In GBM cells, the receptor-mediated calcium mechanism is an important factor for properly invasion, motility, and proliferation of tumor cells (53, 54).

Kang et al. (18) treated several GBM cell lines (U178MG, U87MG, and T98G) with caffeine, and the authors have observed inhibition of proliferation and invasion, in a dose-dependent manner (1-5-10 mM). It was noticed, especially in U178MG cells, the inhibition of IP3R, an ion channel responsible for release of calcium from intracellular stores. Moreover, IP3R1 ion channel subtype was lower expressed in GBM cells, whereas IP3R3 subtype is more expressed. Caffeine seems to compete to IP3R ATP binding even at lower concentrations (10-25-50mM), interfering its function (55, 56) (Figure 2B).

The matrix metalloproteinase (MMP) proteins, especially MMP-2 and MMP-9, are related to cell invasion and angiogenesis (21, 57). Both are regulated by several factors, such as rho-associated protein kinase (ROCK) and ERK (58, 59). Thus, a study has tested caffeine in U87MG GBM cell line and in vivo and phosphorylated p38 (p-p38) and MMP-2 were observed as lower expressed. In contrast, the tissue inhibitor metalloproteinase-1 (TIMP-1) presented higher expression (20), which is an important inhibitor of MMP, and plays a crucial role in brain tumor invasion (60). Furthermore, cells exposed to caffeine presented lower levels of cathepsin B, which is responsible for the MMP activation, due to the integrins β1 and β3 inhibition (20) (Figure 2B). The results may explain the lower invasion and adhesion capacity of GBM cells after caffeine exposure (20). The effects of caffeine on GBM cells immigration and evasion are summarized in Figure 2B.




Compounds Derived From Caffeic Acid

PT93, a compound derived from caffeic acid (CA), has been evaluated regarding its effect on invasion and migration on GBM cell lines (T98G and U251) (22). The authors observed MMP-2 and MMP-9 inhibition in a dose-dependent way (3 and 10μM) (Figure 2B). PT93, a selective MMP inhibitor, seems to present fewer side effects when compared to the first generation of MMP inhibitors in vitro studies (61–63), as Batimastat (BB-94) and Marimastat (BB-2516) (64).

In another study, an U87MG xenotransplant mouse has treated with two other CA derivatives, FLVM and FLVZ by targeting the normally overexpressed IL17A, HIF-1α and vascular endothelial growth factor (VEGF). The reduction of these cytokines leads to inhibition of U97MG GBM cell line, mainly because the angiogenesis is also inhibited. Interestingly, the inhibition of all described factors also provides nutrient partition, leading to a lower adipocyte storage due to the glucose, triglycerides, and fat oxidation metabolism reducing (23). In addition, FLVM and FLVZ provide a reduction in the glucose and adipocyte metabolism in the CNS, inhibiting GBM development (23) due to the adipocytes and blood vessel inhibition (65, 66).



DPG, a New Promising Compound on GBM

Licorice root (Glycyrhiza glabra) is widely used in traditional Chinese medicine for its pharmacological and physiological action as antiallergic, antibiotic, antiinflammatory, and antitumor effects (67, 68) (Figure 1B). Glycyrrhizic acid (GA) (C42H62O16), a compound isolated from licorice root, has presented antiinflammatory and antitumor effects on several tumor cell lines such as human hepatoma (HLE), promyelocytic leukemia (HL-60), stomach cancer (KATO III), and prostate cancer (LNCaP e DU-145) by both DNA fragmentation and deregulating genes required for oxidative stress control (69–71). However, toxicity has been observed in in vivo models (72).

More recently, one study has exposure U251 GBM cell line to different concentrations of GA (1, 2, and 4 mM), and the authors have observed inhibition on cell proliferation and colony formation, apoptosis stimulation, and significantly decreasing in p65 protein, responsible for nuclear factor kappa B (NF-κB) pathway activating (24).

The NF-κB pathway is constantly activated in GBM, being responsible for the aggressiveness of the disease and regulation of the expression of antiapoptotic genes and cell adhesion and invasion factors (73). Thus, some studies have suggested inhibition of NF-κB pathway could decrease the resistance of tumor cells to chemotherapy and contribute to increase the survival of patients with GBM (74–77).

Following that idea, a recent study has evaluated the DPG (C42H60K2O16), a dipotassium salt of GA (Figure 1B), effects in GBM cell lines (25). The authors have demonstrated antitumoral effect in the GBM cell lines, U87MG and T98G, through a decrease of proliferation and an increase of apoptosis. Moreover, after both DPG and TMZ exposure, higher suppressed cell viability was observed in a dose-dependent way. Thus, even low TMZ concentration with half-maximal inhibitory concentration (IC50) of DPG was able to induce U87MG and T98G cell viability reduction (25, 50, 75, 100, 125, 150, 175, and 200 μM) for 6, 12, 18, and 24 h. Thus, a combinatorial therapy, DPG in combination with TMZ, showed a synergistic effect in U87MG and T98G cell lines (25). Interestingly, DPG was able to induce cell viability reduction even in T98G cell line, which presents both the hypermethylated MGMT promoter and mutated P53 gene, making the phenotype more aggressive and resistant to the action of TMZ than the ones with wild-type P53 (78), since p53 is fundamental in regulating the cell cycle arrest and the entry in the apoptotic process (79, 80).

In addition, DPG (18 mM and 24 mM for U87MG and T98G cells, respectively) antitumoral effect was related to NF-κB pathway suppression by IRAK2 and TRAF6-mediating miR-16 and miR-146a, respectively (25) (Figure 3B), and consequently increasing the TMZ-induced apoptosis. Finally, the authors have also showed that DPG was able to inhibit the subpopulation of stem cells essential for tumor formation, survival, and recurrence (25). Further in vivo studies may elucidate the antitumor effect of DPG as an alternative treatment for GBM. The effects of GA and DPG on NF-κB pathway are presented in Figure 3B.

More recently, it was demonstrated that the cytotoxic effect of DPG was time- and dose-dependent also in U251 and U138MG and DPG (IC50: 32 mM and 20 mM for 48 h, respectively) inhibited cell viability by activating apoptosis, inhibiting cell proliferation and stem cell subpopulation formation through miR-4443 and miR-3620 upregulation. Both miRs are responsible for post-transcriptional inhibition of the NF-κB pathway by CD209 and TNC modulation on U251 and U138MG cell lines. The authors have concluded that DPG presents an antimigratory effect on GBM cell lines by inhibition of cancer stem-like cells, evidenced by inhibition of neurosphere formation (unpublished data).



Curcumin, a Turmeric Compound With Antitumor Effect on GBM

Curcumin (diferuloylmethane; C21H20O6) (Figure 1C) is the main compound found in turmeric, an Indian spice derived from Curcuma longa Linn (81). It has been demonstrated that the curcumin has present antioxidant and antiinflammatory effects (81), mainly in diabetes (82), Alzheimer's disease (83), and hepatitis (84).

Curcumin seems to play a role in a variety of pathways as proinflammatory cytokines (TNF-alpha, IL1, IL6, IL8) inhibition, wingless-related integration site (WNT) suppressing, mitogen-activated protein kinase pathway (MAPK) and Janus kinase/signal (JAK/STAT) activation (85–88). Furthermore, curcumin is highly lipophilic, which makes it permeable to the BBB (89, 90), making it further viable in vivo therapy.

A recent study has evaluated the curcumin effect over miRs in the GBM cell line, A172. Interestingly, the authors have observed that curcumin was able to downregulate the serine or threonine kinase pathway (AKT) and p53-BCL2 pathways by overexpressing several miRs such as miR-223-3p, miR-133a-3p, miR-181a-5p, miR-34a-5p, miR-30c-5p, and miR-1290 and also downregulating the expression of miR-27a-5p, miR-221-3p, miR-21-5p, miR-125b-5p, and miR-151-3p (31) (Figure 3B). AKT and p53-BCL2 pathways are related to proliferation and cellular growth, metabolism, apoptosis, and autophagy (31). In contrast, the authors also observed that in GBM curcumin-treated cells, the miR-27a expression level was reduced and its target gene, CHOP, was overexpressed leading the cells to paraptosis, mainly due to endoplasmatic reticulum (ER) instability (31) (Figure 3B).

Other studies have also observed that curcumin enhanced the expression of miR-326 (28), miR-378 (27), and miR-21 (29) in GBM cell lines. Thus, Yin et al. (28) have observed that U87MG and U251 cells presented a marked increase of curcumin-induced cytotoxicity and apoptosis and a decrease of proliferation and migration in GBM cells. Moreover, the authors have found that combination treatment of miR-326 mimics and curcumin caused significant inhibition of the SHH/GLI1 pathway in cells compared with either treatment alone, independent of p53 status. Furthermore, in vivo, the curcumin-induced miR-326 expression reduces tumor volume and prolonging the survival period compared with either treatment alone. The results support an important role of miR-326 in enhancing the chemosensitivity of glioma cells to curcumin. Similar results were observed in another study, in which the authors have evaluated the curcumin effect on U87MG cells stably expression miR-378. Cells were unable to form colonies compared with control cells, indicating a lower survival rate when treatment of curcumin and miR-378 was combined. In conclusion, curcumin can inhibit MAPK pathway activation by overexpressing miR-378 (27).

Tan et al. (29) have transfected deoxycholic acid-conjugated polyethylenimine (DP) micelles containing curcumin and miR-21 antisense oligonucleotide (ASO) into C6 GBM cell line, aiming knockdown the miR and enhance the expression of proapoptotic target genes. The authors have significantly observed cell viability decreases and apoptosis stimulation when compared to control cells (DP-curcumin). The anticancer effect of DP-curcumin-mir-21ASO complex was also evaluated in in vivo essays and it was noticed a significantly tumor growth decrease compared with miR-21ASO and curcumin alone in animals. Curcumin seems increasing miR-21 and consequently inhibiting PDCD4 and PTEN target genes, resulting in cell death.

Glioma stem cells (GSCs) were transfected with lentivirus-GFP-miR-145, upregulating miR-145 and treated with demethoxycurcumin (DC), a curcumin compound. It was observed a greater inhibition in tumor growth and stimulation of apoptosis in both in vivo and in vitro when compared to control and to monotherapy (30). Combined lentivirus-GFP-miR-145 plus DC was able to inhibit miR-145 target gene SOX2, leading to downstream beta-catenin downregulation, responsible for transcriptional activation of CCND1 and C-MYC (30).

Interestingly, curcumin appears to suppress AP-1 and NF-kB pathways leading to chemosensitization (91). Therefore, Wu et al. (26) have treated U87MG cells with curcumin and TMZ alone, and a higher expression of miR-146a was observed in curcumin-treated cells, in a dose-dependent way. The enhancement of miR-146a leads to inhibition of p65 and phosphorylation IκBα and consequently, suppressing NF-kB, increasing the TMZ-induced apoptosis (26).

The effects of curcumin on several pathways at GBM cell lines are summarized in Figures 3A,B. In addition, this study indicated that only DPG and curcumin have an antitumoral effect on GBM cell lines through miR modulation (Table 2, Figure 3).

Furthermore, curcumin in combination with radiation has presented a synergistic effect in U87MG and T98G GBM cell lines, using different concentrations (ranging from 5 to 25 μM and 3.25–26 μM in U87 and T98 cells, respectively) and dosages (2 Gy or 4 Gy of irradiation). In U87 cells, curcumin and radiation exerted synergism in most of the tested combinations, and the highest synergy was monitored when curcumin was given at its IC50 (10 μM). In T98 cells, the highest levels of synergy were observed at higher curcumin concentrations, particularly at 26 μM, possibly due to the resistance of those cells to both chemotherapy and radiotherapy. The combinatorial treatment arrested both cell lines at the G2/M phase to a higher extent than radiation or curcumin treatment alone. In addition, it was also observed a synergistic effect of curcumin when combined with TMZ resulting in increased tumor cell death (92).

In accordance, Yin et al. (93) have treated U87MG cell line with curcumin in combination with TMZ. The authors have observed that apoptosis was enhanced, in vitro and in vivo, in the GBM cells by both generation of reactive oxygen species production and phosphorylated AKT and mTOR suppression. These data indicated that blockage of AKT/mTOR signaling appeared to contribute to the elevated apoptosis caused by the combination treatment of curcumin and TMZ. Further, in the U87MG xenograft mouse model, the combination treatment with curcumin and TMZ showed a significantly enhanced inhibition of tumor growth compared with single treatments. A similar trend was observed by the authors in the measurement of tumor weight.



An Overview of Euphol Antitumor Effect

In traditional medicine, the base extracts of species of the genus Euphorbia (Euphorbiaceae) are often used as a form of treatment for ulcers and warts (32, 94–96). The euphol (C30H50O), a tetracyclic triterpene alcohol, is the main constituent of the Euphorbia tirucalli known as aveloz (Figure 1D) and it has been observed to have antiinflammatory effects as antiviral, analgesic, and nociceptive properties. Recently, a potential antitumor activity has been also noticed by euphol (97–99). Thus, euphol was able to decrease cell viability in CS12 gastric cancer cell line (100, 101).

Silva et al. (32) have evaluated the euphol antitumor effect in 12 human gliomas and GBM cell lines comprising seven adults (U87MG, U373, U251, GAMG, SW1783, SNB19), five pediatric glioma cell lines (RES186, RES259, KNS42, UW479, and SF188), two primary cultures (HCB2 and HCB149), and one normal astrocyte cell line (NHA) for cytotoxic assays. The pediatric cell lines have showed more euphol sensibility than adult and primary cultures. Moreover, euphol had a higher selective cytotoxicity index (0.64-3.36) than TMZ (0.11-1.13). When combined, euphol and TMZ treatments seem to have a synergistic effect [combination index (CI <1) in 67% (8/12) of the glioma cell lines investigated (mean CI values: range: 0.48–0.96)]. However, no effect was found on cell cycle distribution, invasion, and colony cell formation (90). In addition, the authors have compared both drug-sensitive (GAMG) and drug-resistant (U373) cell lines using euphol dose at 15 μM, which was able to inhibit GAMG and U373 proliferation by 35.44 and 28.71%, respectively. Moreover, at 15 μM euphol suppressed cell viability of GAMG cells by 88.86% and U373 cells by 13.9%. These data suggest that euphol seems to have predominantly cytotoxic effects on the anchorage-dependent growth of both malignant glioma cell lines (32). Finally, euphol also exhibited antitumoral and antiangiogenic activity in vivo, using the chicken chorioallantoic membrane assay, with synergistic TMZ interactions in most above GBM cell lines (32). In conclusion, euphol exerted in vitro and in vivo cytotoxicity against glioma cells, through several cancer pathways. These findings provide experimental support for further development of euphol as a novel therapeutic agent for GBM.

In addition to euphol, the genus Euphorbia also has diterpenes as important bioactive constituents some already approved for precancerous conditions (33, 102–104). One diterpene that was approved for human use for the treatment of actinic keratosis, ingenol-3-angelate (I3A) (Picato®), from Euphorbia peplus demonstrated great antineoplastic potential evaluated in clinical trials for the effective treatment of basal cell carcinoma and squamous cell carcinoma through the modulation of PKC signaling (105–109). Some studies have also revealed diterpenes as promising modulators of multidrug resistance (MDR) in tumor cells and also showing in vivo antiinflammatory activity (110).

Recently, the cytotoxic potential of a new esters of semisynthetic ingenol from E. tirucalli, the derivative ingenol-3-dodecanoate (Ingenol C-IngC) was reported. IngC showed higher efficacy when compared to I3A and ingenol 3,20-dibenzoate (IDB) from E. esula L on esophageal cancer cell lines, two important ingenol diterpenes that can promote PKC activation and anticancer activity (33, 108, 111). In a panel of 11 glioma cell lines, IngC acted as a potent inhibitor of protein kinase C (PKC) activity by PDK1 inhibiting and consequently tumor invasion and migration impairment through Wnt/β-catenin (β-C) pathways by lower concentration the effector protein β-C (93) (Figure 2B). The different models of glioma cell lines exhibited a heterogeneous profile of response to IngC. At a fixed dose of 10 μM, 9.1% (1/11) of cell lines were resistant, 36.4% (4/11) were moderately sensitive, whereas 54.5% (6/11) were classified as highly sensitive. These findings identify IngC as a promising lead compound for the development of new cancer therapy and they may guide the search for additional PKC inhibitors.

Despite euphol's antitumor action, some reports have demonstrated that exposure to crude Euphorbia tirucalli may be a risk factor for Burkitt's lymphoma, as a result its performance as a genotoxic agent (97, 112) indicating that further studies are needed to define the potential therapeutic use of euphol. The effects of IngC and euphol on different GBM cell pathways are summarized in Figures 2B, 3A, respectively.




AUTHOR CONTRIBUTIONS

GB, MB, AS, and MO: wrote the manuscript. GB, MB, AS, JZ, and TR: performed the research. MB and MO: designed the figures. MO: designed the research. All authors approved the submitted manuscript.



FUNDING

The financial support provided by the National Council for Scientific and Technological Development (CNPq) scholarship #149884/2019-2, #137689/2020-9, and #122513/2021-5 is gratefully acknowledged.



REFERENCES

 1. Miranda-Filho A, Piñeros M, Soerjomataram I, Deltour I, Bray F. Cancers of the brain and cns: global patterns and trends in incidence. Neuro-Oncol. (2017) 19:270–80. doi: 10.1093/neuonc/now166

 2. Wang H, Pan J-Q, Luo L, Ning X, Ye Z-P, Yu Z, et al. NF-κB Induces miR-148a to Sustain TGF-β/smad signaling activation in glioblastoma. Mol Cancer. (2015) 14:2. doi: 10.1186/1476-4598-14-2

 3. Louis DN, Perry A, Reifenberger G, von Deimling A, Figarella-Branger D, Cavenee WK, et al. The 2016 world health organization classification of tumors of the central nervous system: a summary. Acta Neuropathol (Berl). (2016) 131:803–820. doi: 10.1007/s00401-016-1545-1

 4. Badke GL, Panagopoulos AT, Aguiar GB de, Veiga JCE. Glioblastoma Multiforme em Idosos: uma Revisão Sobre seu Tratamento com Ênfase na Abordagem Cirúrgica. Arq Bras Neurocir. (2014) 33:199. doi: 10.1055/s-0038-1626199

 5. Ashby LS, Ryken TC. Management of malignant glioma: steady progress with multimodal approaches. Neurosurg Focus. (2006) 20:E3. doi: 10.3171/foc.2006.20.4.3

 6. Jovčevska I, Kočevar N, Komel R. Glioma and glioblastoma - how much do we (not) know? Mol Clin Oncol. (2013) 1:935–941. doi: 10.3892/mco.2013.172

 7. Harder BG, Blomquist MR, Wang J, Kim AJ, Woodworth GF, Winkles JA, et al. Developments in blood-brain barrier penetrance and drug repurposing for improved treatment of glioblastoma. Front Oncol. (2018) 8:462. doi: 10.3389/fonc.2018.00462

 8. Cassileth BR, Deng G. Complementary and alternative therapies for cancer. Oncologist. (2004) 9:80–9. doi: 10.1634/theoncologist.9-1-80

 9. Cragg GM, Newman DJ. Plants as a source of anti-cancer agents. J Ethnopharmacol. (2005) 100:72–9. doi: 10.1016/j.jep.2005.05.011

 10. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell. (2004) 116:281–97. doi: 10.1016/S0092-8674(04)00045-5

 11. MiRBase. Available online at: https://Mirbase.org/Search.Shtml (accessed November 9, 2021). 

 12. Kawahara Y. Human diseases caused by germline and somatic abnormalities in microrna and microrna-related genes. Congenit Anom. (2014) 54:12–21. doi: 10.1111/cga.12043

 13. Ventura A, Jacks T. MicroRNAs and cancer: short RNAs go a long way. Cell. (2009) 136:586–91. doi: 10.1016/j.cell.2009.02.005

 14. Ma X, Yoshimoto K, Guan Y, Hata N, Mizoguchi M, Sagata N, et al. Associations between microrna expression and mesenchymal marker gene expression in glioblastoma. Neuro-Oncol. (2012) 14:1153–62. doi: 10.1093/neuonc/nos145

 15. Jhanwar-Uniyal M, Labagnara M, Friedman M, Kwasnicki A, Murali R. Glioblastoma: molecular pathways, stem cells and therapeutic targets. Cancers. (2015) 7:538–55. doi: 10.3390/cancers7020538

 16. Jiang J, Lan Y-Q, Zhang T, Yu M, Liu X-Y, Li L-H, et al. The in vitro effects of caffeine on viability, cycle cycle profiles, proliferation, and apoptosis of glioblastomas. Eur Rev Med Pharmacol Sci. (2015) 19:3201–7.

 17. Liu J-D, Song L-J, Yan D-J, Feng Y-Y, Zang Y-G, Yang Y. Caffeine inhibits the growth of glioblastomas through activating the caspase-3 signaling pathway in vitro. Eur Rev Med Pharmacol Sci. (2015) 19:3080–8.

 18. Kang SS, Han K-S, Ku BM, Lee YK, Hong J, Shin HY, et al. Inhibition of the Ca2+ Release channel, ip3r subtype 3 by caffeine slows glioblastoma invasion and migration and extends survival. Cancer Res. (2010) 70:1173–83. doi: 10.1158/0008-5472.CAN-09-2886

 19. Ku BM, Lee YK, Jeong JY, Ryu J, Choi J, Kim JS, et al. Caffeine inhibits cell proliferation and regulates pka/gsk3β pathways in u87mg human glioma cells. Mol Cells. (2011) 31:275–9. doi: 10.1007/s10059-011-0027-5

 20. Cheng Y-C, Ding Y-M, Hueng D-Y, Chen J-Y, Chen Y. Caffeine suppresses the progression of human glioblastoma via cathepsin B and MAPK signaling pathway. J Nutr Biochem. (2016) 33:63–72. doi: 10.1016/j.jnutbio.2016.03.004

 21. Sun F, Han D-F, Cao B-Q, Wang B, Dong N, Jiang D-H. Caffeine-induced nuclear translocation of foxo1 triggers bim-mediated apoptosis in human glioblastoma cells. Tumor Biol J Int Soc Oncodevelopmental Biol Med. (2016) 37:3417–23. doi: 10.1007/s13277-015-4180-x

 22. Li K, Tu Y, Liu Q, Ouyang Y, He M, Luo M, et al. PT93, a novel caffeic acid amide derivative, suppresses glioblastoma cells migration, proliferation and MMP-2/-9 expression. Oncol Lett. (2017) 13:1990–6. doi: 10.3892/ol.2017.5663

 23. Khan MSS, Asif M, Basheer MKA, Kang CW, Al-Suede FS, Ein OC, et al. Treatment of Novel IL17A inhibitor in glioblastoma implementing 3rd generation co-culture cell line and patient-derived tumor model. Eur J Pharmacol. (2017) 803:24–38. doi: 10.1016/j.ejphar.2017.03.031

 24. Li S, Zhu J-H, Cao L-P, Sun Q, Liu H-D, Li W-D, et al. Growth inhibitory in vitro effects of glycyrrhizic acid in u251 glioblastoma cell line. Neurol Sci Off J Ital Neurol Soc Ital Soc Clin Neurophysiol. (2014) 35:1115–20. doi: 10.1007/s10072-014-1661-4

 25. Bonafé GA, Dos Santos JS, Ziegler JV, Umezawa K, Ribeiro ML, Rocha T, et al. Growth inhibitory effects of dipotassium glycyrrhizinate in glioblastoma cell lines by targeting micrornas through the NF-κB signaling pathway. Front Cell Neurosci. (2019) 13:216. doi: 10.3389/fncel.2019.00216

 26. Wu H, Liu Q, Cai T, Chen Y-D, Wang Z-F. Induction of MicroRNA-146a is involved in curcumin-mediated enhancement of temozolomide cytotoxicity against human glioblastoma. Mol Med Rep. (2015) 12:5461–6. doi: 10.3892/mmr.2015.4087

 27. Li W, Yang W, Liu Y, Chen S, Chin S, Qi X, et al. MicroRNA-378 enhances inhibitory effect of curcumin on glioblastoma. Oncotarget. (2017) 8:73938–46. doi: 10.18632/oncotarget.17881

 28. Yin S, Du W, Wang F, Han B, Cui Y, Yang D, et al. MicroRNA-326 sensitizes human glioblastoma cells to curcumin via the SHH/GLI1 signaling pathway. Cancer Biol Ther. (2018) 19:260–70. doi: 10.1080/15384047.2016.1250981

 29. Tan X, Kim G, Lee D, Oh J, Kim M, Piao C, et al. A Curcumin-loaded polymeric micelle as a carrier of a microrna-21 antisense-oligonucleotide for enhanced anti-tumor effects in a glioblastoma animal model. Biomater Sci. (2018) 6:407–17. doi: 10.1039/C7BM01088E

 30. Qian C, Wang B, Zou Y, Zhang Y, Hu X, Sun W, et al. MicroRNA 145 enhances chemosensitivity of glioblastoma stem cells to demethoxycurcumin. Cancer Manag Res. (2019) 11:6829–40. doi: 10.2147/CMAR.S210076

 31. Garrido-Armas M, Corona JC, Escobar ML, Torres L, Ordóñez-Romero F, Hernández-Hernández A, et al. Paraptosis in human glioblastoma cell line induced by curcumin. Toxicol Vitro Int J Publ Assoc BIBRA. (2018) 51:63–73. doi: 10.1016/j.tiv.2018.04.014

 32. Silva VAO, Rosa MN, Miranda-Gonçalves V, Costa AM, Tansini A, Evangelista AF, et al. Euphol, a tetracyclic triterpene, from euphorbia tirucalli induces autophagy and sensitizes temozolomide cytotoxicity on glioblastoma cells. Invest New Drugs. (2019) 37:223–37. doi: 10.1007/s10637-018-0620-y

 33. Silva VAO, Rosa MN, Martinho O, Tanuri A, Lima JP, Pianowski LF, et al. Modified ingenol semi-synthetic derivatives from euphorbia tirucalli induce cytotoxicity on a large panel of human cancer cell lines. Invest New Drugs. (2019) 37:1029–35. doi: 10.1007/s10637-019-00728-0

