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Editorial on the Research Topic 


Molecular biology of biomarkers in diagnosis and treatment of glioblastoma multiforme


Glioblastoma (GBM) is the most common malignant brain tumor in the central nervous system with high mortality and morbidity. The annual incidence of GBM is about 3-6/100,000 people, with a median post-diagnostic survival time of 14.6 months and a 5-year survival rate of 5.6% (1–3). Initial surgical resection, adjuvant chemoradiotherapy with temozolomide constitute the standard-of-care therapy for GBM, while surgical resection alone provides a survival benefit of approximately 3–6 months (4).

This Research Topic presents a remarkable collection of articles of 20 Original Research, 1 Case Report, 2 Reviews, and 1 Mini Review. The main purpose of this editorial is to introduce new prognostic factors for the GBM patients and to clarify newly discovered pathophysiological mechanisms of GBM. With the advances of molecular biology, molecular markers have gradually become an excellent diagnostic tool. In 2016, the WHO Classification of Tumors of the Central Nervous System (WHO CNS4) was the first to use molecular markers in glioma classification, and in 2021 WHO CNS5 placed more emphasis on their importance (5, 6). Several major genomic alterations had been identified. Epidermal Growth Factor Receptor (EGFR) amplification/mutations, Phosphatase and tensin homolog (PTEN) deletion/mutations and CDKN2Ap16INK4a were most frequently observed in primary GBM (5, 7). IDH1 (Isocitrate dehydrogenase 1) mutation was identified as the most reliable diagnostic molecular marker of secondary GBM, while the mutation of IDH1 was correlated with an improved overall survival. Other than that, there are countless potential molecular markers being discovered.

Yan et al. found that the Fc Fragment of IgG Binding Protein (FCGBP) was highly expressed in glioma and was a poor prognostic biomarker. Besides, GSEA analysis revealed that FCGBP and co-expressed genes were mainly involved in the immune response and had a synergistic effect with immune infiltrating molecules and immune checkpoint members. Lin et al. performed GO analysis and KEGG analysis on the differential genes of normal and GBM tissues in multiple databases, and subnets of differential gene interactions were mapped to select the most significant molecules. Among them, TRAF3 interacting protein 3 (TRAF3IP3) significantly affected the OS of GBM patients. Biochemical assays were applied to reveal that TRAF3IP3 promotes glioma growth by affecting the ERK pathway. Radu et al. introduced specific isoforms, distribution and functions of Glial fibrillary acidic protein (GFAP) and discussed the role of GFAPd as a potential biomarker, and a possible therapeutic target in glioblastoma. Recently, with a better understanding of the biological behavior of GBM, the long-held dogma that GBM does not metastasize outside the brain has been overturned. Rong et al. reported an early-onset GBM patient with primitive neuronal component (GBM-PNC) who had developed systemic bone metastasis.

The major functions of the human immune system are to modulate organ homeostasis, produce protein against infectious pathogens, and remove damaged cells. Multiple research has shown that adaptive and innate immunity play indispensable roles in the onset of cancer, progression and treatment (8, 9). Thus, immunotherapy has become a revolutionary anticancer therapy over the past few decades. It had shown considerable benefits, such as enhancing survival in numerous cancers, such as lung cancer, melanoma, and breast cancer (10, 11). Immune cells within the tumor microenvironment play an important role in tumorigenesis. In addition to being used for the diagnosis and prognosis prediction of GBM, multiple newly discovered molecular markers are associated with the infiltration of immune cells.

Yuan et al. reported that via analyzing expression data and corresponding clinical data from public databases, including TCGA, GEO, and CGGA, KDEL endoplasmic reticulum protein retention receptor 1 (KDELR1) was found upregulated in glioma samples and significantly correlated with poor prognosis and multiple clinical characters (age, recurrence, necrosis, microvascular proliferation, IDH mutation, and 1p/19q codeletion status). Moreover, KDELR1 expression level was positively associated with immune infiltration and microenvironment parameters. Likewise, Jiang et al. found that the expression of Non-SMC condensin I complex subunit G (NCAPG) was higher in glioma and correlated with unfavorable clinical characteristics. They found that NCAPG was correlated with tumor infiltration of B cells, CD4+ T cells, CD8+ T cells, neutrophils, macrophages and dendritic cells. Zheng et al. also demonstrated that the expression of NCAPG could be an independent prognostic factor of GBM patients and by using the CIBERSORT algorithm in 22 subpopulations of immune cells in glioma tissue, they found that NCAPG significantly negatively correlated with natural killer cells. In addition, NCAPG was positively correlated with MHC-I molecules and ADAM17. Liu et al. described the biological characteristics of glioblastoma-associated macrophages and microglia, highlighting the emerging molecular targets and related signal pathways involved in the interaction between TAMs and glioblastoma cells, as well as the potential TAM-associated therapeutic targets for glioblastoma.

As the overall survival (OS) for GBM patients who receive the same treatment may differ significantly at the individual level, summarizing the different characteristics and identifying effective prognostic factors could stratify patients for personalized follow-up regimen development and further individualized improvement of prognosis. Chen et al. used bioinformatics approaches to build a prognostic risk model based on platelet-to-lymphocyte ratio (PLR) level, WHO grade, IDH mutation, and Ki-67 index. Scores of the model stratified GBM patients and showed prognostic value of serum inflammatory biomarkers including PLR. Zhu et al. conducted and validated a LGALS based novel nomogram of OS, progression-free survival (PFS), and disease-specific survival (DSS) with favorable predictive performance and might serve as a reliable prognosis model for survival. Galectin (LGALS) could promote the stemness maintenance of glioma stem cells (GSCs) and positively correlate with M2-tumor-associated macrophages (TAMs) infiltration, demonstrating the potential role of LGALS genes in glioma immunosuppression and immune escape. Huang et al. identified six immune-related genes (IRG) and conducted a predictive nomogram integrating the independent predictive factors to determine the OS of individuals with GBM, which had better predictive ability than any independent factor alone. Finally, they found that the expression levels of tenascin C (TNC) and somatostatin receptor 2 (SSTR2), two out of six IRGs, were confirmed to be significantly associated with patient prognosis by protein mass spectrometry and western blotting. Similarly, Wang et al. revealed that age, Karnofsky performance scores (KPSs), tumor location, glioma grade, glioma type, extent of resection (EOR), adjuvant chemotherapy (ad-CT), concurrent chemotherapy (co-CT), and IDH status were independent factors associated with short-term glioma recurrence They conducted a novel nomogram to predict the risk of short-term recurrence after surgery in glioma patients. In addition, they provided a free online prediction risk tool for this nomogram. Ma et al. used Weighted Gene Co-Expression Network Analysis (WGCNA), univariate regression, and lasso regression to obtain three immune-related signatures (IL1R1、TNFSF12 and VDR) and construct an immune-related prognostic model (IRPM) of 1,439 genes from ImmPort, InnateDB databases and TCGA. Furthermore, they found that IRPM could help clinicians identify patients who are sensitive to PD-1 immune checkpoint blockade. Bastos et al. evaluated the value of MVD-CD105 and Ki-67 as prognostic and therapy response biomarkers of 102 consecutive GBM patients treated with bevacizumab (the most used anti-angiogenic drug) upon recurrence between 2010 and 2017. CD105 plays a key role in angiogenesis and preferentially marks novel angiogenic vessels. It was a sensitive and specific biomarker of angiogenesis within the tumor. However, high expression level of MVDCD105 represented poor prognosis of recurrence GBM patients while portending no prognostic significance in the primary tumors. Ki-67 expression was not associated with differences in survival outcomes. Amino acid metabolic reprogramming is critical for maintaining the survival of cancer cells and modulating the surrounding microenvironment, which enhances the malignancy and immunosuppression of tumors. Xu et al. hypothesized that amino acid metabolism-related genes were potential GBM prognosis predictors and constructed a novel amino acid metabolism-related and immune-associated risk signature for predicting prognosis in glioma. Moreover, they identified two amino acid metabolism-related genes, proteasome 26S subunit, ATPase 5 (PSMC5) and proteasome 26S subunit, ATPase 3 (PSMD3), as novel biomarkers in GBM.

For better understanding and use of molecular markers, Ran et al developed an integrated and web-based database GlioMarker, the first comprehensive database for knowledge exploration of glioma diagnostic biomarkers, which provides accurate information on 406 glioma diagnostic biomarkers from 1559 publications. GlioMarker could provide rapid and comprehensive knowledge of glioma diagnostic biomarkers to facilitate high quality research and applications of clinicians and researchers.

Not limited to the exploration of biomarkers, several original articles also studied the pathophysiological mechanisms of glioma. Lin et al. reported that the RNA-binding motif protein 8A (RBM8A) is expressed highly in GBM and was able to promote GBM cells proliferation and invasion. In addition, they showed that RBM8A acts by facilitating the interaction between RBM8A-CBF1 (C promoter-binding factor 1), triggering NOTCH/STAT3 activation to promote GBM progression. Finally, they performed animal experiments in vivo and calculate the GSVA score to confirm that RBM8A expression provided good diagnostic accuracy. Qiu et al. demonstrated that the expression level of PRL1 (regenerating liver phosphatase 1) greatly increased in GBM and positively correlated with tumor grade. Moreover, they established that PRL1 enhanced GBM tumorigenicity and invasion ability in vitro and in vivo by epithelial-mesenchymal transition (EMT). Further, PRL1 stabilized Snail2 through the deubiquitination effect of USP36. Besides, PRL1 was a significant predictor of poor outcome proved by 26 glioblastoma patients’ specimens. Yang et al. reported that the expression level of circPIK3C2A was also higher in GBM and relative to GBM proliferation. They reported that circPIK3C2A acts as ceRNA for MiR-877-5p and MiR-877-5p suppressed GBM progression via targeting FOXM1. Xenograft tumor models established the function of the circPIK3C2A/miR-877-5p/FOXM1 axis. Wu et al. reported that lncRNA-GAS5 (growth arrest-specific transcript 5) expression was remarkably decreased in high-grade glioma and overexpression of lncRNA-GAS5 impaired the stemness and proliferation of glioma stem cells (GSCs). Moreover, they discovered that GAS5 inhibited the viability of glioma cells through miR-let-7e and miR-125a via stabilizing sperm acrosome associated 6 (SPACA6) from degradation. They also found that miR-let-7e and miR-125a directly block the IL-6/STAT3 pathway.

Biomarkers can be used not only to predict prognosis, but also to explore patient tolerance to drugs. Anti-angiotherapy (Bevacizumab) is currently regarded as a promising option for glioma patients who are resistant to temozolomide (TMZ) treatment. Shi et al. revealed that integrin subunit alpha 5 (ITGA5), regulated by methylation on two distinct sites, may predict dual-drug resistance to Temozolomide and Bevacizumab in glioma and lead to changes of cell morphology and polarity. Furthermore, it may increase the degree of malignancy and drug resistance of glioma by affecting vascular mimicry (VM) formation. Wang et al identified MxA (encoded by an interferon-stimulating gene MX1) as a potential biomarker for early recognition of responsive patients to heat shock protein peptide complex 96 (HSPPC-96), which has been proven to be a safe and preliminary effective therapeutic vaccine in treating newly diagnosed GBM. The authors speculated that a preexisting TCR clone was linked to the expression of MxA and prognosis of GBM patient.

In addition, the microbiome is highly associated with a wide array of central nervous system disease, and may affect the development, progression and therapy of GBM. The gut microbiome and intratumoral microbiome were discussed by Liang et al. in their review.

At the end of the Research Topic, one rare case report was presented. Maimaiti et al reported a rare adult case of symptomatic H3K27M-mutant multicentric GBM that presented in the brain, fourth ventricle, and cervical and lumbar spinal cord regions accompanied by acute pulmonary artery embolism. The authors emphasize that clinicians are supposed to perform an early MRI of the spinal cord for patients with a prior diagnosis of GBM with or without any new onset of signs and symptoms in the spinal cord to confirm the diagnosis at an early stage. The incidence of spinal metastasis of cerebral GBM may be increasing.

In summary, we are confident that while novel molecular markers are constantly harvested, biomarker targeted therapy in GBM will be a promising treatment option, but there is yet a long path forward to clinical application.


Author contributions

All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



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.



References

1. Hanif, F, Muzaffar, K, Perveen, K, Malhi, SM, and Simjee Sh, U. Glioblastoma multiforme: A review of its epidemiology and pathogenesis through clinical presentation and treatment. Asian Pac J Cancer Prev (2017) 18(1):3–9. doi: 10.22034/APJCP.2017.18.1.3

2. Ostrom, QT, Gittleman, H, Truitt, G, Boscia, A, Kruchko, C, Barnholtz-Sloan, JS, et al. CBTRUS statistical report: Primary brain and other central nervous system tumors diagnosed in the united states in 2011-2015. Neuro Oncol (2018) 20(suppl_4):iv1–iv86. doi: 10.1093/neuonc/noy131

3. Fernandes, C, Costa, A, Osorio, L, Lago, R C, Linhares, P, Carvalho, B, et al. Current standards of care in glioblastoma therapy. In:  S De Vleeschouwer, editor. Glioblastoma. (Brisbane (AU): Codon Publications) (2017).

4. Agnihotri, S, Burrell, KE, Wolf, A, Jalali, S, Hawkins, C, Rutka, JT, et al. Glioblastoma, a brief review of history, molecular genetics, animal models and novel therapeutic strategies. Arch Immunol Ther Exp (Warsz) (2013) 61(1):25–41. doi: 10.1007/s00005-012-0203-0

5. 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 (2016) 131(6):803–20. doi: 10.1007/s00401-016-1545-1

6. 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

7. Wesseling, P, and Capper, D. WHO 2016 classification of gliomas. Neuropathol Appl Neurobiol (2018) 44(2):139–50. doi: 10.1111/nan.12432

8. Woo, SR, Corrales, L, and Gajewski, TF. Innate immune recognition of cancer. Annu Rev Immunol (2015) 33:445–74. doi: 10.1146/annurev-immunol-032414-112043

9. Biswas, SK. Metabolic reprogramming of immune cells in cancer progression. Immunity (2015) 43(3):435–49. doi: 10.1016/j.immuni.2015.09.001

10. Iams, WT, Porter, J, and Horn, L. Immunotherapeutic approaches for small-cell lung cancer. Nat Rev Clin Oncol (2020) 17(5):300–12. doi: 10.1038/s41571-019-0316-z

11. Emens, LA. Breast cancer immunotherapy: Facts and hopes. Clin Cancer Res (2018) 24(3):511–20. doi: 10.1158/1078-0432.CCR-16-3001


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 © 2023 Zhao and Lin. 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: 26 October 2021

doi: 10.3389/fonc.2021.740413

[image: image2]


A Novel Nomogram for Predicting the Risk of Short-Term Recurrence After Surgery in Glioma Patients


Tianwei Wang 1†, Chihao Zhu 1†, Shuyu Zheng 1†, Zhijun Liao 2, Binghong Chen 1, Keman Liao 1, Xi Yang 1, Zhiyi Zhou 1, Yongrui Bai 3, Zhenwei Wang 3, Yanli Hou 3, Yongming Qiu 1 and Renhua Huang 3*


1 Department of Neurosurgery, Renji Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, China, 2 Department of Oncology Radiation, Shanghai International Medical Center, Shanghai, China, 3 Department of Radiation, Renji Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, China




Edited by: 

Fred Lam, Northwell Health, United States

Reviewed by: 

Yang Wang, Fudan University, China

Lin Kong, Fudan University, China

*Correspondence: 

Renhua Huang
 huangrenhua2000@163.com


†These authors have contributed equally to this work and share first authorship


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








Received: 13 July 2021

Accepted: 06 October 2021

Published: 26 October 2021

Citation:
Wang T, Zhu C, Zheng S, Liao Z, Chen B, Liao K, Yang X, Zhou Z, Bai Y, Wang Z, Hou Y, Qiu Y and Huang R (2021) A Novel Nomogram for Predicting the Risk of Short-Term Recurrence After Surgery in Glioma Patients. Front. Oncol. 11:740413. doi: 10.3389/fonc.2021.740413




Objective

The aim of this study was to establish a nomogram model for predicting the risk of short-term recurrence in glioma patients.



Methods

The clinical data of recurrent glioma patients were summarized and analyzed in this study. Univariate and multivariate logistic regression analyses were performed to analyze the correlation between clinical data and the risk of short-term recurrence after operation. A nomogram was established based on the multivariate logistic regression model results.



Results

A total of 175 patients with recurrent glioma were enrolled, with 53 patients in the short-term recurrence (STR) group (recurrent time ≤6 months) and 122 patients in the long-term recurrence (LTR) group (recurrent time ≥36 months). Univariate analysis revealed that age at diagnosis, Karnofsky performance scores (KPSs), tumor location, glioma grade, glioma type, extent of resection (EOR), adjuvant chemotherapy (ad-CT), concurrent chemotherapy (co-CT), and isocitrate dehydrogenase (IDH) status were significantly associated with the short-term glioma recurrence. Multivariate analyses revealed that age at diagnosis, KPS, glioma grade, EOR, and IDH were independent risk factors for short-term glioma recurrence. A risk nomogram for the short-term recurrence of glioma was established, with the concordance index (C-index) of 0.971. The findings of calibration and receiver operating characteristic (ROC) curves showed that our nomogram model had good performance and discrimination to estimate short-term recurrence probability.



Conclusion

This nomogram model provides reliable information about the risk of short-term glioma recurrence for oncologists and neurosurgeons. This model can predict the short-term recurrence probability and give assistance to decide the interval of follow-up or formulate individualized treatment strategies based on the predicted results. A free online prediction risk tool for this nomogram is provided: https://rj2021.shinyapps.io/Nomogram_ recurrence-risk/.





Keywords: recurrent glioma, nomogram, short-term recurrence, extent of resection, IDH



Introduction

Glioma is the most common primary intracranial tumor, with a high mortality rate and poor outcome (1–3). Combined treatment regimens can prolong the survival of patients; however, the prognosis is still dismal, and most of tumor will recur in a few years (4–7). At present, most of studies focus on the overall survival (OS) of glioma, while there are few studies on the risk factors of tumor recurrence. As previously reported, tumor grade, treatment regimens, and the status of isocitrate dehydrogenase (IDH) are associated with survival (8–10). What is more, time to recurrence also is an independent predictor for survival (11, 12), with short-term recurrence predicting a worse prognosis; therefore, a tool that can predict short-term recurrence risk of glioma is particularly important.

In previous studies, some scholars have established several survival nomogram models for primary glioma, such as glioblastoma (GBM), lower-grade glioma, and thalamic glioma survival models; and these nomograms showed good performance and discrimination to estimate survival probability (13–18). However, no nomogram model for predicting the risk of short-term recurrence in glioma patients has been reported. A risk nomogram for predicting short-term recurrence of glioma is needed urgently, and it is a tool for clinicians to use for predicting the probability of short-term recurrence, developing an individualized management strategy after tumor recurrence, and formulating the interval of follow-up. The aim of this study is to establish and then independently validate a nomogram model for estimating individualized short-term recurrence probabilities for glioma patients, which would be readily accessible for clinical use.



Materials and Methods

All data used in our study came from June 2008 to August 2020 in Renji Hospital, Shanghai Jiaotong University School of Medicine. The patients with recurrence time ≤6 months were defined as the short-term recurrence group, and the long-term recurrence (LTR) group was defined as recurrent time ≥36 months. A total of 175 patients diagnosed as having glioma through histopathologic analysis were included. For every patient, the following variables were obtained: age at diagnosis, sex (male or female), preoperative Karnofsky performance score (KPS), extent of resection (EOR; gross total resection (GTR), STRa (subtotal resection), or partial resection (PR)), radiotherapy (RT), concurrent chemotherapy (co-CT), adjuvant chemotherapy (ad-CT), glioma grade (lower grade or high grade), glioma type (oligodendroglioma or astrocytoma), IDH status (mutation, wild type, or not otherwise specified (NOS)), O6-methylguanine-DNA methyltransferase (MGMT) promoter (methylation or unmethylation), and recurrent time (≤6 or ≥36 months) in months. This nomogram was established by the significant risk factors screened by statistics, and then we used the concordance index (C-index), calibration plots, and receiver operating characteristic (ROC) curve to validate this model. This study was approved by the ethics committees of Renji Hospital, Shanghai Jiaotong University School of Medicine, according to principles of the Declaration of Helsinki.


Statistical Analysis

Univariate and multivariate logistic regression analyses were performed using IBM SPSS Version 23.0 software (IBM Corporation, Armonk, New York, USA). Descriptive statistics were used to characterize the population. Univariate and multivariate logistic regression analyses were used to assess the association of short-term glioma recurrence with clinical characteristics and management data, including age, sex, KPS, glioma grade, glioma type, tumor location, EOR, co-CT, ad-CT, IDH1, and MGMT promoter. The nomogram, calibration, and ROC curves were drawn with R statistical software (version 4.0.4). The model was established based on multivariable logistic regression results, and calibration curve was used to evaluate the consistency between the actual and predicted probabilities of short-term recurrence. The distinction of the nomogram for predicting short-term recurrence risk was appraised by the C-index, and the sensitivity and specificity were tested by ROC curve.




Results

A total of 175 adult patients were enrolled (102 male and 73 female), including 118 cases of lower-grade gliomas: 53 diffuse astrocytomas (DA) 30 oligodendrogliomas (O), 17 anaplastic astrocytomas (AA), and 18 anaplastic oligodendrogliomas (AO) and 57 cases of high-grade gliomas: 57 GBM. The median age at diagnosis was 48 (range: 18–74 years), and the median KPS before surgery was 90.0 (range: 60.0–100.0). More than half of tumors (98 cases) were located at the frontal lobe. Surgery consisted of GTR/STRa in 96 patients (54.9%) and PR in 70 patients (45.1%). Postoperatively, all the populations received RT, 80 patients (45.7%) received co-CT, and 95 patients (54.3%) received ad-CT.

The recurrent time of 53 patients was ≤6 months, and 122 patients had recurrent time ≥36 months. Comparing the characteristics and management data between these two groups, we found that the age at diagnosis of the STR group was lower in the LTR group (56.19 ± 13.36 vs. 42.43 ± 13.91, p < 0.001). The STR group had a lower KPS than the LTR group (81.51 ± 11.33 vs. 89.45 ± 5.93, p < 0.001). Frontal gliomas had a lower short-term recurrence rate, compared with other location’s glioma (p = 0.028). In addition, the glioma grade was closely associated with short-term recurrence, with high-grade glioma showing a higher short-term recurrent rate lower-grade glioma (p < 0.001), and the short-term recurrent rate of astrocytoma and oligodendroglioma has marked difference, with astrocytoma patients having a higher short-term recurrent rate (p = 0.006). And 84.9% (45/53) of patients in the STR group received PR, which was higher than in the LTR group (27.9%, p < 0.001; Table 1). Compared with STR glioma patients, more LTR glioma patients received combined therapy of RT and co-CT (31/53 vs. 49/122, p = 0.027), and there was a significant difference in RT and ad-CT between the STR and LTR groups (36/53 vs. 59/122, p = 0.018). A significant difference in status of IDH was observed between the STR and LTR groups, with 13.3% of STR (4/30) and 73.7% of LTR (14/17) showing IDH mutation (p < 0.001, Table 1).


Table 1 | Patient demographics.



Univariate logistic regression analysis showed that age at diagnosis, KPS, tumor grade, glioma type, tumor location, EOR, co-CT, ad-CT, and IDH1 were significantly associated with short-term glioma recurrence. However, multivariate logistic regression analysis revealed that age at diagnosis (OR 0.925, [95% CI], 0.875–0.978, p = 0.006), KPS (OR 1.106, [95% CI 1.023–1.196], p = 0.011), tumor grade (OR 17.429, [95% CI 4.618–67.790], p < 0.001), EOR (OR 9.894, [95% CI 2.332–41.979], p = 0.002), and IDH1 (OR 0.049, [95% CI 0.006–0.432], p = 0.007) were independent risk factors of short-term glioma recurrence (Table 2). A nomogram was established to predict the short-term glioma recurrent risk of glioma according to the multivariate logistic regression analysis findings (Figure 1). The variables that increased the probability of short-term glioma recurrent risk included older age at diagnosis, lower preoperative KPS, high-grade tumor, PR, and IDH1 wild type. The C-index of this nomogram was 0.971 (95% CI, 0.951–0.990), and there was a good agreement between the bias-corrected curve and the ideal curve in the calibration curve (Figure 2). What is more, the value of area under the ROC curve (AUC) was 0.971 (95% CI: 0.951–0.990, Figure 3), and this result showed that this nomogram had good sensitivity and specificity. These validation findings demonstrated that this risk nomogram model had a reliable predictive performance and discrimination for estimating short-term recurrence probability.


Table 2 | Multivariate analysis for statistically significant factors.






Figure 1 | A nomogram for predicting the risk of short-term recurrence of glioma.






Figure 2 | Calibration curve for the risk of short-term recurrence.






Figure 3 | Time-dependent ROC curve of short-term recurrence (AUC = 0.971). ROC, receiver operating characteristic; AUC, area under the ROC curve.





Discussion

The purpose of this study was to establish as well as validate, both internally and on an independent data, an individual short-term recurrence risk nomogram model for recurrent glioma patients. The logistic regression model was the best calibrated and fitting model to evaluate short-term recurrence rate based on a 10-fold validation C-index; these short-term recurrence risk factors included age at diagnosis, KPS, EOR, tumor grade, and IDH status. This model was validated by three methods, showing a reliable good predictive performance.

Age was considered as an independent prognostic factor for progression-free survival (PFS) and OS (9, 19–21). In our study, the short-term recurrence rate was distinct different between those two groups, with the patients in the STR group having older age. No studies have described the relationship between age at diagnosis and short-term tumor recurrence before; however, in Burgenske’s study (22), they made a comparison in survival outcome between 37 short-term survivors (OS ≤ 6 months) and 12 long-term survivors (OS ≥ 60 months), and they found that long-term survivors were younger (median age: 50 vs. 61 year), and their result was indirectly consistent with our findings. We concluded that older age at diagnosis was an independent risk factor for short-term recurrence.

KPS was associated with prognosis, with the patients with high KPS having prolonged survival, and it was confirmed as a survival predictor in previous papers (9, 23, 24). We found there was significant discrepancy in preoperative KPS between the STR group and LTR group, in which the STR group had a lower preoperative KPS than the LTR group (median value: 80 vs. 90). This result was in accordance with previous studies, indicating that low preoperative KPS was an independent risk factor for short-term recurrence of glioma.

There was no doubt that tumor grade was an independent prognostic factor for PFS, and the patients with lower-grade glioma had prolonged PFS (10). In our study, 83.0% of patients were diagnosed as having high-grade glioma in the STR group, which is much higher than that in the LTR group (10.7%); this finding was consistent with relative published papers (9). Our analysis also showed that glioma type and location had a relationship with short-term recurrence, showing that patients with oligodendroglioma and frontal lobe tumor have lower short-term recurrence rate as compared with astrocytoma and other locations glioma, respectively; however, they were not independent risk factors for short-term recurrence by multivariate logistic regression analysis.

The maximal resection that was safely feasible was the preferred guiding principle for any type of gliomas, and EOR was closely associated with prognosis (8, 24–27). However, it was difficult to achieve complete resection for some glioma patients due to the invasive growth of tumor, which could lead to glioma recurrence at a short-term time. Gross total or subtotal resection was performed in only 15.1% of patients in the STR group; however, 72.1% of patients in the LTR group received gross total or subtotal resection; this result indirectly indicated that there was a close relationship between EOR and short-term recurrence as a related previous paper has reported (10). In Rossi’s study, they found that almost all patients with PR suffered from tumor recurrence, to some extent (10); their result was similar with our finding that the patients with PR in the STR group had a high short-term recurrence risk, and PR was confirmed as an independent risk factor for short-term recurrence. In addition, we also found that co-CT and ad-CT were associated with short-term recurrence; however, these two factors were not independent risk factors.

IDH1 was a key rate-limiting enzyme in the Krebs cycle (28, 29), and IDH1 mutation was a favorable independent prognostic factor for PFS in glioma (9, 10), and it also played an important role in the time of tumor recurrence and outcome of gliomas. In previous studies, the patients with IDH1 mutation had prolonged PFS (30–32). Our study showed the IDH1 mutation rate in the STR group was 13.3%, which was extremely lower than in the LTR group (73.7%), and IDH1 wild type was confirmed as an independent risk factor for short-term glioma recurrence. Although no studies have explicitly compared the difference in IDH1 status between STR and LTR patients, Weller et al. (9) made a survival analysis for 286 patients with newly diagnosed GBM; they found that IDH1 mutation had a relationship with prolonged PFS; their result was indirectly consistent with our finding, suggesting that IDH1 wild type was an independent short-term recurrence risk factor for glioma patients to some extent.

Age at diagnosis, KPS, tumor grade, EOR, and IDH status had a close relationship with short-term recurrence, and these variables were independent risk factors for short-term recurrence in glioma. Based on multivariate logistic regression analysis findings mentioned above, we firstly established a short-term recurrence risk nomogram model for glioma to provide individualized short-term recurrence prediction. Then, this model was validated by C-index, calibration, and ROC curves; and these verification results showed that our nomogram model had a good and reliable predictive function.

Several nomogram models for glioma were established to assess the survival probabilities in prior published studies, such as GBM, lower-grade glioma, and thalamic glioma nomogram models (13, 16–18). These models were not only applicable to American patients but were well validated in Asian populations (17), and we appreciated their contribution for helping us to gain better understanding of different types of gliomas. However, as we all know, time to recurrence had a significant influence on survival; therefore, it was important to predict the recurrence time of the glioma patients, especially for those patients at risk of short-term recurrence. Our recurrence risk model can help us estimate the short-term recurrence probability, and we can decide the interval of follow-up based on the predicted result. For example, for patients with a high short-term recurrence rate predicted by this model, we can shorten the follow-up time to detect whether the tumor has recurred and choose the appropriate treatment strategy according to the follow-up results. In addition, based on the predicted short-term recurrence probability, we can better communicate with the patient’s family, so that they have a better understanding of the patient’s status. And this model can give assistance to neurosurgeons and oncologists to assess the probability of short-term recurrence and formulate individualized treatment timely, which can lead to a better survival outcome for patients. In summary, we firstly established a short-term recurrence risk nomogram model based on a relatively large population to predict the short-term recurrence probability, and this model had a reliable predictive performance.

Limitations exist in our study. Firstly, all our patients received RT, and we could not analyze the influence of RT on tumor short-term recurrence; therefore, this nomogram may not be applicable to patients without RT after surgery. Secondly, MGMT promoter methylation status was a significant prognostic factor; however, its data were absent because most of the patients are not tested in our study, leading to the role of MGMT promoter status in our inability to assess short-term glioma recurrence. Thirdly, this risk model was only tested by internal validation; a larger sample is needed for external validation in the future study.



Conclusion

A risk nomogram for estimating short-term recurrence risk for patients with glioma has been firstly developed. This tool offers an individualized prediction of short-term recurrence risk, and it provides an individual estimation instead of a group estimation. In order to facilitate the evaluation of short-term recurrence probability in clinical work, a free online nomogram model is provided (https://rj2021.shinyapps.io/Nomogram_recurrence-risk/). This tool can be used to decide the interval of follow-up time, offer disease counseling to patients, and give assistance to clinicians for developing an individualized management regimen.
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Background

Glioblastoma multiforme (GBM) is the most common malignant tumor of the central nervous system. GBM with primitive neuronal component (GBM-PNC) is an aggressive variant identified in 0.5% of GBMs. Extracranial metastasis from GBM-PNC is a rare and challenging situation.



Methods

A special case of early-onset GBM with systemic bone metastasis was enrolled. Clinical data, including patient characteristics, disease course, and serial radiological images were retrieved and analyzed. Tumor tissues were obtained by surgical resections and were made into formalin-fixed paraffin-embedded sections. Histopathological examinations and genetic testing were performed for both the primary and metastatic tumor specimens.



Results

A 20-year-old man suffered from GBM with acute intratumoral hemorrhage of the left temporal lobe. He was treated by gross total resection and chemoradiotherapy following the Stupp protocol. Seven months later, he returned with a five-week history of progressive neck pain and unsteady gait. The radiographic examinations identified vertebral collapse at C4 and C6. Similar osteolytic lesions were also observed at the thoracolumbar spine, pelvic, and left femur. Anterior spondylectomy of C4 and C6 was performed. The resected vertebral bodies were infiltrated with greyish, soft, and ill-defined tumor tissue. One month later, he developed mechanical low-back pain and paraplegia caused by thoracolumbar metastases. Another spine surgery was performed, including T10 total en-bloc spondylectomy, T7-9, L2-3, and L5-S1 laminectomy. After the operation, the patient’s neurological function and spinal stability remained stable. However, he finally succumbed to the rapidly increased tumor burden and died 15 months from onset because of cachexia and multiple organ failure. In addition to typical GBM morphology, the histological examinations identified monomorphic small-round cells with positive immunohistochemical staining of synaptophysin and CD99, indicating the coexistence of PNC. The next-generation sequencing detected pathogenic mutations in TP53 and DNMT3A. Based on above findings, a confirmed diagnosis of systemic metastases from GBM-PNC (IDH-wild type, WHO grade IV) was made.



Conclusions

The present case highlights the occurrence and severity of extensive axial skeletal metastases from GBM-PNC. This rare variant of GBM requires aggressive multimodal treatment including surgery and chemoradiotherapy targeting PNC. The pathological screening of PNC is recommended in patients with early-onset GBM and intratumoral hemorrhage. Surgery for spinal metastasis is appropriate in patients with chemoradioresistance and relatively good general status, with the objectives of restoring spinal stability and relieving spinal cord compression.
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Introduction

Glioblastoma multiforme (GBM) is the most common malignant tumor of the central nervous system (CNS) and comprises approximately 48.6% of primary malignant brain tumors and approximately 57.7% of all gliomas (1). Recently, with a better understanding of the biological behavior of GBM, the long-held dogma that GBM does not metastasize outside the brain has been overturned. A growing number of reports have documented extracranial metastasis in GBM (2). Though highly invasive, the extracranial metastases of GBM are rare, with an incidence estimated at 0.4%-2% (3). The majority of extracranial metastases occur after craniotomy, but spontaneous metastasis has also been documented (4). Usually, extracranial metastases are not discovered until the very advanced stage of the course of GBM, and the median duration from detection of extracranial metastases to death is 1.5 months (range: 0–14 months) (2). The pathogenesis of extracranial metastasis of GBM remains unclear, and effective treatment strategies are lacking. Further case studies are therefore needed to better understand disease processes.

GBM with primitive neuronal component (GBM-PNC) is an emerging variant of GBM introduced in the new WHO classification of tumors of the CNS in 2016 and was renamed from “glioblastoma with primitive neuroectodermal tumor (PNET)-like component” (5). On histology, PNC is detected in about 0.5% of GBM cases (6). GBM-PNC is widely regarded as an aggressive malignant tumor with a high risk of metastasis and short survival (7). Most previous reports on this rare entity are case reports or case series with limited sample size, and the documentation of extracranial metastases from GBM-PNC is scarce. Consequently, the diagnosis and treatment of GBM-PNC are not yet established, and extracranial metastases from this tumor pose a formidable challenge to clinicians.

Here, we describe a case of GBM-PNC with extensive axial skeletal extracranial metastases without local recurrence, treated with three surgeries and chemoradiotherapy. The particularity of clinical manifestations and the results of histological and genetic examinations are briefly discussed.



Methods


Patient Selection and Clinical Data

A special case of histopathologically confirmed early-onset supratentorial GBM with systemic bone metastasis was enrolled. Information, including patient characteristics, disease course, and serial radiological images was retrieved from the medical records and picture archiving and communication systems of our hospital. Treatment decisions were made by a multidisciplinary GBM advisory council (organized by the senior authors BL, WL, and XQ). Informed consent was obtained from the patient’s parents for participation in the present study. Ethical approval was obtained from the Institutional Review Board of Beijing Tiantan Hospital, Capital Medical University, Beijing, China (KY2014-025-02).



Neuropathological Examination and Genetic Testing

Tumor tissues were obtained from the patient by surgical resections, which were made into formalin-fixed paraffin-embedded sections. The morphology of tumor cells was evaluated by hematoxylin-eosin staining. Further immunohistochemical analyses were performed with antibodies against glial fibrillary acidic protein (GFAP, OriGene Technologies, USA, 1:50), oligodendrocyte transcription factor 2 (Olig-2, OriGene, 1:200), Synaptophysin (Syn, OriGene, 1:100), and CD99 (OriGene, 1:150). The proliferation index was measured by Ki-67 labeling (OriGene, 1:50). The DNA was extracted from paraffin sections for molecular diagnosis. Sanger sequencing and next generation sequencing (targeted panel and whole exome) were applied in the primary and metastatic tumor specimens respectively. The response to the immune checkpoint therapy was predicted by both sequencing and immunofluorescence. A protein-protein interaction network was constructed with the pathogenic mutant genes in this patient and previously reported GBM-associated genes.




Results


Clinical History

On February 8, 2020, a 20-year-old man came to our hospital with chief complaints of headache, vomiting, diplopia, alexia, and transient amnesia for 2 hours. Brain magnetic resonance imaging (MRI) showed a 6×5-cm neoplasm with intratumoral hemorrhage of the left temporal lobe (Figures 1A–L). The lesion had a well-defined boundary without surrounding vasogenic edema, and reduced diffusion was observed (Figures 1G, H). Computed tomography (CT) with contrast identified a hemorrhagic lesion consistent with MRI, which showed hypo-perfusion change on CT perfusion imaging (Figures 1C, D). After 3 weeks of close observation and supportive treatment, the patient’s general status became stable, and he was discharged on February 28. Re-examination of brain MRI on March 30 showed significant absorption of intralesional hematoma (Figures 1K, L). He was then re-admitted to the Department of Neurosurgery, and a craniotomy was scheduled on April 13, during which gross total resection of a 3×3×4-cm tumor was performed (Figures 1M–P). The tumor tissue was grayish-yellow and very soft, within which a 0.5-cm-cystic structure with yellow fluid was observed. The patient recovered well and was discharged on April 26. At the Department of Radiation Oncology, he received focal radiotherapy of 60 Gy in 30 fractions over 30 days with concurrent temozolomide (TMZ) chemotherapy (75 mg/m2), followed by maintenance TMZ for 6 cycles (150 mg/m2 for the first cycle and 200mg/m2 for the next 5 cycles). This standard-of-care chemoradiotherapy was well tolerated. The patient experienced a 6-month adverse event-free survival after neurosurgery. His follow-up MRIs from immediately to 9 months after operation identified no sign of local recurrence (Figures 1Q–X).




Figure 1 | The serial imaging of the intracranial lesion. (A–L) are preoperative images, and (M–X) are postoperative images. (A, B) The arterial phase and venous phase of cerebral CT angiography taken at onset (9th Feb. 2020). (C, D) The volume-based and flow-based CT perfusion images showed relatively low perfusion status of the lesion. (E, F) The T1 weighted MRI imaging with the three-dimensional magnetization-prepared rapid acquisition with gradient echo (T1WI-3D-MPRAGE) (10th Feb.) showed hemorrhagic cystic supratentorial neoplasm. (G, H) The b1000 and apparent diffusion coefficient images from diffusion-weighted imaging showed restricted diffusion within the lesion. (I, J) The T1WI MRI with contrast on 30th Mar. identified that the hematoma was partially absorbed. (K, L) The preoperative T1WI-3D-MPRAGE MRI on 10th Apr. showed significant absorption of the hemorrhage. (M, N) Postoperative CT scans, (O, P), postoperative T1WI MRI with contrast, both demonstrated a gross total resection of the left temporal lesion. The periodical follow-up T1WI MRIs with contrast, including (Q, R) (29th Apr.), (S, T) (17th Jul.), (U, V) (28th Oct., before cervical spine surgery), and (W, X) (25th Jan. 2021, right after thoracolumbar spine surgery, and 9 months after the neurosurgery), observed no sign of local recurrence.



The third hospitalization was on December 1. The patient was referred to the Department of Orthopaedic Surgery with chief complaints of severe mechanical neck pain for 5 weeks [visual analog scale (VAS): 80/100 mm] and unsteady gait for 1 week. Physical examination identified extensive tenderness of the neck and hypermyotonia in both lower limbs. Vertebral collapse and compression of the vertebral artery due to the osteolytic lesions at C4 and C6 was identified on plain radiographs and CT scans (Figures 2A–D). On cervical spine MRI with contrast, the metastatic lesions were enhanced irregularly, and the transverse foramens and the dural sac were compressed severely (Figures 3A–C). Positron emission tomography/CT (PET/CT) identified extensive skeletal metastases with destruction of cancellous bone at multiple vertebrae, right clavicle, left 4th rib, pelvis, and greater trochanter of the left femur (Figures 3D–F and 5A–C). The revised Tokuhashi score (8) and Tomita score (9) were 9 and 8 respectively, and the Spine Instability Neoplastic Score (SINS) (10) of C4 and C6 were both 14. Cervical spine surgery was performed to restore cervical stability and preserve spinal cord function. The patient received C4 and C6 spondylectomy, anterior cervical reconstruction with titanium mesh and autologous iliac bone graft, and plate-screw fixation on December 17. The resected vertebral body was infiltrated with grayish, fragile and ill-defined tumor tissues (Figures 2I, J). Post-operative images demonstrated a good implant position and adequate tumor resection without damaging the vertebral artery (Figures 2E–H). The patient recovered uneventfully and regained daily-living ability 1 week after operation. The VAS of neck pain decreased from 80 mm to 20 mm.




Figure 2 | (A, B) The sagittal view of preoperative cervical spine radiograph and CT scan showed osteolytic lesions and vertebral collapse at C4 and C6 (2nd Dec. 2020). (C, D) The preoperative CT angiography showed the tortuous vertebral arteries of both sides (yellow double arrow) and tumor compression on the right vertebral artery (red arrow) (16th Dec.). (E, F) The sagittal view of postoperative cervical spine radiograph and CT scan showed good implant position and complete spondylectomy of C4 and C6 (18th Dec.). (G, H) The postoperative CT angiography showed that the vertebral arteries became straight and well filled after removing the compression from metastatic tumors (yellow double arrow and blue arrow) (23rd Dec.). (I–K) Intraoperative pictures under surgical microscope before, during and after the C4 spondylectomy (yellow triangle: C3 vertebral body; blue circle: C5 vertebral body; white arrow: C4 vertebral body infiltrated with tumor tissue; green arrow: dural sac; Orange arrow: left vertebral artery).






Figure 3 | (A–C) The preoperative cervical spine MRI (8th Dec. 2020). (A) Sagittal T2 weighted imaging showed vertebral collapse at C4 and C6 that compressed the spinal cord. (B, C) The axial T1 weighted imaging with contrast showed irregular enhancement of the metastatic lesions at C4 and C6 respectively, and compression of the spinal cord and vertebral arteries (right side at C4 and left side at C6). (D–F) The preoperative PET/CT images with views and levels corresponding to the MRI showed increased radioactive uptake at C4 and C6 (22nd Dec.).



Unfortunately, after a moderate sudden external force, the patient developed mechanical low back pain (VAS: 80 mm) from January 5, 2021, with gradual onset of motor and sensory deficits in both lower limbs. On January 8, his neurological condition further deteriorated to complete paraplegia with bladder and bowel dysfunction. Comparisons between MRIs and CTs from two time points with a 3–5-week interval indicated rapid progression of thoracolumbar metastases and vertebral collapse of T10 and L5 (Figures 4A–D, G–J). Axial views on enhanced MRI showed severe multi-level compression of the dural sac at T8, T10, L2, and L5. The SINS of T10 and L5 were 14 and 13, respectively (Figures 4E, F, K, L). He was admitted again, and another surgical intervention for the thoracolumbar spine was performed on January 15, comprising T10 total en-bloc spondylectomy, T7-9, L2-3, and L5-S1 laminectomy, tumor debulking, and spinal-pelvic fixation (Figure 5). After the operation, the level of neurological deficit improved from T8 to T10. The patient developed tumor-induced bone pain and remittent fever, which were treated with analgesics, diphosphonate, nutrition support, and anti-infection therapy. His condition was then improved and the last brain MRI was performed on January 25, 9 months after the neurosurgery, which identified no local recurrence.




Figure 4 | (A, B) The sagittal films of thoracic spine CT scan and T2 weighted MRI imaging on 2nd Dec. 2020 and 4th Dec. 2020 respectively. (C, D) The sagittal films of thoracic spine CT scan and T2 weighted MRI imaging on 11th Jan. 2021 and 12th Jan. 2021 respectively. (E, F) The T1 weighted enhanced imaging of the thoracic spine MRI performed on 12th Jan. 2021 showed severe metastatic epidural spinal cord compression at T8 and T10. (G, H), the sagittal films of lumbar spine CT scan and T1 weighted MRI imaging with contrast on 23rd Dec. 2020 and 22nd Dec. 2020 respectively. (I, J) The sagittal films of thoracic spine CT scan and T1 weighted MRI imaging with contrast on 8th Jan. 2021 and 12th Jan. 2021 respectively. (K, L) The T1 weighted enhanced imaging of the thoracic spine MRI performed on 12th Jan. 2021 showed severe metastatic epidural spinal cord compression at L2 and L5, and soft tissue invasion in lumbar paraspinal muscles. These images collectively illustrated an extremely rapid progression of the extensive spinal metastases from GBM-PNC.






Figure 5 | (A–C) The PET/CT images (22nd Dec. 2020) showed extensive osseous metastases including multilevel vertebrae, right clavicle, left 4th rib, pelvis, and the great trochanter of left femur. (D) The mosaic image of cervical, thoracic and lumbar MRI with contrast, showing extensive axial skeletal metastases corresponding to the PET/CT, and intraspinal drop metastases compressing the spinal cord. (E, F), the sagittal reconstruction and scout scan of postoperative all spine CT demonstrated the multilevel laminectomy (T7-9, L2-3, and L5-S1) and T10 total spondylectomy with titanium mesh reconstruction (18th Jan. 2021). (G), the intraoperative picture during T10 spondylectomy showed metastatic tumor tissues in the paraspinal muscles (green arrow) and the epidural space of the thoracic canal (blue arrow).



The patient’s neurological function and spinal stability remained stable. However, because of the rapidly increasing tumor burden, his general status deteriorated progressively, and he was referred to a local hospital for end-stage treatment on February 17. He developed weakness of the upper limbs and refractory dyspnea caused by the recurrence of cervical metastases and multi-level spinal cord compression identified on repeat MRI. He suffered disturbance of consciousness and was intubated for the last month of his life, and finally died on May 6, 15 months from onset, because of cachexia and multiple organ failure.



Pathological and Genetic Findings

The initial pathological examination of the intracranial tumor reported anaplastic astrocytoma with partial transformation to GBM (WHO III-IV). However, instead of using specific glioma classification, the second histopathologic analysis of the metastatic tumor tissues from the C4 and C6 vertebral bodies reported malignant tumors of primitive neuroectodermal origin with glial differentiation, given the unusual biphasic histology. The third histopathologic examination of para- and intra-vertebral tissues at T10 and L5 identified multiple features including anaplastic astrocytoma, GBM, and areas of high cellular monomorphism. To resolve the inconsistency and make an accurate differential diagnosis between glial and neuronal origin, a review of all the specimens from the three operations was performed, along with immunohistochemical staining of Syn and CD99 (Figures 6A–U).

In histological sections from the primary supratentorial tumor, a malignant glial morphology was observed, with a mixture of both better-differentiated neoplastic astrocytes and poorly-differentiated pleomorphic cells, including small, granular, and giant cells (Figure 6A). Monomorphic small, round, blue cells with small hyperchromatic nuclei, namely the PNET-like component or PNC, were only observed in a few areas (Figure 6B). As for the vertebral metastases, the PNC accounted for a larger proportion, and even became predominant in some high-magnification (200×) fields (Figures 6I, P). The layouts of GBM and PNC elements were in an intermixed pattern with partially merged demarcation, and Homer–Wright rosettes were not observed. The Ki-67 labeling index of the three specimens ranged from 40% to 80%, significantly higher than typical GBM (Figures 6C, J, Q) (11). The specimens were consistently positive for Syn and CD99, which suggests the presence of PNC (Figures 6F, G, M, N, T, U) (7, 12).




Figure 6 | Histological images (200 × magnification) of the formalin-fixed paraffin-embedded sections from the primary supratentorial tumor (A–G), cervical spine metastases (H–N), and thoracolumbar metastases (O–U). The types of staining and sources of the specimens were labeled on the left side and the top, respectively. The osseous tissues were included in the right upper corner of field H and left lower corner of field O. HE, hematoxylin and eosin staining; GBM, glioblastoma multiforme, refers to the field with typical GBM characteristics; PNC, primitive neuronal component, refers to the field with primitive neuroectodermal tumor-like features; GFAP, glial fibrillary acidic protein; Olig-2, oligodendrocyte transcription factor 2; Syn, synaptophysin; CD99, cluster of differentiation 99 (MIC2). The small round blue cells under HE (B, I, P) and the positive immunohistochemical staining of Syn (F, M, T) indicated the existence of PNC. The Ki-67 labeling index ranged from 40%-80% (C, J, Q).



The molecular diagnosis of the primary lesion revealed isocitrate dehydrogenase (IDH) wild type (IDH1R132 and IDH2R172), no mutation in the TERT promoter or BRAFV600E, no chromosome arm 1p/19q co-deletion, and a lack of MGMT promoter methylation, which suggests primary GBM with poor prognosis. The genomic profiling of tumor tissues from cervical spine metastases (a glioma-specific 131-gene and 4- chromosome panel) identified pathogenic mutations in TP53 and potentially damaging mutations in other genes (Table 1, above TP53). Based on whole-exome sequencing, the tumor mutation burden of thoracolumbar metastatic lesions from the third operation was calculated to be 0.49 muts/Mb, and no microsatellite instability was detected. The multiplex immunohistochemistry/immunofluorescence identified proficient mismatch repair status (Figure 7A). These findings collectively indicated a poor response to the immune checkpoint inhibitor, and hence, anti-PD-1/PD-L1 therapy was not considered (13). A concurrent 825 tumor-related gene panel for thoracolumbar metastases revealed several other likely pathogenic variants  (Table 1, ANTXR1 and below), among which DNMT3A is predicted to be an epigenetic driver of high malignancy and dismal prognosis (Figure 7B) (14). According to the latest 2021 WHO Classification of Tumors of the CNS (15), the confirmed diagnosis of GBM-PNC was established after synthesizing the clinical, histological, and genetic findings (Figure 7C).


Table 1 | The likely pathogenic variants identified in cervical spine and thoracolumbar metastases.






Figure 7 | (A), the results of the multiplex immunohistochemistry with fluorescence imaging. The positive rates of MLH1, PMS2, MSH2 and MSH6, the four main proteins involved in the DNA mismatch repair system, were 100%, indicating proficient mismatch repair. (B), the protein-protein interaction network computed by STRING v11.0 (URL: https://string-db.org/), which comprise two mutant genes in the present case and 16 frequently reported genes associated with GBM and GBM-PNC. The DNMT3A might play an important role in the epigenetic regulation of the biological behavior of GBM-PNC. (C), the layered report of the confirmed diagnosis according to the 2021 WHO Classification of Tumors of the CNS (DOI: 10.1093/neuonc/noab106).






Discussion

In this report, we focused on the unusual extensive osteophilic extracranial metastases from GBM-PNC, a rare concomitance of two highly malignant CNS tumor components, glioblastoma and PNC (previously called PNET). Given its rarity, the diagnosis, treatment, and investigation of GBM-PNC are difficult. Since the awareness of this uncommon entity, around 200 cases of GBM-PNC have been reported, of which many were sporadic (6, 7, 16–18). To our knowledge, this is the first report of extensive skeletal metastases from GBM-PNC with complete information about multiple surgical interventions for both intracranial and spinal lesions. The present case adds practical information about the treatment and outcome of this challenging GBM subtype.

Studies on composite CNS tumors with malignant glial and neuronal elements can be traced back to 1973, when the nomenclature of “primitive neuroectodermal tumor” was proposed by Hart and Earle (19, 20). However, early reports adopted an unfocused concept, the “malignant glioneuronal tumors” (MGNT), with pathological features of the glial component resembling astrocytoma or other lower-grade gliomas instead of GBM in most cases (19). Varlet et al. reported 40 cases of MGNT, of which five had PNET-like foci, and only two were confirmed as GBM-PNC (21). In 2001, Wharton et al. first identified primitive neuroepithelial components in gliosarcoma, a variant of GBM, making it the first report of GBM-PNC in broad terms (22). The first case series was published in 2009 by Perry and colleagues (7). The 53 enrolled patients were defined as CNS malignant glioma with PNET components, including 47 GBM-PNCs. Highly aggressive biology, 9.1-month median survival, anaplastic hypercellular PNC, up to 40% of cerebrospinal fluid (CSF) dissemination, and possible application of platinum-based chemotherapy were reported by the authors. The latest and largest cohort was studied by Suwala et al., who reported a distinct methylation profile with frequent alterations of TP53 in 63 cases of GBM-PNC (17).

Extracranial metastases are rare, seen in only 0.4%–2% of GBMs (3, 4, 23, 24). The low incidence of extracranial metastases is associated with the short survival and intrinsic blood–brain barrier (2). Recently, a growing number of related cases and the detection of circulating GBM tumor cells have confirmed the ability of GBM to develop extracranial metastases (25, 26). Bearing in mind inconsistencies in time-frame and inclusion criteria, previous literature reviews identified 79–150 cases of extracranial or extra-CNS metastases from GBM, and the most prevalent extracranial metastases sites were bone, lung, lymph nodes, and liver (2, 25, 27–30). Extracranial metastases of GBM were also reported in pediatric patients and cases with the absence of previous neurosurgical intervention (31–33). Goodwin and colleagues reviewed 28 cases of GBM metastases to the vertebra, with a mean age at presentation of 38.4 years and an average overall survival of 26 months, of which seven patients received surgery for vertebral metastases (34). After a systematic search on Medline, Embase, and Google Scholar, we retrieved 25 cases of GBM-PNC with extracranial metastases from 14 reports (Table 2) (7, 16, 17, 22, 35–44). CSF dissemination occurred in 88% (22/25) of the patients, whereas only 4 patients (16%) suffered bone metastases. The age at diagnosis and overall survival ranged from 17 to 65 years and 2 to 31 months, respectively.


Table 2 | Reported cases of extracranial metastasis of glioblastoma multiforme with primitive neuronal component.



The young age at onset, hemorrhagic cystic morphology, restricted diffusion on diffusion-weighted imaging, and the Ki-67 labeling index >40% in the present case indicate co-existence of PNET-like component, which necessitate further histological screening for PNC in supposed typical GBM (7, 44–47). Grossly, the tissues of primary and metastatic lesions were all very fragile and loose, and thus prone to any accidental pinching or squashing during the surgical resection and/or specimen processing. Consequently, the micromorphology might be altered. This may be partly responsible for the more atypical geometric distribution and less clear interfaces between GBM and PNC areas in this case, compared with the well-demarcated nodular PNC within a GBM background in previous reports (7, 18, 44). An elevated proportion of PNC in metastatic lesions was observed, which suggests the invasiveness of PNC (7, 48, 49). The PNC in this case showed characteristics of both central (originating from brain parenchyma and absence of EWSR1 rearrangement) and peripheral (CD99+) PNET (50, 51). Peripheral PNET belongs to the Ewing sarcoma family of tumors that are common in bone and soft tissue (52). Therefore, the significant predilection of metastases for osseous tissue in this patient may be attributed to the existence of PNC.

The incidence of TP53 mutation is higher in GBM-PNC than in typical GBM (73%–80% vs. 25%–30%) (17, 53). Inactivation of p53 is linked to increased cell proliferation, neoplastic invasion, and a more stem-like phenotype (54). Therefore, the mutant TP53 identified in this case may account for the aggressiveness and extensive extracranial metastases. Our patient’s stop-gain mutation in DNMT3A was previously reported in an overgrowth syndrome with intellectual disability, but he did not exhibit the phenotype described by the authors (55). DNMT3A encodes DNA methyltransferase, and is frequently mutated in acute myeloid leukemia (56). This gene can also influence the prognosis of GBM by methylation of microRNAs (57). Because GBM-PNC has a unique DNA methylation profile, certain DNMT3A mutations may negatively affect the prognosis of GBM-PNC at the epigenome level, but further mechanism study is needed (14, 17).

The treatment dilemma of GBM-PNC lies in the co-occurrence of two histological components that have distinct clinicopathological features, responses to drugs, and prognoses. Hence, the therapeutic rationale for GBM-PNC is to combine the standard treatment for GBM with adequate coverage for PNC, to lower the risk of recurrence and extracranial metastases (6). Maximal resection of the intracranial lesion followed by radiotherapy is essential. The Stupp protocol (applied in the present case) and/or craniospinal irradiation with adjuvant TMZ can be selected according to the histological predominance of GBM or PNC (58, 59). If the adverse effects are tolerated, concomitant platinum−based chemotherapy for PNC should also be implemented (7, 41, 42, 46, 60, 61). In hypermutated GBM-PNCs, checkpoint blockade immunotherapy can be considered (40). In dealing with spinal metastasis, early detection can lead to a better prognosis. Therefore, in addition to brain MRI, surveillance MRI of the total spine is recommended, and a further PET/CT under the condition of positive findings on MRI, given the high risk of CSF dissemination in GBM-PNC (36, 62). A comprehensive evaluation based on the neurologic, oncologic, mechanical instability, and systemic disease (NOMS) decision framework is indispensable (63). Notably, the oncologic part refers to the predicted response to available therapies. More aggressive open surgical strategies, including corpectomy and en-bloc resection, are judicious in cases with severe spinal instability, high-grade metastatic epidural spinal cord compression, and a relatively good general status (64). Enhanced collaborations between radiation oncologists and spine surgeons are crucial for optimizing stereotactic spine radiotherapy, minimizing radiation-related wound complications, and avoiding excessive surgery (65).

The primary limitation of the present study is the limited significance and low level of evidence, which are intrinsic properties of a single case. Secondly, the genetic tests of the tissue samples from the three operations used inconsistent platforms and methods, which made it unfeasible to analyze the evolution of molecular profiles from primary to metastatic lesions. Another weakness was the lack of treatment targeting PNC in this patient. Future studies on multimodality treatment with long−term follow-up are imperative to optimize the therapeutic algorithm for GBM-PNC (6).

In conclusion, the present case study and review of the literature summarizes the clinical, histological, and genetic features of GBM-PNC and highlights the occurrence and severity of extensive extracranial metastases. This rare variant of GBM requires aggressive multimodal treatment, including surgery, standard chemoradiotherapy for typical GBM, and the early introduction of craniospinal irradiation and platinum−based chemotherapy for PNET-like components. Given the lack of clear diagnostic work-flow, the vigilance for PNC in supposed typical GBM should be kept in mind, and the pathological screening of PNC is recommended in patients with early onset and intratumoral hemorrhage to avoid diagnosis delay and facilitate timely treatment. Spine surgery for axial skeletal metastasis from GBM-PNC is appropriate in patients with chemoradioresistance and relatively good general status, with the objectives of restoring spinal stability and relieving spinal cord compression.
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Background

Glioblastoma (GBM) is a prevalent brain malignancy with an extremely poor prognosis, which is attributable to its invasive biological behavior. The RNA-binding motif protein 8A (RBM8A) has different effects on various human cancers. However, the role of RBM8A in GBM progression remains unclear.



Methods

We investigated the expression levels of RBM8A in 94 GBM patients and explored the correlation between RBM8A expression and patient prognosis. Using in vitro and in vivo assays, combined with GBM sequencing data from the Cancer Genome Atlas (TCGA) and the Chinese Glioma Genome Atlas (CGGA), we examined whether and how RBM8A contributes to GBM progression.



Results

RBM8A was up-regulated in GBM tissues, and its higher expression correlated with worse prognosis. Knockdown of RBM8A inhibited GBM progression and invasion ability both in vitro and in vivo. On the contrary, overexpression of RBM8A promoted GBM progression and invasion ability. Enrichment analysis of differentially expressed genes in GBM data identified the Notch1/STAT3 network as a potential downstream target of RBM8A, and this was supported by molecular docking studies. Furthermore, we demonstrated that RBM8A regulates the transcriptional activity of CBF1. The γ-secretase inhibitor DAPT significantly reversed RBM8A-enhanced GBM cell proliferation and invasion, and was associated with down-regulation of p-STAT3 and Notch1 protein. Finally, the gene set variance analysis score of genes involved in regulation of the Notch1/STAT3 network by RBM8A showed good diagnostic and prognostic value for GBM.



Conclusions

RBM8A may promote GBM cell proliferation and migration by activating the Notch/STAT3 pathway in GBM cells, suggesting that RBM8A may serve as a potential therapeutic target for the treatment of GBM.
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Background

Glioblastoma multiforme, also known as glioblastoma (GBM), is a highly malignant and prevalent brain tumor associated with extremely poor prognosis (1, 2). GBM tissues have strong invasive potential and do not show an obvious boundary from normal brain tissue. Therefore, it is difficult to remove the tumor completely, and the recurrence rate is quite high. Despite progress in neurosurgery, radiotherapy, and chemotherapy, most GBM patients show poor prognosis, and their five-year survival rate is between 3 and 9% (3). The molecular markers included in diagnostic and classification criteria for central nervous system tumors have recently expanded to include, for example, a mutation in the IDH gene, the combined deletion 1p/19q, the histone modification H3K27M, and immunopositivity for the RELA fusion protein (4, 5). Recent studies have found that growth factors and cytokines (GFCKs) play a critical role in tumor invasion (6). Aberrant methylation of gene promoters appears to contribute to a broad variety of cancers, including GBM (7). Recent studies have confirmed the view that GBM proliferation and invasiveness can be increased through a network of gene signaling pathways (8). We know little about the mechanisms and epigenetic variations that promote the development and progression of GBM, and therefore identifying new markers associated with glioblastoma may be useful in diagnosis and treatment.

Abnormal expression of key factors in the nonsense-mediated mRNA decay (NMD) pathway has been associated with various types of cancer, including GBM. The NMD pathway helps maintain homeostasis and regulate cellular functions by eliminating mRNA transcripts that contain premature termination codons, and by degrading normal mRNAs that encode proteins that promote cell growth, migration, and cell survival (9, 10). Loss of NMD function is known to promote tumor growth and invasion (11), suggesting that targeting key factors of the NMD pathway may be effective for cancer treatment (12–14).

One such NMD factor is the RNA-binding motif protein 8A (RBM8A), which serves as a core factor of the exon junction complex (EJC). The EJC acts as a node in post-transcriptional regulatory networks in eukaryotes (15–17). The RBM8A gene, located on chromosome 1q21.1, is abundantly expressed in cells, where it shuttles between the cytoplasm and nucleus (17). It helps regulate RNA transcription, translation, cell cycle regulation, and apoptosis (18–21). RBM8A is abnormally expressed in several types of tumors, including cervical cancer, non-small-cell lung carcinoma, myeloma, and hepatocellular carcinoma (22–25). It binds to the transcriptional factor STAT3 to promote its DNA binding and thereby upregulate target genes (26, 27). The function of RBM8A in GBM has not yet been reported.

The Notch signaling pathway is an evolutionarily conserved pathway that plays a key role in cell proliferation, apoptosis, stem cell maintenance, cell fate determination, tissue homeostasis as well as other cell and development processes (28–30). The abnormal regulation of Notch signaling is related to many tumors. Particularly, in the development of brain cancer, Notch1 has been reported to be carcinogenic (31). However, the possible relationship among RBM8A, Notch and STAT3 in the context of brain tumors has not been clearly defined.

In this study, we analyzed the expression of RBM8A in GBM. In addition, the functional impact of RBM8A on GBM progression and its underlying molecular mechanisms were also studied using in vitro and in vivo assays. A comprehensive regulatory network involving RBM8A and the Notch/STAT3 pathway in GBM was established to explore the potential biological mechanisms of RBM8A. The results of this study may provide novel insights into the role of RBM8A in GBM progression and help identify potential therapeutic targets in the disease.



Materials and Methods


Patients

This study was approved by the Ethics Committee of the Fifth Affiliated Hospital of Guangxi Medical University. Written consent was obtained from all patients enrolled in the study, or from their legal guardians. A total of 94 patients (45 males and 49 females) were recruited between January 2005 and December 2013 at the Renji Hospital. All recruited patients had a histologically confirmed diagnosis of GBM, which was independently reviewed by two pathologists and classified based on WHO criteria for tumor grading. Samples of cancerous tissue (n=5) and normal tissues (n=5) were collected from patients.



Data Processing

GBM data in The Cancer Genome Atlas (TCGA) (https://www.cancer.gov/) were downloaded from the UCSC Xena browser (http://xena.ucsc.edu/public), including gene expression profiles based on Affymetrix Human Genome U133a array platform (Affymetrix; Thermo Fisher Scientific, Waltham, MA, USA) and clinical information. In addition, two glioma data sets (mRNAseq_693 and mRNAseq_325) were obtained from the Chinese Glioma Genome Atlas (http://cgga.org.cn/index.jsp).



Western Blot Analysis

The expression of RBM8A was analyzed using western blots, which were performed using a rabbit antibody against human RBM8A (14958-1-AP, Proteintech, IL, USA; 1:1000) and mouse antibody against beta-actin (Millipore, MA, USA; 1:10,000) (32). The tissues were lysed with an RIPA buffer [50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Triton X-100, 0.5% Na-deoxycholate] containing protease inhibitors (CompleteMini, Roche, Basel, Switzerland). Samples of the lysates (20-30 μg) were separated on 8-12% SDS-PAGE gels and transferred to polyvinylidene fluoride membranes, which were incubated overnight with primary antibodies at 4°C, then with horseradish peroxidase-conjugated secondary antibody. An ECL kit (catalog no. PI32209, Pierce, IL, USA) was used to detect the bound antibodies.



Luciferase Reporter Assay to Detect Notch Activation

Notch activation was assessed using the CBF1 luciferase reporter system (Dual-Glo Luciferase Assay System, Promega, USA). The Renilla luciferase plasmid pRLTK (Promega), which controls for transfection efficiency, was cotransfected with CBF1-Luciferase reporter plasmid using Lipofectamine 2000 (Thermo Fisher Scientific). Cells were harvested after 24 h in culture, and luciferase activity was determined using the Luciferase Assay System (Promega) and a microplate luminometer (Berthold, Bad Wildbad, Germany).



Immunohistochemistry

Immunohistochemistry was performed on the paired samples from 94 patients as described (33). Tissue microarray blocks were constructed, and serial sections (4 μm) were obtained from each block. The first slide was stained with hematoxylin and eosin (H&E) to confirm the diagnosis, and subsequent slides were stained appropriately for further analysis.

Tissue microarray slides were deparaffinized, rehydrated, blocked and stained with primary antibody against human RBM8A (14958-1-AP, Proteintech; 1:100). The sections were then stained using a highly sensitive streptavidin-biotin-peroxidase detection system and counterstained with hematoxylin. Negative controls were processed in parallel using pre-immune immunoglobulin instead of primary antibody.

Sections of cancerous tissue from each patient were independently evaluated by two pathologists blinded to clinicopathological information. Immunoreactive staining was quantified in terms of the percentage of positive cells, with a score of 0 meaning that 0% of tumor cells showed positive staining; 1, up to 10% of cells were positive; 2, 11-50%; 3, 51-75%; 4, 75-100%. The intensity of staining was quantified using a four-point scale, where 0 meant negative; 1, weak; 2, moderate; and 3, strong. The two scores for each section were then multiplied together to give a total score ranging from 0 to 12. All patients were classified based on RBM8A expression as negative (total score 0), low (score 1-4), moderate (score 5-8), or high (score 9-12).



Cell Lines

The human GBM cell lines U87-MG, U251-MG, A172, and T98G were purchased from ATCC and cultured in Dulbecco’s modified Eagle medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS, Invitrogen), and maintained at 37°C in a humidified atmosphere of 5% carbon dioxide.



Lentiviral Vector-Mediated RBM8A Knockdown

Lentiviral expression plasmids encoding small hairpin RNA (shRNA) targeting human RBM8A as well as encoding green fluorescent protein (GFP) were constructed by Hanyin (Shanghai, China). Three plasmids were constructed, each with a different RBM8A-shRNA: 5’-AGAGCATTCACAAACTGAA-3’ (RBM8A-KD1), 5’-CATCAGCGTTGACTGGTGT-3’ (RBM8A-KD2), and 5’-GCAACAGGTCTAGGGTTAAGG-3’ (RBM8A-KD3). As a negative control, lentiviral expression plasmid encoding only GFP (GFP-lentivirus) was also prepared. The knockdown efficiency of cells infected with the RBM8A-shRNA-encoding virus was confirmed after 48 h using quantitative real-time polymerase chain reaction (qRT-PCR) and western blots.

Recombinant RBM8A-shRNA lentivirus and negative control (NC) lentivirus were prepared. To obtain stable cell lines showing RBM8A knockdown (RBM8A-KD) and stable NC cell lines, U87-MG and U251-MG cells were seeded in 6-well plates at a density of 2 × 105 cells per well. On the following day, the cells were infected with the virus at a multiplicity of infection of 1 using Polybrene (8 μg/ml; Sigma-Aldrich, IL, USA). GFP expression was confirmed under a fluorescence microscope approximately 72 h after viral infection, and the culture medium was replaced with a selection medium containing puromycin (4 μg/ml). Cells were cultured for a minimum of 14 days. The puromycin-resistant cells were amplified in a medium containing 2 μg/ml puromycin for 7-9 days, then cultured in medium without puromycin.



Lentivirus-Mediated RBM8A Overexpression

An expression plasmid encoding FLAG-tagged RBM8A was engineering using the pMSCV-IRES-GFP vector (Hanyin), and this plasmid or the corresponding empty vector as NC were transfected into 293T cells. Recombinant retrovirus from these cells was used to infect A172 and T98G cells at a multiplicity of infection of 1, giving RBM8A-overexpressing (RBM8A-OE) cells or NC cells.



Cell Proliferation Assays

Cell proliferation over a period of five days was examined using the Cell Counting Kit-8 assay (Beyotime, Shanghai, China). Cells (n = 1000) were seeded into 96-well plates. At different time points during 5-day treatment with the γ-secretase inhibitor DAPT, CCK-8 solution (10 μl) was added to each well, and cells were incubated for 2 h at 37°C. Absorbance at 450 nm was measured using a microtiter plate reader (33). This experiment was conducted in triplicate.

A proliferation assay based on 5-ethynyl-2′-deoxyuridine (EdU) was performed according to the manufacturer’s instructions (Invitrogen).



Transwell Assays

Cells were plated in the upper chamber of Transwell assay inserts (Millipore, Billerica, MA, USA) with or without a Matrigel-coated membrane containing 8-μm pores in serum-free RPMI 1640 medium (200 μl). The inserts were then placed in the bottom chamber of a 24-well plate containing RPMI 1640 with 10% FBS as a chemoattractant. The top layer of the insert was scrubbed after 24 h with a sterile cotton swab to remove any remaining cells. The invading cells on the bottom layer were stained with 0.1% crystal violet, examined, counted, and imaged using digital microscopy. The numbers of cells in five random fields of each chamber were counted and averaged. These assays were conducted in triplicate.



Xenograft Animal Models

This study followed institutional guidelines as well as the guidelines put forth by the US National Institutes of Health on animal welfare and experimentation. The animal experiments were approved by the Institutional Animal Care and Use Committee of Guangxi Medical University. RBM8A-KD or NC U87-MG cells were intracranially implanted into the corpus striatum of anesthetized 6-week-old athymic nude mice using a stereotactic frame for small animals (David Kopf Instruments, Tujunga, California, USA). Tumor size was monitored by magnetic resonance imaging (MRI).



Enrichment Analysis

Functional enrichment analysis was performed using the Clusterprofiler package in R (34). In addition, GSEA was carried out using GSEA software, which can be found on the official website (http://software.broadinstitute.org/gsea/index.jsp). Gene sets c5.bp.v7.1.symbols.gmt and c2.cp.kegg.v7.1.symbols.gmt in the MsigDB database were used as the reference gene sets (35). A nominal value of p < 0.05 was considered statistically significant.



Construction of a Comprehensive Regulatory Network and Molecular Docking

Based on the STRING database (36), a comprehensive regulatory network involving RBM8A in GBM was constructed. We downloaded the PDB files of RBM8A from the Protein Database (https://www.rcsb.org) (37). The three-dimensional structure of CBF1 was predicted using RNA Composer (http://rnacomposer.cs.put.poznan.pl). Molecular docking was performed using Hex8.0.0 software (38), and the results were visualized with Pymol software (39).



Receiver Operating Characteristic Curve Analysis and Survival Analysis

We extracted the genes involved in the comprehensive network regulated by high RBM8A expression, and calculated the gene set variation analysis (GSVA) scores of these genes using the GSVA package (40). In addition, the receiver operating characteristic (ROC) curve for the GSVA score was analyzed using the pROC package (41), and survival analysis based on the GSVA score was performed using the “survival” package in R (https://CRAN.R-project.org/package=survival).



Statistical Analyses

Patient survival was calculated from the date of surgery until the date of death or last follow-up. Survival curves for patients whose tumors contained different levels of RBM8A were plotted using the Kaplan-Meier method and compared using the log-rank test. Median survival times and hazard ratios (HRs) were presented with 95% confidence intervals (CIs). All statistical analyses were performed using the R package and SPSS for Windows 17.0 (SPSS, Chicago, IL, USA). Differences were considered significant when the two-tailed P value was less than 0.05.




Results


Association of High RBM8A Expression With Poor Prognosis

First, the expression of RBM8A in GBM was analyzed using the TCGA database. Compared with control samples, RBM8A was significantly higher in GBM, suggesting that RBM8A may play an important role in GBM (Figure 1A). Even more interesting is that GBM patients with high expression of RBM8A in TCGA had poor overall survival, based on the optimal gene expression grouping threshold (Figure 1B). RBM8A expression in GBM specimens from the 94 patients was examined using immunostaining (Figure 1C). The mean age of the 94 included patients at diagnosis was 49.38 ± 15.87 years (range, 13-85 years). RBM8A localized primarily to the nucleus and we found that a large proportion of patients with low-grade tumors (78.57%) had low RBM8A expression, while those with high-grade tumors (66.25%) had high RBM8A expression (Table 1). Follow-up data lasting a mean of 14.74 ± 13.13 months (range, 0.03-59 months) were available for 76 patients, who were therefore included in the survival analyses.




Figure 1 | Up-regulated RBM8A expression levels suggest an unfavorable prognosis in GBM. (A) RBM8A was up-regulated in GBM based on The Cancer Genome Atlas. (B) Kaplan-Meier curves for the GBM samples in TCGA based on optimal gene expression grouping. GBM patients with high expression of RBM8A showed poor prognosis. (C) Representative images from immunohistochemical staining of tumor sections from GBM patients. Immunoglobulin (IgG) was used as a negative control. Magnification: 40× or 400×. Representative photographs show low or high RBM8A expression in GBM tissues. (D) Kaplan-Meier curves of overall survival for patients whose tumors showed low or high RBM8A expression.




Table 1 | Clinicopathological characteristics of patients stratified by RBM8A expression level.



We compared overall survival between the patients showing relatively low and high expression levels. Among the 76 patients with follow-up data, those with low nuclear levels of RBM8A expression in tumor tissues (n = 26) exhibited significantly longer overall survival than those with high nuclear RBM8A expression (n = 50; Figure 1D). The median survival time was 11.0 months (95%CI 6.00-15.99) among patients with low RBM8A expression but 7.0 months (95%CI 5.46-8.54) among those with high RBM8A expression (Table 2). The log-rank test revealed that patients with high RBM8A expression had significantly shorter overall survival time (χ2 = 4.884, P = 0.27; Table 2).


Table 2 | Overall survival time of patients stratified by RBM8A expression level.





RBM8A Knockdown Reduces GBM Cell Proliferation and Invasion In Vitro

To understand the function of RBM8A in GBM progression, we examined the expression of RBM8A in GBM cell lines using western blotting. RBM8A expression was higher in U87-MG and U251-MG cells (Supplementary Figure S1). After effectively knocking down RBM8A in the U87-MG and U251-MG cells (Figure 2A), we assessed the function of RBM8A in GBM cell proliferation and invasion. CCK8 and EdU assays indicated that the suppression of RBM8A reduced the ability of GBM cells to proliferate (Figures 2B, C). Transwell assays demonstrated that RBM8A knockdown significantly suppressed migration and invasion by GBM cells (Figures 2D, E). These findings suggest that RBM8A expression plays a crucial role in promoting the proliferation and invasive potential of GBM cells.




Figure 2 | Effects of RBM8A knockdown on proliferation of U87-MG and U251-MG cells and their invasive activity. (A) Expression of RBM8A in U87 or U251-MG cells transformed with control lentivirus (NC) or lentivirus expressing the knockdown-1 (KD1) or knockdown-2 (KD2) small hairpin RNA against the RBM8A gene were determined by western-blotting. (B) Cell proliferation was analyzed using the CCK8 assay as indicated. (C) Cell proliferation was also measured using the EdU assay. Representative fluorescence micrographs of the different cell cultures are shown. Immunostaining levels are quantified in the plots below. (D) Transwell analysis of migration, using two-chamber wells without a Matrigel-coated insert. Magnification, 200×. (E) Transwell analysis of invasion, using two-chamber wells with a Matrigel-coated insert. All micrographs are shown at 200× magnification.





RBM8A Overexpression Enhances GBM Cell Proliferation and Invasion In Vitro

To verify and extend our results obtained with RBM8A knockdown, we overexpressed RBM8A in A172 and T98G cells (Figure 3A). Overexpression enhanced GBM cell proliferation (Figures 3B, C), as well as migration and invasion (Figures 3D, E). These findings provide evidence that elevated RBM8A expression promotes GBM cell tumorigenesis and invasion.




Figure 3 | Effects of RBM8A overexpression on proliferation of A172 and T98G GBM cells and their invasive activity. (A) Expression of RBM8A in T98G cells transformed with control lentivirus (NC) or lentivirus expressing RBM8A (RBM8A-OE) was assessed by western blotting. (B) Cell proliferation was analyzed using the CCK8 assay as indicated. (C) Cell proliferation was also measured using the EdU assay. Representative fluorescence micrographs of the different cell cultures are shown. (D) Transwell analysis with or without RBM8A overexpression. (E) Matrigel-Transwell analysis with or without RBM8A overexpression. All micrographs are shown at 200× magnification.





The Notch/STAT3 Pathway Mediates the Pro-Oncogenic Function of RBM8A in GBM Cells

To further explore the effect of high expression of RBM8A on GBM, we performed differential expression analysis between the GBM and control samples, as well as between groups expressing high or low RBM8A levels. Genes consistent with high RBM8A expression were identified as differentially expressed genes (DEGs) (Figure 4A). DEGs may be affected by the high expression of RBM8A and may be involved in the ability of RBM8A to promote tumor growth and invasion. These DEGs were involved mainly in the cell cycle, Notch signaling pathway and Hippo signaling pathway (Figure 4B).




Figure 4 | Effects of RBM8A expression on the Notch/STAT3 pathway in GBM cells. (A) Quadrant plot. The genes in quadrant 2 were upregulated genes consistent with RBM8A expression. (B) Analysis of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment was performed on the consistently up-regulated genes. (C) RBM8A affects biological pathways by regulating Notch1 and STAT3. (D) Molecular docking of RBM8A and CBF1. (E) Western blot analysis of Notch1, phosphorylated STAT3 (p-STAT3), total STAT3 (STAT3), phosphorylated H3 (p-H3), total H3 (H3), and actin in U87-MG and U251-MG cells transformed with negative control (NC) lentivirus or with lentivirus encoding RBM8A-KD1 or -KD2. (F) Western blot analysis of the same proteins in A172 and T98G cells transformed with NC lentivirus or lentivirus encoding RBM8A (RBM8A-OE). (G) Luciferase reporter assay of RBM8A-induced activation of CBF1 in GBM cells. (H) RBM8A regulates the Notch/STAT3 signaling pathway by targeting CBF1, which may be a mechanism by which RBM8A contributes to GBM development.



Based on the STRING database, we identified the pathway genes interacting with Notch1 and STAT3. RBM8A may regulate Notch1 and STAT3, and then regulate pathway genes to affect the occurrence and development of GBM (Figure 4C). Molecular docking led to negative docking energies (Figure 4D), suggesting that RBM8A can bind the genes whose transcription is regulated by C promoter-binding factor 1 (CBF1).

We verified these bioinformatics analyses by Western blotting for levels of Notch, phospho-STAT3, and phospho-H3 in cells in which RBM8A was knocked down. We observed decreased levels of all three proteins (Figure 4E), while RBM8A overexpression had the opposite effects (Figure 4F). CBF1 interacts with the Notch1 receptor to activate the Notch signaling pathway (42). Consistent with this, we found that overexpression of RBM8A showed significantly stronger activation of the CBF1 luciferase reporter in T98G and A172 cells than in the controls. In contrast, knocking down RBM8A in U87 and U251 cells weakened activation of the CBF1 luciferase reporter (Figure 4G). These results suggest that RBM8A is sufficient to activate the Notch signaling pathway. Therefore, we propose that RBM8A promotes the proliferation and migration of GBM cells by activating the Notch/STAT3 pathway (Figure 4H).

We integrated GBM data from TCGA and CGGA. Then, we extracted genes involved in a mechanism through which RBM8A activated the Notch/STAT3 pathway to promote proliferation and migration of GBM cells. We calculated a GSVA score to explore whether these genes might have diagnostic or prognostic potential in GBM. Survival analysis showed that patients with high GSVA scores had poor overall survival (Supplementary Figure S2A). In addition, the GSVA score showed good diagnostic accuracy (Supplementary Figure S2B).



Involvement of the Notch/STAT3 Pathway in RBM8A-Mediated GBM Cell Proliferation and Invasion

Suppression of the Notch pathway in A172 or T98G cells using the γ-secretase inhibitor DAPT significantly reversed RBM8A-enhanced proliferation and invasion (Figures 5A–C), and this reversal was associated with down-regulation of p-STAT3 and Notch1 protein (Figure 5D). These results provide support for the idea that the Notch/STAT3 pathway mediates the pro-oncogenic function of RBM8A in glioblastoma cells.




Figure 5 | Involvement of the Notch/STAT3 pathway in RBM8A-mediated GBM cell proliferation and invasion. (A) Cell proliferation were analyzed in A172 or T98G cells overexpressing RBM8A (OE) in the presence or absence of the γ-secretase inhibitor DAPT using the CCK8 assay. (B) Transwell analysis with or without DAPT. (C) Matrigel-Transwell analysis with or without DAPT. (D) Western blot analysis of Notch1, phospho-STAT3, total STAT3, and actin after incubation with or without DAPT. All micrographs are shown at a magnification of 200×.





RBM8A Knockdown Slows GBM Progression In Vivo

To examine how these effects of RBM8A on GBM cells in vitro may translate to clinical phenotypes, we injected U87-MG cells stably expressing RBM8A-KD1 shRNA or no shRNA intracranially into female nude mice and monitored GBM progression. By six weeks, mice inoculated with NC cells developed larger tumors than those inoculated with RBM8A-KD1 cells (Figures 6A–C). Interestingly, RBM8A knockdown also dramatically reduced the levels of Notch1 protein in tissues (Figure 6D). Tumor growth was much slower in the RBM8A-KD group than in the control group, with average tumor diameter 0.25 ± 0.15 mm3 in RBM8A-KD animals and 11.92 ± 4.98 mm3 in NC animals (p=001; n=5 per group; Supplementary Figure S3). These results are consistent with the in vitro evidence that RBM8A contributes to GBM progression.




Figure 6 | Effects of RBM8A reduction on GBM progression in vivo. (A) Nude mice were intracranially injected with U87-MG cells transformed with empty lentivirus (NC) or lentivirus encoding short hairpin RBM8A-KD1. At 6 weeks after injection, animals were examined by MRI. (B) Representative photomicrographs of tumor sections stained with hematoxylin-eosin (H&E). (C) Immunohistochemistry of tumor tissues stained with antibody against RBM8A. (D) Immunohistochemistry of tumor tissues stained with antibody against Notch1.






Discussion

In this study, we found that RBM8A was highly expressed in GBM, and then we explored the effect of RBM8A expression level on the development of GBM. We found that high expression of RBM8A is associated with increased GBM cell growth and invasion, which in turn is associated with shorter overall survival. We further explored the effect of genes consistent with high RBM8A on GBM. We were surprised to find that most of these genes were related to tumorigenesis and tumor development through the cell cycle, Notch signaling pathway, and Hippo signaling pathway, which regulate the pluripotency of stem cells and viral carcinogenesis. We propose that RBM8A may promote GBM cell growth and invasion by regulating Notch1 and STAT3, and here we present in vitro and in vivo evidence for this proposal. Moreover, we demonstrated that the γ-secretase inhibitor DAPT significantly reverses RBM8A-enhanced GBM cell proliferation and invasion, and this reversal is associated with down-regulation of p-STAT3 and Notch1 protein. Therefore, we hypothesize that RBM8A promotes GBM cell proliferation and migration by activating the Notch/STAT3 pathway, which therefore may be a therapeutic target.

Tumor cells show alterations in normal post-transcriptional regulatory pathways, allowing them to better adapt to the microenvironment (43). The NMD pathway is one such example, so investigating the abnormal function of NMD genes in tumors such as GBM may identify effective treatment strategies (44). In this study, we found GBM to be associated with upregulation of RBM8A, one of the key factors of the NMD pathway. Higher RBM8A expression was also associated with worse prognosis of GBM patients.

Abnormal expression of RBM8A has been observed in many types of cancer, including cervical cancer, non-small-cell lung carcinoma, myeloma, gastric cancer, and hepatocellular carcinomas (23–26). Knocking down RBM8A in lung adenocarcinoma cells arrested the cell cycle, inhibited cell proliferation, activated caspases 3 and 7, and increased the proportion of apoptotic cells containing abnormal centrosomes (19). High expression of RBM8A can also down-regulate splicing variants of multiple pro-apoptotic genes, such as Bcl-X, which inhibits apoptosis of prostate and cervical cancer cells (45). In liver cancer tissues, elevated expression of RBM8A promotes cell proliferation, inhibits apoptosis, and induces the epithelial-mesenchymal transition of tumor cells; higher expression also correlates with worse prognosis (23). Consistent with these studies in other cancers, our study on GBM showed RBM8A overexpression to enhance proliferation and invasion in vivo and in vitro.

Furthermore, our results suggest that the oncogenic effects of RBM8A in GBM involve activation of the STAT3/Notch pathway. The evolutionarily conserved Notch signaling pathway influences cell growth, survival, apoptosis, migration, and invasion, and it appears to be involved in various human malignancies, including GBM. Notch1 expression positively correlates with glioma progression, and high expression of Notch1 is an independent predictor of low survival rates in patients with gliomas (46). Notch1 knockdown in glioma cells increases cell death, reduces proliferation and arrests the cell cycle (47); it also inhibits growth and invasion of GBM cells (48). Mice with intracranial U251-MG xenografts die earlier when the tumor expresses normal levels of Notch1 than when Notch1 is knocked down (47). Future studies should examine upstream regulators and downstream targets of the Notch pathway in GBM in order to clarify its pathogenesis and identify additional therapeutic targets.

We further explored the mechanistic genes linking RBM8A and the Notch/STAT3 pathway. We found that the GSVA score for these genes has good diagnostic efficacy for GBM, and that higher score is associated with worse prognosis.

Future work should also examine how the ability of RBM8A to activate STAT3/Notch relates to the other functions of RBM8A within the EJC (15, 24), which include downregulating the pro-apoptotic factor Bcl-x in colon and prostate cancer cells and downregulating p53 in a range of tumor cells (45, 49). RBM8A also functions independently of the EJC, such as when it regulates nucleoproteins and is itself phosphorylated (50, 51).



Conclusion

Based on the association observed in our study between RBM8A expression levels and tumor progression, we conclude that RBM8A may function as an independent prognostic factor and therapeutic target in the management of GBM. Our findings highlight the complexity of roles of RBM8A in tumor proliferation, which requires further investigation, which in turn may uncover additional prognostic biomarkers or therapeutic targets in the management of GBM. However, our study was limited by the experimental models used, and it was only a preliminary exploration of potential molecular interactions. Future research should include the establishment of knockout mouse models to verify whether RBM8A activates the Notch/STAT3 pathway in the development of GBM.
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Aberrant reprogramming of metabolism has been considered a hallmark in various malignant tumors. The metabolic changes of amino acid not only have dramatic effects in cancer cells but also influence their immune-microenvironment in gliomas. However, the features of the amino acid metabolism-related and immune-associated gene set have not been systematically described. The expression level of mRNA was obtained from The Cancer Genome Atlas database and the Chinese Glioma Genome Atlas database, which were used as training set and validation set, respectively. Different bioinformatics and statistical methods were combined to construct a robust amino metabolism-related and immune-associated risk signature for distinguishing prognosis and clinical pathology features. Constructing the nomogram enhanced risk stratification and quantified risk assessment based on our gene model. Besides this, the biological mechanism related to the risk score was investigated by gene set enrichment analysis. Hub genes of risk signature were identified by the protein–protein interaction network. The amino acid metabolism-related and immune-associated gene signature recognized high-risk patients, defined as an independent risk factor for overall survival. The nomogram exhibited a high accuracy in predicting the overall survival rate for glioma patients. Furthermore, the high risk score hinted an immunosuppressive microenvironment and a lower sensitivity of immune checkpoint blockade therapy and also identified PSMC5 and PSMD3 as novel biomarkers in glioma. In conclusion, a novel amino acid metabolism-related and immune-associated risk signature for predicting prognosis in glioma has been constructed and identified as two potential novel biomarkers.
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Introduction

Metabolic reprogramming is critical for maintaining the survival of cancer cells and defined as a hallmark of cancer, which might be the consequence of oncogenic mutations (1). Amino acid metabolism also emerges as an important role in the metabolic reprogramming of cancer cells because of its function in redox balance, energy regulation, biosynthesis support, and so on (2). Amino acids and their derivatives can not only regulate cancer cells but also modulate the surrounding microenvironment, which enhances the malignancy and immunosuppression of tumors (3), for instance, arginine derivations could change the chromatin structure to regulate gene expression, which promotes the proliferation of cancer cells (4). Kynurenine, which is the catabolic product of tryptophan, induces the invasion of cancer cells and the immunosuppression of a tumor microenvironment (5) by binding to transcription factor aryl hydrocarbon receptor (AHR) (6). Moreover, the activation of AHR hampers the performance of dendritic cells and T cells, which play a role in anti-tumor (7). The metabolism of amino acid is varied in tumors and plays a significant role not only in the biological process of tumor cells but also in the tumor microenvironment, particularly the modulation of the immune. All these indicate a better understanding of the metabolism of amino acids, which will offer potentially effective targets for cancer therapy (8).

In our study, we focus on glioma which is a group of highly heterogeneous neurocutaneous tumors, accounting for about 26% of all intracranial tumors, and is the most deadly primary malignant type of brain tumor in adults (9). Although combined therapy has been developed, including precise surgical resection, adjuvant radiotherapy, and temozolomide chemotherapy, the overall survival remains poor and has not been significantly improved. Furthermore, long-term survival is rare (10). Although immunotherapy has made a breakthrough progress in the treatment of a variety of solid tumors, the specific effect of immunotherapy in glioma is still not clear (11). It has been found that the expression level of immunosuppressive factors such as PD-L1 and IDO/TDO were dramatically elevated in gliomas. As is well known, PD-L1 could limit the function of effect T cells, and the metabolite mediated by IDO/TDO promotes the development of an immunosuppressive microenvironment (12, 13). In addition, the upregulation of Treg cells could exhausting cytotoxic T cells to reduce the damage of tumor cells and enhance the immunosuppressive effects in the glioma microenvironment (14). However, how amino acid metabolism influences prognosis and the immune process in glioma progression needs further systematic research.

In our study, the amino acid metabolism-related and immune-associated risk signature was defined as an independent risk factor for the prognosis of glioma patients. The decision tree strongly verified the risk-dependent subgroups, and the nomogram showed an extremely high accuracy. In addition, a high risk score hinted an immunosuppressive microenvironment and lower sensitivity of ICB therapy, and PSMC5 and PSMD3 were identified as novel biomarkers in glioma. In summary, we demonstrated a novel amino acid metabolism-related and immune-associated risk signature for predicting prognosis in patients with glioma and identified two potential novel biomarkers.



Materials and Methods

The workflow of our analysis is shown in Figure 1, and specific details are explained in the following sub-sections.




Figure 1 | Schematic diagram of the study design. (A) Identification of amino acid metabolism-related and immune-associated gene module in glioma patients among various hallmarks of cancer. (B) WGCNA and least absolute shrinkage and selection operator Cox algorithms were combined to develop an amino acid metabolism-related and immune-associated gene signature for prognosis. (C) The prognostic and predictive capacities were validated in different cohorts and methods. (D) Comprehensive analyses of enriched pathways, immune cell infiltration, and therapeutic responses in different risk groups. (E) Identification of hub genes and biomarkers from gene signature for glioma.




Data Preparation and Collection

The expression of mRNA and the clinical information of patients were collected from 698 patients in the cancer genome atlas database. Consistently, 413 samples were collected from 693 samples in the Chinese Glioma Genome Atlas, part B, as a validation set. Moreover, the mRNA data of normal brain tissue was collected from the Genotype–Tissue Expression Project (GTEx).