 34. Morelli M, Frau L, Simola N. Alteration in the progression of dopamine neuron degeneration: may caffeine offer new perspective? Exp Neurol. (2012) 237:218–22. doi: 10.1016/j.expneurol.2012.05.023

 35. Hosny EN, Sawie HG, Elhadidy ME, Khadrawy YA. Evaluation of antioxidant and anti-inflammatory efficacy of caffeine in rat model of neurotoxicity. Nutr Neurosci. (2019) 22:789–96. doi: 10.1080/1028415X.2018.1446812

 36. Michaud DS, Gallo V, Schlehofer B, Tjønneland A, Olsen A, Overvad K, et al. Coffee and tea intake and risk of brain tumors in the european prospective investigation into cancer and nutrition (EPIC) cohort study. Am J Clin Nutr. (2010) 92:1145–50. doi: 10.3945/ajcn.2010.29876

 37. Ohtsubo M, Theodoras AM, Schumacher J, Roberts JM, Pagano M. Human Cyclin E, a nuclear protein essential for the g1-to-s phase transition. Mol Cell Biol. (1995) 15:2612–24. doi: 10.1128/MCB.15.5.2612

 38. Bode AM, Dong Z. The enigmatic effects of caffeine in cell cycle and cancer. Cancer Lett. (2007) 247:26–39. doi: 10.1016/j.canlet.2006.03.032

 39. Hashimoto T, He Z, Ma W-Y, Schmid PC, Bode AM, Yang CS, et al. Caffeine inhibits cell proliferation by G0/G1 phase arrest in JB6 cells. Cancer Res. (2004) 64:3344–9. doi: 10.1158/0008-5472.CAN-03-3453

 40. Weinberg RA. The retinoblastoma protein and cell cycle control. Cell. (1995) 81:323–30. doi: 10.1016/0092-8674(95)90385-2

 41. Kaufmann WK, Heffernan TP, Beaulieu LM, Doherty S, Frank AR, Zhou Y, et al. Caffeine and human DNA metabolism: the magic and the mystery. Mutat Res. (2003) 532:85–102. doi: 10.1016/j.mrfmmm.2003.08.012

 42. Diehl JA, Cheng M, Roussel MF, Sherr CJ. Glycogen synthase kinase-3beta regulates Cyclin D1 proteolysis and subcellular localization. Genes Dev. (1998) 12:3499–511. doi: 10.1101/gad.12.22.3499

 43. Li N, Zhang P, Kiang KMY, Cheng YS, Leung GKK. Caffeine sensitizes u87-mg human glioblastoma cells to temozolomide through mitotic catastrophe by impeding G2 arrest. BioMed Res Int. (2018) 2018:5364973. doi: 10.1155/2018/5364973

 44. Jang M-H, Shin M-C, Kang I-S, Baik H-H, Cho Y-H, Chu J-P, et al. Caffeine induces apoptosis in human neuroblastoma cell line SK-N-MC. J Korean Med Sci. (2002) 17:674–678. doi: 10.3346/jkms.2002.17.5.674

 45. Heath-Engel HM, Shore GC. Regulated targeting of Bax and Bak to intracellular membranes during apoptosis. Cell Death Differ. (2006) 13:1277–80. doi: 10.1038/sj.cdd.4401961

 46. Chipuk JE, Fisher JC, Dillon CP, Kriwacki RW, Kuwana T, Green DR. Mechanism of apoptosis induction by inhibition of the anti-apoptotic BCL-2 proteins. Proc Natl Acad Sci U S A. (2008) 105:20327–32. doi: 10.1073/pnas.0808036105

 47. Kilbride SM, Prehn JHM. Central roles of apoptotic proteins in mitochondrial function. Oncogene. (2013) 32:2703–11. doi: 10.1038/onc.2012.348

 48. Maiese K, Chong ZZ, Shang YC, Hou J. Clever cancer strategies with FoxO transcription factors. Cell Cycle Georget Tex. (2008) 7:3829–39. doi: 10.4161/cc.7.24.7231

 49. Modur V, Nagarajan R, Evers BM, Milbrandt J. FOXO proteins regulate tumor necrosis factor-related apoptosis inducing ligand expression. implications for pten mutation in prostate cancer. J Biol Chem. (2002) 277:47928–37. doi: 10.1074/jbc.M207509200

 50. Gilley J, Coffer PJ, Ham J. FOXO transcription factors directly activate bim gene expression and promote apoptosis in sympathetic neurons. J Cell Biol. (2003) 162:613–22. doi: 10.1083/jcb.200303026

 51. Ridley AJ, Schwartz MA, Burridge K, Firtel RA, Ginsberg MH, Borisy G, et al. Cell migration: integrating signals from front to back. Science. (2003) 302:1704–9. doi: 10.1126/science.1092053

 52. Yamazaki D, Kurisu S, Takenawa T. Regulation of cancer cell motility through actin reorganization. Cancer Sci. (2005) 96:379–86. doi: 10.1111/j.1349-7006.2005.00062.x

 53. Berridge MJ, Lipp P, Bootman MD. The versatility and universality of calcium signaling. Nat Rev Mol Cell Biol. (2000) 1:11–21. doi: 10.1038/35036035

 54. Ishiuchi S, Tsuzuki K, Yoshida Y, Yamada N, Hagimura N, Okado H, et al. Blockage of Ca(2+)-permeable ampa receptors suppresses migration and induces apoptosis in human glioblastoma cells. Nat Med. (2002) 8:971–8. doi: 10.1038/nm746

 55. Brown GR, Sayers LG, Kirk CJ, Michell RH, Michelangeli F. The opening of the inositol 1,4,5-trisphosphate-sensitive Ca2+ channel in rat cerebellum is inhibited by caffeine. Biochem J. (1992) 282:309312. doi: 10.1042/bj2820309

 56. Maes K, Missiaen L, De Smet P, Vanlingen S, Callewaert G, Parys JB, et al. Differential modulation of inositol 1,4,5-trisphosphate receptor type 1 and type 3 by ATP. Cell Calcium. (2000) 27:257–267. doi: 10.1054/ceca.2000.0121

 57. Bello L, Lucini V, Carrabba G, Giussani C, Machluf M, Pluderi M, et al. Simultaneous inhibition of glioma angiogenesis, cell proliferation, and invasion by a naturally occurring fragment of human metalloproteinase-2. Cancer Res. (2001) 61:8730–6.

 58. Park M-J, Park I-C, Hur J-H, Kim M-S, Lee H-C, Woo S-H, et al. Modulation of phorbol ester-induced regulation of matrix metalloproteinases and tissue inhibitors of metalloproteinases by SB203580, a specific inhibitor of p38 mitogen-activated protein kinase. J Neurosurg. (2002) 97:112–8. doi: 10.3171/jns.2002.97.1.0112

 59. Caraballo-Miralles V, Cardona-Rossinyol A, Garcera A, Villalonga P, Soler RM, Olmos G, et al. SMN deficiency attenuates migration of U87MG astroglioma cells through the activation of RhoA. Mol Cell Neurosci. (2012) 49:282–9. doi: 10.1016/j.mcn.2011.12.003

 60. Nasser JA, Falavigna A, Ferraz F, Duigou G, Bruce J. Transcription analysis of TIMP-1 and NM23-H1 genes in glioma cell invasion. Arq Neuropsiquiatr. (2006) 64:774–80. doi: 10.1590/S0004-282X2006000500014

 61. Hadler-Olsen E, Winberg J-O, Uhlin-Hansen L. Matrix metalloproteinases in cancer: their value as diagnostic and prognostic markers and therapeutic targets. Tumor Biol J Int Soc Oncodevelopmental Biol Med. (2013) 34:2041–51. doi: 10.1007/s13277-013-0842-8

 62. Dufour A, Overall CM. Missing the target: matrix metalloproteinase antitargets in inflammation and cancer. Trends Pharmacol Sci. (2013) 34:233–42. doi: 10.1016/j.tips.2013.02.004

 63. Vandenbroucke RE, Libert C. Is there new hope for therapeutic matrix metalloproteinase inhibition? Nat Rev Drug Discov. (2014) 13:904–27. doi: 10.1038/nrd4390

 64. Wojtowicz-Praga SM, Dickson RB, Hawkins MJ. Matrix metalloproteinase inhibitors. Invest New Drugs. (1997) 15:61–75. doi: 10.1023/A:1005722729132

 65. Boutwell RK, Brush MK, Rusch HP. The stimulating effect of dietary fat on carcinogenesis. Cancer Res. (1949) 9:741–6.

 66. Freedman LS, Clifford C, Messina M. Analysis of dietary fat, calories, body weight, and the development of mammary tumors in rats and mice: a review. Cancer Res. (1990) 50:5710–9.

 67. Shibata N, Shimokawa T, Jiang Z, Jeong Y, Ohno T, Kimura G, et al. Characteristics of intestinal absorption and disposition of glycyrrhizin in mice. Biopharm Drug Dispos. (2000) 21:95–101. doi: 10.1002/1099-081X(200004)21:3<95::AID-BDD221>3.0.CO;2-9

 68. Menegazzi M, Di Paola R, Mazzon E, Genovese T, Crisafulli C, Dal Bosco M, et al. Glycyrrhizin attenuates the development of carrageenan-induced lung injury in mice. Pharmacol Res. (2008) 58:22–31. doi: 10.1016/j.phrs.2008.05.012

 69. Hibasami H, Iwase H, Yoshioka K, Takahashi H. Glycyrrhizin induces apoptosis in human stomach cancer KATO III and human promyelotic leukemia HL-60 cells. Int J Mol Med. (2005) 16:233–6. doi: 10.3892/ijmm.16.2.233

 70. Hibasami H, Iwase H, Yoshioka K, Takahashi H. Glycyrrhetic acid (a metabolic substance and aglycon of glycyrrhizin) induces apoptosis in human hepatoma, promyelotic leukemia and stomach cancer cells. Int J Mol Med. (2006) 17:215–9. doi: 10.3892/ijmm.17.2.215

 71. Thirugnanam S, Xu L, Ramaswamy K, Gnanasekar M. glycyrrhizin induces apoptosis in prostate cancer cell lines DU-145 and LNCaP. Oncol Rep. (2008) 20:1387–92. doi: 10.3892/or_00000157

 72. Cosmetic Ingredient Review Expert Panel. Final report on the safety assessment of glycyrrhetinic acid, potassium glycyrrhetinate, disodium succinoyl glycyrrhetinate, glyceryl glycyrrhetinate, glycyrrhetinyl stearate, stearyl glycyrrhetinate, glycyrrhizic acid, ammonium glycyrrhizate, dipotassium glycyrrhizate, disodium glycyrrhizate, trisodium glycyrrhizate, methyl glycyrrhizate, and potassium glycyrrhizinate. Int J Toxicol. (2007) 26:79–112. doi: 10.1080/10915810701351228

 73. Brassesco MS, Roberto GM, Morales AG, Oliveira JC, Delsin LEA, Pezuk JA, et al. Inhibition of NF- κ B by dehydroxymethylepoxyquinomicin suppresses invasion and synergistically potentiates temozolomide and γ -radiation cytotoxicity in glioblastoma cells. Chemother Res Pract. (2013) 2013:593020. doi: 10.1155/2013/593020

 74. Smith D, Shimamura T, Barbera S, Bejcek BE. NF-KappaB controls growth of glioblastomas/astrocytomas. Mol Cell Biochem. (2008) 307:141–147. doi: 10.1007/s11010-007-9593-4

 75. Galardi S, Mercatelli N, Farace MG, Ciafrè SA. NF-KB and c-Jun induce the expression of the oncogenic miR-221 and miR-222 in prostate carcinoma and glioblastoma cells. Nucleic Acids Res. (2011) 39:3892–902. doi: 10.1093/nar/gkr006

 76. Zanotto-Filho A, Braganhol E, Schröder R, de Souza LHT, Dalmolin RJS, Pasquali MAB, et al. NFκB inhibitors induce cell death in glioblastomas. Biochem Pharmacol. (2011) 81:412–24. doi: 10.1016/j.bcp.2010.10.014

 77. Westhoff M-A, Zhou S, Nonnenmacher L, Karpel-Massler G, Jennewein C, Schneider M, et al. Inhibition of NF-κB signaling ablates the invasive phenotype of glioblastoma. Mol Cancer Res MCR. (2013) 11:1611–23. doi: 10.1158/1541-7786.MCR-13-0435-T

 78. Annovazzi L, Caldera V, Mellai M, Riganti C, Battaglia L, Chirio D, et al. The DNA damage/repair cascade in glioblastoma cell lines after chemotherapeutic agent treatment. Int J Oncol. (2015) 46:2299–308. doi: 10.3892/ijo.2015.2963

 79. Hermisson M, Klumpp A, Wick W, Wischhusen J, Nagel G, Roos W, et al. O6-Methylguanine DNA methyltransferase and p53 status predict temozolomide sensitivity in human malignant glioma cells. J Neurochem. (2006) 96:766–76. doi: 10.1111/j.1471-4159.2005.03583.x

 80. Bocangel DB, Finkelstein S, Schold SC, Bhakat KK, Mitra S, Kokkinakis DM. Multifaceted resistance of gliomas to temozolomide. Clin Cancer Res Off J Am Assoc Cancer Res. (2002) 8:2725–34. doi: 10.1016/j.gendis.2016.04.007

 81. Sordillo LA, Sordillo PP, Helson L. Curcumin for the treatment of glioblastoma. Anticancer Res. (2015) 35:6373–8. 

 82. Meng B, Li J, Cao H. Antioxidant and antiinflammatory activities of curcumin on diabetes mellitus and its complications. Curr Pharm Des. (2013) 19:2101–13. doi: 10.2174/1381612811319110011

 83. Mishra S, Palanivelu K. The effect of curcumin (Turmeric) on Alzheimer's Disease: an overview. Ann Indian Acad Neurol. (2008) 11:13–9. doi: 10.4103/0972-2327.40220

 84. Anggakusuma Null, Colpitts CC, Schang LM, Rachmawati H, Frentzen A, Pfaender S, et al. Turmeric curcumin inhibits entry of all hepatitis c virus genotypes into human liver cells. Gut. (2014) 63:1137–49. doi: 10.1136/gutjnl-2012-304299

 85. Sordillo PP, Helson L. curcumin suppression of cytokine release and cytokine storm. a potential therapy for patients with ebola and other severe viral infections. Vivo Athens Greece. (2015) 29:1–4.

 86. Leow P-C, Tian Q, Ong Z-Y, Yang Z, Ee P-LR. antitumor activity of natural compounds, curcumin and PKF118-310, as Wnt/β-catenin antagonists against human osteosarcoma cells. Invest New Drugs. (2010) 28:766–82. doi: 10.1007/s10637-009-9311-z

 87. Elamin MH, Shinwari Z, Hendrayani S-F, Al-Hindi H, Al-Shail E, Khafaga Y, et al. Curcumin inhibits the sonic hedgehog signaling pathway and triggers apoptosis in medulloblastoma cells. Mol Carcinog. (2010) 49:302–14. doi: 10.1002/mc.20604

 88. Alexandrow MG, Song LJ, Altiok S, Gray J, Haura EB, Kumar NB. Curcumin: a novel Stat3 pathway inhibitor for chemoprevention of lung cancer. Eur J Cancer Prev Off J Eur Cancer Prev Organ ECP. (2012) 21:407–12. doi: 10.1097/CEJ.0b013e32834ef194

 89. Chiu SS, Lui E, Majeed M, Vishwanatha JK, Ranjan AP, Maitra A, et al. Differential distribution of intravenous curcumin formulations in the rat brain. Anticancer Res. (2011) 31:907–11.

 90. Priyadarsini KI. The chemistry of curcumin: from extraction to therapeutic agent. Mol Basel Switz. (2014) 19:20091–112. doi: 10.3390/molecules191220091

 91. Dhandapani KM, Mahesh VB, Brann DW. Curcumin suppresses growth and chemoresistance of human glioblastoma cells via AP-1 and NFkappaB transcription factors. J Neurochem. (2007) 102:522–38. doi: 10.1111/j.1471-4159.2007.04633.x

 92. Zoi V, Galani V, Vartholomatos E, Zacharopoulou N, Tsoumeleka E, Gkizas G, et al. Curcumin and radiotherapy exert synergistic anti-glioma effect in vitro. Biomedicines. (2021) 9:1562. doi: 10.3390/biomedicines9111562

 93. Yin H, Zhou Y, Wen C, Zhou C, Zhang W, Hu X, et al. Curcumin Sensitizes glioblastoma to temozolomide by simultaneously generating ros and disrupting AKT/MTOR signaling. Oncol Rep. (2014) 32:1610–16. doi: 10.3892/or.2014.3342

 94. Akihisa T, Ogihara J, Kato J, Yasukawa K, Ukiya M, Yamanouchi S, et al. Inhibitory effects of triterpenoids and sterols on human immunodeficiency virus-1 reverse transcriptase. Lipids. (2001) 36:507–52. doi: 10.1007/s11745-001-0750-4

 95. Dutra RC, Bicca MA, Segat GC, Silva K a., BS, Motta EM, Pianowski LF, et al. The antinociceptive effects of the tetracyclic triterpene euphol in inflammatory and neuropathic pain models: the potential role of PKCε. Neuroscience. (2015) 303:126–37. doi: 10.1016/j.neuroscience.2015.06.051

 96. Dutra RC, de Souza PR de C, Bento AF, Marcon R, Bicca MA, Pianowski LF, et al. Euphol prevents experimental autoimmune encephalomyelitis in mice: evidence for the underlying mechanisms. Biochem Pharmacol. (2012) 83:531–42. doi: 10.1016/j.bcp.2011.11.026

 97. Dutra RC, Campos MM, Santos ARS, Calixto JB. Medicinal plants in Brazil: pharmacological studies, drug discovery, challenges and perspectives. Pharmacol Res. (2016) 112:4–29. doi: 10.1016/j.phrs.2016.01.021

 98. Franco-Salla GB, Prates J, Cardin LT, dos Santos ARD, Silva Jr WA da, da Cunha BR, et al. Euphorbia tirucalli modulates gene expression in larynx squamous cell carcinoma. BMC Complement Altern Med. (2016) 16:1115. doi: 10.1186/s12906-016-1115-z

 99. Prakash E, Gupta DK. Cytotoxic activities of extracts of medicinal plants of euphorbiacae family studied on seven human cancer cell lines. Univers J Plant Sci. (2013) 1:113–7. doi: 10.13189/ujps.2013.010401 

 100. Chen N, Karantza V. Autophagy as a therapeutic target in cancer. Cancer Biol Ther. (2011) 11:157–68. doi: 10.4161/cbt.11.2.14622

 101. Lin M-W, Lin A-S, Wu D-C, Wang SSW, Chang F-R, Wu Y-C, et al. Euphol From Euphorbia Tirucalli selectively inhibits human gastric cancer cell growth through the induction of ERK1/2-mediated apoptosis. Food Chem Toxicol Int J Publ Br Ind Biol Res Assoc. (2012) 50:4333–9. doi: 10.1016/j.fct.2012.05.029

 102. Abreu CM, Price SL, Shirk EN, Cunha RD, Pianowski LF, Clements JE, et al. Dual role of novel ingenol derivatives from euphorbia tirucalli in HIV replication: inhibition of de novo infection and activation of viral LTR. PloS One. (2014) 9:E97257. doi: 10.1371/journal.pone.0097257

 103. Vasas A, Rédei D, Csupor D, Molnár J, Hohmann J. Diterpenes from European euphorbia species serving as prototypes for natural-product-based drug discovery. Eur J Org Chem. (2012) 2012:5115–30. doi: 10.1002/ejoc.201200733

 104. Béres T, Dragull K, Pospíšil J, Tarkowská D, Dančák M, Bíba O, et al. Quantitative analysis of ingenol in euphorbia species via validated isotope dilution ultra-high performance liquid chromatography tandem mass spectrometry. Phytochem Anal PCA. (2018) 29:23–9. doi: 10.1002/pca.2711

 105. Lebwohl M, Swanson N, Anderson LL, Melgaard A, Xu Z, Berman B. Ingenol mebutate gel for actinic keratosis. N Engl J Med. (2012) 366:1010–9. doi: 10.1056/NEJMoa1111170

 106. Berman B. New developments in the treatment of actinic keratosis: focus on ingenol mebutate gel. Clin Cosmet Investig Dermatol. (2012) 5:111–22. doi: 10.2147/CCID.S28905

 107. Gillespie SK, Zhang XD, Hersey P. Ingenol 3-angelate induces dual modes of cell death and differentially regulates tumor necrosis factor-related apoptosis-inducing ligand-induced apoptosis in melanoma Cells. Mol Cancer Ther. (2004) 3:1651–8.

 108. Hampson P, Chahal H, Khanim F, Hayden R, Mulder A, Assi LK, et al. PEP005, a selective small-molecule activator of protein kinase C, has potent antileukemic activity mediated via the delta isoform of PKC. Blood. (2005) 106:1362–8. doi: 10.1182/blood-2004-10-4117

 109. Wang D, Liu P. Ingenol-3-angelate suppresses growth of melanoma cells and skin tumor development by downregulation of NF-κB-Cox2 signaling. Med Sci Monit Int Med J Exp Clin Res. (2018) 24:486–502. doi: 10.12659/MSM.906049

 110. Duarte N, Gyémánt N, Abreu PM, Molnár J, Ferreira M-JU. new macrocyclic lathyrane diterpenes, from Euphorbia lagascae, as inhibitors of multidrug resistance of tumor Cells. Planta Med. (2006) 72:162–8. doi: 10.1055/s-2005-873196

 111. Vigone A, Tron GC, Surico D, Baj G, Appendino G, Surico N. Ingenol derivatives inhibit proliferation and induce apoptosis in breast cancer cell lines. Eur J Gynaecol Oncol. (2005) 26:526–30.

 112. MacNeil A, Sumba OP, Lutzke ML, Moormann A, Rochford R. Activation of the Epstein-Barr Virus Lytic Cycle by the Latex of the Plant Euphorbia Tirucalli. Br J Cancer. (2003) 88:1566–1569. doi: 10.1038/sj.bjc.6600929

Conflict of Interest: JZ is employed by Verdi Cosmetics LLC, Joanópolis, São Paulo, Brazil.

The remaining 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.

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 © 2022 Bonafé, Boschiero, Sodré, Ziegler, Rocha and Ortega. 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.





ORIGINAL RESEARCH

published: 27 April 2022

doi: 10.3389/fonc.2022.875521

[image: image2]


Integrated Analysis of Transcriptome Data Revealed AURKA and KIF20A as Critical Genes in Medulloblastoma Progression


Bo Liang 1,2†, Yan Zhou 1†, Jiji Jiao 1†, Lixia Xu 3, Yan Yan 4, Qiaoli Wu 3, Xiaoguang Tong 3,5* and Hua Yan 3,5*


1 Clinical College of Neurology, Neurosurgery and Neurorehabilitation, Tianjin Medical University, Tianjin, China, 2 Department of Neurosurgery, The Fifith Affiliated Hospital of Zhengzhou University, Zhengzhou, China, 3 Tianjin Neurosurgical Institute, Tianjin Key Laboratory of Cerebrovascular and Neurodegenerative Diseases, Tianjin Huanhu Hospital, Tianjin, China, 4 Clinical Laboratory, Tianjin Huanhu Hospital, Tianjin, China, 5 Department of Neurosurgery, Tianjin Huanhu Hospital, Tianjin, China




Edited by: 

Liam Chen, University of Minnesota, United States

Reviewed by: 

Tung Nguyen-Thanh, Hue University of Medicine and Pharmacy, Vietnam

Abhijeet R. Patil, University of Pennsylvania, United States

*Correspondence: 
Hua Yan
yanhua20042007@sina.com
Xiaoguang Tong
tongxg@yahoo.com


†These authors have contributed equally to this work


Specialty section: 
 This article was submitted to Neuro-Oncology and Neurosurgical Oncology, a section of the journal Frontiers in Oncology


Received: 14 February 2022

Accepted: 29 March 2022

Published: 27 April 2022

Citation:
Liang B, Zhou Y, Jiao J, Xu L, Yan Y, Wu Q, Tong X and Yan H (2022) Integrated Analysis of Transcriptome Data Revealed AURKA and KIF20A as Critical Genes in Medulloblastoma Progression. Front. Oncol. 12:875521. doi: 10.3389/fonc.2022.875521



Medulloblastoma is the neuroepithelial tumor with the highest degree of malignancy in the central nervous system, accounting for about 8% to 10% of children’s brain tumors. It has a high degree of malignancy and is easily transmitted through cerebrospinal fluid, with a relatively poor prognosis. Although medulloblastoma has been widely studied and treated, its molecular mechanism remains unclear. To determine which gene plays a crucial role in medulloblastoma development and progression, we analyzed three microarray datasets from Gene Expression Omnibus. Gene Ontology and Kyoto Encyclopedia of Genes and Genomes were used to detect and evaluate differentially expressed genes. Protein interaction network was established, and the hub genes were determined in cytoHubba through various assessment methods, while the target genes were screened out using survival analysis. Ultimately, human medulloblastoma samples were utilized to confirm target gene expression. In conclusion, This study found that aurora kinase A (AURKA) and kinesin family member 20A (KIF20A) may be involved in the initiation and development of medulloblastoma, have a close association with prognosis, and may become a potential therapeutic target and prognostic marker of MED.
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Introduction

Medulloblastoma is an embryonal cerebellar tumor most commonly seen in children as a malignant brain tumor, occupying 8% to 10% of all pediatric brain cancers and occurring extremely infrequently in adults. Wingless (WNT), sonic hedgehog (SHH), group 3 (G3), as well as group 4 (G4) medulloblastoma are four primary molecularly and histopathologically different categories of medulloblastoma (1). Multimodal therapy, which included surgery, radiation therapy, and chemotherapy, decreased the late death’s cumulative incidence but raised the prevalence of recurrent tumors and critical, incapacitating chronic health disorders (2). Medulloblastoma research has also been on the leading edge of cancer genomics (3). According to current molecular genetic evidence, many molecular abnormalities are linked to cell transformation in medulloblastoma. HER2 was reported to be present in 86% of medulloblastomas and to be co-expressed with HER4 in 54% of MEDs. Co-expression of HER2 and HER4 results in a bad prognosis. In sporadic medulloblastoma, oncogenic mutations in the β -catenin gene boost transcription of numerous genes, including cyclin D1, C-MYC, and T-cytokine (TCF-1).Mutations that activate β -catenin may cause cell transformation in a medulloblastoma subpopulation (4). Clinical sequencing can convey valuable information to help with the categorization and diagnosis of MED, and some gene variations are linked to distinct molecular subtypes. CTNNB1 mutations, for example, are a particular manifestation of the WNT molecular subtype and have diagnostic relevance (5, 6). SHH tumors exhibit mutations in SHH pathway mediators, including SUFU, PTCH1, or SMO. Complete or partial deletion of chromosome 6 is usually employed to establish the diagnosis of the WNT molecular population. A positive FISH result on homologous chromosome 17q may assist to more firmly designate malignancies as MB owing to its relatively high specificity (7). The use of appropriate targeted therapies for patients with specific genetic mutations is one direction of research for molecular therapy of medulloblastoma, Patients with phosphatase and tensin homologous (PTEN) or mammalian target of rapamycin (mTOR) or PIK3CA-activated mutations, for example, were given PI3K or mTOR inhibitors, while patients with BRAF V600E mutations were given BRAF inhibitors. Patients with fibroblast growth factor receptor (FGFR) activation mutations or fusions were given FGFR inhibitors (8). Some studies have found that tumor immune microenvironment is influential in supporting or preventing tumor advancement. Tumor-associated macrophages/microglia (TAMs) can accelerate the development of tumor in the medulloblastoma sonic hedgehog subgroup (SHH-MB), As TAMs generally rely on the colony-stimulating factor 1 receptor (CSF1R), the inhibition of CSF1R may have curative promise in SHH-MB patients (9). The downregulation of miR-204 was associated with low survival rates in the G4 medulloblastom, while, in medulloblastoma cells, tumor suppression of miR-204 and miR-30a is triggered by inhibition of autophagy. Autophagy inhibitors can effectively reduce cranial spinal radiation dose, thus significantly reducing treatment-related side effects, which has potential in the treatment of medulloblastoma (10, 11). OLIG2+ progenitors from the glial lineage initiate tumors during the carcinogenesis and relapse of medulloblastoma, indicating that oncogenic networks driven by OLIG2 might be therapeutic targets (12). However, the current mortality rate from MED remains high. In order to find valid diagnostic and treatment techniques, it is critical to figure out the precise molecular pathways behind MED occurrence, growth, and recurrence.