Obtaining Amino Metabolism-Related Genes

Amino acid metabolism-related gene sets (REACTOME_ METABOLISM_OF_AMINO_ACIDS_AND_DERIVATIVES) were obtained from the Molecular Signatures Database, v5.1 (MSigDB) (http://www.broad.mit.edu/gsea/msigdb/).



Determination of the Immune Status Through Single-Sample Gene Set Enrichment Analysis

Using the single-sample Gene Sets Enrichment Analysis (ssGSEA) algorithm based on the transcriptome profiling data and corresponding immunity-related gene sets retrieved from MSigDB (15, 16) and using ESTIMATE algorithm, we analyzed the estimation of stromal and immune cells in tumor tissues (17), which has been developed to measure stromal level (stromal score), cyto-infiltration degree (immune score), and tumor purity.



Construction of Amino Metabolism-Related and Immune-Associated Signatures

The R package “WGCNA” was used to construct a scale-free co-expression network to verify a gene module that is mostly related to amino metabolism and immune in glioma. To explore the most robust genes, the LASSO regression model was performed (18). Furthermore, the risk scores were calculated by multiplying gene expression by the regression coefficient acquired upon Lasso regression. Based on the median risk score, all cases were divided into high- or low-risk groups.



Prognostic Value and TIC Profile of the Risk Model

The prognostic significance of the risk signature was evaluated by Kaplan–Meier survival curves. Independent prognostic factors, including the risk score in glioma, were investigated by univariate and multivariate Cox regression analyses. Subsequently, we investigated the specificity and sensitivity of risk score in the prediction of 5-year overall survival (OS) by analyzing the receiver operating characteristic (ROC) curve (19). Next, a nomogram according to related prognostic factors was constructed to quantitatively predict the 1-, 2-, and 3-year survival rate in glioma patients. The CIBERSORT package in R was used to evaluate differences in the frequencies of 22 immune cell types (including Tregs and CD4+ cells) in glioma. The CIBERSORT is widely used in evaluating the type of immune cell in the microenvironment through estimating relative subsets of known RNA transcript (CIBERSORT) software (https://cibersort.stanford.edu/) (20). The computational method was used in the low- and high-risk groups to explore the correlation of the TICs in different groups.



Gene Set Enrichment Analysis

In the Molecular Signatures Database, Hallmark and C7 gene sets were downloaded, which were used as the target gene sets to investigate the gene sets associated with risk score in the whole transcriptome of all glioma samples in the TCGA performed by the software GSEA-3.0. (NOM p < 0.05 and FDR q <0.05 were considered significant).



Functional Annotation for Genes of Interest and Construction of PPI

To explore the gene ontology (GO) of selected genes, R package cluster Profiler package was used to explore the functions among genes of interest, with a cutoff criterion of adjusted p <0.05. The GO annotation that contains the three sub-ontologies— biological process, cellular component (CC), and molecular function—can identify the biological properties of genes and gene sets for all organisms (21). The Online tool Search Tool for the Retrieval of Interacting Genes (STRING) was used to predict protein–protein interactions (PPI) and construct a PPI network of selected genes. Using the STRING database, genes with a score of 0.4 were chosen to build a network model visualized by Cytoscape (v3.7.2) (22). In a co-expression network, Maximal Clique Centrality (MCC) algorithm was reported to be the most effective method of finding hub nodes (19). The MCC of each node was calculated by CytoHubba, a plugin in Cytoscape (23). In this study, the genes with the top 10 MCC values were considered hub genes.



Verification of the Expression Patterns and the Prognostic Values of Hub Genes

To explore the potential reliability of the hub genes, the expression level of each hub gene between cancer and normal tissue was plotted as a box plot graph. Based on the TCGA database, Kaplan–Meier univariate survival analysis was performed by using the survival package in R software to explore the relationship between overall survival and disease-free survival with hub genes in patients. In the study, all the patients selected for survival analysis should be with complete clinical information. Consequently, based on the median expression value of hub genes, these samples were divided into two subgroups. The survival-related hub genes with log-rank p <0.05 were regarded as statistically significant.



Human Tissue Samples

Normal brain tissues were collected from patients who suffered from a serious brain injury. The glioma samples were obtained from the Department of Neurosurgery, Renmin Hospital of Wuhan University, Wuhan, China. The clinical glioma specimens were examined and diagnosed by pathologists at Renmin Hospital of Wuhan University. This study was approved by the Institutional Ethics Committee of the Faculty of Medicine at Renmin Hospital of Wuhan University [approval number: 2012LKSZ (010) H]. Informed consent was obtained from all patients whose tissues were used.



RNA Extraction and Quantitative Real-Time PCR

Total RNA of glioma tissues was extracted using Trizol reagent (G3013-100ML, Servicebio, Wuhan, China), and cDNA was synthesized by SweScript RT I First Strand cDNA Synthesis Kit (G3330-50; Servicebio, Wuhan, China). Quantitative real-time PCR (qPCR) for PSMC3 and PSMD5 mRNA levels were performed using SYBR qPCR SuperMix (E096-01B, Novoprotein, China) according to the instructions of the manufacturer and performed in Bio-Rad CFX Manager 2.1 real-time PCR Systems (Bio-Rad, Hercules, CA, USA).

GAPDH was set as internal control, and the relative Ct method was used to analyze the data. The sequences of primers are listed in Supplementary Table S3.




Results


Construction of Weighted Gene Co-expression Modules

First, combining the mRNA data in TCGA glioma and GTEx database, 10,550 differentially expressed genes between glioma and normal brain tissue were detected. Among these genes, 260 amino acid metabolism-related genes were ensured (Supplementary Figure S1A). The KEGG and GO analyses confirmed that these nods were mainly related to the biological function and pathway of amino acid metabolism. The PPI network showed a strong co-expressed correlation among the genes (Supplementary Figures S1B–D). Then, the samples in the training set were hierarchically clustered in the immunity-high (immunity-H) or immunity-low (immunity-L) group by ssGSEA (Supplementary Figures S2A, B). The box plot of the fraction of immune cells in glioma tissues was significantly different among immunity-H and immunity-L groups (Supplementary Figure S2C). Consistently, the stromal scores, immune scores, and ESTIMATE scores of glioma samples in the immunity-H group remarkably increased compared with those in the immunity-L group (Supplementary Figures S2D, F). Meanwhile, the tumor purity in the immunity-H group was significantly lower than in the immunity-L group (Supplementary Figure S2G). Besides this, patients in the immunity-H group had a significantly poorer prognosis than those in the other groups (Supplementary Figure S2H).

To find the correlation between amino acid metabolism-related genes and immune infiltration in TCGA glioma, gene co-expression networks were constructed from the TCGA glioma datasets with the WGCNA package. Two modules in the TCGA glioma were recognized, and a different color was assigned for each module (Figure 2A). Then, we created a heat map of module–immune relationships to evaluate the association between each module and different immune scores (high and low). The results of the module–immune relationships showed that the gray module had the highest association with the immune-high group (pink module: r = 0.27, p < 0.001) in TCGA glioma (Figure 2B). The module membership and gene significance were highly correlated in the gray module (Figure 2C).




Figure 2 | Identification of modules associated with the immunity in the Cancer Genome Atlas glioma dataset. (A) The cluster dendrogram of co-expression network modules was ordered by a hierarchical clustering of genes based on the 1-TOM matrix. Each module was assigned different colors. (B) Module–immune relationships. Each row corresponds to a color module, and each column corresponds to immune score (high and low). (C) Module membership vs. gene significance in gray module.





Identification of a 12-Gene Risk Signature Associated With Amino Acid Metabolism and Immune in Glioma

To identify the amino acid metabolism-related and immuno-associated risk signature, the univariate Cox regression analysis was used to select 30 genes in the training set, which were related to the prognosis of patients (Figure 3A). Thereafter, the most relevant biomarkers for prognosis were identified through the LASSO Cox regression model, and overfitting was counteracted by 10-fold cross-validation. As a result, the group of 12 genes (PSMC5, GLUD1, DHTKD1, OGDH, PSMF1, PSMD3, PSMB8, PSMB9, PSMD5, PSMD12, PSMC1, and PSMD6) was extracted according to LASSO coefficients (Figures 3B, C). The median risk score was defined as the cutoff value to divide the training set into two subgroups, including high- and low-risk groups, and a significant difference was found in both the molecular and clinical characteristics between these subgroups (Figure 3D).




Figure 3 | Identification of 12-gene risk signature for overall survival (OS) by least absolute shrinkage and selection operator regression analysis in the Chinese Glioma Genome Atlas datasets. (A) Thirty genes associated with OS of patients with glioma by univariate Cox regression analysis. (B) Red dots represent average partial likelihood deviances for every model with a given lambda, and vertical bars indicate the upper and lower values of the partial likelihood deviance errors. The vertical black dotted lines define the optimal values of lambda, which provides the best fit. Survival curves of patients in the high-risk group and the low risk group of The Cancer Genome Atlas glioma cohort. (C) The selection of the tuning parameter (lambda) in the least absolute shrinkage and selection operator model by 10-fold cross-validation based on minimum criteria for OS; the lower X axis shows log (lambda), and the upper X axis shows the average number of OS genes. The Y axis indicates partial likelihood deviance error. (D) Heat map showing the association of risk scores and clinical pathology features based on the 12-gene risk signature. *P < 0.05, ***P < 0.001.



At the same time, there were significant differences according to the risk signature values of age-stratified and WHO-grade-stratified clinical samples in both the TCGA and CGGA cohorts (Figures 4A, B, E, F). The molecular pathological diagnosis of glioma has been put forward in clinical practice. IDH wild type and 1p19q non-codeletion gliomas were all the poor prognostic factors and had an inadequate response to traditional radiotherapy or chemotherapy of glioma patients (24). Such being the case, the distribution of the 12-gene signature was explored based on IDH status-stratified clinical samples (Figures 4C, G) and 1p/19q codeletion status (Figures 4D, H). Overall, these results indicated that the risk score based on the gene signature was significantly associated with clinical features.




Figure 4 | Associations between the amino acid-related and immune-associated signature and other features in both the TCGA and CGGA datasets. Distribution of the amino acid-related and immune-associated gene signature in patients stratified by age (A, E), WHO grade (B, F), IDH1 status in each grade (C, G), and 1p/19q status (D, H); ***P < 0.001. IDH, isocitrate dehydrogenase; TCGA, The Cancer Genome Atlas; CGGA, Chinese Glioma Genome Atlas; Codel, codeletion; GBM, glioblastoma; WHO, World Health Organization.





Development of the Risk Score Signature and Assessment of the Predicting Capacity

Based on the groups with high and low risk scores, Kaplan–Meier analysis was performed, and it showed that patients with high risk scores had dramatically reduced overall survival compared with patients with a low risk score in both TCGA and CGGA datasets (Figures 5A, B). Besides this, as far as the 1-, 3-, and 5-year overall survival is in question, the values of the area under the curve (AUC) of the ROC curve for the TCGA glioma cohort were 0.875, 0.933, and 0.854. Consistently, concerning 1-, 3-, and 5-year overall survival, the values of AUC for the CGGA cohort were 0.641, 0.678, and 0.687, respectively (Figures 5C, D). Furthermore, the plots were listed to show the distribution of gene expression, risk score, and survival status basing on the amino acid metabolism- and immune-related signature in TCGA and CGGA (Figures 5E, F). To further explore the significance of our model in evaluating prognosis independently, we performed a univariate analysis as well as a multivariate analysis, which showed that the value of the risk score might be defined as an independent factor to evaluate the prognosis of glioma patients in both TCGA and CGGA (Table 1).




Figure 5 | Development of the risk score signature and assessment of the predicting capacity. (A, B) Survival curves of patients in the high-risk group and the low-risk group of The Cancer Genome Atlas (TCGA) glioma and Chinese Glioma Genome Atlas (CGGA). Patients in the high-risk group suffered shorter overall survival. (C, D) Survival-dependent receiver operating characteristic (ROC) curves validation at 1, 3, and 5 years of prognostic value of the prognostic index in the two databases (TCGA and CGGA, respectively). (E, F) The distribution of risk score, overall survival (OS), gene expression in TCGA, and CGGA databases is also shown. The distribution of risk score, OS, and heat map of the expression of 12 genes in the low- and high-risk groups are shown in the picture from top to bottom.




Table 1 | Univariate and multivariate Cox regression analyses of clinicopathologic characteristics associated with overall survival in TCGA dataset and CGGA dataset.





Combination of the Risk Signature and Clinicopathological Features Improves Risk Stratification and Survival Prediction

To better enhance the risk stratification of prognosis, we constructed a decision tree through patients with different grades of glioma from TCGA. As a result, the difference in overall survival was observed in subgroups with different risk scores (Figure 6A). Developing individualized treatment for individual glioma patients is necessary. Consistently assessing the potential risk and prognosis for individual glioma patients is also important. Consequently, we built a nomogram with risk score as well as clinical pathology features, including IDH mutation and 1p19q (Figure 6D). Besides this, the calibration analysis was performed to elevate the accuracy of our nomogram. The results showed that the prediction line of the nomogram was extremely close to the ideal performance (45° dotted line) (Figures 6B, C).




Figure 6 | The combination of risk signature and clinicopathological features improves risk stratification and survival prediction. (A) A decision tree was constructed to improve risk stratification. (B) Decision curve analysis of the nomogram and contrast system for predicting the 1-, 3-, and 5-year survival rate of patients. (C) The calibration analysis indicated a high accuracy of survival prediction. (D) A nomogram was constructed to quantify risk assessment for individual patients.





The Differences in Immunocyte Infiltration Degree and Enrichment Plots of Immune-Related Gene Sets From Gene Set Enrichment Analysis Between High- and Low-Risk TCGA Cohorts

Next, to explore whether our risk score partly assessed the immune status of the tumor microenvironment, the relationship of amino acid metabolism- and immune-related gene signature with the immunocyte infiltration degree was explored in gliomas. Interestingly, our results indicated that M2 (Cor = 0.31; p = 8.8e−6) and Tregs (Cor = 0.169; p = 0.0093) were obviously positively related to risk score (Figures 7A, B). Furthermore, NK cells (Cor = -0.39; p =1.9e−08) and CD4+ T cells (Cor = -0.24; p = 0.00058) (Figures 7C, D) showed a negative correlation with the risk score.




Figure 7 | The differences in immunocyte infiltration degree and enrichment plots of immune-related gene sets from Gene Set Enrichment Analysis (GSEA) between the high- and low-risk TCGA cohorts. (A–D) The correlation with immunocyte infiltration was performed by using Pearson correlation analysis. M2; Tregs; NK cells; CD4+T cells. (E, F) Correlation with immune-checkpoint expression. PD-1; CTLA4. (G, H) GSEA analysis revealing immune-related biological processes correlated with the signature. ***P < 0.001.



Immunotherapy is increasingly becoming an important part of tumor therapy and can significantly improve the prognosis of cancer patients in a variety of solid tumors (25). Hence, we detected the expression of immune checkpoints in subgroups with a high or low risk score. According to our gene model, the expression level of PD- L1, PD-1, and CTLA-4 was lower in glioma patients with a high risk score (P < 0.05) (Figures 7E, F). This result showed that the high-risk-score group may be less sensitive to immunotherapy. Furthermore, glioma with a high risk score was obviously enriched in the downregulation of the effect immunity pathway. We found that high risk score had a negative relationship with T cell migration (Figure 7G). It is well known that enhancing T cell infiltration in glioma may increase the response rates to immunotherapy and increase survival. Consistently, high risk score had a negative relationship with tumor necrosis factor function (Figure 7H). These results indicated that risk score could predict an immunosuppressive micro-environment.



Identification of Hub Genes From Risk Signature as Biomarkers in Glioma

The PPI network among the overlapped genes was established by using the STRING database and performing GO and KEGG (Supplementary Figure S3). MCC algorithm of CytoHubba plugin was used to select hub genes of the PPI network, and the hub genes are listed in Supplementary Table S1. Basing on the MCC scores, we selected the top 10 highest-scored genes from hub genes, including ODC1, OAZ2, PSMD2, PSMD12, PSMC1, PSMC5, PSMD3, PSME3, PSMD10, and PSMD5. The expression levels of these genes were verified according to the TCGA database. Kaplan–Meier plotter and the expression level of the top 10 genes were performed as shown in Supplementary Figure S4 and Supplementary Figure S5. Then, we performed a multivariate Cox analysis to evaluate the prognostic value of these genes in gliomas (Figure 8A and Supplementary Table S2). In addition, we performed RT-PCR in our clinical samples which include six normal brain tissues, 24 WHO grade II, and 55 GBM samples. Consistently, we found that the expression level of PSMD3 was positive with the grade of glioma. Inversely, the expression level of PSMC5 was negative with the grade of glioma (Figures 8B, D). Moreover, the results of the Kaplan–Meier analysis indicated that PSMD3 was significantly associated with worse overall survival of the glioma patients (P < 0.05) (Figure 8C). Conversely, PSMC5 was significantly associated with better overall survival of the glioma patients (P < 0.05) (Figure 8E). All the results confirmed that PSMD3 and PSMC5 can be identified as potential biomarkers in glioma patients.




Figure 8 | Identification of hub genes of amino metabolism-related risk signature. (A) Forest plot of the multivariable Cox regression analysis of the effect of 10 hub genes and clinicopathological variables on the overall survival (OS) of glioma patients. (B) The relative expression level of PSMD3 in normal, low-grade glioma (LGG), and glioblastoma (GBM) tissues according to the rt-PCR results. (C) The OS survival analysis of PSMD3 in TCGA glioma. (D) The relative expression level of PSMC5 in normal, LGG, and GBM tissues according to the rt-PCR results. (E) The OS survival analysis of PSMC5 in TCGA glioma. *P < 0.05, ***P < 0.001, ****P < 0.0001.






Discussion

The reprogramming of amino acid metabolism in gliomas has been reported to contribute to the malignancy biological process of glioma, including proliferation, migration, and so on. A previous study has constructed an amino acid-related risk signature for gliomas, which could predict the survival and clinical features of patients (26). However, more and more studies revealed that amino acid metabolism is not only caused by oncogene alterations but also changed the surrounding tumor microenvironment (27).

In our study, we focused on the amino acid metabolism and immune status which was explored by ssGSEA and ESTIMATE and confirmed the differential expression of genes in gliomas. Then, WGCNA was performed to identify amino acid metabolism and immuno-related gene modules based on the data from TCGA, and an amino acid metabolism and immune signature was constructed by LASSO Cox regression model. Subsequently, the prognostic value of the gene signature was validated in CGGA cohorts. Our risk score system could distinguish high-risk patients, indicating that it can act as a confidential risk factor in the complex subgroups of patients. In addition, a decision tree has been constructed to enhance risk stratification on the basis of WHO grade and risk score, which showed that risk score could act as a major determinant. Moreover, the generation of the nomogram was used to quantify risk assessment and survival probability, which could show higher accuracy and discrimination in survival prediction compared with the traditional characteristics.

Furthermore, our risk score could also provide valuable information on immune cell infiltration in a tumor microenvironment and reflect the effects of immunotherapy. In the high-risk-score subgroup, the infiltration of immunosuppressive cells like Tregs is higher than in the low-risk-score subgroup. Conversely, effect immune cells are decreased in the high-risk-score subgroup. Consistently, a recent study has shown that amino acid metabolism can regulate immune cells in cancer (3, 28, 29). Our gene model might provide a clue of how the microenvironment was influenced by amino acid metabolism. In addition, immune checkpoint therapy has shown a great potential for treatment in diverse solid tumors (30). However, the therapeutic efficacy has not lived up to expectations in gliomas, and the specific mechanisms for the problem still need more research. Different genomic subtypes or molecular profiles are the main challenges in the response to PD-1/PD-L1 checkpoint blockades (31). In addition, the amino acid derivatives could promote the immunosuppressive microenvironment and even affect the expression of immune checkpoints in glioma (32, 33). Interestingly, the expression of PD-L1 and CTLA-4 in the high-risk group was significantly lower than in the low-risk group in our study. These results might indicate better efficacy and greater sensitivity of anti-PD1 therapy in low-risk glioma patients.

In our study, we identified two biomarkers by estimating amino acid and immune status in gliomas on the basis of the expression of mRNA. PSMD3, also known as P58 or RPN3, is one of the members in the proteasome subunit S3 family, which acts as the non-ATPase subunit of the 19S regulator lid (34). PSMD3 is widely expressed in most tissues and defined as an oncogene in various cancers. WBC and neutrophil counts are related to the expression of PSMD3 (35). Additionally, PSMD3 is also related to the glucose-related features of carbohydrates and fatty acids from the diet (36, 37). Besides this, the higher level of PSMD3 mRNA predicts a worse prognosis of acute myeloid leukemia patients, and PSMD3 promotes the progression of chronic myeloid leukemia by stabilizing NF-kB (38, 39). Consistently, PSMD3 is upregulated in breast cancer compared with normal tissue, and patients with a higher expression level of PSMD3 are related with worse survival. PSMD3 is strongly associated with the expression of HER2, which can stabilize HER2 from degradation (40). PSMC5 is defined as a 19S regulatory component, and it could identify and transform ubiquitin-labeled proteins into the form of degradation which can be mediated by 20S complex (41). Interestingly, PSMC5 directly regulates transcription, for instance, it can influence the activity class II trans-activator to regulate the transcription of MHC class II (42). Besides this, it can also recruit p53 to the promoter of p21 to upregulate its expression, which can decrease the DNA damage mediated by ultraviolet (43), yet the specific functions of both biomarkers in gliomas remain unclear. More research are needed for further study.

Finally, several limitations of our work should be mentioned, namely: (1) although two biomarkers have been identified, the potential function of these genes still remains unclear and should be explored in a future study, and (2) tumor heterogeneity is one of the most important features in gliomas (44), which also means different microenvironment features exist among diverse tumor sites, yet all of the data and information are collected from public databases, which makes it impossible to detect the immune status in the same or diverse tumor regions. As a result, this gene signature should be better validated in well-designed, multicenter, prospective studies.



Conclusions

In summary, the construction and validation of 12 amino acid metabolism- and immune-related genes have been defined as a prognostic signature. This prognostic signature can predict the prognosis of patients and help to select individualized therapeutic strategy in clinical practice, which provides a comprehensive perspective for clarifying the underlying mechanisms that determine the prognosis for glioma. In addition, our risk score model is associated with the immune status of glioma patients, which may imply the potential effect of immuno-therapy. Besides this, we also have identified PSMC5 and PSMD3 as new biomarkers in glioma.
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Supplementary Figure 1 | Identification of differentially expressed amino metabolism-related genes among glioma and normal brain tissues. (A) The Venn plot shows the intersecting genes between differentially expressed genes among glioma and amino metabolism-related genes. (B) The Gene Ontology and (C) Kyoto Encyclopedia of Genes and Genomes analysis of the intersecting genes. (D) The protein–protein intersection analysis of the intersecting genes.


Supplementary Figure 2 | Identification of immune subtypes in The Cancer Genome Atlas (TCGA) glioma by single-sample gene set enrichment analysis. (A) Hierarchical clustering of glioma yields two subtypes (immune-high group and immune-low group) in the TCGA database. (B) Different immune status of the two groups. (C) A comparison of the abundance of tumor-infiltrating immune cells between immune-high and immune-low groups is shown. A comparison of (D) immune score, (E) stromal score, (F) estimate score, and (G) tumor purity among immune-high and immune-low groups is shown. (H) Survival analysis of overall survival between patients in the immune-low and immune-high groups. *P < 0.05, **P < 0.01, ***P < 0.001.


Supplementary Figure 3 | Screened out top 10 hub genes of differentially expressed amino metabolism-related genes. (A) The colors of the hub genes were ranked by Maximal Clique Centrality (MCC) value, calculated through Cytoscape plug-in Cytohubba; the depth of the color represents the MCC value. (B) Gene Ontology and Kyoto Encyclopedia of Genes and Genomes analysis of the amino metabolism-related genes.


Supplementary Figure 4 | The expression level of these 10 hub genes in normal, low-grade glioma (LGG), and glioblastoma (GBM) tissues in the training set. The mRNA expression level of (A) PSME3, (B) PSMD3, (C) PSMD10, (D) PSMD5, (E) OAZ2, (F) PSMD12, (G) PSMD2, (H) PSMC5, (I) PSMC1, and (J) ODC1 in normal, LGG, and GBM tissues in the training set.


Supplementary Figure 5 | The prognostic value of these 10 hub genes in glioma. Kaplan–Meier survival analysis of (A) PSME3, (B) PSMD3, (C) PSMD10, (D) PSMD5, (E) OAZ2, (F) PSMD12, (G) PSMD2, (H) PSMC5, (I) PSMC1, and (J) ODC1 was performed for overall survival in The Cancer Genome Atlas glioma.
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Aims

Anti-angiotherapy (Bevacizumab) is currently regarded as a promising option for glioma patients who are resistant to temozolomide (TMZ) treatment. But ongoing clinical research failed to meet therapeutic expectations. This study aimed to explore the pivotal genetic feature responsible for TMZ and Bevacizumab resistance in glioma patients.



Methods

We downloaded the transcriptomic and methylation data of glioma patients from The Cancer Genome Atlas (TCGA), Chinese Glioma Genome Atlas (CGGA), and Gene Expression Omnibus (GEO) databases and grouped these patients into resistant and non-resistant groups based on their clinical profiles. Differentially expressed genes and pathways were identified and exhibited with software in R platform. A TMZ-resistant cell line was constructed for validating the expression change of the candidate gene, ITGA5. An ITGA5-overexpressing cell line was also constructed to investigate its biological function using the CCK8 assay, Western blot, periodic acid–Schiff (PAS) staining, and transcriptional sequencing.



Results

Change of the cell morphology and polarity was closely associated with TMZ mono-resistance and TMZ/Bevacizumab dual resistance in glioma patients. The expression level of ITGA5 was effective in determining drug resistance and the outcome of glioma patients, which is regulated by methylation on two distinct sites. ITGA5 was augmented in TMZ-resistant glioma cells, while overexpressing ITGA5 altered the cell-promoted TMZ resistance through enhancing vascular mimicry (VM) formation correspondingly.



Conclusions

Both the epigenetic and transcriptional levels of ITGA5 are effective in predicting TMZ and Bevacizumab resistance, indicating that ITGA5 may serve as a predictor of the treatment outcomes of glioma patients.





Keywords: glioma, TMZ resistant, Bevacizumab resistant, ITGA5, vascular mimicry



Introduction

Glioma is a highly aggressive primary brain tumor. The annual incidence of glioma is about 3–6/100,000 people, with a median post-diagnostic survival time of 14.6 months. The combination of radiotherapy and temozolomide (TMZ)-based chemotherapy has become the standard non-operative treatment (1). TMZ is an oral alkylating agent that methylates the guanine at N7 and O6 and adenine at O3 on genomic DNA to form a mismatch during cell replication, resulting in permanent breakage of the DNA chain and cell death, consequently. However, only about 45% of glioma patients had short-term response to TMZ treatment, while the 5-year survival rate after TMZ treatment was even less than 10% in glioma patients (2). Previous research works have unearthed multiple TMZ-resistant mechanisms. For example, the O6-methylguanine methyltransferase (MGMT)-mediated DNA repair machine can debug the TMZ-induced genomic mismatch, while epigenetic silencing of MGMT restores sensitivity to TMZ, along with longer overall survival (OS) in patients showing MGMT methylation (3, 4). Hitherto, there is no specific remedy for this complicated problem.

By means of multi-omics technology, a hypoxia environment has been proven to take charge of triggering TMZ resistance somehow. It is acknowledged that hypoxia is a key characteristic of glioma. Multiple hypoxia-responsive molecules augmented in glioma are responsible for its invasive and aggressive properties, especially hypoxia-induced factor (HIF)-1α (5). Treatment with TMZ stressed the hypoxia status by activating HIF-1α and its multiple target genes (6). The PI3K/AKT-dependent epithelial–mesenchymal transition (EMT) process was found to be activated by TMZ, which promoted malignancy as feedback (7). Additionally, stimulation of HIF-1α can also lead to the acquisition of stem status, denoted by an increased CD133 expression (8). The hypoxia-driven stem-like cell was found to express a high level of MGMT and display stronger chemotherapy resistance in turn (9). If placed under a hyperoxic condition, chemoresistant human glioma cells can be re-sensitized to TMZ (10).

Hypoxia also contributes to multidrug resistance (MDR) in a number of TMZ-resistant glioma patients. Glioma patients who relapsed with TMZ resistance feature faster tumor growth and more abundant tumor vessels. Therefore, anti-angiotherapy was proposed as an ideal option to combat the drug limitation (11). Bevacizumab is a recombinant monoclonal antibody (bevacizumab) approved for the treatment of recurrent glioma, targeting and blocking vascular endothelial growth factor (VEGF), which is a pivotal stimulator of tumor vascularization. However, several clinical trials and laboratory research have proven that current anti-VEGF anti-angiotherapy was poorly effective in TMZ-resistant glioma patients (12). The TMZ–Bevacizumab combined therapy failed to inhibit the tumor or prolong survival in glioma patients, as expected, while the molecular mechanism remains to be explored (13).

In recent years, the phenomenon of vascular mimicry (VM) has been commonly observed and considered to contribute to drug resistance (14, 15). In general, HIF-1α stimulates VEGF to boost the differentiation of pericarcinoma endothelial cells into vascular cells, namely, CD31+ vessels (16). Under hypoxia stress, the tumor cells themselves can differentiate into tumor-derived endothelial cells (TDECs) and form luminal structures through self-deformation and remodeling of the extracellular matrix (ECM) (17). CD31− and positive periodic acid–Schiff (PAS) staining on channels of VM make it different from endothelial cell-derived vessels (18). Red blood cells can be seen in the lumen, keeping oxygen or energy supply, especially when endothelial original vessels have been damaged (19). Certainly, glioma harboring more VM presents with more malignancy and stronger invasive abilities and drug tolerance (17). The existence of VM may be responsible for dysfunction of classical anti-VEGF therapy in cutting off the VM-based oxygen and nutrition supply, thus being inefficient to eliminate the tumor (20, 21). Indeed, glioblastoma (GBM) patients with positive VM possess shorter survival times than VM-negative patients, even in patients with MGMT promoter methylation (22). Targeted intervention of tumor cell-derived blood vessels, such as the use of ibrutinib, significantly increased the response rate to chemotherapy in patients with neuroblastoma (23).

The key events of VM formation include ECM remodeling and the connection and translocation between the VM structure and tumor microvessels. These cellular activities were highly involved in the change of cell polarity and EMT, accompanied by morphological changes such as the accelerated formation of invadopodia (24). Maniotis et al. found that VM channels are rich in integrins, laminin, collagen, and heparan sulfate proteoglycan (25). Integrins are a class of cellular adhesion proteins with signal transduction function, which are widespread on the surface of tumor and neovascular cells. So far, the 18α and 9β integrin subunits have been identified to dimerize into more than 20 types, such as αVβ3 and α5β1. Integrin-α5 (ITGA5) was reported to impact the invasive nature of many solid tumors by promoting the EMT pathway (26). ITGA5 located on circulating angiogenic cells have been verified to participate in neovascularization, pointing to poorer outcomes in GBM patients (27). In this study, we analyzed public data to prove the value of ITGA5 in predicting responses to TMZ and Bevacizumab and investigated the role of ITGA5 in mediating VM formation in glioma.



Materials and Methods


Public Data Acquisition

The omics data and clinical information of low-grade glioma (LGG) and GBM samples were downloaded from the Cancer Genome Atlas (TCGA; https://portal.gdc.cancer.gov/) and the Chinese Glioma Genome Atlas (CGGA; http://www.cgga.org.cn/) databases, while those of healthy samples were downloaded from the Genotype-Tissue Expression (GTEx) portal (https://www.gtexportalL.org/) (28). Six hundred and forty-eight (515 LGGs and 133 GBMs) patients with both RNA sequencing and DNA methylation data in TCGA datasets were collected and analyzed. Data of glioma patients showing TMZ/Bevacizumab dual resistance were downloaded from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/; GSE79671) (29). Glioma tissue slides with ITGA5 staining were downloaded from The Human Protein Atlas (THPA) database (https://www.proteinatlas.org/). The immunostained level for each slide was evaluated using ImageJ software and compared.



Omics Data Analysis

For transcriptional sequencing data, differentially expressed genes (DEGs) were analyzed using these data in R platform by using the “DESeq2” and “ggplot2” packages, with the definition of fold change >1.5 and false discovery rate (FDR) <0.05. Gene Ontology (GO) analysis was then presented using the DEGs, and the differentially expressed pathways or symptoms were illustrated using gene set enrichment analysis (GSEA) software. The R package “corrplot” was utilized to calculate and exhibit the correlation coefficients among the target genes. The medication and clinical follow-up information of patients were integrated to perform Kaplan–Meier analysis using the R package “survival”. The weighted correlation network analysis (WGCNA) was performed using the transcriptome data from TCGA database as the data source (30). The correlations of DEGs were systematically analyzed to calculate the parameter β and detect modules. Then, the relationship between the modules and TMZ resistance characteristics was investigated to determine the top-ranked modules with the strongest connections.



Cell Lines and Cell Culture

U87MG, the human glioma cell line, was cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum at 37°C under a humidified atmosphere of 5% CO2.

For the ITGA5-overexpressing cell line, the coding sequence of ITGA5 (NM_002205.5) was cloned in segments and multi-fragment recombined with the PLVX-puro vector (632164; Clontech, Shiga, Japan). After confirmation of the sequence, the ITGA5-overexpression plasmid was transfected into 293T packaging cells with pSPAX2 and pMD2.G to produce ITGA5-overexpressing lentiviral particles. U87MG cells pre-seeded in six-well plates were infected using a medium containing ITGA5-overexpressing lentiviral particles supplemented with 10 μg/ml polybrene. At 72 h after infection, 2 μg/ml puromycin was used to screen cells overexpressing ITGA5, named U87MG-ITGA5.

For the TMZ-resistant GBM cell line, U87MG cells were exposed to the IC50 of TMZ (HY-17364; MedChemExpress, Monmouth Junction, NJ, USA) and then treated continuously with the IC50 of TMZ for 3 months. The TMZ-resistant subclones (U87MG-R) were isolated and maintained in DMEM with a low dose (100 μM) of TMZ.



Cytotoxicity Assay

Cytotoxicity was measured by the sulforhodamine B (SRB) assay (Sigma-Aldrich, St. Louis, MO, USA). The cells were seeded in 96-well plates (5,000 cells/well) and cultured in the absence or presence of TMZ (250, 500, 1,000, 2,000, and 3,000 μM) for 96 h. The cell density was determined by absorbance (optical density, OD) at 490 nm. The percentages of viable cells relative to the controls (cells without previous TMZ treatment) were calculated and plotted. The IC50 values were calculated by derivation of the best-fit line.



Western Blot

The total protein lysates (30 μg) of cells were separated by 10% SDS-PAGE using electrophoresis and transferred into a PVDF membrane (0.22 µm; Millipore, Bedford, MA, USA). After blocking, the membrane was probed with primary antibodies [ITGA5: 10569-1-AP (31); β-actin: 66009-1-Ig (32)] (both from Proteintech, Wuhan, China) at 1:1,000 dilution for 1 h at 37°C and then washed. Horseradish peroxidase (HRP)-conjugated anti-mouse or anti-rabbit secondary antibodies (SA00001-1 and SA00001-2; Proteintech, Wuhan, China) at 1:5,000 dilution were then used for incubation for 1 h. Immunoreactivity signals were amplified by the ECL Plus Western blotting detection system.



PAS Staining

Cells seeded on slides were fixed with 10% formalin at room temperature for 15 min and then washed twice with phosphate-buffered saline (PBS) for PAS staining following the procedure described in Instruction (G1280; Solarbio, Beijing, China). The slides were treated with periodic acid solution for 10 min and then with Schiff reagent and placed in the dark for 20 min, followed by staining with hematoxylin solution for 1–2 min. Acidic differentiation solutions were added to remove excess background staining. The slides were then dehydrated, cleared, and the images collected using a microscope (Olympus, Tokyo, Japan) and the FCSnap software.



Transcriptional Sequencing of Cells

Cells were harvested and total RNA was extracted using the Trizol reagent. Beads with oligo(dT) were used to isolate poly(A)-containing mRNA and ncRNAs after total RNA was collected. Sequenced reads were trimmed for adaptor sequence and masked for low-complexity or low-quality sequences, then mapped to the hg19 whole genome using HISAT2. The sequencing experiment was performed by HaploX Genomic Center, and the raw data were deposited in the GEO database (https://www.ncbi.nlm.nih.gov/geo/; PRJNA753670).



Statistical Analysis

All data were analyzed using IBM SPSS Statistics for Windows software (ver. 23.0; IBM Corp., Armonk, NY, USA). To compare the EMT factor expression levels and WHO tumor grades, we employed the χ2 test or Fisher’s exact probability test. The effects of single variables on OS or progression-free survival (PFS) were estimated by univariate analysis. Data are presented as the mean ± standard deviation (SD), unless otherwise indicated. At least three independent experiments were performed. Unless stated otherwise, the t-test was used to compare groups. GraphPad Prism for Windows software (ver. 6.00; GraphPad, La Jolla, CA, USA) was employed to analyze in vitro data, presented as the mean ± standard error of the mean (SEM). A p-value <0.05 was considered to reflect statistical significance.




Results

We downloaded the transcriptomic data and clinical information of LGG and GBM patients from TCGA database. A total of 167 patients who received TMZ treatment were included, classified into complete response (CR), partial response (PR), stable disease (SD), progressive disease (PD), and recurrent groups according to their disease progression and clinicopathological characteristics after TMZ treatment (Figure 1A). The survival rates varied among each population, while patients with PD showed the poorest outcome, as expected (Figure 1B). Patients with PD and recurrent outcome were classified as TMZ-resistant (TMZ-R, n = 59), while patients with CR, PR, and SD were classified as TMZ-non-resistant (TMZ-NR, n = 108). By analyzing the transcriptomic files, 974 DEGs with |fold change| > 1.5 and FDR < 0.05 were screened, including 908 upregulated and 66 downregulated genes in the TMZ-R group compared to the TMZ-NR group (Figure 1C). We performed GO analysis using these DEGs and found that biological processes related to cell adhesion and ECM were highly enriched, indicating that the cell morphology was greatly modified (Figure 1D). GSEA was also performed, displaying that clusters of EMT, PI3K/AKT pathway, and angiogenesis process were enriched in the TMZ-R group (Figure 1E).




Figure 1 | Differentially expressed genes (DEGs) and differential pathway screening between temozolomide-resistant (TMZ-R) and non-resistant (TMZ-NR) glioma patients in The Cancer Genome Atlas (TCGA) database. (A) Based on their responses to TMZ treatment, glioma patients from TCGA database were grouped into TMZ-R [complete response (CR), partial response (PR), stable disease (SD)] and TMZ-NR [progressive disease (PD), and recurrent] groups. (B) The Kaplan–Meier method was used to compute the overall survival of glioma patients with distinct response to TMZ treatment. (C) Volcano plot showing the DEGs between TMZ-R and TMZ-NR glioma patients. The red points refer to upregulated genes, while the blue points refer to downregulated genes in TMZ-R patients. (D) Pathway enrichment of DEGs by Gene Ontology (GO) analysis. (E) The top pathways associated with TMZ-R by gene set enrichment analysis (GSEA).



We presented these DEGs into WGCNA streamline to construct a co-expression genetic network. Seven efficient gene modules were obtained through a one-step network construction method (Figure 2A). Except for the red module, the expressions of the other modules were highly positively correlated with each other, indicating a possible synergy among modules related to TMZ resistance (Figure 2B). The genes of each module, excluding the red module, were extracted for gene function analysis. The enrichment results of the other six modules included the following: ECM components, exosomes, immune response, vascular construction, cell movement, and cell division (Figure 2C). The above results supported the existence of a close association between TMZ resistance and remodeling of cell morphology, as well as the vascular status in glioma.




Figure 2 | Construction of a weighted co-expression gene network by weighted correlation network analysis (WGCNA). (A) WGCNA dendrogram indicating the expressions of different gene modules in the above glioma samples. (B) Correlations between the gene modules. (C) Heatmap of representative pathways in each gene module.



The above results guided us to explore the potential correlation between TMZ resistance and Bevacizumab resistance. Consequently, we introduced another batch of transcriptome data from the GEO database (GSE79671). The glioma patients in this content were grouped into dual resistance (TMZ/Bev-DR) and non-resistance (TMZ/Bev-NR). A total of 845 upregulated genes and 970 downregulated genes with |fold change| > 1.5 and p < 0.05 were identified in the TMZ/Bev-DR group (Figure 3A). Following GO analysis, we found that the DEGs were responsible for coding membrane proteins, especially centering on transshipment of cellular components, collagen metabolic pathways, among others (Figures 3B–D). The two batches of DEGs from the above two datasets were intersected to obtain the overlapping factors; 83 upregulated genes and 3 downregulated genes were screened (Figure 3E). A broad range of genes related to cell skeleton and structure were included in these upregulated genes, such as ITGA5, ICAM1, and families of annexin (ANXA1 and ANXA2) and collagen (COL4A1, COL5A1, and COL14A1). Considering the expression levels and biological function of these genes, ITGA5, which was both upregulated in the TMZ single-drug resistance and TMZ/Bevacizumab dual-drug resistance groups, was selected for further analysis and functional verification (Figure 3F).




Figure 3 | Analysis of candidate genes and related pathways in glioma patients showing dual resistance to temozolomide (TMZ) and Bevacizumab. (A) Volcano plots showing the differentially expressed genes (DEGs) between patients showing dual resistance to TMZ and Bevacizumab (TMZ/Bev-DR) and those not resistant to both drugs (TMZ/Bev-NR). (B–D) Results of the gene function cluster analysis of differential genes, including cellular components (B), biological pathways (C), and molecular functions (D). (E) TMZ/Bev-DR-related differential genes were intersected with the aforementioned TMZ-R-related differential genes according to the changing trend. (F) Comparison of the levels of ITGA5 in glioma patients with different responses to TMZ (and Bevacizumab) treatment (*p < 0.05).



To determine the possible contribution of ITGA5 in drug resistance, we systematically analyzed the transcriptomic data of glioma patients from TCGA and CGGA databases and normal brain samples from the GTEx database. The expression level of ITGA5 was significantly higher in glioma tissues compared to that in normal brain tissue and steadily increased with advancing glioma grade (Figure 4A). A higher expression level of ITGA5 was associated with poorer outcomes in patients with glioma (TCGA: HR = 5.564, 95%CI = 4.203–7.367, p < 0.0001; CGGA: HR = 2.899, 95%CI = 2.433–3.454, p < 0.0001) (Figure 4B). Consistent with this, more abundant ITGA5 protein was observed in high-level gliomas than in low-level gliomas based on the immunohistochemistry staining files from THPA database (Figure 4C). Considering that forming a heterodimer with α- and β-subunits is necessary for integrin protein function, we calculated the correlation scores between ITGA5 and different β-subunits and found that the expression of ITGB1 was highly correlated with ITGA5 (Figure 4D). In addition, we also found that ITGA5 was significantly positively correlated with VM-related genes, especially with genes coding collagen and other ECM components (Figures 4E, F), indicating that ITGA5 may increase the degree of malignancy and drug resistance of glioma by affecting VM formation.




Figure 4 | Identification of the prognostic value of ITGA5 in glioma patients from The Cancer Genome Atlas (TCGA) and Chinese Glioma Genome Atlas (CGGA) databases. (A) Transcriptional levels of ITGA5 in glioma patients from TCGA and CGGA. (B) Kaplan–Meier survival curves in glioma patients with high or low expressions of ITGA5. (C) Comparison of the protein levels of ITGA5 in patients’ tissues with low- or high-grade glioma from the Human Protein Atlas (*p < 0.05; ***p < 0.01). (D) Correlation between ITGA5 and different β-subunits of integrin using transcriptomic data from TCGA and CGGA. (E, F) Correlation between ITGA5 and the genes responsible for vascular mimicry (VM) using transcriptomic data from TCGA (E) and CGGA (F) databases.



Since methylation is pivotal in controlling expression patterns, we explored the DNA methylated landscape of the above patients. As exhibited in Figure 5A, a wider range of methylated genes occurred in the TMZ-NR group, which may explain why more genes were silenced and downregulated. With the thresholds of |fold change| > 1.2 and FDR < 0.05, there were 454 sites with decreased methylation in the TMZ-R group and only one site with increased methylation (Figure 5B). As for the ITGA5 gene, we measured 12 probes targeting different areas on ITGA5 and observed reduced methylation on sites of cg03826594 and cg2379527 in the TMZ-R group, both targeted on the body region of ITGA5 gene (Figure 5C). In addition, a negative correlation existed between the methylation scores of these two sites and the gene expression of ITGA5 (Pearson’s correlation coefficients of −0.37 and −0.35, respectively) (Figure 5D). Moreover, the reduced methylation on ITGA5 was associated with poorer outcomes in glioma patients, reinforced by the survival analysis (Figure 5E). The above results indicated a striking correlation between reduced methylation and overexpression of ITGA5 in drug-resistant glioma patients.




Figure 5 | Association between ITGA5 methylation with resistant properties in glioma patients. (A) Methylation landscape in temozolomide-resistant (TMZ-R) and non-resistant (TMZ-NR) glioma patients from The Cancer Genome Atlas (TCGA) database. (B) Differentially methylated sites associated with TMZ resistance in glioma patients. (C) Methylation levels of different sites on the ITGA5 gene. (D) Correlation of the transcriptional level of ITGA5 and the methylation level on its different sites. (E) Kaplan–Meier survival curves in glioma patients grouped by methylation level on the different sites of ITGA5.



To confirm the role of ITGA5 in drug resistance, we constructed the TMZ-resistant cell line named U87MG-TMZR, which exhibited a significantly increased resistance to TMZ as verified by the Cell Counting Kit 8 (CCK8) assay (Figure 6A). The results of Western blot showed augmented expression of ITGA5 in TMZR cells compared to that in their parental cells, followed by stronger PAS staining (Figures 6B, C). Then, we constructed and purified ITGA5-overexpressing cells, which was validated by Western blot (Figure 6D). ITGA5-overexpressing cells showed higher resistance to TMZ and a more enriched VM (Figures 6E, F). Moreover, we performed transcriptomic sequencing using these two cell lines. The results showed 619 upregulated genes and 1,537 downregulated genes (|log2 fold change| > 1, |GFOLD| > 1). These DEGs were enriched in pathways related to transcription, translation, and cell division (Figure 6G), suggesting that ITGA5 overexpression altered the cell proliferation activity. In addition, the epithelial features were decreased with increased mesenchymal genes in ITGA5-overexpressing cells, suggesting that ITGA5 promoted the EMT process in glioma cells.




Figure 6 | ITGA5 promoted vascular mimicry (VM) formation and temozolomide (TMZ) resistance in glioma cells. (A) Confirmation of a TMZ-resistant (TMZ-R) cell line established using U87MG by Cell Counting Kit 8 (CCK8). (B) Examination of the expression of ITGA5 in U87MG and U87MG-TMZR cells by Western blot. (C) Examination of VM in U87MG and U87MG-TMZR cells by periodic acid–Schiff (PAS) staining. (D) Measurement of ITGA5 expression in ITGA5-overexpressing cells by Western blot. (E) Observation of VM in ITGA5-overexpressing cells by PAS staining. (F) Detection of tolerance to TMZ in ITGA5-overexpressing cells by CCK8. (G) Differentially expressed genes and pathways in ITGA5-overexpressing cells compared to control.





Discussion

TMZ-based treatment remains a novel therapeutic approach in glioma patients; nonetheless, its therapeutic efficacy remains limited (33). Previous research works have demonstrated that TMZ pressed glioma cells to initiate the EMT process. As a result, TMZ-resistant cells have acquired an EMT-like phenomenon, represented by visible morphological changes (34). Likewise, the change of the morphology and polarity of glioma cells post-therapy changed the vascular environment, making it tolerant to anti-angiotherapy. Numerous clinical pieces of evidence suggest that EMT promotes VM formation, which is the leading cause of resistance to anti-angiotherapy targeting VEGF in glioma. On the one hand, glioma is a typical vascular-enriched solid tumor with highly heterogeneous vessel structure and sources (35). The rapid tumorigenesis of glioma makes it highly aerobic, especially in the central necrosis region (36). These areas disconnected from the endothelial tissue lack endothelium-dependent vessels, whereas VM channels are often observed nearby (37). Breakage of the existing vessels by chemicals or surgery forces the more robust formation of an intratumor blood supply system, to supply nutrients and oxygen and to remove waste products (38). A more remarkable VM appears in recurrent glioma, which may be induced by chemotherapy-induced hypoxia, to drive tumor resistance and relapse (39). On the other hand, chemical stress endows glioma cells with stemness; a fraction of these GBM stem-like cells can transdifferentiate into vascular smooth muscle-like cells to form VM (40). Furthermore, the signal to induce VM can be strengthened under Bevacizumab treatment in an IL-8/CXCR2-dependent pattern (41). Moreover, VM showed a delayed, but longer-lasting, vasculogenic activity, contributing to the failure of depriving tumors their blood supply (42). When endothelial-derived blood vessels are pharmacologically inhibited, the existence of VM can still support oxygen supply, greatly limiting the therapeutic effect of traditional anti-VEGF drugs (43).

At the beginning of this study, through investigating the DEGs and biological features between TMZ-R and TMZ-NR glioma patients, characteristics related to VM were focused on. In particular, U87MG-TMZR cells exhibited thicker invadopodia than did parental U87MG cells. Invadopodia are actin-rich structures that protrude from the plasma membrane; more robust invadopodia reflect more invasive properties and EMT activity. During radiotherapy or TMZ treatment in GBM cell lines, invadopodia increased along with ECM degradation and remodeling (44). Consistent with previous research, we also noticed that a much stronger activity of invadopodia presented in TMZ-R cells, revealing that the activity of invadopodia bridges the link between EMT and TMZ resistance in gliomas (45). The proteins and signaling pathways parallel in EMT and the generation of invadopodia support a strong association between them (46). The data presented here showed that ITGA5 was greatly involved in these two cellular pathways. Since VM is accompanied by HIF-1α, ITGA5 can also be directly induced by HIF-1α (47). ITGA5 was observed to be localized in invadopodia, while its knockdown reduced the formation of invadopodia in U87MG cells (48).

Besides with ITGA5, the formation of VM is under the control of multiple ECM components. The major steps in VM formation include: the acquisition of stem-like ability to initiate cell differentiation, ECM remolding to form vascular-like morphology, and physiological connection between the VM channels and endothelial-lined vasculature. The family of integrins is greatly involved in cell adhesion and signal transduction between tumor cells and the ECM. ITGA5 has also been verified to be located on circulating angiogenic cells in GBM, which affects neovascularization (27). After binding with its ligand, signals are transmitted to regulate FAK, PI3K, and other pathways, affecting tumor growth, invasion, and metastasis (49). Through identifying the “arginine (R)–glycine (G)–aspartate (D)” tripeptide sequence (RGD), integrin combines with ECM skeleton components such as fibrinogen 1 (FN1) and collagen 4 type IV (COL4A1 and COL4A2) to form a cross network in order to maintain the stability of the vascular microstructure (50). This step is assisted by the matrix metalloproteinases (MMP) family by targeting ECM proteins for degradation and releasing related growth factors. Platelet-derived growth factor (PDGF) and angiogenins (ANGPT1 and ANGPT2) can stabilize new blood vessels, while hepatic ligand receptor (EPHA2) signal transduction can regulate cell migration and intercellular adhesion, leading to the maturation of new blood vessels (51). As shown in Figure 4, the expression of ITGA5 is positively correlated with the above ECM factors.

Previous literature has unearthed the existence of multiple DNA repair enzymes contributing to repair TMZ lesions and destroying its antitumor function, which also influenced ITGA5 activity somehow. These mismatch repair (MMR) elements caused genetic alterations during the adaptation to TMZ, endowing glioma cells with new phenomenon in metabolism, proliferation, and immunogenicity. Thereinto, MGMT promoter methylation greatly impacts on MGMT protein expression and TMZ resistance in GBM (52). As exhibited in this article, the DNA methylation level was decreased genome-wide in the TMZ-R group, enabling recovery of the expressions of multiple genes compared to the non-resistant group. Of note is that the methylation level of ITGA5 on two distinct sites (cg03826594 and cg2379527) also showed a close association with ITGA5 expression and TMZ tolerance.

Considering that ITAG5 is a promising therapeutic target, several drugs are undergoing clinical validation. Volociximab, a chimeric immunoglobulin gamma-4 (IgG4) monoclonal antibody binding to ITGA5/B1, demonstrated a favorable phase I safety profile as a single agent (53). MINT1526A (RG-7594) is another fully humanized, high-affinity, and function-blocking anti-human ITGA5/B1 IgG1 antibody. MINT1526A inhibits the binding of ITGA5/B1 with FN, thereby blocking ITGA5/B1-mediated endothelial cell adhesion, migration, and sprouting in matrices containing FN. It has also shown good tolerance and preliminary evidence of efficacy when combined with Bevacizumab (54). Cilengitide is an effective inhibitor of ITGAV/B3 and ITGAV/B5. Treating rats with a combination of bevacizumab and cilengitide significantly restricted tumor invasion than with bevacizumab only, suggesting that inhibiting ITGA5 could replenish the antitumor ability of anti-VEGF agents (55).

In summary, ITGA5-induced VM may promote resistance to TMZ and Bevacizumab by altering glioma vascularization. Besides with briefing the origin and structural characteristics of VM, the elucidation of this mechanism is urgently needed for improving the outcomes of glioma patients and optimizing and developing individualized treatment strategies.
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Glioblastoma is a rare yet lethal type of tumor that poses a crucible for the medical profession, owing to its rapid proliferation and invasion resulting in poor prognosis. Circular RNAs (circRNAs), a subclass of regulatory RNAs, are implicated in the regulation of cancerous progression. This study aims to investigate the roles and underlying mechanism of circPIK3C2A in regulating proliferation and invasion of glioblastoma. qRT-PCR assays showed that the expression level of circPIK3C2A was aberrantly higher in glioblastoma cell lines, in comparison with that in normal glia cells. The ectopic expression of circPIK3C2A promoted the proliferation, invasion and clonal formation of glioblastoma cells, while circPIK3C2A loss-of-function exerted exactly the opposite biological effects on the cells. The construction of subcutaneous xenograft tumor model in nude mice indicated that circPIK3C2A loss-of-function effectively diminished tumor load in vivo and prolonged the survival time of tumor-bearing animals. Luciferase reporter assay confirmed the interaction among circPIK3C2A/miR-877-5p and FOXM1. CircPIK3C2A function as competitive endogenous RNA via sponging miR-877-5p through certain binding sites, thereby modulating the expression of FOXM1. Our results collectively indicate that circPIK3C2A functions as ceRNA by mediating miR-877-5p/FOXM1 axis, providing a novel perspective of applying CircPIK3C2A in the clinical intervention of glioblastoma in the future.
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Introduction

Glioblastoma multiforme (GBM) is the most common and aggressive type of brain cancer with grade IV histological malignancy, according to the classification of WHO (1). As a notoriously lethal type of central nervous system (CNS) tumor, GBM is characterized by swift cell proliferation, infiltrative migration, the induction of angiogenesis, rapid recurrence, and even radio-/chemoresistance (2). The patients bearing GBM has a median survival of merely 12 months, despite the intervention of traditional surgery, chemotherapy and radiation. Although significant advances have been made in the diagnosis and treatment of GBM, the clinical outcomes of patients receiving conventional treatments remains unsatisfactory. GBM patients may benefit from personalized therapies that targets certain molecular biomarkers, nonetheless, many potential treatments are counterbalanced by strong side effects in clinical trials or prove to be of little efficacy (3). Under such circumstances, it is necessary to perform intensified exploration into the molecular mechanism and the intricate gene regulation network that underlies the onset and progression of GBM, so as to determine novel therapeutic candidates and devise more promising treatment strategies for GBM.

Circular RNAs (circRNAs) represent a group of non-protein-coding RNAs characterized by the covalently closed loops without polyadenylation at their 5ʹ-caps and 3ʹ-tails (4). Predominantly distributed in the cytoplasm, CircRNAs are highly stable and can be well conserved across various species (4). Previous studies have claimed that circRNAs act as miRNA “sponges” by sharing common miRNA response elements(MREs) to regulate gene expression (5). circRNAs can bind to RNA-binding proteins (6) and can undergo translation (7). Even though plentiful circRNAs had been identified, not a few of them remain mysterious in tumorigenesis, not to mention the “sponges” of functional miRNAs in GBM. Zhang et al. reported the overexpression of circFOXO3 in GBM to promote GBM tumorigenesis (8). Consistently, Zheng et al. revealed that the deviant up-regulation of circTTBK2 in gliomas contributes to enhanced cell proliferation, migration and invasion (9). However, the exact biological function of circRNAs in GBM progression is largely unclear. More effort should be expended to reveal the role of circRNAs to advance the understanding of GBM pathogenesis, thereby contributing to the identification of new biomarkers or therapeutic targets of GBM. The biological function of circPIK3C2A(hsa_circ_0003577) has not been reported yet. We found that it is highly expressed in GBM cells, which remind us to investigate whether it play a crucial role in the tumorigenesis of GBM.

MicroRNAs (miRNAs) are small (18-25 nucleotides in length), non-coding endogenous RNAs that act as key regulators of gene expression. Numerous studies have demonstrated the dysregulation of miRNA expression in human cancers through various mechanisms (10, 11). miR-877-5p has been proved to a tumor suppressor that is involved in the development of several types of cancer, including hepatocellular carcinoma (HCC) (12), non-small cell lung cancer (NSCLC) (13), gastric cancer (14) and cervical cancer (15). miR-877-5p also functions to constrain the proliferative capacity of GBM cells (16). The specific mechanism that underlies the regulatory role of miR-877-5p in GBM advancement is yet to be clarified.

FOXM1, as a family member of Forkhead transcription factors, is involved in a myriad of cellular activities, including cell cycle progression (G1/S, G2/M transition), cell differentiation, DNA damage repair, cell proliferation, angiogenesis, apoptosis and tissue homeostasis (17, 18). As FOXM1 is over-expressed in a majority of human malignancies, it is also a target of regulation by multiple tumor suppressors. Moreover, Gong AH et al. demonstrated that FOXM1 overexpression promotes tumorigenicity of glioblastoma stem-like cells (GSC) (19). FOXM1 has emerged as a pivotal contributor to cancer development and progression, such as bladder cancer (20), breast cancer (21, 22), colorectal cancer (23), NSCLC (24, 25), pancreatic cancer (26), medulloblastoma (27), osteosarcoma (28), and hepatocellular carcinoma (29, 30). However, the potential role of FOXM1 in GBM invasiveness and its upstream regulatory mechanisms currently remain elusive.

In this study, we identified the expression pattern of circPIK3C2A in GBM cells, and then clarified the functional effect and underlying molecular mechanisms of circPIK3C2A in GBM progression through a series of in vitro and in vivo assays. Our data demonstrate that circPIK3C2A may function as an antagonist for GBM suppressor gene to facilitate the progression of GBM by mediating miR-877-5P/FOXM1 Axis. We hope that our research could contribute to the identification of potential therapeutic targets for the treatment of GBM.



Materials and Methods


Cell Culture

HEK293T, human GBM cell lines (U87-MG, U251-MG, A172 and T98G) and HEB (Normal brain glia cell line) were purchased from the Cell Bank of the Shanghai Branch of the Chinese Academy of Sciences. Cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS in a 5% CO2 humidified atmosphere at 37°C.



RNA Sample Treatment With RNase R and PCR

Total RNA was extracted from the treated cells by using Trizol (Thermo Fisher Scientific, USA), abiding by the instruction of the manufacturer. For RT-PCR assay, the treated RNA was directly reverse transcribed using Prime Script RT Master Mix (Takara, Japan). PCR was performed using PCR Master Mix (2x) (Thermo Fisher Scientific, Waltham, MA, USA). To quantify the amounts of circRNA and mRNA, real-time PCR analyses were performed using a SYBR Premix Ex TaqTM kit (Takara, Japan) by applying GAPDH as internal control. For miRNAs, reverse transcription of total RNA was performed using miScript II RT kit (QIAGEN, Germany) and miRNA expression levels were determined by miScript SYBR® Green PCR Kit (QIAGEN, Germany), and U6 was used as the housekeeping control. The test of each sample was replicated three times and the data were analyzed by using the comparative CT method. The primers and RNA sequences are shown in Supplementary Table 1.



Construction of Cells With Stable Knockdown or Overexpression of CircPIK3C2A

To construct circPIK3C2A overexpression (OE) plasmids, a basic sequence (flanked by HxoI and Agel) was synthesized. A small spacer sequence containing two restriction enzyme sites, HindIII and SalI, was added for the insertion of the circRNA fragment. GBM cells were seeded in six-well dishes at 2×105 cells/well. On the following day, the cells were infected with virus at the same titer in the presence of 8 μg/mL polybrene. After 72 h of viral infection, the culture medium was replaced with selection medium containing 4 μg/mL puromycin. The cells were then cultured for at least 14 days. The puromycin-resistant cells were amplified in medium containing 2 μg/mL puromycin for seven to nine days and then transferred to medium without puromycin. Recombinant lentivirus and negative control (NC) lentivirus (Hanyin Co., Shanghai, China) were prepared and titred to 109 TU (transfection unit)/mL. The KD or OE efficiency was confirmed by performing RT-qPCR assay.



Fluorescence In Situ Hybridization Assays (FISH)

FISH assay was performed in U251 and T98G cells according to the manufacturer’s specifications using the Ribo™ Fluorescent In Situ Hybridization Kit. Cy3-labeled circPIK3C2A probes, U6 and 18S internal controls used in our study were designed and synthesized by RiboBio Co. Ltd. (Guangzhou, China). Briefly, cultured cells in 24-well plates were fixed with 4% paraformaldehyde at room temperature for 10 min. After permeabilization at 4°C for 5 min, the cells were incubated with specific probes at 37°C in the dark overnight. The cell nuclei was stained with 4,6-diamino-2-phenylindole (DAPI; 1 μg/ml, Thermo Fisher Scientific). Cells were observed and images were captured using a confocal microscope (Zeiss LSM 510 Meta, Germany).



Cell Counting Kit-8, Colony Formation

After transfection, cells were seeded in 96-well plates at the density of 3000 cells/well for cell counting kit-8 (CCK-8) assays. 10 µl of CCK-8 reagent (Dojin, Japan) was added to each well, and the plate was incubated at 37°C for 1 h in dark. The OD was measured.

After transfection, cells were seeded in 6-well plates at 100 cells/well for colony formation assays. After 2 weeks of incubation, colonies (>200 cells per colony) were fixed with methanol and stained with crystal violet. The number of colonies was determined.



Transwell Migration Assay

8 µm 24-well transwell chambers (Corning, USA) were used for migration assay. A total of 2×104 GBM (U87-MG, U251-MG, A172, T98G) cells were seeded into the upper chambers and cultured with DMEM for 48 h at 37°C. Then, the cells on the upper membrane surface were removed by using a cotton swab. The cells on the lower surface of membrane surface were fixed using methanol and glacial acetic acid (ratio = 3:1) and the cells were stained with 10% Giemsa solution. Finally, 3 fields were selected randomly, and the number of migrated cells was counted for statistical analysis in each group.



Matrigel Invasion Assay

Before seeding the cells, the poly-carbonate membranes of the transwell upper chambers (8 µm pore size; Corning, USA) was pre-coated with Matrigel (BD, USA). Then, 4×105 cells, re-suspended in 200 µl serum-free medium, were placed into the upper chamber, followed by adding 600 µl of the same medium into the lower chamber. Then, the cells on the upper membrane surface were removed after 48 hours incubation at 37°C. Meanwhile, the cells on the lower membrane surface were fixed with methanol and glacial acetic acid (3:1). Subsequently, the cells were stained with 10% Giemsa solution. Finally, 3 fields were selected randomly and the cells in each field were counted for statistical analysis.



Luciferase Reporter Assay

Plasmids were co-transfected with the predicted miRNAs or circRNAs into the cells by using Lipofectamine 3000 (Invitrogen, USA)-mediated gene transfer. The relative luciferase activity was determined as the ratio of firefly luciferase activity to Renilla luciferase activity at 48 h post-transfection. Each assay was carried out in three independent experiments.



Western Blotting

Cell lysates were prepared with RIPA buffer containing protease inhibitors. Protein concentration was determined using a bicinchoninic acid protein assay kit. The immunoreactive bands were detected using an ECL kit (Pierce, PI32209; Thermo Fisher; USA). Primary antibodies targeting the following proteins were used: FOXM1 (cat#A2493; ABclonal,1:2000), and β-tubulin (cat#ab6046, Abcam; Cambridge; UK,1:5000). HRP-conjugated goat anti-rabbit/mouse IgG (0.2 µg/ml; Pierce31460 or 31430,1:200) were used as secondary antibodies. The chemical fluorescence images of proteins were visualized by using Luminescent Image Analyzer (Fujifilm, LAS-4000) after incubation with enhanced chemiluminescence reagents (Millipore, WBKLS0500).



Animal Experiments

Nude mice were divided into three groups (n=8), including circPIK3C2A KD, circPIK3C2A NC, co-transfection of circPIK3C2A-KD and FOXM1 overexpressing. U87-MG cells were implanted into the corpus striatum of anesthetized athymic nude mice using a stereotaxic guidance. A sagittal incision was made through the skin to expose the cranium, and a burr hole was created in the skull at 0.2 mm anterior and 1.8 mm lateral from the bregma using a small dental drill. At a depth of 3 mm from the brain surface, 5 μL of cell suspension containing 1 ×106 cells in PBS was injected into the brain. The needle was left in place for 5 min before retracting. Bone wax was used to seal the skull cavity, and the wound was sutured immediately. Tumor volumes were calculated as (length × width2)/2 using Function Analysis software (General Electric). The design and protocol of animal experiment were approved by the Institutional Animal Care and Use Committee of Shanghai Jiao Tong University.



H&E Staining and Immunohistochemical (IHC) Staining

After 20 days of treatment in the intracranial orthotopic model, two mice from each group received ice-cold PBS and 4% formaldehyde via intracardiac perfusions. H&E staining for paraffin-embedded tissue sections was carried out by Servicebio biotech. Com (Wuhan, China). IHC was performed using the following primary antibodies: Ki67(cat#ab15580, Abcam; Cambridge; UK,1:50), cleaved caspase-3 (cat#9664; CST; M.A.; USA,1:50) and FOXM1 (cat#sc-376471; Santa Cruz Blotechnology,1:50).



Statistical Analyses

All the data were presented in the form of mean ± standard deviation (SD) in the study. Two-tailed Student’s t-test was used to compare the differences between two groups, and log-rank test was used in the survival analysis. GraphPad Prism was used for data analysis and figure plotting. A p value of less than 0.05 was regarded as statistically significant.




Results


Expression of CircPIK3C2A in GBM Cells

CircPIK3C2A contains one exon that ultimately creates a transcript of 1310 nucleotides by back-splicing (Figure 1A). circPIK3C2A cDNA coincident with approximately 100 bp upstream and downstream from the junction site was amplified in GBM cells using divergent primers and was analyzed by using Sanger sequencing. The results confirmed the characteristics of circPIK3C2A junction (Figure 1B). The divergent primers detected circRNAs in cDNA with or without RNase R treatment, and the results showed that the circRNAs were truly circular and could not amplify any product from genomic DNA. The convergent primers amplified PCR products from linear PIK3C2A mRNA, yet these products vanished after RNase R treatment (Figures 1C, D). FISH analysis showed that circPIK3C2A was abundant and mostly located in the cytoplasm (Figure 1E). We determined circPIK3C2A expression levels in human normal glial cell (HEB) and 4 GBM cells (U87-MG, A172, U251-MG and T98G). Compared with that in HEB, circPIK3C2A was significantly upregulated in GBM cells (Figure 1F).




Figure 1 | Identification and expression of circPIK3C2A in GBM cells. (A) The structure and part of the sequence of the junction of circPIK3C2A are provided, and divergent (red) primers were designed to amplify the back-splicing products. (B) Sanger sequencing after PCR using the indicated divergent flanking primers confirmed the “head-to-tail” splicing of circPIK3C2A. (C, D) The expression levels of the backspliced and canonical forms of PIK3C2A in cDNA and gDNA isolated from T98G and U251-MG cells. Red arrows represent divergent primers; blue arrows represent convergent primers. (E) CircPIK3C2A was detected by FISH in T98G and U251-MG. Nuclei were stained with 4′,6′-diamidino-2-phenylindole. Scale bar = 20μm. (F) Quantitative RT-PCR analysis of circPIK3C2A in GBM cells and HEBs. (G) A sketch of the short hairpin circPIK3C2A vector structure. (H) A sketch of the circPIK3C2A overexpression vector structure. ALU: Complementary ALU pairs were identified as at least one plus strand and one minus strand ALU element on opposite sides of the back-splice, which was required for the formation of circRNA; CMV: a common promoter in vectors. (I–K) Quantitative RT-PCR analysis of circPIK3C2A expression in GBM cells. Data are presented as the mean ± SEM of 3 independent experiments. Significant results are presented as ***<0.001.





CircPIK3C2A Promotes GBM Growth and Invasion In Vitro

Then, to explore the function of circPIK3C2A, we overexpressed (circPIK3C2A-OE) or knocked down (circPIK3C2A-KD) circPIK3C2A in GBM cells. (Figures 1G–K). CCK-8 and colony formation assays showed that circPIK3C2A-OE enhanced the proliferative ability of U87-MG and U251-MG (Figures 2A, B). In addition, colony formation assays demonstrated that circPIK3C2A-OE increased the colony numbers (Figures 2E, F). Moreover, circPIK3C2A-KD inhibited the proliferation of A172 and T98G cells (Figures 2C, D), and significantly reduced the number of colonies (Figures 2K, L). We then evaluated the effects of circPIK3C2A on cell migration and invasion. As expected, circPIK3C2A overexpression promoted cell migration (Figures 2G, H) and invasion (Figures 2I, J), while the decreased expression of circPIK3C2A suppressed the migratory capability (Figures 2M, N) and invasive potential (Figures 2O, P) of cells. Taken together, these findings provide solid evidence that circPIK3C2A plays a crucial role of promoting GBM cells growth and invasion.




Figure 2 | CircPIK3C2A affects GBM cell proliferation, colony formation, invasion, and migration. (A–D) CCK-8 assays were performed using U87-MG (A) and U251-MG (B) with or without circPIK3C2A- OE and using A172 (C) and T98G (D) cells with or without circPIK3C2A-KD. (E–J) Colony formation analyses (E, F), transwell analyses (G, H) and matrigel-transwell assays (I, J) of U87-MG and U251-MG with or without circPIK3C2A-OE were performed. Representative staining images are presented (magnification: 200×; scale bar = 100 μm). (K–P) Colony formation analyses (K, L), transwell analyses (M, N) and matrigel-transwel analyses (O, P) of A172 and T98G with or without circPIK3C2A-KD were performed. Representative staining images are presented (magnification: 200×; scale bar = 100 μm). Data are presented as the mean ± SEM of 3 independent experiments. Significant results are presented as **P < 0.01, ***P < 0.001, and ****P < 0.0001.





CircPIK3C2A Serves as a Sponge of MiR-877-5p

Considering the deep involvement of circPIK3C2A in GBM tumorigenesis and invasion, we then investigated the mechanisms underlying circPIK3C2A functions. Previous study has reported that circRNA regulates target gene expression by acting as ceRNAs for miRNAs in cytoplasm. FISH analysis revealed that circPIK3C2A was mainly distributed in the cytoplasm (Figure 1E). Fifty-eight candidate miRNAs were predicted to have binding sites along the circPIK3C2A sequence in the CircInteractome database, then 14 candidate miRNAs were selected above the 95th percentile of context+ score (Figure 3A and Supplementary Table 2). To validate the binding capability of these candidate miRNAs to circPIK3C2A, we established luciferase screening of a miRNA library. Each predicted miRNA mimics was co-transfected with circPIK3C2A luciferase reporter into HEK-293T cell. We found that multiple miRNAs were able to reduce luciferase activity and miR-877-5p reduced the most, to the extent of at least 25% (Figure 3B). The complementary base sequences between circPIK3C2A and miR-877-5p are shown in (Supplementary Table 2). Luciferase activity assay was conducted to verify the binding of circPIK3C2A to miR-877-5p. Our data showed that miR-877-5p reduced the luciferase activity level of the WT reporter gene of circPIK3C2A, whereas such effect could not be observed in the MUT reporter plasmid. Our data confirm that circPIK3C2A acts as an efficient “sponge” to bind miR-877-5p in GBM cells (Figures 3C, D). CCK-8 and colony formation assays were carried out to explore the effects of miR-877-5p on GBM cell proliferation. Our previous study shows that circPIK3C2A-OE enhances the proliferation, migration and invasion of U87-MG and U251-MG cells. Herein, we intend to ascertain whether miR-877-5p mimics could diminish these effects. The CCK-8 and colony formation assays showed that the proliferation ability of U87-MG and U251-MG cells was reduced co-transfected with circPIK3C2A-OE and miR-877-5p mimics compared with those in the circPIK3C2A-OE group (Figures 3E, G, H and Supplementary Figure 1A). In addition, compared with those in the circPIK3C2A-OE group, the cells co-transfected with circPIK3C2A-OE and miR-877-5p mimics exhibited compromised capacities of migration (Figures 3I, J) and invasion (Figures 3K, L) in U87-MG and U251-MG cells. Consistently, circPIK3C2A-KD could attenuate the downregulation of proliferation (Figures 3F, M, N and Supplementary Figure 1B) migration (Figures 3O, P) and invasion (Figures 3Q, R) promotion mediated by miR-877-5p in A172 and T98G cells.




Figure 3 | CircPIK3C2A function as a miR-877-5p sponge. (A) A schematic model shows the putative binding sites of 14 predicted miRNAs on circPIK3C2A. (B) Luciferase activity of circPIK3C2A in HEK293T cells transfected with miRNA mimics which are putative binding to the circPIK3C2A sequence. Luciferase activity was normalized by Renilla luciferase activity. (C, D) Luciferase activity assay was carried out to verify that miR-877-5p targets circPIK3C2A directly in GBM cells. (E, F) CCK-8 assays were performed after cells were co-transfected with different vectors. (G–L) Colony formation analyses (G, H), transwell analyses (I, G) and matrigel-transwell analyses (K, L) of U87-MG and U251-MG with or without circPIK3C2A-OE+hsa-miR877-5p mimic were performed. Representative staining images are presented (magnification: 200×; scale bar = 100 μm). (M–R) Colony formation analyses (M, N), transwell analyses (O, P) and matrigel-transwell analyses (Q, R) of A172 and T98G with or without circPIK3C2A siRNA+hsa-miR-877-5P inhibitor were performed. Representative staining images are presented (magnification: 200×; scale bar = 100 μm). Data are presented as the mean ± SEM of 3 independent experiments. Significant results are presented as nsP < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.





MiR-877-5p Suppress GBM Tumorigenesis and Invasion In Vitro

Considering the interaction between circPIK3C2A and miR-877-5p, we assessed the biological function of miR-877-5p in GBM. CCK-8 and colony formation assays revealed that overexpression of miR877-5p significantly reduced cell proliferative ability of the cancerous cells (Figures 4A, B, E, F). Moreover, functional inhibition of miR-877-5p promoted A172 and T98G cell proliferation (Figures 4C, D), significantly reduced the number of colonies (Figures 4K, L). Then, we evaluated the effects of miR-877-5p on cell migration and invasion by transwell assays. We found that miR-877-5p over-expression reduced cell migration (Figures 4G, H) and invasion (Figures 4I, J) while downregulation of miR-877-5p showed opposite effects (Figures 4M–P). These data indicated that miR-877-5p suppressed tumorigenesis and invasion in GBM cells.




Figure 4 | MiR-877-5p suppress cell proliferation, colony formation, invasion, and migration. (A–D) CCK-8 assays were performed using U87-MG (A) and U251-MG (B) with or without hsa-miR877-5p mimic and using A172 (C) and T98G(D) cells with or without hsa-miR877-5p inhibitor. (E–J) Colony formation analyses (E, F), transwell analyses (G, H) and matrigel-transwell analyses (I, J) of U87-MG and U251-MG with or without hsa-miR877-5p mimic were performed. Representative staining images are presented (magnification: 200×; scale bar = 100 μm). (K–P) Colony formation analyses (K, L), transwell analyses (M, N) and matrigel-transwell analyses (O, P) of A172 and T98G with or without hsa-miR877-5p inhibitor were performed. Representative staining images are presented (magnification: 200×; scale bar = 100 μm). Data are presented as the mean ± SEM of 3 independent experiments. Significant results are presented as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.





FOXM1 Is an Endogenous Target of MiR-877-5p

We predicted the targets of miR-877-5p and obtained 29 putative target genes by analyzing TargetMiner(http://www.isical.ac.in), miRDB(http://www.mirdb.org)and TargetScan7(http://www.targetscan.org/vert_71/) (Supplementary Table 3). Among these targets, we selected FOXM1, which has been reported to play a vital role in the occurrence and development of glioma (31, 32) as potential components of the circPIK3C2A-miR-877-5p ceRNA network (Figure 5A). the upregulation of miR-877-5p decreased FOXM1 expression (Figure 5B) Western blot analysis was conducted to evaluate the expression levels of FOXM1 following miR-877-5p overexpression (Figure 5C). The data indicated that miR-877-5p significantly inhibited the expression levels of FOXM1. To further elucidate the mechanism underlying the function of circPIK3C2A, the downstream targets of miR-877-5p were investigated. Luciferase activity assay was conducted to verify the binding of FOXM1 and miR-877-5p. The results showed that miR-877-5p decreased the luciferase activity of the WT reporter for FOXM1, but not that of the MUT-type reporter, which confirmed miR-877-5p as a sponge target of FOXM1 in U87-MG and U251-MG cells (Figures 5D–F). qPCR results indicated that miR-877-5p reduced the expression levels of FOXM1, while circPIK3C2A overexpression reversed the effects of miR-877-5p (Figures 5G, H). Our data reveal that circPIK3C2A functions as competing endogenous ceRNA to repress miR-877-5p, thereby mediating the expression of FOXM1.




Figure 5 | CircPIK3C2A modulates the expression of FOXM1, an endogenous target of miR-1877-5p. (A) Binding region of FOXM1 with miR-877-5p as predicted by bioinformatics analysis. (B) After transfection of miR-NC or miR-877-5p mimics into U87-MG and U251-MG cells, the expression level of FOXM1 was analyzed using qRT-PCR. (C) After transfection of miR-NC or miR-877-5p inhibitors into A172 and T98 cells, the expression level of FOXM1 was analyzed using qRT-PCR (D) A schematic drawing of the screening procedure for miR-877-5p candidate targets. (E, F) A luciferase reporter plasmid carrying wildtype (WT) or mutant (MUT) FOXM1 was co-transfected into U87-MG and U251-MG cells with miR-877-5p mimics in parallel with an empty vector. (G, H) A luciferase reporter plasmid carrying wildtype (WT) FOXM1 was co-transfected into U87-MG and U251-MG cells with or without miR-877-5p mimics or circPIK3C2A-OE. Significant results are presented as nsP < 0.05, **P < 0.01, and ****P < 0.0001.





Inhibition of CircPIK3C2A Suppress the Growth of Xenografted Tumor In Vivo

To determine the in vivo effect of circPIK3C2A on GBM progression, we injected circPIK3C2A-KD, circPIK3C2A-NC or circPIK3C2A-KD and FOXM1 overexpression (FOXM1-OE) con-transfected cells into male nude mice. The growth of tumors was monitored via MRI (Figure 6A), we found that circPIK3C2A-KD significantly reduced tumor growth and invasion, and FOXM1-OE effectively abolished the inhibitory effect of circPIK3C2A-KD as shown in hematoxylin-eosin (HE) and immunohistochemical (IHC) staining (Ki67+ for proliferating cells, cleaved caspase 3+ (CC3+) for apoptotic cells) results (Figures 6A, D). Tumor volumes were decreased by approximately 2-fold in circPIK3C2A-KD group, compared with that of circPIK3C2A-NC group. Tumor load in the animals bearing circPIK3C2A-KD and FOXM1 FOXM1-OE) con-transfected cells was higher than the circPIK3C2A-KD group (Figure 6B). Strikingly, the median survival of the mice implanted with circPIK3C2A-KD cells was prolonged to 48.6 days, while the mice implanted with co-transfection of circPIK3C2A-KD and FOXM1 overexpressing cells had a median survival of merely 34.2 days. All control animals died within 25 days (Figure 6C). These results reveal the critical role of circPIK3C2A in GBM progression and that FOXM1 overexpression could offset the biological function of circPIK3C2A-KD in vivo. Mechanistically, circPIK3C2A promotes the progression of GBM cells by sponging miR-877-5p and targeting FOXM1 (Figure 7). Therefore, the disruption of circPIK3C2A/miR-877-5p/FOXM1 axis could be a promising approach for the intervention of GBM.




Figure 6 | CircPIK3C2A KD inhibits GBM progression and FOXM1 overexpression reverses the effects of circPIK3C2A in vivo. (A) Representative MR images of xenograft GBM tumors orthotopically inoculated with cells with NC, circPIK3C2A- KD and circPIK3C2A-KD+FOXM1 on 3 weeks post-implantation. (B) Tumor volumes were calculated for each group (n = 8 per group). (C) The comparative survival of mice bearing NC, circFOXO3-KD and circPIK3C2A-KD+FOXM1 tumors was determined. The time of death was recorded as days after U87-MG implantation. (D) Representative hematoxylin and eosin images of each group are shown (magnification: 200×; scale bar =50μm). Representative immunohistochemistry images of Ki-67, cleaved caspase-3, FOXM1 in tumors collected from each group (magnification: 40×; scale bar = 50μm). Significant results are presented as ****P < 0.0001.






Figure 7 | Schematic summary. In the current study, we provide novel insights into the mechanisms underlying circPIK3C2A promoting GBM progression and invasion. Mechanistically, circPIK3C2A sponges miR-877-5p, acts as a ceRNA to regulate FOXM1 expression and modulates tumor cell function in vitro and in vivo.






Discussion

Since the initial identification in 1976 by Sanger et al., circular RNAs were generally presumed as the accidental byproduct of aberrant RNA splicing. However, the in-depth investigations in recent years help the researchers to gain more insight into the several appealing features of circRNAs, such as high abundance, great stability, well-conserved sequence, as well as tissue-specific and stage-specific expression pattern. The various biological functions of circRNAs involve the regulation of miRNAs function, as circRNAs act as “sponge” to competitively bind to microRNAs, and thereby keeping their target genes away from microRNAs. CircRNAs that manifests deviant expression pattern have been reported to evoke the pathogenesis and progression of GBM (glioblastoma). CircRNAs have emerged as a research hotspot especially in the field of oncology.

To delve into the cellular and molecular mechanism underlying the pathogenesis of GBM comprehensively, we investigated the biological function of circPIK3C2A in GBM. We observed notably up-regulated circPIK3C2A level in GBM cell lines, as compared with that in HEB, and that circPIK3C2A knockdown inhibited the growth and invasion of GBM cells in vivo and in vitro. Intriguingly, our data showed that circPIK3CA mediates the expression of FOXM1 via competitively binding to miR-877-5p.

We analyzed the target microRNAs of circPIK3CA to explore the regulatory mechanism by applying bioinformatics software. Bioinformatics prediction confirmed that miR-877-5p was the target of circPIK3CA. We found the notably reduced level of miR-877-5p in tumor cells, a result consistent with the very notion that miR-877-5p being a tumor suppressor gene in a variety of tumors including glioma (31, 33, 34). Consistently, our subsequent experiment confirmed that miR-877-5p could specifically bind to the 3’-UTR region of FOXM1. The overexpression of circPIK3CA elevated the expression of FOXM1, whereas the up-regulation of miR-877-5p inhibited its expression. Noteworthily, inhibition of FOXM1 mediated by miR-877-5p gain-of-function could be rescued to a certain extent by the overexpression of circPIK3CA. The elevated mRNA expression of FOXM1 induced by miR-877-5p knockdown could be abolished in part by the up-regulation of circPIK3CA.

As a member of the forkhead-box family of transcription factor, FOXM1 is an evolutionarily conserved gene that contains a DNA-binding domain known as forkhead-box domain. FOXM1 is a typical cell proliferation-related transcription factor that is implicated in mediating cell growth and cell cycle. Evidence suggested that FOXM1 is markedly up-regulated in GBM cells, and that the high FOXM1 expression level tends to indicate dismal prognosis for patients with GBM (28). Additionally, FOXM1 functions to promote glioma proliferation, stimulate epithelial-mesenchymal transition (EMT) (35, 36), strengthen the resistance of GBM cells to radiotherapy (37), and facilitate self-renewal and of glioma stem cells (GSCs) (19). Finally, in vivo assay of xenografted tumor in nude mice revealed that the overexpression of circPIK3CA resulted in inhibited growth of tumor cells while the inhibition of circPIK3CA markedly reduced the volume of solid tumor and thereby diminishing tumor load.

In the current study, we verify that FOXM1 is a downstream target gene of miR-877-5p and is subject to the positive regulation of circPIK3CA in the tumor microenvironment (TME) of GBM. Our work reveals that cicrPIK3CA/miR-877-5p/FOXM1 regulatory axis plays a crucial role in the progression of GBM and targeting circPIK3CA providing a therapeutic potential for GBM patients.
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Supplementary Figure 1 | CCK-8 assays were performed after cells were cotransfected with different vectors. (A) U251-MG cells co-transfected with circPIK3C2A-OE and miR-877-5p mimics was reduced compared with those in the circPIK3C2A-OE group. (B) T98G cells co-transfected with circPIK3C2A-KD and miR-877-5p inhibitor was reduced compared with those in the circPIK3C2A-KD group.Data are presented as the mean ± SEM of 3 independent experiments. Significant results are presented as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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The Fc Fragment of IgG Binding Protein (FCGBP) has been proven to participate in intestinal tumor immunity. However, the biological role of FCGBP has remained unclear in glioma. The differential expression of FCGBP was explored by Oncomine and GEPIA databases. The effect of FCGBP on prognosis was analyzed via Kaplan–Meier plotter and GEPIA. The Tumor Immune Estimation Resource (TIMER) tool was used to determine the correlations of FCGBP expression with tumor immune infiltration. Firstly, FCGBP was highly expressed in glioma and correlated with a worse prognosis. Gene Ontology (GO) and KEGG pathway enrichment analyses revealed that the differentially expressed genes (DEGs) and co-expression genes of FCGBP were mainly involved in the immune response. Furthermore, FCGBP expression was positively associated with multiple immune cells infiltrates as well as the expression levels of multiple immune markers in glioma. FCGBP co-expression networks mostly participated in the regulation of immune response. Finally, immunohistochemistry (IHC) assays were conducted to explore the expression of FCGBP, PD-L1, CCL2 and CD8 in glioma and correlations between them. We found that PDL1 and FCGBP were synchronously upregulated in glioma tissues. These findings revealed a new mechanism by which FCGBP participates in the immune tolerance of glioma, and implied the potential of FCGBP as a therapeutic target or predictive marker for patients.




Keywords: FCGBP, glioma, immune infiltration, prognostic biomarker, PD-L1



Introduction

Glioma is the most common malignant tumor of the brain and central nervous system (CNS) in adults (1). High-grade glioma is significantly aggressive and highly heterogeneous, and their tumor microenvironment contains immune cells, glioma stem cells, and mesenchymal cells (2–4). With the further clarification of molecular markers, in 2021, the World Health Organization (WHO) updated the classification of CNS tumors, which is conducive to the molecular treatment of glioma (5). Therefore, it is particularly important to explore novel effective molecular markers to better guide the diagnosis and treatment of glioma.

The Fc Fragment of IgG Binding Protein (FCGBP) protein has multiple von Willebrand D (VWD) domains that can bind to gel-forming mucins (6, 7). FCGBP is also a cysteine-rich protein, which has been detected in body fluids (8). However, its molecular function is still unclear and may be related to the body’s innate immunity (9, 10). In cancer, FCGBP has been widely found to be differentially low-expressed (11–13). However, the role of FCGBP is still unknown in glioma.

Tumor microenvironment (TME) is an essential element in tumor development, and consists of numerous components, which together determine the final fate of tumor cells (14). Recently studies have shown that tumor-infiltrating immune cells play a leading role in the TME (15). Immunotherapy mainly focuses on the signal axis of immune checkpoint PD-1 and its ligand PD-L1. They are highly expressed in tumors and can bind to PD-1 on the surface of T cells to limit T cell activation and induce depleted state, leading to tumor immunity escape (16).

In the present study, we aimed to identify the expression of FCGBP and its correlation with prognosis, and possible signaling pathway in glioma. In addition, we used the bioinformatics analysis–based immune cell-specific signatures to examin the relationship between FCGBP expression with tumor-infiltrating immune cells and immune-related molecules, and drew further interest regarding whether FCGBP could act as a novel immune marker for immune therapy of glioma patients.



Materials And Methods


Human Tissue Samples

We used paraffin-embedded glioma tissue microarrays (108 glioma samples). All specimens were taken from inpatients in the Department of Neurosurgery of Wuhan University People’s Hospital from January 2016 to March 2018. Among these patients, none had received any chemotherapy or radiotherapy before surgery. All patients signed an informed consent form. This study was approved by the Ethics Committee of Wuhan University People’s Hospital School of Medicine.



Immunohistochemical (IHC) Staining

The paraffin-embedded tissue microarray is heated in an oven (60°C) for 90 minutes. Then, put the slides in different concentrations (100%, 95%, and 75%) of xylene (3 × 5 minutes/time) and ethanol for hydration. After washing 3 times with PBS, 3% H2O2 was added to the slide and left at room temperature for 10 minutes. Then completely immerse the slide in 95°C antigen retrieval solution for 10 minutes, and then let it cool naturally. Triton-PBS (100X) was used for 5 minutes, and the slides were blocked with 1% BSA for 30 minutes. After that, add the primary antibody and incubate overnight at 4°C. The next day, the slides were washed with PBS (3×10 minutes/time), and then incubated with HRP goat anti-rabbit/mouse IgG for 1 hour. After that, DAB was dropped on the glass slide, and the color reaction was terminated with tap water. Hematoxylin staining was repeated for 1 min, and the color was separated with 1% hydrochloric acid ethanol solution. Finally, cover the glass slide with neutral balsam and Olympus BX40 microscope (Tokyo, Japan) to acquire images.



Public Database

The mRNA sequencing data and clinicopathological data of all cases in this study were downloaded the Chinese Glioma Genome Atlas (CGGA, http://www.cgga.org.cn/) and the Cancer Genome Atlas (TCGA, https://tcga-data.nci.nih.gov/tcga/) database. The mRNA expression level of FCGBP gene in glioma was explored on the oncomine platform (www.oncomine.org). GeneMANIA (http://genemania.org/) is a gene network visualization website that was used amount of functional correlation genes to identify a single gene, and predicted gene function and related pathways. A p-value less than 0.05 indicates statistical significance. Identify the genomic changes of FCGBP in TCGA-GBM and TCGA-LGG on the cBioPortal platform (http://www.cbioportal.org/). Tumor Immunity Estimation Resource (TIMER, https://cistrome.shinyapps.io/timer/) is a TCGA-based website for systematic analysis of the correlation between genes and different immune cell subtypes in different types of cancer and immune molecules. LinkedOmics (http://www.linkedomics.org/login.php) was used to identify differentially expressed genes related to FCGBP (n = 544) in TCGA-GBMLGG. Differentially expressed genes were analyzed using Pearson correlation coefficient. And enriched it in Gene Ontology (GO) and KEGG pathway. TISIDB is a website for gene- and tumor-immune interaction (http://cis.hku.hk/TISIDB/index.php). The detailed clinical characteristics of the included observations are shown in Supplementary Tables 1, 2.



Gene Set Enrichment Analysis (GSEA)

GSEA (http://software.broadinstitute.org/gsea/index.jsp) was used to analyze potential genes related to FCGBP. According to the true pivot genes (top 50% and bottom 50%), they were divided into high and low groups. Then GSEA was used for bio-process enrichment, and used Normalized Enrichment Score (NES) to estimate GSEA enrichment. The significance of enrichment was evaluated at the FDR <0.25 level, p-value <0.05, and FDR <0.25 level.



Statistical Analysis

Spearman correlation analysis was used to test the correlation. According to the 50% cut-off point of gene expression, patients were divided into high group and low group. The difference in survival rate between groups was evaluated by Kaplan-Meier survival analysis and log-rank significance test.




Results


The Expression Profile of FCGBP in Cancers

Firstly, we used TIMER data to evaluate the mRNA expression level of FCGBP in different tumors and normal tissues. TIMER data analysis revealed that FCGBP was significantly lower expressed in most tumor tissues compared with normal tissues. However, FCGBP showed a significantly high expression in glioblastoma (GBM) compared with normal tissues (Figure 1A). Through the GEPIA database, we evaluated the transcription level of FCGBP in different tumor tissues and normal tissues (Figure 1B). The results showed that the transcription level of FCGBP in GBM and low-grade glioma (LGG) tissues was significantly higher than normal tissues.




Figure 1 | The expression FCGBP in different cancer tissues (A) The mRNA expression levels of FCGBP in different tumor tissues and normal tissues analyzed by TIMER (*P <.05, **P <.01, ***P <.001). (B) Transcription level of FCGBP was determined in different tumor tissues and normal tissues by GEPIA (*P <.05, **P <.01, ***P <.001).