During the previous few decades, the development of microarray technology has triggered a molecular revolution in the field of biological science. With advanced high-throughput gene sequencing technology, we have the opportunity to re-understand the genesis and development of medulloblastoma from the whole genome level. Through these new technologies, more and more molecular mechanisms and effective biomarkers are being discovered. To find possible MED biomarkers, we ran a series of analysis using high-throughput sequencing data obtained from three different datasets GSE39182, GSE74195, and GSE86574 in Gene Expression Omnibus (GEO). We first identified common DEGs from three databases and performed gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment and protein-protein interaction (PPI) network analyses to better comprehend the molecular underpinnings of cancer initiation and development. We confirmed that AURKA and KIF20A were associated with patient prognosis and could be used as biomarkers for MED. Then, immunohistochemistry was used to confirm its presence in patients. As for the screening of Hub genes in MED, compared with previous studies, we found two new Hub genes for the first time, and identified new biomarkers AURKA and KIF20A that are critical to the prognosis of patients combined with survival data. At the same time, we used experimental methods for the first time to verify that the expression of these two proteins in human medulloblastoma tissues is indeed significantly different from that in normal brain tissues.

In conclusion, our research identifies new possible prognostic indicators and therapeutic targets for MED.



Materials and Methods


Immunohistochemistry

The tumor tissue of 10 medulloblastoma patients and part of cerebellar tissue of 4 cerebellar hemorrhage patients were paraformaldehyde fixed with a concentration of 4% for 24 hours before paraffin embedment. These sections were antigen-repaired with sodium citrate buffer and then sealed with goat serum. AURKA mouse monoclonal antibody (1:400, Proteintech, 66757-1-IG) and KIF20A rabbit polyclonal antibody (1:400, Proteintech, 15910-1-AP) were stained overnight at 4°C, and the second antibody was subjected to incubation for 1 hour at ambient temperature. The percentages of AURKA and KIF20A positive cells were calculated.



Microarray Data

As a publicly accessible functional genomics resource, GEO (https://www.ncbi.nlm.nih.gov/geo/) includes high-throughput gene expression data, chips, as well as microarrays (13, 14). We downloaded three gene expression datasets (GSE39182 (15), GSE74195 (16), GSE86574 (17)) from GEO (Illumina GPL6947, Agilent GPL6480, Affymetrix GPL570 platform). Founded on the platform-based annotation information, we transformed the probes into the matching gene symbol. The GSE74195 dataset was composed of 27 MED tissue samples and 5 noncancer samples. GSE86574 contained 16 MED tissue samples and 5 noncancer samples. GSE39182 was composed of 20 MED tissue samples and 5 noncancer samples. The above datasets altogether contain 63 MED tissue samples and 15 noncancer samples.



Identification of DEGs

GEO2R (http://www.ncbi.nlm.nih.gov/geo/geo2r) was utilized to filter the DEGs between MED and noncancer samples. GEO2R is an interactive online application for determining DEGs across test settings by comparing two or more datasets in one series of GEO. P < 0.05 and logFC > 1 or < –1 were taken as cut-off standards.



GO and KEGG Enrichment Analyses of DEGs

GO is a key bioinformatics tool, which can be used to annotate genes and analyze the corresponding biological processes. In contrast, KEGG is a huge database for studying high-level functions and biological systems derived from massive molecular datasets collected by high-throughput test techniques. We applied Metascape (http://metascape.org/gp/index.html#/main/step1) to conduct GO and KEGG analyses on DEGs to determine their function. Metascape is an analysis tool based on web, containing discovery and annotation features (18). Moreover, the data were analyzed using online tools from the DAVID website (https://david.ncifcrf.gov/home.jsp) to guarantee the results’ legitimacy (19). The DAVID is an online bioinformatics database that includes a comprehensive biological knowledge base and analytical tools, as well as a large amount of annotation information concerning functions for genes and proteins, from which biological information may be extracted. P < 0.05 was taken as the cut-off standard.



PPI Network Construction and Screening of Hub Genes

The PPI network of DEGs or one single gene was established by utilizing STRING online database (http://string-db.org) (20), which can be adopted to analyze the functional protein–protein connections, and can explore the processes of disease formation or progression. Cytoscape is a free bioinformatics visualization software platform for visualizing interaction networks between molecules and finding hub genes (21). The Cytoscape plug-in cytoHubba is an APP for clustering a specific topology-based network based in order to locate highly linked sections (22). We identified the hub genes by three algorithms: DEGREE, MCC, and MNC in cytoHubba.



Target Gene Selection by Associating the Hub Gene Expression With the Survival of Patients with MED

To study the relationship between the hub gene expression and MED patients’ prognosis, we screened two datasets (GSE30074 and GSE85217) containing patient survival information and gene expression information from GEO database. Then, we used GraphPad Prime software to conduct a survival analysis on the hub genes.




Results


Identification of DEGs in MED

After the microarray results were standardized, DEGs (3470 in GSE39182, 1657 in GSE74195 and 3848 in GSE86574) were determined by GEO2R. The data were filtered by logFC ≥1 or ≤ –1 and P < 0.05. We analyzed the DEGs in each dataset separately and showed them in volcano map (Figures 1A–C). As indicated in the Venn diagram, the overlap between the three datasets includes 630 genes, with 299 upregulated genes (Figure 1D) and 331 downregulated genes (Figure 1E) between MED tissues and noncancer tissues.




Figure 1 | Identification of DEGs shared between the three databases. (A) The volcano map of GSE39182, (B) The volcano map of GSE74195, (C) The volcano map of GSE86574, (D) A Venn diagram used to identify 299 upregulated target genes in MED. (E) A Venn diagram used to identify 331 downregulated target genes in MED.





GO and KEGG Enrichment Analyses of DEGs

To better understand DEGs’ biological classification, Metascape online tools (http://metascape.org) were adopted for GO and KEGG pathway enrichment analyses. It is found that DEGs were predominantly enriched in the cell cycle, mitotic cell cycle process, chemical synaptic transmission, retinoblastoma gene in cancer, and neuronal system (Figures 2A–D). Afterwards, we conducted GO analysis by using the DAVID website. The biological process changes of DEGs were significantly concentrated in cell division, G1/S transition of mitotic cell cycle, mitotic nuclear, DNA replication, and sister chromatid cohesion (Figure 2E). The cell component (CC) changes of DEGs were mostly concentrated in nucleoplasm, cytosol, cytoplasm, cell junction, and postsynaptic density (Figure 2F). The molecular function (MF) changes of DEGs were mostly concentrated in protein biding, protein kinase binding, ATP binding, damaged DNA binding, as well as chromatin binding (Figure 2G). We investigated the DEG-enriched KEGG pathways further using the DAVID website. We discovered that the DEG genes were mostly concentrated in the cell cycle, DNA replication, oocyte meiosis, GABAergic synapse, and retrograde endocannabinoid signaling (Figure 2H).




Figure 2 | GO analysis and KEGG pathway analysis of DEGs. (A–D) GO analysis and KEGG pathway analysis. Bubble diagram of BP (E), CC (F), MF (G) and KEGG (H) analysis for MED.





PPI Network Construction and Screening of Hub Genes and Analysis

The PPI network of DEGs was built (Figure 3A), and the most important module was determined by the STRING online tool. Then, based on the DEGREE (Figure 3B), MCC (Figure 3C), and MNC (Figure 3D) in cytoHubba, we identified 12 hub genes. They were AURKA, BUB1B, CCNB1,CCNB2, CHEK1, KIF11, KIF20A, MAD2L1, MCM6, NCAPG, RFC4, and RRM2 (Figure 3E venn). The full names, abbreviations, as well as their functions for these hub genes are tabulated in Table 1. To visualize the findings of KEGG path analysis, we utilized the ClueGO plugin for Cytoscape. (Figure 3F).




Figure 3 | Determination of the hub genes. (A) PPI network of DEGs in MED. (B–D) Three different metrics: DEGREE, MCC, and MNC. (E) In MED, 12 hub genes were identified using a Venn diagram, (F) The ClueGO plugin in Cytoscape software was used to visualize the findings of KEGG pathway analysis.




Table 1 | Functional roles of 12 hub genes.





Determination of AURKA and KIF20A as the Target Genes by Survival Analysis

To investigate the relationship between hub genes and MED patient’s survival, we conducted a survival analysis of the hub genes by using survival data from GSE30074 (Figures 4A–L). We discovered that overexpressions of AURKA and KIF20A expression were linked with survival in MED patients. We then used the survival data of GSE85217 to verify these two genes again (Figure 5). Therefore, AURKA and KIF20A were selected as target genes. The different expressions of AURKA and KIF20A in the three databases were shown (Figures 6A–F).




Figure 4 | Survival analysis of the 12 hub genes in MED based on the GSE30074 database. (A) AURKA, (B) BUB1B, (C) CCNB1, (D) CCNB2, (E) CHEK1, (F) KIF11, (G) KIF20A, (H) MAD2L1, (I) MCM6, (J) NCAPG, (K) RFC4, (L) RRM2; P < 0.05 was considered statistically significant.






Figure 5 | Survival analysis of AURKA and KIF20A based on the GSE85217 database. (A) AURKA, (B) KIF20A. P < 0.05 was considered statistically significant.






Figure 6 | The different expressions of AURKA and KIF20A in the three databases. (A) Expressions of AURKA in GSE39182, (B) Expressions of AURKA in GSE74195, (C) Expressions of AURKA in GSE86574, (D) Expressions of KIF20A in GSE39182, (E) Expressions of KIF20A in GSE74195, (F) Expressions of KIF20A in GSE86574.





The Biological Role of AURKA in Tumors

To study whether AURKA is used as a carcinogene in other tumors, we investigated the differential expression of AURKA in several tumors and healthy tissues using GEPIA (http://gepia.cancer-pku.cn/). We found that AURKA is upregulated in many tumors, such as BLCA and CHOL (Figure 7A). To investigate the underlying molecular processes of AURKA, we utilized the STRING website to identify genes owning a protein–protein interaction with AURKA (Figure 7B). Using Metascape online tools, we obtained the enrichment analysis results of AURKA and the top 20 interacting proteins pathways and biological processes (Table 2), and then we employed the ClueGO plugin for Cytoscape to visualize the findings of KEGG path analysis of these linked genes. It is discovered that AURKA-related genes are mostly concentrated in the cell cycle and p53 signaling pathway (Figure 7C). We discovered that AURKA has a significant coexpression relationship with CCNB1, PLK1, CDC20, TP53, and MDM2.




Figure 7 | AURKA’s biological involvement in tumors. (A) AURKA expression in different tumors. (B) AURKA gene STRING interaction network preview of interacting proteins (showing top 20 STRING interactants). (C) Illustration of KEGG pathway analysis findings using the ClueGO plugin in Cytoscape. *P < 0.05, **P < 0.01, ***P < 0.001.




Table 2 | Pathway and process enrichment analysis of AURKA and top 20 interacting proteins.





The Biological Role of KIF20A in Tumors

To study whether KIF20A is used as a carcinogene in other tumors, we analyzed the differential expression of KIF20A in several tumors and healthy tissues using GEPIA. We found that the KIF20A overexpression occurs in many tumors, such as BLCA and COAD (Figure 8A). To investigate the underlying molecular processes of KIF20A, we utilized the STRING website to identify genes owning a protein–protein interaction with KIF20A (Figure 8B). Using Metascape online tools, we obtained the enrichment analysis results of KIF20A and the top 20 interacting proteins pathways and biological processes (Table 3), and then we employed the ClueGO plugin for Cytoscape to visualize the findings of KEGG path analysis of these linked genes. It is discovered that KIF20A-related genes are mostly concentrated in the cell cycle, oocyte meiosis, and progesterone-mediated oocytematuration (Figure 8C). We discovered that KIF20A has a significant coexpression relationship with BUB1, BUB1B, CCNB1, MAD2L1, PLK1, AURKA and CDC25C.




Figure 8 | KIF20A’s biological involvement in tumors. (A) KIF20A expression in different tumors. (B) KIF20A gene STRING interaction network preview of interacting proteins (showing top 20 STRING interactants). (C) Illustration of KEGG pathway analysis findings using the ClueGO plugin in Cytoscape. *P < 0.05, **P < 0.01, ***P < 0.001.




Table 3 | Pathway and biological process enrichment analysis of KIF20A and top 20 interacting proteins.





The Expression level of AURKA and KIF20A in MED

To verify the expression of AURKA and KIF20A at the protein level, IHC staining was carried out, and it was discovered that AURKA and KIF20A expression levels in MED were substantially higher than in cerebellar tissue (Figure 9). AURKA and KIF20A were strongly positive in MED group, while in normal brain tissue, they were both expressed as weakly positive or negative.




Figure 9 | Immunohistochemistry analysis of AURKA and KIF20A expression in Medulloblastoma tissues from Tianjin Huanhu Hospital (normal brain, n = 4; MED, n = 10). Scale bar = 50μm. Below is a list of statistical quantitative analyses. Data are mean ± SD. ***P < 0.001, one-way ANOVA.






Discussion

Brain tumors cause the most fatalities related to cancer in children, and the most prevalent malignant juvenile brain tumor is medulloblastoma (MB). Medulloblastomas account for 10% of all childhood brain tumors. These tumors occur only in the posterior fossa and have the possibility of mild meningeal spread (23). Surgical surgery, adjuvant chemotherapy, and craniospinal irradiation are the current therapeutic options (24). In spite of these advancements, 25–30% of patients still die from the condition, and those who survive have substantial long-range negative effects induced by intensive therapy (8), such as severe motor and cognitive deficits. As a result, it is urgent to discover new biomarkers and design new therapy procedures based on the presence of specific hub genes. Progresses in high-throughput chip technology and bioinformatics methods have helped us identify hub genes and provide a deeper understanding of childhood medulloblastoma.

In this study, DEGs between medulloblastoma tissue and healthy brain tissue were discovered analyzing three mRNA microarray datasets. The three datasets yielded 630 DEGs, comprising 299 upregulated genes and 331 downregulated genes. First, we performed GO (BP, CC and MF) analysis on 630 DEGs to study their biological functions. DEGs were mostly enriched in the cycle process, mitotic cell, cell cycle, chemical synaptic transmission, retinoblastoma gene in cancer, and neuronal system. Specifically, the changes in biological processes (BP) of DEGs were significantly enriched in Cell division, DNA replication, mitotic nuclear, G1/S transition of mitotic cell cycle, and sister chromatid cohesion. CC changes of DEGs were largely enriched in nucleoplasm, cytosol, cytoplasm, cell junction, and postsynaptic density. MF changes were largely enriched in protein binding, protein kinase binding, ATP binding, damaged DNA binding, and chromatin binding. These findings imply that these genes function in medulloblastoma cell mitosis, invasion, and metastasis. Based on KEGG pathway analysis results, DEGs were shown to be largely enriched in cell cycle, DNA replication, oocyte meiosis, GABAergic synapse and retrograde endocannabinoid signaling. Understanding the fundamental processes of MED proliferation and invasion, as well as predicting the course of MED, will be aided by research into these pathways.

We constructed a PPI network with these differential genes, and then screened out 12 hub genes: AURKA, BUB1B, CCNB1,CCNB2, CHEK1, KIF11, KIF20A, MAD2L1, MCM6, NCAPG, RFC4, and RRM2. KEGG analysis of these hub genes illustrated that they were largely enriched in DNA replication, cell cycle, progesterone-mediated oocyte maturation, and P53 signaling pathway. These hub genes can be potentially utilized as therapeutic targets for medulloblastoma. Then, based on the prognostic information of medulloblastoma patients in the GSE30074 and GSE85217 datasets. The expression levels of AURKA and KIF20A were discovered to be linked with the prognosis of medulloblastoma patients. Therefore, AURKA and KIF20A were selected as the target genes in this research.

To analyze the expression of AURKA and KIF20A in medulloblastoma at the protein level, we selected MED tissue samples and normal cerebellum tissues for immunohistochemical staining, and the findings proved that the expression of AURKA and KIF20A in cerebellum tissues was weakly positive or negative, while in MED, both AURKA and KIF20A were overexpressed, which was the same as their mRNA expression in MED. It was proved that AURKA and KIF20A can be used as biomarkers for MED.

KIF20A, also known as mitotic kinesin-like protein 2 (MKlp2) or rabkinesin6 (RAB6KIFL), is a kinesin-6 family 10 microtubule plus-end directed motor that is also necessary in the exit of mitosis for the final step of cytokinesis (25). KIF20A is found in the central spindle during mitosis, whose phosphorylation is necessary for cytoplasmic division (26). It has recently been reported that KIF20A knockout results in loss of neural precursor cells and neurons during cortical neurogenesis owing to premature cell cycle exit and neuronal differentiation (27). The overexpression of KIF20A is linked to the onset, progression, and prognosis of different cancers. Recent researches have reported that KIF20A was upregulated in esophageal squamous cell carcinoma (28), lung adenocarcinoma (29), prostate cancer (30), cervical cancer (31), colorectal cancer (32), non-small cell lung cancer (33), gastric cancer (34), bladder cancer (35), renal clear cell carcinoma (36), breast cancer (37), hepatocellular carcinoma (38), nasopharyngeal carcinoma (39), ovarian cancer (40), leukemia (25), glioma (41), and soft tissue sarcoma (42). This is consistent with our analysis in the GEPIA online database. KIF20A overexpression is linked to HCC and NPC patient survival, and it can be utilized independently as a prognostic marker for HCC and NPC patients (38, 39). Furthermore, KIF20A is linked with chemotherapy resistance and radiation resistance of some tumors. For instance, in colorectal cancer, KIF20 is highly upregulated in oxaliplatin resistant cell lines, and has a close correlation with the survival of colorectal cancer patients. Silencing KIF20A increased the sensitivity of cells to oxaliplatin in vivo and in vitro (43). Forkhead box M1 (FOXM1), a transcription factor participating in cell proliferation as well as cycle progression, has been linked to chemotherapy sensitivity. High expression of FOXM1 may increase docetaxel resistance by promoting KIF20A expression (44). FOXM1 plays a role in regulating radiosensitivity in glioma and breast cancer cells, and FOXM1 may enhance radiation resistance in part by inducing KIF20A expression (45). In addition to the high expression of KIF20A in the above tumors, our study found that KIF20A was also highly upregulated in MED, and according to the prognostic survival analysis, KIF20A was shown to be directly linked to the prognosis of MED patients, and the overexpression of KIF20A illustrated a poor survival prognosis of MED patients. KEGG enrichment analysis of KIF20A revealed that KIF20A and its associated genes were shown to be highly enriched in the cell cycle, oocyte meiosis, and progesterone-mediated oocytematuration. The enrichment analysis results of KIF20A and the top 20 interacting proteins pathways and biological processes were shown in Table 3. Further study on these pathways will assist to reveal the mechanism of KIF20A in MED.

AURKA is a serine/threonine kinase whose activation is required for cell division through controlling mitosis. Under physiological conditions, AURKA controls cilia breakdown, neurite extension, cell movement, DNA replication, and aging procedures. It is found in mitochondria in a cancer-like environment, where mitochondrial dynamics and ATP generation are affected, actively promoting DNA repair and cell migration and invasion (46). Our analysis using the GEPIA database showed that AURKA was highly upregulated in various tumors. The function of AURKA substrates, some of which are mitotic regulators, tumor suppressors, or carcinogenes, is modulated by AURKA-mediated phosphorylation (47). Currently many researches have revealed that the activation of AURKA has a crucial role in multiple cancers, for example, gastric cancer (48), liposarcoma (49), neuroblastoma (50), pancreatic cancer (51), gastrointestinal cancer (52), hepatocellular carcinoma (53), leukemia (54), epithelial ovarian cancer (55), head and neck squamous cell carcinoma (56), prostate cancer (57), bladder cancer (58), upper gastrointestinal adenocarcinoma (59), fertile tumor of the bone marrow (60), oral squamous cell carcinoma (61), KIF20A was highly expressed. In most tumors, upregulation of KIF20A suggests a poor prognosis of patients, except for colon cancer, where it has been found that the AURKA upregulation in colon cancer suggests better prognosis of patients with colon cancer (62). AURKA overexpression contributed to oxaliplatin-induced death of colon cancer cells, while AURKA knockdown drastically reduced chemotherapy sensitivity of colon cancer cells to oxaliplatin. In terms of mechanism, AURKA inhibits DNA damage responses in a TP53-dependent manner by inhibiting the expression of multiple DNA damage repair genes, which may partly explain ARUKA’s association with beneficial outcomes in colon cancer. In addition to the upregulation of AURKA in the above tumors, our study found that AURKA was also overexpressed in MED. According to the prognostic survival analysis, AURKA was closely linked to the prognosis of MED patients, and the AURKA upregulation predicted a poor survival prognosis of MED patients. By KEGG enrichment analysis of AURKA and its interacting proteins, we found that these proteins affect typical carcinogenic pathways like the cell cycle and p53 signaling pathway. To better understand the biological functions of AURKA, enrichment analysis was performed using Metascape online tools, the enrichment analysis results of AURKA and the top 20 interacting proteins pathways and biological processes were shown in Table 2. All of these data points to AURKA as a potential target for cancer treatment, and various small compounds targeting AURKA have been found. These AURKA inhibitors (AKIs) have been studied in preclinical investigations, and some have been studied in clinical trials as monotherapies or in conjunction with traditional chemotherapy or other targeted medicines.

According to the latest research, we discussed the involvement of KIF20A and AURKA in the occurrence and development of MED and their close correlation with the prognosis of patients, implying that these genes might be used as promising biomarkers and therapeutic targets of MED. Despite the fact that our work adds to our understanding of the link between AURKA, KIF20A and MED, it has several limitations. First of all, the mRNA sequencing data of MED in this study only came from GEO database. As there were few sequencing data related to MED, our sample size was insufficient. Secondly, the basic experiments of our verification and inspection are insufficient. Only IHC experiments are involved, and RT-qPCR validation in clinical samples is also required. In vitro and in vivo experiments are also our next research direction. Third, for these genes play a role in the mechanism is still not entirely clear, Our current study only stays at the transcriptional level and does not involve the upstream and downstream pathways of target gene related proteins, the next step we should take multiple omics research, including proteomics, metabolomics, and DNA methylation, autophagy and LncRNA, ceRNA, etc. Fourth, Immune infiltration is important in the growth of tumors. the immune microenvironment profoundly affected the prognosis of patients with tumor, because our data is limited, the present study did not show that the target gene influences the immune cell migration and invasion, the next step should be studied gradually AURKA, KIF20A biological function in immune microenvironment. Fifthly, our study is limited to MED. Next, we can carry out combinative analysis with a variety of tumors to explore the mechanism of action of AURKA and KIF20A in generalized cancer. Sixthly, to explore the correlation between target genes and patients’ prognosis and survival, we need to consider multiple clinical factors and parameters, such as the details of patients’ treatment. However, such information is lacking in the public database. We only included the information of two datasets, and the sample size is insufficient, which may lead to analysis bias, which is also the biggest problem of this study. In the next step, we should conduct a prospective study to avoid insufficient sample size due to the retrospective nature. At the same time, as many environmental factors and genetic factors including region, race, age, gender, family history were included as much as possible.



Conclusions

In conclusion, this study found that DEGs participate in the occurrence and development of MED through a public database study, and screened out two possible biomarkers, AURKA and KIF20A. Both genes may be new therapeutic targets. In addition, basic experiments on clinical patient specimens proved that these two genes were indeed upregulated in MED tissues. However, the biological function of these genes in MED remains to be further studied.
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Primary central nervous system diffuse large B-cell lymphoma (PCNS-DLBCL) is an uncommon non-Hodgkin lymphoma subtype, and its clinical and pathological characteristics remain unclear. PCNS-DLBCL patient data were retrospectively evaluated to determine clinical and pathological characteristics and prognostic factors. Furthermore, prognoses were calculated by Kaplan–Meier and Cox regression models based on clinical observations. In total, 51 immunocompetent patients were enrolled. The median age was 55 (range, 16–82) years, and the male-to-female ratio was 3:2. Headache (n = 19; 37%) and the frontal lobe (n = 16; 31%) were the most common presenting symptom and location, respectively. The median follow-up was 33 (range, 3–86) months, and the median overall survival (OS) and progression-free survival (PFS) were 18 months [95% confidence interval (CI), 21.2–34.2] and 15 months (95% CI, 16.9–28.7), respectively. Ki-67, cluster of differentiation-3, and deep brain involvement were independent prognostic markers. Moreover, multifocal lesions and deep brain involvement were unfavorable independent prognostic markers for PFS. This study indicates that targeted drug development for adverse prognostic factors is possible and provides guidance for clinical treatment decision-making.




Keywords: primary central nervous system diffuse large B-cell lymphoma, pathological feature, survival rates, radiological features, molecular marker



Introduction

Diffuse large B-cell lymphoma (DLBCL) is the most common lymphoma subtype, accounting for 30%–40% of adult non-Hodgkin lymphoma diagnoses. Primary central nervous system diffuse large B-cell lymphoma (PCNS-DLBCL) is a rare subtype of B-cell lymphoma (BCL), representing <1% of all non-Hodgkin lymphomas (1). Moreover, the World Health Organization (WHO) classifies PCNS-DLBCL as a distinct entity of hematolymphoid tumors. PCNS-DLBCL mainly occurs among the elderly, especially those over the age of 60.

Over previous decades, the incidence of primary central nervous system lymphoma (PCNSL) has increased markedly in immunocompetent patients for unknown reasons, whereas the incidence of human immunodeficiency virus (HIV)-associated PCNSLs has declined, possibly due to the development of highly active antiretroviral therapies (2, 3). Recently, clinical trials with DLBCL patients have explored the prognostic effect and interdependence of the cell-of-origin (COO) classification and Hans algorithm, dual expression of MYC and BCL-2 proteins, and MYC, BCL-2, and BCL-6 translocations (4) using complementary DNA microarrays and immunohistochemical staining with various markers, including a cluster of differentiation (CD)10, BCL-6, and multiple myeloma-1/interferon regulatory factor-4 (MUM-1).

Previous studies have identified two DLBCL subtypes using the Hans algorithm: germinal center B-cell-like (GCB) and non-GCB (5–8). Many studies have also suggested that the clinical features of PCNS-DLBCL are particularly relevant. Thus, this study aimed to confirm the prognostic factors of PCNS-DLBCL by Kaplan–Meier and Cox regression models.



Methods


Patients

All patients received surgical treatment between January 2012 and February 2021. Patients with HIV and immunodeficiency diseases were excluded. Clinical data were obtained from the medical records and follow-up, including sex, age, clinical symptoms, symptom duration, tumor location, laboratory reports, operative findings, and adjuvant therapy strategy. The PCNS-DLBCL diagnosis required microscopic and immunohistochemical evidence and was identified by two experienced neuropathologists (CD and LD) with no knowledge of the patient’s clinical status. The same neuropathologists reexamined the tumor samples using the 2007 WHO classification guidelines (8).



Demographic and Clinical Data

Demographic and clinical data were retrospectively collected from patients’ medical records. The location, number of lesions, tumor size, and deep brain involvement were evaluated using magnetic resonance imaging.



Histological Reexamination and Immunohistochemical Staining

Tissue specimens were fixed in a 10% buffered formaldehyde solution and embedded in paraffin wax. All specimens were cut into 3-mm-thick sections and stained with hematoxylin and eosin following the standard protocol. Specimens were also stained with periodic acid–Schiff with and without diastase, mucicarmine, and alcian blue (pH 2.5).

Immunohistochemical staining was performed using the Envision technique with monoclonal antibodies against CD20 (1:200), BCL-2 (1:100), BCL-6 (1:100), C-MYC (1:100), Ki-67 (1:100), CD3 (1:100), CD10 (1:100), and MUM-1 (1:100). All antibodies were obtained from Proteintech (Wuhan, China). Appropriate positive and negative controls for each antibody were run in parallel. Two observers jointly evaluated the immunohistochemical reactions that were descriptively evaluated according to the cellular compartment and cellular population expression of protein and used the cutoff values of > 0% and > 20% of neoplastic cells expressing CD20, BCL-2, BCL-6, C-MYC, Ki-67, CD3, CD10, and MUM-1 to determine positivity for these markers. The MIB-1 labeling index was calculated in regions of maximal activity and expressed as the percentage of stained nuclear area.



Outcome Data

Follow-up data were obtained from patient records or by telephone. Progression-free survival (PFS) and overall survival (OS) were the primary endpoints. The last follow-up day was 8 February 2021. OS was assessed from the first diagnosis date until the date of the last follow-up or death. PFS was calculated from the date of the first diagnosis to the date of progression, relapse, death, or last contact.



Ethics Committee Approval

The surgical procedures and clinical follow-up were conducted under the guidelines and terms of all relevant local legislation and received approval from the Lanzhou University Second Hospital’s ethics committee (number 2021A-524). All patients signed informed consent before the operation.



Statistical Analyses

The potential prognostic factors were age, sex, lactate dehydrogenase (LDH) level, tumor size, number of lesions, the extent of resection, histopathology, immunohistochemistry, and survival rates or progression rates and analyzed by the Kaplan–Meier method. All variables with a p-value of <0.10 in the univariate analysis were included in the Cox proportional hazards multivariate analysis, used to further investigate the prognostic factor relationships. The chi-squared test was used to compare the survival rate differences among PCNS-DLBCL patients with and without GCB. Bivariate associations between survival or recurrence and the prognostic factors were tested using the log-rank test. All differences were considered statistically significant at a p-value of <0.05. Statistical analyses were performed using SPSS for Windows (version 18.0; IBM SPSS Statistics, IBM Corporation, Armonk, NY, USA).




Results

Supplementary Table S1 and Table 1 summarize patient clinical information. The study included 30 men and 21 women with a median age of 55.0 (range, 16–82) years; three patients were aged <18 years upon initial diagnosis. The most common presenting symptom was headache (n = 19). Other presenting symptoms included motor symptoms (n = 16), vision loss (n = 12), epilepsy (n = 3), hemiplegia (n =10, aphasia (n = 10), and cognitive symptoms (n = 4). The main postoperative complication was venous thrombosis of the lower extremities.


Table 1 | Initial presentations of the 51 PCNS-DLBCL patients at diagnosis.



Table 2 presents the tumor characteristics. At the initial operation, the tumors occurred in different locations, including the frontal lobe (n = 16), temporal lobe (n = 9), parietal lobe (n = 9), occipital lobe (n = 5), ventricular region (n = 10), basal ganglia and thalamus (n = 4), cerebellopontine angle area (n = 3), cerebellum (n = 3), brainstem (n = 2), and pineal gland (n = 2). Notably, the tumor in case number 47 was in the hypothalamus. There were 17 cases with multifocal lesions and deep brain involvement, involving important structures such as the lateral ventricle, basal ganglia, thalamus, and hippocampus (Figures 1A–H). At the same time, we also found that two cases were very special; patient 1 is the youngest reported case of PCNS-DLBCL, and patients 1 and 2 were of great clinical value and significance in analysis, diagnosis, and differential diagnosis of PCNS-DLBCL (Figures 2A–D). The tumors ranged from 15 to 150 mm (median, 60 mm) in maximal diameter. In total, 31 (61%) patients underwent gross total resection, and 20 patients (39%) underwent stereotactic biopsy.


Table 2 | Mass location of the 51 PCNS-DLBCL patients (63 lesions) at diagnosis.






Figure 1 | Case 1, male, 16 years old. (A, B) MRI-enhanced images showed homogeneous enhancement of tumors in the dorsal side of the brainstem, around the fourth ventricle, and in the pineal region. (C) Postoperative MRI showed gross total resection of brainstem lesions. (D, E) Case 2, female, 52 years old. Sagittal-enhanced images showed significantly enhanced tumor masses in the left parietal lobe. (F) The tumor was totally resected. (G, H) Case 38, female, 48 years old, right cerebellar hemisphere aera displayed homogeneous enhancement. (I) Postoperative MRI revealed surgery combined with radiotherapy and chemotherapy obtained a good therapeutic effect.






Figure 2 | (A) HE staining pictures of patients 1 and 2. The above two pictures show patient 1; the bottom two pictures show patient 2 (left: 10×10, right: 10×40). (B) Histopathological examination of the bone marrow of patients 1 and 2: the above two pictures showed patient 1; the bottom two picture showed patient 2. (C, D) Chromosome karyotype analysis of the two patients. (E) Flow cytometry analysis showed that lymphocytes accounted for 9.5% of nuclear cells, and the proportion decreased in patient 1. The proportion of B lymphocytes increased. However, no obvious light chain restriction was found. Primitive region cells account for about 0.5% of nuclear cells.




Histology and Immunohistochemistry

We obtained specimens from 51 PCNS-DLBCL patients. Histopathological examination revealed tumor tissue composed of lymphoid cells with irregular morphology. The tumor cells displayed abundant eosinophilic cytoplasm, frequent mitoses, and necrotic foci. Most tumor tissues were accompanied by the proliferation of small blood vessels. Furthermore, some lymphoid cells around the blood vessels had apparent proliferation, forming the “cuff” and “starry sky” phenomena. Reed–Sternberg cells were also found in a small number of tumor tissues (Figure 2A). All 51 PCNS-DLBCL patients met the 2007 WHO diagnostic criteria (9).

All 51 PCNS-DLBCL patients were identified in the pathology database. All were HIV negative and without an immunosuppressive disease. Furthermore, all patients were strongly positive for CD20 and CD79a, and neoplastic cells expressed pan-B-cell markers, such as CD20, CD79a, and paired box 5 (i.e., PAX5). Seventy percent (36/51) stained positively for MUM-1, 73% (37/51) stained positively for BCL-6, 57% (29/51) stained positively for BCL-2, 31% (16/51) stained positively for CD10, 49% (25/51) stained positively for CD3, and 18% (9/51) stained >90% positive for Ki-67. The Hans algorithm indicated that 32 cases (63%; 32/51) were non-GCB, and 19 (37%; 19/51) were GCB. Finally, 33% (17/51) had BCL-2 and C-MYC coexpression.



Treatments

All patients had available treatment information. No one received radiotherapy only as an initial treatment because diagnosing PCNS-DLBCL based on only imaging data (i.e., without pathological examination) is very difficult. Moreover, no one received chemotherapy only as an initial treatment or autologous stem cell transplantation. Of those who received postoperative chemotherapy, all received high-dose methotrexate (HD-MTX ≥3.5 g/m2). When their diagnosis was not clear, two patients (4%) received rituximab, and another two patients received treatment options included rituximab and cyclophosphamide, Adria MYC, vincristine, and prednisone (i.e., CHOP)-like regimens as part of their initial therapy, but when their diagnosis was established, HD-MTX therapy was performed.



Prognostic Factors and Overall Survival

All patients had sufficient follow-up data for the analysis. The median follow-up was 33 (range, 3–86) months, and the median OS was 18.0 months [95% confidence interval (CI), 21.2–34.2]. The 1-, 3-, and 5-year OS probability rates were 75% (95% CI, 71–79), 31% (95% CI, 27–35), and 12% (95% CI, 8–15), respectively. Table 3 summarizes the independent univariate analyses performed for each potential prognostic factor. Ki-67 positivity >90% (p = 0.001), CD3 positivity (p = 0.002), tumor size >5 cm (p = 0.003), less than two lesions (p = 0.029), AB blood type (p = 0.011), BCL-2 and C-MYC coexpression (p = 0.036), and deep brain involvement (p = 0.017) were significantly related to a worse OS (Figures 3A, C, D, G, 4A, C). Patients with gross total resection (GTR) had a greater median OS (32 months; 95% CI, 16.5–47.4) than those with residual tumor after surgery (30 months; 95% CI, 16.2–43.7; p = 0.292). Cox regression analyses revealed that Ki-67 and CD3 were independent prognostic factors for improved OS [Ki-67: p = 0.001, hazard ratio (HR) = 0.135, 95% CI, 0.045–0.411; CD3: p = 0.004, HR = 3.697; 95% CI, 1.145–11.940].


Table 3 | Univariate and multivariate analyses of risk factors for overall survival.






Figure 3 | Kaplan–Meier overall survival curve stratified by various risk factors. (A) OS in patients with BCL-2 and C-myc coexpression (red line) or one expression (blue line). (B) PFS in patients with positive C-myc combined with positive Bcl-2 (red line) or the other conditions (blue line). (C) OS in patients with different blood types, there was a significant difference in OS between different blood types. (D, E) OS/PFS in patients with positive CD3 (red line) or negative CD3(blue line). (F) PFS in patients with GTR (red line) and PR (blue line). (G, H) OS/PFS in patients with Ki-67 >90% (red line) or Ki-67 <90% (blue line). (I) OS in patients with different tumor size. PFS, progression-free survival; OS, overall survival.






Figure 4 | Kaplan–Meier overall survival curve stratified by various risk factors. (A, B) OS and PFS in patients with deep brain involvement (red line) or absent deep brain involvement (blue line). (C, D) OS/PFS in patients with multifocal lesions (red line) or one lesion (blue line).





Prognostic Factors and Progression-Free Survival

At the final follow-up, 37 patients experienced progression, defined as aggravation, recurrence, and death. The median PFS was 17.0 months (95% CI, 13.6–20.4). Progression occurred in 18 of 30 male PCNS-DLBCL patients and 18 of 21 female PCNS-DLBCL patients. Men with PCNS-DLBCL had an 18.7% 5-year PFS rate, and women had a rate of 6.8%, but log-rank tests indicated no association between sex and PFS (p = 0.167). Progression occurred in 26 of 36 PCNS-DLBCL patients younger than 60 and 11 of 15 PCNS-DLBCL patients over 60. Patients younger than 60 had a 14.4% 5-year PFS rate, and patients older than 60 had a 22.5% rate, but age and PFS were also not associated (log-rank test; p = 0.281).

Progression occurred in 7 of 9 (77.7%) PCNS-DLBCL patients with Ki-67 positivity >90% and 12 of 42 (28.5%) with Ki-67 positivity <90%. Those with Ki-67 positivity >90% had a 0% 5-year PFS rate, and those with Ki-67 positivity <90% had a 19.5% rate. Log-rank tests indicated a significant relationship between Ki-67 and PFS (p = 0.001).

Progression occurred in 8 of 25 (32%) PCNS-DLBCL patients with CD3 positivity and 6 of 26 (23%) with CD3 negativity. CD3-positive patients had a 30% 5-year PFS rate, but CD3-negative patients had a 0% rate; CD3 and PFS were significantly associated (log-rank test; p = 0.007).

Progression occurred in 10 of 34 (29.4%) PCNS-DLBCL patients with less than two lesions and 4 of 17 patients (23.5%) with more than two lesions. Patients with less than two lesions had a 19% 5-year PFS rate, and patients with more than two lesions had a 0% rate; the lesion number and PFS were significantly associated (log-rank test; p = 0.024).

Progression occurred in 8 of 31 (25.8%) PCNS-DLBCL patients receiving GTR and 6 of 20 (30.0%) patients receiving partial excision. Patients with GTR had a 20.3% 5-year PFS rate, and patients receiving partial excision had a 5% rate. Importantly, PCNS-DLBCL patients with BCL-2 and C-MYC coexpression had a 0% 5-year PFS rate, whereas patients with BCL or C-MYC expression had a 20% rate. Ki-67 positivity >90% (p = 0.001), CD3 positivity (p = 0.007), two or more lesions (p = 0.024), BCL-2 and C-MYC coexpression (p = 0.019), partial excision (p = 0.051), and deep brain involvement (p = 0.004) were significantly associated with worse PFS (Figures 3B, E, F, H, 4B, D). Table 4 summarizes the other factors.


Table 4 | Univariate and multivariate analyses of risk factors for progression-free survival.






Discussion

The fifth edition of the WHO Classification of Tumors of the Central Nervous System (CNS), published in 2021, has emphasized molecular diagnostics for CNS tumor classification (10). This study investigated the role of clinicopathological features and molecular diagnostic factors in predicting patient prognosis. We found seven prognostic factors that significantly correlated with OS and six that significantly related to PFS. We also found that BCL-2 and C-MYC coexpression can act as a hazard factor of PCNS-DLBCL, and smaller tumors had shortened survival times. Deep tumor involvement or multifocal lesions were also significantly associated with OS and PFS, and CD3 was related to good PCNS-DLBCL outcomes as a T-cell marker. Together, these results suggest that molecular pathological diagnosis may play a vital role in the prognosis of PCNS-DLBCL patients.

In our study, more PCNS-DLBCL patients were <60 years old, contrary to a previous study (11) that reported a median age at PCNSL diagnosis of 66 years. Occurrence in children is very rare. However, in our series, one patient (1/51) was younger than 18 years old upon initial diagnosis, and the age of 16 was the youngest case of PCNS-DLBCL found in China.

In our study, the smaller the tumor, the shorter the survival time. It is possible that the tumor tissue was deep, which may destroy the deep brain conduction bundle, leading to a considerably shorter survival time and higher recurrence risk. At the same time, deep brain involvement was an independent risk factor in multivariate analysis, but another study reported no difference in deep brain involvement between patients with and without recurrence (12). It is generally believed that PCNS-DLBCL is highly sensitive to chemotherapy and radiotherapy, and surgical treatment is limited to diagnostic biopsies. However, in our study, the extent of resection may correlate with PFS. Technical advances in neurosurgery have increased the safety of PCNSL surgical resections (13, 14). Therefore, we propose reconsidering tumor removal to treat a single lesion amenable to resection.

The GCB-like DLBCL subtype has a better prognosis than the activated B-cell-like subtype (15, 16). It is well known that PCNS-DLBCL has a variety of molecular characteristics, and the primary factors closely related to prognosis are BCL-2/MYC double expression, BCL-2/C-MYC double aberrations (17), and BCL-6 rearrangements, which are often recognized using cytogenetic fluorescence in situ hybridization (FISH) studies (18). C-MYC/BCL-2 double-hit lymphoma has been recognized as a chromosomal break involving MYC and BCL-2, which is very rare, representing 3% of all DLBCL cases (19). In our series, 33% (17/51) of patients had C-MYC/BCL-2 coexpression, and coexpression was correlated with OS and PFS. C-MYC and BCL-2 have also been associated with resistance, a poor response to therapy, and a worse survival rate in PCNS-DLBCL patients (16, 20). We also found C-MYC/BCL-2 as a new predictive factor, correlating with survival time and occurrence independent of the COO subtype and Hans algorithm. In our study, 53% of cases had C-MYC expression, which was significantly lower than that reported by Gill et al. (73%) (21) and Brunn et al. (92%) (22). Additionally, the MYC FISH study provided crucial information for differentiating PCNS-DLBCL from other lymphoma subtypes. As a result, FISH staining should be performed as soon as possible to observe chromosomal site mutations (18).

Although some studies determined that MUM-1, CD10, and BCL-6 were favorable prognostic markers (23), other studies and ours did not find a correlation between these factors and prognosis (24, 25). As a T-cell marker, CD3-positive PCNS-DLBCL is very rare. In our cohort study, we found that CD3 positivity was associated with a significantly better median OS than CD3 negativity in univariate and multivariate analyses. Interestingly, blood type was a prognostic factor for OS in the univariate analysis. Thus, we are the first to demonstrate that blood types significantly correlate with the prognosis of PCNS-DLBCL. In our study, the AB blood type was the least represented, and type AB patients had the worst prognosis, which deserves further investigation. Multivariate analysis identified Ki-67 and CD3 as independent prognostic factors for survival time. Moreover, Ki-67, CD3, and deep brain involvement were independent prognostic factors for PFS.


Limitations

There are some limitations to this study. First, our study was a retrospective study; therefore, potential bias is inevitable. Second, the median follow-up time was not sufficiently long, <3 years in several cases. Third, the postoperative imaging data were not complete. Moreover, the small cohort in this study might not be well suited to an assessment of our treatment policy.




Conclusion

This retrospective study spanned 9 years and analyzed the demographic and clinicopathological features of PCNS-DLBCL patients.

For OS, CD3 positivity was an independent favorable prognostic factor, and Ki-67 positivity>0%, tumor size <2 cm, multifocal lesions, BCL-2 and C-MYC coexpression, and deep brain involvement were independent adverse prognostic factors.

For PFS, the extent of resection was an important prognostic factor. Therefore, we recommend GTR for a single lesion. Furthermore, Ki-67 positivity>0%, multifocal lesions, BCL-2 and C-MYC coexpression, and deep brain involvement were independent adverse prognostic factors. The diagnosis and differential diagnosis of PCNS-DLBCL are very difficult. Therefore, it is important to diagnose PCNS-DLBCL based on molecular characteristics and FISH staining. Furthermore, early postoperative chemotherapy and radiotherapy may play a vital role in preventing recurrence.



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 human participants were reviewed and approved by the Lanzhou University Second Hospital’s ethics committee. Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin. Written informed consent was obtained from the minor(s)’ legal guardian/next of kin for the publication of any potentially identifiable images or data included in this article.



Author Contributions

Conception and design: ZQ. Acquisition of data: all authors. Analysis and interpretation of data: ZQ and YZ. Drafting the article: ZQ, LD, GY, JL, YP, and YZ. Critically revising the article: YZ. Reviewed submitted version of manuscript: ZQ and YZ. Approved the final version of the manuscript on behalf of all authors: YZ. Statistical analysis: ZQ. Study supervision: YZ. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Natural Science Foundation of China (81771297), Research Innovation Group Project of Gansu Province (21JR7RA432), and Gansu Province Health Industry Research Project (GSWSKY2018-01).



Acknowledgments

We thank Professor Chi Dong and Professor Li Dong for providing patient information.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2022.769895/full#supplementary-material

Supplementary Table S1 | Clinicopathological features of 51 primary PCNS-DLBCL cases.



Abbreviations

PCNS-DLBCL, primary central nervous system diffuse large B-cell lymphoma; OS, overall survival; PFS, progression-free survival, EOR, extent of resection; GTR, gross of resection.



References

1. Schlegel, U. Primary CNS Lymphoma. Ther Adv Neurol Disord (2009) 2(2):93–104. doi: 10.1177/1756285608101222

2. Corn, B, Marcus, S, Topham, A, Hauck, W, and Curran, W. Will Primary Central Nervous System Lymphoma be the Most Frequent Brain Tumor Diagnosed in the Year 2000? Cancer (1997) 79(12):2409–13. doi: 10.1002/(SICI)1097-0142(19970615)79:12<2409::AID-CNCR17>3.0.CO;2-V

3. Kadan-Lottick, N, Skluzacek, M, and Gurney, J. Decreasing Incidence Rates of Primary Central Nervous System Lymphoma. Cancer (2002) 95(1):193–202. doi: 10.1002/cncr.10643

4. Staiger, A, Ziepert, M, Horn, H, Scott, D, Barth, T, Bernd, H, et al. Clinical Impact of the Cell-Of-Origin Classification and the MYC/ BCL2 Dual Expresser Status in Diffuse Large B-Cell Lymphoma Treated Within Prospective Clinical Trials of the German High-Grade Non-Hodgkin's Lymphoma Study Group. J Clin Oncol (2017) 35(22):2515–26. doi: 10.1200/JCO.2016.70.3660

5. Myklebust, J, Brody, J, Kohrt, H, Kolstad, A, Czerwinski, D, Wälchli, S, et al. Distinct Patterns of B-Cell Receptor Signaling in non-Hodgkin Lymphomas Identified by Single-Cell Profiling. Blood (2017) 129(6):759–70. doi: 10.1182/blood-2016-05-718494

6. Kurtz, D, Scherer, F, Jin, M, Soo, J, Craig, A, Esfahani, M, et al. Circulating Tumor DNA Measurements As Early Outcome Predictors in Diffuse Large B-Cell Lymphoma. J Clin Oncol (2018) 36(28):2845–53. doi: 10.1200/JCO.2018.78.5246

7. Merdan, S, Subramanian, K, Ayer, T, Van Weyenbergh, J, Chang, A, Koff, J, et al. Gene Expression Profiling-Based Risk Prediction and Profiles of Immune Infiltration in Diffuse Large B-Cell Lymphoma. Blood Cancer J (2021) 11(1):2. doi: 10.1038/s41408-020-00404-0

8. Hans, C, Weisenburger, D, Greiner, T, Gascoyne, R, Delabie, J, Ott, G, et al. Confirmation of the Molecular Classification of Diffuse Large B-Cell Lymphoma by Immunohistochemistry Using a Tissue Microarray. Blood (2004) 103(1):275–82. doi: 10.1182/blood-2003-05-1545

9. Grimm, K, and O'Malley, D. Aggressive B Cell Lymphomas in the 2017 Revised WHO Classification of Tumors of Hematopoietic and Lymphoid Tissues. Ann Diagn Pathol (2019) 38:6–10. doi: 10.1016/j.anndiagpath.2018.09.014

10. Louis, DN, Perry, A, Wesseling, P, Brat, DJ, Cree, IA, Figarella-Branger, D, et al. The 2021 WHO Classification of Tumors of the Central Nervous System: A Summary. Neuro Oncol (2021) 23(8):1231–51. doi: 10.1093/neuonc/noab106

11. Grommes, C, and DeAngelis, LM. Primary CNS Lymphoma. J Clin Oncol (2017) 35(21):2410–8. doi: 10.1200/JCO.2017.72.7602

12. Yuan, X, Huang, Y, Yu, T, Xu, Y, Liang, Y, Zhang, X, et al. Primary Central Nervous System Lymphoma in China: A Single-Center Retrospective Analysis of 167 Cases. Ann Hematol (2020) 99(1):93–104. doi: 10.1007/s00277-019-03821-9

13. Cloney, MB, Sonabend, AM, Yun, J, Yang, J, Iwamoto, F, Singh, S, et al. The Safety of Resection for Primary Central Nervous System Lymphoma: A Single Institution Retrospective Analysis. J Neurooncol (2017) 132(1):189–97. doi: 10.1007/s11060-016-2358-8

14. Yun, J, Yang, J, Cloney, M, Mehta, A, Singh, S, Iwamoto, FM, et al. Assessing the Safety of Craniotomy for Resection of Primary Central Nervous System Lymphoma: A Nationwide Inpatient Sample Analysis. Front Neurol (2017) 8:478. doi: 10.3389/fneur.2017.00478

15. Alizadeh, AA, Eisen, MB, Davis, RE, Ma, C, Lossos, IS, Rosenwald, A, et al. Distinct Types of Diffuse Large B-Cell Lymphoma Identified by Gene Expression Profiling. Nature (2000) 403(6769):503–11. doi: 10.1038/35000501

16. Rosenwald, A, Wright, G, Chan, WC, Connors, JM, Campo, E, Fisher, RI, et al. The Use of Molecular Profiling to Predict Survival After Chemotherapy for Diffuse Large-B-Cell Lymphoma. N Engl J Med (2002) 346(25):1937–47. doi: 10.1056/NEJMoa012914

17. Yin, W, Xia, X, Wu, M, Yang, H, Zhu, X, Sun, W, et al. The Impact of BCL-2/MYC Protein Expression and Gene Abnormality on Primary Central Nervous System Diffuse Large B-Cell Lymphoma. Int J Clin Exp Pathol (2019) 12(6):2215–23.