FCGBP Is Up-Regulated in Glioma

Oncomine online database was utilized to analyze the mRNA expression level of FCGBP in tumor and normal tissues. A total of 38 data sets were obtained, and the expression of FCGBP was up-regulated in 14 data sets. Especially in the central nervous system (CNS), the expression of FCGBP in five glioma datasets were all up-regulated (Figure 2A). Three independent cohorts including 1319 cases were validated in further study [693 cases in Validation cohort 1 (CGGA-693); 301 cases in Validation cohort 2 (CGGA-301); and 325 cases in Validation cohort 3 (CGGA-325)]. Then, all CGGA database analysis found that FCGBP was also significantly up-regulated in glioma, and positively correlated with the grade of glioma (Figure 2B). To verify the upregulation of FCGBP in gliomas, we performed IHC analysis using glioma samples. FCGBP is not detectable in normal brain tissue, but it is expressed in different grades of gliomas, especially high-grade gliomas (Figure 2C).




Figure 2 | FCGBP is up-regulated in glioma. (A) The mRNA expression level of FCGBP in different tumor tissues and normal tissues analyzed by Oncomine (*P <.05, **P <.01, ***P <.001, ****P <0.0001). (B) The mRNA expression level of FCGBP was determined in glioma tissues by CGGA database (*P <.05, **P <.01, ***P <.001). (C) Typical images of IHC staining of FCGBP in glioma tissues.





Prognostic Potential of FCGBP in Glioma

Further univariate and multivariate Cox regression analysis showed that FCGBP can be significantly negatively correlated with the prognosis of glioma patients in TCGA and CGGA (Table 1 and 2). Using an online software GEPIA, which can be used to analyze the survival data from TCGA data sets. Survival analysis showed that the expression of FCGBP was significantly correlated with the poor overall survival (OS) and disease-free survival (DFS) of LGG patients, while high FCGBP expression showed no associations with OS or DFS in GBM patients (Figure 3A). Meanwhile, we next scanned the TCGA database, and found that overexpression of FCGBP predicted poor DFS and OS in LGG patients, while high FCGBP expression also showed no associations with OS or DFS in GBM patients (Figure 3B). Survival curve analysis was verified via three independent CGGA cohorts, and revealed that high expression of FCGBP had a significant poor prognosis in glioma (Figure 3C).


Table 1 | Cox regression analysis of the clinical variables, and overall survival in TCGA cohorts.




Table 2 | Cox regression analysis of the clinical variables, and overall survival in CGGA cohorts.






Figure 3 | Prognostic potential of FCGBP in glioma. (A) The OS and DFS Map of FCGBP in different cancers by GEPIA. (B) Kaplan‐Meier survival analysis of all glioma, LGG and GBM in TCGA data sets. (C) Kaplan‐Meier survival analysis of all glioma in CGGA data sets.





Analysis of Genetic Changes in Glioma, and Interacting Gene Network of FCGBP

The cBioPortal online tool was used to analyze the genetic changes of FCGBP in TCGA PanCan Atlas dataset, and we found that FCGBP has a higher mutation frequency in tumors (Figure 4A). In LGG and GBM, the results showed a mutation frequency of 2.5% and 3% (Figure 4B). The gene-gene interaction network of FCGBP was constructed based on the GeneMANIA database. The functional analysis revealed that FCGBP may related to tumor immune response (Figure 4C).




Figure 4 | Analysis of genetic changes in glioma, and interacting gene network of FCGBP. (A) Genetic alterations of the FCGBP gene were analyzed by cBioPortal. (B) The mutation frequency of FCGBP in LGG and GBM. (C) FCGBP’s interactive network was generated through the GeneMANIA database.





FCGBP Co-Expression Network in Glioma

In order to study the potential function of FCGBP in glioma, we used the LinkedOmics database to explore related molecules of FCGBP. The volcano map shows that red show a significant positive correlation with FCGBP, while green show a significant negative correlation (Figure 5A). And select the top 50% genes with positive or negative correlation and display them in the heatmap (Figure 5B). GO and KEGG pathway analysis of gene set enrichment analysis (GSEA) was showed that FCGBP co-expressed genes are mainly involved in immune response, etc. (Figure 5C). Furthermore, we validated the differentially expressed genes of FCGBP in the CGGA database, and also found that the positively related genes of FCGBP were significantly related to the immune response pathway (Figure S1).




Figure 5 | FCGBP co-expression network in glioma (A) The volcano map showed FCGBP-related genes in glioma. (B) The heatmap showed FCGBP-related genes in glioma. (C) Based on the LinkedOmics database, GO annotations and KEGG pathways of genes co-expressed with FCGBP in glioma were significantly enriched.





The Relationship Between the Expression of FCGBP and the Level of Immune Infiltration in Glioma

Next, the immune cell infiltration was analyzed using the TIMER website, and we found that the expression of FCGBP was positively correlated with the infiltration of B cells, CD4 T cells, Neutrophil and Dendritic cells (Figure 6A). Relationship of FCGBP expression with immune infiltration in tumors was assessed using correlation analysis and TISIDB databases. Furthermore, we found that positive correlation between FCGBP expression and effector memory CD8 + T cells, effector memory CD4 + T cells, Myeloid-derived suppressor cells, macrophages (Figures 6B, C).




Figure 6 | The relationship between the expression of FCGBP and the level of immune infiltration in glioma. (A) The expression of FCGBP is correlated with the level of tumor immune infiltration of B cells, CD8 + T cells, CD4 + T cells, Neutrophil and Dendritic cells in glioma. (B) Correlations between FCGBP expression and immune infiltration levels in TISIDB. (C) The relationship between the expression of FCGBP and CD8 + T cells, effector memory CD4 T cells, Myeloid-derived suppressor cells, macrophages in glioma.





Correlation Between FCGBP mRNA Expression and Immune-Related Molecules

The Spearman’s correlations between FCGBP expression and immunomodulators, and chemokines were analyzed using the TISIDB database. The results showed the correlation between FCGBP expression level and immunosuppressive agents. The top two immunosuppressive agents include HAVCR2 and TGFB1 (Figure 7A). Meanwhile, the correlation between the expression of FCGBP and immunostimulators was analyzed. The top three immunostimulators include CD86, CD40 and TMEM173 (Figure 7B). In addition, we also analyzed the correlation between the expression of FCGBP with chemokines and receptors. The top four significantly positively correlated chemokines include CCL2, CCL5, CXCL10, and CXCL16 (Figure 7C). For the correlation between FCGBP expression and receptors, the top five receptors include CCR5, CCR1, CXCR6, and CX3CR1 (Figure 7D). Therefore, FCGBP could regulate immune molecules.




Figure 7 | Correlation between FCGBP expression and immune markers. Correlation between FCGBP mRNA expression and immune-related molecules. (A) Correlation between FCGBP and glioma immunosuppressive agents. (B) The correlation between FCGBP and glioma immunostimulants. (C) Correlation between FCGBP and chemokines in gliomas. (D) The correlation between FCGBP and glioma receptors.





Tissue Microarrays (TMAs) and Immunohistochemistry (IHC)

Tissue microarrays were constructed as previously described (17). Next, we analyzed the correlation between FCGBP with immune infiltrating molecules and immune checkpoint genes. In addition, the same glioma specimen section was used for CCL2, CD8 and PDL1 IHC staining. The results showed that FCGBP was positively correlated with the expression of CCL2, CD8 and PDL1 (Figure 8). These indicate that FCGBP may have a synergistic effect with immune infiltrating molecules and immune checkpoint members.




Figure 8 | Tissue Microarrays (TMAs) and Immunohistochemistry (IHC). (A) The chord diagram illustrating the correlation of the expression of FCGBP with CD8, CCL2 and immune checkpoints molecules (CTLA4, PD1, PDL1). (B) IHC staining of CCL2, CD8 and PDL1 in glioma tissues.






Discussion

As an important part of the tumor microenvironment, immune cells have been shown to regulate tumor progression (18). Immunosuppressants began to be gradually used in clinical patients. For example, PD-1 and CTLA-4 antibodies have achieved sustained efficacy in some patients (19). Although new therapies such as immunotherapy have been used, it is still difficult to obtain a good prognosis for GBM patients (20). Tumor heterogeneity may be the main factor limiting GBM patients’ access to effective treatment (21).

FCGBP was previously considered to be one of the components of mucus secreted by goblet cells in the intestine. FCGBP is an important part of the intestinal mucosal immune defense and participates in anti-inflammatory and cell protection (22, 23). Significantly low expression of FCGBP has been observed in intestinal inflammation and tumors, such as ulcerative colitis (24), colorectal adenoma (25), and colorectal cancer (26–28). In addition, FCGBP is also down-regulated in multiple tumors (12, 13, 29, 30), and this imbalance of expression due to different functions that may be involved in different tumors. Through the TCGA and CGGA databases, we first found that FCGBP was highly expressed in glioma tissues and had a significant positive correlation with the grade of glioma. Previous studies have found that ovarian cancer with high FCGBP expression had a worse prognosis, which was consistent with our results (31).

Previous studies have shown that FCGBP may be involved in the immune protection of the intestinal tract (32). Meanwhile, we found that high expression of FCGBP may be a potential poor prognostic factor in this study. Next, KEGG and GO enrichment analysis both show that FCGBP expression is related to immune and inflammation-related biological processes. In the immune microenvironment, tumor-infiltrating immune cells and cancer cells conduct extensive and dynamic crosstalk, which has revealed that certain molecules can participate in this dialogue (33). In this study, we further found that high FCGBP expression is associated with high abundance of immune infiltration, including B cells, CD4+ T cells, neutrophils, macrophages and DCs in LGG. These results indicate at least that FCGBP protein may increase the recruitment of immune cells in LGG, which is not significant in GBM.

The effectiveness of immunotherapy mainly depends on the internal immune microenvironment of the tumor (34). In recent years, immune checkpoint inhibitors have become the most advanced immunotherapy in clinical applications. Among them, death protein 1 (PD-1) and T cell programmed death ligand (PD-L1) have received the most extensive research (35, 36). Through the typical images of immunohistochemistry, we revealed that FCGBP was significantly positively correlated with PD-L1, CD8 and CCL2. This indicated that FCGBP may be related to the up-regulation of immune checkpoints. However, there is no molecular study of FCGBP in glioma cells, further demonstration is needed.

The novelty of this study is that we firstly found that FCGBP has a poor prognostic in glioma, and we also explored the possible mechanism of FCGBP in glioma. We confirmed the correlation between FCGBP and immune infiltration of glioma, and proposed that FCGBP may act a novel immunotherapy biomarker. Therefore, our findings will be helpful to further optimize the immunotherapy of glioma.
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Regenerating liver phosphatase 1 (PRL1) is an established oncogene in various cancers, although its biological function and the underlying mechanisms in glioblastoma multiforme (GBM) remain unclear. Here, we showed that PRL1 was significantly upregulated in glioma tissues and cell lines, and positively correlated with the tumor grade. Consistently, ectopic expression of PRL1 in glioma cell lines significantly enhanced their tumorigenicity and invasion both in vitro and in vivo by promoting epithelial-mesenchymal transition (EMT). Conversely, knocking down PRL1 blocked EMT in GBM cells, and inhibited their invasion, migration and tumorigenic growth. Additionally, PRL1 also stabilized Snail2 through its deubiquitination by activating USP36, thus revealing Snail2 as a crucial mediator of the oncogenic effects of PRL1 in GBM pathogenesis. Finally, PRL1 protein levels were positively correlated with that of Snail2 and predicted poor outcome of GBMs. Collectively, our data support that PRL1 promotes GBM progression by activating USP36-mediated Snail2 deubiquitination. This novel PRL1/USP36/Snail2 axis may be a promising therapeutic target for glioblastoma.
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Introduction

High grade gliomas, especially glioblastoma multiforme (GBM), are common and highly malignant intracranial primary tumors in adults (1, 2). Although surgical resection, postoperative adjuvant chemotherapy and radiation therapy have achieved some encouraging results, the prognosis of GBM patients remains dismal with a median overall survival (OS) of approximately 12-15 months after diagnosis and a 5-year survival rate of less than 9.8% (3, 4). The high invasiveness of the GBM cells is one of the main reasons of the poor therapeutic efficacy (5). Thus, dissecting the molecular mechanisms that drive GBM invasion and tumorigenesis hold great promise in identifying novel therapeutic targets.

Phosphatases of regenerating liver (PRLs) are a subfamily of protein tyrosine phosphatases (PTPs) that encompass PRL-1, PRL-2 and PRL-3 (6), and are involved in cancer development and metastasis (7, 8). PRL1 is encoded by the human PTP4A1 gene, and was initially identified as a highly overexpressed protein during liver regeneration after partial hepatectomy (9). PRL1 regulates cell motility, invasion, growth and survival, and neural crest specification through various pathways (10–12), and is associated with tumor development and metastasis, along with poor patient prognosis (13–15). PRL1 is aberrantly overexpressed in hepatocellular carcinoma, lung cancer, colorectal cancer and ovarian carcinoma (16–19). PRL1 mRNA is upregulated in esophageal squamous cell carcinoma (ESCC) cells compared to normal esophageal cells, and is a predictive marker of metastasis (20). In addition, PRL1 overexpression significantly promoted the invasion and migration of hepatocellular carcinoma cells by inhibiting E-cadherin expression via the PI3K/AKT/GSK3β pathway (18), and maintained the malignant phenotype of human lung cancer cells by activating Src (17). Studies have also shown that PRL1 plays a vital role in cell proliferation and invasion by upregulating the ERK1/2 and RhoA pathways (9). These findings suggest that PRL1 is an oncogene that promotes cancer cell invasion and migration, although its role in GBM is largely unknown.

Epithelial-mesenchymal transformation (EMT) plays a critical role in differentiation, tissue remodeling, and cancer metastasis (21, 22). It is characterized by the loss of epithelial markers (e.g. E-cadherin) and the concomitant upregulation of mesenchymal markers (such as N-cadherin, fibronectin and Vimentin) (23). EMT leads to cytoskeletal remodeling and breakdown of extracellular matrix, which allows the cells to enter the bloodstream and metastasize to distant organs. In addition, EMT is also a crucial factor for the chemoresistance of gliomas (24). EMT is driven by the Snail family of zinc-finger transcription factors, including Snail1 and Snail2 (also known as Slug) (25). Snail proteins are polyubiquitinated and degraded by the 26S proteasome, which is dependent on their phosphorylation state (26, 27). Ubiquitination plays a vital role in the post-translational modification of cellular proteins in physiological and pathological conditions including cancer (28). Deubiquitination, a reverse process mediated by deubiquitination enzymes (DUBs), blocks proteosomal degradation (29, 30) of oncoproteins and tumor suppressor proteins, and is dysregulated in cancer cells (29). USP36 is an ubiquitin specific protease (USP) that has been reportedly overexpressed in a number of human cancers, including breast and lung cancers (31). Moreover, USP36 overexpression confers therapeutic resistance in ovarian cancer tissues, and correlated with poor prognosis (32). USP36 harbors oncogenic properties and its higher expression in neuroblastoma patients correlates with poor prognosis while its downregulation significantly reduces tumor growth in neuroblastoma cell lines and xenograft models (33).

In this study, we explored potential role of PRL1 in GBM tumorigenesis and invasion, and found that PRL1 is upregulated in GBM and correlates with patient prognosis. In addition, ectopic expression of PRL1 in the GBM cell lines promoted their invasion and tumorigenesis, whereas PRL1 knockdown had the opposite effects. Mechanistically, PRL1 promoted the deubiquitination and stabilization of the EMT-inducing transcriptional factor Snail2 by activating USP36. Thus, PRL1/USP36/Snail2 axis may be a novel potential therapeutic target for GBMs.



Materials and Methods


Cell Culture and Reagents

The cell lines U87MG, U251, LN229, T98G, HS683 and SW1783 were purchased from the American Type Culture Collection (ATCC). Human embryonic kidney 293T (HEK293T) cells were obtained from Bena Culture Collection Technology (China). All cell lines were cultured in DMEM supplemented with 10% FBS. Normal human astrocytes (NHAs) were purchased from Lonza (Walkersville, MD) and maintained as per the manufacturer’s instructions. Cycloheximide (CHX) and puromycin were acquired from Sigma Aldrich. MG132 was purchased from Millipore, and Lipofectamine 3000 was obtained from Invitrogen.



Patient Tumors

Sixty-two glioma samples (8 grade I, 11 grade II, 17 grade III and 26 grade IV) and 10 normal brain tissues (NBTs) were obtained from the Department of Neurosurgery, the Affiliated Hospital of Guizhou Medical University. The NBTs were obtained from patients who underwent craniotomy and decompression for traumatic brain injury. The specimens were histologically identified according to the WHO criteria by two independent neuro-pathologists. The clinicopathological characteristics of the patients are summarized in Supplementary Tables S1, S2. This study was approved by the Ethics Committee of Guizhou Medical University, and written informed consent was obtained from all patients.



RNA Extraction and qRT-PCR Analysis

Total RNA was isolated using TRIzol reagent (Invitrogen) according to the manufacturer’s protocol and the first strand cDNA was synthesized with PrimeScript RT Master Mix (TaKaRa). Real-time quantitative PCR was performed according to manufacturer’s instructions using SYBR Green (Applied Biosystems). Relative expression levels of PRL1 and Snail2 mRNAs were normalized to that of GAPDH and calculated by the standard 2-ΔΔCt method. The primer sequences were as follows: PRL1 forward 5’-CCAGCTCCTGTGGAAGTCAC-3’ & reverse 5’-CCATCATCAAAAGGCCAATC-3’; Snail2 forward 5’-CGAACTGGACACACATACAGTG-3’ & reverse 5’-CTGAGGATCTCTGGTTGTGGT-3’; USP36 forward 5’-AGCACTTTTCCCCCAGAACTG-3’ & reverse 5’-GGCTCCCAGATCTGCTGCTA-3’; GAPDH forward 5’-TGCACCACCAACTGCTTAGC-3’ & reverse 5’-GGCATGGACTGTGGTCATGAG-3’.



Transfection

Human PRL1-shRNA#1 (5′-AAGCAACTTATGACACTACTC-3′), PRL1-shRNA#2 (5′- AACAGCAAGCAACTTCTGTAT-3′), USP36 shRNA#1 (5′- CGTCCGTATATGTCCCAGAAT-3′) and USP36 shRNA#2 (5′- GGAAGAGTCTCCAAGGAAA-3′) sequences were cloned into lentiviral vectors (with a 9-nt spacer followed by reverse complimentary sequence). Lentiviral constructs expressing Flag-tagged USP36, Flag-tagged USP36C131A and His-tagged Snail2 were generated by cloning the respective ORFs with the N-terminal Flag or His Tag into the pCDH-CMV-MCS-EF1α-Puro vector. Plasmids coding for HA-tagged ubiquitin-Lys63 (pRK5-HA-ubiquitin-Lys63) and HA-tagged ubiquitin-Lys48 (pRK5-HA-ubiquitin-Lys48) were obtained from Addgene. Site-directed mutagenesis in USP36 was performed using the QuikChange Mutagenesis Kit (Agilent Technologies), according to the manufacturer’s instructions. The authenticity of all constructs was confirmed by DNA sequencing.



Transwell Invasion Assay

The 24-well BD Matrigel invasion chamber (BD Biosciences) was used to evaluate cell invasion in vitro according to the manufacturer’s instructions. The cells were seeded in the upper chambers at the density of 2×104 cells per well in serum-free medium, and the lower chambers were filled in DMEM supplemented with 10% FBS to stimulate invasion. After incubating for 24h, the cells remaining on the top of the insert membranes were swabbed, and those at the bottom well were fixed with 4% paraformaldehyde and stained with 0.1% crystal violet. All assays were performed in sextuplicate and the cells were counted in three non-overlapping fields per well under 20× magnification.



Wound Healing Assay

The suitably transfected cells were seeded in a 6-well plate at the density of 3×105 cells/well and cultured until they reach complete confluency. The monolayer was scratched with a 20 μL plastic pipette to create an artificial wound. The wound region was imaged at 0 and 24h after injury under an inverted microscope at 10x magnification, and the cell coverage area was demarcated and annotated manually.



Colony Formation Assay

The cells were seeded into a six-well plate at the density of 5 ×102 cells/well and cultured for 14 days. The colonies were washed three times with PBS, fixed with 100% methanol for 20 min, and stained with 1% crystal violet in 20% methanol for 15 min. After washing with PBS, the number of colonies was counted and the averages were calculated.



Western Blotting

Western blotting was performed as previously described (34). The tissue homogenates or cell lysates were probed with antibodies against PRL1 (sc-130354, Santa Cruz), N-cadherin (#13116, Cell Signaling Technology), Vimentin (ab8978, Abcam), E-cadherin (#14472, Cell Signaling Technology), Twist1 (ab175430, Abcam), Twist2 (ab66031, Abcam), ZEB1 (ab203829, Abcam), β-catenin (ab16051, Abcam), β-actin (ab8227, Abcam), Snail1 (13099-1-AP, Proteintech), Snail2 (sc-166476, Santa Cruz), USP36 (NB100-40832, Novus), FLAG-tag (ab205606, Abcam), HA-tag (ab9110, Abcam) and His-tag (ab9108, Abcam).



siRNA Library Screening

The Dharmacon siGENOME RTF SMARTpool siRNA library was used to screen for human deubiquitylases. Briefly, HEK293T cells were added to the rehydrated Dharmacon RTF siRNA library plates, and lysed 48 hours later. Endogenous Snail2 levels were detected by immunoblotting.



Immunoprecipitation

Cells were lysed using NETN buffer containing protease inhibitors (P8340, Sigma-Aldrich), and the lysates were cleared with protein A/G beads and immunoprecipitated overnight with the indicated primary antibody at 4°C. The beads were washed three times with NETN buffer, denatured in SDS loading buffer, and the immunoprecipitated complexes were analyzed by Western blotting.



Deubiquitination Assays

Deubiquitination assays were performed as previously described (35). HA-ubiquitinated His-Snail2 or endogenous Snail2 was immunoprecipited using the indicated antibodies in denaturing conditions. Then the ubiquitination level of Snail2 was detected using antibody against HA.



In Vivo Xenografts

To induce subcutaneous xenografts, 1×106 HS683 cells were inoculated subcutaneously into 5-6 weeks old male nude mice. Tumor volume was measured as 0.5×length×width2. To establish the orthotopic model, 5×105 U87MG cells stably transduced with luciferase-expressing lentivirus were intracranially injected into 5-6 weeks old male nude mice. Tumor growth was monitored using in vivo bioluminescence imaging. The mice were euthanized when they appeared moribund, and the brains were perfused with 4% paraformaldehyde and embedded in paraffin. All animal experiments were conducted as per the guidelines of the Animal Welfare Ethical Review Committee of Guizhou Medical University.



Immunohistochemistry (IHC)

The in-situ expression of PRL1, USP36 and Snail2 in human glioma tissues and mouse xenografts were detected by IHC as previously described (36).



Statistical Analysis

Data was expressed as mean ± standard error of the mean. One-way analysis of variance (ANOVA) was used to compare multiple groups and two tailed student’s t-tests was used for two-group comparisons. The relationship between PRL1 levels and Snail2 expression was analyzed by Pearson’s correlation analysis. Survival of patients and tumor-bearing mice were analyzed by the Kaplan–Meier method by GraphPad Prism 7 software. SPSS 24.0 was used for all statistical analyses. p < 0.05 was considered statistically significant.




Results


PRL1 Is Overexpressed in GBM Tissues and Cell Lines

PRL1 expression levels were first analyzed in 163 GBM tissues and 207 NBTs using GEPIA (http://gepia.cancer-pku.cn/). As shown in Figure 1A, PRL1 was significantly upregulated in the GBM specimens compared to NBTs. To determine whether PRL1 plays a role in the invasiveness and progression of GBM, we analyzed PRL1 protein levels in 10 NBTs and 26 grade IV GBM samples using Western blot, and detected markedly high levels in the tumors in a subset of NBT/GBM tissues (Figure 1B). In a cohort of 62 glioma specimens, PRL1 protein expression levels were strongly correlated with the clinical grading (Figures 1C–E). Consistent with these findings, PRL1 protein was also found significantly upregulated in multiple GBM cell lines (U87MG, U251, LN229 and T98G) compared to the normal human astrocytes (NHAs) and grade III glioma cell lines (HS683 and SW1783) (Figure 1F). Taken together, these data suggest that PRL1 likely plays an oncogenic role in GBM.




Figure 1 | PRL1 is overexpressed in GBM tissues and cell lines. (A) PRL1 expression levels analyzed using GEPIA database. (B) Immunoblot showing PRL1 protein levels in randomly selected 4 NBTs and 8 GBM samples. Lower panel, quantification of immunoblot results. (C) Immunoblot showing PRL1 protein levels in glioma tissues of different clinical grades. (D) Quantification results of (C). (E) Representative images of glioma tissues (grade I-IV) showing in situ PRL1 protein expression. (F) Immunoblot showing PRL1 protein levels in NHA and six glioma cell lines. The lower panel is quantification results. *p < 0.05; **p < 0.01; ***p < 0.001.





PRL1 Increased Glioma Cell Invasion, Migration and Tumor Formation by Promoting EMT

PRL1 plays a vital role in the invasion and metastasis of various tumors (18). To determine whether PRL1 overexpression in glioma is correlated to their invasiveness and migration ability, we were successful in ectopically expressing this protein in HS683 and SW1783 cells (Supplementary Figure S1A). We found that overexpression of PRL1 significantly enhanced their invasion through Matrigel (Figures 2A, B), and increased in vitro migration and wound coverage (Figures 2C, D). EMT is a known driver of cancer cell invasion and migration, and is characterized by the upregulation of epithelial markers and downregulation of mesenchymal proteins (37). We found that overexpression of PRL1 significantly increased N-cadherin and Vimentin levels, and decreased the level of E-cadherin (Figure 2E and Supplementary Figure S1B). Furthermore, the HS683 cells overexpressing PRL1 significantly increased the number of colonies compared to the control cells (Supplementary Figure S1C). Consistent with these in vitro findings, PRL1-overexpressing HS683 cells grew more rapidly in nude mice and formed significantly larger tumors compared to the control cells (Figures 2F–H). Furthermore, PRL1 overexpression increased the levels of N-cadherin and Vimentin, and decreased that of E-cadherin in the tumor sections (Figures 2I, J). Taken together, these data indicate that PRL1 may promote the invasion, migration and tumorigenesis of glioma cells by accelerating EMT.




Figure 2 | PRL1 promotes glioma cell invasion, migration and tumor formation by raising EMT. (A) Representative images of transwell invasion assay of HS683 and SW1783 cells transduced with PRL1 or empty vector. (B) Number of invading cells in the indicated groups. (C) Representative images showing in vitro wound coverage by HS683 and SW1783 cells transduced with PRL1 or empty vector. (D) Wound coverage area in the indicated groups. (E) Immunoblot showing the levels of EMT-associated proteins in HS683 and SW1783 cells transfected with PRL1 or empty vector. (F) Growth curve of subcutaneous tumor xenografts derived from HS683 cells stably transduced with PRL1 or empty vector. n =13 each group. (G) Representative images of subcutaneous xenograft tumor. (H) Xenografted tumor weight in the indicated groups. n =13 each group. (I) Representative images of subcutaneous xenograft tissues showing in situ expression of PRL1, N-cadherin, Vimentin and E-cadherin. (J) Representative immunofluorescence images of subcutaneous xenograft tissues showing in situ expression and colocalized signals of PRL1, N-cadherin, Vimentin and E-cadherin. *p < 0.05; **p < 0.01; ***p < 0.001.





PRL1 Knockdown in GBM Cells Blocked EMT and Inhibited the Malignant Phenotype

To further explore the mechanistic role of PRL1 in regulating GBM cell invasion and migration, we knocked down PRL1 in U87MG and U251 cells using multiple small hairpin interference RNA sequences (shRNAs, Figure 3A). PRL1 silencing significantly decreased N-cadherin and Vimentin levels, and increased that of E-cadherin (Figure 3A and Supplementary Figure S2A). The transwell-Matrigel invasion assay (Figures 3B, C) and wound healing assay (Figures 3D, E) further confirmed that PRL1 knockdown significantly reduced the invasiveness and migration capacity of the glioma cells respectively. Knocking down PRL1 also markedly reduced the number of colonies formed by the U87MG cells (Supplementary Figure S2B). To further assess the effect of PRL1 downregulation in vivo, luciferase-expressing U87MG cells were transfected with a lentiviral vector containing shRNA against PRL1 (shPRL1) or scrambled control sequence (shCtrl) and intracranially injected into nude mice. Compared to the control group, knocking down PRL1 significantly inhibited tumor growth (Figures 3F–H) and prolonged the survival of tumor-bearing mice (Figure 3I). Furthermore, in-situ N-cadherin and Vimentin expression levels were markedly lower, and E-cadherin was upregulated in the PRL1-knockdown xenografts compared to the control (Figures 3J, K). These results strongly suggest that loss of PRL1 may impair EMT in glioma cells.




Figure 3 | Knockdown of PRL1 blocks EMT in GBM cells and inhibits the malignant potential. (A) Immunoblot showing PRL1 EMT-associated protein levels in U87MG and U251 cells transduced with two small hairpin interference RNA constructs (shPRL1#1, shPRL1#2) or scrambled control vector (shCtrl). (B) Representative images of transwell invasion assay of U87MG and U251 cells transduced with shPRL1#1, shPRL1#2 or shCtrl. (C) Quantification of the numbers of invading cells in the indicated groups. (D) Wound coverage area in the indicated groups. (E) Representative photomicrograph of wound coverage area in the indicated groups in two cell lines. (F) Representative in vivo bioluminescent images of intracranial GBM xenografts derived from U87MG cells transduced with shPRL1#1, shPRL1#2 or shCtrl. Colored scale bars represent photons/s/cm2/steradian. n = 6 each group. (G) Bioluminescence was quantified in tumors from three groups. (H) Representative images of HE-stained intracranial xenografts. (I) Kaplan–Meier survival curves of tumor-bearing mice in the indicated groups. (J) Representative images of subcutaneous xenograft tissues showing in-situ expression of PRL1, N-cadherin, Vimentin and E-cadherin. (K) Representative fluorescent images of subcutaneous xenograft tissues showing in situ expression and colocalization of PRL1, N-cadherin, Vimentin and E-cadherin. **p < 0.01; ***p < 0.001.





PRL1 Knockdown Increased Snail2 Polyubiquitination and Proteasomal Degradation

EMT is regulated at the molecular level by several transcription factors such as Snail1, Snail2, Twist1, Twist2, ZEB1 and β-catenin (38). As shown in Figure 4A and Supplementary Figure S3A, we found that only Snail2 levels were markedly decreased in the PRL1-kncokdown U87MG and U251 cells lines, whereas the other EMT-related transcription factors were unaffected. As such, we hypothesized that PRL1 regulates EMT in the GBM cells by activating Snail2. However, no significant differences were seen in the levels of Snail2 mRNA (Figures 4B, C) between the control and PRL1-kncokdown cells in both U87MG and U251 lines, which suggests that PRL1 does not likely regulate Snail2 at the transcriptional level. We next treated PRL1-knockdown or shCtrl U87MG and U251 cells with the proteasome inhibitor MG132, and found that the latter restored the levels of Snail2 protein in cells lacking PRL1 (Figures 4D, E - quantifications).




Figure 4 | PRL1 depletion increases Snail2 polyubiquitination and proteasomal degradation. (A) Representative immunoblot showing PRL1, Snail1, Snail2, Twist1, Twist2, ZEB1 and β-catenin levels in U87MG and U251 cells transduced with shPRL1#1, shPRL1#2 or shCtrl. (B, C) Quantification of PRL1 and Snail2 mRNA levels in U87MG (B) and U251 (C) cells transduced with shPRL1#1, shPRL1#2 or shCtrl. (D) Immunoblot showing PRL1 and Snail2 levels in U87MG and U251 cells transduced with shPRL1#1 or shCtrl in the presence or absence of MG132 (20 μM). (E) Quantification of results in (D). (F) Half-life of Snail2 protein in U87MG and U251 transduced with shPRL1#1 or shCtrl and treated with cycloheximide (100 µg/mL) for varying durations. Quantifications of Snail2 expression normalized to β-actin are plotted, with two-way ANOVA and Sidak’s multiple comparison post hoc tests. (G) Immunoblot showing ubiquitin-conjugated His-Snail2 pulled down from control or PRL1-silenced U87MG and U251 cells co-transfected with HA-tagged ubiquitin and His-tagged Snail2. *p < 0.05; **p < 0.01; ***p < 0.001; n.s., not significant.



To further ascertain whether PRL1 affects the stability of Snail2 protein, we treated the control and PRL1-knockdown U87MG/U251 cells with the protein synthesis inhibitor cycloheximide (CHX, 100µg/ml). As shown in Figure 4F and Supplementary Figure S3B, the half-life of Snail2 was significantly shortened in cells lacking PRL1, indicating that loss of PRL1 may accelerate the degradation of Snail2. Indeed, the combination of PRL1 knockdown and CHX treatment rapidly decreased Snail2 protein levels (Figure 4F). It has been previously shown that the ubiquitin proteasome system (UPS) controls the degradation and turnover of multiple target proteins including those of the Snail family (1, 39). To determine whether PRL1 mediates Snail2 proteolysis via the UPS pathway, we co-transfected the PRL1-knockdown or control GBM cells with plasmids encoding HA-tagged ubiquitin and His-tagged Snail2, and treated them with 20 μM MG132. Silencing PRL1 in both U87MG and U251 cells significantly decreased Snail2 protein levels and enhanced its ubiquitination compared to control cells (Figure 4G and Supplementary Figure S3C). Taken together, these findings indicate that PRL1 stabilizes Snail2 in GBM cells through polyubiquitination and targeted proteasome degradation.



PRL1 Stabilizes Snail2 by Activating USP36

Deubiquitinating enzymes (DUBs) are a broad group of proteases that directly remove ubiquitin groups from proteins, thereby regulating ubiquitin-dependent signaling pathways (30, 39). To identify potential DUBs involved in Snail2 protein degradation, we silenced the existing 98 DUBs in HEK293T cells using the DUB siGENOME RTF library siRNAs. Knocking down USP3, USP20, USP36, USP50 and USP52 significantly reduced Snail2 protein levels by more than 2-fold (Figure 5A and Supplementary Figure S4). However, only USP36 mRNA levels were significantly downregulated in the PRL1-knockdown cells (Figure 5B) and conversely upregulated in the PRL1-overexpressing cells (Figure 5C), whereas the other DUB mRNAs were unaltered in either conditions. Previous studies have shown that USP5, USP10 and USP20 can stabilize Snail2 expression levels in various solid tumors (26, 39, 40). In contrast, USP5 and USP10 mRNA levels were unaffected by changes in PRL1 expression (Supplementary Figures S5A, B). Based on these results, we hypothesized that PRL1 protects Snail2 from ubiquitin-mediated degradation by activating USP36. We transfected HEK293T cells with Flag-tagged wild-type (WT) or the catalytically-inactive C131A mutant USP36, and found that overexpression of USP36-WT, but not USP36-C131A, elevated Snail2 protein in a dose-dependent manner (Figures 5D, E). Furthermore, USP36 depletion significantly decreased Snail2 protein levels in the U87MG and U251 cells, which was restored by overexpression of USP36-WT but not USP36-C131A (Figures 5F, G). To determine whether USP36 directly interacts with Snail2, HEK293T cells were co-transfected with Flag-tagged USP36-WT or USP36-C131A along with His-tagged Snail2. Co-immunoprecipitation (Co-IP) confirmed that both wild type and mutant USP36 bound to Snail2 (Figure 5H), indicating that the DUB activity of USP36 was independent of its interaction with Snail2. Furthermore, Co-IP also demonstrated a direct physical interaction between endogenous USP36 and Snail2 proteins in U87MG and U251 cells (Figures 5I, J). Taken together, these data suggest that PRL1 stabilizes Snail2 protein in GBM cells by activating USP36.




Figure 5 | PRL1 stabilizes Snail2 by activating USP36. (A) Quantification of immunoblot results showing Snail2 protein levels in HEK293T cells transfected with siRNA targeting multiple DUB genes. (B, C) Quantification of USP36 mRNA levels in HEK293T cells with PRL1 knockdown (B) or overexpression (C). (D) Immunoblot showing Snail2 protein levels in HEK293T cells transfected with USP36 wild-type (WT) or USP36 C131A. (E) Quantification of (D) Immunoblot showing Snail2 protein levels in U87MG and U251 cells co-transfected with Flag-USP36 WT or Flag-USP36 C131A with shUSP36. (F) USP36 depletion significantly decreased Snail2 protein levels in the U87MG and U251 cells, which was restored by overexpression of USP36-WT but not USP36-C131A. (G) Quantification of (F). (H) Immunoblot showing Snail2-USP36 complexes precipitated by anti-Flag from HEK293T cells transfected with His-Snail2 with or without Flag-USP36 WT or Flag-USP36 C131A. (I, J) Reciprocal co-immunoprecipitation of endogenous USP36 and Snail2 in U87MG (I) and U251 (J) cells. *p < 0.05; **p < 0.01; ***p < 0.001, n.s., not significant.





USP36 Stabilizes Snail2 Through Deubiquitination

To determine whether USP36 directly deubiquitinates Snail2, we co-transfected HEK293T cells with His-Snail2, HA-ubiquitin and Flag-USP36 (WT or C131A). IP of MG132-treated cells with the anti-Snail2 antibody indicated heavy ubiquitination of Snail2, which was near completely abolished by overexpression of USP36-WT but not USP36-C131A (Figure 6A). On the other hand, knocking down USP36 significantly increased Snail2 polyubiquitylation in U87MG and U251 cells (Figure 6B). Lys48- or Lys63-linked chains are the two major forms of polyubiquitin chains. Lys48-linked ubiquitin chains serve as the main targeting signals for the proteasome, whereas lys63-linked ubiquitin chains are involved in the endosomal/lysosomal-dependent degradation pathway (41, 42). We found that overexpression of USP36 effectively disassembled Lys48-linked polyubiquitylation of Snail2 in U87MG and U251 cells, but had no significant effect on Lys63-linked polyubiquitylation (Figures 6C, D). In addition, forced expression of a Lys48-resistant (Lys48R) form of ubiquitin in USP36-knockdown U87MG and U251 cells restored Snail2 levels (Figures 6E, F). Taken together, Lys48-linked polyubiquitination plays a vital role in USP36-mediated de-ubiquitination of Snail2.




Figure 6 | USP36 stabilizes Snail2 through deubiquitination. (A) Immunoblot showing Snail2 levels in HEK293T cells transfected with His-Snail2, HA-Ub and Flag-USP36-WT or Flag-USP36-C131A in the presence 20 μM MG132. Right panel, quantification results. (B) Immunoblot showing Snail2-Ub complexes precipitated by anti-His and probed with anit-HA, Snail2 and USP36 antibodies from GBM cells transfected with HA-Ub and shCtrl or sh-USP36. Right panel, quantification. (C, D) Snail2 ubiquitylation linkage in U87MG (C) and U251 (D) cells co-transfected with His-Snail2, Flag-USP36 and HA-Ub Lys0, Lys48-only, or Lys63-only plasmids. Right panel, quantification. (E, F) Immunoblot showing Snail2 levels in U87MG (E) and U251 (F) cells co-transfected with Ub-WT or Ub-Lys48R and shCtrl or shUSP36, with quantifications on right panel. **p < 0.01; ***p < 0.001.





The Oncogenic Function of PRL1 in GBM Cells Is Mediated by Snail2

To further clarify the role of Snail2 in PRL1-induced GBM progression, Snail2 was overexpressed in U87MG and U251 cells co-transfected with shPRL1. As shown in Figure 7A and Supplementary Figure S6A, Snail2 overexpression reversed changes in EMT biomarkers induced by PRL1 knockdown. Furthermore, the inhibitory effects of PRL1 silencing on in vitro invasion (Figures 7B, C) and migration (Figures 7D, E) of the GBM cell lines were also abrogated by the overexpression of Snail2. Moreover, the suppressive effect of PRL1 depletion on proliferation of U87MG cells could be largely rescued by Snail2 (Supplementary Figure S6B). Consistent with these observations, the loss of in vivo tumorigenicity of PRL1-knockdown cells was recovered in the presence of ectopic Snail2, as measured in terms of orthotopic xenograft growth (Figures 7F–H) and the survival of tumor-bearing mice (Figure 7I). Finally, N-cadherin and Vimentin proteins were upregulated, while E-cadherin was downregulated in tumors overexpressing Snail2 in the absence of endogenous PRL1 (Figure 7J). Taken together, these data suggest that Snail2 is a key mediator of the oncogenic effects of PRL1 in GBM.




Figure 7 | Snail2 mediates the oncogenic effects of PRL1 in GBM. (A) Immunoblot showing expression levels of PRL1, Snail2 and EMT-related proteins in U87MG and U251 cells co-transfected with shPRL1#1/shCtrl or Snail2/control vector. (B) Representative images of transwell invasion assay of U87MG and U251 cells transduced with shPRL1#1 and Snail2 or empty vector. (C) Number of invading cells in the indicated groups. (D) Representative images of wound coverage by U87MG and U251 cells transduced with shPRL1#1 and Snail2 or empty vector. (E) Quantification of (D) wound coverage area in the indicated groups. (F) Representative in vivo bioluminescent images of intracranial GBM xenografts derived from U87MG cells transduced with shPRL1#1 and Snail2 or empty vector. n = 6 each group. (G) Bioluminescence was quantified in tumors from three groups at 14 and 28 days post xenograft inoculation. (H) Representative images of HE-stained intracranial xenografts from the indicated groups. (I) Kaplan–Meier survival analysis of tumor-bearing mice in the indicated groups. (J) Representative images of orthotopic xenograft tissues showing in-situ expression of PRL1, N-cadherin, Vimentin and E-cadherin. **p < 0.01; ***p < 0.001.





PRL1 Is Positively Correlated With Snail2 and Predicts Poor Outcome of GBM

To assess the clinical relevance of our findings, 26 glioblastoma patients’ specimens were immune-stained for PRL1, USP36 and Snail2. There was a strong positive correlation between the in situ expression levels of PRL1, USP36 and Snail2 in these tissues (Figures 8A–C), which was further corroborated by analyzing the total protein extracts of 26 freshly collected GBM tissue samples (Figures 8D, E and Supplementary Figure S7). In addition, Kaplan-Meier survival analysis indicated that patients with high expression of PRL1 (n = 13) had worse disease-free and overall survival compared to the PRL1low group (n = 13) (Figures 8F, G). These results confirm the clinical relevance of the PRL1/USP36/Snail2 axis, and establish PRL1 as a potential prognostic marker for GBM patients.




Figure 8 | PRL1 is positively correlated with Snail2 and predicts poor outcome of GBM. (A) Representative images of glioma tissues showing in situ expression of PRL1, USP36 and Snail2 proteins in two human GBM cases. (B, C) Relative levels of USP36 (B) and Snail2 (C) proteins in 13 PRL1high and 13 PRL1low GBM specimens. (D) Immunoblot showing PRL1 and Snail2 levels in 12 freshly collected clinical GBM tissue samples. (E) Spearman correlation analysis between PRL1 and Snail2 levels in 26 GBM tissue samples. (F, G) Kaplan-Meier curves showing progression-free (F) and overall (G) survival of GBM patients with high (n = 13) or low (n = 13) PRL1 expression. **p < 0.01; ***p < 0.001; ****p < 0.0001.






Discussion

The high invasiveness of glioma cells is one of the major factors responsible for the poor prognosis of GBM, although the underlying mechanisms governing tissue invasion and tumorigenesis are not completely understood (2, 3, 43). PRL1 plays a vital role in the invasion and dissemination of hepatocellular, gastric, ovarian, colon and lung cancers (44). However, its function in glioblastoma invasion and tumorigenesis is largely unknown.

We found that PRL1 was significantly upregulated in GBM issues and cell lines compared to the normal brain tissues and astrocytes respectively, and the overexpression of PRL1 correlated with higher tumor grade and worse prognosis. Ectopic expression of PRL1 in glioma cells significantly increased their tumorigenicity in vitro and in vivo, suggesting an oncogenic function. Specifically, gain of function of PRL1 in glioma cell lines facilitated EMT, characterized by the upregulation of N-cadherin and Vimentin, and reduction of E-cadherin levels. Conversely, knockdown of PRL1 suppressed GBM cell invasion in vitro and tumorigenesis in vivo, which indicates that PRL1 as a potential therapeutic target.

Previous studies have shown that the EMT-related transcription factor Snail2 is dysregulated in multiple cancers (40, 45). Snail2 is upregulated during EMT (46) and itself downregulates E-cadherin in lung carcinoma and hepatocellular carcinoma, which induces a mesenchymal phenotype and facilitates tumor cell metastasis (47, 48). The Snail family of proteins can be rapidly degraded by the E3 ubiquitin ligases and proteasomes (27) in response to cellular stresses such as hypoxia, chemotherapeutic drugs, oxidative stress or irradiation (49). As a phosphatase, PRL1 plays a key role in signal transduction pathways that activate downstream transcription factors by regulating the phosphorylation levels of growth factors (17). We therefore hypothesized that PRL1 is functionally coupled with and capable of modulating Snail2 function. Our findings show for the first time that the loss of function of PRL1 facilitates Snail2 polyubiquitination and proteasomal degradation, resulting in the reversal of key molecular signatures associated with PRL1-induced EMT. Thus, PRL1 stabilizes Snail2 by blocking proteolysis, which is crucial for its oncogenic activity in GBM.

Protein ubiquitination is dynamically regulated by ubiquitin ligases and deubiquitinases (50). The latter isolates ubiquitin from substrates and terminate ubiquitin-dependent signaling (51). We tested five DUBs in glioma cells that may be involved in regulating Snail2 degradation, of which only USP36 was affected by PRL1 overexpression or knockdown. USP36 regulates various cellular events by deubiquitinating target proteins such as c-myc and H2B (31, 52). We found that USP36 suppressed the polyubiquitination and proteasomal degradation of Snail2 by directly removing ubiquitin conjugates. In contrast, knocking down USP36 promoted Snail2 proteolysis via polyubiquitination. These results indicate that the oncogenic effects of PRL1 in GBM is mediated via USP36-dependent stabilization of Snail2, which is consistent with our observation that Snail2 overexpression completely reverses the impact of PRL1 knockdown.

Based on our observations, PRL1 expression may have significant value as an indicator of unfavorable progression for glioblastoma patients. We provide compelling evidence that decreased expression of PRL1 inhibits cell invasion and tumorigenesis effects on EMT mediated via changes in USP36-mediated Snail2 stability. Our studies indicated that a strong positive correlation between the expression levels of PRL1, USP36 and Snail2 in GBM tissues, and patients with high expression of PRL1 had worse disease-free and overall survival. These results substantiate the clinical relevance of the PRL1/USP36/Snail2 axis, and establish PRL1 as a potential prognostic marker for GBM patients.

In conclusion, our studies reveal that PRL1 promotes GBM invasion, migration and progression by activating USP36-mediated Snail2 deubiquitination. This novel PRL1/USP36/Snail2 axis plays a critical role as the underlying mechanisms of GBM progression, and may be a potential therapeutic target.
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Supplementary Figure 1 | (A) Immunoblot showing PRL1 levels in HS683 and SW1783 cells transduced with PRL1 or empty vector. (B) The quantification of EMT-associated proteins in HS683 and SW1783 cells transfected with PRL1 or empty vector. (C) Number of colonies formed by HS683 cells transfected with empty vector or PRL1. **p < 0.01; ***p < 0.001.

Supplementary Figure 2 | (A) Quantification of protein levels in U87MG and U251 cells transduced with shPRL1#1, shPRL1#2 or shCtrl. (B) Number of colonies formed by U87MG cells transfected with shPRL1#1, shPRL1#2 or shCtrl. **p < 0.01; ***p < 0.001.

Supplementary Figure 3 | (A) Quantification of protein levels in U87MG and U251 cells transduced with shPRL1#1, shPRL1#2 or shCtrl. (B) Quantification of PRL1 protein level in U87MG and U251 cells transduced with shPRL1#1 or shCtrl. (C) Relative expression of HA-Ub to total His-Snail2. **p < 0.01; ***p < 0.001.


Supplementary Figure 4 | Immunoblot showing Snail2 levels in HEK293T cells transfected with siRNAs screened from the DUB siRNA library targeting multiple DUB genes.


Supplementary Figure 5 | (A) USP5 and USP10 mRNA levels in HEK293T cells with PRL1 knockdown. (B) USP5 and USP10 mRNA levels in HEK293T cells overexpressing PRL1. **p < 0.01.


Supplementary Figure 6 | (A) Quantification of PRL1, Snail2 and EMT-related proteins levels in U87MG and U251 cells co-transfected with shPRL1#1/shCtrl or Snail2/control vector. (B) Number of colonies formed by U87MG cells transduced with shPRL1#1 and Snail2 or empty vector. (C, D) Related to Figure 3F and Figure 7F. Mice with xenografts of different GBM cells do not differ in their body weights. **p < 0.01; ***p < 0.001; n.s., not significant.


Supplementary Figure 7 | Quantification of PRL1 and Snail2 levels in 12 freshly collected clinical GBM tissue samples.
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Background

To evaluate the prognostic value of serum inflammatory biomarkers and develop a risk stratification model for high-grade glioma (HGG) patients based on clinical, laboratory, radiological, and pathological factors.



Materials and Methods

A retrospective study of 199 patients with HGG was conducted. Patients were divided into a training cohort (n = 120) and a validation cohort (n = 79). The effects of potential associated factors on the overall survival (OS) time were investigated and the benefits of serum inflammatory biomarkers in improving predictive performance was assessed. Univariable and multivariable Cox regression analyses, the least absolute shrinkage and selection operator (LASSO) regression analysis, and support vector machines (SVM) were used to select variables for the final nomogram model.



Results

After multivariable Cox, LASSO, and SVM analysis, in addition to 3 other clinico-pathologic factors, platelet-to-lymphocyte ratio (PLR) >144.4 (hazard ratio [HR], 2.05; 95% confidence interval [CI], 1.25–3.38; P = 0.005) were left for constructing the predictive model. The model with PLR exhibited a better predictive performance than that without them in both cohorts. The nomogram based on the model showed an excellent ability of discrimination in the entire cohort (C-index, 0.747; 95%CI, 0.706–0.788). The calibration curves showed good consistency between the predicted and observed survival probability.



Conclusion

Our study confirmed the prognostic value of serum inflammatory biomarkers including PLR and established a comprehensive scoring system for the OS prediction in HGG patients.





Keywords: serum inflammatory biomarker, LASSO, nomogram, prognosis, glioma, SVM



Introduction

High-grade glioma (HGG), such as World Health Organization (WHO) grade III and IV, is the most common type of intracranial malignant tumor. The inherent high heterogeneity of HGG contributes to poor therapeutic efficacy as the dominant factor, resulting to the high mortality rates and rapid progression. The median survival time of grade IV patients is only 15 months (1–3). In addition, in clinical practice, the overall survival (OS) for HGG patients who receive the same treatment may differ significantly at the individual level (4). Therefore, summarizing the different characteristics and identifying effective prognostic factors based on retrospective reviews could stratify the patients for personalized follow-up regimen development and further individualized management improvement of prognosis. Clinically, adequate and reliable prognosis prediction for HGG patients is urgently need but remains challenging.

Inflammation plays a crucial role in tumor microenvironment and tumor progression, namely, glioma. Therefore, inflammatory biomarkers, such as neutrophil-to-lymphocyte ratio (NLR), platelet-to-lymphocyte ratio (PLR), lymphocyte–monocyte ratio (LMR), lactate dehydrogenase (LDH), may not only reflect inflammation status but also indicate glioma progression. Currently, many factors including serum inflammatory factors, have been identified as effective prognostic factors in HGG (5–8). However, the predictive value of serum inflammatory biomarkers in glioma prognosis remains controversial (9). Therefore, the role of serum inflammatory biomarkers needs to be further investigated due to the controversial results. In addition, considering the high heterogeneity of HGG, a single risk factor may be limited in precisely and effectively predicting prognosis. A multivariable model by comprehensively integrating the clinical, laboratory, and pathological risk factors may be more effective and reliable for prognosis prediction.

Hence, our study aims to investigate the predictive value of serum inflammatory biomarkers in HGG, and further develop and validate a risk stratification model for HGG based on risk factors extracted from clinical, laboratory, radiological, and pathological information.



Materials and Method


Study Population

The medical records of 199 patients diagnosed as HGG who underwent surgery for tumor resection at the First Affiliated Hospital of Fujian Medical University between January 2015 and January 2020 were retrospectively reviewed. Patients were divided into two cohorts: the training cohort (n = 120) and the validation cohort (n = 79). It was approved by the ethics committee of the First Affiliated Hospital of Fujian Medical University and conformed to the ethical guidelines of the Declaration of Helsinki (ethical number: MRCTA, ECFAH of FMU [2020]005). The requirement of informed consent was waived due to its retrospective design.

The eligibility criteria for inclusion were: (1) Diagnosis of HGG was confirmed by pathological examination; (2) full data of preoperative routine blood test (i.e., serum LDH level, neutrophil, monocyte, and lymphocyte counts) were available; (3) no history of surgical treatment, chemotherapy, or radiotherapy before admission; (4) no hematological system disorder, other neurological diseases, impaired liver function, or other systemic diseases.



Data Collection

The clinical information, namely, age, sex, preoperative Karnofsky performance status (KPS), comorbid condition, treatment regimens (concurrent chemoradiotherapy, CCRT), and preoperative serum routine tests, namely, white blood cell, neutrophil, monocyte, lymphocyte, and platelet counts and LDH level were extracted from medical records. Based on preoperative magnetic resonance imaging (MRI), features of tumor consist of tumor size, location, and peritumoral edema diameter were also included in our analysis. Parameters in the MRI were independently evaluated by two neuroradiologists who were blind to the patient information. In addition, pathological and immunohistochemical information including grade (III or IV), isocitrate dehydrogenase (IDH) mutation, and Ki-67 index (<10% or ≥10%) were collected for analysis. In addition to LDH, other serum inflammatory markers including NLR, PLR, and LMR were defined as follows. NLR = neutrophil/lymphocyte, PLR = platelet/lymphocyte, LMR = lymphocyte/monocyte. OS time was defined as the interval from operation to death. Patients were censored in those who did not die at the end of follow-up.

Using the receiver operating characteristic (ROC) curve analysis based on the OS rate, the cut-off values of the several serum inflammatory biomarkers were determined: NLR = 2.31, PLR = 144.4, LMR = 4.47, and LDH = 171 U/L. Patients were subsequently divided into two groups based on the cut-off values.



Build-Up of Models and Establishment of Nomogram

To determine the value of serum inflammatory biomarkers in prognosis prediction, two models were produced and compared for the selection of final model. ModelA consisted of all independent risk factors without serum inflammatory biomarkers, while ModelB consisted of all independent risk factors such as serum inflammatory biomarkers. After comparing the predictive performance and clinical utility in both training and validation cohort, the better model was selected as the final model to establish a nomogram in the entire cohort.



Statistical Analysis

Continuous variables were presented as mean ± standard deviation for 2-sample t-test as they fitted normal distribution. The other continuous variables were presented as median (range) and analyzed by non-parametric test. Categorical data were described as frequency (percentage) and compared by Pearson χ2 test or Fisher exact test. The optimal cut-off values of NLR, PLR, LMR, and LDH for OS prediction were determined by ROC curve analysis.

The univariable and multivariable Cox proportional hazards regression models were applied to evaluate the prognostic significance of variables. Those variables with P <0.10 in univariable analysis were further analyzed by multivariable analysis. After that, the least absolute shrinkage and selection operator (LASSO) regression analysis and support vector machines (SVM) was used to select the possible variables for the model. Time-dependent ROC curve was applied to assess the accuracy and effectiveness of predictive models at different time points. Decision curve analyses (DCA), Integrated Discrimination Improvements (IDI), and Net Reclassification Index (NRI) were performed to evaluate and compare the clinical usage of different models. After comparing the performance of different models, the final model based on all the possible prognostic factors was used to construct a nomogram to predict the probability of survival at 1, 2, and 3 years. The performance of the nomogram was evaluated by Harrell’s concordance index (C-index), DCA, ROC, and the calibration curves.

All statistical analyses were performed using SPSS 17.0 statistical software (SPSS, Inc., Chicago, Illinois, USA) and R statistical software (R version 4.0.3, R Project, www.r-project.org). All statistical tests were two-sided and P <0.05 was considered as statistically significant.




Results


Patient Characteristics

The baseline clinical, laboratory, and pathological characteristics of the two cohorts are presented in Table 1. The proportion of death (P = 0.146) showed gratifying similarity between the two cohorts. The median OS time of training cohort and validation cohort was similar, 14.50 (10.00–23.00) months vs 14.00 (8.00–19.00) months, P = 0.293. In addition, the clinical parameters, laboratory data, tumor features, surgical factors, and pathological parameters showed no significant difference between the two cohorts. Overall, the selected parameters in the two cohorts showed high homogeneity and comparability, revealing that the collection of data were reliable with high quality.


Table 1 | Characteristics of patients in the training and validation cohorts.





Prognostic Factors of OS in the Training Cohort

The ROC curve analysis showed that NLR = 2.31, PLR = 144.4, LMR = 4.47, and LDH = 171 U/L were the optimal cut-off values (Table 2). Based on the optimal cut-off values, the area under curve (AUC) of NLR, PLR, LMR, and LDH were 0.637 (95% confidence interval [CI], 0.544–0.723), 0.624 (95%CI, 0.531–0.711), 0.616 (95%CI, 0.523–0.703), and 0.601 (95%CI, 0.508–0.690), respectively; the sensitivity of NLR, PLR, LMR, and LDH were 69.86, 54.79, 56.16, and 61.64%, respectively, and the specificity of NLR, PLR, LMR, and LDH were 59.57, 74.47, 65.86, and 59.57%, respectively.


Table 2 | The cut-off value and area under the curve of the serum inflammatory biomarkers.



The univariable analysis showed that Age ≥60 years (HR, 2.12; 95%CI, 1.27–3.53; P = 0.007), NLR >2.31(HR, 2.14; 95%CI, 1.29–3.53; P = 0.003), PLR >144.4 (HR, 2.51; 95%CI, 1.56–4.03; P <0.001), LMR ≤4.47 (HR, 1.79; 95%CI, 1.12–2.84; P = 0.014), LDH >171 U/L (HR, 2.20; 95%CI, 1.37–3.55; P = 0.001), tumor crossing midline (HR, 1.60; 95%CI, 0.98–2.60; P = 0.061), WHO IV grade (HR, 5.31; 95%CI, 2.69–10.47; P <0.001), and Ki-67 ≥10% (HR, 3.88; 95%CI, 1.97–7.63; P <0.001) were associated with decreased OS time (Table 3). In contrast, high KPS score (HR, 0.96; 95%CI, 0.94–0.98; P <0.001), IDH mutant (HR, 0.29; 95%CI, 0.15–0.56; P <0.001), and CCRT (HR, 0.42; 95%CI, 0.25–0.70; P = 0.001) were significantly associated with increased OS time. In multivariable analysis, PLR >144.4 (HR, 2.05; 95%CI, 1.25–3.38; P = 0.005), LDH >171 U/L (HR, 1.82; 95%CI, 1.11–2.99; P = 0.017), WHO IV grade (HR, 6.20; 95%CI, 2.93–13.13; P <0.001), and Ki-67 ≥10% (HR, 3.08; 95%CI, 1.52–6.23; P <0.001) were independently associated with decreased OS time (Table 3). On the contrary, high KPS score (HR, 0.96; 95%CI, 0.93–0.98; P = 0.001), IDH mutant (HR, 0.46; 95%CI, 0.23–0.91; P = 0.026), and CCRT (HR, 0.29; 95%CI, 0.16–0.52; P <0.001) were independently associated with improved OS time.


Table 3 | Univariable and multivariable analysis of OS in the training cohort.





Comparison Between Models With or Without Inflammatory Biomarkers in the Training and Validation Cohorts

The Lasso regression model and SVM was used together to further identify prognostic factors for the OS (Figures 1A, B). In the Lasso regression analysis, the optimal λ value of 0.11 was selected (one standard error of the minimum criteria) and resulted in 7 non-zero coefficients (Figure 1A). In the SVM, the model consists of top 4 variables (rankings: WHO grade, KI-67 index, IDH mutation, and PLR) almost reach the lowest value of Root Mean Square Error (0.4131) based on 10-fold cross-validation. Thus, combined with the results of Lasso regression analysis and SVM, 4 variables were left after screening. Based on the 4 independent prognostic factors, we established two models: ModelA, consisting of WHO grade, KI-67 index, IDH mutation; and ModelB, consisting of WHO grade, KI-67 index, IDH mutation, and PLR.




Figure 1 | Least absolute shrinkage and selection operator (LASSO) regression analysis and support vector machines (SVM) was applied to further identify prognostic factors in the training cohort. (A) LASSO regression analysis showed that the 7 variables were all left in the LASSO model based on the partial likelihood deviance vs log (λ). The right dotted vertical line was drawn at the optimal value of λ by one standard error of the minimum criteria. (B) SVM showed that the model consists of the top 4 variables almost reached the lowest value of Root Mean Square Error (RMSE) based on 10-fold cross-validation. The blue curve represents the different value of RMSE based on models consists of different variables. Lower values of RMSE represents better consistency between prediction and actuality.



The clinical usage was evaluated by DCA, IDI, and NRI: the 1-, 2-, and 3-year DCA curves in the training cohort and validation cohort for the two prediction models showed that the maximum net benefit of ModelB was better than ModelA (Figure 2); as shown in Figure 3, the IDI approach indicated that the clinical utility of ModelB may be better than ModelA in both training cohort (1 year after surgery: IDI = 0.01, 95%CI = −0.02–0.07, P = 0.64; 2 years after surgery: IDI = 0.05, 95%CI = −0.01–0.11, P = 0.11; 3 years after surgery: IDI = 0.03, 95%CI = −0.02–0.07, P = 0.25) and validation cohort (1 year after surgery: IDI = 0.05, 95%CI = −0.01–0.15, P = 0.14; 2 years after surgery: IDI = 0.03, 95%CI = −0.02–0.08, P = 0.17; 3 years after surgery: IDI = 0.08, 95%CI = −0.05−0.16, P = 0.16); the NRI approach shown in Figure 3 indicated that the clinical utility of ModelB may be better than ModelA in both training cohort (1 year after surgery: NRI = 0.25, 95%CI = −0.30−0.41, P = 0.22; 2 years after surgery: NRI = 0.33, 95%CI = −0.15–0.60, P = 0.16; 3 years after surgery: NRI = 0.43, 95%CI = −0.51–0.55, P = 0.41) and validation cohort (1 year after surgery: NRI = 0.32, 95%CI = 0.00–0.54, P = 0.05; 2 years after surgery: NRI = 0.37, 95%CI = −0.17–0.62, P = 0.19; 3 years after surgery: NRI = 0.56, 95%CI = −0.45–0.84, P = 0.21). The time-dependent ROC curves showed that the AUC of both models in the two cohorts were all over 0.7 and ModelB exhibited better performance at most time points (Figure 4). The above results showed that ModelB exhibited better predictive performance than ModelA in the both training and validation cohorts and was selected as the final model.




Figure 2 | Decision curve analyses (DCA) of ModelA and ModelB at 1, 2, and 3 years after surgery in the training cohort (A) and 1, 2, and 3 years after surgery in the validation cohort (B). The y-axis represents the net benefit and the x-axis represents the corresponding risk threshold. The blue line represents that all patients die during the follow-up. The purple line represents that no patients die during the follow-up. In the most points of risk threshold, ModelB (green line) showed more benefits in predicting survival status than ModelA (red line).






Figure 3 | Integrated Discrimination Improvements (IDI) and Net Reclassification Index (NRI) of ModelB comparing to ModelA at (A) 1 year, (B) 2 years, and (C) 3 years after surgery in the training cohort and (D) 1 year (E), 2 years, and (F) 3 years after surgery in the validation cohort. the red areas were greater than blue areas and the median value of NRI and IDI were all greater than zero, indicating that the predictive ability of ModelB may be better than ModelA.






Figure 4 | Time-dependent receiver operating characteristic (ROC) curve of ModelA and ModelB in the training (A) and validation cohort (B). The y-axis represents the area under curve (AUC) and the x-axis represents the follow-up time. In the most points of follow-up time, the AUC value of ModelB (green line) was higher than ModelA (red line).





Establishment and Verification of Nomogram

PLR level, WHO grade, IDH mutation, and KI-67 index were incorporated into the nomogram for OS prediction in the entire cohort (Figure 5). The nomogram showed an excellent ability of discrimination (C-index, 0.747; 95%CI, 0.706–0.788). The DCA curves and time-ROC curves showed that the nomogram had excellent clinical utility and predictive performance (Figures 6A, B). The calibration curves for the OS rate at 1-, 2-, and 3-year showed good consistency between the predicted and observed survival probability (Figures 6C–E).




Figure 5 | The nomogram for predicting 1-, 2-, and 3-year survival rates of high-grade glioma patients. For each variable, draw a straight line up to the Points axis to calculate the point. After summing the points and locating it on the Total Points axis, draw a straight line down to the 1-year survival, 2-year survival, and 3-year survival axis to determine the probability of surviving for 1, 2, and 3 years. PLR, platelet-to-lymphocyte ratio; IDH, isocitrate dehydrogenase.






Figure 6 | Decision curve analyses (DCA), time-dependent receiver operating characteristic (ROC) curve and calibration curves of the nomogram. (A) DCA of the nomogram at 1, 2, and 3 years after surgery. The y-axis represents the net benefit and the x-axis represents the corresponding risk threshold. The blue line represents that all patients die during the follow-up. The purple line represents that no patients die during the follow-up. The red line represents the net benefits of nomogram at different risk threshold. (B) The predictive value of the nomogram at different points of follow-up after surgery. (C–E) The calibration curves of the nomogram to predict (C) 1-year, (D) 2-year, and (E) 3-year survival rates. The y-axis represents actual survival and the x-axis represents the predicted survival probability based on nomogram. The gray oblique line represents the ideal prediction and the red line represents the performance of the nomogram. Close fit to the grey oblique line indicates the consistency between the predicted and observed survival probability.






Discussion

Currently, the maximal safe resection combined with concurrent chemoradiotherapy is considered as the most effective treatment regimen for HGG. Even so, patients who underwent the same treatment regimen have exhibited significant difference in their prognosis. With the rapid development of precision medicine, individualized treatment and follow-up strategy were urgently needed. Precise and reliable survival models could contribute to guide clinicians in formulation of treatment plan and management of individual patients. Among different tumor types, nomograms integrating multiple prognostic factors into a reliable tool has been widely applied in predicting survival of patients (10, 11).

Considering the interactions among the related factors may better reflect the complexity of malignant tumor (12). In this study, we attempted to incorporate factors that may have an effect on survival. In the pursuit of simplicity, serum inflammatory biomarkers in our study were handled by a categorical manner as they are actually continuous variables. This may result in a considerable loss of statistical power with introduction of bias in the multiple regression analysis (13). However, considering those inflammatory biomarkers as categorical variables may be more appropriate in guiding process of clinical decision-making as continuous variables could not necessarily increase the prediction performance (14). Therefore, the serum inflammatory biomarkers in our study were divided as binary variables and valued as 0 or 1 based on their optimal cut-off value instead of absolute value.

Our study utilized the Lasso regression analysis and SVM to analyze the independent prognostic risk factors left after multivariable Cox regression analysis. Comparing to the Cox regression analysis, the Lasso regression analysis is a new approach for variables selection by analyzing all variables at the same time. It could minimize the coefficients and produce some coefficients which are exactly zero. Hence, it decreases the estimation variance and provides appropriate prognostic factors with non-zero coefficients (15). In addition, as a widely-used machine learning-based analysis (16), SVM was also utilized in our study to screen variables. Based on the multivariable Cox regression analysis, Lasso regression analysis, and SVM, PLR value, tumor grade, IDH mutation, and Ki-67 index were independent prognostic factors for OS time. In addition, the results showed that GTR was not significant associated with OS in HGG patients, while advanced age lost its significance in the multivariable Cox analysis. This may be caused by the relatively small sample size and high heterogeneity of the disease.

All the above independent factors were considered as potential prognostic indicators of glioma or other malignancies in the previous studies. In malignant tumors, the evoked inflammatory responses and inflammatory cytokines and mediators regulated by tumor microenvironment played an essential role in tumor progression (17–19). PLR served as a biomarker of systemic inflammation and has been considered as an independent prognostic factor in many solid tumors (20). The IDH genotype, an important genetic hallmark of glioma, has been definitely confirmed its prognostic value (21). There is no doubt that the prognosis of glioma is negatively associated with the tumor grade due to its important indication for malignancy of glioma (22). As a proliferation index, Ki-67 has been widely considered as an effective predictor of prognosis and adjuvant therapy responsiveness (23, 24).

Inflammation response could weaken the immune response to malignant tumor (25), permitting serum inflammatory biomarkers serve as prognostic factors. However, whether they are valuable and how to comprehensively utilize these predictors to predict the prognosis of patients with HGG remains unclear. Thus, based on the 4 independent prognostic factors, we established two models. DCA, IDI, and NRI were used to evaluate the clinical utility of the predictive models. Time-dependent ROC compared the predictive performance among the two different models at various time points instead of a fixed time to determine the final model, which was another advantage of our study. Based on time-ROC analysis, DCA, IDI, and NRI, the model including PLR level showed better performance than another model without the two biomarkers, which was selected as the final model to establish a nomogram.

In our study, the discrimination and calibration abilities of the nomogram were evaluated to ensure its accurate application. Herein, we proposed that the training cohort and validation cohort were homogeneous and comparable based on the results of statistical analysis. C-index could reflect the probability of patients with shorter OS time ranked with higher risk of death according to the model in a random selection process. Therefore, the C-index comprehensively considered both the occurrence of the event and the follow-up duration, which is particularly suitable for time-to event analysis. In the entire cohort, the nomogram showed a strong discriminating capability concluded by high C-index value, which were 0.747 (95%CI, 0.706–0.788). The DCA curves and ROC curves showed that the nomogram had excellent clinical utility and predictive performance. In addition, calibration curve is an evaluation method of the agreement between the observed and predicted prognosis in a predictive model. The calibration curves showed good consistency between the predicted and observed survival probability, indicating the ideal repeatability and reliability of the nomogram.

The most important finding of our study is confirmation of the prognostic value of serum inflammatory biomarkers in HGG patients and further construction of a nomogram that could accurately and reliably predict prognosis of HGG patients in a relatively small sample. Functional status, inflammatory condition, adjuvant treatment, pathological grade and immunochemical features were all taken into account when the nomogram for OS prediction was established. By using a simple and intuitive graphical representation, the nomogram enabled its application in clinical care of individual patient. Specifically, total points of nomogram based on the 4 associated factors could be calculated for individual patients. Thus, the corresponding estimated survival probability could be obtained and used to guide clinicians for making individualized follow-up management. Identifying high-risk patients based on precious prediction and taking timely measures may improve their outcome.

The present study also several inherent limitations that should be discussed. First, as a retrospective and single-institution study with a relatively small sample, it may have been subject to interference and selection bias. Second, some clinical, laboratory, and immunohistochemical factors were not included in our study due to the lack of examination or incomplete medical records. Particularly, some molecular profiling may have impacts on glioma prognosis but could not be available due to the retrospective design. Third, the validity and generalizability of the nomogram required to be validated in other independent patient groups. Fourth, the training and validation samples were not in the same time frame which may cause bias due to advancements in medical practice. Final, though the predictive model consisted of adequate prognostic factors is beneficial to HGG management, it should be well aware that the inherent high heterogeneity in HGG is still hard to settle. Further prospective study is needed to minimize the limitations in our study.



Conclusion

Taken together, our study confirmed the prognostic value of serum inflammatory biomarkers and established a comprehensive scoring system for the OS prediction in HGG patients. The clinical nomogram could assist clinicians when making survival predictions and follow-up management in individual HGG patient. Further studies with larger sample size are required to verify our findings.
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Background

Glioblastoma multiforme (GBM) is a highly malignant glioma that rarely presents as an infratentorial tumor. Multicentric (MC) gliomas involve lesions widely separated in space or time, and MC gliomas involving supra- and infratentorial brain regions are rare. In most cases, the infratentorial lesion is seen after surgical manipulation or radiation therapy; it is typically located in the cerebellum or the cervical region, manifesting as metastasis originating from the brain. Besides, venous thromboembolism in brain tumors is usually seen after craniotomy.



Case Presentation

We present an uncommon adult case of symptomatic H3K27M-mutant MC glioblastoma simultaneously present in the brain, fourth ventricle, and cervical and lumbar spinal cord regions accompanied by acute pulmonary artery embolism in an adult woman who had not undergone previous therapeutic interventions. We also review the literature on this interesting presentation.



Conclusion

Our report highlights that clinicians should be alert to the potential alarming presentation of GBM. The incidence of spinal metastasis of cerebral GBM is increasing. Patients with a prior diagnosis of GBM with or without any new onset in the spinal cord should undergo an early MRI of the spinal cord to confirm the diagnosis at an early stage. While management of GBM remains controversial, more research is needed to explore molecular features of GBM further and develop novel targeted therapies for these patients.
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1 Introduction

Most glioblastoma multiforme (GBMs) occur in the supra-tentorium, including the frontal, temporal, parietal, and occipital lobes. Only a very small proportion of GBMs occur in other areas of the central nervous system (CNS), such as the cerebellum, brain stem, and spinal cord (1). The H3K27M mutation can be frequently found in pediatric diffuse midline glioma (DMG) and is associated with a more aggressive clinical course. However, this mutation is very rarely found in adults. The H3K27M mutation is observed throughout the CNS’s midline structures, mainly in the thalamus, brain stem, and spinal cord (2). H3K27M-mutant tumors are designated as World Health Organization grade IV tumors, regardless of their histological features (3, 4). Multicentric (MC) glioblastoma with many infratentorial lesions mainly occurs in patients who have had prior surgical treatment or radiotherapy (5, 6). Although related cases or case series have been reported previously, intracranial H3K27M-mutant GBM with spinal lesions before chemoradiotherapy or craniotomy is not common.

This paper presents an uncommon adult case of a patient presenting with back pain, headache and vomiting, inability to walk, and incontinence when first admitted to our hospital. Related findings revealed an H3K27M-mutant MC glioblastoma simultaneously present in the brain, periventricular area, and cervical, thoracic, and lumbar spinal cord at the time of initial diagnosis. During hospitalization, the patient also had an acute pulmonary embolism (PE), presenting with respiratory symptoms, including breathing difficulty and severe right-sided anterior and posterior chest pain. We also review the literature on this uncommon presentation.



2 Case Description


2.1 Patient Demographics, Chief Complaint, and History

A 61-year-old woman presented to our department with a 3-week history of progressive bilateral weakness of her lower limbs. She had severe walking impairment with associated dizziness, headache, nausea, and vomiting. Although in good spirits, she reported anorexia, insomnia, and urinary and fecal incontinence, with a recent 5-kg weight loss. The patient denied a history of hypertensive disease, diabetes mellitus, and infectious diseases, such as hepatitis and tuberculosis. She also denied a history of respiratory symptoms such as fever, dyspnea, cough, and sputum. She had no food or drug allergies and no familial genetic disorders. She denied tobacco or alcohol use and had no history of surgery or trauma.



2.2 Physical Examination

On the first admission, the patient’s vital signs were stable, body temperature was normal (37.0°C), blood pressure was 153/92 mmHg, heart rate was 86 beats per minute, and the breath sounds and respiratory rate were normal. Her speech was initially fluent. Her pupils were equal in size, 3-mm diameter, and reacted appropriately to light. No apparent ocular muscle weakness was present, although she had horizontal nystagmus. There was no facial muscle weakness, and her tongue extension was centered. The muscle strength of both upper limbs was normal. Kernig’s sign was negative.

At the presentation, the examination was notable for movement disorders having grade -1 muscle strength in both her lower limbs, with active tendon reflexes. The swelling was observed in her left lower limb. The Babinski and Chaddock reflexes were positive bilaterally. There was a profound sensory disturbance with hypoesthesia at the T6 level and below with reduced vibration sense. The bilateral finger-nose and rapidly alternating tests were normal when testing for cerebellar dysfunction, but she could not perform the bilateral heel–knee–shin test.

On the 2nd day after admission, the patient developed severe chest pain with intermittent nausea and vomiting, chest tightness, and dyspnea. After the blood test and imaging results were available, she was diagnosed with PE. During hospitalization, about 2 weeks after the admission, the patient developed a progressively worsening speech disturbance. The patient can understand others but is not fluent in her speech. Before discharge, that patient was in poor condition. She was indifferent to answering any questions. Her vital signs and other physical examinations were the same as her admission.



2.3 Diagnostic Assessment


2.3.1 Laboratory Tests

The patient tested arterial oxygen saturation at the time of the dyspnea and chest pain, indicating a partial oxygen pressure of 63 mmHg. The D-dimer blood level was elevated, 11.26 μg/ml (normal range: 0–1 μg/ml). The cerebrospinal fluid (CSF) was yellow with elevated pressure, >400 mmH2O. CSF examination showed elevated protein level 30.81 g/l (normal range: 0.15–0.45 g/l), but low levels of glucose, 1.6 mmol/l (normal range: 2.3–4.1 mmol/l), and chloride, 110 mmol/l (normal range: 119–129 mmol/l). Moreover, for the white cell count (WBC-BF: 34.00 × 106/l), 96.0% of the content comprised lymphocytes and 4.0% monocytes; however, the red blood cell count was 0/L.



2.3.2 Imaging Findings

Brain 3T MRI [Figure 1A (1–4)] showed lesions in the corpus callosum and the left lateral periventricular area. Combined with the MR spectroscopy results, the lesions were considered tumors. Spectroscopic metabolite analysis at the corpus callosum lesion showed a low N-acetyl aspartate peak and increased choline. Cervical-spine MRI [Figure 1B (1–2)] showed high-intensity signaling in the spinal cord at the C2–C7 vertebra levels and abnormal enhancement in the spinal cord at the C5–T4 vertebrae. Positron emission tomography-computed whole-body imaging showed limited hypermetabolic foci in the corpus callosum and diffused metabolic increases in the spinal cord cervicothoracic and lumbosacral regions, which were suggestive of malignancy. No hypermetabolic changes were observed in other organs, including the lungs. Ultrasound scanning of the lower extremities suggested the presence of thrombosis in the left common femoral vein and bilateral intermuscular veins (acute stage, complete type). A pulmonary computed tomography angiogram (Figures 2A, B) showed multiple bilateral pulmonary-artery embolisms.




Figure 1 | MRI lesions in brain and spinal cord. [(A), 1–4] Head MRI shows lesions (marked with arrows) in the corpus callosum and left lateral periventricular area. T1 [(A) 1] shows a slightly low signal, while T2 [(A) 2] shows unevenly slightly high and low signals. Enhanced MRI [(A) 3–4] shows a high signal mass in the corpus callosum and left lateral periventricular area, with marked marginal enhancement and narrowing of the left lateral ventricle by compression. [(B) 1–2] Cervical spine MRI shows high-intensity signaling in the spinal cord at the C2–C7 vertebra levels and abnormal enhancement in the spinal cord at the C5–T4 vertebrae (marked with arrows).






Figure 2 | Pulmonary artery embolisms. (A, B) Pulmonary computed tomography angiography shows multiple bilateral pulmonary artery embolisms (marked with arrows).






2.4 Histopathology Findings

Biopsy showed that the pathological diagnosis was grade IV glioblastoma with necrosis not otherwise specified. Immunohistochemistry staining (Figure 3) results were CD20(-), CD3(-), CD79a (-), PAX-5(-), LCA (-), Ki-67(>40%), GFAP (+), Olig-2(+), ATRX (+), MAP2(+), P53(+30%), IDH1R132H mutation (-), MGMT (+30%), MBP (-), NeuN (-), Syn (+), vimentin (+), nestin (+), CD56(+), H3K27me3(+), and H3K27M mutation (+). According to the 2016 World Health Organization Classification of Tumors of the Central Nervous System, this case lacked molecular test results; there was insufficient evidence to classify this case as a distinct disease entity.




Figure 3 | Histopathology findings. Histopathological features of our case diagnosed as H3K27M mutant brain glioblastoma. The biopsy tissues were obtained from the corpus callosum and the lesions shown in brain MRI (in Figure 1A, lesions marked with arrows). In Figure 3, for ×100 staining the scale bar = 5 µm and for ×400 staining the scale bar = 20 µm. Hematoxylin and eosin (H&E). Figure 3 [(A) 1 and 2] shows dense cell proliferation, with areas of a spindle-cell pattern and some pleomorphism, extensive mitosis, some atypical and karyomegaly, and nuclear irregularity. At approximately 40% [(A) 5: Ki67], the cell proliferation rate was high, showing positive glial fibrillary acid protein [(A) 3: GFAP]. This neoplastic lesion was positive for ATRX [(A) 4], H3K27M mutation [(B) 1-4], and H3K27me3(B5-8), while it was negative for IDH1R132H mutation [(A) 6]. Unfortunately, biopsy tissues of our patient are insufficient for further identification of H3K27me3(+) cells and for the squeezing of H3K27M and H3K27me3. Figure 3B-5 also showed positive H3k27me3 ICH staining of tonsil tissue for comparison.





2.5 Interventions and Follow-Up Findings

The biopsy tissues were obtained from the corpus callosum, and the lesions are shown in brain MRI (in Figure 1, lesions marked with arrows). The family and patient decided that palliative care was the best option for the brain and spinal cord gliomas because she felt severely unwell and had non-operable multicentric midline GBM lesions. The patient developed deep vein thrombosis (VTE) and PE during hospitalization. Therefore, she was administered rivaroxaban 15 mg orally twice daily for the first 3 weeks. After the follow-up, we learned that the patient gradually became unconscious at home, and his respiratory and cardiac functions gradually worsened. The patient died 42 days after hospital discharge. The time from symptom onset to death was approximately 3 months.




3 Discussion


3.1 Incidence Rate and Risk Factors of GBM

GBM is a highly malignant adult primary brain tumor with the most devastating prognosis among gliomas. Glioblastoma accounts for 14.6% of all primary brain and other CNS tumors, 48.3% of primary malignant brain tumors, and 57.3% of gliomas (1). GBM is mainly diagnosed at older ages with the highest rates in individuals aged 75.0 to 84.0 years and with a median age of diagnosis of 64.0 years (7). In addition, a higher incidence of GBM has been reported in males than in female patients (1). Researchers are uncertain of the possible etiological risk factors for glioma to date. Reported risk factors for GBM are prior therapeutic radiation, immune factors, immune genes, and some single-nucleotide polymorphisms detected by genome-wide association studies (8). There is no current evidence of an association of GBM with lifestyle characteristics such as cigarette smoking, alcohol and drug consumption, dietary exposure to N-nitroso compounds (cured or smoked meat or fish), pesticide exposure, obesity, or head injury (8, 9). Our patient was a 61-year-old Asian woman. She did not present any of the risk factors associated with glioma development.



3.2 Clinical Features of Spinal Metastasis of GBM

Intracranial GBM with spinal lesions before chemoradiotherapy or craniotomy is defined as initial spinal metastasis, and its incidence varies from 0.4% to 2.0% (6). Spinal cord GBM generally manifests the following: back pain, radicular pain, paresis, sensory loss, urinary retention, or incontinence (10). Spinal metastases of GBM can be detected using spinal MRI (6). Our patient initially presented with spinal cord symptoms (including back pain, paresis, incontinence, and loss of sensation) and gradually presented aggravated intracranial symptoms (including nausea, vomiting, dizziness, and a progressive speech disorder). Brain MRI of our patient [(Figure 1A (1–4)] showed lesions in the corpus callosum and left lateral periventricular area. Cervical-spine MRI [Figure 1B (1–2)] showed high-intensity signaling in the spinal cord at the C2–C7 vertebrae and abnormal enhancement in the spinal cord at the C5–T4 vertebrae. At the same time, enhanced thickening of the meninges was observed.

A systematic review among 86 patients identified from 51 published articles; the mean age of intracranial GBM patients with spinal metastases was 46.8 years, and among them, 59.7% were male. Moreover, the most common symptom was lumbago or cervicalgia (90.2%), followed by paraparesis (86.0%) and bowel/bladder dysfunction (approximately 80.0%). Out of those 86 cases, only 22 patients were from Asia (11). A recently published study showed a higher incidence (13.0%) of initial spinal metastasis of GBM and suggested the importance of spinal screening using MRI in patients with or without spinal symptoms. This study also concluded that intracranial GBM with initial spinal lesions presented higher incidences of intracranial dissemination and was located at subventricular zones (10). However, we immediately performed brain and spinal cord MRI, resulting in a speedy diagnosis. Some MC spinal metastases of intracranial GBM have been documented in previous reports up to 2019 (6, 11). Data from those reviews suggest that any new onset of back pain or neurological deficit of the extremities in patients with a prior diagnosis of GBM should indicate suspected spinal metastasis. Besides, in younger and healthier GBM patients, the possibility of developing spinal metastases is higher than in elderly GBM patients, and this is most probably due to a more prolonged overall survival in the younger and healthier population (12, 13). A case report demonstrated FDG PET/CT appearances of GBM recurrence with diffuse spinal cord metastasis (12).



3.3 Spreading Mechanisms for Spinal Metastasis of GBM

Spreading mechanisms of GBM to the spinal cord mainly include spreading by contiguity along compact fiber pathways and through CSF following exfoliation of tumor cells (12). Invasion of a primary tumor into the cortical surface can also lead to subpial spread, followed by leptomeningeal spread (6). Therefore, the CSF study is essential for the early diagnosis of GBM patients who developed atypical symptoms during treatment or in the follow-up period (13). In this case, although the spinal cord symptoms occurred before the brain symptoms, we believe that the lesion in the corpus callosum was the primary lesion, and the lesions in the spinal cord were dropped metastasis from the brain via the leptomeningeal spread. Nevertheless, we found no malignant cells in the CSF. The leukocyte CSF count was high, and lymphocytes accounted for 96% of these cells, suggesting viral infection. However, we did not identify any virus in the CSF lymphocytes, assuming that the lymphocytes in CSF were likely related to leptomeningeal spread. However, some cases of spinal metastases of intracranial GBM have also been reported with no previous history of cranial or craniospinal radiation (5, 14, 15). The patient in our report also did not undergo previous surgery or radiotherapy. In a report by Wright, the leptomeningeal disease was present in 53.5% of patients, intramedullary disease in 53.2%, and intradural extramedullary disease in 47.1% (11). The postoperative drainage devices also cause the patient to develop spinal metastases with poor clinical outcomes (16).



3.4 Histopathological and Genetic Features in GBM

Molecular characteristics for glioma classification are IDH mutation, chromosome 1p/19q deletion, histone mutations, and other genetic parameters such as TRX loss, TP53 and TERT mutations, and DNA methylation levels (17). IDH wild-type tumors are common in older patients with a worse prognosis. In contrast, IDH mutant tumors are common in younger patients with better predictions (9, 18). In our case, despite the absence of genetic test results, immunohistochemistry (IHC) at the molecular level suggested Ki-67 (>40%), IDH1R132H mutation (-), GFAP (+), ATRX (+), MAP2 (+), P53 (+30%), MGMT (+30%), H3K27me3 (+), and H3K27M mutation (+). Characterized by a constant midline location and low rate of MGMT promoter methylation, most H3K27M mutant tumors are aggressive with a poor prognosis, including tumors that demonstrate low-grade histological features. Therefore, these tumors are designated as World Health Organization grade IV tumors, regardless of their histological features (3, 4). This case was diagnosed as an H3K27M-mutant, MC midline GBM (grade IV) involving the brain and extensive spinal cord. In most H3K27M-mutant glioma, H3K27me3-stained cells were reduced, and large areas of staining were missing. H3K27M inhibits the activity of polycomb repressive complex 2 by interacting with the methyltransferase EZH2, leading to a further decrease in H3K27me3 content (19). A pathological study of pediatric H3K27M-mutant gliomas using IHC presented that the majority of low-grade gliomas presented with higher rates of positive H2K27me3 staining. Although the mechanism of tumorigenesis in H3K27M-mutant spinal cord gliomas with retained H3K27me3 expression in this study is still unclear, the authors considered that spinal GBM would have biological characteristics similar to these low-grade gliomas. The authors also found that H3K27me3 was lower or absent in tumor cells but retained in endothelial cells and infiltrating lymphocytes (20). However, in our case, H3K27me3 staining was positive; we considered that H3K27me3 might be restored in vascular endothelial and infiltrating lymphocytes or tumor cells. Unfortunately, the biopsy tissues of our patient are insufficient for further identification of H3K27me3(+) cells and the squeezing of H3K27M/H3K27me3.



3.5 Therapy and Prognosis of Spinal Metastasis of GBM

There are still no definitive guidelines for treating spinal metastasis from cerebral GBM. Previously reported therapeutic options include surgical decompression, chemotherapy, and radiotherapy of the craniospinal axis (25 to 40 Gy) for spinal metastases of GBM (11). Some authors suggest that treatment for spinal metastases of GBM was only for pain relief and neurologic deficits but exerted no effect on the overall outcome (21, 22). Chemoradiotherapy is the typical treatment method after diagnosis of spinal metastasis. Surgery can be performed for focal lesions, but chemoradiotherapy is the only option for diffuse or leptomeningeal disease (21, 22). The anatomical location and the infiltrative nature of GBM make total resection of the tumor mass virtually impossible (17). Recent studies focused on precision oncology or targeted therapy, nanotechnology, immunotherapy, and a ketogenic diet to develop advanced therapeutic strategies that enable a more comprehensive GBM therapy (17, 23–26).

In H3K27M-mutant midline gliomas (DMG), maximal safe resection is rarely implemented due to the sensitive tumor location, so small partial resection is attempted when feasible (27). Recent work has explored an alternative approach to targeting H3K27M-mutant DMG by applying chimeric antigen receptor (CAR) T cells. In adult GBM, CAR T cells engineered against human epidermal growth factor receptor 2, highly expressed on the surface of a subset of GBM, have shown early anecdotal efficacy (27, 28). Moreover, in another study, the histone mutation H3K27M is regarded as a catalyst within neuro-oncology and can be used to develop new therapeutic pathways. Sequencing of ctDNA in CSF allows investigators to detect tumor mutations (29). Detecting ctDNA of H3K27M mutant glioma via CSF elicits the possibility of leveraging ctDNA as an early biomarker for disease progression in DMG (27). Our patient received only palliative care because of the severity of her overall condition.

With current treatment limitations involving surgery, radiotherapy, and chemotherapy, there is a high rate of treatment failure and recurrence for GBM, leading to a poor prognosis for patients (30). For spinal GBM metastasis, studies reported a poor prognosis with a median survival of 2.0 to 4.0 months only after diagnosis (6). In a systematic review by Wright et al., the mean time between diagnosis of the primary brain GBM and spinal metastasis was 13.5 months. The median time between diagnosis of spinal GBM metastasis and death was 2.8 months (13). However, the molecular features, severity of tumor invasion, presentation, and prognosis in our case were consistent with those of high-grade glioma.



3.6 Risk Factors and Mechanisms of VTE in GBM

VTE is a common complication in patients with primary brain tumors. According to a meta-analysis, 20.0% of brain tumors develop VTE yearly (31). VTE includes DVT and PE. Factors associated with increased risk of VTE in patients with GBM have been reported. Tumor-related factors include the GBM subtype (a higher incidence in high-grade tumors), the presence of intra-tumoral thrombosis, the presence of IDH1 wild-type status, and “‘podoplanin expression (32). Reported treatment-related risk factors are surgery, tumor biopsy subtotal tumor resection, use of corticosteroids, and anti-VEGF therapy. Additionally, laboratory parameters and hemostatic biomarkers such as high white blood cell count, low platelet count, high soluble P-selectin levels, elevated coagulation factor VIII activity, and increased D-dimer levels are also associated VTE occurrence in brain tumors (32). A recently published study concluded that older age, body mass index, preoperative activated partial thromboplastin time, D-dimer, tumor histology, and surgery duration independently increased the risk of postoperative DVT/PE in patients with brain tumors (33).

Multiple mechanisms, including vascular abnormalities, overexpression of tissue factor, and release of procoagulant microparticles (extracellular vesicles) by tumor cells, have been proposed for the occurrence of thrombosis in GBM (34). Relating these mechanisms to clinical presentations of thrombosis can lead us to a more causality-based, personalized, and possibly cancer-specific thromboprophylaxis and treatment. However, during hospitalization, our patient was a 61-year-old woman who developed VTE, including DVT and PE. When patients with spinal cord metastasis present with back pain, the same manifestation due to PE is easily overlooked. In this case, we completed a timely pulmonary CTA by testing our patient’s blood D-D and oxygen values and promptly prevented death from acute PE.




4 Conclusion

In conclusion, we reported an interesting adult case of H3K27M-mutant MC-GBM that involved the brain and extensive spinal cord regions at the time of initial diagnosis with an acute fatal medical complication, without any previous therapeutic interventions. This report suggests that GBM is a diffuse disease with a devastating prognosis. The occurrence of spinal metastasis of cerebral GBM is increasing due to prolonged overall survival. Patients with a prior diagnosis of GBM with or without any new onset in the spinal cord should undergo an early MRI of the spinal cord. FDG PET/CT and CSF examination can help confirm the diagnosis of spinal metastases at an early stage. Mechanisms related to clinical presentations of thrombosis can lead us to a more causality-based, personalized, and possibly cancer-specific thromboprophylaxis and treatment. While the management of GBM remains controversial, more research is needed to explore molecular features of GBM further and develop novel targeted therapies for these patients.
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Background

Non-SMC condensin I complex subunit G (NCAPG) is expressed in various human cancers, including gliomas. However, its biological function in glioma remains unclear. The present study was designed to determine the biological functions of NCAPG in glioma and to evaluate the association of NCAPG expression with glioma progression.



Methods

Clinical data on patients with glioma were obtained from The Cancer Genome Atlas (TCGA), the Chinese Glioma Genome Atlas (CGGA), the Gene Expression Omnibus (GEO), and the Rembrandt and Gravendeel databases. The correlations among NCAPG expression, pathological characteristics, and clinical outcome were evaluated. In addition, the correlations of NCAPG expression with immune cell infiltration and glioma progression were analyzed.



Results

NCAPG expression was higher in gliomas than in adjacent normal tissues. Higher expression of NCAPG in gliomas correlated with poorer prognosis, unfavorable histological features, absence of mutations in the isocitrate dehydrogenase gene (IDH), absence of chromosome 1p and 19q deletions, and responses to chemoradiotherapy. Univariate and multivariate Cox analysis demonstrated, in addition to patient age, tumor grade, absence of IDH mutations, and absence of chromosome 1p and 19q deletions, NCAPG expression was independently prognostic of overall survival, disease-free survival, and progression-free survival in patients with glioma. In addition, high expression of NCAPG correlated with tumor infiltration of B cells, CD4+ T cells, CD8+ T cells, neutrophils, macrophages, and dendritic cells. Gene set enrichment analysis (GSEA) indicated that high NCAPG expression was associated with cell proliferation and immune response-related signaling pathways. NCAPG knockdown in glioma cell lines significantly reduced cell survival, proliferation, and migration.



Conclusion

NCAPG expression correlates with glioma progression and immune cell infiltration, suggesting that NCAPG expression may be a useful prognostic biomarker for glioma.





Keywords: low-grade glioma, prognostic biomarkers, cell proliferation, cell migration, drug sensitivity



Introduction

Gliomas are intracranial tumors highly resistant to treatment, with high recurrence and mortality rates (1). Gliomas have been classified into four grades with grades III and grade IV usually leading to poor clinical outcomes (2). Lower-grade gliomas (LGG) can progress to higher-grade gliomas (GBM), which are resistant to chemotherapy (3). Despite various treatment modalities, including surgical intervention, postoperative adjuvant chemoradiotherapy, and immunotherapy, patients with gliomas exhibit poor prognoses (4). Therefore, it is imperative to identify potential prognostic biomarkers and understand the molecular mechanisms regulating glioma progression.

Non-SMC condensin I complex subunit G (NCAPG) is a mitosis-associated chromosomal condensing protein that plays an important role in cancer progression (5). High levels of NCAPG have been associated with poor prognosis in patients with prostate cancer and non-small cell lung cancer (NSCLC) (6, 7). Moreover, NCAPG is widely overexpressed in lung cancer cells, and the induction of NACPG overexpression through activation of the TGF-β signaling pathway was found to promote the progression of lung adenocarcinoma (8). However, the pattern of NCAPG expression, its prognostic value, and its correlation with the tumor microenvironment in glioma remain unclear.

To understand the potential role of NCAPG in glioma, this study investigated the diagnostic and prognostic significance of NCAPG in glioma by data mining of datasets from the Chinese Glioma Genome Atlas (CGGA) and The Cancer Genome Atlas (TCGA). Subsequently, gene ontology (GO) analysis and gene set enrichment analysis (GSEA) were performed to determine the possible biological functions and pathways of NCAPG in glioma. The relationship between NCAPG expression and the infiltration of immune cells in glioma was assessed in the Tumor Immune Estimation Resource (TIMER) database. In addition, the role of NCAPG in glioma expression was analyzed experimentally by immunohistochemistry (IHC), qRT-PCR, and by growth curve, transwell and wound healing assays. These findings indicate that NCAPG can regulate the infiltration of immune cells into gliomas and that the level of NCAPG expression may be a prognostic biomarker in patients with these tumors.



Materials and Methods


Analysis of the Expression of NCAPG

The expression of NCAPG in glioma was assessed in several public databases, including the TCGA (3), CGGA (9), GEO (10), and CGGA (9) databases. The prognostic value of NCAPG expression in various cancers was analyzed using the gliovis (11) and GEPIA (12) databases.



Correlation Between NCAPG Expression and Clinical Features in Glioma

The correlations between NCAPG expression and various clinical characteristics were evaluated using the Xiantaoxueshu database (https://www.xiantao.love/writings). Clinical features evaluated included World Health Organization (WHO) tumor grades, deletion of sequences at chromosomes 1p and 19q, mutations in the gene encoding isocitrate dehydrogenase (IDH), patient age, and responses to radiotherapy and chemotherapy.



Immune Cell Infiltration Analysis

The associations between NCAPG expression with infiltration into gliomas by B cells, CD4+ T cells, CD8+ T cells, macrophages, neutrophils, and dendritic cells were examined using the TIMER database (13), with analyses performed using the R package GSVA (14).



KEGG Enrichment Analysis

The potential biological functions of NCAPG in glioma were evaluated using the ClusterProfiler package and GSEA software tools (15, 16)



Drug Sensitivity Analysis

The relationships between NCAPG expression and sensitivity to drugs were assessed using the Genomics of Drug Sensitivity in Cancer (GDSC) and the Cancer Therapeutics Response Portal (CTRP) databases (17, 18).



In Vitro and siRNA Studies

The glioma cell lines A172, U87, and U251 were purchased from the Kunming Institute of Zoology and were cultured in DMEM medium (Corning) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin at 37°C with 5% CO2. The NCAPG siRNAs and a scrambled siRNA for use as a negative control (NC) were synthesized by RiboBio (Guangzhou, China). Cells were transfected with thee siRNAs using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. Total RNA was obtained 48 h after transfection.



Quantitative Real-Time PCR

qRT-PCR assays were performed as described (19). In brief, total RNA was extracted from cells and reverse-transcribed using a RT reagent kit (Takara Bio, Beijing, China, Cat# RR047A; TIANGEN Biotech, Beijing, China), as described by their manufacturers. Real-time PCR was performed using FastStart Universal SYBR Green Master Mix (Roche; TIANGEN Biotech, Beijing, China) on an Applied Biosystems 7500 thermal cycler. The primers for NCAPG consisted of 5’-AGTTCTGGCGCTTTCACGAC-3’ (forward) and 5’-GCCCGTCTAACTTCTGGATTTG-3’ (reverse), whereas the primers for the loading control, β-actin, consisted of 5’-CTTCGCGGGCGACGAT-3’ (forward) and 5’-CCATAGGAATCCTTCTGACC-3’ (reverse). The expression of NCAPG mRNA was quantified relative to that of β-actin mRNA using the 2−ΔΔCt method.



Cell Proliferation Assay

Cell proliferation assays were performed as described (20). Briefly, 1.5x104 cells/well were seed onto 12-well plates, and the numbers of cells were counted daily using a Countstar automatic cell analyzer (Shanghai Ruiyu Biotech Co., China).



Cell Migration Assay

Cell monolayers in wells of a 6-well plate were scraped in a straight line with a pipette tip. The plates were washed with warm PBS to remove detached cells, and photographed at the indicated time points using a Nikon inverted microscope (Ti-S). Gap widths were calculated with GraphPad Prism 7.0 software. For transwell assays, 1-2×104 cells in 100 µL serum-free medium were plated onto each well of an 8.0-cm, 24-well plate chamber insert (Corning Life Sciences). Medium containing 10% FBS was added to the well below the insert. The plates were incubated for 24 h, and the cells were fixed with 4% paraformaldehyde for 20 min. After washing, the cells were stained with 0.5% crystal violet-blue, and positively stained cells were counted under a light microscope.



Immunohistochemistry Assay

Immunohistochemistry assays were performed as described previously (20). Briefly, paraffin sections were deparaffinized by xylene, rehydrated with gradient ethanol, and subjected to antigen retrieval. After H2O2 treatment and blockage with 10% normal goat serum, the slides were incubated with anti-NCAPG antibody (1:200; Proteinch, Shanghai, China), followed by incubation with biotinylated secondary antibody and streptavidin-HRP (Dako, K5007).



Statistical Analysis

Statistical analyses of the datasets from the TCGA database were performed using R (v.3.6.3) software. The associations between NCAPG and pathologic characteristics were evaluated by Wilcoxon rank sum tests for continuous variables and Chi-square tests for categorical variables. Overall survival (OS), disease-free survival (DFS) and progression-free survival (PFS) were calculated using the Kaplan-Meier method and compared by log-rank tests. Univariate and multivariate Cox regression analyses were performed to assess the correlation between clinical features and OS, DFS, and PFS. For the data regarding the function of NCAPG, statistical analyses were performed using GraphPad Prism 7.0 software. Differences between two groups were assessed using Student’s t-tests, and differences among multiple groups were evaluated by one-way ANOVA. P–values < 0.05 were considered statistically significant.




Results


Correlation Between NCAPG Expression Levels and Clinical and Molecular Characteristics of Glioma Patients

To investigate the association between NCAPG expression and progression of glioma, RNA sequencing data from 1,152 normal brain tissue samples in the GTEx database and from 523 glioma tissue samples in the TCGA database were analyzed. NCAPG expression was significantly higher in glioma tissue than in adjacent normal tissue (P < 0.001); these results were verified by evaluation of datasets from the GEO, Rembrandt, and Gravendeel databases (Figure 1A). Evaluation of the correlations between NCAPG expression and the clinical characteristics of glioma patients, as determined by datasets from the CGGA, TCGA, Gravendeel, and Rembrandt databases showed that increased NCAPG expression was associated with higher WHO grade classification (Figure 1B). In addition, comparisons of NCAPG expression in gliomas with and without co-deletion of chromosomes 1p and 19q and in gliomas with wild-type and mutant IDH showed that NCAPG expression was higher in gliomas without than with chromosome 1p/19q co-deletions and was significantly higher in IDH-wild type than in IDH mutant gliomas (Figures 1C, D). The expression level of NCAPG was also significantly higher in patients aged > 40 years than in those aged ≤ 40 years and was significantly higher in patients who showed partial response (PR), stable disease (SD) or progressive disease (PD) in response to primary treatment than in those who showed complete response (CR) (Figure 1C). Moreover, NCAPG expression was significantly higher in glioma patients after than before treatment with radiotherapy and/or chemotherapy (Figures 1C, D and Table 1).




Figure 1 | NCAPG expression increases in glioma. (A–D) NCAPG expression is significantly up-regulation in glioma examined by the TCGA +GTEx, Rembrandt, Gravendeel, and GEO datasets. (B) The expression of NCAPG in various tumor-grade glioma is based on the TCGA, CGGA, and Rembrandt databases. (C, D) The correlation between NCAPG expression and different clinical features, including the IDH mutation status, 1p/19q codeletion, age, primary therapy outcome, radiotherapy, and chemotherapy status, Primary therapy outcome: including PD, progressive disease; SD, stable disease. PR, partial response; CR, complete response; The radio status and chemo status 0 representative this patients not received radiation or chemotherapy. The radio status and chemo status 1 representative this patients indeed received radiation or chemotherapy. *P < 0.05, **P < 0.01, ***P < 0.001.




Table 1 | The correlation between NCAPG and clinicpathologic characteristic in TCGA-glioma dataset.



Univariate logistic regression analysis confirmed the association between high NCAPG expression and poor clinicopathological characteristics in glioma patients (Table 1). Cox and univariate models showed that NCAPG expression was strongly correlated with WHO grade, primary therapy outcome, IDH status, age, and poorer OS (Table 2). Overall, these results demonstrated that increased NCAPG expression correlated significantly with glioma tumorigenesis and progression.


Table 2 | The relationship between NCAPG clinicopathologic characteristic in the glioma.





Correlation Between NCAPG Expression and Clinical Outcomes in Glioma Patients

Based on median NCAPG expression in samples from databases, patients were divided into those with high and low levels of NCAPG expression. High NCAPG expression was found to correlate with poorer OS, DFS, and PFS (Figures 2A–C). Multivariate analysis, which included WHO grade, co-deletion of chromosomes 1p and 19q, IDH mutation status, and histological type, was utilized to analyze the relationship between NCAPG expression and patient prognosis, including OS, DFS, and PFS (Figures 2D–F). These prognostic findings were subsequently validated using datasets from the CGGA, TGGA, Gravendeel, and Rembrandt databases. These analyses confirmed that OS was lower in patients with high than low NCAPG expression (Figures 2G–I), indicating that high expression of NCAPG is likely an indicator of poor prognosis in glioma patients. In addition, ROC curve analysis of NCAPG expression of patients in the CGGA, TGGA, Gravendeel, and Rembrandt datasets yielded areas under the curve (AUCs) of 0.94, 0.92, 0.85, and 0.80, respectively (Figures 2J). Taken together, these findings suggest that NCAPG is a potential biomarker for prognosis in patients with glioma.




Figure 2 | The prognostic value of NCAPG in glioma. (A–C) The prognosis of NCAPG in glioma examine by TCGA databases. (D–F) The forest plot indicated that the prognosis in the presence of WHO grade, histology type, IDH mutation, 1p/19Q status for (D) OS, (E) DFS, and (F) PFS. (G–I) The prognosis of NCAPG in glioma determine by CGGA, Rembrandt, and Gravendeel databases. (J) ROC analysis showing the predictive value of NCAPG in glioma based on CGGA, TCGA-glioma, Gravendeel, and Rembrandt databases.



Assessment of the prognostic value of NCAPG expression in glioma patients subgrouped by histological type, sex, IDH mutation status, WHO grade, chromosome 1p/19q co-deletion, and age showed that high expression of NCAPG was associated with poor prognosis in all of these groups (Figures 3A–C). Univariate analysis showed that NCAPG expression correlated with WHO grade (G3 vs. G2), chromosome 1p/19q co-deletion (no vs. yes), primary therapy outcome (PR and CR vs. PD and SD), IDH status (mutation vs. WT), and age (>40 vs ≤40 years) (Table 3). These results suggested that gliomas with high expression of NCAPG were associated with poor outcomes in response to treatment.




Figure 3 | Analysis of the prognostic value of NCAPG in different glioma subgroups. Analysis of the prognostic value of NCAPG in different subgroups, including (A) histology type, (B) sex, IDH mutation status, WHO grade, and (C) age, 1p/19Q status.




Table 3 | Univariate regression and multivariate survival model of prognostic covariates in patients with glioma.



The ability of a nomogram that included NCAPG expression, histological type, sex, IDH mutant status, WHO grade, chromosome 1p/19q co-deletion, and age to accurately predict prognosis in glioma patients was tested. This nomogram was found to predict 1-, 3-, and 5-year OS, DFS, and PFS in patients with glioma (Figures 4A–F).




Figure 4 | Construction a nomogram to predict the prognosis of NCAPG in glioma. Construction of a nomogram to predict the (A) OS, (B) DFS, and (C) PFS in patients with glioma. The calibration curve used to display the TCGA-glioma cohort for (D) OS, (E) DFS, and (F) PFS.





Co-Expression Analysis and Gene Ontology Enrichment Analysis

The functions of NCAPG in glioma were assessed using LinkedOmics to determine genes co-expressed with NCAPG. This analysis identified 11,002 genes positively correlated with NCAPG and 9,087 genes negatively correlated with NCAPG (Figure 5A). A heatmap was constructed showing the 50 most significant genes positively associated with NCAPG expression in glioma (Figure 5B). The ClusterProfiler package was used to evaluate the functional enrichment of 100 genes that positively correlated with NCAPG in glioma, with a bubble chart showing the enrichment results using GO and KEGG tools. Annotations of the GO terms suggested that many of the genes co-expressed with NCAPG were involved in biological processes, such as DNA replication, regulation of the cell cycle phase transition, regulation of the mitotic cell cycle phase transition, nuclear DNA replication, DNA conformational changes, and the meiotic cell cycle (Figure 5C). Evaluation of cell components associated with genes co-expressed with NCAPG showed that these genes were expressed primarily in chromosomal regions, condensed chromosomes, chromosomes, centromeric regions, kinetochores, centromeric regions, condensed chromosome kinetochores, spindles, microtubules, condensed nuclear chromosome, spindle poles, mitotic spindles, spindle microtubules, replication forks, and midbodies (Figure 5D). Annotation of the molecular function of these GO terms suggested that genes co-expressed with NCAPG were mainly involved in catalytic activity, acting on DNA, including DNA helicase, DNA-dependent ATPase, helicase, ATPase, single-stranded DNA-dependent ATP-dependent DNA helicase, single-stranded DNA-dependent ATPase, ATP-dependent DNA helicase, and purine NTP-dependent helicase activities, as well as with binding to single-stranded DNA, tubulin, microtubules, and DNA replication origins (Figure 5E).




Figure 5 | Analysis of the biological function of NCAPG in glioma. (A, B) The co-expression gene of NCAPG in glioma explore by Linkedomics. (C–F) The GO and KEGG analysis of genes co-expressed with NCAPG in glioma.



KEGG pathway enrichment showed that many genes co-expressed with NCAPG were involved in the cell cycle, DNA replication, the Fanconi anemia pathway, oocyte meiosis, cellular senescence, human T cell leukemia virus 1 infection, homologous recombination, mismatch repair, progesterone-mediated oocyte maturation, the p53 signaling pathway, base excision repair, RNA transport, nucleotide excision repair, pyrimidine metabolism, viral carcinogenesis, and small cell lung cancer (Figure 5F).



GSEA of NCAPG

GSEA tools were utilized to identify the signaling pathways involving NCAPG in glioma (9). High expression of NCAPG was found to be involved in natural killer cell-mediated cytotoxicity; the Toll-like receptor, T cell receptor, TGF-β, neurotrophin, MAPK, chemokine, WNT, and focal adhesion signaling pathways; interactions with neuroactive receptors and cytokine receptors; and apoptosis (Figures 6A–D).




Figure 6 | KEGG signaling pathway analysis using GSEA tools. (A–D) The involvement of genes coexpressed with NCAPG in glioma signaling pathways as examined by GSEA software.





Correlation of NCAPG Expression With Immune Cell Infiltration and Cumulative Survival in Glioma Patients

Because GSEA showed that NCAPG expression correlated with the immune response-related signaling pathway, we further examined the correlation between NCAPG expression and immune cell infiltration in glioma tissues. Using TIMER database analysis, we found that alterations in the somatic copy number of NCAPG correlated significantly with infiltration of B cells, CD4+ T cells, CD8+ T cells, neutrophils, macrophages, and dendritic cells into gliomas (Figure 7A). Analysis of the expression of NCAPG in immune subtypes of glioma showed that NCAPG was mainly highly expressed in the C4 subtype (Figure 7B) (21, 22). Moreover, NCAPG expression was positively correlated with immune cell infiltration into gliomas in general and with the infiltration of B cells, CD4+ T cells, CD8+ T cells, macrophages, neutrophils, and dendritic cells in glioma (Figures 7C, D). Cox proportional hazard model analysis confirmed that the numbers of B cells, CD8+ T cells, CD4+ T cells, macrophages, neutrophils, and dendritic cells infiltrating into gliomas, as well as NCAPG expression, were associated with a poorer prognosis in glioma patients (Figure 7E). Analysis of the effects of high and low levels of NCAPG on immune characteristics of various subtypes of immune cells showed that NCAPG expression significantly affected the levels of infiltration of macrophages, aDCs, neutrophils, iDCs, cytotoxic cells, eosinophils, T cells, Th17 cells, NK CD56dim cells, T helper cells, B cells, DCs, NK cells, Th2 cells, CD8 T cells, Tem cells and Th1 cells (Figures 8A–E).




Figure 7 | Analysis of the correlation between NCAPG expression and immune cell infiltration. (A) The correlation between NCAPG expression and somatic copy number alterations. (B) The expression of NCAPG in various immune subtype. (C, D) The correlation between NCAPG expression and the infiltration of different immune cells. (E) Levels of B cells, CD4+ T cells, CD8+ T cells, dendritic cells, macrophages, and neutrophils are correlated with the cumulative survival rate in glioma. ** p < 0.01, ***p < 0.001.






Figure 8 | Correlation between NCAPG expression and immune cell infiltration. (A–E) Comparison of the levels of infiltration of multiple subtypes of immune cells in the high- and low- expression groups, *P < 0.05, **P < 0.01, ***P < 0.001.





NCAPG Knockdown Inhibits Glioma Cell Growth and Migration

The association between NCAPG expression and glioma was evaluated immunohistochemically, using antibody to NCAPG to detect the protein level in glioma tissues. The level of expression of NCAPG protein was found to increase with increasing glioma grade (Figure 9A). Furthermore, qRT-PCR assays showed that NCAPG was highly expressed in glioma cell lines, especially in A172 and U251 cells, but not in normal human astrocytes (Figure 9B). Knockdown of NCAPG in glioma cell lines, as verified by qRT-PCR assay (Figure 9C), significantly reduced the proliferation of glioma cells (Figure 9D, E). Evaluation of the effects of NCAPG knockdown on the migration ability of glioma cells, as determined by transwell and wound healing assays, showed that knockdown of NCAPG inhibited cell migration (Figures 9E, F). Collectively, these results showed that NCAPG was highly expressed in glioma cells and was significantly associated with glioma cell proliferation and migration.




Figure 9 | NCAPG depletion inhibits GBM cell proliferation and migration. (A) Immunohistochemistry detection of NCAPG in normal brain tissue, glioma, and HGG. (B) The expression of NCAPG in normal human astrocytes cells (NHA) and GBM cell lines (U87, A172, and U251). (C) The NCAPG knockdown efficiency in A172 and U251 cells verified by qRT-PCR assay. (D) NCAPG knockdown significantly inhibited A172 and U251 cell proliferation examined by growth curve assay. (E, F) NCAPG knockdown significantly inhibited A172 and U251 cell migration as examined by transwell and wound healing assays. Scale bar =50 μm. NC=Negative control, KD=NCAPG Knockdown, ***P < 0.001.






Discussion

Gliomas are the most common type of malignant tumor of the central nervous system. Patients with glioma generally have poor clinical outcomes, with 5-year survival rate in patients with high-grade glioma being only 10% (23). Identifying potential prognostic biomarkers and understand the molecular mechanisms regulating glioma progression are therefore important. Studies have evaluated the prognostic roles and molecular mechanisms of NCAPG in various tumor types. For example, increased expression of NCAPG has been associated with a poor prognosis in patients with gastric cancer (24). Moreover, NCAPG has been shown to modulate the SRC/STAT3 signaling pathway and confer resistance to trastuzumab in HER2-positive breast cancer cells (25). NCAPG has been reported that to promote hepatocellular carcinoma (HCC) cell proliferation and migration (26) and to be a potential biomarker of endometrial cancer progression and prognosis (27). However, the function of NCAPG in glioma remains incompletely understood.

To our knowledge, the present study is the first to comprehensively evaluate NCAPG expression and its association with clinical and prognostic outcomes in glioma using various public databases, including the CGGA, TCGA, GEO, Rembrandt, and Gravendeel datasets. We found that NCAPG was significantly overexpressed in gliomas and that increased NCAPG expression correlated significantly with poor outcomes, tumor grade, age, IDH mutation status, and chromosome 1p/19q co-deletion status, as well as with the outcomes of radiotherapy and chemotherapy. Cox and univariate analyses showed that NCAPG expression correlated positively with WHO grade, primary therapy outcome, IDH mutation status, age, and poor OS in patients with glioma. Based on multivariate Cox analysis, a nomogram was constructed to predict the prognosis of patients with glioma based on the expression of NCAPG and to stratify glioma patients with better performance. Furthermore, GSEA showed that high NCAPG expression was correlated positively with natural killer cell-mediated cytotoxicity; the Toll-like receptor, T-cell receptor, TGF-β, neurotrophin, MAPK, chemokine, WNT, and focal adhesion signaling pathways; with neuroactive ligand-receptor and cytokine-cytokine receptor interactions; and apoptosis.

Immunotherapy plays an increasingly important role in standard cancer treatment (28), as it can recruit tumor-infiltrating T cells to eradicate tumor cells (29). In glioma, tumor-infiltrating CD4+ T cells play an important role in immune regulation (30). GSEA showed that NCAPG expression was significantly involved in natural killer cell-mediated cytotoxicity and the Toll-like receptor and T-cell receptor signaling pathways. T cell receptor signaling plays a crucial role in immune regulatory processes in glioma (31). Analysis of immune cell infiltration in the present study showed that high NCAPG expression was significantly and positively associated with levels of B cells, CD8+ T cells, CD4+ T cells, macrophages, neutrophils, and dendritic cells in gliomas. Moreover, Cox proportional hazard analysis showed that populations of B cells, CD8+ T cells, CD4+ T cells, macrophages, neutrophils, and dendritic cells, along with NCAPG expression, were significantly associated with poor OS in glioma patients. Taken together, these results suggest that NCAPG might affect immune cell infiltration, making NCAPG expression a predictive biomarker for the effects of immunotherapy in patients with glioma.

Both immunohistochemistry and qRT-PCR assays showed that NACPG was highly expressed in glioma tissue and glioma cell lines. The biological functions of NCAPG in these cells were evaluated by NCAPG knockdown, which significantly inhibited glioma cell proliferation and migration. These results suggest that NCAPG may act as an oncogene in glioma, but additional studies are needed to confirm these findings.

This study had several limitations. Although we explored the correlation between NCAPG and immune cell infiltration in glioma patients, we did not determine the function of NCAPG in regulating the tumor microenvironment in glioma. In addition, we showed that depletion of NCAPG could inhibit the cell migration of glioma cells, the potential molecular mechanisms of NCAPG in cancer metastasis remain unclear. Furthermore, the present study assessed the expression and biological roles of NCAPG in databases of patients with glioma and cultured cells, not in vivo. Additional studies are required to assess the function of NCAPG in glioma metastasis and in regulating the glioma tumor microenvironment.

Overall, these results confirmed that NCAPG could serve as a potential novel prognostic biomarker in patients with glioma. Moreover, underlying evidence indicated that NCAPG regulates immune cell infiltration in the glioma tumor microenvironment. These findings can therefore enhance current understanding of not only the role of NCAPG but also its translational use in glioma prognosis and immunotherapy.



Conclusion

In summary, the findings of this study showed that NCAPG expression was increased in glioma tissues and that its high expression correlated with malignant progression of gliomas. Knockdown of NCAPG in glioma cells reduced their proliferation and migration activities. These results show that NCAPG plays a critical role in glioma progression, and may be useful as a potential novel prognostic biomarker in patients with these tumors.
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Glioma is one of the most deadly types of brain cancer. As it is highly invasive, the prognosis for glioma patients remains dismal, with median survival rarely exceeding 16 months. Thus, developing a new prognostic biomarker for glioma and investigating its molecular mechanisms is necessary for the development of an efficient treatment strategy. In this study, we analyzed a cohort of 1,131 glioma patients using RNA-seq data from The Cancer Genome Atlas (TCGA project) and Gene Expression Omnibus (GSE4290 and GSE16011 datasets), and validated the results using the RNA-seq data of 1,018 gliomas from the Chinese Glioma Genome Atlas (CGGA project). We used the R language as the main tool for statistical analysis and data visualization. We found that NCAPG, a mitosis-associated chromosomal condensing protein, is highly expressed in glioma tissues. Furthermore, the expression of NCAPG increased significantly with the increase in tumor grade, and high NCAPG expression was found to be a predictor of poor overall survival in glioma patients (P < 0.001). This result shows that NCAPG expression could be an independent prognostic factor. Importantly, when the expression of NCAPG was knocked down, the CCK-8 assay revealed that the proliferation of glioma cells (LN-229 and T98G cell lines) decreased significantly compared with the control group. In addition, the healing rates of these cells were significantly lower in the si-NCAPG group than in the control group (P < 0.001). We then used the CIBERSORT algorithm to analyze the expression levels of 22 subpopulations of immune cells and found that NCAPG was significantly negatively correlated with natural killer cell activation. In addition, it was positively correlated with MHC-I molecules and ADAM17. Our study is first in comprehensively describing the high expression of NCAPG in glioma. It also shows that NCAPG can function as an independent prognostic predictor of glioma, and that targeting NCAPG can be a new strategy for the treatment of glioma patients.
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Introduction

Glioma is the most common and aggressive primary malignant tumor of the central nervous system, accounting for 50–60% of intracranial tumors (1, 2). At present, combination therapy, including surgery, radiotherapy, and chemotherapy, is the standard treatment strategy for glioma, but its prognosis is still poor because of the difficulty of complete resection and its low sensitivity to radiotherapy and chemotherapy (3–5). Glioma is usually associated with poor prognosis, with a 5-year survival rate of only 10–20% (6, 7). In recent years, with the development of molecular pathology, some molecular markers in glioma have played an important role in the diagnosis and prognosis of the disease, such as isocitrate dehydrogenase (IDH), epidermal growth factor receptor (EGFR), O-6-methylguanine-DNA methyltransferase (MGMT), and tumor protein p53 (TP53) (8). In 2016, the WHO Classification of Tumors of the Central Nervous System (WHO CNS4) was first to use molecular markers in glioma classification, and in 2021 WHO CNS5 placed even more emphasis on their importance (9, 10). Therefore, the new molecular classification of glioma may play a key role in its prognosis.

With the rise of tumor immunotherapy, the study of the glioma immune microenvironment has gradually become a research hotspot, and rapid progress has been made in this field (11, 12). However, the effect of clinical treatment is still not ideal, and the cure and survival rates of glioma patients have not improved significantly in the past ten years, which may be due to the immune escape caused by the tumor immune microenvironment (TME). It is well known that the TME contains many different non-cancerous cell types in addition to cancer cells, including endothelial cells, pericytes, fibroblasts, and immune cells (13). Immune cells within the TME play an important role in tumorigenesis. Over the past few decades, it has been commonly accepted that the brain is “immunologically privileged” owing to the separation of the central nervous system (CNS) from the systemic immune system because of the blood brain barrier (BBB). However, the traditional view is gradually being challenged owing to advances in the field of brain cancer research. It was reported that the BBB is often compromised in certain brain tumors, causing a robust infiltration of multiple immune cell types from the peripheral circulation (14). Thus, focusing on the glioma immune microenvironment may help to provide new ideas for its treatment.

Non-structural maintenance chromatin condensin 1 complex subunit G (NCAPG) is a mitosis-associated chromosomal condensing protein widely present in eukaryotic cells (15, 16). NCAPG is a polypeptide composed of 1015 amino acids with a relative molecular weight of 114.1 kDa (17, 18). It is highly expressed in a variety of cancers such as prostate cancer, breast cancer, and hepatocellular carcinoma (HCC) (19–22), and has been reported to be associated with invasion, metastasis, apoptosis, and drug resistance of tumor cells through various molecular mechanisms (23). However, whether NCAPG can be used as a biomarker of glioma and its function in gliomas have not yet been reported.

In the present study, we found that NCAPG was significantly overexpressed in glioma by analyzing the RNA-seq datasets of 698 gliomas obtained from The Cancer Genome Atlas (TCGA) network and 433 gliomas obtained from the Gene Expression Omnibus (GSE4290 and GSE16011) database. We validated the results using the Chinese Glioma Genome Atlas (CGGA) database and determined that the NCAPG gene could be further investigated as an independent prognostic factor for glioma. In addition, overexpression of NCAPG was found to promote the proliferation, migration, and differentiation of glioma cells. Furthermore, we found that MHC-I was overexpressed when NCAPG was overexpressed, resulting in immune escape from natural killer (NK) cells. This study aimed to evaluate NCAPG expression in glioma tissues and investigate the role of NCAPG in the development and prognosis of glioma.



Materials and Methods


Microarray Data Information

The data used in our study were obtained from the public databases TCGA, NCBI-GEO, and CGGA. The TCGA and NCBI-GEO data were used as the experimental groups and the CGGA data were used as the validation set. The expression data of TCGA-glioma, including TCGA- low-grade tissues (LGG) and TCGA- high-grade glioma tissues (GBM), from the Affymetrix HT Human Genome U133a microarray platform, were downloaded from the TCGA (https://portal.gdc.cancer.gov/) database. The dataset consisted of the clinical data of 698 glioma patients and 5 normal individuals, and patients with incomplete clinical data were excluded from subsequent analyses. In addition, we downloaded two GEO datasets (GSE16011 and GSE4290) from the Affymetrix Human Genome U133 Plus 2.0 Array platform, containing the clinical data of 433 glioma patients and 31 normal individuals. The validation set (CGGA data), gene expression data, and corresponding clinical data of the glioma patients were downloaded from CGGA (LGG+GBM) (http://www.cgga.org.cn/). Two datasets containing the clinical data of 693 and 325 patients (Dataset ID: mRNAseq_693 and mRNAseq_325, Data Type: RNA sequencing), respectively, were downloaded. The two sets of gene expression data were corrected in batches and integrated by loading them into the Limma (14) and SVA (15) packages in the R software (R version 4.0.4; https://www.r-project.org/). As in the case of TCGA data, the patients with incomplete clinical data were excluded from subsequent analyses.



Data Processing of Differentially Expressed Genes (DEGs)

The DEGs in GSE16011 and GSE4290 between glioma and normal specimens were identified using GEO2R online tools with the criteria |logFC| > 2 and adjusted P value < 0.05. For the TCGA glioma dataset, we used the limma package of R to analyze the differences between the tumor and normal tissues using the criteria |logFC| > 2 and adjusted P value < 0.05. Subsequently, the raw data in TXT format were checked using the Venn software (Draw Venn Diagram; http://bioinformatics.psb.ugent.be/webtools/Venn/) to detect the common DEGs among the three datasets. The DEGs with logFC < 0 were considered as downregulated genes, while those with logFC > 0 were considered as upregulated.



PPI (Protein–Protein Interaction) Network and Gene Enrichment Analysis

The PPI network was predicted using the online search tool for the retrieval of interacting genes (STRING; http://string-db.org) database. A sufficient understanding of the functional interaction between proteins can provide better insight into the underlying mechanisms causing the initiation or development of cancers. Therefore, we constructed a PPI network based on the STRING database, using the Cytoscape software (National Institute of General Medical Sciences, USA). Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) analyses were performed using the DAVID database (DAVID; http://david.ncifcrf.gov). Gene set enrichment analysis (GSEA) (version 4.1.0, the broad institute of MIT and Harvard, http://software.Broadinstitute.org/gsea/downloads.jsp) of glioma and adjacent normal tissues was performed to investigate the biological characteristics of glioma.



Survival Prognostication

The overall survival (OS) was calculated from the date of initial diagnosis to the date of the last follow-up or death, using the survival data obtained from the CGGA and TCGA databases. All samples were divided into two expression groups (high and low) according to the median value of NCAPG expression. The prognostic value of NCAPG in these cohorts was evaluated using the Kaplan–Meier method and the log-rank test.



Cell Culture

The LN-229 cell line was derived from the right frontal parieto-occipital cortex of a 60-year-old female patient with glioblastoma. The T98G cell line was derived from the brain of a 61-year-old male patient with glioblastoma multiforme. These cell lines were obtained from the Institute of Pathology and Southwest Cancer Center of Army Medical University (Chongqing, China) and cultured in Dulbecco’s modified Eagle medium (DMEM; Gibco, Carlsbad, CA, USA) supplemented with 1% penicillin/streptomycin (Beyotime, China) and 10% fetal bovine serum (Gibco) at 37°C.



Verification of the Role of NCAPG in Glioma Cells

NCAPG siRNA (si-NCAPG-1, -2, and -3) and negative control (si-NC) were purchased from Tsingke (Shanghai, China); their sequences are listed in Table S1. Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA, USA) was used for transfection in accordance with the manufacturer’s instructions. Cell viability at different time points was determined using the CCK-8 assay (GLPBIO, China) and the healing rates were evaluated by cell scratch test.



Quantitative Real Time PCR (RT-qPCR)

Total RNA was isolated from glioma tissues and cell lines using TRIzol RNA isolation reagent (Invitrogen) and reverse transcribed to cDNA using a cDNA Synthesis kit (Takara, Shiga, Japan). The gene expression levels were detected by RT-qPCR using SYBR Premix Ex Taq (Takara). The primers used are listed in Table S2.



Western Blot Analysis

Proteins were isolated from cultured cells and tissues using SDS lysis buffer with freshly added protease inhibitor. Equal amounts of proteins were separated using 8% SDS-PAGE and transferred to polyvinylidene fluoride membranes (Millipore, Billerica, MA, USA). The membranes were incubated with antibodies against NCAPG (PA5-101540, 1:1000; Invitrogen) (1:2500, Proteintech, Hubei, China), MHC class I (ab134189, 1:5000; Abcam, Cambridge, MA, USA) and β-actin (1:1000; Abcam). Chemiluminescence was detected using a High-sig ECL Western Blotting Substrate (Tanon, Shanghai, China) detection system.



Transwell Invasion Assay

The cell invasion assay was performed using a 24-well Transwell chamber (Corning Incorporated, Corning, NY, USA). Cells were seeded at a density of 2 × 104 cells in the upper chamber (pore size, 8 µm), which was precoated with Matrigel (BD Biosciences, Franklin Lakes, NJ, USA). The lower chamber was filled with 600 µL DMEM containing 10% FBS. Following a 36-h incubation at 37°C, cells on the upper-side of the membrane were removed using clean swabs. Invaded cells on the lower surface of the membrane were fixed with 4% paraformaldehyde. Then, cells were stained with gentian violet. Invaded cells in three fields were counted under a microscope.



CIBERSORT

The TCGA-glioma database was analyzed using the CIBERSORT software (https://cibersort.stanford.edu). Twenty-two types of immune cells were evaluated to estimate the correlation between NCAPG and infiltrating immune cells.



Immunohistochemical Staining

To analyze the expression of NCAPG in glioma, we purchased glioma tissue microarrays (TMA) from the Outdo Biotech Company (Shanghai, China). The TMA included 140 primary glioma tissues that had been operated on and had pathologic data from 2008 to 2011. The date of the operation was used as the initial time for follow-up. Regular follow-up visits were performed annually for the included patients. The TMA slides were subjected to immunohistochemical (IHC) analysis using the Envision method. A total of 140 glioma tumor samples were stained with NCAPG antibody (ab251864, 1:1000; Abcam). Two independent pathologists evaluated the expression of NCAPG in glioma tissues in a double-blind manner. The IHC score was calculated as follows (24): total score = intensity score × percentage score. The intensity score was measured based on the staining intensity and was classified into four levels: negative (0), weak (1), moderate (2), and strong (3). The percentage score was based on the percentage of positive cells in staining and was classified into five levels: < 5% (0), 5–25% (1), 25–50% (2), 50–75% (3), and > 75% (4). Finally, the total IHC score, the maximum of which is 12 points, was classified into four levels: negative (0), weak positive (1–4), positive (5–8), and strong positive (9–12). For subsequent experiments, the negative and weak positive samples were categorized as belonging to the low expression group, while the positive and strong positive samples were categorized as belonging to the high expression group.



Statistical Analysis

Statistical data acquired from TCGA and CGGA were merged and analyzed using R 4.0.3. Receiver operating characteristic (ROC) curves were used to establish the diagnostic value of NCAPG in gliomas. The area under the curve (AUC) and P-values were calculated. Correlations between clinical information and NCAPG expression were analyzed using logistic regression. Furthermore, multivariate Cox analysis was used to evaluate the influence of NCAPG expression and other clinicopathological factors on survival. To detect the correlation between immune cells, we created a correlation heatmap based on the correlation between every two different immune cells in the samples. Statistical analyses were performed using the SPSS (ver. 22.0, IBM Corp., Armonk, NY, USA) and GraphPad Prism 8 software (GraphPad Software Inc., USA). Student’s t-test was used to analyze the differences between two groups, while one-way analysis of variance was used to analyze more than two groups. The χ2 test was used to evaluate the differences in nuclear NCAPG expression in glioma tissues. P-value < 0.05 was set as the cut-off criterion (*P < 0.05, **P < 0.01, and ***P < 0.001).




Results


Identification of DEGs in Glioma

Data from 1131 glioma and 36 normal tissue samples were analyzed in the present study. Using GEO2R online tools and the R software, we extracted the DEGs from GSE4290, GSE16011, and TCGA-glioma datasets. We then used the Venn diagram software and identified a total of 297 DEGs that were common to the three datasets, including 236 downregulated (logFC < 2) and 61 upregulated genes (logFC > 2) in the glioma tissues compared with normal tissues (Figure 1A).




Figure 1 | Differentially expressed genes (DEGs) in glioma and the functional analysis of DEGs. (A) Venn diagram of DEGs based on TCGA and GEO. (B–D) Protein–protein interaction (PPI) of DEGs. (E, F) Gene ontology (GO) and pathway enrichment analysis of the glioma enriched DEGs.





PPI Network and GO Enrichment and KEGG Analyses

To further explore the underlying mechanisms, we constructed a PPI network of the DEGs based on the STRING database (http://string-db.org) using the Cytoscape software. The interactions between the 297 genes are shown in Figure 1B, and the significance of the module was screened using MCODE. CDK1, CCNB2, NCAPG, NCD80, TTK, and DTL were the hub nodes with the highest node degrees in the module (Figure 1C). In addition, the bar plots represent the top 30 genes ranked by the number of nodes (Figure 1D). To obtain an in-depth understanding of these upregulated DEGs, GO term enrichment and KEGG pathway analyses were performed using DAVID software (Figures 1E, F).



Expression Level of NCAPG in Glioma Patients and GSEA

The clinical and gene expression data were obtained from TCGA. We analyzed the differential expression of NCAPG in glioma and normal tissues using TCGA (Figure 2A) and then used the GEPIA online analysis website (http://gepia.cancer-pku.cn/index.html) for the verification of the results (Figure 2B). The results showed that NCAPG was highly expressed in glioma tissues, while it was almost absent in normal tissues. To further understand the cellular roles of NCAPG in glioma, GSEA was performed. The top four normalized enrichment scores (NES) of the groups with high NCAPG expression were of the KEGG cell cycle (NES = 2.28), KEGG p53 signaling pathway (NES = 2.26), KEGG pyrimidine metabolism (NES = 2.17), and KEGG DNA replication (NES = 2.00) (Figure 2C).




Figure 2 | NCAPG is highly expressed in glioma tissues and could be a biomarker for glioma. (A) NCAPG is highly expressed in glioma tissue compared with normal tissue. (B) The expression of NCAPG in high-grade glioma tissues (GBM) and low-grade glioma tissues (LGG) analyzed by GEPIA. (C) Significantly enriched pathways associated with NCAPG by gene set enrichment analysis (GSEA). (D, E) Survival curve of NCAPG expression in TCGA and CGGA, respectively. (F, G) Differential expression of NCAPG in different cancer grades and isocitrate dehydrogenase (IDH) mutations. (*P < 0.05, ***P < 0.001).





NCAPG Expression Is Significantly Correlated With the Degree of Malignancy and Glioma Subtype

To further verify the role of NCAPG in the progression of glioma, we used the TCGA dataset to explore the relationship between the expression level of the NCAPG gene, patient survival, tumor classification, and isocitrate dehydrogenase (IDH) mutations. At the same time, we used the CGGA database to further expand the experimental sample size and verify the study content in order to avoid possible deviations caused by a single database. The results of the Kaplan–Meier analysis indicated that the patients with high NCAPG expression had a shorter survival compared with those presenting low NCAPG expression, in both the TCGA and CGGA datasets (Figures 2D, E; P < 0.001). Furthermore, we also found that the expression level of NCAPG was more or less related to the grade of the glioma, and that high NCAPG expression usually corresponded to high-grade tumor samples. The expression level of NCAPG in GBM of WHO grade 4 was significantly higher than that of other pathological subtypes (Figure S1) using the GlioVIS online analysis website (http://gliovis.bioinfo.cnio.es). In addition, the expression level of NCAPG was also related to the mutation of IDH, with the wild-type IDH group exhibiting higher levels of NCAPG compared with the IDH mutation group (Figures 2F, G).



Univariate and Multivariate Analysis Showed the Prognostic Significance of NCAPG and Its Association With Related Clinicopathological Factors in Glioma

To further explore the function of NCAPG and determine whether the risk score was an independent and significant prognostic factor in glioma, we performed univariate and multivariate Cox regression analyses in the above datasets. We discovered that NCAPG may serve as an independent risk factor in the TCGA-glioma dataset (Figures 3A, B). We then used the NCAPG single-gene model to predict patient survival; the AUC of the risk score for the 5-year, 3-year, and 1-year survival prediction was 0.803, 0.821, and 0.761 (Figure 3C), respectively. We also analyzed NCAPG expression and related clinical features in the CGGA database and found consistent trends (Figures 3D, E). The AUC of the risk score for the 5-year, 3-year, and 1-year survival predictions were 0.782, 0.785, and 0.705, respectively (Figure 3F). In summary, NCAPG may act as an independent prognostic factor for gliomas.




Figure 3 | Construction and verification of single gene diagnostic model. (A, B) Univariate and multivariate COX analysis of NCAPG using the TCGA database. (C) The predictive capacity of the risk score for the 1- year, 3- year, and 5- year survival rates of patients in TCGA; AUC, area under the curve. (D, E) Univariate and multivariate COX analysis of NCAPG using the CGGA database. (F) The predictive capacity of the risk score for the 1- year, 3- year, and 5- year survival rates of patients in CGGA; AUC, area under the curve. (*P < 0.05, **P < 0.01, ***P < 0.001).





NCAPG Promotes Glioma Proliferation, Migration, and Differentiation

To demonstrate the role of NCAPG in glioma, glioma cell lines (LN-229 and T98G) were transfected to silence the NCAPG gene. The transfected glioma cell lines were categorized into control group (Control), silenced negative control group (si-NC), silenced interference sequence 1 (si-1), silenced interference sequence 2 (si-2), and silenced interference sequence 3 (si-3). We then analyzed the expression of NCAPG in the transfected cell lines using western blotting and RT-qPCR. As shown in Figures 4A, B, the expression levels of NCAPG in the si-1, si-2, and si-3 groups were lower than those in the Control and si-NC groups; in particular, the si-1 group showed the lowest expression levels among the si-1, si-2, and si-3 groups; therefore, we chose the si-1 group (hereafter denoted as si-NCAPG) to use in subsequent experiments.




Figure 4 | NCAPG promotes the proliferation, migration, and differentiation of glioma. (A) NCAPG expression in LN-229 and T98G cell lines were analyzed using western blot after transfection with si-NC, si-1, si-2, and si-3. (B) Quantitative analysis of the expression of NCAPG in LN-229 and T98G cell lines by western blot and RT-qPCR. (C) Cell viability of LN-229 and T98G cell lines at different time points after incubation, analyzed by CCK-8. (D, E) Cell scratch test was used to detect the healing rates of LN-229 and T98G cell lines. (F, G) Transwell invasion assay was used to detect the invasion ability of both LN-229 and T98G cell lines. (*P < 0.05, **P < 0.01, ***P < 0.001).



Furthermore, the CCK-8 assay revealed the effect of NCAPG on glioma cell proliferation. As shown in Figure 4C, NCAPG silencing (si-NCAPG group) significantly decreased the proliferation of glioma cells (LN-229 and T98G) in contrast with the respective si-NC groups. In addition, the healing rates of glioma cells (LN-229 and T98G), detected by the cell scratch test, were significantly lower in the si-NCAPG group than in the control group (Figures 4D, E, P < 0.001). Transwell invasion assays were conducted to evaluate the effects of NCAPG silencing on the invasive abilities of glioma cells (LN-229 and T98G). The results demonstrated that the ability of glioma cells to invade through the Matrigel matrix was significantly decreased in the si-NCAPG group compared with the si-NC group (Figures 4F, G).



High NCAPG Expression Is Associated With High Grade and Poor Prognosis in Glioma

To investigate the relationship between NCAPG and glioma tissues, IHC staining was performed on TMA slides. We collected 140 glioma tissue samples; the main clinicopathological variables examined in this study are shown in Table 1. Then, we divided the samples into two expression groups, high and low, according to the immunohistochemical score, and their clinical and survival data were analyzed. As shown in Figure 5A, NCAPG was located in the cytoplasm, and the χ2 test showed that the expression of NCAPG in GBM (WHO 4) was significantly higher than that in LGG (WHO 1–3) (P<0.001) (Table 1), suggesting that NCAPG expression was positively correlated with histological grade (Figure 5B). At the same time, we also found that the expression level of NCAPG in tumor tissues was higher in older patients than in younger patients. However, the expression level of NCAPG in glioma was not correlated with the sex of the patient or the expression levels of Ki-67 and GFAP (Table 1). The survival curve is shown in Figure 5C, which indicates that the survival rate of patients in the high expression group was significantly lower than that in the low expression group. In summary, NCAPG can determine the prognosis and act as a new biomarker for glioma.


Table 1 | NCAPG expression and clinicopathological parameters in glioma tissue chips.






Figure 5 | The expression of NCAPG in glioma TMA. (A) The expression and distribution of NCAPG in representative tissue specimens. (B) The relationship between NCAPG expression and glioma grade in the tissue microarrays (TMA). (C) Survival curve and NCAPG expression in glioma TMA. (-: Negative for a score of 0, +: Weak for a score of 1-4, ++: Moderate for a score of 5-8, +++: Positive for a score of 9-12, ***P < 0.001).





Relationship Between NCAPG Expression and Tumor-Infiltrating Immune Cells

To display the distribution of immune infiltration in glioma, we first explored the immune infiltration of 22 subpopulations of immune cells in glioma tissue using the CIBERSORT algorithm. As shown in Figure 6A, the divergence in tumor-infiltrating immune cells (TIICs) may be a distinctive feature of individual differences and have prognostic value.




Figure 6 | The landscape of immune infiltration in glioma cells. (A) The proportions of immune cells in each glioma sample are indicated with different colors, and the lengths of the bars in the bar chart indicate the levels of the immune cell populations. (B) Correlation matrix for all 22 immune cell proportions. Some immune cells were negatively related, represented in blue, while others were positively related, represented in red. The darker the color, the higher the correlation (P < 0.05). (C) Violin plot visualizing the differentially infiltrated immune cells. (D) the relation between the expression of NCAPG and NK cell activation.



Figure 6B shows that the populations with a significantly negative relationship included M0 macrophages and monocytes (−0.69), activated and resting NK cells (−0.54), and M0 macrophages and activated mast cells (−0.5). The populations with a significantly positive relationship were eosinophils and activated mast cells (0.45), M0 macrophages and Tregs cells (0.43), plasma cells and naïve B cells (0.41), and activated NK cells and activated mast cells (0.40).

The results of the difference and correlation analyses showed that a total of 11 TIICs were correlated with the expression of NCAPG (Figure 6C). Among them, five types of TIICs were positively correlated with NCAPG expression, including macrophage M0, macrophage M1, macrophage M2, neutrophils, and resting NK cells, while six types were negatively correlated with NCAPG expression, including memory B cells, activated dendritic cells, eosinophils, activated mast cells, monocytes, and activated NK cells. These results further support that the levels of NCAPG affect the immune activity of the TME. Figure 6D shows that NCAPG has a significantly negative relationship with NK cell activation.



NCAPG Affects NK Cell Activation

Since we found a negative relationship between the expression of NCAPG and NK cells activation, we explored the mechanism underlying this effect. First, we analyzed the relationship between the expression of NCAPG and major histocompatibility complex-I (MHC-I) using the TCGA and CGGA glioma datasets. As shown in Figure 7A, the heatmap indicated that the expression of NCAPG was positively correlated with MHC-I molecules, especially HLA-A, HLA-B, and HLA-C. Next, we verified the results using the T98G and LN-229 glioma cell lines and found that the interference efficiency of si-NCAPG in both cell lines was as high as 80%; Figures 7B, C show that the expression level of MHC-I molecules decreased by varying degrees according to the decrease in NCAPG expression, especially HLA-A, HLA-B and HLA-C, which is consistent with the results obtained from the TCGA and CGGA datasets. Furthermore, we tested the expression of α-disintegrin and metalloprotease-17 (ADAM17) in glioma tissues and found that the expression of ADAM17 decreased with the reduction in NCAPG expression.




Figure 7 | NCAPG affects the expression of major histocompatibility complex-I (MHC-I) in glioma. (A) Heatmap of the relationship between NCAPG expression and MHC-I in the TCGA and CGGA datasets. (B) The expression of NCAPG in relation to different MHC-I molecules and ADAM17 with RT-qPCR assay. (C) The relationship between NCAPG and MHC-I molecule expression using western blot analysis. (*P < 0.05, **P < 0.01, ***P < 0.001).






Discussion

NCAPG, a protein component of the condensation complex, is important for chromosomal stabilization and condensation during meiotic and mitotic cell division (25). NCAPG has been shown to be relevant in a number of different cancer types, including liver cancer (26), bladder cancer (27), renal cell carcinoma (28), multiple myeloma (29), melanoma (30) and breast cancer (31). However, the exact role of NCAPG in glioma, and more generally in cancer, remains to be determined.

Therefore, this study explored the relationship between the expression of NCAPG and glioma, illustrated the relationship between the expression of NCAPG and the glioma immune microenvironment, and explored the mechanism by which NCAPG affects NK cell activation in glioma. First, we comprehensively analyzed the TCGA-glioma and GEO (GSE 10611 and 4290) datasets and detected a high expression of NCAPG in glioma; we then verified the results using the GEPIA online website. The functional enrichment of differentially expressed genes and NCAPG in gliomas predicted that NCAPG may be closely related to the cell cycle (32), p53 signaling pathway (33), and PI3K/ARK signaling pathway (34) in glioma, which is consistent with previous studies on NCAPG in tumors. Furthermore, we analyzed the relationship between the expression of NCAPG in glioma and the survival time of glioma patients, tumor classification, and IDH mutation using TCGA data. The results showed that high expression of NCAPG could decrease the survival rate of patients. The results also highlighted that, in glioma patients, the expression of NCAPG is associated with the tumor grade and that NCAPG expression increases significantly with the tumor grade. The expression of NCAPG in GBM was significantly higher than that in other pathological gliomas. Moreover, glioma patients with wild-type IDH exhibited an increased expression of NCAPG. In addition, using Cox analysis, we identified that the expression level of NCAPG in glioma can serve as an independent prognostic factor in glioma patients. To avoid bias in the analysis caused by a single database (TCGA), we used the CGGA database to increase the number of data sources and validate the results obtained, and found consistency in the results. In addition, we used glioma TMA to perform IHC analysis. The results showed the significance of NCAPG expression in determining glioma prognosis and tumor grade.

Next, we explored the relationship between the expression level of NCAPG and the biological properties of glioma using LN-229 and T98G cell lines. We decreased the expression level of NCAPG within the cell lines using si-NCAPG and confirmed the knockdown efficiency using RT-qPCR and western blotting. The knockdown of NCAPG significantly decreased cell proliferation, migration, and invasion ability of glioma cells. This result is consistent with those of other studies which evaluated the function of NCAPG in other tumors; for example, Zhang et al. (35) reported that NCAPG could induce cell proliferation in cardia adenocarcinoma via the PI3K/AKT signaling pathway, and Xu et al. (32) revealed that elevated mRNA expression of NCAPG is associated with poor prognosis in ovarian cancer. In conclusion, our results suggest that NCAPG expression is associated with malignant biological processes and can be used as a biomarker for glioma. NCAPG expression in glioma is likely to be key in diagnostic and treatment strategies for glioma.

Nowadays, immunotherapy for tumors has become a new hotspot, and checkpoint blocking antibodies, such as anti-PD1/PD-L1, are being widely used in the treatment of multiple solid tumors. The relationship between NCAPG expression in tumors and the immune microenvironment has not yet been explored. We conducted a correlation analysis between the expression levels of NCAPG in tumors and 22 types of immune cells in the immune microenvironment using the TCGA-glioma data set, and found a negative relationship between the expression of NCAPG and NK cell activation, which attracted our attention.

NK cells, an important type of immune cell in the TME, have been reported to recognize and kill infected and abnormal cells without prior stimulation (36). Therefore, NK cells play a key role in immune surveillance of viral infectious diseases and cancers. It has been reported that the killing effect of NK cells is regulated by the signaling between the activating and inhibiting receptors on their surface (37). There are two types of receptors on the surface of NK cells: activating receptors, including NKG2D, NKp30, NKp46, and CD16, and inhibitory receptors, including KIR2DL1, KIREDL2/3, and KIR3DL1 (38, 39). Activating receptors such as NKG2D kill target cells by identifying and binding to their specific ligands, such as MICA, MICB, or ULBP proteins; however, inhibitory receptors can prevent the killing of target cells by identifying and binding to their specific ligands, such as MHC-I molecules, to produce the inhibiting signal.

Based on the TCGA and CGGA data of glioma tissues, we found that the expression of MHC-I molecules increased with the increase in NCAPG expression. Subsequently, we identified a positive correlation between the expression of NCAPG and MHC-I molecules in the glioma cell lines (LN-229 and T98G). When NCAPG was knocked down by si-NCAPG in these cell lines, the expression of MHC-I molecules also decreased to a certain extent. It is well known that when MHC-I molecules on the cancer cell surface are reduced or even absent, NK cells respond to the missing self of MHC-I molecules by releasing soluble particles to produce a killing effect. In addition, our study demonstrated that the expression of ADAM17 in the glioma cell lines was positively correlated with the expression of NCAPG. The ADAM17 expressed on the surface of tumor cells has been reported to bind to the activating receptors (CD16 and NKG2D) of NK cells and rupture them (40); at the same time, it acts as a proteolytic enzyme by participating in the shedding of B7-H6, which is highly expressed in tumor cells (41, 42). The presence of the soluble form of B7-H6 has also been associated with lower levels of activating receptor NKp30 expression on NK cells in cancer. Overall, we can conclude that the expression of NCAPG in glioma is relatively high, and that the expression of MHC-I molecules and ADAM17 in glioma cells is also elevated, thereby inhibiting the activation of NK cells, resulting in immune escape and decreased patient survival.

In conclusion, this study revealed the high expression of NCAPG in glioma tissues through comprehensive RNA-seq analysis. The expression level of NCAPG in glioma can reflect, to a certain extent, the tumor grade and prognosis of patients. High expression levels of NCAPG were significantly correlated with poor survival in glioma patients, and could also enhance the proliferation, migration, and invasion ability of glioma cells. In addition, Cox regression analysis showed that NCAPG can act as an independent prognostic factor and as a tumor marker for glioma. Most importantly, we confirmed the negative correlation between NCAPG and the activation of NK cells through CIBERSORT analysis, and explored the possibility of immune escape from NK cell cytotoxicity through RT-qPCR and western blot. These results indicate that high expression of NCAPG in glioma can increase the expression of MHC-I and AMAD17 molecules on the tumor surface, thus camouflaging the tumor and preventing NK cells from being activated in the immune microenvironment. Therefore, NK cells lose their monitoring and killing effect on the tumor, resulting in an acceleration of its proliferation and invasion (Figure 8). Therefore, further studies on NCAPG will be helpful for the diagnosis and treatment of glioma in the future. However, this study did not involve in vivo experiments, which will be included in a follow-up study to explore in depth the specific mechanism of NCAPG regulation of the immune microenvironment, and attempt to use NCAPG as a target for glioma treatment to evaluate its therapeutic effect.




Figure 8 | The potential mechanism of NCAPG function in glioma TME tumor immune cell infiltration.
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GFAPδ, the delta isoform of the glial fibrillary acidic protein, is mainly expressed in the subventricular zone of the brain, together with other neural stem cell markers like nestin. The authors of this paper were among the first that described in detail the expression of GFAPδ and its correlation with malignancy and invasiveness in cerebral astrocytoma. Later, several papers confirmed these findings, showing that the alternative splice variant GFAPδ is overexpressed in glioblastoma (CNS WHO grade 4) compared with lower grade gliomas. Other studies suggested that a high GFAPδ/α ratio is associated with a more malignant and invasive behavior of glioma cells. Moreover, the changing of GFAPδ/α ratio affects the expression of high-malignant genes. It is now suggested that discriminating between predominant GFAP isoforms, GFAPδ or GFAPα, is useful for assessing the malignancy state of astrocytoma, and may even contribute to the classification of gliomas. Therefore, the purpose of this paper is to review the literature with emphasize on the role of GFAPδ as a potential biomarker, and as a possible therapeutic target in glioblastoma.
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Introduction

Glial fibrillar acid protein (GFAP) is a type III intermediate filament protein (IF) found in the cytoskeleton of central nervous system’s (CNS) glial cells (1). GFAP molecule contains 432 aminoacids and has head and tail domains flanking a central α-helical rod domain. Interestingly, during the evolution, more than 90% of the amino acid sequence is conserved among human, mouse, and rat (2). GFAP molecules, after posttranslational modification (mainly phosphorylation and citrullination), start assembling in a multistep process like other type III intermediate filament proteins (3). This process is initiated with monomers binding in a parallel fashion to form dimers, then tetramers are formed by antiparallel association of dimers, followed by lateral bindings that produce octamers, oligomers, and the final filament structures (4).

GFAP is largely expressed in the astrocytes of the central nervous system, but it can also be found in nonmyelinating Schwann cells and enteric glia. GFAP is expressed not only in normal brain tissue, but also in brain tumors like astrocytoma, where it is one of the most important markers for astrocyte lineage. GFAP is also expressed in other tumors like ependymoma (5), pleomorphic xanthoastrocytoma (6), and in other unexpected sites such as myoepithelial tissue and salivary gland tumors (7).

Since its first report by Eng et al. in 1969 (1, 8), 6 isoforms have been described, from human and rodent sources, with splice variants at both 5’ and 3’ ends (Table 1) (11–15, 22, 23).


Table 1 | Research on GFAP related to the invasiveness of cerebral gliomas.



The most abundant GFAP isoform in glial cells is GFAPα, which is the 432 amino acid protein homomerically assembled. The next GFAP isoforms discovered, GFAPβ and GFAPγ, are different from the main isoform by RNA start sites, with GFAPβ mRNA being upstream of that of GFAPα (11, 24) and GFAPγ beginning transcription at 130 nucleotides from the end of GFAPα intron 1 (12). GFAPβ and GFAPγ splice variants carry downstream of their transcription start sites the GFAPα exons. Among cytoskeleton intermediate filaments, alternative splicing is a well-described process in GFAP and synemin, producing additional isoforms (25). Other isoforms of interest produced by alternative splicing are GFAPδ and the latest described, GFAP kappa (Table 1) (15).



GFAPδ – Molecular Structure and Expression

In 1999, Condorelli et al. discovered a new transcript named GFAPδ, which was isolated from the rat hippocampus (Table 1) (13). GFAPδ transcript contained a previously undetected exon, exon 7a, which replaces the exons 8 and 9 from GFAPα. The result is a distinct C-terminal tail domain of GFAPδ compared to GFAPα sequence. Exon 7a, which is present in all mammals, including humans, is unique by its splice acceptor site and polyadenylation signal (26). From a functional viewpoint, the difference in the C-terminal tail domain is crucial. Therefore, GFAPδ by itself can aggregate and prevent normal filament assembly if its concentration (induced by transfection of astrocytic cell line) reaches a threshold concentration (10-30% of total GFAP) (27, 28).

The subventricular zone (SVZ) is a distinct region of the brain with specific features. One of the most important characteristics of this area is the presence of particular cell populations with stem-like properties. Numerous studies have identified a subpopulation of astrocytes as the multipotent neural stem cells (NSCs) of the adult mammalian brain (29–33). Interestingly, Roelofs and colleagues found that within all the areas that were tested from human postmortem brain specimens, the largest localization of GFAPδ immunopositive astrocytes was in the subependymal layer of each lateral ventricle (Figure 1A) (16). These astrocytes have a particular phenotype and form a ribbon of cells along the lateral ventricles (16). Even though the authors found that the population of GFAPδ -positive cells in the SVZ is considerably higher than the number of NSC in this area [approximated by Morshead et al. at 0.2-0.4% NSC (34)], they considered that a certain subgroup of GFAPδ -positive SVZ astrocytes represent the multipotent NSC (16).




Figure 1 | (A). Illustrates the regions in the human brain that have a high expression of GFAPδ-positive cells (subventricular zone, subpial cerebral cortex and subgranular zone of the hippocampus); (B). Initial studies showed that the expression of GFAPα decreases in higher grade gliomas, while the level of GFAPδ remains relatively the same. Therefore, the ratio between GFAPδ and GFAPα expression increases in higher-grade tumors, and it is associated with a more malignant profile.



Another study, published by van den Berge and colleagues, demonstrated that GFAPδ expressing cells were found not only in the SVZ but also in the rostral migratory stream (RMS) on the way to the olfactory bulb (35). Nestin, a marker for NSCs, proliferating cell nuclear antigen (PCNA) and Mcm2, which are cell proliferation markers are expressed simultaneously with GFAPδ in these cells (35). The authors support this hypothesis with evidence that GFAPδ expressing cells in the SVZ resemble immature astrocytes with neural stem cells behavior. Furthermore, vimentin, a marker for immature astrocytes and the general astrocyte marker GFAPα are co-expressed in these cells (8). Notably, GFAPδ-positive cells lacked expression of late markers of astrocyte development, such as glutamine synthetase (GS) and S100B. More important, to support their assertion is the evidence of co-expression, in GFAPδ-positive cells of the transcription factor Sox2, important for the maintenance of adult neurogenesis (36). Based on these results, GFAPδ acts as a marker of NSCs in the SVZ.

Sanai and colleagues raised the hypothesis that SVZ is probably the origin of cerebral gliomas (17). The transformation of these astrocytes with stem features, which occurs in the SVZ, followed by outward migration, could be the origin of astrocytomas (17). As these astrocytes (which reside in the SVZ) express GFAPδ, a reasonable assumption is that cerebral astrocytoma may retain the molecular signature and express GFAPδ. Our previous study confirmed this hypothesis and has demonstrated a statistically significant correlation between the grade of GFAPδ immunostaining and the grade of nestin immunostaining in cerebral astrocytoma (Table 1) (37). Moreover, a statistically significant correlation was found between the neuroimaging invasiveness of cerebral astrocytoma and GFAPδ immunostaining grade (18).



GFAPδ as a Marker of Invasiveness in Malignant Astrocytoma

Cerebral astrocytoma is the most common primary cerebral tumor, with an incidence slightly higher in the male population and is commonly encountered in adult age (38). There are four-grade astrocytomas, with CNS WHO grade 4 being the most malignant type with a median survival despite combined treatment (radical surgical resection followed by radiotherapy and chemotherapy) of approximately 15 months (39). The new WHO 2021 classification system includes several biomarkers to classify cerebral gliomas and to better predict the malignant behavior of these tumors (40). Adult type diffuse gliomas are therefore classified as isocitrate dehydrogenase (IDH)-mutant astrocytoma (graded CNS WHO 2/3/4), IDH mutant and 1p/19q codeleted oligodendroglioma (graded CNS WHO 2/3) and glioblastoma (GBM) IDH-wildtype (graded CNS WHO 4). Grading is based on natural history and invasiveness (40).

Invasion is one of the most important pathological features, which precludes total resection and favors an early tumor recurrence. Certain glioblastomas (CNS WHO grade 4 astrocytomas) have an unusual short clinical course to recurrence after radical resection followed by radiotherapy and chemotherapy and display a highly invasive re-growth pattern with tumor infiltration in the contralateral cerebral hemisphere or satellite tumors developed in distant locations from the original tumor site.

Several markers have been used to determine the prognostic of glioblastoma patients. The evaluation of the Ki-67 labelling index has been described for glioblastoma, but the existing data are controversial whether there is (41, 42) or not (43–45) a benefit on survival. The methylation test for MGMT (O6-methylguanine DNA methyltransferase) promoter is one of the most commonly used predictive markers (46) and while numerous studies have reported that the hypermethylation of MGMT promoter is associated with increased overall survival (OS) and progression-free survival (PFS) (47), other authors report no difference between the survival of patients with MGMT methylation and those without (48). Moreover, Poon et al. showed that the methylation status of the MGMT promoter influenced only the survival of patients that did not complete the temozolomide regimen, having a limited impact on the survival of patients that completed the regimen (49).

Regarding the role of GFAP as a biomarker, Ahmadipour et al. demonstrated by using immunohistochemical staining of paraffin-embedded glioblastoma samples that a GFAP value ≥75% is associated with worse survival, independent of the MGMT promoter methylation status or extent of resection (50). Another study by Sommerlath et al. assessed the differences between long and short-term survivors regarding the GFAP expression, MGMT status and Ki-67 index (51). A decreased Ki-67 index was observed in patients with increased survival, but the difference was significant only when compared with one of the two short-term survivor groups that were included in the study (51). MGMT promoter hypermethylation and GFAP-positive tumors were significantly associated with increased OS when compared to both short-term survivor groups and patients with GFAP-positive tumors had a longer survival independent of the MGMT promoter status (51). Considering these contradictory findings regarding the role of the overall expression of GFAP as a prognostic factor for glioblastoma patients, it is necessary to evaluate the expression of the GFAP isoforms.

Several studies highlighted the expression of high levels of GFAPδ in neurogenic stem cells (16, 35, 52) and in high-grade astrocytomas compared to lower-grade ones (37, 53, 54).

With the objective to accurately distinguish the differentiation state of astrocytomas, it will be necessary to assess the predominant GFAP isoform expression, either GFAPα or GFAPδ (55). Accordingly, the GFAPδ/α ratio is increased in grade IV astrocytoma (Figure 1B) (19).

Moeton et al. proved that increased GFAPδ expression changes the interaction of astrocytoma cells with the microenvironment, with significantly decreased motility by down-regulation of plectin, a protein involved in the filaments network and over-expression of the extracellular matrix component laminin (20).

Uceda-Castro et al., with the use of ex vivo brain slice invasion model and intravital imaging, showed different migratory dynamics of glioma cells depending on the GFAPδ and GFAPα expression levels. High-grade gliomas are associated with alternative splicing in GFAP expression, as GFAPα is downregulated while GFAPδ has an increased dominance in these tumors (Table 1) (21).

Also, GFAPδ showed to be a reliable marker for spinal cord astrocytoma diagnosis, with GFAPδ immunoreactivity being significantly correlated with spinal cord astrocytoma grade (56).

Kanski et al. demonstrated that inhibition of histone deacetylases (HDACs) reduces GFAP expression in astrocytoma cells and the ratio between GFAPδ and canonical isoform GFAPα increases in favor of GFAPδ (57). Histone alteration plays an essential role in glioblastoma genesis, progression and treatment resistance and depends on two types of enzymes, histone acetyltransferases (HATs) and HDACs. To maintain this balance, HDAC inhibitors (HDACis) are identified as novel agents for cancer therapy (58).


GFAPα/GFAPδ Ratio and the Malignant Profile of Cerebral Astrocytoma

Further studies focused on the expression of GFAP isoforms in cerebral astrocytomas showed that, while GFAPα expression is significantly lower in grade IV astrocytomas compared to grade II and grade III astrocytomas, the expression of the alternative splice variant GFAPδ tends to be maintained between astrocytoma grades (19). The result is an increase in GFAPδ expression compared to GFAPα, translated by higher GFAPδ/α ratio in grade IV astrocytoma compared to lower grade (Figure 1B) (19). More important, a higher GFAPδ/α ratio is not only an epiphenomenon associated with malignant profile of cerebral astrocytoma (19). Stassen and colleagues demonstrated that GFAPδ/α ratio regulates high-malignant genes and many of those genes are involved in the regulation of important biological process like the mitotic cell cycle, regulation of cell proliferation and regulation of phosphorylation (19). Therefore, the conclusion of the authors was that while searching for novel therapeutic targets for cerebral astrocytomas, modulating GFAP isoforms expression and selectively splicing should be considered (19).

Interestingly, a higher GFAPδ/α ratio induces not only changes in the genetic expression that regulates the biological process of the astrocytic cells, but also it activates genes involved in the interaction between glioma cells and the extracellular matrix (ECM) (59). One of the key molecules activated by an increased GFAPδ/α ratio in vitro is the dual-specificity phosphatase 4 (DUSP4), also called MAPK phosphatase 2 (19). In glioma patients, DUSP4 expression correlates with the GFAPδ/α ratio, and high expression is associated with worse prognosis (Table 1). This phosphatase plays a key role in MAPK-signaling pathway, which in turn regulates various tumor malignancy–related processes. In gliomas, mutations in the MAPK pathway and constitutive activation of the DUSP4 that target ERK and Janus kinase (JNK) are common (60–62). Moreover, DUSP4 activity influences key biological process dysregulated in gliomas like cell migration (63), invasion (64), proliferation (65), ECM degradation (66), and chemotherapy-induced cytotoxicity (67–69).

Another important gene, LAMA1, which encodes the laminin alpha1 chain of the ECM molecule laminin-111, was significantly increased in cells with a high GFAPδ/α ratio (19, 20). Other previous experiments demonstrated that GFAPδ/α ratio influenced the expression of a downstream effector of laminin-signaling activity, metalloproteinase 2 (19, 70). This is a well-studied metalloproteinase involved in cell invasion (71, 72) and is associated with glioma malignancy (73). Therefore, concerning cell–ECM interaction pathways changed by DUSP4 status, van Bodegraven and colleagues show that a high GFAPδ/α ratio enables glioma cells to have a greater invasiveness capability in the brain (Table 1) (55).




Future Directions and Conclusion

The poor prognosis of glioblastoma is primarily related to the local invasiveness and the tendency to relapse due to the radio- and chemotherapy resistance after surgical resection.

A recent meta-analysis also showed that GFAP levels measured from serum can be used to identify glioblastoma, but further studies are needed since currently the sensitivity of this method is still poor (74). Therefore, the assessment of GFAP in biofluids has a limited role.

However, when performing a biopsy procedure or a surgical resection of a glioblastoma, the high expression of GFAPδ, an alternative splice variant of GFAP, could predict the invasiveness and the increased risk for tumor recurrence. Therefore, it would be useful to regularly assess the immunohistochemical expression of GFAPδ (together with other glioblastoma markers) and patients with increased expression of GFAPδ in the glioblastoma samples from the initial surgery should be closely monitored after surgery. These patients should be stratified as high risk of early recurrence and should be closely followed-up by regular neuroimaging investigations.

Since a high GFAPδ/α ratio is associated with the expression of high-malignant genes and migratory dynamics of glioma cells, novel therapies should focus on balancing the ratio between GFAPα and GFAPδ to decrease the motility and invasiveness of malignant glioma cells. The regulation of histone acetylation has an essential role in glioblastoma and could be a promising target by reducing GFAP total expression. To date, new HDAC inhibitors are under study.
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It is commonly recognized, that glioblastoma is a large complex composed of neoplastic and non-neoplastic cells. Tumor-associated macrophages account for the majority of tumor bulk and play pivotal roles in tumor proliferation, migration, invasion, and survival. There are sophisticated interactions between malignant cells and tumor associated-macrophages. Tumor cells release a variety of chemokines, cytokines, and growth factors that subsequently lead to the recruitment of TAMs, which in return released a plethora of factors to construct an immunosuppressive and tumor-supportive microenvironment. In this article, we have reviewed the biological characteristics of glioblastoma-associated macrophages and microglia, highlighting the emerging molecular targets and related signal pathways involved in the interaction between TAMs and glioblastoma cells, as well as the potential TAMs-associated therapeutic targets for glioblastoma.
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Introduction

Glioblastoma multiform (GBM) is the most common primary malignant tumor of the central nervous system with an annual incidence rate of 3-5/100,000 and a dismal prognosis of 14.6 months, accounting for about 50% of all gliomas (1, 2). Both intrinsic characteristics of cancer cells and extrinsic interaction with the sophisticated tumor microenvironment (TME) lead to treatment resistance and tumor aggression (3). TME comprises complex non-cell constituents, such as extracellular matrix, interstitial fluid, growth factors, cytokines, chemokines, and angiogenic molecules, and multicellular components including both immune and non-immune cells that form a tumor-supportive milieu in which tumor cells grow and infiltrate (4). The miscellaneous non-neoplastic cells closely interact with each other and neoplastic cells in the TME, contributing to strong interdependence that drives tumor aggression (5).

It has been largely demonstrated that glioma cells strongly interplay with the most abundant non-neoplastic immune infiltrates in the TME called tumor-associated macrophages (TAMs)/microglia (6, 7). Tumor-associated macrophages (TAMs) display remarkable diversity and plasticity in TME and can change their characteristics accordingly in response to environmental cues (8). Traditionally, TAMs are classified as two extreme polarizations with M1 polarization (classically activated macrophages) on one end and M2 polarization (alternatively activated macrophages) on another end, which is oversimplified in the context of GBM. A more informative macrophages classification leads to a spectrum of macrophage populations based on their function (9). Investigations revealed that macrophages with different phenotypes coexist within the same mouse and human TAM population. Generally, TAMs presented as a common theme of regulatory and immunosuppressive phenotype with high diversity (10).

Furthermore, TAMs account for 30-50% of GBM tumor bulk, so targeting TAMs may be a reasonable and promising adjunctive therapy for these difficult-to-control cancers (11). To fully understand the complex interaction between TAMs and glioblastoma cells, this paper reviews the biological characteristics of glioblastoma-associated macrophages and microglia, with emphasis on molecular targets and related signal pathways arising from the interaction between TAMs and glioblastoma cells, as well as the related potential therapeutic strategies for glioblastoma treatment.



The Biology of Glioblastoma-Associated Macrophages and Microglia

TAMs are widely believed to represent two types of non-neoplastic immune cells that are similar in morphology and function but differ in the ontology: resident microglia and bone marrow-derived macrophages (BMDM) (12). Microglia are originated from myeloid precursors inhabited in the primitive yolk sac and are distributed throughout the brain during embryogenesis (13). These resident mononuclear cells function as key immune effector cells, playing pivotal roles in health and disease conditions of the central nervous system (CNS). In addition, other ontogenesis of brain microglia may reflect different waves of yolk sac hematopoiesis (14). Unlike resident microglia, macrophages typically penetrate through the blood-brain barrier into the CNS in the context of neuropathology, either through peripheral circulation or through direct channels connecting the skull bone and brain (15) (Figure 1).




Figure 1 | Origin of glioblastoma-associated macrophages and microglia. GAMs represent resident microglia and bone marrow-derived macrophages (BMDM), which originate from precursor cells in the yolk sac and bone marrow respectively.



Microglia are first discovered and described by Pio Del Rio Hortega about a century ago. Microglia ontogenesis and its homeostasis regulating mechanisms in health and disease conditions have been a hotspot for many decades (16). The main reasons for the confusion were the use of particular experimental systems, including chimera mice generated by bone marrow (BM) transplantation of lethally irradiated recipients, and monocyte classification schemes dependent on the expression of specific cell surface molecules (17). Through bone-marrow transplantation, researchers found that under homeostatic circumstances, a considerable proportion of microglia was superseded by donor-derived monocytes (18). Other similar studies have also indicated that both the endogenous microglia self-renewal and the dynamic recruitment of BM-derived microglial progenitors from the blood circulation contribute to augment in microglia density in reaction to CNS damage (19–23). Circulating progenitor cells contribute little to the brain microglia pool, suggesting that microglial proliferation during microgliosis (microglial activation) is mainly attributed to the local expansion of pre-existing resident microglia (24). These seemingly contradictory findings are eventually resolved with the use of chimeric animals produced by parabiosis, which does not necessitate either irradiation or transplantation. No microglia recruitment from the bloodstream was observed using two acute and chronic microglial activation (axotomy and neurodegeneration) (24). Additionally, Ajami et al. observed that acute peripheral monocytes recruitment in an experimental mouse model of autoimmune encephalitis (EAE) notwithstanding, these infiltrating cells vanished on remission and did not contribute to the endogenous microglia pool (25). Furthermore, recent fate-mapping studies have identified immature yolk sac progenitors as the predominant source of CNS microglia.

Taken together, these studies disclose that mouse myeloid progenitors from the blood circulation are not substantially participating in the pool of adult microglia after birth, thus determining that the pool of adult microglia mainly stems from yolk sac derived progenitors and maintain themselves by virtue of longevity and limited self-renewal (13, 24, 26). Single-cell RNA sequencing (scRNA-seq) of CD11b+ myeloid cells in naïve and GL261 glioma-bearing mice demonstrated considerable cellular and functional heterogeneity of myeloid cells in TME and is indicative of sex-specific discrepancies in responses of myeloid cells to gliomas (27). The ontogenesis of miscellaneous myeloid cells in the CNS is discussed in greater detail in a previous review (11). Furthermore, additional studies showed microglia located in different compartmentalization of mouse brain possess different transcriptomic information, suggesting that there are different microglia sub-phenotypes in both the human and mouse depending on their topological distribution and protein expression levels (28)

There is sufficient evidence that all tissue macrophages originate from a hematopoietic stem cell (HSC) pool during embryogenesis in the fetal liver (29–31). On day 12.5 of the embryogenesis (E12.5), HSCs develop into fetal monocytes characterized as two subsets including CCR2+Ly6C+CX3CR1int and CCR2+Ly6C−CX3CR1high (30, 32). Lineage tracing experiments showed that the Ly6C+ subset was an imperative precursor of the Ly6C− subset with a restricted lifespan (29). In addition, the Ly6C+monocytic population emigrates from the fetal liver into the blood, leading to the downregulation of Ly6C and the initial expression of CX3CR1, which culminates in the tissue infiltrating macrophages (33). With few exceptions, splenocytes (34) and skin or gut macrophages remain in the tissue postnatally with longevity and limited self-renewal (31, 35, 36). After birth and during adulthood, hematopoiesis occurs mainly in the bone marrow, but also in the spleen, where Ly6C+monocytes are produced and extravasated from the bone marrow into the bloodstream by monocyte chemoattractant proteins (MCPs). Under healthy circumstances, monocytes have extremely short circulation half-lives with a period of 19 h for Ly6C+ and ~ 2.2 days for Ly6C− (29). However, in the presence of pathological lesions such as brain tumors or inflammation, the blood-brain barrier (BBB) is disrupted, monocytes infiltrate and fill in the inflamed brain tissue, where they differentiate into BM-derived macrophages (BMDMs) (31, 37, 38).

In the monitoring mode, microglia are morphologically highly ramified and, when activated, they rapidly transform into an amoeboid shape (39). However, BMDM is morphologically similar to activated microglia and is indistinguishable on histological sections. When lineage tracing is not available, they can be discriminated employing differential expression of the CD11b/CD45 markers with CD45 low in microglia and high in macrophages, together with the Ly6C and Ly6G markers (CD11b+CD45lowLy6C−Ly6G− for microglia and CD11b+CD45highLy6ClowLy6G− for macrophages) (40). In addition, emerging evidence support the view that microglia and macrophages are located in different regions of malignant gliomas, with macrophages appearing to be recruited early in tumorigenesis and to inhabit perivascular region (40). However, data on the dominant monocyte population in these tumors, with some studies demonstrating a microglia predominance (41), while others report infiltrating bone marrow-derived macrophages representing the majority of the glioma-associated macrophage (GAM) population (40, 42). These discrepancies could be attributed to specific experimental mouse model systems including the RCAS model and GL261 or T387 cell lines utilized in each of these studies, indicating that variations in GAM populations may be distinguishingly determined by the molecular characteristics of the glioma. In the future, the distinctive roles of microglia and blood monocytes in disease pathogenesis should be investigated thoroughly, to clarify the fate and origins of blood monocytes.



Effects of Glioblastoma on TAMs


Recruitment of TAMs

Glioblastoma cells recruit microglia and monocyte to evolve tumor niche through the establishment of chemokine gradients, resulting in the accumulation of TAMs in and around glioma tissue with an amoeboid morphology. Many factors mediate the recruitment of TAMs, such as chemokines, ligands of complement receptors, neurotransmitters, and ATP (43). It remains to be determined whether there exist distinct factors that attract intrinsic resident microglia or peripheral monocyte-derived macrophages to the tumor.


Classical Chemokine Signals

Monocyte chemoattractant protein-2 (CCL2) is the first chemoattractant factor to be discovered and CCL2/CCR2 signaling is significant in chemo-attraction during neuro-inflammatory processes (44). In some experimental glioblastoma models, tumor cells released CCL2 to attract macrophages (45), and CCL2/CCR2 blockade prolonged mouse survival (40, 41). Similarly, CCL2-expressing glioma cells produced a 10-fold increase in Ox42-positive cell density in rat models, while tumors overexpressing CCL2 increased more than three-fold, resulting in reduced rat survival (45). Moreover, Felsenstein et al. found that TAMs in human GBM specimens and syngeneic glioma model expressed CCR2 to various extents. Inoculating a CCR2-deficient strain for glioma model revealed a 30% reduction of TAMs intratumorally (46). Jung et al. revealed that Necrotic cells induced the expression of CCL2/MCP-1 and CCL20/MIP-3α in glioblastoma cells through activation of NF-κB and AP-1 and facilitated the recruitment of microglia into tumor tissues (47). However, Okada et al. observed a stronger correlation between MCP-3, rather than MCP-1 expression and the density of infiltrating microglia and macrophages, challenging to some extent the importance of MCP-1 to human glioma biology (48).

CX3CR1 is a receptor for the cytokine CX3CL1 (fractalkine), which is mainly expressed in microglia and is a reliable marker for microglia imaging in vivo. The CX3CL1 and CX3CR1 signaling cascade play pivotal roles in neuron-microglia communication, and downregulation of CX3CR1 compromises synapse plasticity during development (49). Nevertheless, there are inconsistent data concerning the importance of CX3CL1 in tumor-induced TAM infiltration (50–53). CSF-1/CSF-1R is another signal pathway involved in microglial recruitment. CSF-1 released from glioma cells functions as a chemo-attractant, and CSF-1R antagonist reduced the infiltration of TAMs and ameliorated glioblastoma invasion in vivo (54, 55). In addition, glioma cells also secrete hepatocyte growth factor (HGF) and scatter factor (SF) as chemo-attractants for microglia, but this has only been validated in a microglial cell line (56). CXCL12 is another potent chemokine for microglia and macrophage, especially recruiting TAMs toward hypoxic areas (57). The growth factor glial cell-derived neurotrophic factor (GDNF) was initially discovered as a secreting factor from the glial cell line B49, promoting the survival and differentiation of dopaminergic neurons. Mouse and human gliomas also secret GDNF, which function as a strong chemoattractant for microglia (58).



Emerging Chemokines and Molecules Involved

Recently, a growing number of emerging chemokines have been validated to be implicated in recruiting TAMs. For instance, Zhou et al. demonstrated that Glioblastoma stem cells (GSCs)-secreted periostin (POSTN) to recruit TAMs through the integrin αvβ₃, as blocking this signaling by an RGD peptide inhibited TAM recruitment. Silencing POSTN in GSCs markedly reduced TAMs infiltration, inhibited tumor growth, and prolonged survival of mice bearing GSC-derived xenografts (59). Osteopontin (OPN) is an effective chemokine for macrophages, which blocks the ability of glioma cells to recruit macrophages significantly. Integrin αv β5 (ITGαvβ5) is highly expressed on TAMs and constitutes a major OPN receptor. OPN deficiency in glioma cells led to a marked reduction in pro-tumor macrophages infiltrating the glioma (60). Profiling and functional studies in GBM models established that PTEN deficiency activates YAP1, which directly upregulates the expression of lysyl oxidase (LOX) expression. Mechanistically, secreted LOX induced TAMs recruitment via activation of the b1 integrin-PYK2 pathway in macrophages. LOX inhibition dramatically attenuated macrophage infiltration (61). Differentiated Glioblastoma Cells (DGCs) exhibited a significant augment in YAP/TAZ/TEAD activity compared with GSCs. The transcriptional target CCN1 of YAP/TAZ was released abundantly from DGCs, but not in GSCs, which promoted macrophage migration in vitro and macrophage infiltration into tumor niche in vivo (62). CLOCK and its heterodimeric partner BMAL1 prompted GSC self-renewal and triggered tumor-supportive immune response through transcriptional upregulation of OLFML3, a novel chemoattractant recruiting immune-suppressive TAMs into the TME. In GBM models, CLOCK or OLFML3 depletion decreased intra-tumoral microglia density and extended overall survival (63).

Some emerging molecules recruit TAMs directly as chemokines,while others indirectly modify TAMs infiltration by modulating classical chemokine signals. Takenaka et al. reported that glioblastoma cells produced kynurenine to activate aryl hydrocarbon receptor (AHR) in TAMs, which promoted CCR2 expression, subsequently driving TAMs recruitment in response to CCL2 (64). An et al. demonstrated that EGFR and EGFRvIII cooperated to induce TAMs infiltration through KRAS-mediated upregulation of the chemokine CCL2 (65). By analyzing proteomic and transcriptional data available for GBM tumors from The Cancer Genome Atlas (TCGA), Lailler et al. manifested that GBM with high expression of phosphorylated ERK1/2 increased density of TAMs with a tumor-supportive M2 polarization. Using three human GBM cell lines in culture, they confirmed the existence of ERK1/2-dependent regulation of the production of CCL2 (66). Han et al. demonstrated that SETDB1 promoted AKT/mTOR-dependent CSF-1 induction and secretion, leading to macrophage recruitment in the tumor, and subsequently contributing to tumor growth (67). Additionally, De Boeck et al. found that IL-33 expression was positively correlated with the density of TAMs in a large subset of human glioma specimens and murine models, nuclear and secreted functions of IL-33 regulated chemokines that collectively recruited and activated circulating and resident innate immune cells. Conversely, loss of nuclear IL-33 crippled TAMs recruitment remarkably, inhibited glioma growth, and prolonged survival (68).

Transcriptome analysis indicated that most RSK1hi GBMs present as the mesenchymal subtype, and RSK1 expression was significantly associated with gene expression signature of immune infiltrates, especially in activated natural killer cells and M2 macrophages. In an independent cohort, Glaucia et al. confirmed that RSK1hi GBMs excluded long survivors, and RSK1 expression was positively associated with the protein level of the mesenchymal subtype marker lysosomal protein transmembrane 5, as well as with the TAM-associated CD68 (69). Tao et al. demonstrated that the Wnt-induced signaling protein 1 (WISP1) secreted by GSCs signals through Integrin α6β1-Akt to sustain M2 TAMs through a paracrine mechanism. Silencing WISP1 markedly disrupted GSC maintenance, reduced TAMs infiltration, and potently suppressed GBM growth (70). In conclusion, there are a variety of glioma-derived factors involved in TAMs infiltration toward the glioma (Figure 2). Digging novel key factors and the involved mechanism is still an attractive orientation moving forward in the future.




Figure 2 | Recruitment and polarization of TAMs. Glioma cells released a wide array of factors (CCL2, CX3CL1, CSF1, GDNF, HGF/SF, CXCL12, POSTN, OPN, Kynurenine, LOX, IL-33, CCN1) to recruit TAMs. Meanwhile, some crucial glioma cells-derived factors (BCKA, PDAI3, S100B, Romo1, CAIX, B7-H4, ARS2, GDEs) are involved in polarizing TAMs toward a pro-tumor phenotype.






Polarization of TAMs

TAMs are a heterogeneous population, not only because of their ontogenetic origin and distribution within the tumor but also to their functions. Historically, upon activation, TAMs were classified into two distinctive subsets, including M1 and M2 phenotype/polarization (71). Specifically, M1 is characterized by the classical activation of inflammatory receptors TLR2/4 and the secretion of pro-inflammatory cytokines such as TNF and IL-1β, polarized by lipopolysaccharide (LPS) either alone or in combination with Th1 cytokines such as IFN-γ and GM-CSF, with a pro-inflammatory phenotype. On the contrary. M2 is defined as the anti-inflammatory phenotype with the production of ARG1, IL-10, and IL-4, polarized by Th2 cytokines such as IL-4 and IL-13 (71, 72). TAMs are considered to resemble an M2 polarization in the context of GBM (73). Nevertheless, transcriptional analyses have shown that this dichotomous classification is an oversimplification of the otherwise sophisticated biology of these cells (74). Microglia and macrophages possess both M1 and M2 phenotypes in the setting of murine brain tumors (75). For instance, both IL-1β and ARG1 were found to be enriched in TAMs (40). In human GBM, TAMs more closely resemble the expression profile of non-polarized M0 macrophages (76).

There are various GBM-derived factors involved in the polarization of TAMs toward a pro-tumor M2-like phenotype. S100B, a member of the multigene family of Ca2+-binding proteins, is overexpressed by glioblastoma. Gao et al. demonstrated that low concentrations of S100B attenuated microglial activation through the induction of the STAT3 signal pathway (77). Glioblastoma-associated macrophages (GAMs) have a higher expression of ERp57/PDIA3 than in the microglia present in the surrounding parenchyma. Chiavari et al. demonstrated that reduced PDIA3 expression/activity in glioblastoma cells markedly limited the microglia pro-tumor polarization toward the M2 phenotype and the secretion of pro-inflammatory factors (78). Yin et al. demonstrated that arsenite-resistance protein (ARS2), a zinc finger protein directly activated the novel transcriptional target MGLL, encoding monoacylglycerol lipase (MAGL), which stimulate M2-like TAM polarization through the production of prostaglandin E2 (PGE2) (79). Under hypoxic conditions, the expression of CAIX (carbonic anhydrase IX) regulated through EGFR/STAT3/HIF-1α axis significantly increased in GBM, contributing to the polarization of tumor-associated monocytes/macrophages (TAM) toward a more tumor-supportive phenotype (80). Reactive oxygen species (ROS) modulator 1(Romo1) is highly expressed in macrophages and is associated with the poor prognosis of glioblastoma patients. using the glioblastoma murine model, Sun et al. found that the overexpression of Romo1 led to the M2 polarization of bone marrow-derived macrophages (BMDMs) through the mTORC1 signaling pathway (81).