18. Swerdlow, S. Diagnosis of 'Double Hit' Diffuse Large B-Cell Lymphoma and B-Cell Lymphoma, Unclassifiable, With Features Intermediate Between DLBCL and Burkitt Lymphoma: When and How, FISH Versus IHC. Hematol Am Soc Hematol Educ Program (2014) 2014(1):90–9. doi: 10.1182/asheducation-2014.1.90

19. Hu, S, Xu-Monette, ZY, Tzankov, A, Green, T, Wu, L, Balasubramanyam, A, et al. MYC/BCL2 Protein Coexpression Contributes to the Inferior Survival of Activated B-Cell Subtype of Diffuse Large B-Cell Lymphoma and Demonstrates High-Risk Gene Expression Signatures: A Report From The International DLBCL Rituximab-CHOP Consortium Program. Blood (2013) 121(20):4021–31. doi: 10.1182/blood-2012-10-460063

20. Akyurek, N, Uner, A, Benekli, M, and Barista, I. Prognostic Significance of MYC, BCL2, and BCL6 Rearrangements in Patients With Diffuse Large B-Cell Lymphoma Treated With Cyclophosphamide, Doxorubicin, Vincristine, and Prednisone Plus Rituximab. Cancer (2012) 118(17):4173–83. doi: 10.1002/cncr.27396

21. Gill, KZ, Iwamoto, F, Allen, A, Hoehn, D, Murty, VV, Alobeid, B, et al. MYC Protein Expression in Primary Diffuse Large B-Cell Lymphoma of the Central Nervous System. PLoS One (2014) 9(12):e114398. doi: 10.1371/journal.pone.0114398

22. Brunn, A, Nagel, I, Montesinos-Rongen, M, Klapper, W, Vater, I, Paulus, W, et al. Frequent Triple-Hit Expression of MYC, BCL2, and BCL6 in Primary Lymphoma of the Central Nervous System and Absence of a Favorable MYC(low)BCL2 (Low) Subgroup may Underlie the Inferior Prognosis as Compared to Systemic Diffuse Large B Cell Lymphomas. Acta Neuropathol (2013) 126(4):603–5. doi: 10.1007/s00401-013-1169-7

23. Levy, O, Deangelis, LM, Filippa, DA, Panageas, KS, and Abrey, LE. Bcl-6 Predicts Improved Prognosis in Primary Central Nervous System Lymphoma. Cancer (2008) 112(1):151–6. doi: 10.1002/cncr.23149

24. Liu, J, Wang, Y, Liu, Y, Liu, Z, Cui, Q, Ji, N, et al. Immunohistochemical Profile and Prognostic Significance in Primary Central Nervous System Lymphoma: Analysis of 89 Cases. Oncol Lett (2017) 14(5):5505–12. doi: 10.3892/ol.2017.6893

25. Raoux, D, Duband, S, Forest, F, Trombert, B, Chambonnière, ML, Dumollard, JM, et al. Primary Central Nervous System Lymphoma: Immunohistochemical Profile and Prognostic Significance. Neuropathology (2010) 30(3):232–40. doi: 10.1111/j.1440-1789.2009.01074.x




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.


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 © 2022 Qi, Duan, Yuan, Liu, Li, Li, Yu, Xu, Ma, Pan and Zhang. 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.




ORIGINAL RESEARCH

published: 03 August 2022

doi: 10.3389/fonc.2022.819599

[image: image2]


Anti-Migratory Effect of Dipotassium Glycyrrhizinate on Glioblastoma Cell Lines: Microarray Data for the Identification of Key MicroRNA Signatures


Gabriel Alves Bonafé 1,2†, Jéssica Silva dos Santos 1,2†, Anna Maria Alves de Piloto Fernandes 3, Jussara Vaz Ziegler 4, Fernando Augusto Lima Marson 1,2†, Thalita Rocha 5†, Patricia de Oliveira Carvalho 3† and Manoela Marques Ortega 1,2*† 


1 Laboratory of Cell and Molecular Tumor Biology and Bioactive Compounds, Post Graduate Program in Health Science, São Francisco University, Bragança Paulista, São Paulo, Brazil, 2 Laboratory of Human and Medical Genetics, Post Graduate Program in Health Science, São Francisco University, Bragança Paulista, São Paulo, Brazil, 3 Multidisciplinary Research Laboratory, Post Graduate Program in Health Science, São Francisco University, Bragança Paulista, São Paulo, Brazil, 4 Verdi Cosmetics Limited Liability Company, Joanópolis, São Paulo, Brazil, 5 Post Graduate Program in Biomaterials and Regenerative Medicine, Faculty of Medical Sciences and Health, Pontifical Catholic University of São Paulo, Sorocaba, São Paulo, Brazil




Edited by: 

Liam Chen, University of Minnesota, United States

Reviewed by: 

Gerardo Caruso, University Hospital of Policlinico G. Martino, Italy

Ari Meerson, Migal - Galilee Research Institute, Israel

*Correspondence: 

Manoela Marques Ortega
 manoela.ortega@usf.edu.br

†ORCID: 
Gabriel Alves Bonafé
 orcid.org/0000-0002-9280-0122
 Jéssica Silva dos Santos
 orcid.org/0000-0002-3733-6734

Patricia de Oliveira Carvalho
 orcid.org/0000-0002-2681-7022

Thalita Rocha
 orcid.org/0000-0002-2731-9586

Fernando Augusto Lima Marson
 orcid.org/0000-0003-4955-4234

Manoela Marques Ortega
 orcid.org/0000-0003-4609-7074

Specialty section: 
 This article was submitted to Neuro-Oncology and Neurosurgical Oncology, a section of the journal Frontiers in Oncology


Received: 21 November 2021

Accepted: 06 June 2022

Published: 03 August 2022

Citation:
Bonafé GA, dos Santos JS, Fernandes AMAdP, Ziegler JV, Marson FAL, Rocha T, Carvalho PdO and Ortega MM (2022) Anti-Migratory Effect of Dipotassium Glycyrrhizinate on Glioblastoma Cell Lines: Microarray Data for the Identification of Key MicroRNA Signatures. Front. Oncol. 12:819599. doi: 10.3389/fonc.2022.819599



The nuclear factor kappa B (NF-κB) pathway has been reported to be responsible for the aggressive disease phenomenon observed in glioblastoma (GBM). Dipotassium glycyrrhizinate (DPG), a dipotassium salt of glycyrrhizic acid isolated from licorice, has recently demonstrated an anti-tumoral effect on GBM cell lines U87MG and T98G through NF-κB suppression by IRAK2- and TRAF6-mediating microRNA (miR)-16 and miR-146a, respectively. Thus, the present study aimed to evaluate the expression profiles of miRNAs related to NF-κB suppression in T98G GBM cell line after DPG exposure using miRNA microarray (Affymetrix Human miRNA 4.0A), considering only predicted miRNAs as NF-κB regulator genes. Additional assays using U251 and U138MG cells were performed to validate the array results. DPG cytotoxicity was determined by (4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide assay, and cellular apoptosis was quantified by DNA fragmentation and terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay. The anti-proliferative effect was observed by cell proliferation and wound-healing assays, and the sphere formation assay examined whether DPG reduced stem cell subpopulation formation. The most over-expressed miRNAs were miR-4443 and miR-3620. The cytotoxic effect of DPG in U251 and U138MG was observed with an IC50 of 32 and 20 mM for 48 h, respectively. The IC50 of each cell line was used in all further assays. DPG treatment-induced apoptosis is observed by DNA fragmentation and increased TUNEL-positive cells. Cell proliferation and wound-healing assays showed an anti-proliferative and anti-migratory effect by DPG on the evaluated cell lines. In addition, DPG treatment led to a 100% reduction in sphere formation. The qPCR results in U251 and U138MG cells showed that DPG increased miR-4443 (2.44 vs. 1.11, p-value = 0.11; 8.27 vs. 1.25, p-value = 0.04) and miR-3620 expression (1.66 vs. 1.00, p-value = 0.03; 8.47 vs. 1.01, p-value = 0.03) and decreased CD209 (0.44 vs. 1.10, p-value = 0.03; 0.49 vs. 1.07, p-value = 0.04) and TNC (0.20 vs. 1.03, p-value = 0.001; 0.39 vs. 1.06, p-value = 0.01) mRNA levels compared to controls. Our results suggest that DPG inhibits cell viability by activating apoptosis and inhibiting cell proliferation and stem cell subpopulation formation through miR-4443 and miR-3620 upregulation. Both miRNAs are responsible for the post-transcriptional inhibition of NF-κB by CD209 and TNC modulation.
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Introduction

Glioblastoma (GBM) cells have a high capacity to invade and infiltrate normal surrounding brain tissue aggressively, hindering complete surgical resection (1). In addition, GBM cell tumors are very resistant to radiation and cytotoxic chemotherapy (2). GBM molecular subtyping, over the past two decades, has provided predictions of evolution, common disease pathways, and better treatment options (3–8). In addition, single-cell RNA sequencing revealed that multiple subtypes could exist within a single tumor, underscoring the substantial inter- and intra-tumor heterogeneity of GBM (9). MicroRNAs (miRNAs), a class of small non-coding RNA species, have critical functions across various biological processes associated with the pathogenesis of GBM (10). The miR expression signatures also characterize the phenotypic diversity of GBM subclasses through their ability to regulate developmental growth and differentiation (10, 11). Moreover, miRNAs have been previously proven to be promising diagnostic biomarkers in GBM (11–13).

Dipotassium glycyrrhizinate (DPG, C42H60K2O16), a dipotassium salt of glycyrrhizic acid (C42H62O16) isolated from licorice (Glycyrrhiza glabra), has recently demonstrated an anti-tumoral effect on GBM cell lines U87MG and T98G through a decrease of proliferation and an increase of apoptosis. In addition, DPG anti-tumoral effect seems to be related to nuclear factor kappa B (NF-κB) pathway suppression by IRAK2- and TRAF6-mediating miR-16 and miR-146a, respectively (14). In fact, one study supported the role of miRNAs in NF-κB regulation (15).

In the present study, the expression profile of miRNAs in T98G GBM cells, a temozolomide (TMZ)-resistant cell line, after DPG exposure was obtained using microarrays. Interestingly, the most over-expressed miRNAs were miR-4443 and miR-3620. Additional cellular studies using other GBM cell lines were performed to validate the array results. Moreover, DPG decreased the viability and sphere formation of the cultured stem cell-enriched populations of established GBM cell lines.



Materials and Methods


Cell Culture and Treatments

U87MG, T98G, U251, and U138MG were kindly donated by Dr. Adriana da Silva Santos Duarte, Hemocenter, University of Campinas, Campinas, São Paulo, Brazil, and were cultured at 37°C in Dulbecco’s modified Eagle’s medium (DMEM) high glucose supplemented with 10% fetal calf serum (FCS) and 1% penicillin/streptomycin (Cultilab, Campinas, São Paulo, Brazil) at 37°C in a 5% CO2 atmosphere. For all experiments, the cells were seeded and grown for 72 h before the experimental treatments. The cells were passaged by Trypsin 0.25% (Cultilab) until the seventh passage after thawing.

DPG (chemical abstracts service number 68797-35-3) was obtained from Verdi Cosmetics LLC (Joanópolis, São Paulo, Brazil). For the cell line treatments, DPG was diluted in DMEM to prepare a 2,000-μM stock solution. All treatment assays were performed in the presence of 10% FCS and 1% P/S.



Ultraperformance Liquid Chromatography

The composition of DPG was determined by ultraperformance liquid chromatography–mass spectrometry using an Acquity UPLC system (Waters Co., Milford, MA, USA) coupled with an Acquity TQD mass spectrometer (Micromass; Waters Co.) as described in Franco et al. (16).



Determination of Cellular Metabolic Activity (Cell Viability)

Adherent GBM cells (U251 and U138MG) were seeded in 96-well flat-bottomed tissue culture plates (0.2 × 106 cells/plate). After 24 h of incubation at 37°C in a 5% CO2 environment, various concentrations (5, 8, 12, 15, 18, 20, 24, 28, 32, and 36 mM) of DPG were used to treat the GBM cell lines based on a previous study (14). The cells were cultured for 24, 48, and 72 h prior to (4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide incubation (Sigma, St. Louis, MO, United States). The cells were incubated for 4 h at 37°C in a 5% CO2 environment. Following incubation, formazan crystals were solubilized with 100 μL of dimethyl sulfoxide. Cell viability was determined by measuring the optical density at 550 nm using a microplate spectrometer (Thermo Fisher, Waltham, MA, USA). The cell survival rates were expressed as percentages of the value of normal cells. Untreated control cells were analyzed in all experiments, and all DPG dose treatments were performed in triplicate.



Determination of DPG Effects on Cell Viability

U251 and U138MG cells (0.4 × 106 cells/well) were cultured in 24-well tissue culture plates for 24 h at 37°C in a 5% CO2 environment and further exposed to 32 and 20 mM of DPG, respectively. The cells were washed in phosphate-buffered saline (PBS), and the viable cells were counted by trypan blue dye exclusion assay for 4 days. Untreated cells were used as a control, and the experiments were performed in triplicate.



Evaluation of the Effect of DPG on Cell Death by DNA Fragmentation

U251 and U138MG cells were cultured in 6-well tissue culture plates for 24 h at 37°C in a 5% CO2 environment and further exposed to 32 and 20 mM of DPG for 48 and 72 h, respectively. The TMZ-resistant U251 was also exposed for 96 h. DNA was isolated using lithium chloride extraction (17). The purity of DNA was analyzed in a spectrophotometer at 260/280 nm, and the ratio was confirmed to be between 1.7 and 1.9. DNA samples were then electrophoresed on 1.5% agarose gel and visualized with ethidium bromide staining under ultraviolet illumination.



Evaluation of DPG Effect on Cell Death by TUNEL Assay

U251 and U138MG cells were cultured in 96-well tissue culture plates for 24 h at 37°C in a 5% CO2 environment and further exposed to 32 and 20 mM of DPG for 72 h, respectively. Cellular apoptosis was evaluated after treatment with DPG by in situ terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay using in situ cell death detection kit, fluorescein (Roche Applied Science, Mannheim, Germany), according to the manufacturer’s protocols. Apoptotic indexes were calculated by scoring four randomly selected fields and counting the number of apoptotic cells over the total of viable cells, representing a quota compared to untreated cells. The cells were directly analyzed under a fluorescence microscope (Axio Vert. A1 ZEISS, Germany).



Wound Healing Assay

U251 and U138MG cells were seeded in 6-well plates (1 × 106 cells/well) and grown overnight at 37°C in a 5% CO2 environment to confluence. The monolayer of cells was scratched with a 200-mL pipette tip to create a wound, and the plates were washed twice with PBS and cultured with DPG (32 mm and 20 mM, respectively). Afterward, cells migrating from the leading edge were photographed at 0, 24, 48, and 72 h under an inverted microscope (Axio Vert. A1 ZEISS). Untreated cells were used as a control. The distance of the scratch closure was examined using ImageJ software (National Institutes of Health, Bethesda, MD, United States). Each value is derived from the same selected fields, and results are expressed as the mean of migrating cell numbers per field.



Sphere-Cultured Stem Cell-Enriched GBM Populations

U251 and U138MG cells (1 × 104 cells/well) were cultured at 37°C in a 5% CO2 environment in serum-free DMEM/F12 supplemented with N2 supplement (StemCell, Vancouver, Canada) containing epidermal growth factor (20 ng/mL) (Peprotech, Ribeirão Preto, São Paulo, Brazil), basic fibroblast growth factor (20 ng/mL) (Peprotech), and 1% penicillin/streptomycin (120 mg/mL) (Thermo Fisher) for at least 6 days. For the subsequent DPG treatment (32 and 20 mM, respectively), 75-µm neuro-spheres were cultured for 24 and 48 h. Cells without DPG were cultured as controls. Cells were observed and photographed under an inverted microscope (Axio Vert. A1 ZEISS).



miRNA and Gene Expression Arrays

miRNA expression profiles were conducted in T98G cell line DPG exposure (24 mM; 48 h of DPG treatment) (14) and control cells. Analyses were performed using Affymetrix® GeneChip miRNA 2.0 array (Affymetrix, Santa Clara, CA, USA), which detects 2,578 known human miRNAs (miRBase v.15; Affymetrix). Total RNA was labeled with FlashTag Biotin HSR, hybridized with the arrays, then washed with PBS, stained, and scanned according to Affymetrix GeneChip Command Console software. The miRNA QC Tool software (Affymetrix) was used for data summarization, normalization, and quality control.



Identification of miRNA Target Genes

The analysis of miRNA differential expression profile was performed considering only 91 miRNAs previously selected and predicted as regulators of genes involved in the NF-κB pathway (Supplementary Table S1). Conventional online programs, including miRanda (http://www.microrna.org), TargetScan (http://www.targetscan.org), and Findtar (http://bio.sz.tsinghua.edu.cn), were used to predict the targets of miRNAs. To identify the most likely targets, mRNA and miRNA expression data obtained on the same biological samples using Microsoft Excel tools were integrated. Twofold upregulated miRNA and corresponding 2fold downregulated mRNA targets were selected for further investigation.



Total RNA Isolation

For the U87MG and T98G cells, the half-maximal inhibitory concentration (IC50) used is based on a previous study using DPG as a therapeutic compound in GBM cell lines (14). Total RNA was isolated from U87MG, T98G, U251, and U138MG cells after DPG exposure (18, 24, 32, and 20 mM for 48 h, respectively) and control cells using TRIzol® reagent (Thermo Fisher), according to the manufacturer’s instructions. Total RNA quantification was performed using the ND-1000 spectrophotometer (Nanodrop; Thermo Fisher).



Validation of miRNA and mRNA Expression Levels

cDNA conversion was performed using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA). qPCR was performed on a 7500 Fast Real-Time PCR system (Applied Biosystems) using SYBR-Green PCR Master Mix (Applied Biosystems). Each sample was examined in triplicate, and the expression of each gene was normalized by control gene expression (GAPDH) and calculated by applying the 2−ΔΔCt method (18). The expression value of each gene was represented as fold change. The primer sequences used for amplification by qPCR with SYBRGreen dye (Applied Biosystems) are as follows: CD209 5′-CATGTCTAACTCCCAGCGG-3′ (sense) and 5′-GAAA GTCCCATCCAGGTGAAG-3′ (anti-sense), TNC 5′-CACT ACAC AGCC AAGATCCAG-3′ (sense) and 5′-TCGT GTCT CCATT CAGC ATTG-3′ (anti-sense), and GAPDH (forward) 5′- CCAC TTG ATTTTGGAGGGAT-3′ and (reverse) 5′-GCA CCGT CAAG GCTGAGAAC-3′.

miRNA expression analysis was validated using the MicroRNA Assay kit (Applied Biosystems), which incorporates a target-specific stem-loop reverse transcription primer to provide specificity for mature miRNA target. U6 served as an endogenous control for the normalization of RNA input. Specific primers for mRNA expression analysis and the endogenous control were provided by Thermo Fischer (miR-4443: assay 463010_mat; miR-3620: assay CTKA3MT; and U6: assays 001973 and 03928990_g1). The specificity of the PCR products was tested by dissociation curves. Relative values of transcripts were calculated using the equation 2−ΔΔCt, where ΔCt is equal to the difference in threshold cycles for target and reference genes. Each experiment was performed in triplicate.



Statistical Analysis

A two-tailed T-test was performed for all two sets of numerical data (treated and non-treated cells), and P-value ≤0.05 was considered statistically significant. The results are expressed as mean ± SD from experiments repeated at least three times. Statistical analysis was performed using the Statistical Package for the Social Sciences software (IBM SPSS Statistics for Macintosh, version 27.0.).




Results


DPG Analysis by Liquid Chromatography

Mass spectrometry (UPLC-QTOF, Waters) was applied to evaluate the presence of DPG in the sample used for the present study. The signals from [M-H]- and [M-2H]-2 anions as well as the mass measurement accuracy and the adequacy of the simulated isotopic standard for [M-H]- ion confirmed the presence of the DPG (Supplementary Figure S1A).



DPG Inhibits Cell Viability and Proliferation

The antitumor effect of DPG was evaluated by using two GBM cell lines (U251 and U138MG). Based on these findings, the cytotoxic effect of DPG was time and dose dependent, and the IC50 in U251 and U138MG was 32 and 20 mM for 48 h, respectively (Figures 1A, D). For all further assays, IC50 was adopted. Moreover, it was observed that cells presented nuclear morphological changes after 48 h of DPG treatment (Figures 1B, E). Furthermore, cell proliferation assay showed a significantly anti-proliferative effect by DPG on the same cell lines starting after 24 h of treatment (p-value = 2.6 × 10-5 and p-value = 2.2 × 10-8, respectively) until 96 h later (p-value = 2.8 × 10-15 and p-value = 2.6 × 10-15, respectively) (Figures 1C, F).




Figure 1 | Dipotassium glycyrrhizinate (DPG) reduces cell viability and changes morphology in glioblastoma cell lines. (A) U251 cells were treated with different concentrations of DPG for 24, 48, and 72 h and evaluated by the 4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay to determine the IC50 (32 mM for 48 h). (B) Morphological and nuclear changes were observed in U251 cells, especially after 72 h of exposure to DPG, when compared to untreated cells. (C) The DPG treatment also significantly inhibited the rate of proliferation in U251 cells in a time-dependent way compared to untreated cells. (D) U251 cells were treated with different concentrations of DPG for 24, 48, and 72 h and evaluated by the MTT assay to determine the IC50 (20 mM for 48 h). (E) Morphological and nuclear changes were observed in U138MG cells, especially after 72 h of exposure to DPG, when compared to untreated cells. (F) The DPG treatment significantly inhibited the rate of proliferation in U138MG cells in a time-dependent way compared to untreated cells. The data presented are the mean ± standard deviation of the experiments performed in triplicate. The T-test indicated p-values ≤0.05.





DPG Induces Apoptosis

To investigate cellular apoptosis, DNA fragmentation was quantified by TUNEL assay. As expected, DPG was also able to induce cellular apoptosis by DNA fragmentation (Figures 2A, C), which was confirmed by increased TUNEL-positive cells when compared to untreated cells (Figures 2B, D), mostly on the U138MG cell line (p-value = 0.023).




Figure 2 | Apoptotic effects of dipotassium glycyrrhizinate (DPG) on glioblastoma cell lines. (A) U251 cells were incubated with 32 mM of DPG for 48, 72, and 96 h. Genomic DNA was isolated and analyzed on 1.5% agarose gel stained with ethidium bromide. M, DNA marker 100 base pairs; C, untreated control cells. (B) U251 cells were treated with DPG (32 mM for 96 h). After incubation with DPG, TUNEL-positive cells were quantified by the ImageJ computer program. (C) U138MG cells were incubated with 20 mM of DPG for 48 and 72 h. Genomic DNA was isolated and analyzed on 1.5% agarose gel stained with ethidium bromide. M, DNA marker 100 base pairs; C, untreated control cells. (D) U138MG cell lines were treated with DPG (20 mM for 72 h). After incubation with DPG, TUNEL-positive cells were quantified by the ImageJ computer program. The data presented are mean ± standard deviation of the experiments performed in triplicate. The results showed that treatment with DPG increased the number of cells undergoing apoptosis compared to untreated control cells (U251: p-value = 0.056; U138MG: p-value = 0.023).





DPG Inhibits Invasion and Migration

Furthermore, to investigate the effect of DPG on the migration ability of U251 and U138MG, both cell lines were treated with DPG for 24, 48, and 72 h, and a wound-healing motility assay was performed simultaneously. The results showed that cells exposed to DPG migrated significantly slower than DPG-free control cells starting after 24 h of treatment (p-value = 1 × 10-5 and p-value = 1 × 10-5, respectively) until 96 h later (p-value = 2 × 10-5 and p-value = 9 × 10-7, respectively) (Figures 3A, B).




Figure 3 | Dipotassium glycyrrhizinate (DPG) inhibits cell migration and cancer stem-like cells in glioblastoma cell lines. (A) U251 and (B) U138MG cell lines treated with DPG fill the wound area (the area between the two dotted lines) more slowly at 24, 48, and 72 h when compared to untreated control cells (p-value ≤ 0.001). The wound-healing assay was quantified using the ImageJ computer program by measuring the relative area of the wound after treatment with DPG. Loss of sphere-forming capacity of cell lines (C) U251 (p-value = 0.01) and (D) U138MG (p-value = 0.02) after 24 and 48 h of treatment with DPG when compared to untreated control cells. The data presented are the mean ± standard deviation of the experiments performed in triplicate.





DPG Effect on GBM Stem-Like Cells

The phenotypic plasticity of cancer cells grown as neurospheres to elucidate the influence of DPG on GBM stem-like cells was also investigated. Thus, it was observed that DPG promoted a 100% reduction in neurosphere formation compared to untreated cells, starting after 24 h of DPG exposure (p-value ≤ 0.05) (Figures 3C, D), characterizing DPG as an antitumor compound.