TAMs acquire an immunosuppressive phenotype in the GBM microenvironment. Silva et al. showed that glioblastoma cells excreted large amounts of branched-chain ketoacids (BCKAs), metabolites of branched-chain amino acid (BCAA) catabolism. Tumor-excreted BCKAs can be taken up and re-aminated to BCAAs by TAMs. BCKAs exposure attenuated the phagocytic activity of macrophages (82). In both in vitro and in vivo GBM mouse models, GBM-initiating cells induced mTOR signaling in the microglia but not bone marrow-derived macrophages. mTOR-mediated regulation of STAT3 and NF-κB activity promoted an immunosuppressive microglial phenotype, which hindered effector T-cell infiltration, proliferation, and immune reactivity, thereby contributing to tumor immune evasion and tumor aggression (83). Yao et al. identified that B7-H4+ glioma infiltrated macrophages/microglia showed immunosuppressive phenotype which could be regulated by IL-6 excretion. IL-6-activated STAT3 bound to the promoter of the B7-H4 gene and enhanced B7-H4 expression on TAMs, resulting in an immunosuppressive phenotype of TAMs, which contributed to GBM progression (84).

The components of tumor-derived exosomes such as microRNAs and proteins induce macrophages to M2-like polarization to support tumor growth (85, 86). Xu et al. found that compared with normoxic glioma-derived exosomes (N-GDEs), hypoxic glioma-derived exosomes (H-GDEs) drastically facilitated autophagy and M2-like macrophage polarization, which subsequently promoted glioma proliferation and migration in vitro and in vivo. The interleukin 6 (IL-6) and miR-155-3p were highly expressed in H-GDEs. Further experiments showed that IL-6 and miR-155-3p induced M2-like macrophage polarization through the IL-6-pSTAT3-miR-155-3p-autophagy-pSTAT3 positive feedback loop, contributing to glioma progression (87). The Glioblastoma-derived exosomes (GDEs) traversed the monocyte cytoplasm, resulting in a reorganization of the actin cytoskeleton, and skewed monocytes toward the immune suppressive M2 phenotype, including programmed death-ligand 1 (PD-L1) expression. Mass spectrometry analysis demonstrated that the GDEs contain a variety of contents, including members involved in the signal transducer and activator of transcription 3 (STAT3) pathway that functionally mediate this pro-tumor immune-suppressive switch (88).

In addition to genetic regulation, a scenario of distinct histone modifications was identified to underlie the polarization of microglia by glioma, which demonstrates the contribution of epigenetic mechanisms to glioma-induced “transcriptional memory” in TAMs resulting in the tumor-supportive phenotype (89). Altogether, GAMs are genetically and epigenetically educated by a variety of factors from within glioblastoma cells or GDEs, leading to a pro-tumor immunosuppressive polarization, which results in GBM progression (Figure 2).



Chemoradiotherapy and TAMs

The impacts of conventional therapies on TME have been largely investigated, indicating that chemoradiotherapies not only exert a direct cytotoxic effect on tumor cells but also modulate the immune infiltrates either in an anti-tumor or pro-tumor direction, depending on tumor types and chemotherapeutic agents (90–92). Chemoradiotherapy has a huge impact on TAMs recruitment and polarization. A clinical microdialysis study demonstrated that radiotherapy induced an immediate inflammatory reaction leading to TAMs recruitment, which was correlated with a short survival time in malignant glioma (93). Irradiation leads to the alteration of multiple pathways in the context of GBM. Particularly, it modifies the macrophage polarization, rendering them more supportive of tumor growth (91). Although controversies exist, mainstreams reported that chemotherapy induced TAMs recruitment and programmed them toward an immunosuppressive tumor-supportive polarization, contributing to tumor angiogenesis, T cell immunity suppression, and activating anti-apoptotic programs in cancer cells to induce chemoresistance (90, 94). Therefore, incorporating TAMs-targeting therapy into chemoradiotherapy may provide a promising choice for GBM treatment.



Metabolic Reprogramming of TAMs

TAMs are characterized by remarkable plasticity and dynamic metabolic trait (95). In reaction to the altered metabolic profile of TME, TAMs evolve toward a cellular state which prioritizes utilizing glycolysis, fatty acid synthesis (FAS), and glutamine-glutamate metabolism (96, 97), influencing TAMs recruitment and polarization. Reciprocally, these functionally reprogrammed TAMs secret a wide range of altered cytokines and angiogenic factors contributing to tumor growth and survival (98–100). Won et al. elucidated in review (101) that loco-regional metabolic signals released from tumor environments (glucose, glutamine, cystéine, lactate, IDO, adenosine, itaconic acid, acidic pH) have a huge impact on the polarization fate and immunosuppressive functions of TAMs, thus possibly leading to immune tolerance and treatment resistance in GBM. Therefore, regulation of the promoters and enhancers of tolerized genes involved in metabolism and lipid biosynthesis may reverse the immune tolerance, transcriptionally rewiring the intracellular signaling of innate immune cells to make macrophages more competent in response to stimulation (10). Similarly, Carroll et al. found that inhibition of fatty acid synthase, which catalyzed the synthesis of long-chain fatty acids, prevented the proinflammatory response in macrophages (102). Intriguingly, metabolic profiling showed that exposure to b-amyloid stimulated acute reactive microglial inflammation accompanied by metabolic reprogramming from oxidative phosphorylation to glycolysis. Moreover. metabolic strengthening with recombinant interferon-γ treatment counteracted the defective glycolytic metabolism and inflammatory functions of microglia (103). Such microglial metabolic switch may also exert huge influences on GBM development.




TAMs Remodeling GBM Proliferation and Invasion

The fact that a great number of TAMs accumulated in and around glioma bulk has intrigued the investigators to explore their roles in tumor proliferation, migration, and invasion. As expected, accumulating evidence indicated that TAMs promote glioma growth and invasion in vitro and in vivo. One study has noted long before that the motility of the murine glioma cells was increased threefold at the presence of microglial cells in vitro. By contrast, endothelial cells and oligodendrocytes only slightly promoted glioma motility (104). In situ, organotypic brain slices can be used to monitor glioma growth. these slices showed reduced invasion and growth of gliomas When microglia cells were removed with liposomes filled with the toxin clodronate (105). In addition, an alternative in vivo approach made the use of transgenic mice expressing the herpes simplex virus thymidine kinase gene under the control of the CD11b promoter, which was specifically expressed by microglia in the central nervous system. When ganciclovir was infused into the brain, there was a prominent reduction in microglia number, concomitantly resulting in attenuated glioma growth in vivo (106).


Cytokine Signaling

As mentioned above, there are a variety of factors from glioblastoma cells to induce TAMs recruitment and polarization. Meanwhile, various factors from TAMs have been reported to promote glioma proliferation, migration, and invasion (Figure 3). CCL2 released from glioma is a critical chemokine for TAMs and simultaneously triggers IL-6 release from microglia, thereby promoting the invasiveness of glioma cells (107). IL-6 secreted by in situ macrophages regulated the direction of a PGK1-catalyzed reaction by increasing PDPK1-dependent PGK1 phosphorylation in glioblastoma cells, promoting glycolysis and proliferation of tumor cells (108). Lu et al. demonstrated that interleukin 1β (IL-1β) produced by M2 macrophages activated phosphorylation of the glycolytic enzyme glycerol-3-phosphate dehydrogenase (GPD2) at threonine 10 (GPD2 pT10) through phosphatidylinositol-3-kinase-mediated activation of protein kinase-delta (PKCδ) in glioma cells. Blocking IL-1β generated by macrophages or Inhibition of PKCδ or GPD2 pT10 in glioma cells attenuated the glycolytic rate and proliferation of glioma cells (109). In addition, microglia synthesized and released stress-inducible protein 1 (STI1), a cellular prion protein-ligand that increased the proliferation and migration of glioblastomas in vitro and in vivo (110). Microglia release epidermal growth factor (EGF), which also stimulates glioblastoma cell invasion (54). Transforming growth factor-β (TGF-β) is predominantly produced by microglia when studied in co-culture systems, and blocking the TGF-β function impairs glioma growth (111). In addition, TGF-β2 induced the expression of matrix metalloprotease-2 (MMP2) and suppressed the expression of tissue inhibitors of metalloproteinases (TIMP)-2, which degraded the extracellular matrix to promote glioma invasion (112). Targeting TGF-β signaling was initially considered as a potential anti-tumor therapy, However, systemic inhibition of TGF-β signaling led to acute inflammation and disturbance of immune system homeostasis (111). CECR1 is a potent regulator of TAM polarization and is consistently highly expressed by M2-type TAMs, particularly in high-grade glioma. CECR1 mediated paracrine effects in M2-like TAMs stimulated MAPK signaling and activated the proliferation and migration of glioma cells (113). Shi et al. found that TAMs secreted abundant pleiotrophin (PTN) to stimulate glioma stem cells (GSCs), thus promoting GBM malignant growth through PTN-PTPRZ1 paracrine signaling. Co-implantation of M2-like macrophages (MLCs) promoted GSC-driven tumor growth, but depletion of PTN expression in MLCs mitigated their pro-tumorigenic activity. Disrupting PTPRZ1 abrogated GSC maintenance and tumorigenic potential. Moreover, Interference of PTN–PTPRZ1 signaling by shRNA or anti-PTPRZ1 antibody potently suppressed GBM tumor growth and prolonged animal survival (114).




Figure 3 | Effects of TAMs on tumor progression. In the tumor-supportive microenvironment of GBM, a variety of TAMs-derived factors contribute to tumor growth and invasion including cytokines (TGF-β, IL-6, IL-1β, STI1, PTN, and EGF), molecules in CCL signaling (CCL4, 5 and 8), proteins in TLR signaling (TLR1,2 and 6), Wnt signal cascades, and TAM-derived exosomes. In addition, some TAMs-derived molecules (RAGE, ADAM8, CECR1, SSP1, and VEGF-A) are implicated in tumor angiogenesis.





CCL/CCR Axis

Furthermore, the chemokine (C-C motif) ligand is an important cluster of molecules involved in the process of TAMs-mediated glioma progression. Wang et al. found that both hypoxia and macrophage supernatant promoted GBM cells invasion and matrix metalloproteinase (MMP)-9 expression, and hypoxia modulated the invasive activity of GBM cells by upregulating CCR5 expression. The supernatant of hypoxic macrophages also showed a greater pro-invasion effect than that of normoxic macrophages by increasing CCL4 secretion. Moreover, they found that interferon regulatory factor-8 (IRF-8) was possibly involved in hypoxia-modulated CCL4 expression of macrophages. Taken together, the study found that the CCL4-CCR5 axis played significant roles in TAM-mediated glioblastoma invasion, and hypoxia enhanced the interaction between these two types of cells by upregulating both CCL4 and CCR5 expression, respectively (115). chemokine (C-C motif) ligand 5 (CCL5) was reported to modulate the migratory and invasive activities of human glioma cells in association with MMP2 expression. In response to CCL5, glioma cells synchronously upregulated intracellular calcium levels and p-CaMKII and p-Akt expression levels. Inhibition of p-CaMKII suppressed CCL5-mediated glioma invasion and upregulation of MMP2. Glioma cells tended to migrate toward GAM-conditioned media activated by the granulocyte-macrophage colony-stimulating factor (GM-CSF) in which CCL5 was abundant. This homing effect was related to MMP2 upregulation and could be ameliorated either by controlling intracellular and extracellular calcium levels or by CCL5 antagonism (116). In addition, CCL8 was highly expressed by TAMs and contributed to pseudopodia formation by GBM cells. CCL8 dramatically activated ERK1/2 phosphorylation in GBM cells and promoted invasion and stemlike traits of GBM cells through CCR1 and CCR5. Blocking TAM-secreted CCL8 by neutralized antibody markedly attenuated invasion of glioma cells (117).



TLR Signal Pathways

Toll-like receptors are prominent detectors of DNA fragments or bacterial cell wall components and are crucial for mediating immunologic responses to pathogens (118). TLRs signaling pathways play an important role in the interaction between microglia and glioma, among which TLR2 is considered to be the main TLR that triggers MT1-MMP upregulation in microglia. Therefore, the implantation of mouse GL261 glioma cells into TLR2 knockout mice resulted in markedly smaller tumor volume and better survival rates compared with wild-type control mice. TLR2 forms heterodimers with TLR1 and TLR6, which was critical for modulating MT1-MMP expression, while silencing of both TLR1 and TLR6 resulted in reduced MT1-MMP expression. In addition, treatment with TLR2-neutralizing antibodies reduced glioma-induced microglial MT1-MMP expression and attenuated glioma growth (119). In a screen for endogenous ligands secreted from glioma cells, versican was identified as a candidate molecule for triggering TLR2 signaling cascade (120). Versican exists as different splice variants such as V0, V1, and V2. The V0 and V1 isoforms are highly expressed in mouse and human gliomas and decreased glioma versican expression is correlated with reduced microglial MT1-MMP expression in vitro and in vivo. Furthermore, implantation of versican silenced glioma cells resulted in smaller tumors and longer survival rates relative to controls. Remarkably, the effect of versican signaling on glioma growth was reliant on the presence of microglia. Versican-mediated TLR2 expression polarized microglia into a pro-tumorigenic phenotype featured by the upregulation of MT1-MMP and MMP9 expression. This feed-forward loop presented us with a great example of the interdependent microglia-glioma interactions that contributed to glioma growth and invasion (121). Additionally, the MMP2 enzyme is released in a pro-form that needs to be cleaved to become active. The prominent enzyme for pro-MMP2 cleavage is the membrane-bound metalloprotease MT1- MMP. In this regard, slices obtained from MT1-MMP-deficient mice showed substantially smaller tumors. In addition, glioma growth was further reduced after microglia were removed from organotypic sections without MT1-MMP, suggesting that MT1-MMP is not the only glioma promoter expressed by microglia. In human glioma samples, MT1-MMP expression was positively correlated with the increasing malignancy of glioma (106).



Wnt Signal Cascades

The Wingless-type MMTV integration site family (Wnt) proteins such as Wnt3a, Wnt5a, Wnt7a, Wnt5b, and Wnt2 participated in many biological processes (122). The Wnt signaling pathways consist of the β-catenin-independent pathway and the β-catenin-dependent pathway. The β-catenin-independent Wnt signaling pathway can be further divided into the Wnt/Planar Cell Polarity (PCP), Wnt/Calcium (Ca2+), and Wnt-dependent stabilization of proteins (STOP) signaling pathways (123). In the Wnt/β-catenin signaling pathway, Wnt proteins interact with the transmembrane receptor Frizzled and their co-receptor low density lipoprotein receptor-related protein 5/6 (LRP5/6), contributing to the stabilization of β catenin, its translocation to the nucleus, and consequent transcription of target genes essential to stem cell self-renewal, cell differentiation, polarization, and invasion 122,123. Increasing evidence indicated that Wnt signaling pathways play significant roles in the maintenance and progression of gliomas (124–126). Wnt signaling-induced proteins released from GSC mediate TAMs recruitment and M2-like polarization (70). In turn, Wnt proteins secreted from TAMs may further contribute to GBM stemness, mostly through the β-catenin dependent Wnt signaling, and may even increase its invasiveness and aggressiveness, mostly through β-catenin-independent Wnt signaling (127).



Exosomes Signaling

Glioblastoma-derived exosomes (GDEs) can reprogram macrophages, converting M1 into TAMs and augmenting tumor-supportive functions of M2 macrophages. In turn, these GDEs-reprogrammed TAMs, release exosomes decorated by immunosuppressive and tumor-growth promoting proteins. TAM-derived exosomes disseminate these proteins in the TME contributing to tumor cell proliferation and migration. One study demonstrated that mechanisms underlying the promotion of glioblastoma growth involved Arginase-1+ exosomes produced by the reprogrammed TAMs. A selective Arginase-1 inhibitor, nor-NOHA reversed growth-promoting effects of arginase-1 carried by TAM-derived exosomes, suggesting that GBex-reprogrammed Arginase-1+ TAMs emerge as a major source of exosomes promoting tumor growth and as a potential therapeutic target in glioblastoma (128).




TAMs Facilitate Angiogenesis of GBM

TAMs not only directly act on glioma cells, but also affect angiogenesis to indirectly impact tumor growth. In PTEN-null GBM models, TAMs secreted SSP1 (secreted phosphoprotein 1), which sustained glioma cell survival and stimulates angiogenesis (61). Signaling through the receptor for the advanced glycation end product (RAGE) was important for the process. RAGE ablation abrogated angiogenesis, which could be reconstituted with wild-type microglia or macrophages. Moreover, this TAMs activity correlated with the expression of VEGF, which is a critical pro-angiogenic factor (129). ADAM8, a metalloprotease-disintegrin strongly expressed in tumor cells and associated immune cells of GBMs is related to angiogenesis and is correlated with poor clinical prognosis. Furthermore, the angiogenic potential of ADAM8 in primary macrophages was mediated by the regulation of osteopontin (OPN), a crucial inducer of tumor angiogenesis. By in vitro cell signaling analyses, the study found that ADAM8 regulated OPN expression via JAK/STAT3 pathway in primary macrophages (130). M2-like immunosuppressive macrophages promote angiogenesis, whereas M1-like pro-inflammatory macrophages suppress angiogenesis. Zhu et al. showed that extracellular adenosine deaminase protein Cat Eye Syndrome Critical Region Protein 1 (CECR1) was highly expressed by M2-like macrophages in GBM where it defines macrophage M2 polarization and contributed to tumor expansion. Immunohistochemical evaluation of GBM tissue samples showed that the expression of CECR1 was correlated with microvascular density in the tumors. In a three-dimensional co-culture system consisting of human pericytes, human umbilical vein endothelial cells, and THP1-derived macrophages, CECR1 knockdown by siRNA and CECR1 stimulation of macrophages inhibited and promoted new vessel formation, respectively. Further investigation manifested that CECR1 function in (M2-like) macrophages mediated cross-talk between macrophages and pericytes in GBM via paracrine PDGFB–PDGFRβ signaling, promoting pericyte recruitment and migration, and tumor angiogenesis (131). In addition, Cui et al. observed that soluble macrophages-derived immunosuppressive cytokines, predominantly TGF-β1, and surface integrin (αvβ3)-mediated endothelial macrophage interactions were required for inflammation-driven angiogenesis (132). The study demonstrated tuning cell-adhesion receptors using an integrin (αvβ3)-specific collagen hydrogel regulated inflammation-driven angiogenesis through Src-PI3K-YAP signaling, highlighting the importance of altered cell-ECM interactions in inflammation. Dual integrin (αvβ3) and cytokine receptor (TGFβ-R1) blockade suppressed GBM tumor neovascularization by simultaneously targeting macrophage-associated immunosuppression, endothelial-macrophage interactions, and altered ECM (132). Wang et al. validated that myeloid cell-restricted VEGF-A deficiency led to a growth delay of intracranial tumors and prolonged survival. Endothelial tube formation was significantly decreased by conditioned media from mutant macrophages (133). Recently, due to varied granulocyte influx, Blank et al. subdivided GBM samples into groups with low (GBM-lPMNL) and high numbers of granulocytes (GBM-hPMNL), which were related to activation of the microglia/macrophage population (134). Moreover, microglia/macrophages of the GBM-hPMNL specimens were highly associated with tumor blood vessels, accompanied by remodeling of the vascular structure. While microglia/macrophages represented the main source of alternative proangiogenic factors, additionally granulocytes participated through the production of IL8 and CD13, suggesting that tumor-infiltrating myeloid cells might play a crucial role for the limited efficacy of anti-angiogenic therapy bypassing VEGF mediated pathways through the expression of alternative proangiogenic factors (134).



Potential Therapeutic Targets

For the past decades, investigators have largely focused on the intrinsic genetic mutations that occur in the tumor cells and the molecular mechanisms contributing to tumor progression. With the deepening understanding of TME in recent years, it is now acceptable that numerous signals emanated from the TME play pivotal roles in tumor growth. Concerning TME-mediated tumor aggression, it is important to recognize that glioblastoma is a sophisticated microcosm in which the interaction between neoplastic and non-neoplastic cells will not only affect gliomagenesis (135) but may also modify glioma responses to standard therapy. TAMs play critical roles in GBM growth and invasion, which provided a rationale for TAM-targeted therapies as feasible alternatives for GBM treatment. Generally, there are two strategies in terms of TAMs targeting therapies in GBM, including altering their pro-tumor function, often referred to as re-education, and blocking their recruitment.


Re-Education of TAMs

BLZ945, a small-molecule CSF1R inhibitor, has been shown to ameliorate glioma progression by educating TAMs into an anti-tumor phenotype in a PN mouse model of GBM (136). However, further preclinical trials examining the long-term effect of BLZ945 reported rapid tumor rebound after a resting phase of 4 weeks (137). In detail, this resistance was mediated by TAMs via the excretion of insulin growth factor 1 (IGF-1) after the secretion of IL-4, probably produced by T cells in response to the drug. IGF-1 interacts with its cognate receptor IGF1R on the surface of tumor cells to activate the phosphatidylinositol 3-kinase (PI3K) signaling pathway, subsequently resulting in tumor resistance and proliferation (137). In a clinical trial with unselected adult recurrent GBM patients, unfortunately, CSF1R inhibitor as a single agent reported no effectiveness (138). A recent non-randomized, open-label, phase I/IIa, dose-escalation study targeting TAMs is at recruiting status, involving a single injection of Temferon, an investigational gene therapy-based approach consisting of autologous CD34+-enriched hematopoietic stem and progenitor cells exposed to transduction with a lentiviral vector driving myeloid-specific IFN-α2 expression (NCT03866109) (139). This strategy may provide a promising opportunity for GBM patients, as it showed prominent effectiveness in a mouse model of breast cancer.



Blocking TAMs Recruitment

The CCL2/CCR2 signal pathway plays an essential role in monocyte recruitment toward the tumor niche. Downregulation of CCL2 levels prolonged the survival of GBM-bearing mice (40). Several clinical trials are currently underway to block CCL2 and CCR2 in solid tumors (140). Another promising target to block TAM recruitment is the SDF-1 receptor CXCR4. Some CXCR4 antagonists, such as peptide R or LY2510924, have demonstrated successful results in GBM mouse models (141, 142); However, they have not been validated in clinical trials. Another CXCR4 inhibitor, Plerixafor, has been tested for toxicity and efficacy in a completed Phase I/II clinical study in GBM patients after RT and temozolomide (NCT01977677). This study demonstrated that Plerixafor was well tolerated as adjunctive therapy for radiotherapy and chemotherapy in patients with newly-diagnosed GBM and improved the local control of tumor recurrence (143). Periostin has been reported as an interesting target for attenuating the tumor-supportive TAMs by interrupting integrin αvβ3 signaling (59). CD47 is another target to block TAM recruitment. Currently, there are two ongoing Phase I trials testing the efficacy of two monoclonal antibodies, IBI 188 (NCT03763149) and SRF-231 (NCT03512340), which are being conducted as monotherapies in patients with advanced malignant tumors and lymphomas.




Conclusion

It is undeniable that there are complex and interdependent interactions exist between tumor cells and non-tumor cells within glioblastoma that promote the progression of GBM. As the main component of GBM, TAMs play an important role in the formation and growth of GBM. Although many emerging factors involved in TAMs and glioma cells interactions have been identified and tested in several pre-clinical studies over the past few years (Table 1), which factors are key to regulating this interesting interaction remains to be determined. Still, it is not clear how microglia and BMDMs interact in the tumor and whether they acquire different properties and perform different functions. It is not known whether histologically or molecularly different glioma types exhibit different functional phenotypes of TAMs. Nevertheless, targeting TAMs has emerged as a promising approach for GBM treatment. Further dissecting the mechanisms and interactions between TAMs and tumor cells or other immune cells will shed light on new GBM treatments. In addition, it is still needed to re-evaluate the efficacy of drugs that have been already used and investigated in the light of TAMs reprogramming. Integrating TAMs targeted therapies into available standard therapies or immunotherapies would be a promising field worthy of investigation.


Table 1 | Interactions between Glioblastoma and GAMs.
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Background: In recent years, glioblastoma multiforme (GBM) has been a concern of many researchers, as it is one of the main drivers of cancer-related deaths worldwide. GBM in general usually does not responding well to immunotherapy due to its unique microenvironment.

Methods: To uncover any further informative immune-related prognostic signatures, we explored the immune-related distinction in the genetic or epigenetic features of the three types (expression profile, somatic mutation, and DNA methylation). Twenty eight immune-related hub genes were identified by Weighted Gene Co-Expression Network Analysis (WGCNA). The findings showed that three genes (IL1R1, TNFSF12, and VDR) were identified to construct an immune-related prognostic model (IRPM) by lasso regression. Then, we used three hub genes to construct an IRPM for GBM and clarify the immunity, mutation, and methylation characteristics.

Results: Survival analysis of patients undergoing anti-program cell death protein 1 (anti-PD-1) therapy showed that overall survival was superior in the low-risk group than in the high-risk group. The high-risk group had an association with epithelial-mesenchymal transition (EMT), high immune cell infiltration, immune activation, a low mutation number, and high methylation, while the low-risk group was adverse status.

Conclusions: In conclusion, IRPM is a promising tool to distinguish the prognosis of patients and molecular and immune characteristics in GBM, and the IRPM risk score can be used to predict patient sensitivity to checkpoint inhibitor blockade therapy. Thus, three immune-related signatures will guide us in improving treatment strategies and developing objective diagnostic tools.

Keywords: glioblastoma, immune gene, mutation, methylation, PD-1


BACKGROUND

Despite the tremendous improvements in the comprehensive treatment of glioblastoma (GBM), the 5- and 10-year survival rates for GBM still remain at 5 and 2.6%, respectively (1). Furthermore, treatment strategies for GBM are limited and there is an urgent need to develop novel tools to forecast patient survival (2, 3).

In recent years, different approaches for GBM have been investigated, among which immunotherapy is one of the most attractive approaches and is currently undergoing active research. Patients treated with immune checkpoint blockade therapy (ICB) have shown a longer survival than those receiving conventional therapy (4, 5). But, the treatments are effective in only a minority of patients, most patients have a limited or no response to treatment, especially during GBM progression. There is an immediate need to comprehensively understand the tumor microenvironment of GBM and identify a worthy prognostic model for predicting the benefit of immunotherapy for GBM patients.

In our study, we merged 2,138 immune-related genes from the ImmPort and the InnateDB databases with all transcriptomes of GBM from The Cancer Genome Atlas (TCGA) database to obtain 1,439 genes. which were used for Weighted Gene Co-Expression Network Analysis (WGCNA), univariate regression, and lasso regression to construct the immune-related prognostic model (IRPM) (6, 7). We further validated the IRPM on the Chinese Glioma Genome Atlas (CGGA) database, IRPM was found to be a good predictor of patient survival time in two cohorts. Then, we performed anti-program cell death protein 1 (anti-PD-1) validation on IRPM in the GSE78220 cohort and obtained consistent results for survival. Finally, we checked the immune infiltration, mutation, and methylation status of IRPM which showed that IRPM could also respond to the tumor microenvironment of GBM (8).



METHODS


Data Collection and Disposal

The RNA_seq profiles (FPKM) of 169 GBM samples and their clinicopathological data (Supplementary Table 1) were gathered from the TCGA database (https://portal.gdc.cancer.gov/). RNA_seq of normal brain samples were downloaded from the GTEx database (https://gtexportal.org/home/). FPKM values were then converted to TPM values. The “ComBat” algorithm using the sva package corrects for batch effects from non-biotechnology bias (9). A total of 35,654 differential expressed genes (DEGs) were obtained from 169 tumors and 100 normal samples. All patients without prognostic information were initially excluded. The content of immune-related genes (2,138) was gathered from the ImmPort and InnateDB databases. A higher tumor immune dysfunction and exclusion (TIDE) score (Supplementary Table S2) was calculated online (https://tide.dfci.harvard.edu/) and an 18-gene T-cell inflammatory marker (TIS) score was calculated as an average value of log2-scale normalized TPM expression of the 18 signature genes (10). PD-1 validation information was obtained from the GSE78220. The ESTIMATE algorithm using R scripts version 3.6.3 loaded with the estimate package was applied to estimate the ratio of the immune-stromal component in TME for each sample (11). The calculated results were presented in three types of scores: Immunescore, Stromalscore, and Estimatescore (Supplementary Table S3). The prognostic capability of the IRPM was validated in the CGGA database.



WGCNA

Weighted Gene Co-Expression Network Analysis was applied to recognize the pivotal genes among 1,439 immune-related genes. First, to conform our gene distribution to the scale-free network, we constructed the adjacency matrix based on the connectivity of the optimal β value and transformed the adjacency matrix into a topology overlap matrix (TOM). Next, the heterogeneity among genes was applied to aggregate the genes for the TOM we have acquired. Eventually, the identified TOMs are defined as components, and stratified clustering is performed using a dynamic tree-cutting algorithm to identify modules with a minimum module size of 25 (12, 13). To further investigate the correlation between clinical criteria and module Eigengenes (MEs) in each module, the p-values were defined as module eigengenes (MMs) by the hypergeometric test of the overlap of the design parameters with the merged modules. Gene significance (GS) was considered as the relevance of these parameters to the expression pattern of MEs. The central genes of the most associated modules were identified under the MM >0.6 and GS >0.5 thresholds. The clusterProfiler package was used to study the biological processes of phenotype-related genes (14). Copy number variation (CNV) data were visualized using the “RCircos” package. Genomic Identification of Important Targets in Cancer algorithm was used to classify CNV status from gains to losses. The parameter thresholds for both genomic gain and loss were set to 0.2 and −0.2. Twenty eight hub gene CNV data were compared in high and low-risk groups using a chi-square test (15).



Immunohistochemistry

Immunohistochemistry staining has proceeded as described previously (16). Histochemical scores were computed using the Quant Center analysis tool:
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in which PI is the proportion of cells of various intensities and the corresponding coefficients (i) (17).



Construction and Identification of the Immune-Related Signature

To recognize independent prognostic genes, we carried out a univariate Cox regression analysis of 28 hub genes (Supplementary Table S4). Genes with p-values < 0.05 were selected and the potential prediction model was constructed by a lasso regression algorithm. Subsampling was performed using 1,000 cross-validation in a 7:3 ratio from the training set. Finally, three genes and their regression coefficients were acquired. The riskscore was used in the formulae:
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in which Coef was the coefficient and exp was the expression value (18). In the following, we used risk instead of risk score. To explore whether IRPM could independently predict OS, immunotherapy, mutation, and methylation. We separated the groups into high and low score groups according to median risk scores. The K-M and log-rank tests were applied to compare OS between the two groups. The percentage of gender, GBM molecular subtype, IDH1 status, age, and sample type between the high and low-risk groups were examined by chi-square tests. The area under the curve (AUC) was determined to evaluate the predictive reliability of model (19).



Immune Infiltration

The relative infiltration of 28 immune cells in TME was characterized by applying ssGSEA. It was obtained from a recent paper for a set of characteristic genes for each immune cell type (20). In ssGSEA analysis, each immune cell type showed an enriched fraction in terms of relative abundance.



Analyses of Mutations Among Subgroups

To reveal related genetic alterations, including single nucleotide variants (SNV), single nucleotide polymorphisms (SNP), insertions (INS), and deletions (DEL), MuTect2 was used to identify default parameters based on a two-by-two comparison file (tumor and matched germline). Mutation datasets were analyzed and visualized using the “maftools” R package for both groups (21).



Methylation Analyses

For DNA methylation, Illumina Infinium 450 k DNA methylation array data were processed using the R package “ChAMP.” Samples with over 20% missing values were excluded, and a total of 169 samples were taken and subdivided into two groups according to the above riskscore groups. The remaining missing values were counted with the imputation function of ChAMP. The β values were standardized using a peak-based correction. Additionally, the differentially methylated probes (DMPs) and regions were determined separately using the limma package (8).



Statistical Analyses

Glioblastoma multiforme expression levels were compared in terms of age, sex, healthy samples, primary and recurrent GBM, IDH1 status, and cytosine-phosphoguanine island methylation phenotype (G-CIMP) status using the chi-square test. The distribution of GBM subtypes (classic, mesenchymal, neural, and proneural) was compared using one-way ANOVA. To assess the forecast reliability of the prognostic model, we drew ROC curves and calculated the AUC.




RESULTS


Schematic Diagram of the Study Design

Differentially expressed genes between normal and GBM samples were merged with immune-related genes (Figure 1A). Simultaneous “WGCNA,” univariate, and lasso regression were performed to obtain three immune-related signatures (Figures 1B–D), which were validated by immunohistochemistry (Figure 1E). Finally, we further constructed IRPM and analyzed the multi-omic data of immune infiltration, mutation, and methylation in IRPM (Figures 1F–H).
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FIGURE 1. Schematic diagram of this study. (A) Differential genes were obtained from GBM and normal brain tissue. (B) Hub genes were identified by Weighted Gene Co-Expression Network Analysis (WGCNA). (C) Clinicopathologic characteristics of 28 hub genes were analyzed. (D) Lasso and univariate regression were used to identify 3 key genes and the corresponding risk coefficients. (E) ICH and TIMER were used to analyse the clinicopathological characteristics of three key genes. (F) ssGSEA was used to analyse immune infiltration in both groups. (G) Maftools and Genomic Identification of Significant Targets in Cancer algorithm were used to analyse mutations and CNV in both groups. (H) ChAMP was used to analyse methylation in high and low-risk groups.




Immune-Related Hub Genes

By intersecting these DEGs (35,654 genes) with the immune-related genes (2,138 genes), we obtained 1,439 immune-related genes and presented a heatmap for the two sets of DEGs (35,654 and 1,439 genes) between GBM and normal samples separately (Supplementary Figures S1A,B), as well as supplied GO and KEGG enrichment analysis for 35,654 and 1,439 DEGs (Supplementary Figures S1C–F). The results showed that the top 10 GO terms and KEGG pathways of 1,439 genes were mainly focused on immune-related pathways, further revealing the importance of these immune-related genes.

To determine the pivotal nodes of these genes, which were introduced into the WGCNA. To confirm our gene assignments to the scale-free network, we established the adjacency matrix according to the connectivity based on an optimal β value. The optimal beta value is found when the level of scale independence is set to 0.8 (Figure 2A). The gene dendrogram was generated by mean linkage hierarchical clustering. The colored rows on the bottom of the tree diagram showed the module assignments determined by dynamic tree cutting (Figure 2B). On this basis, the heatmap plot the adjacencies in the eigengene network with the trait weight. The heatmap had one modular trait gene (marked in color) or weight for every row and column. Immune-related genes were distributed to 21 modules. Notably, we found that the yellow module possessed a significant correlation with Stromalscore, Immunescore, and Estimatescore, with p-values of 0.87, 0.95, and 0.95, respectively (Figure 2C). Finally, we selected the genes of this module for sequential analysis, and the pivotal genes with MM >0.6 and GS >0.5 were screened (Figures 2D–F). To further identify the immune-related signatures, we applied the Venn Diagram web tools and acquired 28 hub genes among genes grouped according to Stromalscore, Immunescore, and Estimatescore (Figure 2G). The above results implied that the intersection of these genes in three groups is important for our further understanding of immune genes. These identified genes may lead us to pave the way for more precise analysis.
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FIGURE 2. Identification of immune-related hub genes. (A) WGCNA process of immune-related differentially expressed genes with a soft threshold β = 8. (B) Hierarchical clustering dendrogram of the co-expressed genes identified in the modules. Cluster dendrograms have branches corresponding to different gene modules. A clustered dendrogram has one gene corresponding to each leaf. (C) Relevance of gene modules to clinical traits. For each cell, the correlation coefficient corresponds to the relevance between the gene module and the clinical trait, which changes from red to blue. The homologous p-values are also annotated. (D–F) The eigengenes in the yellow module are shown in separate alternate scatter plots. (G) A Venn diagram shows the overlapping genes among genes grouped according to Stromalscore, genes grouped based on immunescore, and genes grouped according to Estimatescore.




Clinicopathologic Characteristics of 28 Hub Genes

To further investigate the interaction pattern characteristics of these 28 hub genes, a PPI network analysis was performed (Figure 3A). For the relevance networks of hub genes, SCN5A maintained a distinct correlation with GDF6, and LY86 also had a distinct correlation with WAS, SPI1, and HMOX1 (p < 0.05, Figure 3B). We ascertained the alterations of the 28 immune-related genes featuring CNV on the chromosome. These results indicated that the CNV status of these 25 genes is relevant to the progression and occurrence of glioma (Figure 3C). Next, the correlation of hub gene expression patterns with clinicopathology was investigated in our study. All hub genes showed significant differences in the four molecular subgroups (classical, neural, mesenchymal, proneural, Figure 3D) (22–25). Furthermore, significant differences in CASP4, IL1R1, OAS1, PROCR, RNF135, TGFA, TNFAIP3, TNFSF12, and VDR were observed in the IDH mutant molecular subtype grouping (Figure 3E). Finally, a pan-cancer analysis of hub genes was performed and the hub genes showed a significant negative correlation in 22 tumors (Figure 3F). Through multi-omics data, we found that these hub genes may play a crucial role in the development of GBM.
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FIGURE 3. Further analysis of clinicopathologic characteristics of 28 hub genes. (A) PPI analysis was performed among the 28 hub genes. (B) Spearman relevance analysis of the 28 hub genes. (C) Circle maps of disparity CNV of pivotal genes. The black dots outside the circle represent amplification, while the red dots inside the circle represent deletion. (D) Expression of 28 hub genes in GBM molecular typing. (E) Differential expression of hub genes in GBM IDH typing is evident for all 28 genes. (F) Correlation of the expression value of hub genes and Immunescore for pan-cancer (Pearson test).




Univariate Regression and Lasso Regression to Identify Immune-Related Prognostic Genes and Construct Risk Models

To identify immune-related prognostic genes, we executed univariate regression on the 28 hub genes and found that three genes (IL1R1, TNFSF12, and VDR) were statistically correlated with overall survival (OS; Supplementary Figure S2A). Next, we performed lasso regression on these three genes to obtain the regression coefficients of the three genes (Supplementary Figures S2B,C) and constructed the IRPM. We observed a significant difference in survival between the two groups of GBM patients (Supplementary Figure S2D). The same result was also observed in the classical GBM molecular typing (Supplementary Figure S2E). To verify the precision of the IRPM in predicting the prognosis, the ROC was calculated for the AUC of 3 and 5-year in the TCGA cohort, and the results revealed that the AUCs were .799 (3-year) and 0.771 (5-year) and were the highest among other clinical characteristics (Supplementary Figures S2F,G). We analyzed the proportion of IDH1 mutations in the two groups and found that all the high-risk groups were WT types, while the low-risk groups showed a certain proportion of Mutation types (Supplementary Figure S2H). This may also be a reason for the long survival time of patients in the low-risk group. Finally, the IRPM was validated using the CGGA database. The results also showed a significant distinction between the two groups (p < 0.05) (Supplementary Figure S2I). The AUC of the riskscore was 0.709 (3-year) and 0.749 (5-year) in the CGGAmRNA_325 dataset. In the CGGAmRNA_693 dataset, the AUCs were 0.709 (3-year) and 0.728 (5-year) (Supplementary Figures S2J–M). We analyzed the proportion of IDH1 mutations and recurrence status in the two groups and found that the proportion of mutation types was higher in the low-risk group than in the high-risk group, and there was little distinction in the recurrence status between the high and low-risk groups in CGGA_325 cohort (Supplementary Figures S3A,B). The proportion of mutation type and recurrence status was higher in the low-risk group than in the high-risk group in the CGGA_693 cohort (Supplementary Figures S3C,D). The above findings showed that the IRPM had excellent accuracy and could accurately forecast the survival time of patients.



Clinical Characteristics of TNFSF12, VDR, and IL1R1

The heatmap with clinicopathological characteristics of IRPM was analyzed. The results showed that there were statistically significant distinctions in riskscore, IDH1 status, and age between both groups (p < 0.05) (Figure 4A). Moreover, pan-cancer analysis using the GEPIA website for TNFSF12, VDR, and IL1R1 revealed that these three genes had significant expression differences between multiple tumors and normal tissues, and the combined results revealed that TNFSF12, VDR, and IL1R1 also had significant prognostic diversity for multiple tumors (Supplementary Figures S4A–C). Further validation of protein expression of these three pivotal genes, we performed immunohistochemical experiments on the IL1R1, TNFSF12, and VDR genes in human specimens. There were significantly higher expression levels of VDR, TNFSF12, and IL1R1 proteins in tumor samples than in normal samples (Figure 4B), consistent with the results of the above bioinformatics analyses. Thus, these proteins may have an essential influence on the prognosis of tumors. Furthermore, IL1R1 had a significant positive correlation with dendritic cells and a significant negative correlation with CD8+ T cells, TNFSF12 had a significant positive correlation with macrophages, dendritic cells, and neutrophils, and VDR had a significant positive correlation with dendritic cells and CD8+ T cells (Figure 4C). These findings revealed that these three genes were crucial for tumor immunity. Significant biomarkers that reflect the response to checkpoint blockade immunotherapy could be broadly classified into two types: biomarkers associated with the burden of neoepitopes, such as MSI or TMB, and inflammatory infiltrating TIME. The radar plots revealed that 18 of 33 tumors had a remarkable relevance between IL1R1 and TMB and 4 of 33 tumors had a significant relevance between the TNFSF12 and TMB, and 11 of 33 tumors were significantly associated with VDR and TMB (Supplementary Figures S5A–C). Next, we analyzed the correlation between MSI and these three genes (Supplementary Figures S5D–F). We found that HNSC and STAD displayed the largest negative relevance with both IL1R1 and MSI, LUSC, STAD, and THCA revealed the largest negative relevance with both TNFSF12 and MSI, and HNSC exhibited the largest negative relevance with both VDR and MSI. These results could potentially reflect that the number of lymphocytes in these tumors was too low or excessive. The above results revealed that high expression of the three genes might be a driver of GBM and play an essential role in GBM immunity.
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FIGURE 4. Clinicopathological characteristics and immune infiltration of three hub genes. (A) Heatmap risk clusters with clinical and molecular pathological parameters. (B) The protein expression of VDR, TNFSF12, and IL1R1 in GBM and normal tissues were tested by IHC. Whole tissue photos are shown (100 × and 400 × ). (C) The relevance between the expression levels of VDR, TNFSF12, and IL1R1 and the infiltration of macrophages, dendritic cells, and B cells in GBM.




Immune Landscape Related to Histopathologic Characteristics of IRPM

To assess the immune status of IRPM, ssGSEA was used to analyse the immune infiltration of GBM samples. We used heatmaps to determine the distribution of 28 immune cells in the TCGA and CGGA cohorts and quantitatively analyzed 28 immune cells. The results revealed that 28 immune cells were enriched in the high-risk group (Figure 5A and Supplementary Figures S6A–C), which suggested that patients with immune cell enrichment might have an immune emergency status in the high-risk group. To investigate the various characteristics of immune pathways in both groups, typical biological processes were employed to compare potential underlying mechanisms. A heatmap analysis of immune-related signatures was performed for the high and low-risk GBM samples (Figure 5B). Further quantitative analysis of the immune characteristics of the different subgroups showed that antigen processing machinery, DNA damage repair, epithelial-mesenchymal transition (EMT)3, fibroblast growth factor receptor (FGFR)3, and nucleotide were significantly enriched in the high-risk group in the TCGA cohort (Figure 5C), and CD8 T effector, EMT(1), and EMT(2) were significantly enriched in the high-risk group in the CGGA cohort (Supplementary Figure S6D). Next, we analyzed the immune checkpoints in the two groups and found that CD200R1, CD27, CD274 (PD-L1), CD48, CTLA4, IDO1, LAIR1, and PDCD1 were dramatically higher in the high-risk group in the TCGA cohort (Figure 5E), and all 22 immune checkpoints were remarkably higher in a high-risk group for CGGA cohort (Figure S6E). To determine the relevance between IRPM and immune types (C1–C6), we further explored the distribution of the six pan-cancer immune types in IRPM and found that the proportion of C3 was greater in the low-risk group than in the high-risk group. Moreover, the proportion of C1 and C2 was elevated, which could also explain the different survival times between the two groups (Supplementary Figure S6F). The TIDE is associated with a greater likelihood of immune evasion, suggesting that patients are less likely to benefit from ICB treatment. In our results, the high-risk group had a lower TIDE score than the low-risk group, implying that high-risk patients could benefit more from ICB therapy than low-risk patients (Figure 5D). To determine the advantages of riskscore, the AUC of riskscore was better at 1 and 3 years than TIDE and TIS (Supplementary Figures S7A,B). Therefore, The performance of risk scores was higher than TIDE and TIS. To thoroughly analyse the relationship between IRPM and immunotherapy, we retrieved the GSE78220 cohort and analyzed IRPM for anti-PD-1 validation. The patients in the response group and the BRCA2 mutation group were mainly concentrated in the low riskscore group (Supplementary Figures S7C,D). Survival analysis of patients receiving pembrolizumab showed that there was notably lower survival in the high-risk group than in the low-risk group (Supplementary Figure S7E). We revealed that the riskscore of partial response in the responding group was notably lower than that of partial response (Supplementary Table S5, Supplementary Figure S7F). Our IRPM could help clinicians identify patients who are sensitive to PD-1 immune checkpoint blockade. Finally, we quantitatively analyzed the levels of the Estimatescore, Stromalscore, and Immunescore between the two groups, and found significantly higher scores in the high-risk group than in the low-risk group (Supplementary Figures S8A–C). This result further revealed the conspicuous distinction in immune status between both subgroups in IRPM. The radar map showed a remarkable association between the expression value of PD-L1 and riskscore, again confirming the ability of the scoring system to accurately predict the outcome of immunotherapy (Supplementary Figure S8D). By analysis of CD274, the association between the biomarker and response was reversed in several cancer types. This phenomenon might be due to the heterogeneity among cancers in terms of immune infiltration. The above results displayed that there was a considerable distinction between the immunotherapy of both groups. Thus, IRPM could predict the response to immunotherapy for glioma.
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FIGURE 5. Immune infiltration analysis of IRPM in TCGA. (A) Abundance differences in immune cells between both groups in the TCGA-GBM cohort. (B) Heatmap showing the distribution of immune pathways in both groups. (C) The abundance of distinction in immune pathways between both groups in the TCGA-GBM cohort. (D) TIDE, MSI, and T cell exclusion and dysfunction score in IRPM. Comparison of scores between IRPM by Wilcoxon test. (E) Quantification of immune checkpoints in both groups in the TCGA-GBM cohort.




Comparisons of Somatic Mutations in High and Low-Risk Groups

For the above outcomes, we concluded that patients in both groups were associated with corresponding immune infiltration status. Related literature implies that immune infiltration status may also be associated with mutation (5, 26, 27). To investigate whether immune infiltration status was associated with mutation rates, we performed mutation rate analysis for both groups. In the low-risk group, more than 6% of the samples had mutations in 50 genes, while in the high-risk group only 27 genes met this criterion, 15 genes of which overlapped. The 50 genes with the highest mutation frequencies in the corresponding groups were indicated in Figures 6A,B. Interestingly, the mutation rates of PTEN, TTN, EGFR, NF1, TP53, MUC16, and SPTA1 in both groups were higher than 15%, and there were interactions among them to manage multiple tumor-related biological processes in GBM (Figures 6A,B), which indicated that they might be primarily involved in tumor progression. Next, the first 25 mutated genes were studied for co-mutations and exclusive mutations using the comet algorithm. Four cases (IDH1-TP53, IDH1-ATRX, PIK3CA-HYDIN, FLG-APOB) displayed mutually exclusive mutations compared with the pervasive mutually exclusive landscape, suggesting that they might have redundant effects in the same pathway and a selective advantage of retaining a copy of the mutation between them (Figures 6C,D). The incidence of IDH1 mutations was significantly higher in the low-risk group compared to the high-risk group, which also indicates that patients in the low-risk group have a better prognosis, consistent with the results of the previous studies in this study (Figure 6E). Furthermore, EGFR was another typical example demonstrating a possible chain reaction of different mutation sites between the two groups (Figures 6F,G). After detecting the above RNA_seq alterations, we further explored whether there was evidence of the distinction between both groups at the genomic level. The R package “maftools” was used to analyse and visualize somatic mutations, including SNV, SNP, INS, and DEL. Because the majority of genomic variants in the two cohorts were missense mutations (80%). Hence, it was imperative to quantify the mutation types and reveal their potential significance (Figure 6H). As for SNVs, all sample populations were studied, with C > T being the most common type in both groups. For most types of SNV, the mutation number was significantly higher in the low-risk group than in the high-risk group (Figure 6I). Additionally, we uncover that the number of SNP in the low-risk cohort exceeded that in the high-risk cohort. Although the number of the four kinds of somatic mutations differed significantly between the two groups, the internal composition ratio of every mutation type among all variants remained nearly constant, suggesting that the observed distinction in the number of mutations was not caused by a type switch (Figure 6J). Figure 6E showed that the mutation rate of IDH1 was greater in the low-risk group than in the high-risk group, and these mutations predicted a good prognosis in the early studies (28, 29). We revealed that the higher number of mutations in the low-risk group might be predictive of a better consequence as compared with the high-risk group, which could explain the poor efficacy of immunotherapy in the low-risk group. Finally, significant copy number amplifications and deletions were detected and compared in both groups with a threshold of FDR < 0.05. We observed that more regions were altered in the high-risk group (Supplementary Figures S9A,B), while the proportion of amplification in the low-risk group was higher than that in the high-risk group (Supplementary Figures S9C,D). Most of the genes that CNV corresponds in the low-risk cohort were mainly occupied in half of the samples in the cohort, while it even made up one-third of the high-risk cohort (Supplementary Figures S9E,F). By calculating the frequency of each CNV across all patients, we revealed that 7p11.2 and 9p21.3 were the most frequent CNVs in the high-risk group; whereas 7p11.2 and 9p21.3 loss were also among the most common changes that occurred in the low subgroup. Overall, we found similarities between chromosomal aberrations in the two groups, but the AMP and DEL of chromosomal aberration sites were higher in the low-risk group than in the high-risk group. These results of CNV lead to altered expression of the corresponding genes. In combination with the immunotherapy results above, we found higher CNV was positively correlated with clinical benefits from ICB. Considering the results obtained for the mutations, we found a prominent distinction between two groups in these two aspects, implying that IRPM might have a predictive role in mutations.
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FIGURE 6. The landscape of somatic Mutations in high and low-risk groups. (A,B) The distribution of mutations based on the top 50 most commonly mutated genes is displayed in the waterfall plot. Each GBM sample mutation type is shown in the central panel, and the TMB for each GBM sample is shown in the upper panel. The mutated genes and mutation rate of genes mutated in both cohorts are shown. The lower section shows the SNV type for each sample. The top panel showed the tumor mutational burden. (C,D) The heatmap analyses of the mutual co-occurrence and exclusion mutations based on the top 25 commonly mutated genes. Each cell color and symbol represents the statistical significance of exclusivity or co-occurrence of each gene pair. (E) The forest plot reveals the top 4 most distinctively mutated genes between the two cohorts. (F,G) KM curves reveal the independence between OS and EGFR mutations in high and low-risk cohorts. (H) Each mutation type is categorized by effects, INDEL, SNP (I), and SNV (J).




Depiction of the DNA Methylation Pattern in GBM

The inability to sustain normal DNA methylation, including high methylation of CpG islands and CpG-poor regions, heightens the sensitivity to trigger tumor initiation and progression 30. Hence, a goal was to use Illumina Infinium 450 k DNA methylation data to explore and contrast the influence of DNA methylation patterns in IRPM. In this section, DMPs were performed using ChAMP on 169 samples that had no more than 20% of genes with a missing beta value. Taking the criteria of ΔDbeta >0.15 and FDR < 0.01, a total of 7,225 immune-associated DMPs were detected (Figure 7A). These DMPs were further visualized by heatmap and volcano map (Figures 7B,C). The results revealed that the methylation levels in the high-risk group were significantly higher than those in the low-risk group. We obtained the five DMPs with the largest logFC, which were cg25730298, cg26852645, cg02007434, cg24574819, cg23965689. Cg23965689, cg24574819, and cg25730298 were related to survival (Figure 7F). These three methylation sites could regulate the expression of corresponding genes (RUNDC3A, GRIK2, and KIF26B) that cause tumor growth and development, and therefore these sites might become new targets for tumor treatment. Finally, these DMPs corresponding to the DEGs were subjected to GO and GSEA enrichment analysis (Figures 7D,E). The GO analysis was mainly enriched in signaling pathways such as axonogenesis, regulation of neuron projection development, and regulation of cell morphogenesis neuron associated biological processes, and GSEA was mainly enriched in glycosaminoglycan biosynthesis, legionellosis, NOD-like receptor signaling pathway, oxidative phosphorylation, parathyroid hormone synthesis, secretion, and action, indicating that aberrant methylation-induced immune aggressive behavior of tumors via the recognition and involvement of neural and glycolytic pathways. Combining the above methylation results, IRPM has different methylation levels in response to the prognosis of glioma patients, and cg23965689, cg24574819, and cg25730298 may also be potential targets for the treatment of glioma in the future.
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FIGURE 7. DNA methylation pattern in high and low-risk groups. (A) Manhattan mapping of genome-wide DNA methylation differences in both groups. (B) Heatmap plot of the DMPs in two groups. (C) Volcano plot of DMPs based on both groups; Red illustrates downregulated genes, and blue illustrates upregulated genes. (D) GSEA showed considerable enrichment in five biological processes. Genes are listed by Δbeta. (E) GO enrichment analysis shows DEGs between both groups. Genes were ranked by Δbeta. (F) Kaplan-Meier curves of the five methylation sites with the largest fold difference.





DISCUSSION

This study includes a multi-omics analysis of immune-related genes to explore the impact of these genes on the survival of GBM patients. We extracted data from TCGA, GTEx, and CGGA, including mRNA expression, mutations, and DNA methylation. Based on our analysis of IRPM, we found its good performance in predicting the prognosis of GBM and analyzed the immune infiltration, mutation, and methylation status of each subgroup which provides more comprehensive support for IRPM to assess GBM patients.

Most immune genes can affect tumor TME. In our study, based on the immune gene dataset, we applied WGCNA and lasso to identify three immune-related hub genes and constructed IRPM based on three independent OS prognostic factors (IL1R1, VDR, and TNFSF12). IL1R1 is a cytokine receptor belonging to the interleukin 1 receptor family and is an essential mediator involved in many cytokine-induced immune and inflammatory responses. Tumor cells secrete or receive the inflammatory factor IL1, which is closely associated with the prognosis of malignant tumor development, invasion, metastasis, and chemotherapy resistance (30). The protein encoded by TNFSF12 is a cytokine that belongs to the tumor necrosis factor (TNF) ligand family. It is a binding agent for the FN14/TWEAKR receptor. By promoting the proliferation and migration of endothelial cells, this cytokine has been found to play a role in regulating angiogenesis (31, 32). VDR encodes the nuclear hormone receptor for vitamin D3, which is also the second receptor for cholecalciferol. The regulation of gene expression by this protein is mainly through a series of metabolic response pathways, including immune response and tumor activation pathways (33). Above all, these three immune genes have a role in promoting tumor proliferation, immunity, and invasion.

To further understand the immunological properties of IRPM, then we investigated immune infiltration in different subgroups. The concept of immunotherapy in neuro-oncology has been developed for decades but was mainly hampered by poorly defined relevant antigens and selective targets in the central nervous system. Checkpoint inhibitors and vaccines have recently achieved remarkable success in clinical immuno-oncology (34–36). ICBs have been shown to be an attractive therapy for patients with recurrent or refractory tumors.

Firstly, knowledge of the tumor immune microenvironment can help to determine new ways to treat GBM and improve the efficacy of immunotherapy. In combination with other molecular and immune subtypes, IRPM could identify different molecular and immune subtypes of GBM. According to the immune subtype classification of GBM, patients with the immune active subtype in the high-risk group comprised the major component while the immune depleted subtype in the low-risk group comprised the minor part. In previous studies, immune active and immune depleted subtypes showed significant differences in M1/M2 macrophages, B cells, and cytolytic activity, but not in T cells, CD8 T+ cells, and cytotoxic cells. Immunoreactive subtypes are closely related to immunoreactive pathways and gene sets, and immunodepleted subtypes are characterized by tumor-promoting signals, to suppress host immune responses, such as activation of the Wnt/transforming growth factor-β signaling pathway (37). Hence, patients in the high-risk group might have a stronger immune response to tumorigenesis and tumor progression and consequently benefit from ICB therapy than patients in a low-risk group.

Immune checkpoint blockade therapy has been proven to be an efficient therapy for patients with relapsed or refractory GBM (38). Considering that the overall response rate to ICB therapy is still low, it is critical to determine which patients could benefit most from these treatments. Therefore, we performed PD-1 validation of IRPM. In anti-PD-1 patients, the survival in the high-risk group was notably lower than that in the low-risk group, and we found IRPM could differentiate distinct outcomes in patients treated with anti-PD-1 treatment. Studies have shown that targeted therapy with PD-1 significantly improves the survival of GBM patients (39). Taken together, our study firmly indicates that the IRPM was substantially associated with response to anti-PD-1 immunotherapy. IRPM may contribute to clinicians recognizing patients who are more appropriate for immunotherapy.

Considering its significant modulatory effects in EMT and tumor immunosuppression, the integration of conventional therapeutic modalities and TGF-β inhibition has enormous prospects for enhancing the antitumor activity in tumors. Therapeutic strategies against TGF-β contain neutralizing antibodies targeting ligands and receptors, small-molecule inhibitors, and antisense oligonucleotides (40, 41). Galunisertib, which is a small molecule inhibitor of TGF-β receptor I kinas, is being used in clinical trials in collaboration with Nivolumab (PD-1 monoclonal antibody, mAb) in the liver cancer, metastatic PDAC, and NSCLC (NCT02734160, NCT02423343). A previous preclinical investigation indicated that galunisertib in association with anti-PD-L1 treatment had remarkably superior tumor abrogation and anti-tumor efficacy than either galunisertib or anti-PD-L1 monotherapy, suggesting that galunisertib induces increased anti-tumor T cell immunity (42). Our results showed a higher EMT3 enrichment and a lower survival advantage in the high-risk group, which is in accordance with the above findings and further demonstrates the accuracy of IRPM.

The biomarkers, such as TIDE and TIS, have been reported to forecast patient response to immunotherapy. TIDE is a creative computational approach to identifying two mechanisms of tumor immune evasion: inducing T-cell dysfunction in tumors with high levels of cytotoxic T lymphocytes (CTL) and preventing T-cell infiltration in tumors with low levels of CTL (43). In addition, NanoString Technologies developed TIS as a clinical-level assay to provide quantitative and qualitative information about TME, an 18-gene signature that includes genes reflecting sustained adaptive Th1 and cytotoxic CD8 T-cell responses. In forecasting reaction to anti-PD-1/PD-L1 therapy, TIS showed favorable results and has been validated in the many tumor cohorts treated with mono-pembrolizumab, showing a positive correlation with response and survival (44). However, neither TIDE nor TIS focus on the function and status of T cells and do not completely reflect the complexity of TME involvement in the immunotherapeutic response. Furthermore, TIDE and TIS focus on patient response to immunotherapy rather than patient survival time, and life expectancy is also important in treatment decisions. In our study, the predictive value of IRPM riskscore was comparable to that of TIDE and TIS, and IRPM might be a better predictor of long-term OS follow-up. In addition, IRPM consists of only three genes and is easier to detect than TIDE and TIS, and it may be a better predictor of OS at longer follow-up.

Secondly, to further understand the immunological properties of IRPMs based on biological insights, we subsequently investigated gene mutations in different IRPMs. The missense variant was the most frequent, together with nonsense and frame_shift_deletions, as previously reported. Among the largest mutational distinction between the two groups were IDH1 mutations, which were more prevalent in samples from the low-risk group than in those from the high-risk group (11 vs. 0%). IDH1 mutations are not only the common single genetic incidents in cancer but are also associated with more invasive diseases and better patient prognosis in numerous cancers, particularly GBM. In 2008, Parsons DW identified IDH1 mutations for the first time in an exome sequencing study of GBM (45). The finding of this new biological molecular marker provides an essential reference for the treatment and prognosis of glioma patients and may become a new target for future treatment. Therefore, low-risk patients with a high IDH1 mutation rate have a better prognosis than high-risk patients with a low IDH1 mutation rate, in agreement with our survival results. Numerous studies in the literature have found that GBM patients with EGFR mutations have a worse prognosis than those without mutations (46). In our study, there was a prominent survival difference between the mutation and non-mutation EGFR gene samples in the high-risk group (p < 0.05). The highest mutation rate was found in the high-risk group for the PTEN gene, a tumor immune tolerance mechanism, which is also known as MMAC1 and TEP1. Current research has found that PTEN gene abnormity can exist in many tumors such as glioblastoma, prostate cancer, endometrial cancer, etc. (47). PTEN is considered to be another oncogene that is more widely altered and closely related to tumorigenesis than the p53 gene (48). By analyzing the mutation type and CNV, we revealed that the high mutation numbers in the low-risk group might be accompanied by low immune morphology, these findings may require further study in the future.

Finally, there has been increasing interest in altered DNA methylation in recent years. As altered DNA methylation patterns are a hallmark of tumors, differential methylation of CpG sites has been linked to the expression of genes known to be important in cancer biology (49). Some studies have suggested that unmethylated promoters may be converted to densely methylated forms, like tumor suppressors, which would promote gene silencing. Other sequences may change to hypomethylated forms in tumors, leading to abnormal activation of genes normally repressed by DNA methylation (50). Here, we performed DMPs between the high and low-risk groups, and the heatmap results implied that high-risk patients more frequently showed hypermethylation. The volcano map results showed five CPG sites with the largest differential fold (51). The genes corresponding to these three CPG sites may represent new targets for the treatment of GBM. Based on these findings, we can speculate that high methylation may be associated with the immune status of GBM patients, a hypothesis that must be confirmed in future studies.

We also found some similar reports (52), but to my knowledge, compared to previous work, we first chose to filter immune-related signatures from ImmPort and InnateDB sites in GBM, and got new immune-related signatures, while we also validated the screened genes by immunohistochemistry, and the mutual validation of the database and the molecular experiments made the article more convincing. Finally, we performed a comprehensive comparison of immune infiltration, mutational status, and methylation of IRPM. These are the novel points of our article.

Despite a more compositive knowledge of the tumor immune microenvironment of GBM and a robust predictive model in this study, two major shortcomings require further investigation. The first weakness is that because of the need to match multi-omics and clinical information, we were restricted to data from the TCGA database and could not overlay other data sources. Thus, our ability to detect the reliability of the model was hindered when combined with other data. The second disadvantage is that the employment of predictive models requires three types of histological data, including RNA_seq, mutation, and DNA methylation data, which is cost-intensive and not easy to implement in practical applications. Nevertheless, the accelerated development of biotechnology promises to produce a trinity of toolkits that will pave the way for their implementation and generalization. Despite such limitations, it is undeniable that our study provides a better prognostic model for GBM. Furthermore, IRPM may show compelling clinical value, which may enhance the overall survival of GBM patients and even lead to the development of new treatment strategies for GBM patients.



CONCLUSIONS

In conclusion, we conducted an in-depth multi-omics exploration of IRPM, and also performed multi-omics to assess IRPM, which could evaluate the response to immunotherapy and enhance the accuracy of predicting the prognosis. IRPM gives us hope that we may soon have the tools and knowledge needed to use these models as weapons in the fight against cancer.
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Background

Gliomas are the most malignant central nervous system tumors. With the development of sequencing technology, more potential biomarkers related to the treatment, prognosis, and molecular classification of glioma have been identified. Here, we intend to investigate the potential biological function and clinical value of a new biomarker in glioma.



Methods

KDELR1 expression data and the corresponding clinical information were downloaded from public databases and then preprocessed using R language. Correlation, Kaplan–Meier survival, and Cox regression analyses were performed to explore the clinical significance of KDELR1 in glioma patients. Furthermore, the immune infiltration and microenvironment parameters were evaluated via TIMER and CIBERSORT. Immunohistochemistry was conducted to confirm the KDELR1 expression and its correlation with immunity infiltration and prognosis.



Results

KDELR1 was upregulated in glioma samples compared with normal brain tissues, and its expression was significantly correlated with age, the World Health Organization (WHO) grade, recurrence, necrosis, microvascular proliferation, molecular classification, isocitrate dehydrogenase (IDH) mutation, and 1p/19q codeletion status. In addition, survival analysis showed that glioma patients with KDELR1 overexpression had shorter overall survival (OS) and disease-free survival times, and Cox regression analysis revealed that KDELR1 acted as an independent prognostic factor of OS in glioma patients. Gene set enrichment analysis indicated a significant enrichment of metabolism-associated pathways. KDELR1 expression was positively associated with immune infiltration (including infiltration by CD8+ T cells, CD4+ T cells, macrophages, and so on) and microenvironment parameters (including stromal, immune, and ESTIMATE scores) in gliomas. The expression of KDELR1 and its correlation with the tumor grade and prognosis were confirmed by immunohistochemistry in clinical samples (n = 119, P < 0.05).



Conclusions

Taken together, these findings suggest that KDELR1 is correlated with the tumor grade, molecular classifications, and immune infiltration; highlighting that KDELR1 is a novel and promising biomarker for molecular classification, treatment, and prognostic assessment may further indicate the treating effect of immune therapy.





Keywords: KDELR1, biomarker, immunity, prognosis, glioma



Introduction

Gliomas are the most common primary malignant tumors of the central nervous system (CNS), accounting for approximately 40%~60% of intracranial tumors, and have high morbidity and mortality (1). Low-grade gliomas (LGGs) and high-grade gliomas (HGGs) describe grade I/II and grade III/IV gliomas, respectively. Grade IV glioma, or glioblastoma multiforme (GBM), has a poor prognosis, with a median survival time of only 14–16 months from the first diagnosis (2, 3). Currently, new strategies like precise surgery, adjuvant radiotherapy, and chemotherapy (4, 5) have been conducted, while the prognosis of glioma has not improved significantly to date, and the recurrence rate is still high (6).

Compared with the World Health Organization (WHO) classification of CNS tumors published in 2007 and 2016, the main change in the 2021 classification is laying more emphasis on genetic parameters into the strategy of glioma diagnosis, breaking with the century-old standard of diagnosis based entirely on microscopy (3, 7) . The Cancer Genome Atlas (TCGA) team has subclassified GBMs into four subtypes: proneural, mesenchymal, neural, and classical (8). In addition, Phillips et al. divided HGGs into proneural, mesenchymal, and proliferative subtypes (9). Notably, patients with mesenchymal subtype glioma usually have a worse prognosis than patients with the proneural subtype (10). In addition, mutations in the telomerase reverse transcriptase (TERT) promoter and IDH were found to be beneficial for the classification and risk stratification of grade II/III glioma patients (11, 12).

Given the limited effectiveness of traditional treatments, a series of new treating strategies have been tried in gliomas with the help of advancing genomics. In recent years, high hopes have been placed on tumor immunotherapy, which has not only gradually become a research hotspot in the scientific studies (13) but also achieved amazing curative effects in the clinical treatment of some patients. Unfortunately, only limited patients with gliomas prolong the survival time after immune treatments (14). At present, relevant basic studies have revealed that the expression (15) or combinations (16–18) of immune-related indicators can be used to predict the prognosis of GBM patients, which suggests that finding a molecular target that can effectively predict the immune status of patients is urgent for guiding treatment (19).

KDEL Endoplasmic Reticulum Protein Retention Receptor 1 (KDELR1), a 24.5-kDa seven-transmembrane protein encoded by ERD2, which is located on 19q13.33, is responsible for the retrieval of soluble endoplasmic reticulum (ER) residents from the Golgi back to the ER (20). Some studies reported that KDELR1 mainly regulates the retention of soluble ER residents and the transporting processes in the secretory pathway (21, 22). Some recent studies showed that KDELR1 might participate in maintaining cellular homeostasis (23) along with a potential role that involves the regulation of integrated stress responses (ISRs) in T cells (24), which is a possible way of regulating the immune homeostasis. However, the roles of KDELR1 in the biological functions and molecular mechanisms of gliomas are not clear.

In this study, genetic and clinical data related to KDELR1 were downloaded from public databases, including TCGA, Gene Expression Omnibus (GEO), and Chinese Glioma Genome Atlas (CGGA). After data preprocessing was completed, correlation, survival, and Cox regression analyses were performed to explore the potential function of KDELR1. We aimed to develop a novel diagnostic biomarker for glioma, thus assisting disease stratification and precise treatment.



Materials and Methods


Data Downloading and Preprocessing

The datasets of expression profiles with corresponding clinical information were obtained from public databases, including TCGA (https://cancergenome.nih.gov/), CGGA (http://www.cgga.org.cn/), and GEO (https://www.ncbi.nlm.nih.gov/geo/). The TCGA database classifies gliomas into two types: LGG and GBM; therefore, the three cohorts (glioma, LGG, and GBM) were named TCGA_glioma, TCGA_LGG, and TCGA_GBM, respectively. These three datasets contained 698, 529, and 169 samples, respectively. For Chinese cohorts, CGGA contained three datasets: mRNA-array_301, mRNAseq_325, and mRNAseq_693, each with 301, 325, and 693 glioma samples, respectively. The CGGA database contains abundant clinical information, such as age, sex, WHO grade, TCGA subtype, histology, IDH mutation and 1p/19q codeletion status, and OS time and status. In addition, microarray datasets were obtained from GEO, including GSE4271 (generated from GPL96), GSE4290 (GPL570), GSE4412 (GPL96), GSE68848 (GPL570), and GSE13041 (GPL96, GPL570, or GPL8300). After retrieval, all the gene expression profiles were preprocessed, including background correction, normalization, and log2 conversion, using R software (version 3.5.1). When a gene matched multiple probes, the average was computed and adopted for subsequent analyses.

To explore the expression levels of KDELR1 in brain or CNS cancer (especially gliomas) and normal samples, the KDELR1 gene was submitted to Oncomine (https://www.oncomine.org) with the criteria of P < 0.01, fold-change (FC) > 1.5 and gene rank = all (24, 25). In addition, Gene Expression Profiling Interactive Analysis 2 (GEPIA2; http://gepia.cancer-pku.cn/index.html), based on gene expression and clinical data from TCGA and GTEx, was used for the survival analyses of OS and disease-free survival (DFS) (26). Gene set enrichment analysis (GSEA) was used to analyze enrichment in high-risk and low-risk groups defined by KDELR1 expression levels (27).



Analysis of Immune Infiltration and the Microenvironment

The R package “ESTIMATE” was used to analyze the communities of immune and stromal cells according to the characteristics of gene expression and then to obtain immune, stromal, and ESTIMATE scores (28). The significance of immune cells in the prognosis of glioma patients was explored in the Tumor Immune Estimation Resource (TIMER) site (29). TIMER was also used to provide an analysis of the clinical correlation between immune cell infiltration and patient survival.



Clinical Specimen Collection and Immunochemistry Staining

Samples from 119 patients (5 patients with WHO grade I, 33 patients with WHO grade II, 28 patients with WHO grade III, and 53 patients with WHO grade IV glioma) were collected from Shanghai OutDo Biotech. Co., Ltd., Shanghai, China. Informed consent was obtained from all patients, and the experimental protocols were approved by the Ethics Committee of Shanghai OutDo Biotech Co., Ltd.

Antigen retrieval was performed by heating in the citrate buffer (10 mM, pH 6.0) for 10 min. The slides were incubated with the KDELR1 antibody (1:100, Cat# NBP2-12873-25 µg; Novus, Inc.), CD4 antibody (1: 200, Cat# ab 133616, Abcam, Inc.), and CD8 antibody (1:200, Cat# ab217344, Novus, Inc., Englewood, CO, US; Abcam, Inc.,Cambridge, UK; Agilent Technologies Inc., SantaClara, CA, US) for 1.5 h at room temperature. Immunoreactive elements were visualized using an EnVisio Detection kit (Cat# GK500705; Dako, Agilent Technologies, Inc.) containing the secondary antibody and peroxidase/3,3-diaminobenzidine (DAB) chromogen. Next, the cell nuclei were counterstained with hematoxylin. Slides in which the primary antibody was omitted were used as negative controls. KDELR1 immunoreactivity scores (IRS) were calculated based on the staining intensity (SP) and the positive staining percentage (SI) of the cells (the score was evaluated by two pathologists individually). SI was scored as follows: 0: <5%; 1: 5%–25%; 2: 25%–50%; 3: 51%–75% and 4: 75%–100%. SP was subjectively scored as follows: 0, no staining; 1, weak but definite staining; 2, moderate staining; and 3, intense staining. The IRS was calculated as IRS = SP + SI. The total possible score was 7, and specimens were assigned to one of the 4 levels based on the score: 0–1 (–), 2–3 (+), 4–5 (++), and more than 6 (+++).



Statistical Analysis

GraphPad Prism 7.0, SPSS Statistics 20, and R language were used for statistical analysis. The box plots of the expression level of KDELR1 across different groups were generated and calculated by GraphPad Prism 7.0. Kaplan–Meier survival analysis and Cox regression analysis were performed and generated via the R language. Immunoreactivity scores were analyzed and generated via SPSS Statistics 20. Differences with P<0.05 were considered statistically significant.




Results


KDELR1 Expression Is Significantly Associated With Clinical Features and the Molecular Subtypes of Gliomas

We initially evaluated KDELR1 transcription levels in different human tumors by analyzing TCGA RNA-seq data using the TIMER database (Figure 1). KDELR1 mRNA expression was markedly higher in GBM tissue than in normal brain tissue. In addition, KDELR1 was found to be highly expressed in bladder urothelial carcinoma (BLCA), breast-invasive carcinoma (BRCA), cholangiocarcinoma (CHOL), colon adenocarcinoma (COAD), esophageal carcinoma (ESCA), glioblastoma (GBM), head and neck squamous cell carcinoma (HNSC), kidney renal clear cell carcinoma (KIRC), liver hepatocellular carcinoma (LIHC), lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), pheochromocytoma and paraganglioma (PCPG), prostate adenocarcinoma (PRAD), rectum adenocarcinoma (READ), stomach adenocarcinoma (STAD), thyroid carcinoma (THCA), and uterine corpus endometrial carcinoma (UCEC) tissues and was significantly lower in head and neck squamous cell carcinoma that were positive for human papillomaviruses (HNSC-HPV+) than in the respective control tissues. These results demonstrated that KDELR1 was abnormally expressed in multiple tumors. Overall, these results indicated that KDELR1 expression was higher in GBM tissues than in normal counterparts.




Figure 1 | The expression level of KDELR1 is upregulated in GBM. The level of KDELR1 expression in different tumor types from TCGA data analyzed in TIMER. KDELR1 was highly expressed in bladder urothelial carcinoma (BLCA), breast invasive carcinoma (BRCA), cholangiocarcinoma (CHOL), colon adenocarcinoma (COAD), esophageal carcinoma (ESCA), glioblastoma (GBM), head and neck squamous cell carcinoma (HNSC), kidney renal clear cell carcinoma (KIRC), liver hepatocellular carcinoma (LIHC), lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), pheochromocytoma and paraganglioma (PCPG), prostate adenocarcinoma (PRAD), rectum adenocarcinoma (READ), stomach adenocarcinoma (STAD), thyroid carcinoma (THCA), and uterine corpus endometrial carcinoma (UCEC) tissues and lowly expressed in the positive human papillomaviruses of head and neck squamous cell carcinoma (HNSC-HPV+). *P < 0.05, **P < 0.01, ***P < 0.001.



The Oncomine search yielded seven analyses indicating KDELR1 upregulation and only one analysis indicating KDELR1 downregulation between brain or CNS cancer and normal samples with the criteria of P < 0.01, FC > 1.5, and gene rank = all (Figure 2). These results indicate that KDELR1 might be upregulated in CNS cancers, such as gliomas, compared with the corresponding normal samples.




Figure 2 | The expression levels of KDELR1 between brain or CNS cancer and corresponding normal samples with the criterion of P < 0.01, fold-change (FC) > 1.5 and gene rank = all using the database Oncomine.





Overexpression of KDELR1 Is Positively Associated With Older Age, Recurrence, Necrosis, and Microvascular Proliferation in Gliomas

To further clarify the relationship between KDELR1 expression and the clinical features of glioma patients, the glioma samples were classified into two or more groups according to each clinical feature in each dataset. Several datasets showed that KDELR1 expression was higher in glioma patients aged ≥45 years than in those aged <45 years, including mRNA-array_301 and mRNAseq_325 of CGGA, TGGA_glioma, GSE4271, and GSE13041 (GPL96) (P < 0.05; Figures 3A–E). In addition, recurrent glioma samples showed a higher expression level of KDELR1 than primary samples in the CGGA mRNA-array_693 dataset (P < 0.05; Figure 3F). Moreover, microvascular proliferation and necrosis are the diagnostic criteria of GBMs, and the analysis of the GSE4271 dataset showed that grade IV gliomas with necrosis or microvascular proliferation had much higher KDELR1 expression than those without necrosis (P < 0.05; Figures 3G, H).




Figure 3 | The relationships between KDELR1 expression and clinical features in glioma samples from different databases. (A–E) KDELR1 expression is significantly associated with age in mRNA-array_301 and mRNA-array_325 of CGGA, TCGA_glioma, GSE4271, and GSE13041 (GPL96), respectively. (F) The recurrent gliomas had a higher expression level of KDLER1 in CGGA mRNA-array_693. (G) The expression of KDLER1 is highly upregulated in grade IV gliomas with necrosis than ones without necrosis in the dataset GSE4271. (H) Gliomas with microvascular proliferation had a higher expression level of KDLER1 than gliomas without microvascular proliferation in GSE4271. **,P < 0.01; ***,P < 0.001.





KDELR1 Expression Is Positively Related to the WHO Grade and Pathological Classification of Gliomas

Using the information from databases including GEO, CGGA, and TCGA, we wanted to determine whether the expression level of KDELR1 was related to the WHO grade and pathological classification of gliomas. The results showed that KDELR1 expression significantly increased with the WHO grade in several cohorts, including mRNA-array_301, mRNA-array_325, and mRNA-array_693 of CGGA, TCGA_glioma, GSE4271, GSE4290, and GSE4412 (P < 0.05; Figures 4A–G). Moreover, the expression level of KDELR1 was gradually upregulated along the sequence from control samples to oligodendrogliomas, astrocytomas, and GBMs in the GSE4290 dataset (P < 0.05; Figure 4H). Similarly, KDELR1 expression was upregulated from control samples to oligodendrogliomas, astrocytomas, and GBMs in the GSE68848 dataset (P < 0.05; Figure 4I). Taken together, these results indicate that KDELR1 expression is significantly related to the clinical features of gliomas and plays an important positive role in glioma progression.




 Figure 4 | The associations between KDELR1 expression, and the WHO grades, histology, and molecular classification of gliomas. (A–G) KDELR1 expression significantly increased as the WHO grades of gliomas, including mRNA-array_301, mRNA-array_325, and mRNA-array_693 of CGGA, TCGA_glioma, GSE4271, GSE4290, and GSE4412. (H) Expression level of KDELR1 was gradually upregulated in the order of control, oligodendrogliomas, astrocytomas, and GBMs in GSE4290. (I) KDELR1 expression was upregulated in the order of control, oligodendrogliomas, astrocytomas, and GBMs in the dataset GSE68848. (J–O) Distribution of KDELR1 expression among distinct classification subtypes of gliomas in different datasets, including CGGA mRNA-array_301, TCGA_glioma, GSE4271, GSE4290, and GSE13041 (GPL96, GPL570, and GPL8300). *P < 0.05; **P < 0.01; ***P < 0.001.





KDELR1 Expression Is Strongly Correlated With Molecular Classification and Biomarkers in Gliomas

With new developments in sequencing technology, more biomarkers of important clinical value have been identified and applied to clinical practices such as molecular classification, which improves risk stratification and treatment accuracy. To date, several similar molecular classifications of gliomas have been proposed by different research teams; the relationships between their corresponding subtypes and KDELR1 expression were analyzed in this study. The results from both CGGA mRNA-array_301 and TCGA_glioma showed that KDELR1 was frequently highly expressed in the classical and mesenchymal subtypes and weakly expressed in the proneural and neural subtypes of GBM (P < 0.05; Figures 4J, K). Similarly, mesenchymal-subtype gliomas had a significantly higher expression level of KDELR1 than proneural-subtype gliomas (P < 0.05; Figures 4L–O).

Further, KDELR1 expression was found to be strongly correlated with molecular biomarkers such as IDH mutation and the 1p/19q codeletion status in the three datasets from CGGA (P < 0.05; Figure 5). The results showed that glioma patients with IDH mutation had lower KDELR1 expression than gliomas with IDH wildtype (P < 0.05; Figures 5A–C). KDELR1 overexpression frequently occurred in glioma samples without 1p/19q codeletion (P < 0.05; Figures 5D–F).




Figure 5 | The relationships between KDELR1 expression and IDH mutation and the 1p/19q codeletion status in the database CGGA. (A–C) Gliomas with IDH mutation had a lower KDELR1 expression than gliomas with IDH wildtype. (D–F) Overexpression of KDELR1 was frequent to occur in the glioma samples without 1p/19q codeletion. ***P < 0.001.



EstimateScore, ImmuneScore, StromalScore, and TumorPurity were analyzed between the two groups in CGGA301 and CGGA325 through the ESTIMATE algorithm (Figures 6A–H). ImmuneScore in IDH mutation samples was higher than in IDH-wildtype samples (Figures 6B, F). In summary, KDELR1 is strongly related to certain molecular biomarkers and the glioma classification, which indicates that KDELR1 could play a critical role in the development and molecular classification of gliomas.




Figure 6 | Correlation of the IDH mutation status with the tumor environment. (A–H) Violin plot showed the four differential scores (EstimateScore, ImmuneScore, StromalScore, TumorPurity) between IDH wildtype and mutation glioma samples by using the ESTIMATE algorithm in CGGA301 and CGGA325 datasets, respectively.





KDELR1 Acts as a Poor Prognostic Factor in Glioma Patients

The above results showed that KDELR1 overexpression is positively associated with unfavorable clinical features, such as higher WHO grades, the mesenchymal subtype, recurrence, older age, and GBM, which indicates that KDELR1 might be an unfavorable prognostic factor in gliomas. When KDELR1 was submitted to the online tool GEPIA2, survival analyses indicated that glioma samples with KDELR1 overexpression had shorter OS and PFS (progression-free survival) times than those with low KDELR1 expression (P < 0.05; Figures 7A, B). Similarly, survival analyses revealed that the high-KDELR1-expression group had a shorter OS time than the low-KDELR1-expression group in six different datasets, including mRNA-array_301, mRNA-array_325, and mRNA-array_693 of CGGA, GSE4271, and GSE68848 (P < 0.05; Figures 7C–G).




Figure 7 | Survival analyses of KDELR1 in different datasets. (A, B) The low-KDELR1-expression group had a shorter overall survival (OS) and disease-free survival (DFS) time than the high-KDELR1-expression group using the online tool GEPIA2, respectively. (C–G) The low-KDELR1-expression group had a shorter OS time than the high-KDELR1-expression group using R language in the different datasets, including mRNA-array_301, mRNA-array_325, and mRNA-array_693 of CGGA, GSE4271, and GSE68848, respectively.





Cox Regression Analysis of KDELR1 as an Independent Predictor of Survival in Glioma Patients

As KDELR1 was associated with the prognosis of glioma patients, we wanted to determine whether it was an independent predictor of OS in gliomas using univariate and multivariate survival analyses. In the CGGA mRNA-array_301 dataset, univariate analysis showed that KDELR1 expression as well as age, the WHO grade, primary/recurrent/secondary type, histology, TCGA subtype, radiotherapy, chemotherapy, IDH mutation, and 1p/19q codeletion status were significantly associated with OS, and further multivariate analysis showed that KDELR1 expression and the chemotherapy status were independent prognostic predicators of OS in gliomas (Table 1). Moreover, similar results in the CCGA mRNA-array_325 and TCGA_glioma datasets showed that KDELR1 expression acts as an independent prognostic predicator in gliomas (Tables 2, 3). Collectively, Cox regression analyses showed that KDELR1 is an independent prognostic predictor in glioma.


 Table 1 | Cox regression analysis of KDELR1 expression as an independent survival predictor of gliomas in CGGA mRNA-array_301.




Table 2 | Cox regression analysis of KDELR1 expression as an independent survival predictor of gliomas in CGGA mRNAseq_325.




Table 3 | Cox regression analysis of KDELR1 expression as an independent survival predictor of gliomas in TCGA.





KDELR1 Is Correlated With Immune Infiltration and the Microenvironment In Glioma

To explore KDELR1 and immune infiltration in LGG and GBM, KDELR1 was analyzed using the TIMER database. KDELR1 was significantly correlated with dendritic cells in GBM and B cells, CD8+ T cells, CD4+ T cells, macrophages, neutrophils, and dendritic cells in LGG (Figure 8A). Moreover, the results showed that B cell, CD8+ T cell, CD4+ T cell, macrophage, neutrophil, and dendritic cell infiltration significantly affected the prognosis (P<0.05) and was correlated with KDELR1 expression in LGG patients but not in GBM patients (Figure 8B). We analyzed the proportions of 22 immune cells in the two groups by the CIBERSORT algorithm, which revealed that there were significant differences in the proportions of CD8+ T cells, activated NK cells, monocytes, M1 macrophages, M2 macrophages, and neutrophils between the groups with high- and low-KDELR1-expression levels (Figure 9A). The ESTIMATE algorithm was performed to assess the immune levels of glioma patients and showed significant differences (p<0.001) in the immune score, stromal score, and ESTIMATE score between the patients with high and low KDELR1 expression. Specifically, the immune score, stromal score, and ESTIMATE score were all higher in the patients with high KDELR1 expression (Figures 9B–D). A similar analysis was conducted in the IDHmut and IDHwide subgroups; the abundances of several immune cells (including CD4 naive T cells, gamma delta T cells, monocytes, M0 macrophages, M1 macrophages, and neutrophils) were different among the two groups (Figures 9E, F).




Figure 8 | The relationship between the KDELR1 expression level, tumor purity, and immune cell infiltration was explored via the TIMER database. (A) KDELR1 was significantly correlated with immune cell infiltration in GBM and LGG patients. (B) Kaplan–Meier survival analysis of several immune cells in GBM and LGG patients.






 Figure 9 | Relationship between the ESTIMATE score and the KDELR1 expression level and proportions of the immune cells in KDELR1 groups in TCGA. (A) Proportions of the 22 types of tumor-infiltrate immune cells in two KDELR1 groups in TCGA. The high-KDELR1-expression group has a higher (B) stromal score, (C) immune score, and (D) ESTIMATE score than the low group in TCGA. The red represents the high-KDELR1-expression group, and the green indicates the low group. ****p < 0.0001. Violin plot showed the ratio differentiation of 22 kinds of immune cells between IDH mutation and wildtype glioma samples using the CIBERSORT algorithm in (E) CGGA301 and (F) CGGA325 cohorts. *p < 0.1, **p < 0.01, ***p < 0.001.





Functional Enrichment Analysis of KDELR1

To explore the potential function of KDELR1, a total of 100 genes co-expressed with KDELR1 were identified using the GEPIA2 database, and these genes were uploaded to DAVID online. Further Gene ontology (GO) enrichment analysis revealed that these 100 co-expressed genes may be associated with chaperone-mediated protein folding, cell redox homeostasis, the regulation of mitochondrial membrane potential, Wnt signaling, planar cell polarity, extracellular exosome, focal adhesion, endoplasmic reticulum membrane, protein binding, glycoprotein binding, and protein disulfide isomerase activity (Figures 10A–C). Interestingly, Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis further suggested that KDELR1 may be involved in protein processing in the endoplasmic reticulum, N-glycan biosynthesis pathway, and Epstein–Barr virus infection (Figure 10D). In addition, GSEA indicated that the gene sets specific to the high-KDELR1-expression group were mainly enriched in metabolism-associated pathways (Figure 10E).




Figure 10 | Functional enrichment analyses for top 100 co-expression genes of KDELR1. (A–C) Top 5 GO terms of BP, CC, and MF. (D) Three KEGG pathways. (E) gene set enrichment analysis revealed potential associations between KDELR1 and several metabolism-associated pathways.





Verification of KDELR1 Expression in Glioma Tissues by Immunohistochemistry (IHC)

To verify the results of the bioinformatics analysis, IHC staining was performed on tissue microarray slides containing the samples of 119 gliomas (5 WHO grade I, 33 WHO grade II, 28 WHO grade III, and 53 WHO grade IV). The level of expression was determined semiquantitatively by the staining index based on staining intensity (SP) and the positive staining percentage (SI). The pathological characteristics and IRS of 119 patients are summarized in Supplementary Table 1. The exemplar staining patterns of KDELR1 in the tumors of different grades are shown in Figure 10. The expression level of KDELR1 was significantly higher in high-grade glioma than in low-grade glioma tissues (p<0.001), which was consistent with the results of bioinformatics analysis at the RNA level. The relevance between the expression of KDELR1 and immune infiltration was confirmed by the IHC of CD4 and CD8; a positive trend of immune infiltration was consistent with data obtained from the algorithm (Figure 11).




Figure 11 | Immunohistochemistry validation of KDELR1 expression and immune infiltration. Columns from left to right are WHO grade I, WHO grade II, WHO grade III, and WHO grade IV, and the rows from top to bottom are the IHC of KDELR1 (1:100, ×20 magnification), CD4 (1:200, ×40 magnification), and CD8 (1:200, ×40 magnification).






Discussion

Gliomas are the most common primary CNS tumor, accounting for more than 80% of primary brain tumors (30). Among them, GBM is prone to recurrence and has a median survival time of less than 2 years (4). Using bioinformatics analyses, in this study, we found that KDELR1 expression levels were higher in glioma samples than in the corresponding normal tissues. In addition, further evaluation confirmed that KDELR1 was closely related to the clinical features of glioma. These findings suggest that KDELR1 may be a promising biomarker for the precise diagnosis, molecular characteristics, treatment, and prognostic evaluation of gliomas.

It has been established that several clinical features, including age, recurrence, and pathology, are responsible for clinical prognosis in glioma patients (31–33). A previous study also suggested that older glioma patients would have a poorer prognosis than younger patients, which indicates that KDELR1 expression levels might possess an indirect clinical value in prognosis (34). Consistently, our findings also reveal that older patients had higher KDELR1 expression than younger patients. In pathologic analysis, we found that HGGs had higher KDELR1 expression than LGGs. In addition, previous studies (35–37) have demonstrated that mesenchymal-subtype gliomas are associated with poor prognosis, which are confirmed by our finding that mesenchymal -subtype gliomas had a higher expression level of KDELR1 than proneural subtype gliomas. Subsequently, we further explored whether the expression of KDELR1 is related to recurrence. As expected, KDELR1 was more frequently highly expressed in the recurrent group compared with the initial diagnosis group. Taken together, these findings indicate that KDELR1 might act as a novel promising biomarker for the diagnosis, treatment, and prognosis of gliomas.

Recently, with the rapid advances in next-generation technology, research on the biomolecular markers and associated signaling pathways that are involved in the occurrence and development of gliomas has made substantial progress (38). After the IDH mutation status was confirmed to be related to the prognosis of patients with GBMs, a subsequent study reported that the chromosome 1p/19q codeletion status, O6-methylguanine-DNA methyltransferase (MGMT) promoter region genotype, a-thalassemiamental retardation syndrome X (ATRX), and amplification of the epidermal growth factor receptor (EGFR) played more important roles in the prognosis and treatment prediction of gliomas (39, 40). Our study demonstrates that KDELR1 is downregulated in the 1p/19q codeletion group compared with the 1p/19q non-codeletion group. Thus, KDELR1 might be a negative prognostic factor in gliomas from the 1p/19q codeletion perspective. On the other hand, our results indicated that the IDH mutation group had a lower expression level of KDELR1 than the IDH-wildtype group.

In 2010, a study classified GBMs into proneural, neuronal, classical, and mesenchymal subtypes according to the status of Platelet-derived growth factor alpha receptor (PDGFRA), isocitrate dehydrogenase 1 (IDH1), Epidermal growth factor receptor (EGFR), and Neurofibromin type 1 gene (NF1) (8). Additionally, in a study of 107 HGG samples, Phillips et al. divided the samples into three subtypes: proneural, mesenchymal, and proliferation. Proliferation- and mesenchymal-subtype tumors tend to express high levels of genes related to cell proliferation and angiogenesis (9), respectively, and these types often occur in elder (more than 50 years old) patients who have poor prognosis (41). Notably, our research found that KDELR1 is highly expressed in the mesenchymal subtype and expressed at low levels in proneural-subtype gliomas. Based on this evidence, we further inferred, from the molecular classification, that KDELR1 was strongly associated with an unfavorable clinical outcome.

Our previous results have indicated that the increased expression of KDELR1 is strongly related to negative survival factors such as older age, a higher WHO grade, recurrence, IDH wild type, and 1p/19q non-codeletion status; therefore, we further investigated whether the expression of KDELR1 is related to the survival time of patients with gliomas. Survival analyses showed that gliomas with KDELR1 overexpression were associated with shorter OS and PFS times than gliomas with low KDELR1 expression. This finding may provide proof that KDELR1 can be used in predicting clinical prognosis.