Identification of miRNAs With Differential Expression

Global miRNA expression changes in T98G cells were evaluated after 48 h of treatment with 24 mM of DPG. No treated T98G cells were evaluated as control. A total of 11 miRNAs with DE-miRNAs were identified after comparing DPG-treated and control samples (among 91 predicted miRNAs as NF-κB regulator genes) (Supplementary Figure S2A). The number of upregulated and downregulated DE-miRNAs is shown in Tables 1, 2, respectively. Furthermore, a new analysis was performed considering the expression values, mRNA volume, and target genes predicted to be involved in GBM pathogenesis, and most DE-miRNAs were found to be miR-4443 and miR-3620 (Supplementary Figure S2B) and their respective target genes CD209 and TNC.


Table 1 | The most upregulated microRNAs (FC ≥-2) after dipotassium glycyrrhizinate (DPG) treatment in the glioblastoma T98G cell line by global miRNA microarrays.




Table 2 | The most downregulated microRNAs (FC ≥-2) after dipotassium glycyrrhizinate (DPG) treatment in the glioblastoma T98G cell line by global miRNA microarrays.





Validation of miRNA and mRNA Expression Levels

The expression of both miRNAs and their predicted target genes was evaluated by qPCR using U87MG, T98G, U251, and U138MG cell lines after exposure to DPG. Untreated cells were used as controls. In accordance with the global analysis, the mean mRNA expression level was significantly higher in DPG-treated T98G cells when compared to control cells for miR-4443 (2.44 vs. 1.17, p-value = 0.03) (Figure 4A) and miR-3620 (7.50 vs. 1.19, p-value = 0.007) (Figure 4B). In addition, qPCR showed that DPG increased the level of miR-4443 (2.44 vs. 1.11, p-value = 0.11; 8.27 vs. 1.25, p-value = 0.04; 1.64 vs. 1.00, p-value = 0.05) (Figure 4A) and miR-3620 expression (1.66 vs. 1.00, p-value = 0.03; 8.47 vs. 1.00, p-value = 0.03; 2.08 vs. 1.04, p-value = 0.05) in U251, U138MG, and U87MG cell lines (Figure 4B).




Figure 4 | Dipotassium glycyrrhizinate (DPG) modulated the expression of selected miRNAs and their respective target genes in glioblastoma cell lines (GBM). (A) U87MG (1.64 vs. 1.00, p-value = 0.05), T98G (2.44 vs. 1.17, p-value = 0.03), U251 (2.44 vs. 1.11, p-value = 0.11), and U138MG 8.27 vs. 1.25, p-value = 0.04) cell lines treated with DPG showed an increased level of miR-4443 expression compared to untreated control cells. (B) U87MG (2.08 vs. 1.04, p-value = 0.05), T98G (7.50 vs. 1.19, p-value = 0.007), U251 (1.66 vs. 1.00, p-value = 0.03), and U138MG (8.47 vs. 1.00, p-value = 0.03) cell lines exposed to DPG showed increased miR-3620 expression levels compared to untreated control cells. (C) Decreased CD209 (0.06 vs. 1.07, p-value = 0.007; 0.32 vs. 1.04, p-value = 0.002; 0.44 vs. 1.11, p-value = 0.03; 0.49 vs. 1.07; p-value = 0.04) and (D) TNC (0.24 vs. 1.03, p-value = 0.03; 0.05 vs. 1.15, p-value = 0.03; 0.20 vs. 1.03, p-value = 0.001; 0.39 vs. 1.06; p-value = 0.01) mRNA levels were observed in U87MG, T98G, U251, and U138MG treated with DPG compared to control cells. The data presented are mean ± standard deviation of the experiments performed in triplicate.



On the other hand, the CD209 and TNC expression levels were lower in DPG-treated cells when compared to controls (Figures 4C, D). Thus, decreased CD209 (0.06 vs. 1.07, p-value = 0.007; 0.32 vs. 1.04, p-value = 0.002; 0.44 vs. 1.11, p-value = 0.03; 0.49 vs. 1.07; p-value = 0.04) (Figure 4C) and TNC (0.24 vs. 1.03, p-value = 0.03; 0.05 vs. 1.15, p-value = 0.03; 0.20 vs. 1.03, p-value = 0.001; 0.39 vs. 1.06; p-value = 0.01) (Figure 4D) mRNA levels were observed in U87MG, T98G, U251, and U138MG when compared to control cells.




Discussion

In the present study, we demonstrated first that DPG, under in vitro conditions, was able to significantly reduce the number of viable cells in GBM cell lines U251 and U138MG, inhibiting cell growth and adhesion. This finding corroborates with previous results using the GBM U87MG and T98G cell lines (14). In addition, this previous study has suggested alterations in miRNA expression after DPG treatment in GBM cell lines U87MG and T98G (14), which were able to modulate NF-κB genes. Thus, here a global analysis evaluated potentially over-expressed miRNAs responsible for the NF-κB pathway in GBM cells. The choice of T98G for array analysis was based on hypermethylated MGMT promoter and mutated P53 gene. In fact, cell lines with a hypermethylated MGMT promoter and mutated P53 gene appeared more resistant to the action of TMZ than the ones with wild-type P53 (19) since p53 protein is fundamental in regulating the cell cycle arrest and the entry in the apoptotic process (20, 21). Besides this, it was observed previously that the effect of DPG on T98G decreased cell proliferation and increased migration and invasion at a concentration of 24 mM (14).

Few studies have focused on miRNAs involved in the NF-κB pathway, which is known as continuously active (22) in GBM (14, 23–28). Thus, the large-scale global approach evaluated 91 miRNAs previously selected and predicted as regulators of genes involved in the NF-κB pathway in T98G lineage exposed to DPG action. Among the 11 DE-miRNAs reported in the present study, none has been previously evaluated in GBM cells. Besides, 2 miRNAs (miR-4443 and mir-3620-5p) were further validated using 4 GBM cell lines. Both miRNAs are predicted to be responsible for TNC and CD209 modulation, respectively. Those genes are known as post-transcriptional target genes for the NF-κB pathway.

Thus, our study revealed, for the first time, that both miR-4443 and mir-3620-5p are upregulated on GBM cell lines after DPG exposure. miR-4443 was first identified by Xun et al. (29) in enterovirus-71-infected cells. In addition, it has been shown that miR-4443 plays a role in acquiring drug resistance in breast cancer (30) and inhibits cell proliferation and metastasis in colon cancer (31). In addition, miR-4443 is decreased in metastatic and serous samples from ovarian cancer (32). In the study of Gao et al. (33), the authors have found that long non-coding RNAs (lncRNAs) MNX1-AS1 were upregulated in GBM tissues and cell lines. The knockdown of MNX1-AS1 significantly inhibited the proliferation, migration, and invasion of GBM cells. In addition, the overexpression of miR-4443 significantly inhibited the expression of MNX1-AS1 and vice versa. Moreover, there was an inverse correlation between the expression levels of MNX1-AS1 and miR-4443 in GBM tissues. The overexpression of miR-4443 also inhibited the proliferation, migration, and invasion of GBM cells. In contrast, the inhibition of miR-4443 reversed the effects of MNX1-AS1 knockdown on GBM cell proliferation, migration, and invasion. MNX1-AS1 promoted the proliferation, migration, and invasion of GBM cells by inhibiting miR-4443. miR-3620 was able to reverse claudin-4 upregulation in gastric cancer cell lines, which is responsible for reinforcing proliferation, invasion, and epithelial–mesenchymal transition in gastric cancer and with poor prognosis (34).

TNC and CD209 genes play an important role in the progression of GBM by regulating the migration, adhesion, and invasion of tumor cells into adjacent tissues (35, 36). The TNC gene was evaluated in tumor tissues and primary cultures of patients with GBM, and its increased expression was associated with the process of carcinogenesis and invasion (35, 37). A recent survey of tumor tissues from patients with GBM correlated the infiltrative character of GBM malignant cells with an increased expression of CCL15, CCL17, CD209, and TNF-α genes (36). In the GBM cell line (U87MG), CD209 gene interacts with TGF-β1 gene, stimulating cell invasion and metastasis (38). In addition, the results of the cell proliferation assay and wound healing in the present study corroborate with what was observed previously regarding CD209 and TNC genes, both involved in cell metastasis process. Both genes showed a significant decrease in expression due to the overexpression of miR-4443 and miR-3620, respectively, after the DPG effect in the evaluated GBM cell lines in the study.

Therefore, DPG-modulated miRNAs are involved in the post-transcriptional inhibition of the NF-κB pathway. Interestingly, in a previous study, DPG inhibited the NF-κB pathway by modulation of miR-16 and miR-146a, which inhibited the expression of its target genes IRAK2 and TRAF6, respectively (14). It appears that the antitumor action of DPG can inhibit genes that belong to the NF-κB signaling pathway and genes downstream by the overexpression of miRNAs.

In accordance with the results observed in the present study, another recent study has suggested that DPG has an apoptotic, anti-proliferative, and anti-migratory effect on the melanoma cell line (SK-MEL-28) bearing the BRAF mutation. DPG was also able to inhibit cancer stem-like cells that may cause cerebral tumor formation (39). In addition, DPG treatment has shown that SK-MEL-28 cells also presented a significantly higher level of miR-4443 and miR-3620 expression than control cells. In contrast, their predicted genes, CD209 and TNC, significantly presented reduced mRNA levels after DPG compared to untreated cells. Furthermore, the migration of SK-MEL-28 cells stimulated by 12-O-tetradecanoylphorbol-13-acetate (TPA) was attenuated by adding DPG by wound-healing assay. In addition, the MMP-9 expression level was inhibited by DPG in melanoma cells stimulated by TPA and compared to only TPA-treated cells (39).

Therefore, in the present study, the potential inhibition by DPG was verified on miR-4443 and miR-3620, possible therapeutic targets for GBM. In addition, the results obtained in the present study may contribute to the development of future in vivo studies to target GBM cells by DPG, which is a promising approach to restrict tumor cell growth.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author Contributions

Conception and design: MMO; acquisition of data: GAB, JSS, and JVZ; analyses and interpretation of data: MMO and GAB; statistical analyses: FALM; drafting of the manuscript: MMO; mass spectrometer analyses: POC and AMAPF; TUNEL analysis: GAB and TR; study supervision: MMO. All authors contributed to the article and approved the submitted version.



Funding

The fInancial support provided for this work by the São Paulo Research Foundation (FAPESP) scholarships #2018/05930-0 and grant #2015/03870-1 and by Coordination for the Improvement of Higher Education Personnel (CAPES) scholarship #88887.464813/2019-00 is gratefully acknowledged.



Acknowledgments

We are thankful to JZ, Verdi Cosméticos LTDA (Joanópolis, São Paulo, Brazil), for the dipotassium glycyrrhizinate donation (chemical abstracts service number 68797-35-3).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2022.819599/full#supplementary-material

Supplementary Figure 1 | Mass spectrum of dipotassium glycyrrhizinate (DPG). The presence of the ion [M-H]- (the anion of the DPG) and the ion [M-2H]-2 is highlighted. The error observed for measuring the ion [M-H]-1 (DPG anion) was -1.83 ppm.

Supplementary Figure 2 | Identification of microRNAs (miRNAs) with differential expression (DE-miRNAs) in glioblastoma T98G cell line. (A) Scatter plot of 11 DE-miRNAs identified after comparing dipotassium glycyrrhizinate (DPG)-treated and control T98G cell line (among 91 predicted miRNAs as NF-κB regulator genes). The gray and red dots represent each predicted miRNA. The red dots represent those that presented |fold change, FC ≥ 2|, according to the analysis of the computer program Affymetrix GeneChip® Command Console™. The dots above and below the dashed line represent those up- and downregulated miRNAs after DPG treatment, respectively. (B) Volume graph of the most overexpressed miRNAs among the 11 DE-miRNAs in T98G cell line exposure to DPG. Each gray, blue, and red dot represents one DE-miRNA. The red dots represent those miRNAs that presented both |FC ≥ 2| and increased volume of mRNA detected and quantified by the Affymetrix GeneChip® Command Console™ software. The dots above and below the dashed line represent those up- and downregulated miRNAs after DPG treatment, respectively.

Supplementary Table 1 | List of the 91 selected microRNAs predicted as NF-κB modulators and their predicted target genes (above 99%, according to TargetScan database) belonging to the NF-κB signaling pathway.
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Background

Cathepsin K (CTSK) is a protease that degrades type I collagen and extracellular matrix, thereby contributing to bone resorption and tumor invasion. Some pituitary adenomas (PAs) could invade the sphenoid sinus (SS) and cavernous sinus (CS).



Purpose

This retrospective cohort study aimed to study the expression of tumoral biomarkers (CTSK, MMP9, MMP2, TIMP2, and PTTG1) and evaluate their clinical significance in non-functioning pituitary adenomas (NFPAs) with different invasion patterns.



Methods

We assessed the expression levels of candidate invasion-specific protein biomarkers CTSK, MMP9, MMP2, TIMP2, and PTTG1 by immunohistochemical staining in paraffin-embedded NFPA tumor tissues. Variations in staining intensity were analyzed in cases with SS and CS invasion and non-invasive NFPAs.



Results

We found that the levels of CTSK were higher in PA cases with SS invasion than that in PA cases with CS invasion (95.57 ± 31.57 vs. 65.29 ± 29.64, P < 0.001), and the expression of MMP9 and MMP2 was higher in CS-invasive cases than that in SS-invasive cases (145.02 ± 49.25 vs. 111.80 ± 51.37, P = 0.002, and 138.67 ± 52.06 vs. 108.30 ± 41.70, P = 0.002). Multiple Cox regression demonstrated that higher CTSK expression (P=0.011), subtotal resection (P<0.001), invasion (P=0.037), and larger tumor diameter (P=0.001) were independent risk factors for recurrence. A positive correlation was observed between CTSK expression and tumor size (r=0.671, p<0.001). There was no significant difference in TIMP2 and PTTG1 levels between CS-and SS-invasive cases (97.42± 39.80 vs. 102.10± 43.22, P = 0.58 and 13.89 ± 4.59 vs. 12.56 ± 3.96, P = 0.14).



Conclusion

Our data indicated that CTSK has the potential as a marker for SS invasion of PAs, whereas MMP9 and MMP2 may be markers for CS invasion. And CTSK may play an important role in tumor relapse.





Keywords: Cathepsin K, sphenoid sinus, pituitary adenomas, invasion



Introduction

Pituitary adenomas (PAs) are one of the most common intracranial tumors, with an overall community-based prevalence of 68-116 per 100 000 population (1–7), with the increasing annual incidence rate mainly due to incidentalomas. They are usually benign and slow-growing, causing symptoms because of excess hormone secretion or compression of close-by structures. However, they may become locally invasive, namely invasive PAs (IPAs), resulting in infiltration within the sphenoid sinus (SS; the destruction of the sellar floor is the first step in this process), cavernous sinus (CS), or suprasellar structures, especially nonfunctioning PAs (NFPAs) because of a lack of typical clinical symptom. The main clinical manifestations of NFPAs are compression effects, such as visual disturbance, headache, and hypopituitarism. It is difficult to achieve a total resection of the tumor tissues for IPA patients and they are associated with a higher rate of recurrence and a lower rate of remission.

Abundant articles have analyzed and hypothesized the mechanisms involved in the invasion process of PAs. Many studies have investigated the correlation between the invasion of PAs and several biological markers, including matrix metalloproteinase-9 (MMP9), matrix metalloproteinase-2 (MMP2), tissue inhibitor of metalloproteinases-2 (TIMP2), and pituitary tumor transforming gene 1 protein (PTTG1, also called securin) (8–13). Our previous meta-analysis has shown that MMP9 and MMP2 expression in IPAs was distinctly higher than that in noninvasive PAs (non-IPAs) (14). Chen, K. et al. reported that epithelial-mesenchymal transition (EMT)-related markers in serum exosomes were associated with invasion of PAs (15). However, the established mechanisms still need to be explored. Some researchers believe that PAs extending into CS are not invasive, and the extension into the CS occurs due to its medial wall weakness, and sometimes defect (10, 16). To our knowledge, no study has investigated the protein expression in SS invasion only or compared the expression levels in SS- and CS-invasive PAs.

Cathepsin K (CTSK), one of the papain-like cysteine proteases (17), is expressed predominantly in activated osteoclasts. CTSK, having high matrix-degrading activity, could degrade collagens, especially type I collagen (18), which is the main component (90%) of bone collagen fibers, and plays a crucial role in bone resorption. Beyond the osteoclasts, CTSK is highly expressed in various malignant tumors, such as breast carcinomas, lung cancers, melanomas, ovarian carcinomas, and prostate cancers (19–24). Besides, a higher level of CTSK expression was found in patients with bone metastasis or invasive tumor than that in patients with primary tumors (22, 25, 26). The bone metastases in breast carcinomas or prostate cancers are predominantly osteolytic (27, 28). In vitro experiments, animal models and clinical trials have evaluated the efficiency of several CTSK inhibitors (CatKi). In vitro experiments of Liang, W. et al. showed that CatKi reduced tumor invasion of prostate cancers and bone resorption induced by conditioned media of prostate cancers (29). They further conducted experiments in the animal models and found that CatKi prevented and reduced prostate cancer establishment and bone metastasis. Similarly, Le Gall et al. observed a reduction in osteolytic lesions in nude mice with bone metastatic breast cancer after being administered with CatKi AFG-495 (25). Moreover, a clinical randomized controlled trial (RCT) by Jensen et al. found that for breast cancer patients with bone metastases, the efficacy and safety of CatKi odanacatib were similar to that of zoledronic acid (ZOL), a standard therapeutic option for breast cancer bone metastases, after 4 weeks of treatment (30). Like bone metastases of breast carcinomas or prostate cancers, PAs with SS or clivus invasion lead to osteolytic lesions (31). Thus, we hypothesized that CTSK may play a role in SS or clivus invasion of PAs, which has been published previously (32). The present study aimed to verify our hypothesis, study the clinical significance of CTSK, and investigate the differential expression of MMP9, MMP2, TIMP2, and PTTG1 in SS and CS invasion of NFPAs.



Materials and methods


Patients

NFPAs were used in our study only because we could not determine whether the abnormal hormone secretion in functioning PAs will affect the expression of CTSK. Of the patients undergoing surgery for resection of PAs at the Chinese PLA General Hospital (Beijing, P.R. China) between 2011 and 2018, 176 cases met the following criteria: 1) transsphenoidal surgery; 2) no radiotherapy, chemotherapy, or any other medical interventions before the surgery; 3) complete clinical and radiological information in the database; 4) NFPAs. The diagnosis of the tumor and its functional status was according to its clinical, biochemical and radiological features, and was verified by immunohistological staining for prolactin (PRL), growth hormone (GH), adrenocorticotropic hormone (ACTH), thyroid-stimulating hormone (TSH), follicular stimulating hormone (FSH), and luteinizing hormone (LH). IHC criteria for NFPAs are silent gonatotropinomas and null-cell adenomas. The following criteria were used to define invasion: (1) preoperative images showed that Knosp/Hardy grades were 3 or 4; (2) intraoperative inspection of tumor infiltration within the SS (destruction of sellar floor or clivus only were included) and CS. The invasion was diagnosed only when both of the above criteria are met. 176 cases included 44 PAs invading SS only, 50 PAs invading CS only, 2 PAs invading both SS and CS, and 80 non-IPAs. Finally, Paraffin-embedded tissues of 174 patients including PAs invading SS only (n =44), PAs invading CV only (n = 50), and noninvasive PAs (n = 80) were used for immunohistochemical staining. In the SS invasion group, there were 20 women and 24 men, with a mean age of 50.2 ± 12.0 years (range 19-81 years). In the CS invasion group, there were 28 women and 22 men, with a mean age of 52.4 ± 14.8 years (range 19-78 years). In the non-invasion group, there were 40 women and 40 men, with a mean age of 48.1 ± 12.9 years (range 10-75 years). Micro-adenomas were defined as the largest tumor diameter (LTD) < 1cm and macro-adenomas were defined as the LTD ≥1cm, among which the LTD > 3cm were defined as large adenomas and the LTD > 4cm were defined as giant adenomas. There were 52 patients with large adenomas and 18 patients with giant adenomas.



Postoperative follow-up

Postoperative telephone or outpatient follow-up was conducted every 6 months until December 2021. MR scans were used to evaluate tumor relapse. Tumor relapse is defined as tumor recurrence after gross-total resection (GTR) or an increase of residual tumor more than 2-mm in at least one dimension after subtotal resection (STR) according to contrast-enhanced (CE) T1WI (33). This study was approved by the Ethics Committee of the Chinese (People’s Liberation Army (PLA) General Hospital.



Antibodies and dilutions

The following antibodies and kits were used: rabbit monoclonal primary antibody to human CTSK (ab207086, dilution 1:1,000), mouse monoclonal primary antibody to human MMP9 (ab58803, 1:500), mouse monoclonal primary antibody to human MMP2 (ab86607, 1:200), mouse monoclonal primary antibody to human TIMP2 (ab1828, 1:50), mouse monoclonal primary antibody to human PTTG1 (ab3305, 1:100), and mouse and rabbit specific HRP/DAB (ABC) detection IHC Kit (ab64264, including biotinylated goat anti-polyvalent, streptavidin peroxidase, 50×DAB chromogen, DAB substrate, and hydrogen peroxide block). All antibodies were purchased from Abcam (Cambridge, MA USA).



Immunohistochemical staining procedure

Paraffin sections (4 μm-thick) were deparaffinized in xylene and rehydrated through graded ethanol (100% I, 100% II, 90%, and 80%). For antigen retrieval, the sections were heated at 100 °C in a microwave in 1× citrate buffer, pH 6.0 (MMP9, MMP2, and TIMP2 staining) or an EDTA solution, pH 9.0 (CTSK and PTTG1 staining) for 2.5 min. To block the endogenous peroxidase activity, the slides were immersed in 3% hydrogen peroxide (H2O2) in methanol for 15 min and then washed three times with 1× phosphate-buffered saline (PBS) for 5 min. The slides were then incubated with the primary antibodies indicated above, overnight at 4 °C in a humidified chamber, and then washed with PBS. Biotinylated goat anti-polyvalent and streptavidin peroxidase were then added and incubated for 10 min at 20-25°C, in succession. After washing with PBS, the slides were treated with 3,3’-diaminobenzidine (DAB) substrate for 15 min at 20-25°C. The slides were then washed two times with water, lightly counterstained with hematoxylin, and finally, mounted with coverslips and DPX after dehydration through an ethanol gradient (80%, 90%, 100% II, and 100% II) (34).



Analysis of immunohistochemical results

For each case, 2 slides were analyzed. For each slide, 5 microscopic fields were counted. The intensity of expression was scored as 0 (negative staining), 1 (weak staining), 2 (moderate staining), or 3 (strong staining). The extent of expression was calculated using the Image Pro-Plus (IPP) software (Media Cybernetic, USA) (35).

For CTSK, MMP9, MMP2, and TIMP2, the final score was calculated as follows: (1×% of weak staining) + (2×% of moderate staining) + (3×% of strong staining). For PTTG1, the final score was calculated as follows: percentage of weak staining + percentage of moderate staining + percentage of strong staining (36). The expression of final score was described as numbers without %.

Taking the tertile 1 (Q1) value of expression as the boundary line, patients could be separated into high expression and low expression groups.

The assessment of protein expression was conducted independently by two pathologists. To constrain bias, both pathologists were blinded to whether the images were from invasive cases or non-invasive cases.



Statistical analyses

Continuous variables are expressed as the mean ± standard deviation (SD) or median (inter-quartile range, IQR) (for data not conforming to normal distribution) and categorical variables are expressed as frequency and percentage. Continuous variables were compared using the Student’s T-test (for data conforming to normal distribution and homogeneity of variance) or Wilcoxon test or Kruskal-Wallis H test (for data not conforming to normal distribution or homogeneity of variance). Categorical variables were compared using the Chi-square test. Pearson analysis was used for correlation analysis of all possible pairwise combinations of CTSK, MMP9, MMP2, TIMP2, and PTTG1 proteins’ expression and correlation analysis of CTSK expression and tumor size. P < 0.05 was considered statistically significant. The Cox regression model was used to investigate factors related to recurrence of PAs. The SPSS software (version 25.0, IBM) and GraphPad Prism 8 (GraphPad Software Inc., San Diego, CA, USA) were used to perform all analyses.




Results


Expression and invasion


CTSK and invasion

Representative images of CTSK staining were showed in Figure 1A. CTSK was expressed in 91% of the PA cases with SS invasion, 78% of the PA cases with CS invasion, and 51% of the non-invasive PA cases. Additionally, CTSK expression was higher in invasive than in non-invasive PA cases (79.46 ± 33.98 vs. 48.09 ± 19.50, P < 0.001), and in SS-invasive cases than in CS-invasive cases (95.57 ± 31.57 vs. 65.29 ± 29.64, P < 0.001, Figure 1B).




Figure 1 | (A) Representative images of CTSK, MMP9, MMP2, TIMP2, and PTTG1 staining of PAs (magnification, 40×). a: PAs with SS invasion, b: PAs with CS invasion, c: non-IPAs. (B) Expression levels (%) (mean ± SD) of CTSK, MMP9, MMP2, TIMP2, and PTTG1 (Student’s t-test: ***p<0.001). SD: standard deviation.





MMP9 and invasion

MMP9 was expressed primarily in the cytoplasm (Figure 1A). MMP9 was expressed in 100% of the SS-invasive cases, 100% of the CS-invasive cases, and 85% of the non-invasive PA cases. MMP9 expression was higher in invasive cases than in non-invasive cases (129.47 ± 52.69 vs. 86.35 ± 43.44, P < 0.001), and in CS-invasive cases than in SS-invasive cases (145.02 ± 49.25 vs. 111.80 ± 51.37, P = 0.002, Figure 1B).