We further focused on the relation between KDELR1 and immune infiltration; CD8+ T cells, CD4+ T cells, and macrophages were found with high expression in HGGs along with the overexpression of KDELR1. The IHC expression of CD4 and CD8 in four different grades is consistent with the bioinformation results, and CD8 showed more participants in the tumoral immune microenvironment.

In summary, our findings show that KDELR1 is upregulated in gliomas compared with normal brain tissues and that its expression is significantly associated with clinical features such as the WHO grade, recurrence, molecular classification, IDH mutation, and 1p/19q codeletion status. Moreover, the survival and Cox regression analyses of different datasets suggested that KDELR1 expression in gliomas could be an independent, unfavorable prognostic factor for survival time. On the other hand, KDELR1 expression was associated with immune infiltration (including the infiltration of CD8+ T cells, CD4+ T cells, macrophages, and so on) and microenvironment parameters (including stromal, immune, and ESTIMATE scores) in gliomas. Collectively, these results indicate that KDELR1 could be a promising novel biomarker for molecular classification, immune treatment, and prognostic assessment in glioma.

However, there were some limitations in this study. First, the research on KDELR1 in glioma is still in the early stage, and our research is limited to the bioinformatics database analysis and experimental verification of IHC. Thus, further studies based on surgical samples will be imperative to perform in vitro or in vivo assays, validating these findings, and as a biomarker, diagnostic tests will be conducted in future research. Second, bioinformation data collected from the online database were established and categorized based on the 2016 WHO CNS classification system. Since the 2021 WHO classification system has been published, a prospective study is underway to collect samples and improve this work.
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Malignant glioma is the most common solid tumor of the adult brain, with high lethality and poor prognosis. Hence, identifying novel and reliable biomarkers can be advantageous for diagnosing and treating glioma. Several galectins encoded by LGALS genes have recently been reported to participate in the development and progression of various tumors; however, their detailed role in glioma progression remains unclear. Herein, we analyzed the expression and survival curves of all LGALS across 2,217 patients with glioma using The Cancer Genome Atlas (TCGA), Chinese Glioma Genome Atlas (CGGA), and Rembrandt databases. By performing multivariate Cox analysis, we built a survival model containing LGALS1, LGALS3, LGALS3BP, LGALS8, and LGALS9 using TCGA database. The prognostic power of this panel was assessed using CGGA and Rembrandt datasets. ESTIMATE and CIBERSORT algorithms confirmed that patients in high-risk groups exhibited significant stromal and immune cell infiltration, immunosuppression, mesenchymal subtype, and isocitrate dehydrogenase 1 (IDH1) wild type. Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), CancerSEA, and Gene Set Enrichment Analysis (GSEA) showed that pathways related to hypoxia, epithelial-to-mesenchymal transition (EMT), stemness, and inflammation were enriched in the high-risk group. To further elucidate the function of LGALS in glioma, we performed immunohistochemical staining of tissue microarrays (TMAs), Western blotting, and cell viability, sphere formation, and limiting dilution assays following lentiviral short hairpin RNA (shRNA)-mediated LGALS knockdown. We observed that LGALS expression was upregulated in gliomas at both protein and mRNA levels. LGALS could promote the stemness maintenance of glioma stem cells (GSCs) and positively correlate with M2-tumor-associated macrophages (TAMs) infiltration. In conclusion, we established a reliable survival model for patients with glioma based on LGALS expression and revealed the essential roles of LGALS genes in tumor growth, immunosuppression, stemness maintenance, pro-neural to mesenchymal transition, and hypoxia in glioma.
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Introduction

Glioma is the most frequently reported primary tumor of the adult central nervous system, and its treatment has been largely unsuccessful. Most patients experience inevitable relapse and finally progress to glioblastoma multiforme (GBM), the most lethal type of glioma, corresponding to the World Health Organization grade 4 glioma (1). For decades, the treatment for malignant glioma has involved surgical resection combined with postoperative radiotherapy and chemotherapy (2). However, even with maximal treatment, the median survival time of patients with GBM remains <15 months (3). The lack of specific biomarkers is an important factor that underlies treatment failure in gliomas. Hence, there is an urgent need to identify novel and reliable biomarkers of glioma development and progression.

Galectins are a family of proteins encoded by LGALS genes. Galectins contain a highly conserved carbohydrate recognition domain that can bind β-galactose residues (4). One remarkable feature of this family is the formation of ordered cell surface Gal-glycan lattices, which engage specific glycoconjugates via traditional ligand–receptor interactions (5). Numerous studies have reported the crucial functions of galectins in the progression of diverse tumor types, including lung cancer, melanoma, breast carcinomas, and digestive system tumors. Some researchers have focused on the function of galectins in gliomas (6–9). Galectin-1 and Galectin-8 have been shown to participate in glioma invasion (7–9), and Galectin-1 and Galectin-3 can reportedly promote immunosuppression in glioma microenvironments (6, 9, 10). However, a comprehensive description of the role of galectins in the glioma microenvironment and tumor progression is lacking.

In the present study, public glioma transcriptomic data from The Cancer Genome Atlas (TCGA), Chinese Glioma Genome Atlas (CGGA), and Repository for Molecular Brain Neoplasia Data (Rembrandt) were collected for systemic analyses. First, we analyzed the survival curve of all LGALS genes and identified five potential candidates that were negatively correlated with overall survival (OS) across the three databases. Novel nomograms for OS, progression-free survival (PFS), and disease-specific survival (DSS) with favorable predictive performance were constructed and validated based on the expression of these five LGALS using multivariate Cox analysis. We further confirmed the expression pattern of these genes in gliomas of different grades, subtypes, and isocitrate dehydrogenase (IDH)-mutated status. Additionally, we calculated stromal scores, immune scores, tumor purity, and immune cell infiltration for patients with high and low risks using the ESTIMATE and CIBERSORT algorithms. Immunohistochemical staining of patient tissue microarrays (TMAs) was performed to confirm the correlation between galectin expression and infiltration of M2 tumor-associated macrophages (TAMs). Next, the differential pathways and biological functions of high- versus low-risk patients were identified by combined analysis using CancerSEA, Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and Gene Set Enrichment Analysis (GSEA). Finally, to confirm the relationship between galectins and stemness maintenance, cell viability tests, sphere formation, limiting dilution assays, and Western blotting were performed in glioma stem cells (GSCs) after lentiviral short hairpin RNA (shRNA)-mediated LGALS knockdown. These analyses, along with immunohistochemical staining of TMAs from patients with glioma, verified the critical role of galectins in GSC stemness maintenance. Supplementary Figure S1 presents a flowchart of the study. These results will contribute to an overall understanding of the function of galectins in glioma and highlight the potential role of these five galectins in glioma treatment strategies.



Materials and Methods


Datasets

TCGA datasets were downloaded from UCSC Xena (https://xenabrowser.net/), including GBM and LGG IlluminaHiSeq RNA-seq gene expression and GBMLGG phenotypes of 702 samples. CGGA datasets were downloaded from CGGA website (http://cgga.org.cn/download.jsp), including Illumina HiSeq mRNA Sequencing mRNAseq_693, Illumina HiSeq 2000 or 2500 mRNA Sequencing mRNAseq_325, and their corresponding clinical data. Rembrandt dataset was downloaded from CGGA website (http://cgga.org.cn/download_other.jsp), which included gene expression (mRNA microarray) data and clinical data of 475 glioma patients.



Galectins Kaplan–Meier Survival Curves

Kaplan–Meier estimator survival analysis of five galectins mRNA (LGALS1, LGALS3, LGALS3BP, LGALS8, and LGALS9) in three datasets (TCGA, CGGA, and Rembrandt) were explored in GlioVis (gliovis.bioinfo.cnio.es/). We think one gene is correlated with patients’ survival if its log-rank p-value <0.05.



CIBERSORT

After separating glioma patients into high- and low-risks groups based on their LGALS genes expression, we scored 22 immune cell types for their relative abundance in each glioma patient sample using CIBERSORT algorism (https://cibersort.stanford.edu/).



ESTIMATE

By applying the R package ESTIMATE (https://bioinformatics.mdanderson.org/estimate/), we calculated the individual immune, stromal, estimate scores, and tumor purity to predict the level of immune cells and stromal cells infiltration in each glioma sample. We compared each score between patients with high and low LGALS expression.



GSEA

Gene set enrichment analysis (GSEA) is a method to study micro-array data at the gene level. In this study, GSEA was made used in determining the differential pathways between high and low LGALS expression in glioma patients. We use the GSEA4.1.0 version to perform enrichment analysis in this study. Finally, we sorted all enriched pathways according to the nominal p-value and normalized enrichment score.



CancerSEA

The potential role of LGALSs in glioma microenvironments was determined by CancerSEA (http://biocc.hrbmu.edu.cn/CancerSEA/) at the single-cell level. Briefly, five LGALS genes (LGALS1, LGALS3, LGALS3BP, LGALS8, and LGALS9) alone and together were analyzed in CancerSEA analysis tool, respectively, and their correlation with each important hallmarks of glioma was shown in the dot figure.



Immunohistochemical Staining

Tissue microarrays (TMAs) including the normal brain and low- and high-grade gliomas (total 91 patients) were made by PiNuoFei Bio Inc. Immunohistochemical (IHC) staining of TMAs were performed using the 3,3′-diaminobenzidine (DAB) staining method. After deparaffinization and antigen retrieval, TMAs were incubated with primary antibodies at 4°C overnight. Then, DAB (Origiene, Wuxi, China) and hematoxylin (Servicebio, Wuhan, China) were used to show positive expression sites and cell nucleus, respectively. The positive stain ratio of each LGALS in glioma patients was determined by IHC Profiler, an open-source plugin for the quantitative evaluation and automated scoring of immunohistochemistry images of human tissue samples (11). Primary antibodies used for IHC included anti-Gal-1 (Proteintech, Rosemont, USA 11858-1-AP, 1:1,000), anti-Gal-3 (Proteintech, 14979-1-AP, 1:1,000), anti-Gal-3BP (Proteintech, 10281-1-AP, 1:1,000), anti-Gal-8 (Invitrogen, Carlsbad, Amercian MA5-34693, 1:100; Santa Cruz, sc-377133, 1:50), anti-Gal-9 (Proteintech, 17938-1-AP, 1:1,000), anti-Arg1 (Proteintech, 16001-1-AP, 1:100), anti-CD206 (Abcam, ab64693, 1:100), anti-Iba1 (Abcam, ab5076, 1: 200), anti-SOX2 (Abcam, ab171380, 1:200), and anti-CD15 (CST, # 4744, 1:200).



Cell Culture and Plasmids

The primary GSC cell T387 was a kind gift from Dr. Jeremy Rich (UCSD) and Dr. Shideng Bao (Cleveland clinic) and was isolated from primary GBM cell maintained in Neurobasal A medium (Thermo Fisher, Waltham, Amercian) with B27 Supplement without vitamin A (Life Technologies, Carlsbad, Amercian), epidermal growth factor (20 ng/ml, R&D) and basic fibroblast growth factor (20 ng/ml, R&D, Minnesota, Amercian) at 37°C in 5% CO2. The plasmids used in this study are listed in Supplementary Table S1.



Western Blotting

Briefly, cells were lysed in radioimmunoprecipitation assay (RIPA) lysis buffer supplemented with protease and phosphatase inhibitor cocktails (MCEs). After protein quantitation of each sample using the bicinchoninic acid (BCA) assay, protein samples were resolved by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene fluoride (PVDF) membranes. Membranes were then incubated with primary antibodies overnight at 4°C followed by horseradish peroxidase (HRP)-conjugated rabbit/mouse-specific antibodies (Jackson ImmunoResearch West Grove, USA, 1:10,000). All immunoblot results were independently repeated at least three times. Primary antibodies used for immunoblot were listed as follows: anti-Gal-1 (Proteintech, 11858-1-AP, 1:1,000), anti-Gal-3 (Proteintech, 14979-1-AP, 1:1,000), anti-Gal-3BP (Proteintech, 10281-1-AP, 1:1,000), anti-Gal-8 (Invitrogen, MA5-34693, 1:500), anti-Gal-9 (Proteintech, 17938-1-AP, 1:10,00), anti-cleaved poly(ADP-ribose) polymerase (PARP) (CST, #5625S, 1:1,000), anti-cleaved caspase3 (CST, #9664S, 1:1,000); anti-Olig2 (Proteintech, 66513-1-Ig, 1:1,000); anti-SOX2 (Abcam, Cambridge, England ab171380, 1:1,000); anti-α-tubulin (ABclonal, Wuhan, China AC012, 1:5,000).



Cell Viability Assay

Cell viability assay was conducted using CellTiter-Lum Plus Cell Viability Assay kit (Beyotime, Shanghai, China) according to the manufacturer’s guidance. Briefly, 1 × 103 cells of each group were plated into each well of 96-well plates. Cell titers were determined at the 0, 1, 3, and 5 days after seeding cells. All data were performed in triplicate and normalized to day 0 and presented as mean ± SEM.



Sphere Formation Assay and In Vitro Limit Dilution Assay

For the sphere formation assay, GSCs were implanted into 96-well plates at a density of 1 × 103 cells per well. After incubation for 5 days, tumorsphere numbers were calculated. For in vitro limiting dilution assay, GSCs were plated in a 96-well plate at a gradient of 1, 10, 20, 30, 40, and 50 cells per well, with eight replicates in each group. Seven days post-implantation, the tumorspheres in each well was determined under a microscope; the Extreme Limiting Dilution Analysis tool (http://bioinf.wehi.edu.au/software/elda) was used to calculate the sphere formation efficiency of GSCs in each group.



Lentivirus Package and Lentiviral shRNA-Based Gene Knockdown

shRNA hairpins targeting human LGALS1, LGALS3, LGALS3BP, LGALS8, and LGALS9 were used in this study. For each gene, we screened at least three shRNAs in the pLKO.1 vector and select two of them that reduced protein levels by >80%. For these selected shRNAs, we performed lentivirus package in 293T cells. Briefly, 7.5 mg of the psPAX2 plasmid, 7 mg of the pMD2.G plasmid, and 8 mg of the shRNA plasmid were transfected into 293T cells in 100-mm dishes using calcium phosphate precipitation. The supernatants containing lentivirus were collected 72 h post-transfection and filtered through a 0.45-μm filter (Biosharp, Hefei, China). Cells were infected with viral supernatant containing 8 mg/ml polybrene (Sigma, Darmstadt, Germany) and then selected using 1 mg/ml puromycin (Thermo Fisher). The knockdown efficiency of each shRNA was validated by Western blotting.



Statistics

GraphPad Prism 8 software was used for statistical analysis charting. All results were presented as the mean ± SEM unless otherwise stated. p < 0.05 was considered statistically significant. R software version 3.6.3 (R Core Team, R Foundation for Statistical Computing, Vienna, Austria) was used for the rest statistical analyses. R package limma was used to determine differential genes (DEGs) of micro-array data; R package DEseq2 was used to gain DEGs of RNA-seq data. For gene-set enrichment analysis and visualization, we use ClusterProfiler package (12).




Results


LGALS Expression Correlates With Survival in Patients With Glioma

Sixteen LGALS genes are known to encode the galectin family protein. To determine the roles of galectins in glioma, we first analyzed the relationship between LGALS mRNA expression and survival in patients with glioma. Using GlioVis website tools (gliovis.bioinfo.cnio.es/) (13), we found that LGALS1, LGALS3, LGALS3BP, LGALS8, LGALS9, LGALS9C, and LGALS12 expression levels negatively correlated with patient survival in TCGA dataset (Figures 1A–I). We further validated these results in the CGGA (Supplementary Figure S2) and Rembrandt datasets (Supplementary Figure S3) and found that the expression of LGALS1, LGALS3, LGALS3BP, LGALS8, and LGALS9 was significantly correlated with patient survival in all three datasets.




Figure 1 | The Kaplan–Meier curve of LGALS genes in TCGA Glioma dataset. (A) The Kaplan–Meier curve of LGALS1 in TCGA Glioma dataset. (B) The Kaplan–Meier curve of LGALS2 in TCGA Glioma dataset. (C) The Kaplan–Meier curve of LGALS3 in TCGA Glioma dataset. (D) The Kaplan–Meier curve of LGALS3BP in TCGA Glioma dataset. (E) The Kaplan–Meier curve of LGALS4 in TCGA Glioma dataset. (F) The Kaplan–Meier curve of LGALS8 in TCGA Glioma dataset. (G) The Kaplan–Meier curve of LGALS9 in TCGA Glioma dataset. (H) The Kaplan–Meier curve of LGALS12 in TCGA Glioma dataset. (I) The Kaplan–Meier curve of LGALS9C in TCGA Glioma dataset. TCGA, The Cancer Genome Atlas **p<0.01, ***p<0.0001.





Survival Model Containing Five LGALS Genes Affords Reliable Prognostic Power to Predict Survival in Patients With Glioma

To further investigate the prognostic value of these LGALS genes in glioma, we performed multivariate Cox analyses on a new risk signature comprising these five genes in all patients of the TCGA GBMLGG RNA-seq dataset. The risk score was calculated for each patient in the TCGA GBMLGG cohort, and all patients were divided into high-risk (high-risk score) and low-risk (low-risk score) groups using the median value of the risk score as the cutoff. The C-index of this signature was 0.81 (log-rank p = 1.4654e−57, Figure 2A). With an increase in the patient risk score, the expression of these five genes increased, and the OS gradually decreased (Figures 2B–D). According to time-dependent receiver operating characteristic curve analysis results, the LGALS signature showed excellent values in predicting 1- and 3-year OS rates in the TCGA GBMLGG dataset, with respective area under curve (AUC) values of 0.86 (Figure 2E). Moreover, the AUCs for the 1- and 3-year DSS and PFS rates using the prognostic model were 0.86 and 0.86 (DSS, Figure 2F), and 0.82 and 0.77 (PFS, Figure 2G), respectively. A similar multivariate Cox regression was performed using the CGGA and Rembrandt glioma cohorts, and positive results were acquired. The C-index of this signature in CGGA and Rembrandt was 0.65 (log-rank p = 5.6521e−30, Supplementary Figure S4A) and 0.68 (log-rank p = 1.1347e−18, Supplementary Figure S5A), respectively. The AUCs for the 1- and 3-year OS were 0.68 and 0.71 (Supplementary Figure S4E) in CGGA and 0.69 and 0.84 in Rembrandt (Supplementary Figure S5E), respectively. These results indicated that the LGALS gene signature might serve as a reliable prognostic model for survival in patients with glioma.




Figure 2 | Distribution of risk score, survival status, and risk heatmap of LGALS in patients with glioma revealed by multivariable Cox regression analysis of TCGA Glioma dataset. (A) Multivariable Cox regression analysis based on the five LGALSs expressions. The black and solid squares represent the HR of death. Close-ended horizontal lines represent 95% CI. (B) The risk score curve of the LGALSs signature. (C) Patient survival status and time distributed by risk score. (D) Heatmaps of the expression levels of the 5 LGALSs and OS time of glioma patients. The colors from green to red indicate the expression level from low to high. (E–G) The prognostic performance of the LGALSs signature demonstrated by the time-dependent ROC curve for predicting the 1- and 3-year OS (E), DSS (F), and PFI (G) rates in the TCGA Glioma dataset. TCGA, The Cancer Genome Atlas **p<0.01, ***p<0.001.





Galectins Are Highly Expressed in Glioma Tissue, and LGALS Expression Risk Scores Correlate With Glioma Grades, Subtypes, and IDH Mutation Status

To comprehensively clarify the galectin expression patterns in glioma, we performed immunohistochemical (IHC) staining of TMAs for each galectin (Figures 3A, C, E, G, I). An open-source plugin for the quantitative evaluation of immunohistochemistry images, IHC Profiler, was employed to calculate the positive stain ratio of each LGALS in the TMAs of patients with glioma. We observed that protein levels of all five galectins were upregulated in gliomas when compared with normal brain tissue and positively correlated with patient grades (Figures 3B, D, H, F, J). The Human Protein Atlas (HPA) database was used to further validate the expression features of the five galectins. IHC staining in the HPA database revealed that five galectins were significantly upregulated in glioma tissues when compared with the normal brain cortex, and the protein level gradually increased with tumor grade (Supplementary Figure S6A–J). Next, we separated patients with glioma into several subgroups based on their IDH mutation status and subtypes (Verhaak (14) for CGGA and Rembrandt datasets and Phillips (15) for TCGA cohort). We noted that the mesenchymal subtype, representing the most aggressive type with the highest invasion and worst survival, exhibited higher LGALS expression than other subtypes (Figures 4C, F, I, L, O; Supplementary Figures S7C, F, I, L, O, S8B, D, F, H, J). Moreover, patients with wild-type IDH exhibited higher levels of LGALS mRNA expression than IDH mutations (Figures 4B, E, H, K, N; Supplementary Figures S7B, E, H, K, N). LGALS mRNA expression in patients with glioma also increased with patient grades in each examined database (Figures 4A, D, G, J, M; Supplementary Figures S7A, D, G, J, M, S8A, C, E, G, I). These results suggested that galectin expression might correlate with aggressive glioma phenotypes.




Figure 3 | Galectin expression levels in the human normal brain and LGG and HGG tissues as shown by IHC staining. (A) Immunohistochemical staining of Galectin1 (Gal-1) in glioma patients TMA. Representative staining images of the normal brain; LGG and HGG are shown. (B) The positive stain ratio of Gal-1 in TMA glioma specimens, the statistical chart of Figure 3A. Similarly, the representative IHC staining images of Gal-3 (C) and statistical chart of its positive stain ratio (D), the representative IHC staining images of Gal-3BP (E) and statistical chart of its positive stain ratio (F), the representative IHC staining images of Gal-8 (G) and statistical chart of its positive stain ratio (H), the representative IHC staining images of Gal-9 (I), and statistical chart of its positive stain ratio (J) were shown. The scale bar measures 40 μm. IHC, immunohistochemistry; HGG, high-grade glioma; LGG, low-grade glioma *p<0.05, **p<0.01, ***p<0.001.






Figure 4 | LGALS expression correlates with glioma grades, GBM subtypes, and IDH mutation status in TCGA Glioma dataset. (A) Relative LGALS1 expression level of LGG and HGG patients in TCGA Glioma dataset. (B) Relative LGALS1 expression level of IDH-mutant and IDH-wild-type patients in TCGA Glioma dataset. (C) Relative LGALS1 expression level of different molecular subtype patients in TCGA Glioma dataset. (D–F) Relative LGALS3 expression level of LGG and HGG patients (D), IDH-mutant and IDH-wild-type patients (E), and different molecular subtype patients (F) in TCGA Glioma dataset. (G–I) Relative LGALS3BP expression level of LGG and HGG patients (G), IDH-mutant and IDH-wild-type patients (H), and different molecular subtype patients (I) in TCGA Glioma dataset. (J–L) Relative LGALS8 expression level of LGG and HGG patients (J), IDH-mutant and IDH-wild-type patients (K), and different molecular subtype patients (L) in TCGA Glioma dataset. (M–O) Relative LGALS9 expression level of LGG and HGG patients (M), IDH-mutant and IDH-wild-type patients (N), and different molecular subtype patients (O) in TCGA Glioma dataset. IDH, isocitrate dehydrogenase; GBM, glioblastoma; TCGA, The Cancer Genome Atlas **p<0.01, ***p<0.001, ****p<0.0001, ns, No significance.





LGALSs Expression Indicates Stromal Cells Infiltration and Immunosuppression in Glioma Patients

It has been reported that Galectin-3 may contribute to immunosuppression in glioma (6, 10). We next clarified whether the constructed LGALS model could demonstrate infiltration of immune and other stromal cells in glioma microenvironments. ESTIMATE and CIBERSORT algorithms were applied to calculate stromal scores, immune scores, estimate scores, tumor purity, and infiltration of different types of immune cells for each patient in the three datasets. Data revealed that patients with high-risk scores had higher stromal scores (Figure 5A and Supplementary Figures S9A, S10A) and immune scores (Figure 5B and Supplementary Figures S9B, S10B) and lower estimate scores (Figure 5C and Supplementary Figures S9C, S10C) and tumor purity (Figure 5D and Figures S9D, S10D) than patients with low-risk scores, as it is well-known that high stromal scores, immune scores, and low tumor purity indicate worse prognosis and persistent resistance to treatments (16). In addition, among the 22 immune cells analyzed by CIBERSORT (Figure 5G and Supplementary Figures S9G, S10G), CD8+ T cell infiltration was decreased, while M2 macrophages were increased across the three datasets (Figures 5E, F and Supplementary Figures S9E, F, S10E, F), further demonstrating the potential role of LGALS genes in glioma immunosuppression and immune escape. Given that M2-TAMs are the most abundant immune cells in the glioma microenvironment and play essential roles in glioma progression, we performed IHC staining of markers for M2-TAMs using TMAs of patients with glioma (Figures 6A–H). We found that galectin expression was positively correlated with Iba1 (pan TAMs marker) and Arg1 and CD206 (M2-TAMs marker) at the protein level, as determined by Pearson correlation analysis (Figures 6I–W). These results indicated a strong correlation between galectin expression and M2-TAM infiltration.




Figure 5 | LGALS expression indicates stromal cell infiltration and immunosuppression in TCGA Glioma dataset. (A) The StromalScore, (B) ImmuneScore, (C) ESTIMATEScore, and (D) TumorPurity of glioma patients with high and low LGALS expression based on LGALS signature. (G) The immune cells infiltration of glioma patients with high and low LGALS expression based on LGALS signature; the proportions of 22 immune cells were calculated. The proportion of macrophage M2 (E) and CD8+ T cell (F) was shown separately ****p<0.0001.






Figure 6 | Correlations between galectins and M2-TAMs infiltration at the protein level in glioma tissues. Arg1 (A), Gal-3 (B), CD206 (Marker for M2-TAMs) (C), Gal-3BP (D), Iba1 (marker for pan TAMs) (E), Gal-8 (F), Gal-1 (G), and Gal-9 (H) are shown. The scale bar measures 40 μm. (I–M) Pearson correlation analysis of the positive stain ratio of Arg1 and Galectins. (N–R) Pearson correlation analysis of the positive stain ratio of CD206 and Galectins. (S–W) Pearson correlation analysis of the positive stain ratio of Iba1 and Galectins. TAMs, tumor-associated macrophages ****p<0.0001.





LGALSs Gene Expression Correlates With Epithelial-to-Mesenchymal Transition, Hypoxia, and Inflammation at Both Single-Cell and RNA-seq Levels

The refractory nature of glioma is largely attributed to its heterogeneity, which has been greatly uncovered by single-cell RNA-seq in recent years (17). Next, we used CancerSEA, a database that reveals the distinct functional states of cancer cells at a single-cell resolution (18), to explore the role of LGALS genes at the single-cell level. We found that LGALS expression correlated with epithelial-to-mesenchymal transition (EMT), hypoxia, inflammation, angiogenesis, invasion, apoptosis, and quiescence in gliomas (Figures 7A, B). GSEA was also performed using CGGA and TCGA RNA-seq data for further validation. As expected, GSEA showed that pathways involving hypoxia, angiogenesis, EMT, and inflammatory response were activated in patients with high-risk scores (high LGALSs expression) (Figures 7C–F).




Figure 7 | LGALS expression correlates with EMT, hypoxia, inflammation, and angiogenesis of glioma in both single-cell and RNA-seq levels. (A) Correlations between each LGALS expression and several biological processes in single-cell RNA-seq level. (B) Correlations between LGALS signature and biological processes in single-cell RNA-seq level. (C–F) GSEA analysis of CGGA dataset shows that pathways containing hypoxia (C), angiogenesis (D), epithelial-to-mesenchymal transition (EMT) (F), and inflammatory response (E) were activated in patients with high-risk scores. EMT, epithelial-to-mesenchymal transition.





Galectins Promote GSC Stemness Maintenance and Proliferation In Vitro

It has been reported that galectin expression is highly correlated with tumor stemness in lung cancer, ovarian cancer, renal cell carcinoma, hepatocellular carcinomas, and melanoma (19–23); however, the function of galectins in glioma stemness remains elusive. Herein, we performed lentiviral shRNA knockdown to investigate the potential role of LGALS in GSC maintenance. Cell viability assays showed that tumor growth was significantly impaired upon downregulation of these five LGALS genes (Figures 8A–E). Tumor sphere formation assays and in vitro limiting dilution assays indicated that LGALS genes are crucial for the self-renewal capacity of GSC (Figures 8F–T). To further confirm the essential role of LGALS in GSC stemness maintenance and proliferation, Western blotting was performed to determine protein levels of molecular markers of cell apoptosis and stemness. Higher expression levels of cleaved PARP and cleaved caspase3 and lower SOX2 and Oligo2 expression were observed in GSCs transfected with shRNA against LGALS than in the control group (shNT) (Figures 8U–Y). Collectively, these data demonstrated that LGALS genes are crucial for GSC maintenance and proliferation in vitro. To further investigate the roles of galectins (proteins coded by LGALS genes) in glioma stemness maintenance in patient tumor specimens, we performed IHC staining of GSC markers using patient TMAs (Figures 9A–G). As expected, galectin expression was positively correlated with CD15 and SOX2 (markers for GSCs) at the protein level, as determined by Pearson correlation analysis (Figures 9H–Q).




Figure 8 | Galectins promote GSC stemness maintenance and proliferation in vitro. (A–E) The cell viability assay of T387 GSC under LGALS1 (A), LGALS3 (B), LGALS3BP (C), LGALS8 (D), and LGALS9 (E) knockdown. (F–T) Sphere formation assay and in vitro limiting dilution assay of GSC under LGALSs knockdown. T387 GSC was transduced with two different shRNA sequences against LGALS1 (F), LGALS3 (I), LGALS3BP (L), LGALS8 (O), and LGALS9 (R) and incubated for 5 days, then tumorspheres were assessed by bright-field microscopy. Relative quantification of tumorspheres in T387 GSC after LGALSs knockdown is shown in panels (G, J, M, P, S). In vitro limiting dilution assays were performed in T387 GSC expressed shNT and shLGALS1 (H), shLGALS3 (K), shLGALS3BP (N), shLGALS8 (Q), and shLGALS9 (T). (U–Y) Western blotting analysis of cleaved PARP, cleaved caspase3, Oligo2, and SOX2 proteins in T387 GSC with LGALS1 (U), LGALS3 (V), LGALS3BP (W), LGALS8 (X), and LGALS9 (Y) knockdown. GSC, glioma stem cell ****p<0.0001.






Figure 9 | Correlations between galectins and GSC content at the protein level in glioma tissues. CD15 (A), SOX2 (marker for GSCs) (B), Gal-1 (C), Gal-3 (D), Gal-3BP (E), Gal-8 (F), and Gal-9 (G) are shown. The scale bar measures 40 μm. (H, J, L, N, P) Pearson correlation analysis of the positive stain ratio of SOX2 and Galectins. (I, K, M, O, Q) Pearson correlation analysis of the positive stain ratio of CD15 and Galectins. GSC, glioma stem cell **p<0.01, ***p<0.001, ****p<0.0001, ns, No significance.





Glioma Patients With High-Risk Scores Exhibit Enhanced Activation of Several Important Signaling Pathways

To gain insight into the functional role of LGALS genes in glioma, we utilized GO and KEGG databases to define the differential pathways correlated with LGALS gene expression and used the ClusterProfiler R package for visualization. High LGALS expression correlated with activation of extracellular structure organization, extracellular matrix organization, and regulation of the inflammatory response (Figure 10A). Genes that belong to each pathway are shown in Figure 10B. Genes common to the top 5 activated pathways include POSTN, MMP9, CEBPB, CEBPD, and IGFBP5 (Figure 10C), which reportedly participate in glioma growth, invasion, and immunosuppression (24–28).




Figure 10 | Pathways correlating with LGALS expression. (A) Pathway enrichment analysis showed high LGALSs expression correlated with several pathways. (B) Genes that belong to top 5 pathways are shown. (C) Pathways correlate with high LGALS expression.






Discussion

Treatment of malignant gliomas remains unsuccessful (29, 30). Currently, postoperative strategies are mainly non-specific, including temozolomide (TMZ) and radiotherapy (31). Drugs that specifically target glioma cells and induce fewer side effects on normal cells are lacking. The highly refractory nature of this tumor can be attributed to its high intra- and inter-tumoral heterogeneities, which hinder the establishment of distinctive targets that are appropriate for most patients with glioma (17). Furthermore, relevant cell lines or samples from patients with glioma included in a traditional single study fail to sufficiently neutralize the intra- and inter-glioma heterogeneities. Multi-omics sequencing and downstream bioinformatics analysis can provide a solution, as numerous patients can be analyzed to identify signatures with better universality.

Galectin, encoded by LGALS genes, can reportedly participate in the progression of various tumors, but its role in glioma remains poorly understood. Herein, we used a series of in silico methods to determine the function of galectins in gliomas. Using IHC results of TMAs from patients with glioma and RNA-seq data from the TCGA project, we found five upregulated galectins in glioma tissues when compared with normal brain tissue, and their expression negatively correlated with patient survival time. Moreover, multivariable Cox regression demonstrated that the five LGALS genes exhibited excellent prognostic and predictive values for OS, DSS, and PFS. These results were validated in CGGA and Rembrandt patient cohorts.

Previous studies have shown that immunosuppression is a prominent hallmark of gliomas, which are mainly composed of M2 subtype macrophages (32). In the present study, we confirmed that patients with high LGALS expression had higher stromal scores, immune scores, and M2 macrophage levels and lower estimate scores, tumor purity, and CD8+ T cells than those with low expression, as determined using the ESTIMATE and CIBERSORT algorithms. The correlations between galectin expression and M2-TAM infiltration were further validated by IHC staining of TMAs of patients with glioma. However, the detailed molecular mechanisms need to be comprehensively investigated.

Verhaak and Phillips classified malignant gliomas into several molecular subtypes based on their transcriptome expression patterns (14, 15). Among them, the pro-neural subtype has lower invasiveness and portends a more favorable prognosis, whereas the mesenchymal subtype exhibits overt aggressiveness and worst OS. Elucidating the core molecules and pathways of the pro-neural to mesenchymal (PN-MES) transition is crucial for developing novel therapeutic strategies. Herein, we found that all five LGALS genes were highly expressed in the mesenchymal subtype, which suggests a potential role of galectins in glioma PN-MES transition.

GSCs represent a subpopulation of glioma cells exhibiting unique surface markers and play key roles in resistance to chemotherapy and radiotherapy in patients with glioma (33, 34). It has been reported that galectin expression promotes tumor stemness in several cancers, but its role in glioma is still unclear. In the present study, we performed several molecular biology methods, including lentiviral shRNA knockdown, cell viability assay, sphere formation assay, in vitro limiting dilution assay, Western blotting, and IHC staining, to unravel the potential role of galectins in GSC stemness maintenance. We found that galectins promoted GSC stemness maintenance and proliferation in vitro. However, the detailed mechanisms and signaling pathways through which galectins promote GSC stemness require further investigation.

Hypoxia is another distinct feature of malignant glioma, known to induce active angiogenesis (35), which is also found to be elevated in LGALS high-expressing glioma by CancerSEA and GSEA analysis. However, owing to the extensive inter- and intra-tumoral heterogeneities (36), some contradictions can be noted in results obtained from different databases, warranting intensive investigations of each LGALS in terms of glioma progression.

Overall, we established a relatively comprehensive description of galectin expression patterns and biological functions in malignant glioma microenvironments by performing a series of bioinformatics analyses and several molecular biology methods. We believe that targeting galectins could be a novel and effective treatment strategy for malignant glioma.
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Heat shock protein peptide complex 96 (HSPPC-96) has been proven to be a safe and preliminarily effective therapeutic vaccine in treating newly diagnosed glioblastoma multiforme (GBM) (NCT02122822). However, the clinical outcomes were highly variable, rendering the discovery of outcome-predictive biomarkers essential for this immunotherapy. We utilized multidimensional immunofluorescence staining to detect CD4+ CD8+ and PD-1+ immune cell infiltration levels, MxA and gp96 protein expression in pre-vaccination GBM tissues of 19 patients receiving HSPPC-96 vaccination. We observed low MxA expression was associated with longer OS than high MxA expression (48 months vs. 20 months, p=0.038). Long-term survivors (LTS) exhibited significantly lower MxA expression than short-term survivors (STS) (p= 0.0328), and ROC curve analysis indicated MxA expression as a good indicator in distinguishing LTS and STS (AUC=0.7955, p=0.0318). However, we did not observe any significant impact of immune cell densities or gp96 expression on patient outcomes. Finally, we revealed the association of MxA expression with prognosis linked to a preexisting TCR clone (CDR3-2) but was independent of the peripheral tumor-specific immune response. Taken together, low MxA expression correlated with better survival in GBM patients receiving HSPPC-96 vaccination, indicating MxA as a potential biomarker for early recognition of responsive patients to this immunotherapy.


Clinical Trial Registration

ClinicalTrials.gov (NCT02122822) http://www. chictr.org.cn/enindex.aspx (ChiCTR-ONC-13003309).
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Introduction

Glioblastoma multiforme (GBM) is one of the most lethal brain cancers and accounts for 48.6% of all primary brain malignancies (1), posing a great threat to human health, as current therapies are minimally effective (2). Initial surgical resection, adjuvant radiotherapy and chemotherapy with temozolomide constitute the standard-of-care therapy for GBM; however, they yield only a moderate increase in survival, with a reported median overall survival (OS) of 14.6 months (3) and a 5-year survival rate of less than 10% (4). Therefore, new therapeutic modalities are urgently needed to improve the outcomes of patients with this deadly brain cancer.

Recent advances in immunotherapies, such as immune checkpoint blockade, have brought substantial improvement in survival for a variety of solid malignancies, including melanoma (5), non-small-cell lung cancer (6), breast cancer (7), and non-Hodgkin lymphoma (8). In treating GBMs, several novel immune approaches are under development and have generated encouraging results in preclinical studies (9, 10) as well as in early trials (11, 12). Heat shock protein glycoprotein 96 kDa (gp96) belongs to the heat shock protein family, mainly locates in the endoplasmic reticulum (ER) and where it functions as a master chaperone. Gp96 has innate capacity of binding tumor-associated antigens (peptides), thereby forming a gp96-peptides complex that can be taken up by antigen-presenting cells, such as dendritic cells, and then elicit both innate and adaptive antitumor immune response (13). Therefore, after simple purification of the complex from patient tumors, the gp96-peptides complex can be exploited as a personalized multivalent cancer-treatment vaccine, usually termed as heat shock protein peptide complex 96 (HSPPC-96) (14). HSPPC-96 has exhibited its safety and preliminary clinical efficacy in treating a variety of malignancies (15–19), that include recurrent (20) and newly-diagnosed GBMs (21, 22). Our previous phase 1 clinical trial has demonstrated the safety and preliminary effectiveness of the heat shock protein peptide complex 96 (HSPPC-96) vaccine in treating newly diagnosed GBM patients (21). However, similar to other immunotherapies in solid tumors (16, 23), the efficacy of HSPPC-96 vaccination varies greatly, with OS times ranging from 7.5 months to 68.2 months in this cohort of patients (24). Therefore, the discovery of biomarkers that facilitate the recognition of patients who are likely to respond to immunotherapy is paramount. We found that the post-vaccination tumor-specific immune response (TSIR-post_vac), measured by an IFN-γ-releasing enzyme-linked immunospot (ELISPOT) assay on peripheral blood mononuclear cells (PBMCs), was associated with patient survival time (21). Higher TSIR-post_vac levels predicted better outcomes (21). We utilized second-generation T cell receptor (TCR) sequencing to examine TCR repertoire features in tumors and revealed the presence of some TCR clones predicting durable survival from HSPPC-96 vaccination (24). However, neither the ELISPOT assay nor TCR sequencing is a common clinical method, which limits the wide application of the aforementioned biomarkers.

Since protein detection methods, such as immunohistochemical (IHC) staining and enzyme-linked immunosorbent assay (ELISA), are routinely used in the clinical setting, protein marker candidates have more opportunities for translation from bench to bedside. In this study, we applied a multidimensional immunofluorescence (MIF) method to detect the infiltrative levels of immune cells (CD4+, CD8+ and PD-1+ immune cells) and the protein expression of MxA (encoded by an interferon-stimulating gene MX1) and gp96 (glycoprotein 96, a major component of HSPPC-96 vaccine) in pre-vaccination GBM tissues and examined their value in predicting the therapeutic outcomes of HSPPC-96 vaccination. We hypothesized that the levels of these biomarker candidates would reflect a natural state of antitumor response within tumors that would correlate with immunotherapeutic outcomes because they have been reported to directly engage adaptive/innate antitumor immune responses (25–28), and some have been used as outcome-predictive biomarkers for other cancer immunotherapies (29–31). We observed that low MxA expression correlated with better outcomes in this HSPPC-96 vaccinated cohort, reflecting the potential of MxA as a protein biomarker for the early recognition (prior to vaccination) of responsive patients to this immunotherapy.



Materials and Methods


Patients

We retrospectively examined the expression of the studied proteins by using formalin-fixed and paraffin-embedded (FFPE) tumor tissues that were collected during neurosurgical resection (prior to vaccination) from a cohort of 19 GBM patients receiving HSPPC-96 vaccination in an open-label, single-arm, phase I clinical trial (21). The trial was aimed at determining the safety and preliminary effectiveness of HSPPC-96 vaccination in treating newly diagnosed GBMs with standard-of-care therapy (21). After postoperative concurrent chemoradiotherapy, all the included patients received a total of six doses of the vaccine, with a 25-μg dose every week. The vaccine was generated through extracting the gp96 and its binding peptides from fresh tumor tissue according to the procedure described previously (21, 32). Cure & Sure Biotech Co. Ltd. was responsible for the vaccine production, following good manufacturing practice guidelines. A total of 20 patients were vaccinated in this trial; 19 patients with complete follow-up information were included for survival analysis, yielding a median progression-free survival (PFS) of 11.0 months and a median OS of 31.4 months in these patients (21). We continued follow-up with all survivors approximately 1 year after the end of the trial and updated the survival data, yielding a 20% PFS and a 40% OS at 3 years for all vaccinated patients (24). The clinical trial was approved by the ethics committee of Beijing Tiantan Hospital (JS2012-001-03) and was registered at ClinicalTrials.gov (NCT02122822) and http://www.chictr.org.cn/enindex.aspx (ChiCTR-ONC-13003309). Written informed consent was obtained from all participants.

The baseline characteristics of the included patients, such as sex, age at diagnosis, Karnofsky performance status (KPS) scale (range 0-100%), MGMT promoter methylation status, IDH 1/2 mutations and TERT promoter mutations, were reported by our previous study (21) and are shown in Supplemental Table 1.



MIF and Image Analysis

We used OPALTM 7-color Manual IHC kits (NEL811001KT, Akoya Bioscience, Marlborough, MA, USA) to conduct MIF on the FFPE tissues. After deparaffinization and rehydration, the slides were subjected to a procedure that was optimized for each antigen. The experimental details are summarized in Supplemental Table 2.

Images were obtained on a Vectra system (Vectra Polaris 1.0.7, Akoya Bioscience, Marlborough, MA, USA) and analyzed by Inform software (2.4.2, Akoya Bioscience, Marlborough, MA, USA). Densities of infiltrating immune cells (CD4+, CD8+ and PD-1+ cells) were semi-quantified as counts per mm2 of tumor area. The expression of gp96 and MxA was semi-quantified as the staining extent, which was defined as the number of nuclei of positively stained cells divided by the number of all nuclei in the section. The counts and staining extent were automatically calculated by Inform software and then manually adjusted by an experienced pathologist.



Statistical Analysis

All statistical analyses were performed using SPSS software version 26.0 (IBM, New York, United States). Continuous data were compared using the Mann–Whitney U test or Kruskal–Wallis nonparametric test. Spearman correlation analysis was used to examine the associations. Kaplan–Meier analysis was used to estimate PFS and OS, and the log-rank test was applied to estimate between-group PFS/OS differences. A Cox regression model was fitted to select independent prognostic factors. A 2-tailed P value of less than 0.05 was considered significant. GraphPad Prism 6 (GraphPad Software, Inc., San Diego, CA) was used to plot the figures.




Results


Immune Cell Densities and MxA/gp96 Expression Varied Greatly Among GBM Tissue Samples

Our previous study demonstrated that HSPPC-96 vaccination is a safe and preliminarily effective immunotherapy for the treatment of newly diagnosed GBMs (21). Despite these encouraging results, clinical outcomes remain highly variable, such that a fraction of patients did not benefit from the therapy compared with the standard treatment (21, 24). Therefore, the identification of patients who are more likely to obtain a survival benefit prior to vaccination is vital for this immunotherapy. We hypothesized that the immune features within the tumor microenvironment would contain predictive biomarkers for treatment efficacy, since the clinical efficacy of vaccines partly relies on boosting a pre-existing intra-tumor antitumor immune response (33, 34), which would be influenced by these immune features.

Herein, we utilized MIF to detect immune features, including densities of immune cells (CD4+ T cells, CD8+ T cells and PD1+ cells) and protein expression of gp96 (a component of the HSPPC-96 vaccine) and MxA (an interferon-stimulating gene product, whose expression reflects interferon-pathway activity) (Figure 1), in FFPE tumor samples that were collected prior to vaccination from all 19 included patients with complete follow-up (24). Consistent with the findings of previous studies (35), the infiltrative levels of immune cells among samples varied greatly, with median levels of 78/mm2 (range 2-356/mm2), 20/mm2 (range 1-185/mm2) and 14/mm2 (range 1-101 mm2) for CD4+ T cells, CD8+ T cells and PD1+ cells, respectively. We also observed higher infiltration of CD4+ T cells than CD8+ T cells (Supplemental Figure 1) (36, 37). Both gp96 and MxA were detected by cytoplasmic staining (Figure 1) and were ubiquitously expressed in all the samples. However, the extent of staining in each sample also varied significantly among samples, with ranges of 2.2%-22% and 1.5%-49% for gp96 and MxA, respectively. These results indicate a significant variance in immune features among the tumor samples prior to vaccination, which provides a basis for further analyzing their impacts on clinical outcomes.




Figure 1 | Representative staining of CD4+, CD8+, and PD-1+ cells and gp96 and MxA in GBM tissues.





Low MxA Expression Was Associated With Favorable Prognosis

We next explored the potential of these immune features as predictive biomarkers of treatment efficacy. We used the updated follow-up data that were published previously (24). After a median follow-up of 58.9 months, the median PFS and OS were 11.0 months and 31.4 months, respectively; PFS was 20% (4/20) and OS was 40% (8/20) at 3 years for all 19 vaccinated patients (24). According to the median levels of these immune features, we separately grouped the patients into the high and low groups. We did not observe a significant impact of the densities of immune cells, including CD4+ T cells, CD8+ T cells and PD1+ cells, on the survival of these patients (Figures 2A–C). However, high gp96 expression tended to be negatively correlated with patient OS (Figure 2D), although the correlation did not reach a significant level (p=0.364) due to the limited sample size. Interestingly, we observed that the expression of MxA negatively impacted the OS of these patients, with the MxA-low expression group exhibiting a median OS of 48 months compared with 20 months in the MxA-high expression group (p=0.038) (Figure 2E). This finding indicates the potential of MxA as a predictive biomarker for HSPPC-96 vaccination efficacy.




Figure 2 | Low MxA expression was associated with favorable prognosis. Kaplan–Meier estimates of progression-free survival and overall survival in HSPPC-96- vaccinated GBM patients, grouped by the median CD4+ (A) CD8+ (B) and PD-1+ cell (C) densities and gp96 (D) and MxA (E) expression. Log-rank tests were applied to estimate differences. Vertical lines indicate censored time points.





Low MxA Expression Was Associated With Long-Term Survival

We grouped the vaccinated patients into long-term survivors (LTS) and short-term survivors (STS) according to whether their survival time was over three years, a common cut-off in survival to define LTS in GBM clinical studies (38, 39). Among the 19 included patients, 8 patients were LTS, and 11 were STS. As expected, the LTS group exhibited significantly lower MxA expression than the STS group (P = 0.0328) (Figure 3A). Furthermore, receiver operating characteristic (ROC) curve analysis indicated that MxA expression is a good indicator for distinguishing LTS and STS (AUC=0.7955, P=0.0318) (Figure 3B). Since LTS is a subset of patients who are most likely responsive to immunotherapy, these results indicate that MxA could be a potential biomarker for the early recognition of these responders prior to vaccination initiation.




Figure 3 | Low MxA expression was associated long-term survival. Comparison of MxA protein expression between long-term survivors (LTS, ≥3-y overall survival) and short-term survivors (STS, <3-y overall survival), Wilcoxon nonparametric test (A). Receiver operating characteristic (ROC) curve analysis for evaluating the capacity of MxA protein expression to distinguish between LTS and STS (B).





Association of MxA Expression With Prognosis Was Linked to a Preexisting TCR Clone But Was Independent of TSIR

We next investigated the underlying mechanisms that link low expression to better clinical outcomes. We previously used an ELISPOT assay to evaluate the TSIR levels in PBMCs collected before and after HSPPC-96 vaccination (21). We observed that HSPPC-96 vaccination increased TSIR levels by 2.3-fold, and the level of TSIR post-vaccination was closely associated with patient survival (21). Based on these observations, we first reasoned that low MxA expression could be associated with increased levels of TSIR post-vaccination, thereby leading to favorable outcomes. However, we did not observe any significant correlation between MxA expression and the levels of three TSIR indexes, including TSIR pre-vaccination (TSIR_pre_vac, Figure 4A), TSIR post-vaccination (TSIR_post_vac, Figure 4B) and fold change of TSIR from pre- to post-vaccination (TSIR_fc_vac, Figure 4C). Moreover, a fitted Cox regression model, including age, TSIR_post_vac and MxA expression, also revealed MxA expression as an independent prognosticator of outcomes (Supplemental Figure 2). Therefore, MxA expression and TSIR_post_vac independently influenced the outcomes in this vaccinated cohort.




Figure 4 | Association of MxA expression with prognosis linked to a preexisting TCR clone but was independent of TSIR. Pearson correlation of the expression of MxA protein with TSIR pre-vaccination (A), TSIR post-vaccination (B), and fold change of TSIR from pre- to post-vaccination (C) in 19 vaccinated patients. (D) Comparison of TCR clonotypes specific for long-term survivors between the high MxA protein expression group (MxA high: expression of MxA protein > the median value) and the low MxA protein expression group (MxA low: expression of MxA protein ≤ the median value), Wilcoxon nonparametric test. Continuous data were compared using the Wilcoxon nonparametric test.



We used TCR sequencing to uncover the TCR repertoire features of tumor-infiltrating lymphocytes in LTS and discovered that four TCR clones were significantly enriched in the LTS group, and the presence of these clones was associated with favorable outcomes (24). Therefore, we next explored whether the link of MxA expression to outcomes was associated with the unbalanced distribution of these TCR clones. We compared the frequencies of these clones, represented as complementarity determining region 3 (CDR3), which determines the specificity of a given TCR clone, between the high- and low-MxA expression groups. As a result, we found an absence of CDR3-2 in the high-MxA expression group (p=0.021) (Figure 4D). Since the presence of CDR3-2 was associated with long-term survival in this cohort as well as in another peptide vaccine trial on gliomas (33), we reasoned that the negative impact of MxA expression on CDR3-2 presence could be related to its inverse correlation with patient survival time. However, given the limited sample size of this study, this impact should be further validated in another HSPPC-96 vaccinated cohort with a larger population. The intrinsic mechanism remains unclear and requires further exploration.




Discussion

Immunotherapy has emerged as a primary therapeutic option for a variety of malignancies (40–44) and has exhibited encouraging results in early trials on GBMs (45–49). HSPPC-96 is a personalized multivalent antitumor vaccine that has demonstrated its low toxicity and promising clinical results for the treatment of a variety of malignancies in preclinical models (50, 51) as well as early-phase trials (15, 18, 52). However, the high variance in immunotherapeutic efficacy remains one of the biggest challenges facing this immunotherapy (20, 53). In our HSPPC-96 vaccinated cohort, the OS time varied greatly, ranging from 7.5 to 68.2 months (24). Thus, the identification of patients who are more likely to respond to or benefit from immunotherapy is vital for this novel therapeutic modality (24). Although the lack of correlation of clinical activity to immune responses has been widely noted (33, 54–58), we still used the ELISPOT assay (21, 24) and TCR sequencing (24) to discover the biomarkers related to immune responses for predicting therapeutic outcomes of HSPPC-96 vaccination. We observed that TSIR post-vaccination (21, 24) and a group of TCR clones (24) were potential biomarkers for predicting better clinical outcomes. Nevertheless, the timing of detecting TSIR post-vaccination (prohibiting its early recognition), the cost of TCR sequencing and the unavailability of both in a routine clinical setting all limit the wide application of these biomarkers. In this study, we aimed to discover protein biomarkers in tumor tissues for the recognition of patients who would respond to or benefit from HSPPC-96 vaccination at an early time prior to vaccination. We found that MxA is a potential biomarker for the prior-to-vaccination recognition of responsive patients. Since MxA can be detected via the method of immunohistochemical staining on FFPE tissues, which has been widely and routinely used for clinical diagnosis, the discovered marker would be more easily translated from bench to bedside.

MxA belongs to a family of large GTPases and has been extensively studied for its broad antiviral activity (59, 60). It is exclusively induced by interferon-α/β and represents a classical interferon-stimulating gene product (61–63). Therefore, a large number of studies applied MxA expression as an indicator for measuring the activity of the interferon-α/β signalling pathway (62, 63). Meanwhile, recent findings have suggested MxA as an oncoprotein in breast cancer (26), as it promotes tumor cell invasion and proliferation. In this study, we found that high MxA expression deteriorated the immunotherapeutic efficacy of HSPPC-96 vaccination (Figure 2E). With respect to the underlying mechanisms explaining the detrimental effect of MxA expression, we speculate that high MxA expression reflects a strong autocrine activation of the interferon-α/β signaling pathway (64) that has been proven to dampen the antitumor immune response by impairing the immunogenicity of glioma cells (61). Additionally, the pro-tumor effect of MxA (26, 65) itself would also mediate its negative impact on the vaccination effectiveness. Therefore, this result also suggests a possible mechanism for the immune evasion of GBM cells against HSPPC-96 vaccination, thus providing possible molecular targets to be manipulated for further improving the therapeutic efficacy.

Nevertheless, we did not find any evidence that high MxA expression suppressed the antitumor immune response in peripheral blood (Figures 4A–C), suggesting that the immune evasion mechanism is not exerted at the early stage when antitumor T cells are activated in blood, but could be at the late stage after these T cells infiltrate the tumors. Interestingly, we found that high MxA expression was associated with loss of a TCR clone, CDR3-2 (Figure 4D), that predicted a durable survival in glioma patients receiving therapeutic peptide vaccination (24, 33). Since this TCR clone, shared by LTS, could reflect a pre-existing T cell-mediated immune response against GBM cells (24), we speculated that the loss or downregulation of the pre-existing antitumor immune response within tumors could contribute to the inverse correlation of high MxA expression with poorer outcomes. However, the underlying mechanisms remain elusive, requiring further exploration.

In this study, we also investigated whether the pre-existing levels of T cell infiltration could affect the immunotherapeutic efficacy of HSPPC-96 vaccination, since they are widely recognized as indicators predicting patients’ response to immunotherapies, such as immune checkpoint blockade (11, 66, 67). However, we did not observe any correlation of T cell infiltration levels, in terms of CD8+, CD4+ and PD-1+ cell densities, with clinical outcomes (Figures 2A–C). Considering that the presence of some TCR clones was linked to better immunotherapeutic outcomes in this cohort (24), these results suggest that the amount of a subset of, rather than all, the infiltrative T cells, impacts the vaccination outcomes.

As a major component of the HSPPC-96 vaccine, gp96 is a molecular chaperone in the endoplasmic reticulum (ER) that has been reportedly linked to maintaining the ER stability (68), mediating unfolded protein responses (69, 70), promoting tumor invasiveness (71) as well as facilitating activation of adaptive and innate immune responses (72). We observed an interesting trend of high gp96 expression linked to unfavorable OS in this cohort (p=0.364), although it did not reach a significant level given the limited sample size. This result indicates an inverse correlation between the natural expression of gp96 and effectiveness of the HSPPC-96 vaccine, a vaccine comprising gp96 and its binding antigenic peptides. This correlation suggests a possible interplay between gp96 expression and an antitumor immune response that is required for the therapeutic effectiveness. Therefore, this correlation and its intrinsic mechanism require further investigation in clinical studies on a larger cohort of patients as well as intensive preclinical studies.

Again, although the correlations of MxA expression with the immunotherapeutic outcomes as well as the CDR3-2 TCR clone are statistically significant, these findings warrant further confirmation in another larger prospective cohort, given the small sample size and retrospective design of this study.



Conclusions

In conclusion, we revealed that low expression of MxA correlated with better survival in GBM patients receiving HSPPC-96 vaccination, indicating that MxA is a potential biomarker for the pre-vaccination recognition of responsive patients to this immunotherapy.
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Background: Glioblastoma multiforme (GBM) is a common malignant brain tumor with high mortality. It is urgently necessary to develop a new treatment because traditional approaches have plateaued.

Purpose: Here, we identified an immune-related gene (IRG)-based prognostic signature to comprehensively define the prognosis of GBM.

Methods: Glioblastoma samples were selected from the Chinese Glioma Genome Atlas (CGGA). We retrieved IRGs from the ImmPort data resource. Univariate Cox regression and LASSO Cox regression analyses were used to develop our predictive model. In addition, we constructed a predictive nomogram integrating the independent predictive factors to determine the one-, two-, and 3-year overall survival (OS) probabilities of individuals with GBM. Additionally, the molecular and immune characteristics and benefits of ICI therapy were analyzed in subgroups defined based on our prognostic model. Finally, the proteins encoded by the selected genes were identified with liquid chromatography-tandem mass spectrometry and western blotting (WB).

Results: Six IRGs were used to construct the predictive model. The GBM patients were categorized into a high-risk group and a low-risk group. High-risk group patients had worse survival than low-risk group patients, and stronger positive associations with multiple tumor-related pathways, such as angiogenesis and hypoxia pathways, were found in the high-risk group. The high-risk group also had a low IDH1 mutation rate, high PTEN mutation rate, low 1p19q co-deletion rate and low MGMT promoter methylation rate. In addition, patients in the high-risk group showed increased immune cell infiltration, more aggressive immune activity, higher expression of immune checkpoint genes, and less benefit from immunotherapy than those in the low-risk group. Finally, the expression levels of TNC and SSTR2 were confirmed to be significantly associated with patient prognosis by protein mass spectrometry and WB.

Conclusion: Herein, a robust predictive model based on IRGs was developed to predict the OS of GBM patients and to aid future clinical research.

KEYWORDS
  glioblastoma, immune-related genes, nomogram, prognostic model, TNC, mass spectrometry


Introduction

Glioblastoma multiforme (GBM) is the most common malignant brain tumor and it has high mortality and morbidity. In the USA, GBM accounts for 14.7%, 47.7%, and 56.6% of all primary brain tumors, malignant brain tumors, and gliomas, respectively (1, 2). At present, treating GBM entails maximal surgical resection and subsequent application of radiation therapy (RT) plus chemotherapy. Chemotherapeutic regimens most often include the alkylating agent temozolomide (TMZ) according to the Stupp protocol, which has been shown to positively impact long-term outcomes (3, 4). However, there are some challenges that need to be addressed, including how to achieve complete resection of tumors based on their location in core or inoperable sites in the brain, as well as on their infiltration into neighboring healthy brain tissues. Even with aggressive and comprehensive treatment, cancer relapse cannot be completely avoided. Patients with GBM have a dismal prognosis, with a 5.6% 5-year OS rate and a median OS time of 12–15 months (5, 6). Considering the dismal survival outcomes of individuals with GBM and the low effectiveness of the current treatment regimens, there is a pivotal need to identify novel treatment targets as well as alternative therapeutic approaches.

The major functions of the human immune system are to modulate organ homeostasis, offer protection against infectious pathogens, and remove damaged cells. Research evidence shows that adaptive and innate immunity play indispensable roles in the onset of cancer and contribute to cancer progression and treatment efficacy (7, 8). Over the last few decades, immunotherapy has become a revolutionary anticancer therapy. It has shown considerable benefits, such as enhancing survival, in numerous cancers, such as lung cancer, melanoma, and breast cancer (9, 10). Past research has suggested that the central nervous system has immune privilege due to the presence of the blood–brain barrier. However, in 2015, Louveau defined a new route for lymphatic outflow from the brain along different channels parallel to the dural venous sinuses. Therefore, most antigen-presenting cells that leave the brain likely reach the lymph nodes in the deep neck, where they can prime T and B lymphocytes. This suggests that immunogens in the brain can generate a powerful immune response.

It is believed that although the brain is an immunologically unique site, the immune microenvironment provides ample opportunities to implement immunotherapy against brain tumors (11). Currently, numerous immunotherapeutic modalities for GBM have been proposed and established. They include immune checkpoint inhibitors, such as antibodies against cytotoxic T lymphocyte antigen 4 (CTLA-4), programmed cell death protein 1 (PD-1), or its ligand programmed death-ligand 1 (PD-L1), as well as CAR-T, vaccine and oncolytic virus therapies (12). Generally, a combination strategy involving immunotherapy, surgery, and chemoradiotherapy has been proposed as a prospective effective approach for treating GBM. Therefore, the purpose of the current study was to identify an IRG-based prognostic signature to comprehensively define the prognosis of GBM. In our study, six IRGs (CRH, CRLF1, SERPINA3, SSTR2, TNC, and TNFRSF19) closely associated with OS in GBM were identified using univariate and LASSO Cox regression analyses and used to construct a model to predict survival in GBM patients. We then characterized the molecular and immune features of our model and examined its prognostic power for patients treated with immunotherapy. Finally, we used mass spectrometry and WB to verify that the expression of the proteins encoded by these IRGs differed between patients with long and short survival times and constructed a ceRNA regulatory network. The flow chart of the study is shown in Figure 1.
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FIGURE 1
 The flowchart of our study.




Materials and Methods


Study population

RNA sequencing (RNA-seq) data and survival information of GBM patients in the CGGA mRNAseq_693 dataset were used as the training dataset. RNA sequencing data of normal brain tissue were obtained from the CGGA mRNA sequencing (using non-glioma as a control) dataset. RNA-seq data and survival information used for external model validation were obtained from the Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo) and CGGA databases. The GBM patients in the independent mRNAseq_325, GSE16011, and GSE83300 datasets were used as the validation datasets. MicroRNA expression data and lncRNA expression data were obtained from the microRNA_198 and mRNA-array_301 datasets in CGGA. Finally, gene mutation information was also obtained from the CGGA database.



Differential expression analysis

The gene list comprising 1793 IRGs was obtained from the ImmPort data resource. The “limma” package in R was used for differential analysis, and the normalize between Arrays function in the “limma” package was used to normalize the gene expression profile (13). IRGs that were differentially expressed had P 0.05 along with absolute log2-fold change (FC) 1.5. GO functional enrichment and KEGG pathway enrichment analyses of differentially expressed IRGs were performed using the GO database (http://geneontology.org) and KEGG database (http://www.genome.jp/kegg/) (14, 15).



Construction and validation of the prognostic model

Patients in the CGGA mRNAseq_693 dataset were used as a training cohort to construct our prognostic model. Univariate Cox regression and LASSO-Cox regression analyses were used to screen for IRGs that were significantly associated with survival (16). The risk score formula was calculated as follows: [−0.0475×expression value of corticotropin releasing hormone (CRH)]-[0.0260×expression value of cytokine receptor-like factor 1(CRLF1)]+[0.0640×expression value of serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 3(SERPINA3)]-[0.0162×expression value of somatostatin receptor 2(SSTR2)]+[0.0456×expression value of tenascin C(TNC)]+[0.0272×expression value of tumor necrosis factor receptor superfamily, member 19(TNFRSF19)]. Each sample's risk score was calculated by multiplying the expression values of the specific genes by their weights in the Cox model and then summing the products. Patients were clustered into high- and low-risk groups according to the median risk score. Kaplan–Meier analysis was used to compare the difference in survival between the two groups. Then, receiver operating characteristic (ROC) curves for 1–3-year survival were drawn. The area under the curve (AUC) was used to estimate the sensitivity and specificity of the model for survival prediction. Finally, we used three independent datasets (CGGAmRNAseq_325, GSE16011 and GSE83300) to validate our prognostic model (17–19).



Construction of the nomogram

Stepwise multivariate Cox regression analysis was used to assess independent prognostic indicators, including the radiotherapy status, chemotherapy status, and risk score. Afterwards, these factors were used to construct a nomogram, which was adopted to predict 1–3-year OS of patients with GBM. The ROC curves, calibration curves and decision curve analysis (DCA) curves were compared to determine the predictive accuracy of the prognostic model (20).



Comprehensive analysis of the risk score

Gene set enrichment analysis (GSEA) was performed using GSEA software (GSEA v4.1.0, http://www.broadinstitute.org/gsea). Our analysis was based on HALLMARK and KEGG gene sets. The package “ggplot2” was used to visualize the GSEA results. Then, the package “maftools” in R was used to visualize the somatic mutations in the GBM patients with genetic mutation data from the CGGA database. We also grouped the patients according to their different clinical characteristics (age, sex, IDH mutation, MGMT promoter methylation and 1p19q codeletion) and compared the differences in the risk scores among the clinical characteristics subgroups. The relationship between IRGs and gene functional status was analyzed by CancerSEA (http://biocc.hrbmu.edu.cn/CancerSEA/) (21).



Immune characteristics analysis and immunotherapy analysis

Enrichment scores for 16 immune cells and 13 immune-related functions were estimated using single-sample gene set enrichment analysis (ssGSEA). Then, 22 immune cell types were quantified using the R package “CIBERSORT.” Only samples with a CIBERSORT output p-value < 0.05 were screened for this study. We also compared the expression levels of immune checkpoints between the high-risk and low-risk groups. Recent studies have revealed two distinct mechanisms of tumor immune evasion. In some tumors, although cytotoxic T cells are highly infiltrated, these T cells are often dysfunctional. In other tumors, immunosuppressive factors can eliminate T cells infiltrating tumor tissue. Peng Jiang et al. (22) designed a novel computational architecture, the Tumor Immune Dysfunction and Rejection (TIDE) score, to integrate these two tumor immune escape mechanisms. We explored the predictive power of our immunotherapy response prognostic model with the TIDE website (http://tide.dfci.harvard.edu). These immune-related characteristics were compared between the high- and low-risk groups (23).



Liquid chromatography-tandem mass spectrometry

Ten GBM samples were selected, of which five were from patients with short survival times (OS <1 year) and five were from patients with long survival times (OS >3 years). Clinical information for 10 patients is presented in Supplementary Table 1. Samples were taken from storage at −80°C. Equal amounts of protein were taken from each sample for enzymatic hydrolysis, and the peptides were labeled according to the instructions of the TMT kit. Peptides were fractionated by high pH reverse-phase HPLC on an Agilent 300 Extend C18 column (5 μm particle size, 4.6 mm ID, 250 mm length). The peptides were dissolved in phase A of the liquid chromatography mobile phase and separated using an EASY-nLC 1,000 ultrahigh-performance liquid chromatography system. MS data were retrieved using MaxQuant 1.5.2.8. The quantitative method was set to TMT-10plex, and the FDR of protein identification and PSM identification were both set to 1%. P-values < 0.05 and absolute FDR values >2 were considered differentially expressed proteins.



Western blotting

GBM tissues (n = 4) cryopreserved in liquid nitrogen after surgery at the First Affiliated Hospital of Wenzhou Medical University were collected. Clinical information for 4 patients is presented in Supplementary Table 2. Total proteins were extracted and quantified using a bicinchoninic acid (BCA) assay. The antibodies used were: anti-TNC (Abcam ab108930), anti-SSTR2 (Abcam ab229007), anti-SERPINA3 (Abcam ab205198), anti-TNFRSF19 (Abcam ab96220), and anti-GAPDH (Abcam ab8245). All primary antibodies were rabbit anti-human antibodies. The secondary antibody was a goat anti-rabbit antibody. Briefly, equal amounts (40 μg) of protein from each sample (tumors and control tissues) were separated by 10% SDS-PAGE electrophoresis and then transferred to PVDF membranes. The PVDF membranes were incubated with the primary antibodies, followed by the secondary antibodies, and then visualized. GAPDH was used as an internal reference for the western blot analysis.



Construction of the ceRNA regulatory network

Co-expression analysis was used to screen miRNAs that regulated mRNAs and lncRNAs that competed with miRNAs for binding. A p-value < 0.05 and an R-value >0.3 were considered to indicate a significant correlation. Then, the mRNA targets of miRNAs and miRNA targets of lncRNAs were analyzed with the ENCORI web server (http://starbase.sysu.edu.cn/). RNAs with identical results in coexpression analysis and ENCORI analysis were suggested as possible components of a ceRNA regulatory network.



Statistical analyses

Differences between the high-risk and low-risk groups were compared by the Wilcoxon test. Survival analysis was performed using the log-rank test. Multivariate survival analysis was performed using Cox regression analysis. Correlation analysis was performed using the Spearman method, and a two-sided p < 0.05 was considered significant. Statistical analysis was performed in R 4.0.3.




Results


Differentially expressed immune-related genes

In the differential expression analysis (249 tumor and 20 normal samples), a total of 142 differentially expressed IRGs were obtained; specifically, 89 IRGs were upregulated and 53 IRGs were downregulated in the tumor samples compared with the normal samples. The top 10 GOBP, GOCC, and GOMF terms and top 15 KEGG pathways are shown in Figure 2. We found that IRGs upregulated in tumor tissues were mainly enriched in activities and pathways related to antigen processing and presentation as well as MHC class II complexes. In contrast, IRGs downregulated in tumor tissues were mainly enriched in axon development, signaling receptor-related activities, and T-cell receptor signaling pathways.
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FIGURE 2
 GO and KEGG enrichment analyses of differentially expressed IRGs. (A) GO analysis of upregulated IRGs. (B) KEGG analysis of upregulated IRGs. (C) GO analysis of downregulated IRGs. (D) KEGG analysis of downregulated IRGs.




Glioblastoma prognostic signature

Univariate Cox regression analysis identified 27 genes among the 142 differentially expressed IRGs. Then, the multiple regression model was trained using the features selected by LASSO Cox regression analysis. Finally, six genes (CRH, CRLF1, SERPINA3, SSTR2, TNC, and TNFRSF19) were obtained. By calculating each patient's risk score using the same formula, the patients were divided into high- and low-risk groups based on the median risk score (Figure 3B). Kaplan–Meier analysis showed significant differences in OS between the high-risk group and the low-risk group in the training set (p = 1.938e-02). In addition, time-dependent ROC analysis showed that the risk score could efficiently estimate the 1, 2, and 3-year OS probabilities. The results for the calculation of the 1-year AUC (0.610), 2-year AUC (0.698), and 3-year AUC (0.694) are presented in Figure 3C.
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FIGURE 3
 Identification of the IRG prognostic signature. (A) Coefficients of the determined characteristics are shown by the lambda parameter. The partial probability deviance relative to log (λ) was calculated via the LASSO Cox regression approach. (B) Prognostic assessment of the gene signature in the CGGA mRNAseq_693 cohort. Top: The dotted line designates the median risk score and stratifies the patients into low-risk GBM and high-risk GBM groups. Middle: Survival status of the patients. Bottom: Heatmap showing the expression patterns of the prognostic genes in the low-risk GBM and high-risk GBM groups. (C) Kaplan–Meier survival analysis of patients stratified by the gene signature. Time-dependent ROC analysis of the gene signature.


Then, three independent datasets – CGGA mRNAseq_325, GSE16011, and GSE83300 – were used to validate our prognostic model. The patients in each validation dataset were also divided into two groups based on their median risk score. There were also significant differences in the expression of six genes between the high-risk and low-risk groups. KM and time-dependent ROC analyses were performed in the three validation datasets. The results showed that our prognostic signatures were well-differentiated between the high- and low-risk groups. The prognostic model also accurately estimated the OS probability at 1–3 years (Figure 4).


[image: Figure 4]
FIGURE 4
 Patients in the validation set were used to verify the risk score model. Top: The dotted line designates the median risk score and stratifies the patients into low-risk GBM and high-risk GBM groups. Middle: Survival status of the patients. Heatmap of the prognostic genes in the low-risk GBM and high-risk GBM groups. Bottom: Kaplan–Meier survival curves and time-dependent ROC curves of the patients in the validation sets. (A) CGGA mRNAseq_325 dataset. (B) GSE16011 dataset. (C) GSE83300 dataset.




GSEA, gene mutation landscape, and clinical factor analysis

The results of KEGG analysis by GSEA showed that the complement system pathway, extracellular matrix (ECM) receptor pathway and cell adhesion pathway were enriched in the high-risk group. The results also showed that multiple hallmark gene sets associated with tumor development, including angiogenesis, hypoxia and epithelial-mesenchymal transition gene sets, were enriched in the high-risk group. Then, by mutation analysis, we found that IDH1 and TP53 gene mutations were more common in the low-risk group and PTEN mutations were more common in the high-risk group (Figure 5B). When the patients were grouped according to their clinical characteristics, a comparison of the differences in risk scores between the two groups demonstrated that younger patients had lower risk scores. In addition, patients with MGMT promoter methylation, IDH mutation, and 1p19q co-deletion had lower risk scores. The differences associated with all of these molecular features demonstrate a strong link between the risk score and the molecular tumor subtype (Figure 5C).


[image: Figure 5]
FIGURE 5
 (A) GSEA between the high-risk group and the low-risk group based on the HALLMARK gene sets and KEGG gene sets. (B) The somatic landscape of the low-risk group samples and high-risk group samples. Mutation information for each gene in each sample is shown in waterfall plots, with different colors at the bottom representing specific annotations indicating various mutation types. (C) Boxplots showing the distribution of risk scores in GBM samples categorized by different factors, including age, sex, IDH mutation status, MGMT promoter methylation status, and chr1p19q codeletion status.




Construction of the nomogram

Multivariate Cox regression analysis was used to explore the risk score as an independent predictor of survival. The data suggested that the risk score can be used as an independent variable to assess the prognosis of GBM patients (p = 0.005). In addition, radiotherapy and chemotherapy were also independent prognostic factors (Figure 6A). A nomogram was constructed to estimate the 1–3-year survival probabilities using the independent factors (radiotherapy status, chemotherapy status, and risk score) (Figure 6B). The multivariate ROC analysis showed that the nomogram had the largest AUC (Figure 6C), and the DCA results showed that the nomogram curve had the greatest deviation, both of which suggest that the nomogram has better predictive ability than any independent factor alone (Figure 6D). In the calibration curves for predicting 1–3-year survival, the red line indicates estimated survival, and the gray line indicates ideal survival. All three lines are closely aligned, showing good calibration in the CGGA mRNAseq_693 dataset (Figure 5E). Data from the validation set CGGA mRNAseq_325 were also acceptable in terms of predictive power (Figure 6F).


[image: Figure 6]
FIGURE 6
 Construction of the nomogram. (A) Multivariate Cox regression analysis was adopted to select the independent variables, including radiotherapy status, chemotherapy status, and risk score. (B) The nomogram constructed using radiotherapy status, chemotherapy status and risk score. For each patient, three lines are drawn upwards to verify the points assigned from the three predictors of the nomogram. The sum of these points is located on the ‘Total Points' axis. Then, a line is drawn downwards to assess the 1–3-year overall survival probabilities of patients with GBM. (C) Multivariate ROC analysis was used to compare the predictive power of each variable. (D) DCA was used to compare the predictive power of each variable. (E) The calibration curve for the evaluation of the nomogram. The Y-axis shows the actual survival rate, while the X-axis shows the nomogram-estimated 1–3-year OS probabilities of patients in the training set. (F) The predicted 1–3-year OS probabilities of patients in the verification set.




Immune characteristics analysis in different risk groups

To understand the relationship between the risk score and the immune microenvironment, ssGSEA-based enrichment scores were calculated for 16 immune cells and 13 proteins with immune-related functions. There were significant differences in 13 immune cells between the high-risk and low-risk groups, with the high-risk group having higher levels of CD8 T cells and TILs. Likewise, the high-risk group exhibited higher levels of all 13 proteins with immune-related functions than the low-risk group (Figure 7A). We also found that the expression levels of the immune checkpoints PD-1, PD-L1, B7-H3, CD28, CD40, and TIM3 were significantly higher in the high-risk group (Figure 7B). We then found by CIBERSORT analysis that resting memory CD4 T cells, plasma cells, monocytes, activated dendritic cells, eosinophils and M0 macrophages were more abundant in the high-risk subgroup, while activated NK cells were more abundant in the low-risk group (Figure 7C). These results revealed significant differences in the level of immune cell infiltration and immune activity between the high-risk group and the low-risk group. We also found higher TIDE scores and immune exclusion in the high-risk group than in the low-risk group, suggesting that the low-risk group would benefit more from immune checkpoint inhibitor (ICI) therapy (Figure 7D). We found that TNC and TNFRSF19 were significantly overexpressed in the high TIDE group (Figure 7E).


[image: Figure 7]
FIGURE 7
 (A) Boxplots showing the levels of 16 immune cells in the two groups determined using ssGSEA. (B) Boxplots showing the levels of 13 proteins with immune-linked functions in the two groups determined by using ssGSEA. (C) Boxplots showing the expression of immune checkpoint genes in the high- and low-risk groups. (D) Boxplots showing the infiltration levels of 22 immune cell infiltrates in the two groups using CIBERSORT analysis. (E) TIDE, T-cell dysfunction and exclusion scores in the two groups. The variables were compared between the two groups with the Wilcoxon test. *p < 0.05, **p < 0.01, ***p < 0.001.




Validation of differential protein expression and construction of a ceRNA regulatory network

Our MS results showed that long-term survivors had higher expression of SSTR2 and lower expression of TNC than short-term survivors, and these results were consistent with our prognostic model. The differences in the expression of CRLF1 and SERPINA3 were not statistically significant, and the expression of CRH could not be detected in the samples (Figure 8A). Our WB results are consistent with the MS results, with long-term survivors having higher expression of SSTR2 and lower expression of TNC than short-term survivors, with no statistically significant differences in SERPINA3 and TNFRSSF19 expression (Figure 8B).


[image: Figure 8]
FIGURE 8
 (A) The expression distribution of risk score IRGs in the short-survival time group and the long-survival time group. The asterisks represent levels of significance *p < 0.05, ns: not statistically significant. (B) Western blot analysis of four differentially expressed IRGs in the signature model. The protein expression level of TNC in the short survival group was significantly upregulated, and the protein expression level of SSTR2 was significantly downregulated. There was no significant difference in the expression of SERPINA3 and TNFRSF19 between the two groups. (C) High expression of SSTR2 was negatively related to tumor invasion, EMT and metastasis. (D) High expression of TNV was positively related to tumor metastasis and hypoxia.


The results of single-cell analysis with the CancerSEA database showed that high expression of SSTR2 was negatively related to invasion, EMT and metastasis. High expression of TNC was positively related to hypoxia and metastasis (Figures 8C,D). We attempted to construct separate ceRNA regulatory networks for TNC, SSTR2 and TNFRSF19. However, consistent results between co-expression analysis and ENCORI analysis were obtained only for TNC. We found that the expression levels of miR-330-5p, miR-129-5p, and miR-137 were significantly negatively correlated with that of TNC and that these miRNAs were TNC targets in ENCORI (Figure 9A). Because high expression of miR-330-5p was considered beneficial, we searched for targeted lncRNAs that were significantly negatively related to miR-330-5p (Figure 9B). HOTAIR, NEAT1, and SNHG12 were found to be significantly negatively related to miR-330-5p and HOTAIR, and SNHG12 had a strong correlation with a poor prognosis (Figures 9C,D). The lncRNA–miRNA–mRNA ceRNA regulatory network is shown in Figure 9E.


[image: Figure 9]
FIGURE 9
 (A) Target miRNAs significantly negatively correlated with TNC. (B) KM curves of TNC-targeting miRNAs. (C) Target lncRNAs significantly negatively correlated with miR-330-5p. (D) KM curves of miR-330-5p-targeting lncRNAs. (E) HOTAIR and SNHG12 can regulate TNC expression by competitively binding to miR-330-5p.





Discussion

GBM, an aggressive primary malignant brain tumor, is common in adults. Currently, treatment strategies for GBM consist of surgery alone for early-stage disease and adjuvant radio/chemotherapy integrated with surgical resection for advanced-stage disease. However, the outcome of most GBM patients remains poor. For instance, surgical resection does not yield a satisfactory outcome since the GBM cells readily metastasize (24). In addition, there is still controversy as to whether systemic adjuvant treatment should be administered after surgery, considering the potential adverse effects and tumor heterogeneity (25).

In recent years, novel immunotherapies targeting the glioma immune microenvironment have shown great promise in the clinical management of tumors. Among various treatment strategies, drugs targeting immune checkpoint molecules have been hailed as breakthroughs (26–28). However, the efficacy of immunotherapy varies greatly and is affected by many factors. Sex, race, aging, obesity, exercise, alcohol consumption, and other factors have all been reported to affect the efficacy of immunotherapy. Compared with Asian Americans and Caucasians, people of African descent have a higher risk of certain malignancies. In addition, estrogen may promote higher levels of Treg cells, and female patients with malignant tumors are more likely to benefit from immunotherapy. For lifestyle habits, smoking and alcohol consumption can result in higher tumor mutational burdens and increased responsiveness to immunotherapy. A high-sugar, high-calorie diet reduces IL-17 levels and the benefit of immune checkpoint therapy. Finally, obese patients have high levels of TNF-α, IL-6, and IL-8 due to chronic inflammation, and when given immunotherapy, they live significantly longer (29–32). Therefore, it is essential to identify critical biomarkers to predict the outcomes of GBM patients. In the current study, an immune-related gene (IRG)-based prognostic signature was explored as a comprehensive approach to predicting the outcome of glioblastoma (GBM) and it exhibited significance in most analyses.

Many recent investigations have focused on the association of IRG expression with the onset and progression of diverse cancers (33). Comprehensive research evidence has documented that IRGs have a stable capacity to estimate the prognosis of patients, and numerous IRGs with robust estimation roles have been identified (34). To date, some existing nomograms have employed IRGs as predictive factors for individuals with glioma. A recent study established a nomogram with immune-linked gene pairs for estimating the survival of individuals with GBM (35), and a risk model based on 20 differentially expressed IRGs was demonstrated to exhibit efficient OS estimation potential in LGG (36).

However, the models established in past studies often do not have high AUC values and are not externally validated using independent datasets. Furthermore, they did not perform experimental validation of the genes included in the model. In our study, after a series of analyses based on the CGGA dataset, a prognostic signature consisting of six IRGs (CRH, CRLF1, SERPINA3, SSTR2, TNC, and TNFRSF19) was identified, and a nomogram with good predictive power was constructed, combining the risk score, radiotherapy status and chemotherapy status. Of the two IRGs validated by protein mass spectrometry and WB, TNC participates in vasculogenic mimicry (VM) formation, which is the generation of vessel-like structures by highly infiltrative tumor cells. VM has been regarded as one of the numerous mechanisms that account for the failure of antiangiogenic treatment in individuals with glioma (37). It has also been reported that TNC is a promoter of the invasiveness of brain tumor-initiating cells through a mechanism involving ADAM-9 proteolysis via the c-Jun NH2-terminal kinase pathway (38). SSTR2 was reported to be associated with favorable outcomes in various solid tumors. Appay et al. (39) validated that high expression of the SSTR2A protein was associated with a lower proliferation index, the absence of microvascular proliferation and the absence of necrosis, leading to better overall survival and progression-free survival.

We found that the risk score was associated with multiple tumor development-related pathways. Patients in the high-risk group were older and had lower IDH1 mutation rates, lower 1p19q co-deletion rates and lower MGMT promoter methylation rates. All of these differences would also lead to poor survival. Then, ssGSEA and CIBERSORT analysis showed that the infiltration level of NK cells in the high-risk group was significantly lower than that in the low-risk group, and the expression of MHC class I molecules was significantly higher in the high-risk group than in the low-risk group. We know that glioma cells can inhibit antigen-presenting cell-mediated recognition and NK-cell-mediated killing by expressing MHC class I molecules that interact with NK-cell immunoglobulin-like receptors.

We also found higher expression levels of PD-1 and PD-L1 in the high-risk group than in the low-risk group. PD-1 negatively regulates T-cell receptor-mediated signal transduction pathways, binds to PD-L1, inhibits its activation and cytotoxic T-cell effects, blocks the production of inflammatory factors, and leads to T-cell inactivation. Tumor-expressed PD-L1 is regulated by multiple mechanisms, including activation of the phosphatidylinositol 3-kinase (PI3K) signaling pathway and TIL-secreted interferon gamma (IFN-γ). In gliomas, PD-L1 is mainly expressed on tumor cells and TAMs and is negatively correlated with patient prognosis (40–42). In addition, patients in the high-risk group had higher TIDE scores and exclusion scores, demonstrating worse immunotherapy outcomes.

The recently proposed concept of ceRNAs plays an important role in the development of cancer. We constructed a TNC-centered ceRNA regulatory network, which helped us to explain the regulatory mechanism by which high TNC expression leads to a poor prognosis of GBM patients. It has important guiding significance for future research. In summary, our study utilized public databases to construct a prognostic model of six IRGs and validated it at the protein expression level. HOTAIR and the SNHG12–miR-330-5p–TNC axis might promote tumor progression via tumor cell metastasis and tumor hypoxia.


Limitations

There are some limitations of this research. First, although we used MS/MS and WB to validate the protein expression differences of IRGs in the predicted model in GBM tissues with different prognoses, the small sample size may have biased the results. Second, in vivo and in vitro functional experiments are required to validate the functional importance of TNC and SSTR2. In addition, we assessed patients' immunotherapy susceptibility only with the TIDE score. We also need to detect the expression levels of IRGs in the prognostic model in a cohort of patients receiving immunotherapy, which will more intuitively reflect the predictive ability of our model for the response to immunotherapy.




Conclusion

In this study, the immunogenomic landscape was analyzed, and an IRG-related prognostic signature for GBM was developed. The results of this study provide a more comprehensive understanding of the immune response in the TME and prospective immunotherapy targets for clinical use.
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There is mounting evidence that the human microbiome is highly associated with a wide variety of central nervous system diseases. However, the link between the human microbiome and glioma is rarely noticed. The exact mechanism of microbiota to affect glioma remains unclear. Recent studies have demonstrated that the microbiome may affect the development, progress, and therapy of gliomas, including the direct impacts of the intratumoral microbiome and its metabolites, and the indirect effects of the gut microbiome and its metabolites. Glioma-related microbiome (gut microbiome and intratumoral microbiome) is associated with both tumor microenvironment and tumor immune microenvironment, which ultimately influence tumorigenesis, progression, and responses to treatment. In this review, we briefly summarize current knowledge regarding the role of the glioma-related microbiome, focusing on its gut microbiome fraction and a brief description of the intratumoral microbiome, and put forward the prospects in which microbiome can be applied in the future and some challenges still need to be solved.
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1 Introduction

Brain tumor is one of the deadliest cancers, in which glioma is globally recognized as the most common primary brain tumor in the central nervous system (CNS) (1). Gliomas are defined as brain tumors of glial origin (2), which have been divided into 6 different families: (1) Adult-type diffuse gliomas (the majority of primary brain tumors in neuro-oncology practice of adults, e.g., glioblastoma multiforme (GBM), IDH-wildtype); (2) Pediatric-type diffuse low-grade gliomas (expected to have good prognoses); (3) Pediatric-type diffuse high-grade gliomas (expected to behave aggressively); (4) Circumscribed astrocytic gliomas (“circumscribed” referring to their more solid growth pattern, as opposed to the inherently “diffuse” tumors in groups 1, 2, and 3); (5) Glioneuronal and neuronal tumors (a diverse group of tumors, featuring neuronal differentiation); and (6) Ependymomas (now classified by site as well as histological and molecular features) (1). According to the classification of World Health Organization (WHO), glioma can be divided into 1, 2, 3, and 4 grade, and GBM, the most aggressive type of glioma, is classified by the WHO as a grade 4 brain tumor associated with high mortality (1). Currently, the primary treatments for glioma mainly include surgery resection, radiotherapy, pharmacotherapy, etc. (3). Unfortunately, the  histological hallmark of GBM include microvascular proliferation, cellular heterogeneity, bilateral invasion, and extensive pseudopalisading necrosis, which are responsible for its invasion, resistance, and recurrence after various therapies (4, 5).In addition, the underlying mechanisms of glioma pathogenesis remain largely unclear.

There are emerging lines of evidence that the human microbiome is highly associated with a wide variety of CNS diseases, including Parkinson’s disease (PD), Alzheimer’s disease (AD), multiple sclerosis (MS), autism spectrum disorder (ASD), stroke, et al. (6–10). However, little attention has been paid to the role of the human microbiome in glioma. The human microbiome may impact tumor biology across multiple tumor types, yet previous studies have not proved the exact mechanisms between the human microbiome and gliomas. Continuous research regarding the microbiome and gliomas is reshaping our understanding of the pathogenesis and treatment of CNS tumors (11, 12).

Increasing evidence has shown that tumor-related microbiome, including the gut microbiome and intratumoral microbiome, may play an indispensable role in pathogenesis and the pathophysiology of gliomas (11–13). The bidirectional interactions between the gut and the brain have been extended to include the gut microbiome, namely “the microbiome-brain-gut axis” (14, 15), where the gut and the resident microbiome have been found to affect the cranial nerve signaling, immune induction and the regulation of the microenvironment of the CNS (16, 17). The crosstalk between the gut microbiome and brain has emerged to show a potential impact on gliomas, whereas more preclinical and clinical research are needed to illustrate involving mechanisms (18, 19).

On the other hand, while the brain was considered to be aseptic, recent studies have found that microbes are also integral components of the brain tissue itself in non-inflammatory and non-traumatic conditions (Table 1). Nejman et al. (11) had detected the presence of bacteria in GBM. Besides, studies have shown that tumor-associated microbiome may directly or indirectly regulate the process of disease and responses to treatment of tumors (11, 26). These microbes not only affect metabolic and immune functions of the hosts but also can perceive changes in the microenvironment and respond accordingly (27, 28).


Table 1 | Summary of recent findings on brain tissue microbiome.



However, at present, relatively few reports have systematically discussed the role of the gut microbiome and intratumoral microbiome in the initiation, progression, and therapeutic response of gliomas. In this review, we will explain not only the potential relationship between gliomas and the microbiome but also the possible mechanism of the tumor-associated microbiome in the tumorigenesis and development of glioma (Figure 1). It is expected to illustrate the potential mechanism of microbial influence on glioma and provide a new direction for the diagnosis and treatment of gliomas.




Figure 1 | Hypothesis of the relationship among gut microbiome, intratumoral microbiome and glioma. Chemotherapy, radiotherapy and immunotherapy can change the glioma microenvironment and gut microenvironment, thus changing the composition of microbiome, thus shaping the immune microenvironment of glioma and further affecting the therapeutic efficacy.





2 The gut microbiome and glioma

The gut microbiome may be involved in the development, progress, and therapy of glioma through metabolic regulation on the epigenetic environments and the immune microenvironment (13, 29, 30). On the one hand, glioma tumorigenesis will change the metabolism of the human body. Glioma cells reprogram metabolism by dysregulating intracellular metabolites, thus glioma cells can proliferate rapidly (31). What’s more, the gut microbiome can regulate the development of glioma by changing the epigenetic landscape of tumor cells (32). On the other hand, the immune homeostasis of the brain requires the gut microbiome to play a role in the function of microglia, T cells, dendritic cells (DCs), and other immune cells (28). In addition, the central nervous system plays a critical role in the microbial composition and function, intestinal barrier, intestinal physiology, and whole-body immune system (33).


2.1 Effects of the gut microbiome on glioma by metabolism

Metabolites circulating through blood vessels and lymphatic vessels are one of the important signal molecules produced by the gut microbiome (32), which play an important role in the initiation and development of gliomas (Table 2).


Table 2 | Effects of gut microbiota-metabolites on glioma.




2.1.1 Tryptophan

Tryptophan (Trp) has been proved that play a critical role in cell proliferation (50). The metabolism of tryptophan is regulated directly or indirectly by the gut microbiome (51). The metabolites of tryptophan have immune and neuroregulatory functions (52, 53), which may bring new opportunities for the application and transformation of gut microbiome-related research in drug therapy.

The level of free tryptophan in vivo is mainly determined by food intake and the activity of three tryptophan metabolic pathways. A very small part of free tryptophan is used in protein synthesis and the production of neurotransmitters (e.g., serotonin) and neuro-regulators (e.g., tryptamine). More than 95% of free tryptophan is metabolized through the tryptophan-canine pathway (53).