MMP2 and invasion

MMP2 was expressed primarily in the cytoplasm (Figure 1A). MMP2 was expressed in 100% of the SS-invasive cases, 100% of the CS-invasive cases, and 90% of the non-invasive cases. MMP2 levels were higher in invasive than in non-invasive PA cases (124.46 ± 50.11 vs. 79.99 ± 51.87, P < 0.001), and in CS-invasive cases than in SS-invasive cases (138.67 ± 52.06 vs. 108.30 ± 41.70, P = 0.002, Figure 1B).



TIMP2 and invasion

TIMP2 was expressed primarily in the cytoplasm (Figure 1A). TIMP2 expression was lower in invasive cases than in non-invasive cases (99.61 ± 41.28 vs. 132.15± 51.64, P < 0.001). There was no significant difference in TIMP2 levels between CS-and SS-invasive cases (97.42± 39.80 vs. 102.10± 43.22, P = 0.58, Figure 1B).



PTTG1 and invasion

PTTG1 was expressed both in cytoplasm and nuclei (Figure 1A). PTTG1 expression was higher in invasive than in non-invasive cases (13.27 ± 4.34 vs. 11.08 ± 4.00, P = 0.001). There was no significant difference in PTTG1 expression between CS- and SS-invasive cases (13.89 ± 4.59 vs. 12.56 ± 3.96, P = 0.14, Figure 1B).




Expression and tumor size

The mean LTD in invasive and non-invasive cases were 3.41 ± 0.67 cm and 2.40 ± 0.52 cm, respectively (p<0.001, Figure 2A). The mean LTD in SS invasive and CS invasive cases were 3.64 ± 0.68 cm and 3.21 ± 0.60 cm, respectively (p=0.002, Figure 2B).




Figure 2 | Correlations between PAs invasion, CTSK expression, and tumor size. (A): Tumor size (cm) (mean ± SD) in in invasive and non-invasive PAs (Student’s t-test: ***p<0.001). (B) Tumor size (cm) (mean ± SD) in CS invasive PA, SS invasive PAs, and non-IPAs (Student’s t-test: ***p<0.001). (C) Correlations between CTSK expression (%) and tumor size (cm). (r=0.671, p<0.001). SD: standard deviation.



The mean LTD in CTSK high-expression cases and CTSK low-expression cases were 3.04 ± 0.82 cm and 2.76 ± 0.69 cm, respectively (p=0.028). A positive correlation was observed between CTSK expression and tumor size (r=0.671, p<0.001) (Figure 2C). There was no significant difference in the mean LTD between different MMP9, MMP2, TIMP2, and PTTG1-expression groups (all p>0.05, Additional file 1).



Expression and clinical features of patients

The postoperative follow-up time was 45.74 ± 20.33 months (range from 2.17 to 70.6 months). In total, 63 (36.2%) patients had tumor relapse and the average time to recurrence was 26.59 ± 11.24 months. 40 of 94 (42.6%) IPA patients recurred with an average time of 24.34 ± 9.91 months.

The Cox regression model was used to further investigate the factors related to tumor relapse. Univariate Cox analysis demonstrated that the older [HR: 2.22 (1.22-4.02), p=0.009], higher CTSK expression [HR: 2.22 (1.22-4.02), p=0.009], STR [HR: 0.27 (0.16-0.44), p<0.001], invasion [HR: 1.32 (1.02-1.70), p=0.036], and larger LTD [HR: 2.87 (1.72-4.78), p<0.001] were associated with recurrence. Multiple Cox analysis demonstrated that higher CTSK expression [HR: 2.31 (1.22-4.39), P=0.011], STR [HR: 0.34 (0.21-0.57), P<0.001], invasion [HR: 0.65 (0.44-0.97), P=0.037], and larger LTD [HR: 3.60 (1.68-7.75), P=0.001] were independent risk factors for recurrence (Table 1). Kaplan–Meier curve demonstrated that higher CTSK expression, STR, invasion, and larger LTD group had worse recurrence-free survival (RFS) (Figure 3). Regarding the surgical resection degree, 42 (24.1%) patients had a residual tumor in the CTSK high-expression group while only 9 cases (5.2%) had a residual tumor in the low-expression group. However, this difference was not statistically significant (p=0.06). Compression symptoms are the main clinical manifestations of NFPAs. Patients with compression symptoms had a higher CTSK expression than those without (p=0.001). No evident correlation was found between expression levels of CTSK and other clinical features of PAs, including gender, age, pituitary apoplexy, and tumor texture. Detailed clinical features were summarized in Table 2. No evident correlation was found between expression levels of MMP9, MMP2, TIMP2, and PTTG1 and clinical features of PAs, including gender, age, compression symptoms, pituitary apoplexy, tumor texture, resection degree, and recurrence. Detailed clinical features were summarized in Additional file 2.


Table 1 | Factors related to pituitary adenoma recurrence by Cox regression analysis.






Figure 3 | Kaplan-Meier curves for the recurrence-free interval. (A) high-CTSK expression vs. low-CTSK expression [HR: 2.31 (1.22-4.39), P=0.011], (B) GTR vs. STR [HR: 0.34 (0.21-0.57), P<0.001], (C) IPAs vs. Non-IPAs [HR: 0.65 (0.44-0.97), P=0.037], (D) LTD>3cm vs. LTD ≤ 3cm [HR: 3.60 (1.68-7.75), P=0.001].




Table 2 | Relationship between CTSK expression and clinical features of patients.





Relationship between CTSK, MMP-9, MMP-2, TIMP-2, PTTG1 Protein expression

A positive correlation was observed between MMP9 and MMP2 expression (r=0.824, p<0.001). There is a negative correlation between MMP9 and TIMP2 (r=-0.743, p<0.001) and MMP2 and TIMP2 (r=-0.700, p<0.001). No significant correlation was found between the expression of others (Figure 4).




Figure 4 | Correlations between expression of MMP9, MMP2 and TIMP2. (A) MMP9 and MMP2 (r=0.824, p<0.001). (B) MMP2 and TIMP2 (r=-0.700, p<0.001). (C) MMP9 and TIMP2 (r=-0.743, p<0.001).






Discussion

To our knowledge, this is the first study that investigates the difference in the expression of MMP9, MMP2, TIMP2, and PTTG1 in PAs with SS and CS invasion and explores the expression of CTSK in SS invasion of PAs. Our results showed that PAs with SS invasion express significantly higher levels of CTSK compared with PAs with CS invasion and non-invasive controls, confirming our hypothesis. CTSK is expressed predominantly in osteoclasts, and can also be expressed in thyroid epithelial cells and skin fibroblasts (37). Christensen et al. have reported that CTSK, besides degrading type I collagen, can cleave and activate MMP9 in acidic environments such as those seen in tumors and during bone resorption (38), therefore contributing to the degradation of type I collagen and other matrix proteins and facilitating bone metastases. A similar bone resorption mechanism (via CTSK expression) might be involved in the SS invasion of PAs.

We also found that the higher CTSK expression was associated with higher rate of compression symptoms and large adenomas. It is well known that oversized tumors were responsible for compression symptoms of PAs. In vitro experiments of Yang, H. et al. demonstrated that CTSK high-expression contributed to the proliferation and migration of human non-small cell lung cancer (NSCLC) cells by activating the mammalian target of rapamycin (mTOR) signaling pathway (39). In vitro experiments of Gu, X. et al. found that down-regulation of CTSK expression could inhibit the proliferation and migration of breast cancer cells (40). Thus, we consider that CTSK may have a potential role in the proliferation of PA cells.

Our results show that IPA tissues express significantly higher levels of MMP9 and MMP2 compared with non-IPA tissues. Additionally, PA tissues with CS invasion express higher levels of MMP9 and MMP2 compared with PA tissues with SS invasion, indicating the important role of MMP9 and MMP2 in CS invasion. MMP9 and MMP2 degrade primarily collagen type IV, which is the prominent component of the basement membrane, pituitary capsule, medial wall of the cavernous sinus, and reticular fiber roof of the hypophysis (41), and it is also the key component of the dura mater. Notably, Deryugina et al. have found that MMP9 and MMP2 can contribute to tumor angiogenesis, which is important in tumor invasion and metastasis (42).

Our results show that IPA tissues express significantly higher levels of PTTG1 compared with non-IPA tissues. Malik et al. have reported that PTTG1 contributes to tumor growth and metastasis by increasing the expression of MMP-2 (43). Similarly, Lim et al. have found that PTTG1 can inhibit trophoblast invasion by regulating the expression and secretion of MMP9 and MMP2 (44). Liu et al. have found that folate receptor α (FRα)-targeted liposomes loaded with doxorubicin (F-L-DOX) have the anti-invasive ability in NFPAs by suppressing the secretion of MMP9 and MMP2 (45). Additionally, Barreiros et al. have reported that Toll-like receptor 2 (TLR2) and myeloid differentiation factor 88 (MyD88) are associated with apical periodontitis progression, possibly through the modulation of MMP9 and MMP2 (46). Besides, some proteins related to PA invasion, such as the discoidin domain receptor-1 (DDR1) (47), and β-catenin (48), have been reported to function by regulating the levels of MMP9 and MMP2. These data indicate that MMP9 and MMP2 play an important role in the invasion of PAs, particularly in CS invasion, and other related proteins may act through the regulation of MMP9 and MMP2 or in an MMP-independent manner.

We found that IPA tissues expressed significantly lower levels of TIMP2 compared with non-IPA tissues; this data differs from that obtained by Gültekin et al. (8). TIMP2 inhibits MMP activity by forming noncovalent complexes with the MMP protease active site. TIMP2 was initially shown to prohibit cell proliferation and migration via inhibiting the function of MMPs (49), and many studies found that TIMP2 could also be predictive of better prognosis in several cancer types, such as breast cancer (50), gastric cancer (51), colorectal cancer (52), and non-small cell lung cancer (49). However, TIMP2 can also act as an activator of MMPs, by forming the complex MT1-MMP/TIMP2 (53). Stetler-Stevenson et al. have found that TIMP2 can play other roles in an MMP-independent manner (54). Therefore, the function of TIMP2 is complex, and additional studies are needed to investigate the relationship between TIMP2 expression and tumor invasion.

Our results showed that the recurrence rate of NFPAs was 36.2% after surgical resection. Many articles have reported that larger LTD, invasion, and STR are related to a higher risk of recurrence (55–57). Similarly, a significant association of larger LTD, invasion, and STR, and with recurrence was observed in our study. We also found that higher CTSK expression, not MMP9, MMP2, TIMP2, and PTTG1 expression, was a risk factor for recurrence. Up to now, this is the first study to explore the relationship between CTSK expression and the recurrence of PAs. However, the relationship between CTSK expression and the recurrence of other cancers has been studied. Cordes, C. et al. reported that in patients with NSCLC, a high expression of CTSK was associated with a substantial increase of recurrence and mortality (21).

In conclusion, our data indicated that CTSK has the potential as a marker for SS invasion of PAs, whereas MMP9 and MMP2 may be markers for CS invasion. And CTSK may play an important role in tumor relapse. In the future, CTSK is expected to be as a predictor of bone invasion and recurrence of NFPAs in clinical practice. Our results provide insights to explore and understand the mechanisms involved in the invasion of PAs and seek new therapies for patients with IPAs. In the next future, we plan to perform studies on animal models, to investigate the function of CatKi in SS invasion of PAs.
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specified; NTR, near total resection; PNI, prognostic nutritional index; PR, partial resection; SD, Std. deviation; STR, subtotal resection.
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Statistically significant (p < 0.05).
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subtotal resection.
Statistically significant (p < 0.05).
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AO 0.525 0.682 (0.210 -2.220) 0.0287 0.114 (0.016 -0.789)

NOS 0.875 1.183 (0.147 -9.483) 0.093 0.017 (0.000 -1.977)
Extent of resection STR+PR ref ref

GTR+NTR 0.004% 0.195 (0.063 -0.599) 0.041% 0.237 (0.060 -0.941)
IDH mutation No ref ref

Yes 0.848 0.819 (0.106 -6.311) 0.646 0574 (0.053 -6.157)
MGMT methylation No ref ref

Yes 0.187 0.487 (0.167 -1.418) 0.016% 0.128 (0.024 -0.687)
1p19q deletion No ref

Yes 0.503 0.672 (0.210 -2.149)
Ki-67 0.018% 1.043 (1.007 -1.080) 0.037% 1.071 (1.004 -1.143)
Epilepsy before surgery No ref

Yes 0.081 0.318 (0.088 -1.151)
PNI <47 ref ref

>47 0.0327 0.301 (0.100 -0.904) 0.974 1.024 (0.239 -4.390)

AA, anaplastic astrocytomas; AO, anaplastic oligodendrogliomas; Cl, confidence interval; GTR, gross total resection; HR, hazard ratio; NOS, not otherwise specified; NTR, near total
resection; PNI, prognostic nutritional index; PR, partial resection; ref, reference; STR, subtotal resection.

Statistically significant (o It 0.05).
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MicroRNAs

miR-4448
miR-1587
miR-3620-5p
miR-4443
miR-7111-5p
miR-3148

o0~ 0N =

FC

16.70
3.88
2.04
210
2.66
6.79

FC, fold change; mRNA volume,
Prediction according to TargetScan database.

mRNA volume

2.01
3.60
6.68
712
2.71
2.93

Target genes (>99%)®

CASP4
TNC
TNC
CD209
MAP4K1
S100A4

normalized control value x normalized DPG value.

Function

Apoptosis—caspase

Cell adhesion—control of cell growth, migration, and adhesion by the ECM protein
Cell adhesion—control of cell growth, migration, and adhesion by the ECM protein
Cell adhesion—dendritic cell surface by leptin C

Stress response—activator of the stress-induced protein kinase pathway
Miscellaneous —tumor suppressor
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Prognostic factor Univariate analysis Multivariate analysis

No (%n=51) p-value (log-rank test) p-value (Cox regression) Relative risk (95% CI)
Gender Female 21 (41.2%) 0.167
Male 30 (58.8%)
Age =60 years 5 (29.4%) 0.281
<60 years 36 (70.6%)
Ki-67 >90% 9 (17.6%) 0.001 0.005 0.256 (0.100-0.657)
<90% 42 (82.4%)
Bcl-2 Positive 29 (56.8%) 0.858
Negative 22 (43.2%)
C-myc Positive 28 (54.9%) 0.187
Negative 23 (45.1%)
Bcl-6 Positive 37 (72.5%) 0.958
Negative 4 (27.5%)
MUM-1 Positive 36 (70.5%) 0.097 0.441 0.925 (0.308-2.782)
Negative 5 (29.5%)
CD3 Positive 25 (49.1%) 0.007 0.009 2.591 (0.923-7.271)
Negative 26 (50.9%)
CDh10 Positive 6 (31.3%) 0.548
Negative 35 (68.7%)
HANS GCB 9 (37.2%) 0.298
NGCB 32 (62.8%)
Size <2cm 4 (7.8%) 0.086 0.442 0.765 (0.312-1.873)
2~5cm 38 (74.5%)
>5cm 9 (17.7%)
Number of lesions 1 34 (66.6%) 0.024
>2 7 (33.4%)
EOR GTR (60 7%) 0.051 0.088 1.926 (0.751-4.942)
PR 0 (39.3%)
Blood type A+ (33 3%) 0.283
B+ 9 (37.2%)
AB+ 5 (9.8%)
0+ 0(19.7%)
LDH level <215U/L 36 (70.5%) 0.929
>215U/L 5 (29.5%)
BCL-2 and C-myc Coexpression 7 (33.3%) 0.019 0.532 0.620 (0.133-2.898)
One expression 34 (66.6%)
KPS score >70 31(60.8%) 0.543
<70 20(39.2%)
Deep brain involment Present 20 (33.3%) 0.004 0.008 0.373 (0.179-0.775)
Absent 31 (66.7%)

GCB, germinal center B cell: LDH, lactate dehydrogenase, EOR, extent of resection; GTR, gross total resection; PR, partial resection.
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Prognostic factor

Gender
Age
Ki-67
Bcl-2
C-myc
Bcl-6
MUM-1
CD3
CD10
HANS

Size

Number of lesions
EOR

Blood type

LDH
BCL-2 and C-myc
KPS score

Deep brain involment

Female
Male
>60

<60
290%
<90%
Positive
Negative
Positive
Negative
Positive
Negative
Positive
Negative
Positive
Negative
Positive
Negative
GCB
NGCB
<2cm
2-5cm
>5cm

1

>2

GTR

PR

A+

B+

AB+

O+
<215U/L
>215U/L
co-expression
one-expression
>70

<70
present
absent

Univariate analysis

Multivariate analysis

No (%n=51)

1 (41.2%)
(58 8%)
5 (29.4%)
36 (70.6%)
9 (17.6%)
42 (82.4%)
(56 8%)
2 (43.29%)
(54 9%)
23 (45.1%)
37 (72.5%)
4(27.5%)
36 (70.5%)
5 (29.5%)
25 (49.1%)
26 (50.9%)
6 (31.3%)
35 (68.7%)
9 (37.2%)
32 (62.8%)
4(7.8%)

38 (74.5%)
9 (17.7%)
34 (66.6%)
7 (33.4%)
31 (60.7%)
20 (39.3%)
7 (33.3%)
9 (37.2%)
5(9.8%)

0(19.7%
36 (70.5%)
36 (29.5%)
7(33.3%
34 (66.6%)
31(60.8%)
20(39.2%)
20 (39.2%)
31 (60.8%)

p-value (log-rank test)

0.297
0.362
<0.001
0.538
0.203
0.456
0.292
0.002
0.817
0.955

0.003

0.029
0.391

0.011

0.839
0.036
0.988

0.017

p-value (cox regression)

0.001

0.004

0.069

0.255
0.705

0.298

0.626

0.090

Relative risk (95% Cl)

0.176 (0.061-0.505)

3.490 (1.498-8.831)

0.356 (0.139-0.910)

1.496 (0.449-4.981)

1.377 (0.458-4.135)

1.071 (0.721-1.592)

0.642 (0.108-3.816)

0.560 (0.152-2.061)

GCB, germinal center B cell: LDH, lactate dehydrogenase, EOR, extent of resection; GTR, gross total resection; PR, partial resection.
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Location n=63 (%)
Frontal lobe 16 (31.4%)
Parietal lobe 9 (17.6%)
Temporal lobe 9 (17.6%)
Occipital lobe 5 (9.8%)
Ventricular region 10 (19.6%)
Basal ganglia and thalamus 4 (7.8%)
Cerebellopontine angle 3 (5.9%)
Cerebellum 3 (5.9%)
Brainstem 2 (3.9%)
Pineal gland 2 (3.9%)
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Presentation n=51 (%)
Headache 19 (37.2%)
Dizziness 17 (33.3%)
Motor symptoms 16 (31.3%)
Visual symptoms 12 (23.5%)
Hemiplegia and aphasia 10 (19.6%)
Incidental 5 (9.8%)
Cognitive symptoms 4 (7.8%)
Epilepsy 4 (7.8%)
Decreased consciousness 3 (5.8%)
Nausea/vomiting 3 (5.8%)
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TCGA-Training cohort
N =294

114
180

173
121
NA
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69
225
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141
153

TCGA-Testing cohort
N =298

129
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307
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Gene symbol

CDK4
HMGB2
WEE1
SMC3
GADD45G

Description

Cyclin Dependent Kinase 4

High Mobility Group Box 2

WEE1 G2 Checkpoint Kinase

Structural Maintenance Of Chromosomes 3
Growth Arrest And DNA Damage Inducible Gamma

Ensemble ID

ENSG00000135446
ENSG00000164104
ENSGO00000166483
ENSGO00000108055
ENSG00000130222

Category

Protein Coding
Protein Coding
Protein Coding
Protein Coding
Protein Coding

Coeffcient

0.31
0.36
0.45
-0.45
-0.37

HR (95%Cl)

1.36 (1.16-1.61)
1.43 (0.98-2.08)
1.56 (1.18-2.06)
0.64 (0.46-0.88)
0.69 (0.57-0.83)

Pvalue

<0.01
0.06
<0.01
0.01
<0.01
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G0:0000226: microtubule cytoskeleton organization
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IDH1 exon 4 Forward,
TGAGCTCTATATGCCATCACTGCA
Reverse:
CAATTTCATACCTTGCTTAATGGG

IDH? exon 4 Forward:
GICTGGCTGTGITGTIGATTG
Roverse:
CAGAGACAAGAGGATGGCTAGG

53 exon 4 Forward:
TGAGGACCTGGTCCTCTGAC
Roverse: AGAGGAATCCCAAAGTTCCA

P53 exons 5-6 Forward: TGTTCACTTGTGCCCTGACT
Roverse: TTAACCOCTCGTCCCAGAGA

ps3 exon 7 Forward,
AGGCACACTGGCCTCATCTT
Roverso:
TGTGCAGGGTGGCAAGTGGC

P53 exons -0 Forward: TTGGGAGTAGATGGAGCCT
Roverse: AGTGTTAGACTGGAMCTTT

Sequencing of exon 4 of IDH1 and IDH2 was based on prevously descrbed (35) and
sequencing of exon 4-9of the TP53 geno was caried outfolowng the method fom IARC
1P53 database (R20).





OPS/images/fonc.2023.1146805/crossmark.jpg
©

2

i

|





OPS/images/fonc.2021.724769/fonc-11-724769-g003.jpg
Points

age

number of glioma

MGMT

PNI

| e e s s s e e s s e |
15 25 35 45 55 65 75

STR+PR
extent of resection r d
GTR+NTR
multiple
single
unmethylation
methylation
<44
>44

Total Points

1 year os

2 year 0s

3 year os

O B e T LA H s B e e B

0 20 40 60 80 100 120 140 160 180 200 220 240 260

r T T T T T T T 1

0.9 08 07 06 0504 03 02 01

08 07 06 05 04 03 02 O.

07 06 05 04 03 02 01





OPS/images/fonc.2021.800053/fonc-11-800053-g001.jpg





OPS/images/fonc.2021.724769/crossmark.jpg
©

2

i

|





OPS/images/fonc.2021.724769/fonc-11-724769-g001.jpg
Cum survival

20 40 60

Overall survival (months)

PNI
1547
1547
—+—s47-censored
~+->47-censored

80

Cum survival

20

40 60

Overall survival (months)

PNI

=44
LI>44
—t—s44-censored
-}~ >44-censored

80 100





OPS/images/fonc.2021.724769/fonc-11-724769-g002.jpg
cox regression predict ROC

=

0.2
1

grade Ill glioma

grade IV glioma

00

T T T T T T
10 08 06 04 02 00
Specificity





OPS/images/fonc.2021.758856/fonc-11-758856-g005.jpg
—log10(fdr)

200
. Phagosome - @
2 Staphylococcus aureus infection - o
” Antigen processing and presentation - @ -
L extracellular matrix structural constivent | @) et
3ot
-~ antigen binding { @ 2e-1
0 Significant Te-11
o o growth factor binding | @
¥ (ow, Gounts
v % collagen-containing extracelular matrix | L
° vesicle lumen - ) Q=
cytoplasmic vesicle lumen @ O
neutrophil activation | ®
neutrophil mediated immunity o
neutrophil degranuiation -| ®
0.040.060.080.100.120.140.16

GeneRatio

logFC

os
§ =8 GO_ACTIVATION_OF _IMMUNE_RESPONSE
0s B GO_ADAPTIVE_IMMUNE_RESPONSE
H B GO_LEUKOGYTE_PROLIFERATION
E B GO_POSITIVE_REGULATION_OF_LEUKOGYTE_PROLIFERATION
2 B GO_REGULATION_OF_LYMPHOGYTE_AGTIVATION
& = GO_T_CELL_PROLIFERATION
0z
0o
|1
iy
AR
I
High expression<--
oo
oo

 KEGG_ANTIGEN_PROGESSING_AND_PRESENTATION
KEGG_CELL_ADHESION_MOLECULES_CAMS
KEGG_INTESTINAL_IMMUNE_NETWORK_FOR_IGA_PRODUGTION
KEGG_NATURAL_KILLER_CELL_MEDIATED_CYTOTOXICITY
KEGG_PRIMARY_IMMUNGDEFIGIENCY

Enrichment Score:
o

02

| |
I‘I\H‘Hi"]\‘ H]JIH‘\ [ \H‘II\H
‘NIH LHET (YR | HI,‘ il ‘H“HH






OPS/images/fonc.2021.758856/fonc-11-758856-g006.jpg
HR - 6.02 (3.28-11.04)

0 30 60 90
Time
low 49891 87 54 0
high 471 51 31 1 0






OPS/images/fonc.2021.758856/table1.jpg
GSE4290 (n = 176) TCGA (n = 587) CGGA (n = 686) Tissue microarray (n = 169)

Age (years)

<42 NA 242 308 37
=42 NA 345 378 132
Gender

Female NA 246 287 62
Male NA 341 399 107
Normal tissue 23 NA NA NA
CGrade

I 45 211 177 97
Ul 31 234 226 51

\% 7 142 283 21

IDH status

Wild type NA 219 315 NA
Mutation NA 368 371 NA
1p/19q

Codel NA 149 141 NA
Non-codel NA 438 545 NA
MGMT

Methylated NA NA 386 NA
Unmethylated NA NA 300 NA
Vital status

Dead NA 173 457 57
Alive NA 414 229 112

IDH, isocitrate dehydrogenase; MGMT, O°-methylguanine-DNA methyltransferase; codel, co-deletion.
NA represents No data.
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Major types Action Biomarkers and their characteristics References
mechanisms

Merlin RTK signal proteins  VEGF expression was increased in VS, and anti-VEGF therapy was effective for NF2-VS. (16)
pathway Pharmaceutical inhibition of PDGFR could reduce VS growth rate. (17, 18)
proteins bFGF promoted proliferation and invasion of VS cells, and also might be a hearing protector in VS. (16, 19)
ErbB family proteins were aberrantly expressed in VS, and its inhibition has therapeutic effects on VS. (20)
Ras signal proteins ~ Merlin inhibits Ras signal transduction by interfering with GRB2 expression and inhibiting Rac1 and PAK1 activation. (21-23)
CPI-17-MYPT1 CPI-17-MYPT1 switch was responsible for the conformational change of merlin. CPI-17 was over-expressed in VS. (24-26)
switch
Hippo signal Merlin activated LATS1/2 and inhibited the destabilization of LATS1/2 by CRL4P“A"", LATS1/2 promoted the 27, 28)
proteins degradation of YAP and inhibited the transcription of pro-proliferation and anti-apoptotic genes stimulated by YAP.
Inflammatory ~ Local inflammation  The NF-«B signal activated in VS was considered to be the core of VS pathophysiology. (29, 30)
signal COX-2 was highly expressed in VS and was associated with high proliferation rate. 31)
Systemic Macrophages, especially M2-type macrophages, were thought to promote VS growth. (32, 33)
inflammation High NLR was associated with VS growth. (34)
Tumor Gene expression The upregulation of miR-29abc, miR-19, miR-340-5p, miR-21, miR-221 and downregulation of miR-744, let-7b (35, 36)
miRNAs regulation were related to VS growth velocity.
Tumor Glycoprotein CD105 can be used as a MVD marker, and was correlated with VS size and growth rate. 37)
proteins Neurotrophic factor ~ BDNF expression was correlated with mitotic activity in VS. 38)
Proteases The expression of MMP-2 and MMP-9 was correlated with VS growth rate and was higher in cystic VS than solid (39-41)
VS. The proteolytic activity of MMP-14 was related to the degree of SNHL in VS patients.
The expression of ADAM9 was higher in VS and related to functional impairment. (42, 43)
CSF Mucopolysaccharide HA levels were elevated in NF2-VS and correlated with the proliferation rate of schwannoma cells. (44)

components  Proteins ABCAS, SCG1, KLF11, CA2D1, BASP1and PRDX2 were associated with VS growth. (45)
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Author

Choi et al,
Feyissa et al.
Duan et al.
Neal et al.
Roberts et al.
Yang et al.
Skardelly et al.
Zhong et al.
Muligan et al.
Liubinas et al.
Liang et al.

Stockhammer et al.

Year

2020
2019
2018
2018
2018
2016
2015
20156
2014
2014
2013
2012

Study type

Retrospective
Cohort
Retrospective
Retrospective
Retrospective
Retrospective
Retrospective
Retrospective
Retrospective
Prospective
Retrospective
Retrospective

Study area

USA
USA
China
China
UK
China
Germany
China
UK
Australia
China
Germany

Sample size, n

Seizure

98
46
73
62
45
41
116
221
48
23
37
27

Seizure-free

318
22
216
48
18
23
218
90
12
7
23
22

Sex, n (male/female)

Seizure

59/39
28/18
45/28
/
43/20
/
43/73
135/86
/
13/9
34/26
57

Seizure-free

186/133
17/5
120/96
/

34

2”5
395 (17-65)
22

Age, years

Seizure Seizure-free
490+142  51.1£160
50 11
487 487
/ /
38(17-72)
/ /
37 402
42(15-78)
85.4(17-70)
40(13-72)
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Gene Forward primer 5'-3' Reverse primer 5'-3'
GAPDH TGACTTCAACAGCGACACCCA CACCCTGTTGCTGTAGCCAAA
OLFML2A AACAGGCAGTAGAGTCAA TTACAAGATTCCTACCAACAG
APP CTGATGCGGAGGAGGATGAC TCTCTGTGGCTTCTTCGTAGG
Wnt3 GGACGGAGAAGCGGAAGGA GCGAGTTGGGTCTGGGTCAT
Whnt5a TCGACTATGGCTACCGCTTTG CACTCTCGTAGGAGCCCTTG
Wnt5b CTGGTGGTCATTAGCTTTG ATGTGCTCCTGGTACAATT
MYC TGTCCGTCCAAGCAGAGG CGCACAAGAGTTCCGTAGC
CD44 AGGCTGAGACAGGAGGTTA CCTCCCTTATTTCTATCGTG
CSNK2A2 TGGAGTTTGGGCTGTATGTT TCGTATCGCAGAAGTTTGTC
LEF1 AGAGCGAATGTCGTTGCTGA TCGTTTTCCACCTGATGCAGA
FZD3 CAAATCTGGGTGTTGGGTT TGAGAAAGGCTGGGCATC
LRP6 TGGGGAAACTATGACTAATG CTGACAAAGAACTTGGGTG
LRP1 AGGGCGTAGGTTCCTTTICTC CATTGGTCACCACGTCTTCA
DVL3 TACTGCGGGAGATTGTGC GAACTGGTGATGGAGGAGC
SOx4 ACTTCGAGTTCCCGGACTACT TGAAAACCAGGTTGGAGATGC
MAP3K7 CCGGTGAGATGATCGAAGCC GCCGAAGCTCTACAATAAACGC
AKT3 AATGGACAGAAGCTATCCAGGC TGATGGGTTGTAGAGGCATCC
MDM2 GAATCATCGGACTCAGGTACATC TCTGTCTCACTAATTGCTCTCCT
RARG ATGCTGCGTATCTGCACAAG AGGCAAAGACAAGGTCTGTGA
BTRC AGTTCTGCACTTGCGTTTC ACTCACTACCAGCCTGTCC
TGFBR2 GTGCCAACAACATCAACC GACTGCCACTGTCTCAAACT
ACVR1C GCACCTTCCAACAGCATCAC ATCCAGAGGCGGTCACATC
ACVR2B AGACACGGGAGTGCATCTACT GCCTATCGTAGCAGTTGAAGTC
PPP2R2B ACCAGGGACTACTTGACCG TCACGCTTGGTGTTTCTGT






OPS/images/fonc.2021.722754/crossmark.jpg
©

2

i

|





OPS/images/fonc.2021.722754/fonc-11-722754-g001.jpg
Overall survival of

'CBM patients Newly diagnosed GBM

p=0012

56, s

p=0.008

VPA 230 days. n VPA 2 30 days. n =51

VPA < 30 days. n = 110 P VPA < 30 days. n = 88

s )

D N diagnosed, IDH wild- ,
GBM patients < 65y/o Y ey e M patonts

o000 p=0.019
VPA 230 days. n =41 VPAZ230 days.
n=

VPA <30 days. VPA <30 days. n =21

p ST PR .






OPS/images/fonc.2021.717917/fonc-11-717917-g006.jpg
Fold change P-value |Regulation|
SOX4 2.372679 | 1.12E-3 UpP
FzZD3 2.179912 | 5.07E-09 UP IS i
LRP6 2,354673 | 1.84E-10 UpP H“
MDM2 | 2532865 | 1.51E-11 upP P
ACVR2B| 2.270815 | 4.62E-09 upP :
RARG |2.011163 | 1.6E-12 UpP
TGFBR2| 2.426505 | 2.75E-16 UP

MYC -5.51821 1.64E-16| down
SNK2A2| -2.25322 | 3.3E-13 down
PPP2R2B| -3.25051 5.72E-11| down
MAP3K7| -2.4107 1.84E-12| down
CD44 -2.15904 | 1.11E-15| down
AKT3 -2.33262 | 4.99E-10| down
DVL3 2.00553 4.35E-12 UP
LEF1 -2.17595 | 4.32E-08| down
BTRC | 2.498081 | 2.83E-12 UP
ACVR1C | 4.926808 | 5.14E-13 UP
LRP1 -0.34708 | 1.03E-13 UP
Wnt5B | -0.40074 | 2.73E-12 | down
Wnt5A | -0.4544 2.28E-11 | down
Wnt3 -2.55006 | 1.39E-12 | down [
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GO

GO:0007051
R-HSA-1640170
M129

M242
R-HSA-69620
R-HSA-3108232
R-HSA-6804756
WP1984
G0:0060236
G0:0030162
GO:0090307
G0:1903800
GO:0051347
GO:0010639

Category

GO Biological Processes
Reactome Gene Sets
Canonical Pathways
Canonical Pathways
Reactome Gene Sets
Reactome Gene Sets
Reactome Gene Sets
WikiPathways

GO Biological Processes
GO Biological Processes
GO Biological Processes
GO Biological Processes
GO Biological Processes
GO Biological Processes

Description

spindle organization

Cell Cycle

PID PLK1 PATHWAY

PID AURORA A PATHWAY

Cell Cycle Checkpoints

SUMO EB ligases SUMOylate target proteins
Regulation of TP53 Activity through Phosphorylation
Integrated breast cancer pathway

regulation of mitotic spindle organization

regulation of proteolysis

mitotic spindle assembly

positive regulation of production of miRNASs involved in gene silencing by miRNA
positive regulation of transferase activity

negative regulation of organelle organization

Count

& R o

ANWAROADODNON

-Log10(P)

19.88
18.02
17.52
16.18
12.75
10.56
10.45
9.07
7.86
1.7
7.52
72
718
4.12
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GO Category Description Count -Log10(P)
M129 Canonical Pathways PID PLK1 PATHWAY 12 29.03
M14 Canonical Pathways PID AURORA B PATHWAY 1" 26.91
GO:0051301 GO Biological Processes cell division 17 26.77
R-HSA-69278 Reactome Gene Sets Cell Cycle, Mitotic 17 25.8
GO:0051321 GO Biological Processes meiotic cell cycle 8 11.64
GO:0061640 GO Biological Processes cytoskeleton-dependent cytokinesis 6 10.37
hsa04914 KEGG Pathway Progesterone-mediated oocyte maturation 6 10.18
CORUM:6184 CORUM AuroraB-AuroraC-INCENP complex 3 9.54
G0:0051656 GO Biological Processes establishment of organelle localization 7 8.64
G0:0051988 GO Biological Processes regulation of attachment of spindle microtubules to kinetochore 3 7.08
G0:0001578 GO Biological Processes microtubule bundle formation 3 4.13
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Gene
symbol

KIF20A
AURKA

BUB1B
RRM2
KIF11
MAD2L1

CCNB1
RFC4
NCAPG

CCNB2
MCM6

CHEK1

Full name

kinesin family member 20A
aurora kinase A

threonine kinase B

ribonucleotide reductase M2
kinesin family member 11

MAD2 mitotic arrest deficient-like 1

cyclin B1

replication factor C4

non-SMC condensin | complex,
subunit G

cyclin B2

minichromosome maintenance
complex component 6
checkpoint kinase 1

Function

Mitotic kinesin is necessary for cytokinesis mediated by the chromosomal passenger complex (CPC).

A cell cycle-regulated kinase that appears to be involved in the production and/or stability of microtubules at the
spindle pole during chromosomal segregation.

Essential component of the mitotic checkpoint

Provides the precursors necessary for DNA synthesis.

During mitosis, @ motor protein is essential for the formation of a bipolar spindle.

A component of the spindle-assembly checkpoint that prevents anaphase from occurring until all chromosomes
are correctly aligned at the metaphase plate.

Belongs to the cyclin family and is required for cell cycle regulation during the G2/M (mitosis) transition.

Involved in the elongation of the multiprimed DNA template

Condensin complex regulatory subunit, a complex essential for the conversion of interphase chromatin into
mitotic-like condensed chromosomes.

Belongs to the cyclin family and is required for cell cycle regulation during the G2/M (mitosis) transition.

one of the highly conserved mini-chromosome maintenance proteins (MCM) required for eukaryotic genome
replication to begin

Serine/threonine protein kinase that is necessary for checkpoint-mediated cell cycle arrest and DNA repair
activation in the presence of DNA damage or unreplicated DNA.
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Onco-markers Sequence Parameter AUC Reference

IDH mutation cMRI+DWI+DSC-PWI mADC+rADC+rCBVmax 0.92 (31)
MRS 2-HG = (35)
APTw - 0.89 (36)
MGMTpm Radiomics (TPOT) 3DT1WI+Gd-3DT1WI+T2WI+FLAIR 0.951 37)
iVASO CBVa 0.931 (39)
H3-K27M mutation DwI ADC 0.872 41, 42)
Ki-67 level Radiomics (cMRI) TiWI, T2WI 0.773 43
Radiomics (multicontrast MRI) ADC+eADC+CBF+PWmap+b1000+ 0.745 (47)
bO+T1FLAIR+T2FLAIR+T2FSE+T1C
p53 mutation Radiomics (cMRI) ToWI 0.709 (50)
TERT Radiomics (cMRI+MRS) CE-T1WI+Flair+ T1WI+T2WI 0.955 (53)
ATRX mutation Radiomics (cMRI) ToWI 0.94 (56)
EGFR amplified Radiomics (cMRI) T2wWl 0.95 (67)
DwWI mADC 0.75 (58)

IDH, isocitrate dehydrogenase; rADC, relative apparent diffusion coefficient; 2-HG, 2-hydroxyglutarate; MGMTpm, O6-methyiguanine-DNA methyiltransferase promoter methylation;
TPOT, tree-based pipeline optimization tool; b1,000/b0 DWI with two b-values: b = 0 and b = 1,000 s/mm?; CE-T1Wi, contrast-enhanced T1WI; TERT, telomerase reverse transcriptase;
ATRX, alpha-thalassemia/mental retardation, X-linked: EGFR, epidermal growth factor receptor; mADC, minimum apparent diffusion coefficient.
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Clinical application Sequence Parameter Reference

Preoperative grading

LGG vs. HGG APTw - (1)
PWI rCBV 5)
IVASO+DWI rCBVa+mADC )
7T-MRI SWI-LIV (14)

Il vs. Il (cligodendrogliomas) DCE-MRI Vp+Ktrans )

lvs. IV DCE-MRI textural feature (11,12)

Differential diagnosis

With PCNSL APTw = (19)

With brain metastasis PWI rCBV (20, 21)
DWI+DTI pADC (22-26)

With inflammation Radiomics (cMRI)  T1WI+T2WI (18)

Response to therapy

dentify tumor progression DSC-PWI rCBV 27)

Response to TMZ MRS "H MRS (28)

Response to standard CRT ~ CEST-MRI MTR+NOE+APF (29)
7T CEST-MRI NOE (30)

LGG, low-grade glioma; HGG, high-grade glioma; APTw, amide proton transfer weighted;
PWI, perfusion-weighted imaging; rCBV, relative cerebral blood volume; VASO, inflow-based
vascular-space-occupancy; DWI, difusion-weighted imaging; mADC, minimum apparent
diffusion coefficient; SWI-LIV, susceptibility-weighted imaging local image variance;
DCE-MRI, dynamic contrast-enhanced MRI; Vp, plasma volume; Ktrans, volume transfer
coeficient; DT, diffusion tensor imaging; pADC, peri-enhancing apparent difusion coefficient;
cMRI, conventional MR imaging; DSC-PWI, dynamic susceptibility-weighted contrast-
enhanced perfusion-weighted imaging; MRS, MR spectroscopy; CEST-MRI, chemical
exchange saturation transfer MRI; MTR, magnetization transfer ratio; NOE, nuclear
Overhauser effect; APF, amide proton transfer; iINOE, relayed nuclear Overhauser effect.
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Characteristics lI-1ll grade Primary GBM P value
(IDH wild-type) (IDH wild-type)
Total 165 (42.4%) 224 (56%) NA
Age 42 (18-74) 51 (18-79) <0.01
Gender 0.296
Male 99 (60.0%) 146 (65.2%)
Female 66 (40.0%) 78 (34.8)
Resection 0.018
Total resection 77 (46.7%) 135 (60.3%)
Subtotal resection 74 (44.8%) 78 (34.8%)
NA 14 (8.5%) 11 (4.9%)
Tumor location 0.264
Multi lobe 56 (33.9%) 74 (33.0%)
Single lobe 78 (47.3%) 79 (35.3%)
NA 31 (18.8%) 71 (31.7%)
Symptom <0.001
Seizure 82 (49.7%) 50 (22.3%)
No seizure 69 (41.8%) 153 (68.3%)
NA 14 (8.5%) 21 (9.4%)
Radiotherapy 0.072
Yes 134 (81.2%) 190 (84.8%)
No 27 (16.4%) 22 (9.8%)
NA 4 (2.4%) 12 (5.4%)
Chemotherapy <0.001
Yes 80 (48.5%) 159 (71.0%)
No 78 (47.3%) 56 (25.0%)
NA 7 (4.2%) 9 (4%)
Median PFS (Mo) 44 9.767 <0.001
Median OS (Mo) 55 14.83 <0.001
1p/19q codeletion NA
Yes 0 (0%) 0 (0%)
No 51 (30.9%) 106 (47.3%)
NA 114 (69.1%) 118 (62.7%)
MGMT methylation 0.520
Yes 25 (15.2%) 69 (30.8%)
No 42 (25.5%) 140 (62.5%)
NA 98 (59.4%) 15 (6.7%)
PETN 0.010
Yes (wild) 88 (53.3%) 79 (35.3%)
No (mutant) 8 (5.0%) 26 (11.6%)
NA 69 (41.7%) 119 (53.1%)
P53 0.518
Yes (wild) 87 (52.7%) 88 (39.3%)
No (mutant) 13 (7.9%) 17 (7.6%)
NA 65 (39.4%) 119 (53.1%)
TERT 0.991
Mutant 12 (7.3%) 22 (9.8%)
Wild 17 (10.3%) 31 (13.8%)
NA 136 (82.4%) 171 (76.4%)
EGFR 0.204
Amplification 7 (4.2%) 14 (6.3%)
Wild 125 (75.8%) 138 (61.6%)
NA 33 (20%) 72 (32.1%)
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Event B P OR 95% CR CI
LGG os MGMT 1.239 <0.001 3.453 2.007-5.940
TERT -1.522 0.005 0.218 0.075-0.634
TP53 1.142 0.002 3.134 1.542-6.446
Radiotherapy -1.538 0.199 0.215 0.021-2.247
Chemotherapy 0.331 0.744 1.393 0.190-10.204
Age 0.023 0.01 1.023 1.005-1.040
PFS MGMT 1.249 <0.001 3.487 2.076-5.856
TERT -0.687 0.006 0.503 0.307-0.824
TP53 0.445 0.012 1.561 1.104-2.208
Radiotherapy -1.507 0.208 0.222 0.021-2.315
Chemotherapy 0.474 0.64 1.606 0.220-11.731
Age 0.029 <0.001 1.08 1.013-1.047
GBM 0os MGMT 0.76 0.013 2139 1.174-3.897
PTEN -0.709 0.038 0.492 0.252-0.961
Resection -0.575 0.004 0.562 0.277-1.141
Radiotherapy -0.402 0.006 0.669 0.190-2.360
Chemotherapy 1.395 0.001 4.037 0.890-18.302
Age 0.014 0.026 1.014 1.002-1.027
PFS Resection -0.435 0.005 0.647 0.319-1.311
Radiotherapy -0.391 0.009 0.677 0.190-2.406
Chemotherapy 1.626 0.033 5.084 1.189-22.692
Age 0.014 0.03 1.014 1.001-1.026
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PubMed

Embase

Cochrane

Search

#

#2

#3

#1

#2

#3

#1

#2

#3

Query

((((socitrate Dehydrogenase”[Mesh]) OR (isocitrate Dehydrogenase-|[Title/Abstract])) OR (soitrate Dehydrogenase
[Title/Abstract])) OR (IDH[Title/Abstract])) OR ((“Methyltransferases”[Mesh]) OR (MGMT)) OR (ATRXTitie/Abstract])) OR
(1p/19q[Title/Abstract])) OR (PS3[Title/Abstract])) OR (EGFR[Title/Abstract))

((((“Glioma"[Mesh]) OR (Gliomas[Title/Abstract])) OR (Giial Cell Tumors{Title/Abstract))) OR (Glial Cell
Tumor(Title/Abstract])) OR (Mixed Glioma([Title/Abstract])) OR (Mixed Gliomas(Title/Abstract])) OR (Malignant
GliomalTitle/Abstract])) OR (Malignant Gliomas[Title/Abstract])) OR (((((“Astrocytoma’[Mesh]) OR
(Astrocytomas[Title/Abstract])) OR (Astroglioma[Title/ Abstract])) OR (Astrogliomas[Title/Abstract])) OR (Astrocytic
GliomalTitle/ Abstract])) OR (Astrocytic GliomesfTitle/Abstract])) OR ((((((“OligodendrogliomaMesh]) OR
(Oligodendrogliomas[Title/Abstract])) OR (Mixed Oligodendroglioma-Astrocytoma(Title/Abstract})) OR (Mixed
Oligodendroglioma Astrocytoma(Title/Abstract])) OR (Mixed Oligodendroglioma-AstrocytomasTitle/Abstract])) OR
(Anaplastic Oligodendrogiioma(Title/Abstract])) OR (Anaplastic Oligodendrogliomas(Title/Abstract])) OR
(OligodendroblastomalTitle/Abstract])) OR (Oligodendroblastomas[Title/Abstract]))

((*Seizures"[Mesh]) OR (Seizure[Title/Abstract])) OR (Complex Partial Seizure(Title/Abstract)) OR (Complex Partial
Seizures{Title/Abstract])) OR (Tonic-Clonic Seizures{Title/Abstract])) OR (Tonic Clonic Seizures[Title/Abstract])) OR
(Tonic-Clonic Seizure[Title/Abstract])) OR (Clonic Seizures[Title/Abstract]) OR (((((“Epilepsy"[Mesh]) OR
(Epilepsies[Title/Abstract])) OR (Seizure Disorder(Title/Abstract])) OR (Seizure Disorders{Titie/Abstract])) OR (Awakening
Epilepsy[Title/Abstract])) OR (Cryptogenic Epilepsies{Title/Abstract)) OR (Cryptogenic Epilepsy[Title/Abstract])) OR
(Aura[Title/Abstract])) OR (Auras[Title/Abstract)

“isocitrate dehydrogenase":ab,ti OR ‘“isocitrate dehydrogenase-I":abti OR “isocitrate dehydrogenase I":ab,ti OR
idh:ab,ti OR methyltransferases:ab ti OR mgmt:ab,ti OR atnx:ab, ti OR *1p/19q":ab,ti OR p53:ab,ti OR egfr:ab,ti
gliomaab, i OR gliomas:ab, ti OR “glial cell tumors"zab,ti OR “glial cell tumor*:ab i OR “mixed glioma"abti OR “mixed
gliomas™ab,ti OR “malignant glioma”ab,ti OR “malignant gliomas":ab,ti OR astrocytomazab ti OR astrocytomas:ab,i
OR astroglioma:ab, i OR astrogliomas:ab,ti OR “astrocytic glioma’:ab,ti OR “astrocytic gliomas”:ab,ti OR
oligodendrogliomazab, i OR oligodendrogliomas:ab,ti OR “mixed oligodendroglioma-astrocytomaab,ti OR “mixed
oligodendroglioma astrocytomar’:ab,ti OR “mixed oligodendroglioma-astrocytomas":ab, i OR “anaplastic
oligodendroglioma”zab, i OR “anaplastic oligodendrogiomas:ab,ti OR oligodendroblastoma:ab,ti OR
oligodendroblastomas:ab, i

seizures:ab, i OR seizure:ab, ti OR “complex partial seizure":ab,ti OR “complex partial seizures™:ab, i OR “tonic-clonic
seizures":abti OR “tonic clonic seizures™:ab,ti OR “tonic-clonic seizure"zab,ti OR “clonic seizures™abti OR
epilepsy:ab,ti OR epilepsies:ab,ti OR “seizure disorder”:ab, i OR “seizure disorders”zab,li OR “awakening epileps
OR “cryptogenic epilepsies™ab,ti OR “cryptogenic epilepsy”:ab,ti OR aurazab,ti OR auras:ab i

(isocitrate dehydrogenase):ti,ab,kw OR (isocitrate dehycrogenase-ijti,ab,kw OR (isocitrate dehycrogenase):t,ab kw
OR (idh):ti,abkw OR (methyltransferases):ti.ab kw OR (MGMT):ti,ab kw OR (atrx):tiab kw OR (“1p/19q)ti,abkw OR
(p53):ti,ab kw OR (egr):ti,ab kw

(gliomna)ti,ab,kw OR (gliomas):tiab,kw OR (glial cell tumors):ti,ab,kw OR (glial cell tumor):i.ab, kw OR (mixed
gliomal:ti;ab kw OR (mixed gliomas):ti.ab,kw OR (malignant gliomal:ti,ab, kw OR (malignant gliomas)ti,ab,kw OR
(astrocytoma):tiab, kw OR (astrocytomas):ti,ab, kw OR (mixed gliomas):tiab,kw OR (malignant gliomal:ti,ab,kw OR
(malignant gliomas):ti,ab kw OR (astrocytoma):ti,ab,kw OR (astrocytomas):ti.abkw OR (astroglioma):ti,ab
(astrogiiomas):tiab kw OR (astrooytic glioma):t,ab kw OR (astrocytic gliomas):ti.ab kw OR (oligodendroglioma):tiab ko
OR (oligodendrogliomas):t,ab kw OR (mixed oligodendroglioma-astrocytoma):ti,ab,kw OR (mixed oligodendrogioma
astrocytomal:ti,ab,kw OR (mixed oligodendroglioma-astrocytomas):ti,ab,kw OR (anaplastic oligodendrogliomal:ti,ab, kw
OR (anaplastic oligodendrogiiomas):tiab kw OR (oligodendroblastoma):ti,ab,kw OR (oligodendroblastomas):ti.abkw
(Seizure):ti,ab kw OR (Complex Partial Seizures):t,ab kw OR (Complex Partial Seizure):tiab kw OR (Partial Seizure,
Complex):i,ab,kw OR (Partial Seizures, Complex):ti,ab,kw OR (Seizure, Complex Partial):tiab,kw OR (Tonic-Clonic
Seizures):ti.ab,kw OR (Seizure, Tonic-Clonic):tiab,kw OR (Tonic Clonic Seizures):ti,ab,kw OR (Tonic-Clonic
Seizure):ti,ab,kw OR (Seizures, Tonic-Clonic):i,abkw OR (Clonic Seizures):tiab,kw OR (Seizures, Clonic)i.ab kw OR
(Epilepsies):ti,ab kw OR (Epilepsies):tiab,kw OR (Seizure Disorder):tiab kw OR (Seizure Disorders)ti,abkw OR
(Awakening Epilepsy):tiab,kw OR (Epilepsy, Awakening):ti.ab kw OR (Epilepsy, Cryptogenic):ti.ab,kw OR (Cryptogenic
Epilepsies):ti,ab,kw OR (Cryptogenic Epilepsy):ti,ab,kw OR (Epilepsies, Cryptogenic):ti,ab,kw OR (Aura):ti,ab,kw
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