The aryl hydrocarbon receptor (AHR) is a ligand-activated transcription factor involved in regulating cell metabolism, proliferation, differentiation, cell death, and cell adhesion (34), which is widely and highly expressed in gliomas, especially in GBM (54). The gut microbiome is critically involved in dietary tryptophan metabolism and catalyzes tryptophan to produce AHR agonists. The latter binds to the AHR of astrocytes and gliomas to trigger related effects, including inducing T cell activation, regulating DC function, and recruiting tumor-associated macrophages (TAMs) through hypoxia-inducible factor 1 (HIF-1) (55). Currently, a study demonstrated a function of the neomorphic enzymatic product of mutant IDH, R-2-hydroxyglutarate (R-2-HG), in regulating amino acid metabolism in immune cells (56). Paracrine R-2-hydroxyglutarate not only further impaired monocyteto-DC differentiation in IDH-mutant glioma but also delays DC maturation and specifically suppresses MHC class I/II-mediated antigen (cross-)presentation and co-stimulation by IL-6, which translates to reduced T cell activating capacities (57). What’s more, R-2-HG is taken up by myeloid cells to enzymatically induce TDO2-dependent activation of the kynurenine pathway and the AHR (56), which excessively degraded tryptophan resulting in an amino acid starvation-like response that triggers the expression of LAT1–CD98, a key transporter for tryptophan in proliferating cells (58), which was previously linked to T cell activation and differentiation (59). At the same time, AHR in DC and TAM can also act on CD8+T cells to regulate the growth of glioma (60). What’s more, by consuming endogenous tryptophan, glioma cells activate AHR and to inhibit T cell function, induce T cell apoptosis, promote CD39 expression, and induce the differentiation of T cells mediated by interleukin 10 (IL-10) (61). AHR signaling pathway may modify metabolic pathways associated with amino acid, which inhibits the function of immune cells such as glioma-associated macrophages, T cells, antigen-presenting cells, astrocytes, and microglia, resulting in inhibitory changes in the immune microenvironment during the occurrence and development of gliomas, and promoting glioma invasion and migration (60, 62). The key factors for activation of the AHR pathway include IL4 inducible factor 1 (IL4I1), indoleamine-2, 3-dioxygenase 1/2 (IDO1/2) and Tryptophan 2, 3-dioxygenase (TDO). IL4I1 was positively correlated with AHR activity and negatively correlated with patient survival in both high-grade and low-grade gliomas (63). IDO1/TDO activated the Kynurenine-AHR signaling pathway, which was positively correlated with the pathological grade and Ki67 index of glioma as well as negatively correlated with overall survival (64). In conclusion, AHR is an important factor of the gut microbiome affecting the progression of glioma.



2.1.2 Arginine

Arginine, a semi-essential amino acid in humans, is critical for cell division, healing of wounds, removing ammonia from the body, immune function, and the release of hormones (65, 66). Arginine-derived metabolites, including polyamines and nitric oxide, may affect tumor growth. However, the gut microbiota can absorb dietary arginine to produce polyamines and nitric oxide (67, 68), which are released into the blood circulation system and then transferred to the brain through the blood-brain barrier (BBB). The polyamine may induce tumor cell proliferation and metastasis by up-regulating the expression of ornithine decarboxylase, spermidine, and spermine acetyltransferase, and Akt1 (39). At present, there is still a lot of controversy about the effect of nitric oxide on glioma cells, but its effect may largely depend on the concentration of nitric oxide, exposure time, cell type, and microenvironment (69). In addition, the gut microbiota can produce nitric oxide after reacting with superoxide radicals (70). Nitric oxide can interfere with T cell function by inducing T cell apoptosis (35, 36). Nitric oxide is more likely to cause damage to DNA and mitochondria in tumor cells to enhance the sensitivity of drug-resistant tumor cells to apoptosis during chemotherapy and immunotherapy (71).

In general, arginine starvation may have both beneficial and adverse effects on glioma. On the one hand, the gut microbiome depletes arginine in the tumor microenvironment, which inhibit T cell cycle regulators, thus inhibiting T cell proliferation (72). On the other hand, the consumption of nutritional arginine by the gut microbiome may be beneficial for the eradication of arginine-deficient tumors, which lack the argininosuccinate synthetase converting citrulline to arginine, and therefore can’t meet the high-energy demand in rapid proliferation (37, 38, 73). Arginine depletion in GBM can induce excessive autophagy, which will be toxic to tumor cells and may induce apoptosis (37, 38, 40).



2.1.3 Glutamate

Glutamate(Glu) is the most abundant excitatory neurotransmitter in the brain and plays a crucial role in brain structure and function including learning, memory, emotion, and cognition (74). Alpha-ketoglutarate (αKG), a product of Glu metabolism, is required in DNA demethylation. The gut microbiome can regulate the dynamic balance between αKG and Glu (41), and thus affect DNA methylation. At present, isocitrate dehydrogenase (IDH) gene mutation has been identified as an important biomarker of glioma. IDH1/IDH2 are NADP+-dependent enzymes that catalyze the oxidative decarboxylation of isocitrate to 2-oxoglutarate in cytosol and mitochondria (75). The mutation of the IDH1 and IDH2 protein leads to enzymes with neomorphic enzyme activity that results in the conversion of αKG to the metabolite D‐2‐hydroxyglutarate (D2HG) inhibiting αKG-dependent dioxygenase (76–78). Thus, the mutation of the IDH1 and IDH2 causes abnormal DNA and histone methylation, ultimately leading to widespread hypermethylation of cytosine-phosphate-guanine (CpG) islands (79, 80). The IDH mutations highlight the interaction between metabolism and epigenetics. Thus, the dynamic interaction between the gut microbiome and epigenetic modifications can contribute to regulating glioma growth and development (81).



2.1.4 Glutamine

Glutamine (Gln) is a crucial energy source for glioma cells In addition, Glu and Gln are both involved in energy metabolism and neurotransmission in CNS (82). Starvation therapy has also been shown to reduce the proliferation activity of GBM cells (42–45). However, more than half of the Glnwas synthesized in situ in CNS (83), as such the influence of Gln in the peripheral blood on the energy metabolism of glioma seems to be very limited. At present, most of the studies concerning energy metabolism of Gln in gliomas are confined to the CNS. Studies have shown that the Gln level in the peripheral blood circulation of glioma patients is lower than that of normal people (84). Gln may be used to compensate for the excessive energy consumption of glioma cells. The majority of Gln in the gut comes from the diet, and the rest is produced by various types of bacteria in the gut (85). In condition of intestinal lesions such as inflammatory bowel disease or irritable bowel syndrome where the permeability of the intestinal barrier and BBB was increased (86), the glutaminergic receptor in CNS is affected by the microbiome-gut-brain axis and in turn alters the energy metabolism of CNS. Moreover, changes in the gut microbiome can directly or indirectly alter the level of glutamine in the brain (41), ultimately affecting the energy supply of gliomas. Restricting calories and the ketogenic diet, which limit energy metabolism of glioma cells and induce metabolic oxidative stress and apoptosis, may be potential metabolic therapies for glioma (87, 88).



2.1.5 Short-chain fatty acids

Short-chain fatty acids (SCFAs), formed by the fermentation of undigested carbohydrates by gut probiotics such as Lactobacillus and Bifidobacterium, can influence the glucose and energy metabolism (89, 90). The most common SCFAs included acetate, propionate, and butyrate (91). Studies have demonstrated that SCFAs can enter the circulation through the intestinal mucosa and regulate the maturation process and function of microglia (92). Microglia, known as brain macrophages, are essential for brain development and physiological functions (92). The deficiency of the gut microbiome can lead to defects in the morphology and function of microglia, which can be partly restored by replanting the complex gut microbiome (92). The disturbance of the abundance and composition of the gut microbiome that decreases circulatory SCFAs not only influences microglial maturation and function but also leads to a state of chronic stress, which has a profound effect on the development and prognosis of tumors through stress-related pathways (48).

SCFAs exert both local and systemic effects through comprehensive signal networks, and the main mechanisms involving binding to G-protein coupled receptors and inhibition of histone deacetylase activity (93, 94). These intracellular mechanisms have been found in the gut, gut-related immune tissues, as well as in the nervous system (94, 95). Butyrate affects the immune system by inducing Treg differentiation and regulating inflammation (49). What’s more, SCFAs can traverse the BBB and enter the brain, subsequently modulate the microglia through epigenetic modifications (96). Acetyl-CoA, an optional products of lipids, functions in regulating protein acetylation (97). Acetate is one of the most abundant nutrients in the brain, which can be absorbed by tumor cells, and affect the production of acetyl-CoA in GBM (46). Acetylation of Rictor by acetyl-CoA actives mTORC2, which drives the proliferation and survival of GBM (47).

In general, the role of gut microbiota-derived metabolites in the glioma microenvironment can be demonstrated in Figure 2. However, it remains to be seen that whether these metabolites produced by the gut microbiome also disrupt the BBB and induce immunosuppression in the brain.




Figure 2 | Gut metabolites affect the functions of immune cells and glioma immune microenvironment, which shapes the immune state into the suppressive type. Metabolites also change the epigenetic landscape of glioma cells, then altering the behavior of tumor.






2.2 Effects of the gut microbiome on the immune microenvironment of glioma

Although glioma seldom metastasize to other parts of the body, they can be seen as a systemic disease affected by and altering the homeostasis of the body’s immune system (28). The formation of a healthy brain and balanced brain immunity requires the gut microbiome, which plays a role in the function of microglia, T cells, DCs and other immune cells (33).


2.2.1 The transformation of the GBM immune microenvironment

Previously, due to the existence of the BBB and the lack of a classical lymphatic drainage system, the brain has been considered an immune-privileged organ (98). The resultant disruption of BBB during the process of tumorigenesis may permit the entry of peripheral immune cells into the brain microenvironment, such as T cells, macrophages, and B cells (99). Specifically, a major character of the GBM immune microenvironment is the TAMs (100). In the process of gliomagenesis, due to the destruction of the BBB, the resulting bidirectional communication between immune cells and glioma cells creates an immunosuppressive microenvironment that promotes the survival and growth of tumor (101). Then, Glioma-associated microglia and macrophages are recruited to glioma tissues and can be polarized into M2-like cells, which become tumor-supportive and immunosuppressive (102, 103). The increase of M2-like cells in the brain was associated with GBM and negatively correlated with the survival time of glioma patients (104). Besides, previous studies have demonstrated that functional lymphatic vessels link CNS with lymphatic drainage, and that its dysfunction may related with brain cancer (105), further, showing the uniqueness of the brain as an immune-privileged organ (106). The lymphatic outflow of cerebrospinal fluid is reduced in GBM, thus more pro-inflammatory and chemokines can be captured in the glioma microenvironment (107).



2.2.2 Effects of the gut microbiome on glioma tumorigenesis and development by the immune system

Present studies have demonstrated that gut commensal bacteria of newborns can affect the development and function of the immune system (108). Moreover, the gut microbiome plays an indispensable role in the induction, training, regulation, and function of the host immune system (109, 110). In the presence of some gut commensal bacteria, human DCs can induce the differentiation of T helper (Th) cells into Th1 and Th17, promoting the secretion of pro-inflammatory factors (111). Studies suggested that B. fragilis can induce the differentiation of IL10-secreting Tregs, which can impair the anticancer immunity of Th1 and are related to the progression and invasiveness of gliomas (112). Moreover, interestingly, the certain gut microbiome may lead to immunosuppression, which may result in severe local immunosuppression in patients with GBM (113, 114).

Recent studies have shown that the gut microbiome can affect the morphology and function of microglia. For example, in the absence of particular gut microbiome, the microglia of germ-free (GF) mice altered in their morphological characteristics and gene expression profiles, and their maturation process were inhibited (85, 115). The increase in the number of immature microglia is considered to functionally impair the immune activation and stress response in GF mice, which is involved in the down-regulation of inflammatory factors and the inhibition of the innate immune signal pathway (49, 115). In addition, the entry of the gut microbiome and their metabolites into the systemic circulation can also affect the morphology and function of CNS microglia (116). As aforementioned, SCFAs, fermented by bacteria, can control the maturation process of microglia, whose lack may lead to the disruption of the structure and immune function of CNS microglia (115, 117).

Whereas the exact mechanism of the gut microbiome affecting human brain microglia remains unclear,. the structure and function of microglia are closely associated with the diversity and specificity of the gut microbiome. The smallest colonies of three kinds of bacteria (i.e., Bacteroides distasonis, Lactobacillus salivarius, and Clostridium cluster XIV) can maintain the activation and growth of microglia (115). Recently, a study, for the first time, found that two antibiotics that change the distribution of the gut microbiome can promote the growth of gliomas by inducing early damage of NK cells and phenotypic changes of microglia. In conclusion, the regulation of the gut microbiome can induce alterations of microglia and change the immune microenvironment of glioma.



2.2.3 Effects of the gut microbiome on the therapeutic efficacy of glioma by the immune system

It is reported that the gut microbiome plays a therapeutic role in several types of cancer. Antibiotics may impair the efficacy of chemotherapy and radiation since they upset the balance of the gut microbiome (118). Some gut microbiome can metabolize chemotherapeutic drugs, which leads to drug resistance (119, 120). Currently, temozolomide (TMZ) is a first-choice alkylating agent considered as a gold standard chemotherapeutic drug for newly diagnosed and recurrent GBM (121). Although the new alkylating agent TMZ can improve the outcome of GBM patients and has an impact on the treatment of malignant gliomas, GBM is still an incurable disease. Orally administered TMZ is converted to 5-(3-methyltriazen-l-yl) imidazole-4-carboximide (MTIC) in the blood (122, 123). MTIC is broken down to methyldiazonium cation and 5-aminoimidazole-4-carboxamide (AIC) (122). Subsequently, methyldiazonium cation transfers its methyl group to DNA, RNA, and cellular proteins (123). These methyl groups are transferred to the 6th position oxygen atoms of guanine and O6-methylguanines are formed. Methylation on the O6 position of guanine is a cytotoxic lesion, which stimulates the mismatch of nucleotide bases during DNA replication (124). If O6-methylguanine-DNA methyltransferase (MGMT) mediated repair does not occur, mismatch repair(MMR) proteins identify mispairing in the newly synthesized strand and thymine excision or DNA damage, followed by cell cycle arrest, leading to programmed cell death (125). Besides, MGMT promoter methylation can predict responsiveness to alkylating chemotherapies in glioblastoma. MGMT testing to select patients with glioblastoma for clinical trials is feasible, and withholding TMZ from patients without MGMT promoter methylation is justified in this context.

Clinically, a majority of patients do not respond to TMZ during the course of their treatment and the efficacy of TMZ is limited by antibiotics due to the lack of related immune response (126). Activation of DNA repair pathways is the principal mechanism for this phenomenon that detaches TMZ-induced O-6-methylguanine adducts and restores genomic integrity (125). Consequently, much remains to be clarified; the mechanism of chemoresistance and the roles of related molecules including MGMT, mismatch repair enzymes, DNA excision repair enzymes, PARP, p53, ABC superfamily, and apoptosis-related factors. Not only approaches to increase sensitivity to TMZ but also understanding the cellular biology underlying chemoresistance and the stem cell phenotype will be helpful to prolong the survival time of patients with GBM.

Compared with surgical resection and radiotherapy (RT) alone, the combination of RT and TMZ can improve the 2-year survival rate from 10% to 27% (127). Previous studies have demonstrated that the destruction of the gut microbiome affects the anti-tumor effect of chemotherapy by changing the tumor microenvironment (128, 129), and shown that the gut microbiome can regulate the sensitivity of patients to chemotherapy. Cyclophosphamide is another major alkylating anticancer drug, and its anti-tumor efficacy is also affected by the gut microbiome. What’s more, cyclophosphamide is capable of altering the composition of the gut microbiome in healthy mice (130). However, the changes in microbiome induced by TMZ in the treatment of gliomas are rarely studied.

Studies in the glioma mice model have reported that the abundance of Akkermansia, Bifidobacterium, and Verrucomicrobia increased at 7 days after TMZ treatment (126), which the abundance of Anaerotruncus increased at 21 days after TMZ treatment (126). These results suggest that the gut microbiome may play a crucial role in anti-tumor response to chemotherapy and immunotherapy.

Studies in mice glioma models have shown that Akkermansia is involved in glucose and lipid metabolism, thus improving metabolic disorders (131). Bifidobacterium plays an anti-inflammatory and immunomodulatory role by inducing regulatory T cells and regulating the release of inflammatory cytokines (132, 133). Besides, Bifidobacterium is also capable of producing folic acid, which is intimately linked to the DNA methylation of MGMT (134). The status of MGMT promoter methylation not only is involved in the inhibition of tumor proliferation but also is related to the anti-tumor effect of TMZ. As a result, it may improve the therapeutic efficacy of TMZ by increasing Bifidobacterium, which induced methylation of MGMT promoter by producing folic acid. It was also found that glutathione and lipid metabolism pathways were up-regulated after TMZ treatment, suggesting that there was a connection between TMZ, oxidative stress, and fatty acid levels (126). The increase of Akkermansia and Bifidobacterium and the decrease of Anaerotruncus may be one of the mechanisms of anti-tumor response to TMZ therapy. Further studies are required to confirm the role of the specific gut microbiota in the anti-tumor response of TMZ.

The immunosuppressive microenvironment limits the efficacy of GBM immunotherapy. Balancing the abundance and composition of the gut microbiome can reduce immunosuppression in the GBM tumor microenvironment (32). What’s more, GBM can attract CTLA-4-expressing T cells and PD-L1-expressing T cells, resulting in inhibiting the activation and continuation of the immune response of cytotoxic T cells. PD-1 and CTLA-4 cells can produce a strong synergistic inhibitory effect in T cells (135). Currently, immunotherapy strategies of GBMs include monoclonal antibodies (PD-1/PD-L1) that block suppressor T cell pathways (136). Unexpectedly, the anti-tumor effects of Bifidobacterium cooperating with the innate immune system and PD-L1 blocking were observed. These studies suggested that oral administration of Bifidobacterium in mice can affect the immune microenvironment of glioma, including induction of DC maturation, stimulation of tumor-specific CD8+T cells, recruitment of other immune cells, and activation of type I interferon signal, which hinder tumor growth (137). PD-1 blockade therapy combined with antibiotic therapy can damage the therapeutic effect and reduce overall survival (138). On the other hand, the anti-CTLA-4 antibodies therapy induces intestinal mucosal injury, gut microbiome imbalance, and translocation of specific Burkholderia and Bacteroides fragilis, which can induce IL-12 activation, DC proliferation, activate fecal specific Th1 cells, and work together to create an ideal immune microenvironment for CTLA-4 antibody to stimulate a protective anti-tumor immune response (139). Therefore, the potential effect of the gut microbiome on the treatment and intervention of glioma should be further studied.

Other immunotherapies, such as chimeric antigen receptor T cell (CAR-T) therapy, oncolytic virotherapy, and tumor vaccine therapy, have also been widely studied in the treatment of GBM (140, 141). The first CAR-T cell therapy in GBM, interleukin-13 receptor α 2(IL13Rα2), is the target (142). With the deepening ofresearch, more and more targets have been excavated. Three Phase I trials of CAR T cells targeting IL13Ralpha2, Her2/CMV, and EGFRvIII in the treatment of recurrent GBM have shown promising results (143, 144). However, as there is a lack of clinical efficacy in the application, CAR-T therapy has not been used in the clinical treatment of GBM. Moreover, oncolytic virotherapy and tumor vaccine for GBM treatment is still in the clinical trial stage. None of these treatments have been proved clinically. Currently, few studies are showing that the gut microbiome has an effect on these treatments. Interestingly, studies have demonstrated that the regulation of the gut microbiome can enhance PD-L1 therapy (145). What’s more, there are common immunological characteristics between immune checkpoint therapy and these immunotherapies. Consequently, the regulation of the gut microbiome may have the potential to improve the efficacy of these immunotherapies (146). We speculate that the gut microbiome can be used to maximize the effectiveness of existing anti-tumor approaches, and could even be used as a biomarker to predict the prognosis and therapy response of glioma patients (147). However, further studies are needed to determine the detailed functions of certain gut microbiome components in the treatment of gliomas.





3 The intratumoral microbiome and glioma

The gut microbiome is known to modulate anti-tumor immune responses and can predict the efficacy of treating with immune checkpoint inhibitors in cancer patients (148). Nevertheless, the intratumoral microbiome, which directly interacts with the local tumor microenvironment and tumor immune microenvironment, intuitively, may have an immediate and ultimate effect on the progression and therapeutic effect of cancer (149).


3.1 The presence of the intratumoral microbiome in glioma

Traditionally, commensal microbiota of tumor-bearing tissues is considered resident only in tumors direct contact with the outside, such as gastrointestinal cancers. However, evidence have been emerging that broader types of cancer, originating from some “sterile” organs, may harbor microbes.

A recent study provided a comprehensive characterization of the intratumoral microbiota with a large cohort across seven tumor types (11). The group took rigorous and systematic methods, combining histological staining, DNA sequencing, and tissue culture. What’s more, this is the first time that bacteria have been reported in GBM with histological evidence, showed that the intratumoral bacteria are predominantly present in the cytoplasm of both immune cells and tumor cells. Bacterial lipopolysaccharide (LPS) and lipoteichoic acid (LTA) are the main components of the cell wall of gram-negative and gram-positive bacteria, respectively. This study adopted immunostaining of LPS and LTA in human GBM tissue sections and reported that bacterial LPS was present but LTA was not in GBM, whereas gram-positive bacteria (corresponding to LTA) were detected by 16S rDNA sequencing. This suggests that intratumoral bacteria may have altered their envelopes and had defects in their cell walls, especially gram-positive bacteria. Since there were reports describing the processing of bacterial LPS by macrophages as very slow (150), LPS signals may therefore be more easily found in cancer cells and immune cells. Although the localization of bacterial LPS and 16S rRNA were examined separately by immunohistochemistry and RNA fluorescence in situ hybridization (FISH), the presence of bacteria inside glioma cells needs to be confirmed by transmission electron microscopy (TEM).

In addition, they also revealed the composition of the intratumoral microbiome in glioma by a multiplexed 16s rDNA sequencing method. They profiled 40 human GBM samples and discovered that Simpson diversity index and the numbers of bacterial species of GBM microbiome ranked third out of the seven tumor types. At the phylum level, the microbiota in GBM tissue was predominated by Proteobacteria and Firmicutes, followed by Actinobacteria and Bacteroidetes. However, they didn’t find characteristic communities of bacteria due to lack of contrast with normal brain tissue (11).

Subsequently, Zhao et al. proposed a three-dimensional (3D) quantitative in situ intratumoral microbiota imaging strategy that combines tissue clearing, immunofluorescent labeling, optical sectioning microscopy, and image processing, to visualize bacterial components colonized in gliomas in a contamination-free manner. They also demonstrated the irregular shapes and sparse distribution of bacterial LPS signals within human glioma samples, mostly localized near nuclear membranes or in the intercellular space (12). This study provides a novel and promising method to interrogate the direct interactions between the resident microbial community and the tumor microenvironment, and further, push forward the exploration concerning the presence of microbiota in the brain tumors.

Although there are only a few studies on the existence and roles of intratumoral microbiota in gliomas, we believe that it will become one of the key issues in elucidating the pathogenesis and exploring treatments of glioma, given the emerging blockbuster papers interpreting the important physiological roles of microbiota in tumors such as breast cancer.



3.2 The possible origins of the intratumoral microbiome in glioma

Exploring possible origins of intratumoral microbiota is another key point, which will help us find ways to detect their presence, determine the cause and effect with tumors, and explore their physiological roles.

The origins of the microbiome in glioma remain to be clarified. Here are some possible sources of the intratumoral microbiome in the brain. One possibility is that bacteria may already exist in brain tissues before the occurrence of the tumor, which subsequently induce the initiation and migration of gliomas. Alternatively, the gliomas may change the local microenvironment, allowing bacteria to invade the tumor from other places. After tumorigenesis, the destruction of the BBB and cell barriers, coupled with relative immunosuppression, may increase the likelihood of bacteria moving through the circulatory system to the normally sterile sites (151). Furthermore, gut bacteria may enter the brain through the vagus nerve innervating the gut or crossing the BBB (152). Besides, bacteria may gain access into the brain through neuronal retrograde transport via the trigeminal nerve, olfactory nerve, and facial nerve connected to the brain (153, 154). The finding that intracellular bacteria reside in tumors in the aforementioned study also raises the possibility that these bacteria are transported into tumor-bearing tissues along with the migration of immune and cancer cells (11). However, all of these speculations have yet to be verified.



3.3 The potential effect of the intratumoral microbiota on glioma

Studies began to demonstrate that there is a non-negligible correlation between intratumoral microbiome and tumor pathological characteristics. A potential carcinogenesis mechanism of pancreatic cancer has been proposed in a report that the inflammation induced by the innate immune response to pathogenic bacteria was associated with pancreatic carcinogenesis (155). LPS has been shown to promote the development of pancreatic cancer by blocking the MyD88-dependent pathway while blocking TLR4 and MyD88-independent pathway has a protective effect on pancreatic cancer (156). Similar mechanisms concerning the inflammatory response of the innate immune system may be implicated in other types of cancer. Recently, Fu et al. demonstrated that the depletion of intratumor bacteria significantly reduced lung metastasis without affecting primary tumor growth in a spontaneous murine breast-tumor model (157). During metastasis colonization, the intratumoral bacteria carried by circulating tumor cells enhance their resistance to fluid shear stress by reorganizing actin cytoskeleton, thus promoting the survival of host cells. Their further study demonstrated that intratumoral administration of specific bacterial strains isolated from tumor-resident microbiota promoted metastasis in two mouse tumor models with significantly different levels metastatic potential (157). These findings suggest that intratumoral bacteria are functional and may be involved in tumor tumorigenesis and development, which provides a research direction for the mechanism of intratumoral bacteria in the future. Moreover, intracellular microbiome may be a potential target for early prevention of many kinds of cancer metastasis.

In general, research regarding the role of the intratumoral microbiome in the occurrence and development of tumors is still limited, let alone gliomas. Whether the intratumoral microbiome is involved in tumorigenesis or if it is only a bystander effect caused by the tumor microenvironment, which has not been fully clarified. Although, some researchers consider that the intratumoral microbiome may be inducing tumorigenesis through related mechanisms results in genetic alterations and initiation of the glioma. In general, the potential roles of the microbiome in glioma requires to be further validation.



3.4 Intratumoral microbiota as a potential biomarker of glioma

There are three types of links between microbiome and cancer, which allows microbiota to be described as potential biomarkers in cancer, including increase or decrease in numbers of specific organisms, the use of a combination model of several organisms as predictors and evaluating their performance, and finally altering in microbial diversity indexes that give an overall landscape of the microbial community (158). These associations can be extended to study and identify specific intratumoral microbiome as biomarkers of gliomas.

In the first approach, specific microbial species and/or their unique metabolites can be analyzed and selected to serve as biomarkers to predict the progression, efficacy, and recurrence of gliomas (159). Another method is to use the combined model of several microbiota to maximize the area under the Receiver Operating Characteristics (ROC) curve or Area Under Curve (AUC) (160). Finally, alterations in microbial diversity indicators are used as an alternative to changes in the microbiome, which may be associated with certain tumor features, independently of what organisms are present or absent (158).

As the host tissue and intratumoral microbiome can be affected by carcinogenesis, the genetic heterogeneity of the intratumoral microbiome may provide an opportunity for the diagnosis and localization of gliomas (161, 162). For instance, the above-mentioned study by Nejman et al. found that the Proteobacteria to Firmicutes (P/F) ratio appears to vary between tumor types and the predicted functions of bacteria is associated with tumor types and subtypes. These correlations between the profile of intratumoral microbiome and its host tumors, identified by the state-of-the-art DNA sequencing and data analyzing technologies, may well serve the clinical diagnosis (11).

So far, there is no evidence in the literature on intratumoral microbiota as a potential biomarker of glioma. And due to relatively low biomass of the tumor microbiome and the possible contamination and interference in the process of sample collection and sequencing, the diagnostic value of the intratumoral microbiome is undermined. Also, due to a requirement of biopsy samples, the diagnostic value of sequencing and analysis-based methods is limited (163). More research is needed to improve experimental methods and procedures if the intratumoral microbiome is to be used to diagnose and predict tumors




4 Challenges and perspectives

In the past few decades, microbiome studies have provided a great deal of evidence linking the human microbiome and cancer. The tumor microbiome is claimed to play a role in regulating tumor progression and affect the therapeutic efficacy, which has also been increasingly attracting attention. Therefore, understanding the relationship between microbiome and gliomas is beneficial to elucidate the pathogenesis and corresponding molecular characteristics of gliomas. Moreover, it may eventually be transformed into useful clinical biomarkers for the prevention, diagnosis, and treatment of gliomas (Figure 3.). Although the role of the glioma microbiome has not yet been fully determined, mounting evidence and research in these areas are accumulating.




Figure 3 | Application and transformation of microbiome. Stool and/or tumor samples from the population are collected and then sequenced. According to the analysis of the sequencing results, glioma patients can be diagnosed and classified, as well as guided personalized treatment.



In the one hand, there are still some problems to be discussed between gut microbiome and glioma. Firstly, the relationships between the gut microbiome predicting the efficacy of immunotherapy and race and drug use are not clear. Secondly, the mechanism of the effect of the gut microbiome on the treatment of glioma needs to be further clarified. Thirdly, the timing, dosage, and course of treatment of antibiotics in the process of immunotherapy are still unknown.

In the other hand, there are still many problems to be solved between intratumoral microbiome and glioma. For example, how to avoid potential contamination in the process of collecting tumor tissues, blood, and fecal samples for sequencing remains an outstanding issue (164). In order to enhance the comparability across studies and increase the explanatory power of the research results, it is urgent to establish standardized workflows for tumor microbiome sequencing from sample collection to bioinformatics analysis (165). More preclinical and clinical studies are needed to evaluate not only the composition of the intratumoral microbiome but also the function and multi-omics information of the tumor microbiome. At present, there is still a lack of longitudinal studies to monitor ongoing changes in the microbiome during cancer progression. In addition, changes in external factors may also lead to the alteration of the microbiome composition over time, which may affect the results of microbiome manipulation strategies (166).

Moreover, special attention should be paid to in-depth mechanistic studies to better determine the relationship between microbiome and carcinogenesis. Despite the ability of genomic sequencing technology in profiling the taxonomic diversity of the complex microbiome with low biomass, the sequent loss of spatial information prevents a comprehensive view of the communication between bacteria and cells in the tumor microenvironment. In situ bacterial detection techniques, including IHC, FISH, and electron microscopy, etc., have been used to locate bacteria and decipher the host-bacteria communication in tumors. However, these methods are not yet capable of simultaneously detecting multiple markers, and thin tissue slices provide a limited field of view. Emerging advances in multiplexing bacteria probing (167, 168) and three-dimensional visualization of thick tissues (169, 170) are expected to provide an unprecedented insight into the complicated tumor microbiome interactions. Finally, the pioneering spatial multi-omics technology may drive the mapping of the landscape of glioma host-microbiota interactions in the near future (171). The development of organs on a chip (OOCs) provides a brand-new way for experiments (Wu et al., 2020). The OOCs aim to recur the physiological environment and functionality of human organs on a chip by simulating the crucial organotypic cellular architecture and functionality, 3D extracellular matrix, biochemical factors, and biophysical cues. It provides access to the experimental research on the mechanism of microbiome and glioma (Kim et al, 2021).

In addition to the associated reports on gut microbiome and intratumoral bacteria with glioma, some findings revealed that oral microbiota features and gene functions are associated with glioma malignancy and the IDH1 mutation (172). Certainly, animal and cell experiments are further needed to determine the causality of IDH1 mutation on the oral microbiome under glioma status.

To summarize, tumor microbiology is an exciting field to be explored. It is a desire to find new treatment strategies for glioma, including targeted and individualized therapy, to maximize the effect of anti-tumor therapy. More attention is worth paying to explore the value of the glioma-associated microbiome as a potential biomarker of diagnosis, treatment, and prognosis. The establishment of collaborative multidisciplinary networks will be based on enhancing knowledge and optimizing resources. We should spare no effort to overcome the challenges and ensure that we are ready at all times.
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Gliomas are the most frequent malignant and aggressive tumors in the central nervous system. Early and effective diagnosis of glioma using diagnostic biomarkers can prolong patients’ lives and aid in the development of new personalized treatments. Therefore, a thorough and comprehensive understanding of the diagnostic biomarkers in gliomas is of great significance. To this end, we developed the integrated and web-based database GlioMarker (http://gliomarker.prophetdb.org/), the first comprehensive database for knowledge exploration of glioma diagnostic biomarkers. In GlioMarker, accurate information on 406 glioma diagnostic biomarkers from 1559 publications was manually extracted, including biomarker descriptions, clinical information, associated literature, experimental records, associated diseases, statistical indicators, etc. Importantly, we integrated many external resources to provide clinicians and researchers with the capability to further explore knowledge on these diagnostic biomarkers based on three aspects. (1) Obtain more ontology annotations of the biomarker. (2) Identify the relationship between any two or more components of diseases, drugs, genes, and variants to explore the knowledge related to precision medicine. (3) Explore the clinical application value of a specific diagnostic biomarker through online analysis of genomic and expression data from glioma cohort studies. GlioMarker provides a powerful, practical, and user-friendly web-based tool that may serve as a specialized platform for clinicians and researchers by providing rapid and comprehensive knowledge of glioma diagnostic biomarkers to subsequently facilitates high-quality research and applications.
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Highlights

	GlioMarker is the first comprehensive database for knowledge exploration of glioma diagnostic biomarkers. It may function as a professional platform for clinicians and researchers to promote high-quality research and the application of diagnostic biomarkers in glioma.

	In GlioMarker, the original data of the diagnostic biomarkers were manually curated based on full-text review, and ultimately each article was consolidated around the 33 fields we covered. From a literature perspective, the accurate and comprehensive coverage of curated information provides evidence for the potential clinical diagnostic biomarkers.

	We integrated many external resources to provide clinicians and researchers with the ability to explore ontology, precision medical knowledge, and genomic and expression data of glioma patients for a better understanding of the biological significance of the diagnostic biomarkers.





Introduction

Gliomas, arising from the glial support cells within the brain, are classified into four grades (World Health Organization [WHO] grades I-IV), and are the most common primary tumors of the central nervous system (CNS) (1). Histologically, gliomas include ependymomas, astrocytoma (including glioblastoma [GBM]), oligodendroglioma, mixed gliomas, and a few others, such as optic nerve and brain stem gliomas (2), exhibiting a considerable variability in age of onset, grade of severity, and ability to progress, as well as to metastasize (3). Due to the absence of effective diagnostic strategies, patients mainly rely on neurological examination and neuroimaging methods performed when the disease is already at an advanced stage, especially in glioblastoma (4). Therefore, early and efficient diagnosis is essential for implementing of precise therapy, which is crucial for prolonging patients’ lives and improving their quality of life (5).

Effective medical practice is clinically dependent on high-fidelity and technically suitable diagnostic biomarkers to accurately diagnose diseases and conditions (6). In recent decades, many researchers have focused on the study of new diagnostic biomarkers and their functions in gliomas (7, 8). In landmark 2016, the WHO classification of gliomas used molecular parameters in addition to histology to define many tumor entities for the first time, significantly improving the accuracy of tumor diagnosis (9). Thus, a thorough and comprehensive understanding of the existing diagnostic biomarkers in gliomas and the identification of more valuable potential biomarkers are of great significance in the era of precision oncology (5).

Although outstanding achievements have been made in biomarker research of glioma diagnosis, many challenges still exist. (i) Due to the lack of systematic knowledge, the molecular mechanism of glioma pathogenesis, malignancy, and clinical aggressiveness remains unclear. (ii) With the rapid increase in publications, it becomes a complex, time-consuming, and challenging process for biologists or clinicians to mine crucial diagnostic biomarkers and obtain knowledge from the multifarious literature and data sources with corroborative analysis. (iii) With high-throughput sequencing and multi-omics technology, glioma molecular characteristics have gradually been understood (10). Therefore, integrating glioma-related omics data with biomarker information from the literature to mine their biological functions and regulatory mechanisms through online analysis is worthy of further exploration. (iv) Although several biomarker databases have been established, such as the Tuberculosis Biomarker Database for tuberculosis (11), LiverCancerMarkerRIF (12) and CancerLivER (13) for liver cancer, ExoBCD (14) for exosomal biomarkers in breast cancer, and CBD (15) for colorectal cancer, no diagnostic biomarker database in gliomas has been reported for public usage, which highlights the need for the research and clinical application of biomarkers for glioma diagnosis.

This study developed an integrated and web-based database GlioMarker (http://gliomarker.prophetdb.org/) to overcome the above limitation. GlioMarker is part of the Prophet project, which aims to achieve the goal of establishing a cancer knowledge map ecosystem. In the current GlioMarker (version 1.0), accurate information on 406 glioma diagnostic biomarkers from 1559 publications (1989.05-2022.05), including biomarker descriptions, clinical information, associated literature, experimental records, associated diseases, statistical indicators, etc., was manually extracted. To better understand the biological significance of these biomarkers, we integrated many external resources to provide clinicians and researchers with capabilities for exploring ontology, precision medical knowledge, and genomic and expression data of glioma patients. GlioMarker can provide rapid and comprehensive knowledge of glioma diagnostic biomarkers for clinicians and researchers, facilitating high-quality research and applications as a powerful and practical tool with a user-friendly interface. In the future, multiple types of biomarkers will be covered in GlioMarker version 2.0.



Materials and methods

The flowchart of GlioMarker construction is shown in Figure 1, including literature-based mining and the establishment of biomarker knowledge exploration. The second part includes ontology annotations, precision medical knowledge exploration, and genomic and expression data exploration. The details are described in the following sections.




Figure 1 | The flow chart of GlioMarker construction.




Literature survey and data selection criteria

To guarantee high-quality of data collection, all the data for GlioMarker were collected from the public database PubMed (https://pubmed.ncbi.nlm.nih.gov/) by manual text mining as follows (Figure 2). First, a the detailed literature search was performed in PubMed using the following keywords: ((Biomarker[Title/Abstract]) OR (marker[Title/Abstract]) OR (indicator[Title/Abstract]) OR (predictor[Title/Abstract])) AND ((Glioma[Title/Abstract]) OR (Glial Cell Tumors[Title/Abstract]) OR(glioblastoma[Title/Abstract]) OR (astrocytoma[Title/Abstract]) OR (oligodendroglioma[Title/Abstract])) AND ((Diagnosis[Title/Abstract]) OR (Examinations[Title/Abstract]) OR (Diagnostic[Title/Abstract])). Based on these criteria, we collected 1559 articles (published 1989.05-2022.05) from PubMed as the original data.




Figure 2 | The pipeline of literature curation.



We then filtered these articles according to the following specifications: (1) Only full publications were considered to collect, whereas case reports, communication letters, comments, and review articles were excluded (1334 were retained). (2) After reading the titles and abstracts, articles that did not meet the diagnostic biomarkers relationship were excluded (621 retained). (3) Articles without the necessary data were excluded (500 retained).



Information extraction

We curated the 500 articles manually by reading the full-text, and two independent curators reviewed each returned article. Their curated information was then integrated. Other members of our team routinely performed additional quality checks.

Information about the diagnostic biomarkers was adequately extracted based on 33 fields, covering biomarker descriptions, clinical information, associated literature, experimental records, associated diseases, statistical indicators, etc. Importantly, we manually sorted out the knowledge points of each biomarker, which were defined as the original results of the biomarker. The data dictionary for the 33 fields is presented in Supplementary Table S1.

It is worth noting that if a biomarker was published several times, multiple corresponding records were included in GlioMarker. After quality control checks, 406 diagnostic biomarker entries were finally included in GlioMarker.



The establishment of biomarker knowledge exploration

We integrated many external resources to provide GlioMarker with further knowledge exploration functions of diagnostic biomarkers obtained from the literature mining.

	(1) Ontology exploration. In this function, users can obtain more ontology information about the biomarker. Ontology annotations were supported by HUGO (16), NCBI Gene (17), Ensembl BioMart (18), UCSC (19), RefSeq (20), RNAcentral (21), OMIM (22), miRBase (23), RGD (24), MGI (25), lncRNAdb (26), and LNCipedia (27).

	(2) Precision medical knowledge exploration. In this function, users can find the relationship between any two or more components of diseases, drugs, genes, and variants to explore the knowledge of precision medicine, which was supported by PreMedKB (28).

	(3) Omics data exploration. With this function, users can explore the clinical application value of a specific diagnostic biomarker through online analysis of genomic and expression data from glioma cohort studies. The visualization of genomic and expression data was based on the customized cBioPortal (29) and GEPIA (30) platforms, respectively.





Database construction

GlioMarker was constructed in PostgreSQL (10.0), Django, and Python (3.8). HTML, CSS, JavaScript, and Vuejs were used to build the web interface. The Nginx was selected as the HTTP Server. These web operations were implemented in the CentOS (7.5.1804) operating system.




Results


GlioMarker statistics

In summary, a total of 406 diagnostic biomarkers were collected in GlioMarker. Based on the clinical use, these diagnostic biomarkers can also be used for prognosis, treatment, and prediction. Based on the biomolecule type, the 406 biomarkers can be classified into 7 categories, including protein (n=192), RNA (n=120), DNA (n=31), imageological (n=26), epigenetic (n=14), metabolic (n=12), and immunological (n=11) biomarkers. Among the 120 RNA biomarkers, 74 miRNAs, 27 lncRNAs, 11 mRNAs, 7 circRNAs, and 1 piRNA were included. Here, these biomarkers were discovered from major sources, such as tissue(n=262), serum(n=49), image(n=25), cell lines(n=18), plasma(n=17), cerebrospinal fluid (CSF, n=9), and urine(n=2). The detection methods of the biomarkers involve qRT-PCR, Western blotting, immunohistochemistry, ELISA, NMR, etc. Moreover, these diagnostic biomarker studies were performed in 39 different countries and focused on different subtypes, including glioma-with-no-classification (n=255, 62.8%), glioblastoma (n=113, 27.8%), other astroglioma (n=27, 6.7%), oligodendroglioma (n=7, 1.7%), mixed glioma (oligoastrocytoma) (n=3, 0.7%) and ependymoma (n=1, 0.2%). Statistics of the biomarker distribution in GlioMarker are provided in Table 1.


Table 1 | Statistics of the distribution of biomarkers in GlioMarker.



The receiver operating characteristic curve (ROC), its associated area (AUCROC), sensitivity, and specificity, are essential to globally assess the diagnostic performance of a biomarker in clinical use (31). Thus, in the process of literature extraction, these relevant indicators were included in GlioMarker. Among them, 81 biomarkers have been evaluated by ROC, and the AUC values were all greater than 0.6.

Importantly, we have assigned evidence levels to the biomarkers in the GlioMaker database. A total of 4 levels of evidence were defined, namely “Biomarker has been approved by the FDA”, “Biomarker is validated in clinical trials”, “Biomarker is validated in preclinical research (in vitro or in vivo models)”, and “Biomarker is putative one based on data analysis”, to indicate the robustness of the biomarkers. For each study, we manually compiled relevant knowledge about the biomarker, including its up regulators, targets, and knowledge points. In total, 1718 knowledge points, 16 up regulators, and 84 targets were retrieved.

Some diagnostic biomarkers that were reported multiple times may have more application prospects, and multiple corresponding records are provided in GlioMarker. Four different biomarker types are involved, among which GFAP (32–38) and miR-21 (39–45) were reported in more than 7 different publications (Table 2).


Table 2 | List of genes/proteins reported as biomarkers/signatures in at least three different studies.





Web interface

To allow users to better explore the glioma diagnostic biomarkers, an integrated GlioMarker with a user-friendly web interface was constructed. Database navigation occurs based on a set of menus, including HOME, BIOMARKER, DOWNLOAD, CURATION, ABOUT, and FEEDBACK.

A navigation menu and a data summary block are presented on the HOME page (Figure 3A). Information on 406 biomarkers, 1718 knowledge points, 12 ontology annotations, and 3 integrated external resources is displayed in the data summary block.




Figure 3 | Illustration of the interface of GlioMarker. (A) Home page: six navigation menus and functional pages (HOME, BIOMARKER, DOWNLOAD, CURATION, ABOUT, and FEEDBACK. (B) BIOMARKER page: the diagnostic biomarkers list are provided. (C) DOWNLOAD page: the biomarker list and related documentation are available. (D) CURATION page: main content of the diagnositic biomarkers related publications were summarized. The details of biomarker knowledge exploration: literature curation (E), ontology exprolation (F), precision medical knowledge exploration (G), and omics data online analysis (H, I).



On the BIOMARKER page, the diagnostic biomarkers list is provided (Figure 3B). The biomarker list has a filter function, and tabular information can be customized to allow users to build specific search strategies to suit different study designs. Keyword search accepts different types of names and accession IDs as search queries. Moreover, five subpages can be accessed by clicking on the name of a biomarker to facilitate further knowledge exploration: Curation, Ontology, Knowledge, Genomic Data, and Expression Data, respectively. On the Curation subpage, biomarker information extracted from the literature was displayed in detail and classified as “General”, “Clinical”, “Experimental”, “Disease”, “Statistics”, etc (Figure 3E). The Ontology subpage allows users to obtain more ontology annotations about the biomarker from other resources (Figure 3F). The Knowledge subpage displayed precision medicine exploration results of the relationship between diseases, drugs, genes, and variants (Figure 3G). The Genomic Data and Expression Data subpages provided online analysis of genomic and expression data from the glioma cohort study to explore the clinical application value of a specific diagnostic biomarker (Figures 3H, I).

On the CURATION page, the main contents of the diagnostic biomarker-related publications are summarized. The original articles are linked to PubMed via PMID (Figure 3D).

The biomarker list and related documentation are available on the DOWNLOAD page (Figure 3C). Help documents and our contact information are available on the ABOUT page. Finally, on the FEEDBACK page, users can provide comments or suggestions about GlioMarker.



Case study

Here, we first use GFAP as a case to illustrate biomarker knowledge exploration in GlioMarker. When the user entered “GFAP” in the search box, seven records of GFAP studies were available from 2007 to 2021 (Figure 4A). The results revealed that GFAP was significantly elevated in the plasma (33, 36) and serum (34, 35, 37) in glioblastoma (GBM) patients. Serum GFAP levels were able to distinguish GBM from non-GBM patients, and the maximum AUC was 0.9 (34). In addition, the expression pattern of GFAP-δ can also be used as a histopathological diagnostic biomarker for spinal astrocytoma (32) (Figure 4B). Users can further explore more knowledge of GFAP through the following functions. (1) In ontology exploration, users can access other external resources by using the hyperlink to obtain more ontology annotations (Figure 4C). (2) Precision medical knowledge exploration results showed many variants in GFAP, and some were significantly related to Alexander disease (Figure 4D). (3) Genomic data exploration revealed GFAP copy number alterations, networks, pathway reports, etc., at the genome level (Figure 4E). Among them, pathway reports indicate that GFAP is involved in autophagy signal transduction mediated by molecular chaperones, which may provide insights for further research on the mechanism of GFAP in the occurrence and development of gliomas. Moreover, the exploration of expression data shows that GFAP is highly expressed in low-grade glioma (LGG) patients, and this high expression is associated with a lower survival rate (Figure 4F).




Figure 4 | Demonstration of biomarker knowledge exploration in GlioMarker using GFAP as a case. (A) Seven studies on GFAP can be obtained by enter “GFAP” in the search box. (B) The results of literature curation on GFAP. (C) The ontology annotations of GFAP. (D) Precision medical knowledge exploration results on GFAP. (E) Explore the results of GFAP in genomic data (ie mutations, networks, pathway reports). (F) Explore the results of GFAP in the expression profile data.



In addition, GlioMarker has incorporated biomarkers that allow users to differentiate between low- or high-grade diseases. For example, CHI3L1(Alias symbols: YKL-40) was highly differentially expressed in high-grade glioma (HGG) tissue (46), and this protein can also be monitored in patients’ serum and help confirm the absence of active disease in GBM (47). Alterations in Galectin-1 (48), miR-766-5p and miR-376b-5p (49) levels in serum and ADLH1A1 (50), and WEE1 (51) levels in tissue might also be used as auxiliary diagnostic indicators of HGG. Moreover, users can also find potential LGG diagnostic biomarkers in GlioMarker. For example, the serum anti-FLNC autoantibody (52), the level of which was significantly higher in low-grade glioma patients than in high-grade glioma patients or in normal volunteers, represents a potential serum biomarker for the early diagnosis of LGG. In addition, HLA-DRA (53) and Fam20C (54) are also promising biomarkers for LGG diagnosis and prognosis.

GlioMarker can also aid in the identification of biomarkers suitable for liquid biopsies. By filtering “Source” in the columns and checking “Serum” and “Plasma”, 66 relevant studies were identified, and most of these studied forcus on circulating miRNAs. Taking miR-210 as an example, its robust level can be detected both in exosome (55), serum (56) and plasma (57) to distinguish patients with glioma from healthy controls, and maybe a promising diagnostic and prognostic biomarker. Additionally, through precision medical knowledge exploration, we found that miR-210 was also related to other diseases, such as siderosis (58)and pediatric osteosarcoma (59).




Discussion


Strengths of the GlioMarker

We compared GlioMarker with other specialized, open-access molecular biomarker databases, including The Tuberculosis Biomarker Database (11), LiverCancerMarkerRIF (12), CBD (15), CancerLivER (13), ExoBCD (14), the Urinary Protein Biomarker Database (UPBD) (60), and the Therapeutic Response Biomarker Database (ResMarkerDB) (61), and the strengths of GlioMarker are summarized below.


A wide variety of biomarker types

GlioMarker focused on glioma diagnostic biomarkers, which include a diverse range of biomolecule types. Biomarkers described in GlioMarker include protein, miRNA, lncRNA, circRNA, mRNA, DNA, as well as imageological, epigenetic, immunological, and metabolic features.



Comprehensive coverage of curated information

The original data of the diagnostic biomarkers were manually curated based on the full text. Each entry into GlioMarker was reviewed by two independent curators, and each biomarker was defined in the context of associated literature, experimental records, disease type, and clinical relevance, among other indicators. Therefore, information about the biomarkers in GlioMarker is more accurate and comprehensive. Importantly, these knowledge points are the actual results of the biomarker and help users quickly access the biomarker’s research content, providing evidence for the potential clinical diagnostic biomarker from a contextual perspective. This feature represents a significant advantage that distinguishes GlioMarker from other databases and will help construct reliable knowledge graphs in the future. GlioMarker will be updated every 12 months.



Powerful biomarker knowledge exploration capabilities

By integrating many external resources, clinicians or researchers can further explore the knowledge of these diagnostic biomarkers from three aspects. (1) Obtain more ontology annotations. (2) Identify the relationship between any two or more components of diseases, drugs, genes, and variants to explore information regarding precision medicine. (3) Explore the clinical application value of a specific diagnostic biomarker through online analysis of genomic and expression data from glioma cohort studies.



User-friendly search methods

In GlioMarker, users can access the biomarker of interest through the list or keyword search. The biomarker list has a filter function, allowing users to build specific search strategies to suit different study designs. The keyword search feature accepts different types of names and accession IDs as search queries.



Direct data transfer and integration.

GlioMarker allows users to extract knowledge they are interested in through convenient downloads. Users can also submit biomarker curation data created by themselves according to our template to integrate into GlioMarker.




Limitations and future perspectives

According to the visions of predictive, preventive, personalized, and participatory medicine (P4 Medicine) (62–64), GlioMarker is a database focused on diagnostic biomarkers in glioma. While considerable effort has been made by our curation team to capture all the relevant information, there is no doubt that some biomarkers or newly emerging molecular biomarker types might have been missed. Similarly, although some diagnostic biomarkers included also have prognostic, therapeutic, or predictive values, GlioMarker currently does not include a sufficient number of prognostic, predictive, therapeutic, adverse drug effect, or drug efficacy biomarkers. We are actively exploring this area and expect that these biomarkers will be included in the 2.0 version of the database. In addition, the literature related to biomarkers is emerging in large numbers, so we need to filter the literature more strictly before curating in the next version, for example, by focusing on higher-quality papers and some rich biomarker performance data (i.e., quantitative expression results, sensitivity, specificity, ROC curve, reproducibility, statistical significance, threshold or cutoff value).

The 2016 WHO classification of central nervous tumors added molecular features to the histological diagnosis for the first time (9). With the rapid development of molecular oncology and the discovery of promising biological biomarkers, the 2021 edition adds more types/subtypes of tumors defined by biological and molecular characteristics and no longer reflects histological subtypes (65). We are inspired to witness these changes, and this is where GlioMarker’s vision lies. However, there is still some controversy regarding the 2021 edition classification, and in-depth follow-up studies are still needed. Many researchers believe that histologic morphology is still the primary requirement for diagnosing diffuse glioma and dose not rely exclusively on molecular alterations. For example, diffuse astrocytomas with lower histologic grade and IDH wild type with TERT promoter mutation are classified as glioblastoma in the 2021 fifth edition classification. However, different histologic grades still have different prognoses (66). In addition, since the new classification system was newly proposed, this change was not reflected in many previous studies. Therefore, the 2016 edition was still referenced in GlioMarker, and the classification of diseases according to histological morphology was retained. To improve the robustness and adaptability of GlioMarker, we plan to take the following measures to introduce new classification systems in subsequent versions. For example, by adding new fields to label the types of diseases classified according to the 2021 fifth edition, using typing trees can be used to help researchers adapt to the old and new editions of the classification, etc.

In the era of precision medicine, the application of biomarkers is crucial. However, many biomarkers remain in the stage of scientific research and are still far away from clinical application. Our Prophet project is committed to building a broad tumor biomarker platform and becoming a bridge connecting scientific research and clinical applications. GlioMarker aims to create a comprehensive biomarker platform in glioma and become a bridge between scientific research and clinical practice.

In addition, most of the biomarkers contained in GlioMarker only have potential application value, and the underlying mechanisms for most diagnostic biomarkers remain unknown. Therefore, in the next version of GlioMarker, we will establish a knowledge map based on knowledge points, and more omics data will be integrated. The biomarkers in GlioMarker will also be used for further meta-analysis to obtain more robust evidence. We are looking forward to more participation in the user community and receiving feedback on GlioMarker version 1.0.




Conclusion

GlioMarker is the first diagnostic biomarker database in the field of gliomas to provide biomarker knowledge exploration, including comprehensive literature mining, ontology annotations, precision medical knowledge exploration, and online omics data analysis and visualization. GlioMarker may function as a professional platform for clinicians and researchers to promote the high-quality research and application of diagnostic biomarkers in gliomas as a powerful and practical web-based tool with a user-friendly interface.
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Glioblastoma (GBM) is a highly invasive neurological malignancy with poor prognosis. LncRNA-GAS5 (growth arrest-specific transcript 5) is a tumor suppressor involved in multiple cancers. In this study, we explored the clinical significance, biological function, and underlying mechanisms of GAS5 in GBM. We showed that lncRNA-GAS5 expression decreased in high-grade glioma tissues and cells, which might be associated with poor prognosis. GAS5 overexpression lowered cell viability, suppressed GBM cell migration and invasion, and impaired the stemness and proliferation of glioma stem cells (GSCs). We further discovered that GAS5 inhibited the viability of glioma cells through miR-let-7e and miR-125a by protecting SPACA6 from degradation. Moreover, GAS5 played an anti-oncogenic role in GBM through the combined involvement of let-7e and miR-125a in vivo and in vitro. Notably, these two miRNAs block the IL-6/STAT3 pathway in tumor tissues extracted from a xenograft model. Taken together, our study provides evidence for an important role of GAS5 in GBM by affecting the proliferation and migration of GSCs, thus providing a new potential prognostic biomarker and treatment strategy for GBM.
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Introduction

Glioblastoma (GBM) is the most common malignant primary brain tumor in adults, with a median survival of barely 1.3 years upon detection (1, 2). The discouraging overall prognosis of gliomas has changed little over the decades despite medical advances in neurosurgery, chemotherapy, radiation, and many novel clinical trials (3). The proliferation and invasion capacities of GBMs make it extremely difficult for tumors to be resected completely. With the advent of molecular biology, new studies on gene regulation networks have provided directions for understanding the molecular mechanisms of intracranial tumors (4, 5). The classification of gliomas was reorganized by the 2016 revision of the World Health Organization Classification of Tumors of the Central Nervous System (CNS), which highlights molecular features in addition to histopathological appearance (6). Notably, the malignant features of glioma cells, including invasive growth, resistance to conventional chemotherapy or radiotherapy, and recurrence, are mainly attributed to glioma stem cells (GSCs). The GSCs display three prominent features of stem cells, i.e. self-renewal capacity, indefinite proliferation, and differentiation (7). Hence, GSCs are responsible for not only the infinite growth of GBM but also incomplete and residual tumor resection, which generally results in a poor prognosis after treatment. Therefore, a comprehensive understanding of the molecular pathogenesis of GSCs is urgently required.

Noncoding RNAs (ncRNAs) consist of microRNAs (miRNAs) and long ncRNAs (lncRNAs). LncRNAs are a type of RNAs of more than 200 nucleotides (nt) in length, and there is no solid evidence to prove that they encode peptides (8). Numerous studies have shown that lncRNAs play crucial roles in the malignant biology of tumors. Abnormal expression of lncRNAs in tumors indicates tumor progression as a specific marker for certain tumors and is likely to become a new therapeutic target (8, 9). It has been shown that lncRNAs are involved in chromosome remodeling or gene expression via post-transcriptional regulation (10–12), alternative splicing (13), and initiated X-chromosome inactivation (14). As suggested in recent studies, lncRNAs may influence cell proliferation, migration, and invasion in vitro and participate in the DNA damage response, tumorigenesis, and drug resistance (15–17). miRNAs are transcripts of approximately 21-23 nucleotides in size that are produced in the nucleus and cytoplasm of cells through a multi-step process (18). Traditionally, some abundant lncRNAs with complementary miRNA loci can act as competitive endogenous RNAs or miRNA sponges through direct base pairing to regulate gene expression, thereby inhibiting the function of miRNA-targeted mRNAs (19). Accumulating evidence has shown that lncRNAs are related to the stemness of GSCs through epigenetic inhibition of genes associated with multi-neuron differentiation or impact GSCs proliferation, migration, and invasion by binding to certain miRNAs and regulating downstream molecular pathways (20–22). Therefore, elucidation of the mechanisms and underlying relationship between lncRNAs and GSCs will help offer a new focus on the tumorigenesis and therapeutic response of GBM.

In recent years, LncRNA-GAS5 (growth arrest-specific transcript 5) has been reported as a tumor suppressor lncRNA in various human cancers. For instance, its downregulation has been observed in epithelial ovarian cancer, cervical cancer, lung cancer, and gliomas (23–27). GAS5 directly interacts with the WW structural domain of YAP to inhibit colorectal cancer progression in vitro and in vivo (28). Wang et al. found that GAS5 overexpression inhibits M2-like polarization of tumor-associated macrophages by enhancing the expression of PTEN, thereby inhibiting the proliferation and invasion of liver cancer cells (29). In addition, Ding et al. suggested that GAS5 attenuates glioma progression by eliminating microRNA-10b and Sirtuin1 (30). Therefore, new insights into the molecular mechanisms underlying GAS5 will provide important directions for future research. In this study, we identified a remarkable decrease in GAS5 expression in glioma tissues and cells, which was closely related to the viability and migration of GBM cells and GSCs. SPACA6 and its downstream miRNAs, let-7e, and miR-125a played a role in these phenomena, and the IL-6/IL-6R/STAT3 pathway is involved in the molecular mechanism of GAS5 as an anti-oncogene. These results indicate that GAS5 could attenuate GSCs activity and suppress glioma progression, which may provide novel strategies for glioma therapy.



Materials and methods


Ethics statement

The research strategy was approved by the Research Ethics Committee of the Xijing Hospital of the Airforce Medical University. All experiments were performed in accordance with relevant guidelines and regulations, and written informed consent was obtained from all the patients involved. Written consent for the use of all data was also obtained from the lead researcher (Principle Investigator, PI) of the neurosurgical glioma center of Xijing Hospital. The privacy rights of the human subjects were observed in our study.



Clinical specimens

Glioma tissues were obtained from 72 patients who underwent primary surgery and were histopathologically diagnosed with glioma at the Xijing Hospital. Samples were collected and stored in liquid nitrogen, and the remaining clinical data were obtained from the hospital case system and follow-up of patients.



Cell lines and cell culture

Four human GBM cell lines (U251, U87, A172, and T98) and a healthy glial cell line (HEB) were obtained from the American Type Culture Collection (ATCC), while other human GBM cell lines (SHG44) were purchased from the Wuhan Procell Life Technology Collection. The cells were cultured in DMEM (Gibco, USA) medium supplemented with 10% fetal bovine serum (FBS, Hyclone, USA) at 37 °C in a humidified environment with 5% CO2. The cells tested negative for mycoplasma contamination. Patient-derived glioblastoma stem-like cells (GSC-1 and GSC-2) were isolated from surgical samples. Briefly, tissues were mechanically minced and then digested with 0.1% trypsin (Invitrogen, USA) and 10 U mL−1 of DNase I (Promega, USA) at 37 °C for 45 min. ACK lysis buffer (Beyotime, China) was used to lyse red blood cells. The washed tissues were triturated by pipetting, passed through a 40 μm cell strainer, and grown in DMEM/F12 (Gibco, USA) supplemented with B27 (Gibco, USA), EGF (20 ng/mL) (Propotech, USA), bFGF (20 ng/mL) (Propotech, USA), and 1% penicillin/streptomycin (Life Technologies, China).



RNA extraction and quantitative real-time polymerase chain reaction (qRT-PCR)

Total RNA was extracted from GBM tissues and cancer cells using the TRIzol reagent (Invitrogen, USA). The concentration and purity of RNA were measured using an Eppendorf Biophotometer Plus. The PrimeScript™ RT Reagent Kit (Takara, Japan) was used to reverse-transcribe the lncRNAs and mRNA. Relative gene expression levels were determined using a SYBR Green PCR Kit (Takara, Japan). The relative quantity of gene expression was calculated using the standard 2−ΔΔCt method, with GAPDH as an internal control. Primer sequences are listed in Supplementary Table 1.



Cell counting kit-8 (CCK-8) assay

Cells were seeded in 96-well plates at a density of 2×103 cells/well, and cell viability was assessed using the CCK-8 Assay Kit (Dojindo Molecular Technologies, Japan), as instructed by the manufacturer. Samples were measured at OD 490 nm using the Bio-Rad Microplate Reader Model 680 (Bio-Rad, China).



Colony formation experiment

The colony formation experiment was performed 48 h after transfection. The cell lines were resuspended and plated in 10 cm culture plates at a densities of approximately 50/100/200 cells/well. The cells were cultured under standard conditions for three weeks, and the culture medium was changed every three days. Colonies formed by the clones were collected, washed twice with phosphate-buffered saline (PBS), fixed with formaldehyde solution, and stained with Giemsa stain (Xi ‘anYike Biotechnology Co., LTD, China). Colony formation was observed and photographed using an optical microscope and a digital camera.



Flow cytometry

CD133 expression and cell apoptosis were measured by flow cytometry. To detect the expression of CD133, a single-cell suspension was obtained from well-grown attached cells by trypsinization (without EDTA) under sterile conditions. Samples were stained with IgG1 Isotype Control Summary (R&D Systems, USA) for approximately 15 min at 4°Cin the dark. Next, cells were washed with cold PBS, centrifuged at 1000 rpm for 5 min at 4 °C, and subsequently stained with the human CD133-PE antibody (eBioscience, Thermo Scientific, USA) for approximately 30 min at 4°Cin the dark. A fluorescence-activated cell sorting (FACS) instrument, CantoII Flow Cytometer (BD Biosciences, USA), was used to examine the results.

Cells were plated in 6-well plates for the detection of apoptosis. After transfection, a single-cell suspension was obtained, and the cells were stained using the Annexin V-Fluorescein Isothiocyanate (FITC) Apoptosis Detection Kit (Beyotime, China) for 15 min at room temperature. Finally, the analysis was conducted using a FACS CantoII Flow Cytometer (BD Biosciences, USA) and FlowJo 10.0 software.



Scratch test

Cells were seeded in 6-well plates at a density of 5×105 cells/well. After transfection, the cells with complete confluence were allowed to draw five uniform straight lines along the central axis at a right angle to the bottom of the 6-well plate using a sterile 10-μL pipette tip. After rinsing three times with PBS, the cells were cultured in serum-free medium for 0.5 h. Subsequently, cell migration was observed and photographed at 0, 24, and 48 h under an inverted optical microscope.



Transwell assay

The transwell assay was performed using a transwell chamber (BD Biosciences, USA), and cells were placed in the upper chambers at a density of 5×103 cells/well. Subsequently, medium containing 10% FBS was added to the bottom of the chamber. After incubation for 24 h and fixation with 4% formaldehyde, the migrated cells on the lower surface were stained with 0.1% crystal violet. Finally, the cells were observed and counted using an inverted optical microscope.



Tumorsphere formation assay

The concentration of GSCs was adjusted to 5×103 cell/mL, and GSCs were cultured in 96-well plates at 100 uL/well with the medium changed every three days. Seven days after seeding, each well was examined, and the number and volume of spheres/cell aggregates were counted.



5’-Ethynyl-2’-deoxyuridine (EdU) assay

Cell proliferation was assessed using the EdU assay (Rainbow, Shanghai, China). GSCs were plated in 24-well plates at a density of 5×105 cells/mL. After seven days of cultured, the cells were incubated with 50 μM EdU working solution (5-ethynyl-2’-deoxyuridine preheated to 37°C) for 2 h. The cells were fixed with 4% paraformaldehyde and permeabilized with 0.5% Triton X-100. Afterward, 100 uL of click reaction solution was added to each slide, and nuclei were stained with Hoechst. Finally, the images were obtained using an inverted fluorescence microscope.



Protein preparation and western blotting

Total protein was prepared from GBM cells using pre-chilled RIPA buffer (Gibco, USA) with a proteinase and phosphatase inhibitor cocktail (Selleck, Shanghai, China). The PVDF membranes were incubated with primary antibodies overnight (Supplementary Table 2) at 4°C and then with an HRP-labeled secondary antibody (Zsbio Store-bio, Beijing, China) at room temperature for 1 h. The protein bands were visualized using a chemiluminescence reagent (ECL) kit (Boster, Wuhan, China).



RNA antisense purification assay

RNA antisense purification (RAP) assay was commissioned by Crystal Energy Biotechnology Co., Ltd. The experimental steps have been reported by Engreitz et al. (31), as follows: assay design, probe design, probe generation, cell harvesting and cross-linking, cell lysis, lysate preparation, hybridization, capture, washing, elution, RNA analysis, and DNA analysis.



Luciferase reporter assay

HEK293t cells were seeded into 24-well plates and cultured overnight, and let-7e and miR-125a wild-type cells with potential IL6/IL6R binding sites or mutants of each binding site (Supplementary Table 3) were generated and fused to the luciferase reporter pGL3-basic plasmid, alone or following pre-treatment with miR-7-5p mimics or inhibitor. According to the manufacturer’s protocol, the relative luciferase activity in each well was analyzed after 24 h using a dual-luciferase reporter assay system (Promega, USA).



Xenograft model in vivo

All animal experiments were approved by the Animal Experiment Administration Committee of the Air Force Military Medical University. All experiments were performed in accordance with the National Research Council’s Guide for the Care and Use of Laboratory Animals. Four-week-old athymic BALB/c nude mice were purchased from the Air Force Medical University Animal Center (Xi’an, China). U87 cells were transfected, and a total of 5 × 106 GBM cells per mouse were stereotactically injected into the skin or brain. The intracranial tumors were measured weekly using bioluminescence imaging. After a month, the subcutaneous tumors were measured. Subsequently, the mice were sacrificed and the tumor tissues were removed for experiments.



Statistical analysis

All statistical analyses were performed using SPSS (version 19.0; IBM Corporation, USA) and GraphPad Prism9.0 (GraphPad Software Inc., USA). Differences between groups were analyzed using the Student’s t-test or Cox proportional hazards model analysis. The in vitro experiments were repeated at least three times, and the data are presented as mean ± standard deviation (SD) from at least three independent experiments. Statistical significance is indicated by *P<0.05, **P<0.01, or ***P<0.001.




Results


LncRNA-GAS5 levels are decreased in high-grade glioma tissues and cells

Recently, some investigators have shown that lncRNA-GAS5 functions as a protein-binding RNA to directly regulate glioma progression (32, 33). To explore the role of GAS5 in glioma, we determined the expression of GAS5 in 72 glioma samples that were divided into high- and low-grades according to pathological classification. qRT-PCR analysis showed that GAS5 expression was lower in high-grade glioma tissues than in low-grade glioma tissues (Figure 1A). Moreover, with an increase in glioma grade, the expression of GAS5 declined drastically (Figure 1B), indicating a latent negative relationship between the expression level of GAS5 and glioma grade. To further investigate this correlation, we evaluated the clinical data of 72 patients and found that the pathological grading of glioma and the KPS score of patients significantly correlated with GAS5 expression (Table 1). In addition, the median survival of patients with high-grade glioma was significantly lower than that of those with low-grade gliomas (Figure 1C). Subsequently, patients were divided into different groups according to GAS5 expression, which revealed that the median survival of the high GAS5 expression group was significantly higher than that of the low expression group (Figure 1D). Moreover, we established a Cox proportional hazards model and found that the preoperative KPS score, tumor pathological grade, and lncRNA-GAS5 expression level significantly correlated with postoperative survival time, indicating that they were independent risk factors for patient prognosis (Table 2). Furthermore, five types of glioma cells (A172, SHG-44, T98, U251, U87) and one healthy glial cell line (HEB) were used as references. qRT-PCR showed that GAS5 expression considerably decreased in glioma cells (Figure 1E). Thus, all data indicated that GAS5 expression decreased in GBM tissues and cells, which might be associated with poor prognosis.




Figure 1 | LncRNA-GAS5 is low-expressed in high-grade glioma tissues and cells. (A) GAS5 levels are measured in high grade glioma (HGG) tissues (n=36) and low-grade glioma (LGG) tissues (n=36) by qRT-PCR using GAPDH as a reference gene. (B) GAS5 levels are measured in WHO I (n=11), II (n=29), III (n=18) and IV (n=14) grade glioma tissues using GAPDH as a reference gene. (C) Kaplan-Meier survival curve of patients divided into HGG (n=36) and LGG (n=36) involved in our study is shown. (D) Kaplan-Meier survival curve of patients is divided into high-expression group and low-expression group according to the expression of GAS5 involved in our study is shown. (E) RNA is extracted from glial cell line (HEB) and five types of glioma cell lines (A172, SHG-44, T98, U251, U87) (n=3 in each cell lines), GAS5 expression level is measured by qRT-PCR using GAPDH as a reference gene. Unless otherwise noted, data are presented as the mean ± S.D. P value is determined by Student’s t-test (***P < 0.001).




Table 1 | Characteristics of study population.




Table 2 | Reasons for hazard ratio of risk factors.





LncRNA-GAS5 repressed the viability and migration of glioma cells

To explore the role of GAS5 in GBM progression, we enhanced or knocked down the expression of GAS5 in U251, U87, A172, T98, and SHG-44 cells by transfecting them with specific GAS5-overexpression or GAS5-shRNA lentiviruses. The results revealed that GAS5 expression remarkably increased in U87, A172, and SHG-44 cells and decreased in U87 cells after transfection (Supplementary Figure 1A). Hence, we used these cell lines for follow-up tests.

Cell viability was then assayed using the CCK8 assay at various time points (Figure 2A). The overexpression of GAS5 drastically diminished cellular survival, whereas knockdown of GAS5 enhanced cell survival. Colony formation assays indicated a significant decline in the rate of colony formation after GAS5 overexpression (Figure 2B), and knockdown of GAS5 increased the colony-forming ability of glioma cells, indicating that GAS5 impaired cell self-renewal. As indicated by flow cytometry assays, elevated GAS5 levels suppressed the apoptosis of glioma cells, but knockdown of GAS5 did not have an obvious influence on cell apoptosis (Figure 2C and Supplementary Figure 2C). In addition, the invasion and migration abilities of GBM cells were assessed. Transwell assays revealed that GAS5 overexpression suppressed the invasive ability of glioma cells (Figure 2D). Furthermore, the scratch test indicated that the overexpression of GAS5 inhibited the migration ability of cells (Figure 2E and Supplementary Figure 1B). Conversely, following GAS5 knockdown, the migratory ability of U87 cells was stronger than that of the control group (Figures 2D, E). Overall, the above experimental results revealed that GAS5 plays a negative role in promoting tumor progression and the malignancy of glioma cells.




Figure 2 | LncRNA-GAS5 overexpression diminished cell viability and suppressed the migration and invasion of GBM cells. (A) CCK-8 assay revealed the effect of GAS5 overexpression and knockdwon on the proliferation of parental U87, A172 and SHG44 cell lines with the cells are cultured for seven consecutive days and the absorbance of the cells are measured daily (n=6). (B) Colony formation assay of GAS5 overexpression and knockdwon and parental GBM cell lines (n=3). Representative images are shown. (C) Flow cytometric analysis of apoptosis in GAS5 overexpression and knockdwon and parental GBM cell lines (n=3). The statistical result of the flow cytometric analysis is shown. (D) Scratch test showed the healing ability of U87 cells (n=3). Representative images and the ratio of healing area are shown. (E) Transwell assay of the effect of GAS5 on the migration and invasion of GBM cells (n=3). Representative images and the migration cell number are shown. Data are presented as the mean ± S.D. P value is determined by Student’s t test (*P < 0.05, **P < 0.01, ***P < 0.001, ****P<0.0001).





LncRNA-GAS5 overexpression impaired the stemness and proliferation of GSCs

Although GAS5 has been shown to regulate glioma cells, its detailed mechanisms remain unclear. GSCs play a vital role in GBM progression and tumorigenesis. To clarify the function of GAS5 in GBM stem-like cells (GSCs), we cultured GSCs from GBM surgical specimens and named them GSC-1 and GSC-2 (Figure 3A). To further elucidate the stemness of GSC-1 and GSC-2, we analyzed the expression of the GSC marker CD133 and induced cell differentiation (Supplementary Figures 2A–C). As indicated by the results, GSC-1 and GSC-2 possessed the typical characteristics of stem cells and could be used in subsequent experiments. Further analysis indicated that overexpression of GAS5 in GSCs substantially diminished the expression of stem cell markers, including CD133 and Notch1, which are related to the stemness and malignant progression of gliomas (Figure 3B and Supplementary Figure 2D). Moreover, the results of tumorsphere formation, CCK-8, and EdU assays further verified the inhibitory role of GAS5 overexpression in GSC proliferation (Figures 3C–E). All these data revealed that GAS5 overexpression impaired the stemness and proliferation of GSCs.




Figure 3 | LncRNA-GAS5 over-expression impairs the stemness and proliferation of GSCs. (A) Information from the two clinical specimens we used to induce glioma stem cells. (B) qRT-PCR analysis of the expression of several stem cell marker molecules in GAS5 overexpression and parental GSCs (n=3). GAPDH is used as a reference gene. (C) Tumor spheres formation assay showed the upregulation of GAS5 affected the number and size of tumorspheres (n=3). (D) CCK-8 assay revealed the effect of GAS5 overexpression on the proliferation of GSCs with the cells are cultured for seven consecutive days and the absorbance of the cells are measured daily (n=6). (E) EdU assay showed the effect of GAS5 overexpression on DNA replication activity of GSC (n = 3). Data are presented as the mean ± S.D. P value is determined by Student’s t test (*P < 0.05, ***P < 0.001).





LncRNA-GAS5 restrained the proliferation and migration of GSCs through let-7e and miR-125a by modulating SPACA6

To clarify the molecular mechanism underlying the function of GAS5 in GSCs, we detected mRNAs that interacted with GAS5 in GSCs through an RNA antisense purification (RAP) assay and referred to the enrichment level and function of the gene (Supplementary Table 4). The results identified ALCAM, DDK6, GABRB3, MAPK3, MYSM1, RFWD, SPACA6, and STX6 as candidate genes that interact with GAS5, which were then subjected to validation by qRT-PCR via GAS5-overexpressing GCS. The results indicate that GAS5 substantially promoted SPACA6 expression (Figure 4A). Considering that SPACA6 is the host gene for let-7e, miR-125a, and miR-99b (https://www.ncbi.nlm.nih.gov/gene/406910), we quantified let-7e, miR-125a, and miR-99b in GAS5-overexpressing GSCs and found that let-7e and miR-125a were upregulated by GAS5 (Figure 4B). To further detect the correlation between the expression of SPACA6, let-7e, miR-125a, and GAS5, we evaluated these genes in healthy glial cells, GBM cells, and GSCs. The results indicated that the expression levels of SPACA6, let-7e, and miR-125a in GBM cells and GSCs were lower than that in normal glial cells, and the decrease in GSCs was more significant (Figure 4C). To clarify whether let-7e and miR-125a could act as anti-oncogenes, we transfected GSCs with mimics of these two miRNAs. The stemness properties of GSCs were verified by assessing their ability to form tumorspheres, and the results showed that let-7e and miR-125a mimics inhibited sphere formation (Figure 4D). Moreover, the CCK-8 assay results showed that let-7e and miR-125a repressed GSCs proliferation (Figure 4E). A transwell assay was also performed to evaluate the migration of glioma cells, which indicated that let-7e and miR-125a inhibited glioma cell invasion (Figure 4F). These results showed that let-7e and miR-125a inhibited the stemness, proliferation, and migration of GSCs, which was likely accomplished by the modulation of SPACA6.




Figure 4 | LncRNA-GAS5 restrains the proliferation and migration of GSCs through Let-7e and miR-125a by modulating SPACA6. (A) qRT-PCR analysis of the expression of several genes that are significant in the RAP assay in GAS5 overexpression and parental GSCs (n=3). GAPDH is used as a reference gene. (B) Upper: Three miRNAs with SPACA6 as host gene (data from https://www.ncbi.nlm.nih.gov/gene/406910). Lower: qRT-PCR analysis of the expression of let-7e, miR-125a and miR-99b in GAS5 overexpression and parental GSCs (n=3). GAPDH is used as a reference gene. (C) qRT-PCR analysis of the expression of SPACA6, let-7e and miR-125a respectively in glial cells, GBM cells and GSCs (n=3). GAPDH is used as a reference gene. (D) Tumor spheres formation assay showed miR-125a and let-7e mimics affected the number and size of tumorspheres (n=3). (E) CCK-8 assay revealed the effect of miR-125a and let-7e mimics on the proliferation of GSCs with the cells are cultured for seven consecutive days and the absorbance of the cells are measured daily (n=6). (F) Transwell assay of the effect of miR-125a and let-7e mimics on the migration and invasion of GSCs (n=3). Representative images and the migration cell number are shown. Data are presented as the mean ± S.D. P value is determined by Student’s t test (*P < 0.05, **P < 0.01, ***P < 0.001).





Let-7e and miR-125a suppressed the expression of the IL-6/IL-6R axis

Bioinformatics analysis using starBase v2.0 predicted that let-7e and miR-125a shared the same downstream target gene, IL-6R (Figure 5A). It has been reported that IL-6 signaling blocks GSC survival through activating STAT3 signaling (34–36). Therefore, we hypothesized that IL-6/IL-6R might play a role in regulating tumor suppressor genes in GBMs cells through a common downstream molecular mechanism. Therefore, we treated U87 cells with mimics of let-7e and miR-125a. The qRT-PCR and western blotting results showed that let-7e inhibited the expression of IL-6 and IL-6R simultaneously, while miR-125a inhibited the expression of IL-6R (Figures 5B, C). A luciferase reporter assay was performed to determine whether IL-6 and IL-6R are indeed targets of let-7e and miR-125a, through the 3’ UTR region. The results revealed that upregulation of let-7e resulted in deactivation of the 3’ UTR of IL6 and IL-6R, while the overexpression of miR-125a also decreased 3’ UTR activation of IL-6 (Figure 5D). These results indicate that let-7e exerts its biological effect by directly binding to the 3’ UTR of IL6, IL6R, and miR-125a.




Figure 5 | Let-7e inhibited the expression of IL-6 and IL-6R and miR-125a inhibited the expression of IL-6R. (A) Diagrams of binding side of let-7e and miR-125a matched the IL6 and IL6R gene. (B) Let-7e/miR-125a mimics are co-transfected into the U87 cells respectively, and then the expression of IL-6R is assessed by qRT-PCR analysis (n=3). GAPDH is used as a reference gene. (C) Western blot analysis of IL-6 and IL-6R proteins in U87 cells transfected with let-7e and miR-125a mimics (n=3). Quantitative results of western blot analysis are shown. (D) Let-7e and miR-125a mimics and reporter plasmids containing the wild type or mutant form of IL-6 3’UTR and IL-6R 3’UTR are co-transfected into the U87 cells, and then the luciferase activity is assessed after 48 h transfection. Expression of IL-6 and IL-6R are shown. Data are presented as the mean ± S.D. P value is determined by Student’s t test (*P < 0.05, **P < 0.01, ***P < 0.001).





LncRNA-GAS5 plays an antioncogenic role in GBM with the involvement of let-7e and miR-125a

To investigate the effect of let-7e and miR-125a on GAS5-overexpressing GSCs, a rescue experiment was performed. The results revealed that, after overexpression of GAS5, cellular viability remarkably diminished (Figure 6A). However, let-7e and miR-125a inhibitors markedly increased the proliferation of GSCs after GAS5 overexpression (Figure 6A). Additionally, when let-7e and miR-125a inhibitors were used simultaneously, the restorative effect on cell viability was stronger (Figure 6A). The effects of GAS5, let-7e, and miR-125 on tumor cell growth in vivo were verified in nude mice after injection of GAS5 overexpressing U87 cells subcutaneously or stereotactically into the brain. Compared to the control group, the tumorigenic ability of GAS5-overexpressing U87 cells in vivo was considerably reduced. Furthermore, the anti-tumor ability of GAS5-overexpression could be inhibited partly by let-7e and miR-125a inhibitors, individually or jointly, and the effect of the let-7e inhibitor was stronger than that of the miR-125a inhibitor (Figures 6B, C). To further explore the downstream molecular mechanisms of GAS5, we used tumor specimens from the aforementioned nude mice for validation. The western blotting results showed that the expression of IL6, IL6R, and p-STAT3 could be downregulated by GAS5-overexpression. Moreover, the expression of IL6R and p-STAT3 downregulated by GAS5-overexpression was elevated by let-7e and miR-125a inhibitors, and the expression of IL6 that was downregulated by GAS5 overexpression was elevated by a let-7e inhibitor (Figure 6D). These data indicate that lncRNA-GAS5 plays an anti-oncogenic role in GBM via the let-7e/miR-125a-IL-6/IL-6R/STAT3 axis.




Figure 6 | LncRNA-GAS5 plays the role of antioncogene in GBM with the involvement of let-7e and miR-125a. (A) Supernatant rescue assay showed the results of CCK-8 assay analysis of the effect of let-7e inhibitor/miR-125a inhibitor transfected on the GAS5 overexpression U87 cells (n=3). (B) U87 cells are transfected with GAS5 overexpression lentivirus, miR-125a inhibitor and let-7e inhibitor individually or jointly and they are injected subcutaneously (5×106 cells) into the nude mice (n=5/group). Five images of the subcutaneous tumor of nude mice and the tumor volume are shwon (tumor volume=0.5×l×l×w, l=tumor length, w=tumor width). (a: Control, b: GAS5 overexpression, c: GAS5 overexpression+let-7e inhibitor, d: GAS5 overexpression+miR125a inhibitor, e: GAS5 overexpression+let-7e inhibitor+miR125a inhibitor) (C) U87 cells are transfected with GAS5 overexpression lentivirus, miR-125a inhibitor and let-7e inhibitor individually or jointly and they are injected stereotactically into the brain (5×106 cells) into the nude mice (n=5/group). The bioluminescence imaging assay is used to detect the excitation fluorescence in the brain tumor of the nude mice and the relative photons flux is estimated. (a: Control, b: GAS5 overexpression, c: GAS5 overexpression+let-7e inhibitor, d: GAS5 overexpression+miR125a inhibitor, e: GAS5 overexpression+let-7e inhibitor+miR125a inhibitor) (D) Proteins are extracted from the nude mice tumors tissues that we formed subcutaneously before. IL-6, IL-6R, STAT3, pSTAT3 are determined by western blot analysis (n=3). Quantitative results of western blot analysis are shown. Data are presented as the mean ± S.D. P value is determined by Student’s t test (*P < 0.05, **P < 0.01, ***P < 0.001).






Discussion

The latest WHO classification of CNS tumors has updated molecular biomarkers based on tumor morphology to refine the CNS tumor classification (6). ncRNAs are also involved in several cancer-associated processes and are closely related to tumors prognosis (11, 37, 38). GSCs display striking cellular heterogeneity, which is a major contributor to the poor prognosis of patients with glioblastoma (39). Therefore, a better understanding of the molecular mechanisms of GSCs may provide new insights into GBM treatment. The current study revealed that GAS5 suppressed glioma cell growth, both in vitro and in vivo. We also found that GAS5 positively controls SPACA6, which targets two major microgenes, let-7e and miR-125, to regulate overlapping oncogenic properties in GSCs, of which the inhibition of the downstream IL-6/IL-6R/STAT3 pathway is involved in the molecular mechanism of GAS5 as an antioncogene.

In recent years, the role of GAS5 in tumorigenesis and progression has attracted attention in a wide variety of malignancies, and GAS5 has been discovered to affect various biological processes in tumors. For example, in pancreatic cancer, GAS5 functions as a competing endogenous RNA for miR-221 to suppress cell growth, metastasis, and gemcitabine resistance by mediating epithelial-mesenchymal transformation (EMT) and tumor stem cell self-renewal (40). Liu et al. proved that in glioma, exon 2 of GAS5 directly binds to the miR-18a-5p-binding site to negatively regulate miR-18a-5p, which facilitates the tumor-suppressor functions of GAS5 (41). In this study, we also found that downregulation of GAS5 in glioma could predict poor survival, and GAS5 overexpression could facilitate the migration and invasion of GBM cells and decrease cell viability and the antitumor effect of GAS5 in nude mice. LncRNAs can be secreted extracellularly in the form of exosomes, which makes lncRNAs in body fluids potentially useful as biomarkers to indicate tumor progression and malignancy and guides personalized treatment (25). Our study strongly corroborates the potential of GAS5 as a therapeutic target and clinical predictor of glioma.

Deregulation of ncRNAs has been linked to almost every cancer investigated to date and affects almost all major cancer hallmarks (42, 43). Elaborating the mechanism and crosstalk underlying ncRNAs will provide a deeper understanding of molecular therapeutic strategies and possible mechanisms of glioma pathogenesis. Compared to other types of RNA, lncRNAs have no major molecular prototypes and mainly interact with DNA or RNA in the form of modular domains by nucleic acid base pairing or with proteins via advanced RNA structures (44). One of the working mechanisms of lncRNAs that is widely acknowledged is that lncRNAs act as competitive endogenous RNA (competing for endogenous RNA, ceRNA) to competitively bind microRNAs, and the binding site of ceRNAs to mRNA partially relieves the negative regulatory effect of the corresponding miRNA on its target mRNA (45). Emerging evidence has indicated that GAS5 and other lncRNAs could sponge miRNAs to repress their expression and further suppress their downstream pathways, either in glioma or other cancers (32, 40, 41, 46–48). Nevertheless, we found that GAS5 interacts with SPACA6 mRNA and stabilizes its expression to improve the expression levels of let-7e and miR-125a (49). This conclusion could be used to supplement our understanding of how GAS5 acts as a ceRNA in gliomas. LncRNAs could perform their downstream biological functions by combining with mRNA transcripts, and the RAP assay results also suggested that GAS5 and SPACA6 could interact with each other. In addition, our investigation revealed that let-7e and miR-125 individually and synergistically function in tumor suppression in gliomas by blocking their downstream pathways, which adds new evidence to our speculation that GAS5 could protect SPACA6 from degradation by combining with it to act as an anti-oncogene. The finding that let-7e and miR-125a act as suppressors of the IL-6/IL-6R/STAT3 pathway also verified the repression function of the miRNAs in gene expression. In general, the regulatory mechanism proposed in our study enriched and verified the regulatory mechanism of ncRNAs and provided new strategies and targets for ncRNA-targeting glioma therapy.

Glioblastomas contain a specialized subgroup of tumor cells, called GSCs (21). Since the stemness of GSCs plays an essential role in the progression of GBM (7). Zhao et al. found that the GAS5/miR-196a-5p/FOXO1 axis inhibits GSC proliferation, migration, and invasion (48). Our study also revealed that GAS5 overexpression inhibited GSC proliferation, migration, and invasion, and promoted apoptosis by upregulating SPACA6 and its downstream miR-125a/let-7e pathways. Moreover, our study was the first to show that GAS5 can affect the stemness of glioma cells. The stemness of GSCs can be adjusted by epithelial-mesenchymal transition (EMT) (50), growth factor receptor variant III (EGFRvIII) (51), and certain miRNAs, such as miR-205, miR-103a-3p, and miR30 (52–54). It has also been reported that IL-6 signaling disturbs GSC survival through STAT3 activation (35). Cortez et al. suggested that miR-29b and miR-125a are the potential regulators of invasion in glioblastoma. Hence, we clarified that let-7e inhibited the expression of IL-6 and IL-6R simultaneously, and miR-125a inhibited the expression of IL-6R. LncRNA-GAS5 acts as an antioncogene in GSCs via the IL-6/IL-6R/STAT3 pathway. The let-7 gene is an essential developmental gene and let-7-family members many function as tumor suppressors in various cancers (55). Let-7e was previously identified to be downregulated by nuclear paraspeckle assembly transcript 1 (NEAT1) to promote oncogenesis in GSCs (56). In this study, however, we found that let-7e could inhibit GSC progression, which might relate different upstream and downstream miRNA regulatory crosstalk mechanisms. As a member of the lin-4 family of microRNAs, miR-125a plays a fundamental role in cell differentiation and development (57), and the reduction of the malignant progression of GSCs by downregulated miR-125a has not yet been reported. Our findings complement the mechanism by which ncRNAs act in the formation and progression of GSCs. However, to fully reveal the subcellular localization of GAS5 in glioma cells and further define the underlying mechanism by which GAS5 interacts directly with proteins, additional evaluations are warranted.



Conclusion

In summary, our study verified that the under-expression of GAS5 was related to a higher degree of malignancy and shorter survival time after surgery. GAS5 negatively regulates the malignant behavior of glioma cells and GSCs. Notably, GAS5 upregulated the expression of let-7e and miR-125a by reducing SPACA6 degradation and further repressing activation of the downstream IL6/IL-6R/STAT3 pathway. However, the complete elucidation of the underlying mechanism requires more evidence, and it will be important to determine whether GAS5 can directly bind to SPACA6 to prevent its degradation and affect downstream pathways.
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Introduction

CD105 is an angiogenic biomarker that is useful to determine the microvessel density (MVD) within a tumor, namely, in highly vascularized tumors like glioblastoma (GBM). However, its expression has shown inconsistent associations with the prognosis of GBM patients. The aim of this study was to evaluate the value of MVD-CD105 (microvessel density assessed with anti-CD105 antibody) and Ki-67 (proliferation index marker) as prognostic and therapy response biomarkers, specifically in primary tumors and in recurrent tumoral specimens of a cohort of GBM patients treated with bevacizumab upon recurrence.



Materials and methods

We conducted a retrospective study of 102 consecutive GBM patients treated with bevacizumab upon recurrence at CHUSJ between 2010 and 2017. Demographic, clinical, and survival data of all patients were collected and analyzed. The tissue expression of MVD-CD105 and Ki-67 in primary and recurrent specimens was correlated with progression-free survival after temozolomide (PFS-1), progression-free survival after bevacizumab (PFS-2), and overall survival (OS).



Results

The immunohistochemical expression score for MVD-CD105 was similar in primary and recurrent tumoral specimens (mean scores of 15 and 16, respectively). Likewise, the mean Ki-67 expression was similar in primary (mean of 31% of tumor cells) and recurrent tumoral specimens (mean of 29% of tumor cells). MVD-CD105 expression in primary tumors had no impact on PFS-1, PFS-2, or OS. At recurrence, patients whose tumors showed increased MVD-CD105 had worse median PFS-2 (2 vs. 8 months, p = 0.045) and OS (17 vs. 26 months, p = 0.007) compared to those whose tumors showed lower MVD-CD105. CD105 tumoral pattern and localization had no impact on prognosis. Ki-67 expression was not associated with differences in survival outcomes.



Conclusion

In this study, higher MVD-CD105 expression in recurrent GBM patients seems to be associated with a worse PFS-2 and OS while portending no prognostic significance in the primary tumors. This highlights the importance of keeping track of the molecular evolution of the tumor over the course of the disease.
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Introduction

Glioblastoma (GBM) is the most common primary malignant brain tumor in adults accounting for 48.3% of all malignant tumors of the central nervous system (CNS). Although some considerable efforts in the development of new treatment approaches have been made, the prognosis remains ominous, even with the best surgical resection, radiotherapy, and chemotherapy. In fact, the median overall survival (OS) has not increased significantly and the 5-year survival rates are around 5% to 6% (1). It is widely acknowledged that the incurable nature of GBM is primarily attributable to its infiltrative growth and that is why primary treatment is followed by recurrence in virtually all patients (2).

Many efforts have been made to find appropriate treatments for GBM recurrence after primary therapy. While surgical resection of recurrent GBM seems effective in a minority of patients, multiple systemic therapies have been more commonly used. In particular, angiogenic inhibitors appeared as promising agents due to the high vascularization and angiogenic activity of this tumor (3). The most used anti-angiogenic drug in GBM is an anti-VEGF monoclonal antibody, bevacizumab (BEV). Although this treatment showed efficacy, with nearly 50% responders, its effect was transient due to secondary anti-angiogenic resistance (4). In the past years, several tumor markers have been investigated for their role in the prognosis and therapeutic response of GBM patients (5).

CD105 (also known as endoglin), a receptor for transforming growth factors 1 and 3 (TGF-β1 and TGF-β3), plays a key role in angiogenesis and vasculogenesis during tumoral development (6). CD105’s expression is upregulated on actively proliferating endothelial cells, mainly in immature vessels. It also promotes new vascular networks, which potentiates further glioma development through oxygen supply, thus enhancing tumoral invasion (7, 8). Some studies suggest that CD105 preferentially marks novel angiogenic vessels, which means that it is a sensitive and specific biomarker of angiogenesis within the tumor, with a specificity of 72% and a sensitivity of 80% (7, 9). While some data have shown a correlation between an elevated microvessel density (MVD), assessed with anti-CD105 (MVD-CD105), and a worse survival/prognosis of GBM patients (10–12), others have shown no specific association (5, 13). However, to our knowledge, there are no studies that additionally evaluated the correlation between MVD-CD105 and the prognosis of recurrent GBM patients treated with BEV. A recent meta-analysis studying the effect of this drug in the treatment of newly diagnosed GBM has concluded that BEV is associated with prolonged progression-free survival (PFS), but there is an inconsistent effect on the OS of unselected patients; therefore, there is a need to identify subpopulations of patients who may benefit from this therapy (14).

Ki-67 antibody is an IgG class monoclonal antibody that is useful to distinguish between proliferating and non-proliferating cells. Furthermore, the percentage of proliferating cells (Ki-67 labeling index) can be used to discriminate more aggressive tumor phenotypes (15). The results of a meta-analysis that included 51 studies covering 4,307 patients showed that Ki-67 positivity was significantly correlated with poor OS and PFS in patients with glioma (16). Despite this, little is known about the impact of the cell proliferation index on the outcome of patients with recurrent GBM treated with anti-angiogenics.

The aim of this study was to evaluate the value of MVD-CD105 and Ki-67 as prognostic and therapy response biomarkers in primary tumors and in recurrent GBM treated with bevacizumab upon recurrence.



Materials and methods


Patient and tissue collection

We conducted a retrospective study of 102 consecutive patients with recurrent GBM, diagnosed and treated at Centro Hospitalar Universitário S. João (CHUSJ) between 2010 and 2017. All patients were submitted to surgery and treated with the Stupp protocol [standard first-line chemotherapy with temozolomide (TMZ), administered 75 mg/m2 concurrent with daily external-beam radiation therapy (RT) (2 Gy/fraction, for a total of 60 Gy in 30 fractions), followed by adjuvant TMZ at 150–200 mg/m2 for 5 days every 28 days until progression]. At recurrence, all patients were treated with BEV-based therapy, namely, BEV (10 mg/kg) in monotherapy or plus irinotecan (340 or 125 mg/m2, with or without antiepileptic drugs, respectively) or lomustine (90 mg/m2). We also collected 19 recurrence specimens obtained via a second or third resection surgery.

The inclusion criteria were as follows: i) patients with histologically proven GBM and age ≥18 years; ii) first-line therapy according to the Stupp protocol; iii) recurrence assessment according to the response assessment in neuro-oncology (RANO) criteria; and iv) second-line treatment with BEV-based therapy after multidisciplinary neuro-oncology team meeting decision. We included all patients with representative tumoral specimens, operated between 2010 and the end of 2017, who matched the eligibility criteria and followed them until death or last follow-up.

The diagnosis of GBM was centrally reviewed by a neuropathologist (RS). This was followed by immunohistochemical (IHC) analysis of Ki-67 and CD105, which was performed in representative tumoral sections.

Demographic, clinical, therapeutic, and survival data of all patients were collected and analyzed through the CHUSJ electronic clinical registries. This included the analysis for potential confounders, mainly age, extent of resection, focality, and Eastern Cooperative Oncology Group (ECOG) status. The tissue expression of Ki-67 and CD105 in primary and recurrent specimens was correlated with survival data, more specifically, OS, PFS after TMZ (PFS-1) defined as the time from initiation of TMZ until progression, and PFS after BEV (PFS-2), meaning time until recurrence after introducing BEV-based therapy.



Immunohistochemistry study

Immunohistochemistry was performed using an automated Ventana BenchMark ULTRA Staining System, using the OptiView DAB IHC Detection Kit (Roche/Ventana Medical Systems, Tucson, AZ, USA) according to the manufacturer’s instructions. Tissue sections were obtained from a selected paraffin-embedded block, which was serially cut with a microtome (Microm HM 325, Thermo Scientific™, Braunschweig, Germany) at 2–3 µm thickness and placed on positively charged microscopic slides (Superfrost Plus™ from Thermo Scientific™, Braunschweig, Germany). Heat-induced epitope retrieval was carried out using Cell Conditioning 1 (CC1) solution, followed by blocking endogenous peroxidase with 3% hydrogen peroxide solution.

Primary antibodies with monoclonal antibodies for Ki-67 (RTU, MIB-1, Roche/Ventana Medical Systems, Tucson, AZ, USA) and CD105 (endoglin, 1/100, SN6h, BioLegend, San Diego, USA) were used according to the manufacturer’s instructions and were added manually using the Ventana™ BenchMark ULTRA equipment and the OptiView™ Universal DAB detection kit (Ventana Medical Systems, AZ, USA).

The positive controls, tissue components to confirm that the antibody applied functioned properly, were used in all the slides. A negative control slide was used, in place of the primary antibody to evaluate non-specific staining, using a specific reagent, Rabbit Monoclonal Negative Control Ig (Ventana Medical Systems, AZ, USA, 790-4795). After IHC staining, slide washing was performed with EZPrep (2 × 10 min) and running water (2× until clean), followed by dehydration with ethanol 100% (2 × 10 min) and, finally, diaphanization with xylene (2 × 10 min). The slides were mounted with a permanent mounting medium (Histofluid, Paul Marienfeld GmbH & Co. KG, Lauda-Kὃnigshofen, Deutschland) for optical microscopy analysis.



Scoring and interpretation of immunochemistry

Sections were examined for CD105 immunoreactivity by a neuropathologist blinded to the outcomes and clinical features. The vascular hotspot method was used, which involves identifying areas of higher MVD within the tumor. These areas were found by scanning tumoral sections at low power (×10–×100). From each tumor specimen, three hotspots were chosen. Within each hotspot, vessel counting was performed in a high-power field (×200/0.1 mm2). Any stained endothelial cell clearly separated from the adjacent tissue was regarded as a separate vessel. The number of CD105-positive vessels/0.1 mm2 of tumor tissue was calculated in three hotspots and its average was used to indicate MVD (17–19).

Furthermore, the Ki-67 index of each specimen was determined by a neuropathologist and was defined as the percentage of immunoreactive tumoral cell nuclei among the total number of cells (15).

Information regarding the tumoral pattern (non-specific, diffuse, or glomeruloid) and location [peritumoral brain zone (PBZ), non-specific, or tumoral core (TC)] of CD105 expression was also determined.



Data and statistical analysis

The primary endpoint of this study was to correlate the expression of CD105 and Ki-67 with survival data. MVD-CD105 and Ki-67 expression levels were dichotomized above and below the mean expression. Differences between groups were analyzed using the Mann–Whitney U test, Fisher’s exact test, and chi-square test, as appropriate. Correlation between continuous variables was analyzed via Pearson’s correlation coefficient. Survival data were evaluated using the Kaplan–Meier product-limit analysis and 95% confidence intervals (CI) were calculated. The log-rank test was used to detect statistically significant differences in survival distributions. Potential confounders and effect modifiers were assessed, and the impact on the outcomes was evaluated through the log-rank test. Differences were considered statistically significant at p <0.05. The software used for the statistical analysis was IBM SPSS Statistics 27.



Ethical approval

This study was approved by the Local Ethical Committee of Centro Hospitalar Universitário S. Joaão (Porto, Portugal) (no. 17/21) and conducted according to the National Ethical Guidelines.




Results


Patients’ demographics

Among the 102 GBM patients, there were 36 women (35.3%) and 66 men (64.7%). The median age at diagnosis was 58 years, ranging from 26 to 77. Most of the patients (90.2%, n = 92) had an ECOG status of 0 or 1, while 10 patients (9.8%) had an ECOG status of 2–3. The median OS was 19 months, while PFS-1 and PFS-2 were 8 and 5 months, respectively. Regarding the extent of resection, total resection was achieved in 52 (51%) patients, partial resection in 39 (38.2%) patients, and biopsy in 8 (7.8%) patients. Median follow-up time, defined as the median observation time for those patients who were event-free at the end of follow-up, was 26 months.

Seventeen patients were reoperated: 15 had one reoperation and 2 patients had two reoperations. The median age of the reoperated patients was 51 years. Regarding the first reoperation, 15 patients (88.2%) had a presurgical ECOG performance status of 0–1, while total resection was achieved in 10 patients (58.8%).

Full demographic and clinical data are depicted in Tables 1, 2.


Table 1 | Demographic and clinical parameters of the cohort.




Table 2 | Demographic and clinical parameters of patients submitted to reoperation.





Survival data

The median OS of all cohorts was 19 months (95% CI 16.67–21.33), the median PFS during TMZ (PFS-1) was 8 months (95% CI 6.77–9.23), and the median PFS while on BEV (PFS-2) was 5 months (95% CI 3.72–6.29). Reoperated patients had a median OS of 21 months (95% CI 15.35–26.65), although not statistically different from patients submitted to a single surgery. Patients who received a higher cumulative dosage of BEV were associated with a better OS, in comparison to those who received a lower cumulative dosage of BEV (29 vs. 17 months, p < 0.001, respectively) (Figure 1).




Figure 1 | Overall survival (OS) Kaplan–Meier curves according to the cumulative dosage of BEV.





MVD-CD105 and Ki-67 expression

Among the primary tumors, 94.8% (n = 91) showed CD105 positivity, while 5.2% (n = 5) had no CD105 expression. The mean MVD-CD105 expression in the 96 primary specimens analyzed was 15, ranging from 0 to 42.7 (SD: 9.84). Furthermore, in the recurrent tumoral specimens available (n = 16), 94% (n = 15) showed CD105 positivity, while 6% (n = 1) had no CD105 expression; a similar mean MVD-CD105 expression level was observed (16; SD: 12.56). Representative images of CD105 immunopositivity are depicted in Figure 2.




Figure 2 | Representative positive immunohistochemical staining with CD105 glomeruloid pattern expression (original magnification ×200).



Regarding Ki-67 expression, in the 80 primary specimens analyzed for this biomarker, the mean was 31%, ranging from 5% to 90% (SD: 17.3%). In the recurrent tumor specimens available, the mean Ki-67 expression was 29% (SD: 10.3%).

MVD-CD105, Ki-67, tumoral pattern, and location of CD105 expression data from primary and recurrent specimens are fully described in Table 3.


Table 3 | MVD-CD105, Ki-67, tumoral pattern, and location of CD105 expression.



In primary tumors, we found no statistically significant difference in the outcomes of patients with higher (above mean) and lower expression (below mean) of CD105 regarding PFS-1 (9 vs. 8 months, p = 0.388, respectively), PFS-2 (5 vs. 5 months, p = 0.343, respectively), and OS (20 vs. 19 months, p = 0.998, respectively) (Figure 3). Likewise, the mitotic index (Ki-67) level (above vs. below mean) was not statistically correlated with a better or worse OS (20 vs. 21 months, p = 0.619, respectively), PFS-1 (7 vs. 9 months, p = 0.569, respectively), or PFS-2 (5 vs. 6 months, p = 0.675, respectively). Additionally, we found no significant correlation between Ki-67 and MVD-CD105 expression (Pearson’s r = 0.05; p = 0.420). There were no differences between the different types of CD105 expression patterns and expression location concerning PFS-1, PFS-2, or OS.




Figure 3 | OS and PFS-2 Kaplan–Meier curves according to MVD-CD105 expression in the primary GBM.



Although we did not find differences in the primary tumor analysis, the same was not observed in the recurrent specimens. When analyzing recurrent GBM, increased MVD-CD105 was associated with an OS of 17 months, while low MVD-CD105 was associated with an OS of 26 months. The differences between these two groups were statistically significant (p = 0.007). PFS-2 was also significantly shorter in the group with a higher MVD-CD105 (2 months) in comparison to the lower MVD-CD105 group (8 months; p = 0.045) (Figure 4). A comparative analysis of the baseline characteristics between the two groups of MVD-CD105 expression showed no differences regarding age (p = 0.514, Mann–Whitney U test), ECOG performance status (p = 0.584, Mann–Whitney U test), and extent of resection (p = 1.00, Fisher’s exact test). Regarding Ki-67 expression in the recurrent GBM, there were no differences in PFS-2 or OS.




Figure 4 | OS and PFS-2 Kaplan–Meier curves according to MVD-CD105 expression in the recurrent tumor.



We analyzed whether the commonly known prognostic factors such as age, preoperative ECOG status, and extent of resection had an impact on OS and PFS-2. While age and extent of resection did not significantly affect OS and PFS-2, patients with a worse ECOG status (2 and 3) had a significantly worse OS in comparison to those with a better ECOG (0 and 1) (12 vs. 26 months, p = 0.039, respectively). The same trend was observed for PFS-2 (7 vs. 2 months), although these differences were not statistically significant (p = 0.148).

The variation of MVD-CD105 from the primary specimen to the first recurrence specimen did not show any impact on the outcomes. Patients with increasing MVD-CD105 had a median OS of 19 months (95% CI 12.60–25.40) versus 26 months (95% CI 11.39–40.61) in patients with a decrease in MVD-CD105 expression, although these differences had no statistical significance (p = 0.171, log-rank). No significant relationship was found between CD105 expression pattern and location and OS or PFS.




Discussion

GBM is one of the most aggressive tumors in humankind, mainly because it displays high angiogenic levels and the highest grade of vascular proliferation (9). This finding suggested the potential benefit of anti-angiogenic therapies, such as BEV, a monoclonal anti-VEGF-A antibody, which targets VEGF, an endothelial proliferating factor. Although BEV has shown a positive impact on PFS, the results of randomized clinical trials (RCTs) failed to show a positive effect on OS (14). This might happen due to unclear resistance mechanisms (20). Additionally, alternative angiogenic pathways have been investigated as drug targets. Both glioma cells and glioma-associated endothelial cells produce TGF-β superfamily ligands that bind TGF-β receptors (TGF-βR). The TGF-βR type III endoglin (CD105) is a marker of proliferating endothelium that has already been studied as a potential therapeutic target (13).

CD105 is one of the most specific markers of newly formed endothelial cells, meaning it is more valuable in recognizing angiogenesis in neoplastic tissue in comparison to CD31 and CD34, which are pan-endothelial markers, staining also for normal endothelial cells. The expression levels of CD105 in the tumoral specimen seem to be more closely correlated with the expression of VEGF (in comparison to other endothelial biomarkers); thus, we can hypothesize that higher levels of CD105 in tumoral tissue would mean a better response to BEV as there would be more VEGF expressed within the tumor (9, 11).

In this study, we evaluated the prognostic and therapy response significance of CD105 and the proliferation index (Ki-67) in primary and recurrent tumoral specimens of a cohort of GBM patients. Of note, all recurrences were further treated with anti-angiogenic therapy.

When assessing primary tumoral specimens, higher or lower MVD-CD105 expression had no major impact on PFS-1, PFS-2, and OS. We identified five studies addressing MVD-CD105 and OS which reported variable prognostic effects of CD105 expression (5, 10–13). This might be due to different factors: the variability in the reactivity of endothelial cell antibodies, tissue pretreatment procedures, methodology for vessel counting used, and statistical analysis performed (11). Regarding the methodology used for IHC analysis, the majority used the same approach as in our study, while Burghardt et al. used a different IHC score for CD105 density, more specifically the histoscore (H-score) (13), and Polívka et al. used a quantitative approach (12). Studies that identified a correlation between an increase in MVD-CD105 and a worse OS were considered: Behrem et al. studied a smaller group of patients (46 patients), and other potential important variables that could influence the results were not analyzed (particularly preoperative ECOG status and extent of resection) (10); Yao et al. also found the same association as the previous study, but the group of patients studied was much different as it included all types of astrocytic tumors (11); Polívka et al. also found a statistical association but included a smaller group of patients (52 patients) (12). Our study did not find any significant association between primary MVD-CD105 expression and OS, which is in line with other studies, although we present a larger cohort of patients (n = 96) (5, 13).

Reviewing the current evidence, it is important to note that all studies on CD105 expression and its impact on OS and PFS did not limit their samples to patients exclusively treated with anti-angiogenics upon recurrence. This means that our study is unique as it only includes patients treated with BEV and we were able to assess the relationship between CD105 expression in available recurrent GBM and clinical outcomes. To our knowledge, no study has analyzed the association between MVD-CD105 and progression-free survival in patients submitted to anti-angiogenics (PFS-2). It could be anticipated that patients with higher MVD-CD105 expression would respond better to anti-angiogenic agents, since these are the ones with presumably higher VEGF levels—the therapeutic target of BEV. However, we observed the opposite, i.e., higher expression of CD105 in recurrent specimens was associated with more aggressive disease and lower progression-free survival while on BEV (PFS-2).

Herein, patients who received a higher cumulative dosage of BEV had a better OS (29 months) in comparison to those receiving a lower dosage (17 months). However, previous RCTs studying BEV in GBM have shown no positive impact of BEV on OS (14). This result might be explained by the fact that patients with a higher cumulative dosage of BEV are those who, in fact, better respond to this therapy and, consequently, have a longer duration of treatment.

Regarding Ki-67, although a recent meta-analysis pointed to a predictor utility of this proliferation biomarker, our study did not disclose any differences regarding prognostic outcomes. As the authors pointed out, the conclusion of the meta-analysis may be affected by publication biases, namely, fewer publications reporting the absence of prognostic associations (16). Furthermore, since higher levels of CD105 and Ki-67 seem to be associated with more aggressive tumors, we investigated whether these two markers were associated (10–12, 16). Although Behrem et al. found a statistically significant correlation between the two biomarkers in 46 patients with GBM, our study did not disclose any association (10).

We also analyzed tumoral location and pattern for CD105 expression in the GBM specimen. Tamura et al. showed that tumoral cells mainly located in the peripheral brain zone (PBZ) or infiltrative zone had a molecular composition suggesting the presence of more immature vessels, while tumoral cells located in the core had a positive expression for VEGF receptors 1 and 2, which meant a tumor with more mature blood vessels. The immature vessels in PBZ could be resistant to BEV therapy (21). We would predict that aggressiveness would be higher in tumors with PBZ CD105 infiltration in comparison to CD105 localized to the tumoral core. However, we did not find any association between TC and PBZ CD105 localization and PFS-2 and OS. Glomeruloid vascular proliferations (GVPs) are composed of multiple layers of endothelial cells with a high degree of proliferation, resulting in a more aggressive tumoral behavior and a worse prognosis in GBM patients. Furthermore, the formation of a larger GVP with tumoral necrosis and hypoxia could be an important cause of relapse to BEV therapy (22). Despite this, we did not find any prognostic difference between patients with a glomeruloid pattern in their tumoral specimens in comparison to other patterns.

To our knowledge, we show for the first time that higher MVD-CD105 at recurrence is correlated with a worse OS (17 vs. 26 months) and PFS-2 (2 vs. 8 months) in patients treated with anti-angiogenic. GBM is a very heterogeneous disease composed of a variety of subclonal populations with different genetic, transcriptomic, and functional characteristics. Inevitably, this leads to treatment resistance as some subclonal populations can escape to therapeutic agents. Consequently, when a tumor sample analyzed at recurrence is obtained, it will probably be genetically and phenotypically different from its respective primary tumor, highlighting the importance of capturing the molecular evolution of recurrent tumors, by analyzing both primary and recurrent samples (23). Only one study addressing CD105 expression has managed to compare newly diagnosed and recurrent GBM specimens from the same patient, showing no statistical difference in CD105 levels between the two (13). We confirmed that the average CD105 expression is similar in primary and respective recurrent samples, but also showed that a higher MVD-CD105 expression in the recurrent samples has a negative impact on OS (17 vs. 26 months) and PFS-2 (2 vs. 8 months) in patients further submitted to BEV-based therapy. This finding could be regarded as unexpected since a higher MVD-CD105 is associated with a higher VEGF expression and VEGF is the target of BEV therapy (11). The explanation could lie in the fact that higher MVD-CD105 means a higher degree of proliferation of the endothelial cells, which consequently enhance tumoral invasion and worsen the patient’s OS and response to BEV therapy (7, 8).

It has been previously shown that the inhibition of a specific factor can trigger feedback mechanisms that activate alternative oncogenic pathways (20). Zhang et al. demonstrated that when BEV is administrated (in vitro and in vivo), there is an inhibition of VEGF with an activation of the TGF-β1 pathway and a consequent upregulation of CD105 expression via the TGF-β–CD105–Smad pathway (24). There is also evidence from other cancers, such as colorectal cancer, that treatment with BEV therapy elevates the levels of CD105, in comparison to patients not treated with this drug. Therefore, CD105 could be an intrinsic or adaptive escape mechanism to anti-angiogenic therapy (BEV) (25). Interestingly, TRC105, a chimeric antibody targeting CD105, seems to enhance the effect of bevacizumab in vivo (26).

Studies targeting endoglin, as either monotherapy or combined with other (anti-angiogenic) therapies, have been performed. Although the clinical benefit was modest, the combined TRC105/anti-VEGF therapy appeared to be effective in VEGF therapy refractory patients and in preclinical models. Endoglin expression has also been reported in tumor-infiltrating Tregs, macrophages, cancer-associated fibroblasts, and cancer (stem) cells. This could contribute to the efficiency of TRC105, since targeting those cells might enhance antitumor responses. Additionally, preclinical studies have shown that immunomodulatory therapies increase TRC105 efficiency. In this perspective, the combination with checkpoint inhibitors might potentiate its efficiency. Considering the crosstalk between the endoglin and VEGF pathways, one might hypothesize that, in recurrent GBM patients highly expressing CD105, combined TRC105/anti-VEGF therapy could be a potential therapeutic strategy, reserving anti-angiogenic monotherapy for recurrent GBM patients with low levels of CD105 expression. It remains unknown whether these possible strategies benefit any subgroup of patients (27). Two phase II clinical trials have been performed to study the potential benefit of TRC105 and BEV in patients with recurrent GBM. The first one included patients previously treated with BEV who progressed and received TRC105 as an additional therapy. A median OS of 5.75 months which exceeded the 4.0 months seen in patients with BEV alone was observed (28). The second one studied the association of TRC105 with BEV in a population of BEV naive patients with recurrent GBM, compared with BEV-only-treated patients. Preliminary results did not show any statistical differences between the two arms regarding OS and PFS-2 (29).

We have shown in our study that CD105 expression in primary tumoral specimens had no impact on PFS or OS. The same was not true in the recurrent specimens, where a higher expression of CD105 was associated with a worst response to subsequent anti-angiogenic therapy. The fully described process of neoangiogenesis throughout GBM progression and its impact on the outcome at several timepoints of the disease is not known. Some authors have shown that temozolomide and bevacizumab can trigger different proliferative, apoptotic, and angiogenic responses. In fact, TMZ and BEV decrease GBM–endothelial cells and tube formation viability but only transiently. On the other hand, these agents promote a downregulation of p53 expression. Furthermore, although CD105 is highly expressed in activated GBM–endothelial cells in primary and recurrent tumors, its functional activity as an accessory protein of the transforming growth factor receptor might be different throughout the disease. This could justify the different correlations with the outcome at different points in the course of the disease. Serial analysis of gene expression of angiogenesis modulators could help to understand which collateral and different signaling pathways are driving aberrant new vessel formation and their relative instability (30). There is a shifting paradigm in which oncology clinicians and researchers should track the molecular evolution of the tumor with time, addressing different targets over the course of the disease. In this perspective, the availability of recurrent tumor samples is paramount. It can be of interest to study the administration of this combined therapy in GBM patients with higher levels of CD105 in the recurrent setting.

Some strengths and limitations of this study should be addressed. The strengths include a robust sample size, availability of recurrent specimens, IHC evaluation with central pathology review, and blinded outcome assessment. As limitations, there is the common issue of IHC regarding the selection of the representative tumoral block as there may be a significant variation between blocks (19, 31). We also did not measure VEGF expression in the tumoral specimens which might have been useful to correlate with the levels of CD105, as some studies report a parallel correlation (9, 11). Additionally, we were not able to analyze the differences of pre-existing tumor vessels after anti-angiogenic treatment due to the lack of available tumor tissue in the context of second recurrences. Furthermore, IDH status and MGMT methylation were not routinely performed at our center before 2016, and thus, this important prognostic information was not available (32, 33). Because of the retrospective nature of this study, there were some missing data that could have influenced our results.



Conclusion

In this study, the higher expression of MVD-CD105 in recurrent GBM specimens seems to be associated with worse progression-free survival and overall survival in patients treated with anti-angiogenics upon recurrence, whereas CD105 expression in the primary tumor had no impact on survival outcomes. This highlights the importance of tracking the molecular evolution of the tumor over time. Further prospective studies are needed to confirm the prognostic value and the interest in the combined blockade of CD105 and VEGF in specific subgroups of patients.
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TRAF3IP3 was reportedly associated with poor prognosis in patients with melanoma; however, its role in glioma is unknown. We aimed to demonstrate the relationship between TRAF3IP3 and glioma and to investigate the potential role of TRAF3IP3 in glioma. Datasets were collected from The Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO) databases. We used the Wilcoxon rank-sum test to compared TRAF3IP3 expression in normal and glioma tissues. Kaplan–Meier analysis was performed to evaluate the correlation between TRAF3IP3 and patient survival rate. Gene set enrichment analysis (GSEA) was used to annotate the biological function of TRAF3IP3 in glioma. We also examined the effects of TRAF3IP3 on glioma progression, including characteristics such as cell proliferation, migration, and invasion, using cell proliferation, wound healing, and Transwell assays, respectively, paired with in vitro glioma cell lines and in vivo mouse xenograft models to determine the molecular mechanisms underlying these effects. High TRAF3IP3 expression in glioma tissues was associated with patients with neoplasm cancer tissue source site, and poorer overall survival (OS) (p = 0.03), which was validated using TCGA. GSEA revealed the enrichment of neuroactive ligand–receptor interactions, the olfactory pathway, proteasome pathway, cytokine–cytokine receptor interactions, and calcium signaling pathway in the TRAF3IP3 high-expression phenotype. TRAF3IP3 knockdown markedly suppressed the proliferation, migration, and invasion abilities of U251 glioma cells, whereas TRAF3IP3 overexpression notably promoted the progression of U118 cell tumors. Mechanistic studies revealed that TRAF3IP3 upregulated p-ERK expression in glioma cells. Notably, the ERK signaling pathway inhibitor U0126 drastically attenuated the effects of TRAF3IP3 on p-ERK and markedly blocked its tumor-promoting activity. TRAF3IP3 overexpression also promoted in vivo tumor growth in a nude mouse xenograft model. Collectively, TRAF3IP3 stimulates glioma cell proliferation, migration, and invasion, at least partly by activating the ERK signaling pathway. We hypothesize that TRAF3IP3 may participate in glioma development via the ERK signaling pathway and that elevated TRAF3IP3 expression may serve as a potential biomarker for glioma prognosis.
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Introduction

Glioma is one of the top three malignant brain tumors in adults (1, 2). The tumor originates from neuroepithelial tissue and is characterized by high proliferation, invasion, and metastasis (3). The prognosis of patients with glioma is extremely poor, with an average survival rate of only 14.4 months (4). After surgery, cancer recurs in most patients within 6 months, posing a great challenge to the clinical treatment of gliomas (5). The development of chemotherapy drugs, such as temozolomide, has prolonged the survival of patients; however, drug resistance remains an issue (6). In addition, there are no reliable and accurate biomarkers for identifying the early stages of glioma. Therefore, it is necessary to identify new tumor progression-related biomarkers and new targets for the treatment and prognostic evaluation of patients with gliomas (7).

TRAF3IP3, also known as TRAF3-interacting Jun N-terminal kinase-activating modulator (T3JAM), was first identified in 2003. It can specifically interact with tumor necrosis factor receptor-associated factor 3 (TRAF3). The combination of TRAF3IP3 and TRAF3 can form a detergent-insoluble complex that mediates the activation of the JNK signaling pathway. Previous studies have shown that TRAF3IP3 is mainly involved in T cell immunity and antiviral infection (8). It also reportedly plays a role in tumor development (9). Recently, it was reported that TRAF3IP3 is highly expressed in melanoma and closely related to tumor proliferation, invasion, and metastasis. Interestingly, higher expression levels of TRAF3IP3 in patients with melanoma predicted a poorer patient prognosis (10). However, TRAF3IP3 expression in gliomas and its correlation with patient prognosis have not been reported.

This study identified TRAF3IP3 expression profiles in glioma and its association with the disease to analyze its predictive value for the prognosis of patients with glioma. To investigate the differential TRAF3IP3 transcriptional and proteomic expression and clarify the potential prognostic value of TRAF3IP3 in patients with glioma, we analyzed gene expression profiles and clinical data from The Cancer Genome Atlas (TCGA) and various public databases, deciphering the underlying biological interaction networks, and the prognostic value of TRAF3IP3 gene expression. We confirmed that TRAF3IP3 regulated the proliferation, migration, and invasion of glioma cells in vitro. Silencing TRAF3IP3 expression significantly suppressed U251 cell proliferation compared to the controls. Fluorescence imaging experiments in nude mice showed a significant difference in tumor growth 21 days after the injection of TRAF3IP3-overexpressing glioma cells. TRAF3IP3 promoted glioma cell growth in vivo. In this study, we demonstrated that TRAF3IP3 promoted glioma proliferation by activating the ERK signaling pathway. U118 cells transfected with the PCDH/TRAF3IP3 vector were treated with or without the ERK pathway inhibitor U0126. We found that U0126 treatment significantly inhibited cell proliferation, migration, and invasion in PCDH/TRAF3IP3-transfected glioma cells and that the activation of the ERK signaling pathway mediated by TRAF3IP3 overexpression could be rescued by U0126. Our results indicate that TRAF3IP3 plays a key role in glioma progression.



Materials and methods


Data collection and differentially expressed genes

Gene expression profile data of glioma (GBM) GSE50161 (11) and GSE108474 (12) were downloaded from the Gene Expression Omnibus (GEO) database (13) using the R package GeoQuery and were divided into the tumor and normal tissue groups based on gene expression. The R package TCGAbiolinks (14) was used to obtain the gene expression profile and clinical data of patients with glioma from TCGA database. Detailed data on patients with GBM and the control groups are shown in Table 1.


Table 1 | Basic clinical information sheet.



The R package limma (15) was used to analyze differentially expressed genes (DEGs) in GBM tumor tissues relative to normal and adjacent tissues. In the three datasets, genes with adj p-value < 0.05 were deemed as DEGs, genes with log FC > 1 and adj p-value < 0.01 were considered upregulated genes, and genes with log FC < -1 and adj p-value < 0.01 were considered downregulated genes. We screened the intersection of DEGs of the three datasets to obtain the common DEGs.



Function and pathway enrichment analysis

In this study, two functional enrichment analyses were used. The Gene Ontology (GO) function annotation analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of the common DEGs were performed using the R software package clusterProfiler.



Gene set enrichment analysis (GSEA)

GSEA (16) was performed using the GSEA package in R. Analysis was performed using default parameters. Functional and pathway enrichment analyses were performed on the DEGs in the high and low TRAF3IP3 expression groups.



Construction of a protein–protein interaction (PPI) network

Using the Human Protein Reference Database (HPRD) to obtain the PPI network related to DEGs, we extracted the interaction subnets directly connected to at least 25 DEGs and visualized the obtained PPI network model with Cytoscape (17), using cytoHubba (18) to extract key subnets. Closely connected local regions in the single gene-related PPI network may represent molecular complexes and have specific biological functions, and ClueGO (19) was used for functional annotation.



TRAF3IP3 expression grouping analysis

Patients were divided into high- and low-expression groups according to the TRAF3IP3 expression value in their tumor tissue. The difference between the TRAF3IP3 high-expression and low-expression groups was analyzed, and the prognosis of patients was evaluated at the gene expression level.



Quantitative real-time PCR

Total cellular RNA was isolated from HMC3, U87, HS683, U251, and U118 cells using the TRIZOL reagent (15596-018, Invitrogen, USA), dissolved in RNase-free H2O, and stored at -80°C. cDNA synthesis was performed using M-MLV Reverse Transcriptase (AT341, TransGen, China) following the manufacturer’s instructions. The PCR system was used to amplify all transcripts using the AceQTM Universal SYBR Qpcr Master Mix (Q511-03, vazyme). A reaction mixture (total volume, 20 µL) was prepared using cDNA (8 μL), SYBR® Green Master Mix (10 μL), upstream and downstream primers (0.5 μL), and ddH2O (1 μL). The qPCR was performed under the following conditions: pre-denaturation at 95°C for 5 min, denaturation at 95°C for 10 s, and annealing at 60°C for 30 s. Steps 2–3 were repeated for 40 cycles, and thereafter at 95°C for 15 s, at 60°C for 60 s, at 95°C for 15 s, and at 4°C. Target gene mRNA expression was verified and analyzed using the Illumina eco real-time PCR system using GAPDH as an internal standard. Quantification was performed by normalizing the expression levels of the target genes to the GAPDH expression levels; the expression levels of the genes were calculated using the 2-ΔΔCt method. All experiments were performed in triplicate.



Western blotting

For western blot analysis, cell lysates were prepared from cell lines or tissues with a RIPA lysis buffer kit (P0013B, Beyotime, China), and the protein concentrations were quantified using a Beyotime protein assay (P0010, Beyotime, China). Whole-cell proteins were separated using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride membranes (Millipore, USA). The blots were blocked with 5% skim milk powder in TBST for 1 h at room temperature and incubated overnight with the following primary antibodies: TRAF3IP3 (ER65081, Huaan Bio, China, 1:1000), ERK (#4695, cst, 1:1000), p-ERK (#4370, cst, 1:2000), and GAPDH (#5174, 1:20000). Following three washes with TBST buffer, the membranes were incubated with secondary goat anti-rabbit (#7074, cst, 1:5000) or goat anti-mouse antibodies (#7076, cst, 1:5000) for 1 h at room temperature, followed by three washes with TBST buffer. Signals were detected using an enhanced chemiluminescence kit (Thermo, USA) and exposed to a film (4741023953, Guangxi Juxing Medical Instrument Co., Ltd). The protein density was normalized to that of GAPDH.



Cell lines and cell culture

Human glioma cell lines U251, U87, U118, Hs683, and human microglial cell line HMC3 were obtained from Shanghai Fuheng Biotechnology Co., Ltd. Cells were cultured in DMEM (Gibco) supplemented with 10% fetal bovine serum (Gibco). HEB cells were cultured in microglial medium (Gibco). All cell lines were cultured at 37°C and under 5% CO2 conditions.



Lentivirus construction and cell transfection

A lentivirus system encoding shRNA targeting a scrambled sequence and TRAF3IP3 mRNA was used for the knockdown. Sequences targeting TRAF3IP3-sh1 5′-CCATCAAGAAGCCACCCAA-3′ and TRAF3IP3-sh2 5′-CCACGTGCTTCAGTCCAAA-3′ were cloned into the PGIPZ-puro. The coding sequence of human TRAF3IP3 was synthesized and subcloned into a PCDH vector to construct overexpression plasmids. TRAF3IP3-F: AGCGAATTCGCCACCatgatcagcccagacccca; TRAF3IP3-R: GGATCCGATTTAAATtcagatcatcaggttgtctt. The integrity of the plasmid constructs was confirmed by DNA sequencing. Together with the packaged plasmids, the constructed plasmids were transfected into U118 or U251 cells. After 48 h, the supernatant containing the target lentivirus was collected. Lentivirus infection was performed on cells at 80% confluency with a multiplicity of infection (MOI) of 50. Cells were used for downstream assays or transplantation 72 h after infection.



Cell proliferation assay

The Cell Counting Kit-8 (CCK-8, BBI Life Sciences, E606335-0500) was used to assess the cell proliferation rate. For the cell proliferation assay, U251 cells were infected with lentivirus containing TRAF3IP3 shRNA or scramble shRNA and seeded into 24-well plates. U118 cells were infected with lentivirus containing the PCDH vector or an empty vector. After 96 h, U251 or U118 cells were digested with 0.25% trypsin (Gibco, 25200-056). Cell suspensions were seeded at a density of 3×103 cells/well in 96-well culture plates with three identical wells as duplicate wells, followed by overnight incubation in a 5% CO2 humidified incubator at 37°C. After removing the medium, 10 μL of CCK-8 solution was added, and cells were incubated for 1 h at 37°C under 5% CO2 conditions. Absorbance was measured at 450 nm using an ELISA plate reader (EPOCH2, BioTek, USA). The OD450 value is inversely proportional to the degree of cell proliferation. Each group comprised three duplicate wells, and the assays were independently performed three times.



Wound healing assay

Cells (1 ×105/600 μL/well) were seeded in 12-well plates and cultured overnight at 37°C to form a confluent monolayer. Then, an artificial wound was made in the monolayer with a 1 mL pipette tip and washed three times with PBS. Cell activity was recorded every 24 h using an inverted microscope. The test was completed after 48 h. The wound was analyzed using the ImageJ software (version 1.80, National Institute of Health, Bethesda, MD, USA).



Transwell assay

Transwell invasion assays were performed using Transwell chambers with Matrigel (354480, CORNING). Briefly, 600 μL of 10% FBS-containing medium was placed in the lower chamber, and 2×104 cells suspended in 100 μL serum-free medium were seeded into the upper chamber for 24 h. After 24 h, cells migrated through the Matrigel were fixed with 4% paraformaldehyde (A500684, BBI Life Sciences, China), stained with 0.1% crystal violet (E607309, BBI Life Sciences, China), and counted under a microscope.



Animal models

Twelve female BALB/c nude mice at 6 weeks of age, weighing 18–22 g, were obtained from Shanghai Jihui Experimental Animal Feeding Co., LTD (Shanghai, China) and bred in a special pathogen-free (SPF) grade laboratory at Tongji University. The mice were housed under a 12:12 h light:dark cycle environment, with ad libitum access to food and water. All experiments were approved by the Animal Care and Use Committee of Tongji University. A total of 5×104 U118-GFP-expressing cells or U118 TRAF3IP3-GFP-expressing cells were injected in situ into the right caudate nucleus of BALB/c nude mice (six mice per group). Images were captured 1 week after injection and 2 weeks later using a Caliper Life Sciences camera (Ivis Lumina Xr).



Immunohistochemistry

Paraffin-embedded sections of tumor tissues from nude mice were de-paraffinized using different concentrations of ethanol (100, 95, 85, and 75%) and rehydrated with deionized water. These slices were then immersed in EDTA solution (pH 9.0, G1203, Servicebio) and heated, maintaining the temperature between 95°C and 100°C for 30 min. After washing with PBS, the sections were incubated with a 3% hydrogen peroxide solution for 25 min. The sections were then incubated with primary antibodies targeting Ki67 (1:1000, GB111141, Servicebio) and PCNA (1:500, 10205-2-AP, Proteintech) overnight at 4°C and then stained using HRP-labeled goat anti-rabbit IgG or anti-mouse IgG (Servicebio GB23303).



Statistical analysis

All data are expressed as the means ± standard deviations (SDs). Comparisons between two groups were analyzed using the Student’s t-test. Comparisons among multiple groups were made using one-way analysis of variance (ANOVA), followed by Dunnett’s test. Statistical significance was set at p < 0.05, p < 0.01, or p < 0.001.




Results


DEGs in gliomas

Using the limma package, we analyzed the DEGs in gliomas in the three datasets and obtained a set of genes whose expressions were significantly upregulated or downregulated in glioma tissues (Figures S1A–C). In addition, we performed a cluster analysis of the expression values of DEGs using the three datasets. The results indicated that the DEGs in each group could distinguish tumor tissues from normal tissues (Figures S1D–F).

Subsequently, we screened the intersection of DEGs in the three datasets (Figure 1A), obtaining 5383 DEGs shared by the three datasets. To verify the impact of DEGs on clinical diagnosis, we used DEGs and data groupings to plot a classification heat map (Figures 1B–D) and determined that DEGs can distinguish diseased samples from normal specimens.




Figure 1 | Differentially expressed genes(DEGs) and enrichment analysis in glioma. (A) Screening of the intersection of DEGs in the three datasets yielded 5,383 DEGs shared between the three datasets. (B–D) DEGs can distinguish tumor tissues from normal tissues in each grouping, which has significant representativeness. (E–H) GO function enrichment analysis on DEGs and enrichment of BP, CC, MF. (I, J, L) KEGG pathway enrichment analysis. (K) GO enrichment analysis.





Screening of key genes

To identify potential genes that could serve as biomarkers of glioma prognosis, we first performed a GO analysis of the DEGs. DEGs were mainly enriched in the modulation of chemical synaptic transmission and regulation of transsynaptic signaling, synaptic membrane, presynaptic, tubulin binding, cell adhesion molecule binding, among other biological processes, cell components, and molecular functions (Figures 1E–H, Table 2). Next, KEGG analysis of the DEGs was performed. The results showed that DEGs were enriched in the oxytocin signaling pathway, protein processing in the endoplasmic reticulum, human papillomavirus infection, cell cycle, and other biological pathways (Figures 1I, J, L). In addition, the GO analysis results showed that DEGs were significantly enriched in epilepsy syndrome, retinoblastoma, retinal cell carcinoma, hereditary breast cancer, and other diseases (Figure 1K).


Table 2 | DEG enrichment analysis between glioma tissue and tumor tissue.



To identify the impact of genes that could serve as glioma prognosis predictors at various stages of glioma development, we downloaded the PPI information from the HPRD database, removing the isolation data nodes, loop interactions, repeated interactions, etc., and extracted the PPI network related to DEGs in the network (Figure 2A). To determine PPI networks closely related to DEGs in gliomas, we extracted at least 25 DEGs that interacted with non-DEGs as subnets (Figure 2B). We visualized the network with Cytoscape using the cytoHubba plug-in roots to extract the interaction subnet of the top 15 genes. Genes in the PPI subnet were significantly enriched in cancer pathways, MAPK signaling pathways, hepatitis B, pancreatic cancer, colorectal cancer, and other pathways (Figure 2C).




Figure 2 | Key genes and their interaction networks. (A) The protein-protein interaction (PPI) network related to DEGs. (B) GO enrichment analysis of DEGs-related PPI network. (C) KEGG enrichment analysis of the PPI network associated with DEGs. (D) ABCB8 gene subnet and its function. (E) ARHGAP11A gene subnet and its function. (F) WIPI1 gene subnet and its function. (G) RHOQ gene subnet and its function. (H) TRAF3IP3 gene subnet and its function.



By analyzing the glioma-related DEGs and PPI subnets, we obtained five key genes: TRAF3IP3, WIPI1, ARHGAP11A, ABCB8, and RHOQ. To accurately analyze the mechanism of each key gene, we extracted the PPI subnet of each key gene from the STRING database. We used Cytoscape to visualize the critical gene subnets and used the ClueGO plug-in for functional enrichment analysis (Figures 2D–H).



TRAF3IP3 may serve as an important indicator for glioma diagnosis and prognosis

To determine the value of the key genes, we analyzed their differential expression in normal and tumor tissues (Figures 3A–E) and classified the expression levels (Figure 3F). The results showed that TRAF3IP3, WIPI1, ARHGAP11A, and RHOQ were significantly differentially expressed in normal and tumor tissue, displaying good classification performance. As a result, TRAF3IP3 may serve as an important indicator for glioma diagnosis. We analyzed the impact of key genes on the overall and disease-free survival time (Figures 3G–K). The results showed that TRAF3IP3 and ABCB8 expression significantly impacted the OS of patients, whereas WIPI1 expression had a significant impact on the disease-free survival of patients. Therefore, TRAF3IP3 may be an important prognostic factor in gliomas.




Figure 3 | Key genes and their prognostic value. (A–E) The differential expression of five key genes in normal and tumor tissue. (F) ROC curve and AUC value of five key genes in normal and tumor tissue. (G–K) The impact of the expression of the five key genes in tumor tissue on the OS and DFS of patients and their significance.





GSEA of TRAF3IP3-related DEGs

To further analyze the influence of TRAF3IP3 expression in glioma, we identified DEGs between the TRAF3IP3 high- and TRAF3IP3 low-expression groups (Figures S2A, B). We performed functional annotations of the DEGs between the two groups (Table 3). The results showed that the DEGs between the TRAF3IP3 high- and low-expression groups were significantly enriched in autophagy, autophagy mechanisms, proteasome protein catabolism, proteasome-mediated ubiquitin-dependent protein catabolism, mitochondrial matrix, cell-substrate connection, interneuron synapse, cell adhesion molecule binding, protein serine/threonine kinase activity, and ubiquitin-like protein ligase binding as GO terms (Figures 4A–D). In addition, annotations in the DEGs between the TRAF3IP3 high-and low-expression groups were significantly enriched in herpes simplex virus type 1 infection, Salmonella infection, ubiquitin-mediated proteolysis, T cell leukemia virus type 1 infection, and neurodegeneration changes in a variety of diseases, small cell lung cancer, cell cycle, and other biological pathways (Figures 4G, H). Salmonella infection is a major public health concern. Infection in humans can be chronic and increase the risk of cancers (20). Ubiquitin-mediated proteolysis is reportedly associated with pancreatic cancer metastasis (21). Human T cell leukemia virus type 1 (HTLV-1) mainly infects CD4+ T cells and induces chronic, persistent infection in infected individuals, with some developing adult T cell leukemia/lymphoma (ATL) (22). Glioblastoma is one of the most aggressive and frequent primary brain tumors. This type of glioma expands and infiltrates into the brain, causing neuronal degeneration and neurological decay (23). A previous study has shown that high TUBA1C expression is associated with poor prognosis in patients with glioma. TUBA1C inhibition reduced glioma cell proliferation through cell cycle arrest (24). Thus, TRAF3IP3 may be associated with cancer progression-related pathways. Furthermore, we analyzed the disease gene network (DGN) and the cancer gene network (CGN), wherein the DEGs between the TRAF3IP3 high- and low-expression groups were significantly enriched (Figures 4E, F). These DEGs were significantly enriched in glioblastoma, invasive breast cancer, bladder cancer, and other tumors. TRAF3IP3 is involved in marginal zone B lymphocyte development and survival. TRAF3IP3 contributes to MZ B cell survival by upregulating autophagy, thereby promoting the TI-II immune response (25). TRAF3IP3 was associated with the OS of patients with T1-4N0-2M0 in TCGA dataset. TRAF3IP3 can be used as a prognostic signature for OS in patients with lung adenocarcinoma (26). Gastric cancer is one of the leading causes of cancer-associated mortality. Recent studies show that TRAF3IP3 positively correlated with pathological tumor and lymph node stages (27). Therefore, TRAF3IP3 may be involved in glioma progression.


Table 3 | Enrichment analysis of DEGs between TRAF3IP3-high expression group and TRAF3IP3-low expression group.






Figure 4 | TRAF3IP3-related differential expression gene enrichment analysis. (A–D) GO function enrichment analysis using the differentially expressed genes between the TRAF3IP3-high expression group and TRAF3IP3-low expression group, displaying BP, CC, MF. (E) DGN enrichment analysis. (F) NCG enrichment analysis. (G) KEGG enrichment analysis. (H) The connection between the enriched KEGG pathways.



To further identify the functions related to the DEGs in the TRAF3IP3 high-and low-expression groups, we performed enrichment analysis on different GSEA datasets and found that these genes were significantly enriched in neuroactive ligand-receptor interactions, olfactory transmission, proteasome, cytokine–cytokine receptor interaction, and calcium signaling pathway in KEGG biological pathways (Figure 5A). They were also significantly enriched in the detection of stimuli in sensory perception, the adhesion of homophilic cells through plasma membrane adhesion molecules, mitochondrial membrane tissue keratinization, sensory perception, and other biological processes (Figure 5B); cation channel complex, cytoplasmic ribosomal large subunit, endopeptidase complex, extracellular matrix, mitochondrial ribosomal large subunits, and other cellular components (Figure 5C); and in cation channel activity, cytokine activity, gated channel activity, G protein-coupled receptor activity, metal ion transmembrane transport protein activity, and other molecular functions (Figure 5D). A biological information analysis suggested that neuroactive ligand-receptor interactions may be associated with glioma (28), which is consistent with our results. Despite all other cells that have the potential to prevent cancer development and metastasis through tumor-suppressor proteins, cancer cells can promote the activity of the ubiquitin-proteasome system (UPS) to degrade tumor-suppressor proteins and avoid apoptosis. As less invasive chemotherapy drugs, UPS inhibitors are increasingly used to alleviate the symptoms of various malignant cancers. Ubiquitin-proteasome is associated with cancer development (29). A previous study demonstrated that the DEGs in glioma were significantly enriched in the cytokine–cytokine receptor interaction, which is consistent with our study (30). We also carried out enrichment analysis on the cancer characteristic gene set and immune characteristic-related gene set (Figures 5E, F). The cancer characteristic gene set included PTEN, IL21, KRAS, etc. Loss of the tumor-suppressor molecule PTEN is among the most common molecular dysfunctions associated with glioma malignancy (31). Besides, interleukin-21 (IL21) increases the reactivity of allogeneic human Vγ9Vδ2 T cells against primary glioblastoma tumors. IL-21 increased intracellular granzyme B levels and cytotoxicity of allogeneic human Vγ9Vδ2 T lymphocytes in vitro (32). Kirsten rat sarcoma viral oncogene (KRAS) expression exhibited a positive correlation with the ERK pathway. KRAS overexpression promoted glioma proliferation and invasion (33). The immune characteristic-related gene set included IL2, NOD2, IL21, etc. Interleukin-2 and histamine jointly inhibit tumor growth and angiogenesis in malignant glioma (34). A study showed a significant correlation between nucleotide oligomerization domain 2 (NOD2) variants and a higher risk of glioblastoma (35). Therefore, TRAF3IP3 may be associated with glioma progression-related pathways.




Figure 5 | GSEA of differentially expressed genes (DEGs) related to TRAF3IP3. (A–C) TRAF3IP3-related DEGs are mainly enriched in terms in KEGG/BP/CC/MF/oncogenic/immunologic, the relationship between each term, and the activation or inhibition of genes in term. (D–F) GSEA of DEGs related to TRAF3IP3.





TRAF3IP3 regulates glioma cell proliferation, migration, and invasion in vitro

To investigate the role of TRAF3IP3 in glioma development, TRAF3IP3 expression in glioma cell lines was detected using qRT-PCR and western blot (Figure 6A). We showed that TRAF3IP3 expression was upregulated in glioma cell lines compared to human glial cell line HEB. These results indicate that TRAF3IP3 may be involved in glioma development.




Figure 6 | TRAF3IP3 promotes tumor progression in vitro and in vivo. (A) The levels of TRAF3IP3 in glioma cell lines were detected using qRT-PCR and western blot, *** vs HEB p < 0.001. (B) The overexpression efficiency was verified after overexpression of TRAF3IP3 in U118 glioma cells, ***p < 0.001. (C) The knockdown efficiency was verified after knockdown of TRAF3IP3 in U251 glioma cells, ***p < 0.001. (D) Cell proliferation was significantly increased in U118 glioma cells infected with PCDH/TRAF3IP3 vector compared with the NC group and control group, *** p < 0.001. (E) CCK-8 assays showed that silencing of TRAF3IP3 expression significantly suppressed cell proliferation of U251 cells compared with the NC group and control group, **p < 0.01. (F) EdU assay revealed that overexpression of TRAF3IP3 in U118 glioma cells significantly promoted cell proliferation, *p < 0.05. (G) Knockdown of TRAF3IP3 in U251 glioma cells significantly reduced cell proliferation, *p < 0.05, **p < 0.01. (H) Wound-healing assay showed that the ectopic overexpression of TRAF3IP3 could obviously enhance the migration rate of U118 cells, **p < 0.01. (I) TRAF3IP3 knockdown in U251 cells had the significant opposite effect, **p < 0.01. (J) Ectopic expression of TRAF3IP3 significantly enhanced the invaded rate of glioma cells, **p < 0.01. (K) Silencing of TRAF3IP3 expression decreased the number of invaded glioma cells, **p < 0.01, ***p < 0.001. (L) Fluorescence imaging experiment in nude mice showed that there was no statistically significant difference in tumor growth in mice 7 days after injection of TRAF3IP3-overexpressed cells (n=5, experimental group vs. control group). Tumor growth showed significant statistical difference in mice 21 days after injection of TRAF3IP3-overexpressed glioma cells, ** vs. Ctrl, p < 0.01, n=5. (M) Overexpression of TRAF3IP3 in U118 cells promotes increase in the expression levels of proliferation-related biomarkers KI67 and PCNA. ns,  Not Statistically Significant.



To explore the biological function of TRAF3IP3 in tumorigenesis, qRT-PCR and western blot were used to verify TRAF3IP3 expression after its overexpression in U118 cells (Figure 6B). Similarly, we detected TRAF3IP3 expression in glioma cells U251 after TRAF3IP3 knockdown. The western blot showed partial knockdown (50%) of TRAF3IP3 (Figure 6C).

To explore the potential role of TRAF3IP3 in tumorigenesis, we evaluated its effects on the growth of glioma cells in vitro. CCK-8 assays revealed that TRAF3IP3 overexpression significantly increased the proliferation of U118 cells compared to the NC and control group (Figure 6D). However, partial knockdown of TRAF3IP3 in U251 glioma cells significantly suppressed U251 cell proliferation compared to controls (Figure 6E). Collectively, these data suggest that TRAF3IP3 is involved in the proliferative ability of gliomas. In addition, we used the EdU assay to verify that TRAF3IP3 overexpression in U118 glioma cells significantly promoted cell proliferation (Figure 6F). In contrast, TRAF3IP3 knockdown in U251 glioma cells significantly reduced cell proliferation (Figure 6G).

To evaluate the effect of TRAF3IP3 on glioma cell migration, we performed a wound healing assay. The wound healing assay results showed that ectopic overexpression of TRAF3IP3 enhanced the migration abilities of U118 cells (Figure 6H). Conversely, TRAF3IP3 knockdown in U251 cells had the opposite effect (Figure 6I). Taken together, these results indicated that TRAF3IP3 promotes glioma cell migration.

Transwell assays were performed to validate the effect of TRAF3IP3 overexpression and silencing on the migration and invasion abilities of glioma U118 and U251 cells. As shown in Figure 6J, ectopic expression of TRAF3IP3 significantly enhanced the invasion ability of glioma cells, whereas silencing of TRAF3IP3 expression decreased the number of invading glioma cells (Figure 6K). These results revealed that TRAF3IP3 promotes glioma cell invasion.



TRAF3IP3 promotes glioma cell growth in vivo

To further verify the role of TRAF3IP3 in glioma cell growth, cells expressing ectopic TRAF3IP3 and control cells were injected in situ into the caudate nucleus of nude mice to generate a xenotransplantation model. Fluorescence imaging experiments in nude mice showed no statistically significant difference in tumor growth in mice 7 days after the injection of TRAF3IP3-overexpressing cells. However, tumor growth significantly differed in mice 21 days after injection of TRAF3IP3-overexpressing glioma cells (Figure 6L). Moreover, we detected that the expression of the proliferation-related biomarkers, Ki67 and PCNA, was increased in TRAF3IP3-overexpressing tumors (Figure 6M). Taken together, these results indicated that TRAF3IP3 plays a critical role in glioma cell growth.



TRAF3IP3 exerts an oncogenic role via the ERK pathway in glioma cells

Bioinformatics analysis showed that DEGs were enriched in the MAPK signaling pathway in GBM. To explore the downstream signaling pathway of TRAF3IP3, we detected the changes in downstream signaling pathways in U118 and U251 cells after TRAF3IP3 overexpression or knockdown. TRAF3IP3 knockdown in U251 cells decreased ERK phosphorylation, whereas TRAF3IP3 overexpression increased ERK phosphorylation (Figure 7A). TRAF3IP3 overexpression in U118 cells increased ERK activation (Figure 7B). Thus, we speculated that the ERK signaling pathway might be associated with the oncogenic function of TRAF3IP3 in glioma cells.




Figure 7 | TRAF3IP3 promotes tumor progression via ERK signaling. (A) TRAF3IP3 knockdown in U251 cells decreased the phosphorylation of ERK, whereas TRAF3IP3 overexpression in U118 cells increased the phosphorylation of ERK. (B) TRAF3IP3 overexpression of U118 cells increased ERK activation. (C,D) CCK-8 assay and EdU assay showed that TRAF3IP3 activated the ERK signaling pathway to promote tumor proliferation, which could be rescued by U0126. (E) Wound-healing assay showed that TRAF3IP3 activated the ERK signaling pathway to promote tumor migration, which could be rescued by U0126. (F) Transwell assays showed that TRAF3IP3 activated the ERK signaling pathway to promote tumor invasion, which could be rescued by U0126. (G) The effect of TRAF3IP3 overexpression in activating ERK signaling pathway could be rescued by U0126. *p < 0.05, **p<0.01, ***p<0.001, ### p<0.001.



To confirm the association between TRAF3IP3 and the ERK pathway and to identify whether the ERK pathway is involved in TRAF3IP3-mediated glioma proliferation, migration, and invasion in vitro, U118 cells transfected with the PCDH/TRAF3IP3 vector were treated with or without the ERK pathway inhibitor U0126. We found that U0126 treatment significantly inhibited cell proliferation, migration, and invasion (Figures 7C–F) in PCDH/TRAF3IP3-transfected glioma cells. Quantitative western blot analysis revealed that the ERK pathway was inhibited when TRAF3IP3 was knocked down alone, whereas TRAF3IP3 rescue by overexpression resulted in ERK pathway activation (Figure 7G). In TRAF3IP3-overexpressing cells, the addition of U0126 led to the reversal of ERK pathway activation. This change was also found to be statistically significant when compared to the U0126 control group. These results indicated that TRAF3IP3 functions as an oncogene, possibly via ERK pathway activation in glioma cells.




Discussion

Glioma is one of the deadliest malignant nervous system tumors worldwide (36). Although glioma treatment alternatives (i.e., chemotherapy and radiotherapy) have advanced in the past decades, metastasis and disease recurrence continue to pose challenges to physicians and patients (37). In addition, the mechanisms underlying the proliferation, migration, and invasion of gliomas have not been clarified. Hence, identifying novel key targets and potential mechanisms involved in cancer cell proliferation and migration is critically important.

Data obtained from GeneCards indicated that TRAF3IP3 is located on the human chromosome Chr1q32.2, mainly localized in the nucleus. Thus, it may function as an adapter molecule that regulates TRAF3-mediated JNK activation. Previous studies have confirmed that TRAF3IP3 is mainly involved in T lymphocyte development and maturation. TRAF3IP3 is reportedly involved in antiviral immunity (38). Few studies have investigated its role in tumor progression. Recent studies have established a key role of TRAF3IP3 in melanoma proliferation, invasion, and metastasis. TRAF3IP3 expression is significantly higher in melanoma than in normal tissues (10). Yang et al. previously reported that high TRAF3IP3 expression in patients with glioma might be associated with poorer prognoses (39). Compared to the study by Yang et al., our study is more in-depth and detailed with regard to bioinformatic analyses. We added a layer-by-layer screening process of genes from the total glioma dataset, additionally including two GEO datasets for analysis, which was in line with the logic of discovering the function of candidate genes. Overall, we identified five key genes using bioinformatic analyses and further verified gene functions through a large number of molecular experiments, ultimately selecting TRAF3IP3 for further study. Finally, the greatest difference between our study and that published by Yang et al. is that we not only confirmed TRAF3IP3 as a key gene through bioinformatic analysis but also verified its function. In this study, bioinformatic analysis of the prognostic value of TRAF3IP3 in glioma was performed using high-throughput data from TCGA/GEO.

First, we analyzed DEGs between tumor and normal tissues from GSE50161, GSE108474, and TCGA databases to investigate the gene expression profiles in GBM tumor tissue relative to normal tissue, obtaining 5,383 DEGs common to the three datasets. We found that these DEGs could distinguish between tumor and normal tissues.

Furthermore, we analyzed the functional enrichment of DEGs through GO/KEGG analyses and found that DEGs were mainly enriched in the regulation of chemical synaptic transmission and transsynaptic signaling, in the biological process of synaptic organization, synaptic protein localization, protein localization at cell junctions, and regulation of neuron projection development. Next, we analyzed the DEGs and PPI subnets related to glioma and obtained five key genes: TRAF3IP3, WIPI1, ARHGAP11A, ABCB8, and RHOQ. By analyzing the expression of these genes in normal and tumor tissue, we found that they were significantly differentially expressed in normal and tumor tissue, reflecting a clear predictive value for glioma. Tianfei Ran et al. have demonstrated that WIPI1 promotes osteosarcoma cell proliferation by inhibiting CDKN1A expression (40). ARHGAP11A, a prognostic biomarker, is correlated with immune infiltrates in gastric cancer. In addition, high ARHGAP11A expression significantly correlated with a better prognosis in gastric cancer (41). However, the role of ARHGAP11A in glioma remains unclear. ABCB8 is overexpressed in phenotypically aggressive clear-cell renal cell carcinoma and plays a role in promoting the growth of renal clear cell carcinoma (42). High expression of RHOQ promoted colon adenocarcinoma cell growth and was associated with a lower survival rate in patients with colon adenocarcinoma (43). We also analyzed the influence of key genes on OS and disease-free survival and found that TRAF3IP3 and ABCB8 expression had a significant impact on the OS of patients. Furthermore, WIPI1 expression significantly impacted the disease-free survival of patients. Thus, TRAF3IP3 may serve as an important indicator for glioma diagnosis and prognosis.

Finally, we confirmed that TRAF3IP3 might serve as a potential prognostic biomarker for glioma. TRAF3IP3 expression was higher in glioma cell lines than in normal cells and tumor tissues than in tumor-adjacent specimens. Furthermore, we showed that ectopic expression of TRAF3IP3 enhanced cancer growth, proliferation, and migration, whereas silencing TRAF3IP3 inhibited the growth, motility, and metastasis of glioma cells. In vivo, remarkable promotion of tumor growth was observed following TRAF3IP3 overexpression. Our findings suggested that TRAF3IP3 plays an oncogenic role in glioma progression by promoting cell growth.

Previous studies have shown that TRAF3IP3 plays a vital role in IFN-mediated antiviral innate immunity and participates in RIG-I-MAVS-mediated antiviral signaling (22). However, it is unclear which signaling pathway is activated by TRAF3IP3 in glioma and whether other crosstalk pathways are involved. According to the GSEA analysis of TRAF3IP3-related DEGs, the ERK signaling pathway was selected to verify whether it participated in glioma progression. Our study found that TRAF3IP3 may be involved in activating the ERK signaling pathway to promote proliferation, migration, and invasion of glioma cells. TRAF3IP3 knockdown in U118 cells decreased ERK phosphorylation, whereas TRAF3IP3 overexpression increased ERK phosphorylation. TRAF3IP3 overexpression in U118 glioma cells enhanced the proliferation, migration, and invasion abilities of glioma cells and ERK phosphorylation, which could be rescued by the ERK signaling pathway inhibitor U0126. In summary, our results indicated that TRAF3IP3 expression was associated with glioma prognosis and concluded that TRAF3IP3 could play an oncogenic role in glioma. Our findings provide additional insight into using TRAF3IP3 as a target to control tumor growth and development.

Although our findings have improved our understanding of the relationship between TRAF3IP3 and glioma, the study has a few limitations. First, to fully clarify the specific role of TRAF3IP3 in glioma development, all clinical factors should be considered, including the details of patient treatment. However, the lack of such information in public databases or inconsistencies in treatment can lead to inaccurate results. Second, the sample size was small, which can also cause inaccuracies. Third, we selected two glioma cell lines for cell-based experiments: one cell line for overexpression and another for the knockdown. It would have been ideal to use both cell lines concurrently in all experiments, and we plan to conduct these experiments as part of our ongoing work in the future. In addition, as primary cells are more representative, it would have been preferable to use primary cells for functional experiments. We will address these issues in our future studies. Finally, the ERK pathway was inhibited when TRAF3IP3 was knocked down alone, but it was activated in rescue experiments when TRAF3IP3 was overexpressed. Group 4 was defined by adding U0126 into TRAF3IP3-overexpressing cells, which led to the reversal of ERK pathway activation. Compared with TRAF3IP3 overexpression alone, adding U0126 when TRAF3IP3 was overexpressed (group 4) reversed the activation of the ERK pathway. There was also a significant difference between group 4 and the groups treated with the inhibitor U0126 alone, suggesting that the effects observed in group 4 are not merely the effects of the inhibitor U0126. Although we identified TRAF3IP3 as a key gene related to glioma progression, the identity of the molecule(s) that TRAF3IP3 interacts with to regulate glioma cell proliferation, migration, and invasion through ERK signaling remains unclear. Therefore, further studies on the underlying mechanisms of TRAF3IP3 in gliomas are warranted.

In conclusion, TRAF3IP3 may predict poor prognosis and play important roles during glioma development. Moreover, the ERK signaling pathway may be a pivotal TRAF3IP3-regulated pathway in gliomas. Nonetheless, further studies should be performed to elucidate the mechanisms underlying these processes.
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Characteristic

Low expression of NCAPG

High expression of NCAPG

P value

n
WHO grade, n (%)

G2

G3

IDH status, n (%)

WT

Mut

1p/19q codeletion, n (%)
codel

non-codel

Age, median (IQR)

264

158 (33.8%)
74 (15.8%)

27 (6.1%)
235 (44.8%)

100 (18.9%)
164 (31.1%)
38 (31, 49)

264

66 (14.1%)
169 (36.2%)

70 (13.3%)
193 (36.8%)

71 (13.4%)
193 (36.6%)
43 (33, 55)

< 0.001

< 0.001

0.009

0.008
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Variables Univariate analysis Multivariate analysis

HR (95% ClI for HR) P value HR (95% CI for HR) P value
FCGBP 1.2(1.2-1.3) 0.00* 0.98 (0.92-1.04) 0.47
PRS_type 1.2 (0.68-2.2) 0.49 0.89 (0.44-1.8) 0.74
Histology 2.5 (2.2-2.9) 0.00* 1.02 (0.81-1.29) 0.87
Grade 4.7 (3.9-5.9) 0.00* 1.9(1.3-2.76) 0.00*
Gender 1.2 (0.93-1.6) 0.16 1.12 (0.81-1.54) 0.50
Age 1.1 (1.1-1.1) 0.00* 1.04 (1.03-1.06) 0.00*
IDH_mutation 10 (7.5-14) 0.00* 2.78 (1.61-4.79) 0.00*
1p19q_codeletion 4.6(29-7.3) 0.00* 1.87 (1.02-3.43) 0.04*
MGMTp_methylation 3.3 (2.4-4.4) 0.00* 1.32 (0.91-1.9) 0.14

HR, hazard ratio; Cl, confidence interval: TCGA, The Cancer Genome Atlas; IDH, isocitrate dehydrogenase; MGMTp, O6-methyiguanine-DNA methyltransferase promoter. “*" and Bold
values indicates P-value <0.05.
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Variables Univariate analysis Multivariate analysis

HR (95% Cl for HR) P value HR (95% CI for HR) P value
FCGBP 1(1-1) 0.00* 1.01 (1.01-1.02) 0.00*
PRS_type 1(09-12) 056 0.78 (0.43-1.41) 0.41
Histology 1 (1-1.1) 0.04* 1.1 (0.95-1.28) 0.18
Grade 15(1.3-1.7) 0.00* 1.32 (1.04-1.67) 0.02*
Gender 0.99 (0.83-1.2) 0.95 1.04 (0.84-1.3) 0.69
Age 1(1-1) 0.01* 1(0.99-1.01) 0.64
o] 1(1-1) 0.03* 1(1-1) 0.00*
Radio 1.1 (0.87-1.4) 0.41 1.09 (0.82-1.46) 0.54
Chemo 1.3 (1-16) 0.03* 0.92 (0.7-12) 053
IDH_mutation 1.8 (1.5-2.2) 0.00* 1.46 (1.11-1.93) 0.01*
1p19q_codeletion 3.8(255.7) 0.00¢ 4.68 (2.45-8.91) 0.00*
MGMTp_methylation 0.91(0.75-1.1) 0.36 0.87 (0.7-1.08) 0.22

HR, hazard ratio; Cl, confidence interval; CGGA, Chinese Glioma Genome Atlas; IDH, isocitrate dehydrogenase; MGMTp, O6-methyiguanine-DNA methyitransferase promoter. “*" and
Bold values indicates P-value < 0.05.





OPS/images/fonc.2021.795633/crossmark.jpg
©

2

i

|





OPS/images/fonc.2021.754920/table1.jpg
Characteristic All (n =199) Training cohort (n = 120) Validation cohort (n = 79) P-value
Demographics
Age, year 0.569
<60 143 (71.9%) 88 (73.3%) 55 (69.8%)
>60 56 (28.1%) 32 (26.7%) 24 (30.4%)
Sex 0.150
Male 111 (55.8%) 62 (51.7%) 49 (62.0%)
Female 88 (44.2%) 589 (48.3%) 30 (38.0%)
Functional status
KPS score 80 (70-90) 80 (70-80) 80 (70-90) 0.838
Comorbid condition
Hypertension 0.211
No 169 (84.9%) 105 (87.5%) 64 (81.0%)
Yes 30 (15.1%) 15 (12.5%) 5 (19.0%)
Diabetes mellitus 0.454
No 190 (95.5%) 113 (94.2%) 77 (97.5%)
Yes 9(4.5%) 7 (5.8%) 2 (2.5%)
Laboratory data
RBC count 10%/L 4.61 (4.33-4.91) 4.62 (4.32-4.89) 4.61 (4.34-4.92) 0.922
HCT 0.41 (0.38-0.44) 0.41 (0.38-0.44) 0.41 (0.38-0.45) 0.903
WBC count 10%/L 7.18 (5.76-9.55) 7.32 (5.79-10.05) 6.94 (5.76-9.13) 0.155
NEU count 10%/L 4.81 (3.30-7.42) 4.89 (3.43-8.14) 4.35 (3.05-6.14) 0.112
MON count 10%/L 0.37 (0.29-0.50) 0.37 (0.29-0.48) 0.39 (0.30-0.53) 0.251
LYM count 10%/L 1.65 (1.32-2.12) 1.63 (1.30-2.14) 1.66 (1.34-2.02) 0.574
PLT count 10%L 227.00 (196.00-272.00) 226.50 (196.00-269.25) 232.00 (195.00-279.00) 0.787
NLR 253 (1.77-5.28) 2.70 (1.83-6.27) 2.33 (1.69-4.26) 0.153
PLR 188.10 (104.58-181.11) 186.71 (109.74-190.25) 140.76 (101.24-175.21) 0.514
LMR 4.53 (3.12-6.00) 4.53 (3.23-6.07) 4.56 (3.10-5.90) 0.786
HB g/L 141.00 (130.00-149.00) 141.50 (132.00-148.75) 140.00 (129.00-149.00) 0.446
HDL mmol/L 1.24 (1.03-1.42) 1.25 (1.07-1.45) 1.21 (0.96-1.40) 0.404
ALB g/L 4247 £3.74 42.71 £ 400 42,10 +3.30 0.260
LDH UL 171.00 (150.00-201.00) 174.00 (152.00-204.75) 165.00 (148.00-192.00) 0.132
Tumor features and surgical factors
Location 0.191
Supratentorial 97 (48.7%) 63 (52.5%) 34 (43.0%)
Infratentorial 102 (51.3%) 57 (47.5%) 45 (57.0%)
Tumor diameter, cm 492 +1.66 497 £1.75 4.84 £1.51 0.596
Peritumor edema cm 2.26 (1.30-3.09) 2.20 (1.13-3.00) 2.40 (1.81-3.10) 0.094
Tumor crossing midline 0.256
No 140 (70.4%) 88 (73.3%) 52 (65.8%)
Yes 59 (29.6%) 32 (26.7%) 27 (34.2%)
Extent of resection 0.409
GTR 157 (78.9%) 97 (80.8%) 60 (75.9%)
STR 42 (21.1%) 23 (19.2%) 9 (24.1%)
Pathological grade and Immunohistochemistry
WHO grade 0.998
n 83 (31.7%) 38 (31.7%) 25 (31.6%)
v 136 (68.3%) 82 (68.3%) 54 (68.4%)
IDH mutant 0.119
No 156 (77.9%) 89 (74.2%) 66 (83.5%)
Yes 44 (22.1%) 31 (25.8%) 3 (16.5%)
Ki-67 0.126
<10% 41 (20.6%) 29 (24.2%) 2 (15.2%)
>10% 158 (79.4%) 91 (75.8%) 67 (84.8%)
CCRT 0.908
No 42 (21.1%) 25 (20.8%) 7 (21.5%)
Yes 157 (78.9%) 95 (79.2%) 62 (78.5%)
Status 0.146
Alive 70 (35.2%) 47 (39.2%) 23 (29.1%)
Dead 129 (64.8%) 73 (60.8%) 56 (70.9%)
OS month 14.00 (9.00-21.00) 14.50 (10.00-28.00) 14.00 (8.00-19.00) 0.293

Values are reported as number, number (%), median (25-75%), and mean = SD.
KPS, Kamofsky performance status; RBC, red blood cell; HCT, hematocrit; WBC, white blood cell; NEU, neutrophil; MON, monocyte; LYM, lymphocyte; PLT, platelet; NLR, neutrophil-to-
lymphocyte ratio; PLR, platelet-to-lymphocyte ratio; LMR, lymphocyte-monocyte ratio; HB, hemogiobin; HDL, high density lipoprotein; ALB, albumin; LDH, lactate dehydrogenase; GTR,

gross-total resection; STR, subtotal resection; WHO, World Health Organization; IDH, isocitrate dehydrogenase; CCRT, concurrent chemoradiotherapy; OS, overall survival.
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characteristic patients expression
Low High
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ONTOLOGY ID Description p-value adjusted

BP GO:0006914 autophagy 5.60388E-34
BP GO:0061919 process utilizing autophagic mechanism 5.60388E-34
BP GO:0010498 proteasomal protein catabolic process 7.47E-33

BP GO:0043161 proteasome-mediated ubiquitin-dependent protein catabolic process 7.36614E-30
BP GO:0010975 regulation of neuron projection development 4.61246E-29
BP GO:0034660 ncRNA metabolic process 4.64154E-28
BP GO:0022604 regulation of cell morphogenesis 3.42525E-26
BP GO0:0034470 ncRNA processing 3.42525E-26
BP GO:0006605 protein targeting 3.42525E-26
cC G0:0005925 focal adhesion 3.99213E-36
cC G0:0005759 mitochondrial matrix 3.99213E-36
cC GO:0030055 cell-substrate junction 3.52855E-33
CC GO:0098984 neuron to neuron synapse 7.24578E-33
cC GO:0014069 postsynaptic density 5.63352E-32
cc GO:0032279 asymmetric synapse 2.17384E-31
CC GO:0016607 nuclear speck 6.65435E-30
cC GO:0099572 postsynaptic specialization 1.02123E-29
cC G0:0031252 cell leading edge 2.52997E-27
cC GO:0098978 glutamatergic synapse 4.59204E-27
MF GO:0050839 cell adhesion molecule binding 2.14177E-17
MF GO:0004674 protein serine/threonine kinase activity 4.57637E-17
MF GO:0044389 ubiquitin-like protein ligase binding 2.09118E-16
MF GO:0031625 ubiquitin protein ligase binding 1.10285E-15
MF GO:0045296 cadherin binding 1.10749E-15
MF GO:0140098 catalytic activity, acting on RNA 1.10749E-15
MF GO:0019787 ubiquitin-like protein transferase activity 5.27907E-15
MF G0:0031267 small GTPase binding 1.76494E-14
MF GO:0004842 ubiquitin-protein transferase activity 2.69553E-14
MF GO:0017016 Ras GTPase binding 1.63233E-13
KEGG hsa05168 Herpes simplex virus 1 infection 7.55E-13

KEGG hsa04144 Endocytosis 1.08E-11

KEGG hsa04360 Axon guidance 1.32E-11

KEGG hsa05132 Salmonella infection 4.8E-11

KEGG hsa04120 Ubiquitin mediated proteolysis 1.59E-10

KEGG hsa05166 Human T-cell leukemia virus 1 infection 6.33E-10

KEGG hsa05022 Pathways of neurodegeneration - multiple diseases 1.54E-09

KEGG hsa05222 Small cell lung cancer 2.07E-09

KEGG hsa04510 Focal adhesion 3.42E-09

KEGG hsa04110 Cell cycle 3.59E-09
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ONTOLOGY ID Description p-value adjusted

BP GO:0050804 modulation of chemical synaptic transmission 4.32648E-15
BP GO:0099177 regulation of trans-synaptic signaling 4.32648E-15
BP GO:0050808 synapse organization 3.81915B-14
BP GO:0035418 protein localization to synapse 7.88689E-14
BP GO:1902414 protein localization to cell junction 7.88689E-14
BP GO:0010975 regulation of neuron projection development 2.43698E-13
BP GO:0031503 protein-containing complex localization 3.40863E-11
BP G0:0097120 receptor localization to synapse 4.53789E-11
BP GO:0099003 vesicle-mediated transport in synapse 1.09306E-10
BP GO:0007409 axonogenesis 2.12606E-10
CcC GO:0097060 synaptic membrane 1.71269E-20
CC GO:0098793 presynapse 1.85301E-20
cC GO:0098978 glutamatergic synapse 3.9456E-19
CcC GO:0099572 postsynaptic specialization 1.65662E-18
cC GO:0098984 neuron to neuron synapse 2.80624E-18
CC GO:0014069 postsynaptic density 3.47796E-17
cC G0:0032279 asymmetric synapse 4.71506E-17
cC GO:0150034 distal axon 3.20601E-14
CC GO:0043025 neuronal cell body 4.92734E-14
cC GO:0005925 focal adhesion 2.7836E-13
MF GO:0015631 tubulin binding 4.25916E-06
MF GO:0050839 cell adhesion molecule binding 2.42145E-05
MF G0:0004386 helicase activity 2.42145E-05
MF GO:0042578 phosphoric ester hydrolase activity 6.35698E-05
MF GO:0003779 actin binding 9.3847E-05
MF GO:0004674 protein serine/threonine kinase activity 0.000107552
MF GO:0008017 microtubule binding 0.000220913
MF GO:0005543 phospholipid binding 0000220913
MF G0:0003727 single-stranded RNA binding 0.000220913
MF GO:0017016 Ras GTPase binding 0.000259822
KEGG hsa04921 Oxytocin signaling pathway 0.000289784
KEGG hsa04141 Protein processing in endoplasmic reticulum 0.000289784
KEGG hsa05165 Human papillomavirus infection 0.000289784
KEGG hsa04010 MAPK signaling pathway 0.000289784
KEGG hsa05032 Morphine addiction 0.000354324
KEGG hsa04727 GABAergic synapse 0000354324
KEGG hsa04713 Circadian entrainment 0.000354324
KEGG hsa04110 Cell cycle 0.000354324
KEGG hsa04925 Aldosterone synthesis and secretion 0.00037778
KEGG hsa04730 Long-term depression 0.00037778
DO DOID:1826 epilepsy syndrome 0.000216853
DO DOID:768 retinoblastoma 0.011280615
DO DOID:771 retinal cell cancer 0.011280615
DO DOID:5683 hereditary breast ovarian cancer 0.011280615
DO DOID:4645 retinal cancer 0.011280615
DO DOID:680 tauopathy 0.011280615
DO DOID:1967 leiomyosarcoma 0.011280615
DO DOID:4230 smooth muscle cancer 0.011280615
DO DOID:0060116 sensory system cancer 0.011280615

DO DOID:2174 ocular cancer 0.011280615
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Effects Key Mechanisms References

factors
Glioblastoma
on GAMs
Recruitment ~ CCL2 Chemokine (40, 41, 45-47)
CX3CL1 Chemokine (49-53)
CSF-1 Chemokine (54, 55)
HGF/SF Chemokine (56)
CXCL12 Chemokine (67)
GDNF Chemokine (58)
POSTN GSCs secreted POSTN to recruit TAMs through the integrin avBs (59)
OPN OPN signals through the receptor Integrin av 5 on TAMs (60)
LOX LOX induced TAMs recruitment via activation of the b1 integrin-PYK2 pathway in macrophages 61)
CCN1 CCN1, a transcriptional target of YAP/TAZ, functions as a chemokine to recruit TAMs (62)
OLFML3 OLFMLS3 functions as a novel chemoattractant (63)
Kynurenine Kynurenine activated aryl hydrocarbon receptor in TAMs, which promoted CCR2 expression, subsequently driving (64)
TAMs recruitment in response to CCL2
EGFR/ EGFR and EGFRuvIII cooperate to induce TAMs infiltration through KRAS-mediated upregulation of the chemokine (65)
EGFRIll CcCL2
ERK1/2 ERK1/2 mediate TAMS recruitment through regulation of the production of CCL2 (66)
SETDB1 SETDB1 promoted AKT/mTOR-dependent CSF-1 induction and secretion, leading to macrophage recruitment in the 67)
tumor
IL-33 IL-33 recruits TAMs through the regulation of chemokines (68)
RSK1 N/A 69)
WISP1 WISP1 signals through Integrin o6 1-Akt to recruit TAMs (70)
Pro-tumor S100B S100B induced microglia activation through the induction of the STAT3 signal pathway (77)
Polarization PDAI3 PDIA3 induced microglia pro-tumor polarization toward the M2 phenotype and the secretion of pro-inflammatory (78)
factors
ARS2 ARS2 activated its novel transcriptional target MGLL, encoding monoacylglycerol lipase (MAGL), stimulated M2-like (79)
TAM polarization through the production of PGE2
CAIX CAIX regulated through EGFR/STAT3/HIF-1a: axis induced pro-tumor polarization of TAMs (80)
Romo1 Romof led to the M2 polarization of bone marrow-derived macrophages through the mTORC1 signaling pathway 81)
BCKAs Exposure to BCKAs attenuated the phagocytic activity of macrophages (82)
mTOR mTOR-mediated regulation of STAT3 and NF-kB activity promoted an immunosuppressive microglial phenotype (83)
IL-6 IL-6-activated STAT3 enhanced B7-H4 expression on TAMS, resulting in an immunosuppressive phenotype of TAMs (84)
GDEs The components of GDEs such as IL-6 and miR-155-3p induced M2-like macrophage polarization through the IL-6- (85-88)
PSTAT3-miR-155-3p-autophagy-pSTAT3 positive feedback loop
Versican  Versican-mediated TLR2 expression polarized microglia into a pro-tumorigenic phenotype featured by the (120)
upregulation of MT1-MMP and MMP9 expression
GAMs on
Glioblastoma
Proliferation IL-6 IL-6 increased PDPK1-dependent PGK1 phosphorylation in glioblastoma cells, promoting tumor cell glycolysis and (107, 108)
and invasion tumorigenesis
IL-1B IL-1pB activated phosphorylation of the glycolytic enzyme glycerol-3-phosphate dehydrogenase (GPD2) at threonine (109)
10 (GPD2 pT10) through PI3K/PKCS signal pathways to promote tumor growth
STI N/A (110)
TGF-B2 TGF-B2 induced the expression of MMP2 and suppressed the expression of (TIMP)-2 to promote glioma invasion (111, 112)
CECR1 CECR1 stimulated MAPK signaling and activated the proliferation and migration of glioma cells (113)
PTN PTN promoted GBM malignant growth through PTN-PTPRZ1 paracrine signaling (114)
CCL4 CCL4-CCRS5 axis participated in TAMs-mediated glioblastoma invasion (115)
CCL5 CCL5 upregulated mmp2 through the CaMKIl and p-Akt signals (116)
CCL8 CCL8 dramatically activated ERK1/2 phosphorylation in GBM cells and promoted invasion and stemlike traits of GBM (117)
cells through CCR1 and CCR5
TLR2 TLR2 forms heterodimers with TLR1 and TLR6 modulating MT1-MMP expression to promote tumor invasion and (119)
growth
Wnt TAMs secreted Wnt proteins, contributing to GBM invasiveness and aggressiveness mostly through B-catenin- (124-126)
independent Wnt signaling
Exosomes GBex-reprogrammed Arginase-1+ TAMs emerge as a major source of exosomes promoting tumor growth (128)
Angiogenesis  SSP1 N/A 61)
RAGE N/A (129)
ADAM8 ADAMS8 induced angiogenesis via JAK/STAT3 pathway mediated OPN expression (130)
CECR1 CECR1 promoted pericyte recruitment and migration, and tumor angiogenesis via paracrine PDGFB-PDGFRB (131)
signaling,
TGF-B1 TGF-B1/integrin (o B3) interaction between macrophages and endothelial promoted GBM angiogenesis (132)

VEGF-A  N/A (133)
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Research Highlight

Discovery — canonical
isoform o
GFAP term into common use

GFAP B
GFAP y
GFAPS
GFAPE
GFAP k

GFAP3 expression in
subventricular zone

Neural stem cells and the
origin of gliomas

GFAPS immunostaining in
cerebral astrocytomas
GFAPS/0. ratio and expression
of malignant genes

GFAPS/o. ratio and glioma
invasiveness

Reference

Eng et al., 1971
©)

Uyeda et al., 1972
(10)

Feinstein et al.,
1992 (11)
Zelenika et al.,
1995 (12)
Condorelii et al.,
1999 (18)

Nielsen et al.,
2002 (14)
Blechingberg
etal., 2007 (15)
Roelofs et al.,
2005 (16)

Sanai et al., 2005
(17)

Brehar et al., 2015
(18)

Stassen et al.,
2017 (19)
Moeton et al,
2014 (20)
Uceda-Castro
etal., 2022 (21)

Country

USA.
USA.
USA.
France

Italy
Denmark
Denmark
Netherlands
USA.
Romania

Netherlands

Netherlands

Summary

The isolation of an acidic protein as a major component of human brain tissue with severe fibrillary
gliosis, that would later be called GFAP.
Immunological study - normal human brain and astrocytoma cross-react with anti-GFA antibodies.

Description of a new splice variant, which initiates upstream to the major start site and is found
predominantly in Schwann cells.

New splice transcript, which contains a part of the intron 1, is expressed in mouse bone marrow and
spleen as well as in human and mouse central nervous system.

Novel transcript with exon 7a, which replaces the exons 8 and 9 from GFAP. It was isolated from
rat hippocampus.

This splice variant is characterized by a new C-terminal protein sequence, and has the ability to
specifically bind presenilin proteins in yeast and in vitro.

Latest isoform produced by alternative splicing and polyadenylation of the 3'-region of the human
GFAP pre-mRNA.

Neural stem cells in the adult human brain actively splice GFAP-delta transcripts.

The transformation of SVZ astrocytes with stem features is the basis of gliomagenesis.

GFAPS and nestin-positive cells in cerebral astrocytomas correlates with tumor invasiveness
assessed by preoperative neuroimaging investigations.

DUSP4 expression in glioma correlates with the GFAPS/o. ratio, and high expression is associated
with a worse prognosis.

LAMA1 associated with gliomas invasion was increased in cells with a high GFAPS expression
compared to GFAPa.

High-grade gliomas are associated with GFAPo. down-regulation and and increased GFAPS.
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First author Number
and year of  of cases
publication

Suwala, 4
2021 (17)

Maekawa, 1
2021 (35)

Donabedian, il
2021 (16)

Kay, 2020 i
(36)

Tamai, 2019 1
(37)

Ricard, 2019 1
(38)

Volimer, 1
2019 (39)

Johanns, 1
2016 (40)

Chu, 2015 1
(41)

Kimbason, 1
2015 (42)

Willard, 2015 1
(43)

Song, 2011 2
(44)

Perry, 2009 8
(7)

Wharton, 1
2001 (22)

Article
type

Case
series
Case
report

Case
report

Image

Case
report

Case
report

Case
report

Case
report

Case
report
Case
report

Case
report

Case
series

Case
series

Case
report

Age/
median
age at
diagnosis

N/A

65

52

49

37

47

31

49

42

29

N/A

53

Gender

N/A

Male

Female

Female

Male

Male

Male

Male

Male

Male

Female

Female

Male

N/A

Male

Location of
the primary
tumor

N/A

right temporal
lobe

left frontal
lobe

left temporal
lobe

right temporal
lobe

right
cerebellum

right temporal
lobe

Left
frontotemporal
lobe

right temporal
lobe
left frontal lobe

Right temporal
lobe

Right posterior
parietal lobe
Right frontal
lobe

N/A

Left temporal
lobe
(gliosarcoma)

Intracranial
recurrence/
metastasis

N/A

Yes

Yes

N/A

Yes

Yes

Yes

Yes

Yes

Yes

Yes

N/A

N/A

N/A

Yes

Location of extracranial
metastasis

Leptomeningeal dissemination
with spinal metastasis in four
Multiple osseous metastases to
the spine, pelvis, bilateral
humerus and femur

Lymph nodes (right neck,
mediastinum, pulmonary hilum,
and para-aorta)

Liver

Visceral and parietal

Pleura

Lung

Multiple leptomeningeal drops
and vertebral metastases of the
spine

Right humerus

Pelvis

Peritoneal seeding via a
ventriculoperitoneal shunt
Whole spinal canal (multiple
meningeal seeding)

Lung

The spine (multiple vertebral
metastases and meningeal
seeding)

Whole spinal canal (CSF
dissemination)

Cervical and thoracic spinal cord
(C7-T2, T7-8, “drop” metastasis)

Sacral canal (CSF dissemination)

Not specified (CSF dissemination)

Whole spinal cord (multifocal
leptomeningeal metastases
maximal in the lumbar cord and
focal in the cervical cord)

Not specified (CSF dissemination)

Not specified (CSF dissemination)

Not specified (CSF dissemination
in eight (40%), bone marrow
metastasis in one that also had
CSF spread)

Multiple bone metastases (skull,
ribs, thoracolumbar spine and
pelvis)

Liver

Intervention

N/A

Brain surgery (not
specified)

GTR+CRT+
Pembrolizumab+
transcranial electric field
generator for intracranial
lesion

Brain surgery (not
specified)

GTR+CRT+TMZ for
intracranial lesion
Surgical resection and
Gamma knife surgery for
cervical metastases
CRT+TMZ+bevacizumab
for other meningeal
seeding lesions
Repeated surgical
resection, CRT, TMZ,
Pembrolizumab, Optune
device, gamma

knife stereotactic
radiosurgery, Avastin
STR+CRT+TMZ for
intracranial lesion
Surgical decompression
+CRT for spinal lesions
STR+CRT+TMZ for
intracranial lesion
Laminectomy and GTR+
Pembrolizumab and CRT
for spinal metastases
GTR+CRT+TMZ for
intracranial lesion
GTR+CRT+TMZ for
intracranial lesion
Novocure-tumor treating
fields

Bevacizumab with
ifosfamide, carboplatin,
and etoposide

Surgical resection and
chemotherapy (not
specified)

GTR+CRT+TMZ for
intracranial lesions
GTR+CRT+TMZ for
intracranial lesions
N/A

Surgical resection and
chemotherapy

N/A, not available; CSF, cerebrospinal fluid: GTR, gross total resection; STR, subtotal resection; CRT, conformal radiotherapy; TMZ, temozolomide.

Survival
after initial
diagnosis
(months)

N/A

N/A

12

31

N/A

NA
(>29)

28

24

12

Alive at 31
months
Alive at 4
months
N/A
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Genes

BCOR
DNMT3A®
MPL
TP53%
ACVR1
TP53%
ANTXR1
VNN2
INSL4
BAZ2A

TLR8

Variants

exon10; missense
p.D1420N; ¢.4258G>A
exon15; stop gained
p.R598"; ¢.1792C>T
exon7; missense
p.A371V; c.1112C>T
exonb; frameshift
p.R158Pfs*23; ¢.472dupC
exong; missense
P.A333T; c.997G>A
intron; splice acceptor
C.994-1G>A

exon9; missense
p.1221P; c.661AST
exon1; frameshift
p.S25AfsTer6; c.74_78del
exon2, missense
p.P87L; ¢.260C>T
exon10; missense
p.GB72A; ¢.2015G>A
exon2; missense
P.A959D; ¢.2876C>A

Abundance

99.54%

49.93%-55.0%

48.74%

35.5%-40.05%

37.09%

20.48%-24.8%

50.5%

32.8%

30.6%

30.0%

27.5%

significance*

Tier lll

Tier ll

Tier lll

Tier Il

Tier Il

Tier Il

Tier Il

Tier Il

Tier lll

Tier ll

Tier Ill

Protein function (dbSNP
Reference SNP ID)

Unknown

Loss of function
(rs568207978)
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0.002
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NA
0.118
0.862
0.009

Multivariate Analysis
HR

1.05
1.28

NA
242
0.87

NA
0.61
0.95
175

TCGA, The Cancer Genome Atlas; WHO, World Health Organization; GBM, glioblastoma multiforme; KPS, Karnofsky performance score; NA, not analyzed.
bold value: p value was less than 0.05 and the results were statistically significant.
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CGGA, the Chinese Glioma Genome Altas; WHO, World Health Organization; A, astrocytomas; AA, anaplastic astrocytomas; AO, anaplastic oligodendrogliomas; AOA, anaplastic
oligoastrocytomas; GBM, glioblastoma multiforme; O, oligodendrogliomas; OA, oligoastrocytomas; rA, recurrent astrocytomas; rAA, recurrent anaplastic astrocytomas; rAO, recurrent
anaplastic oligodendrogliomas; rAOA, recurrent anaplastic oligoastrocytomas; rGBM, recurrent glioblastoma multiforme; rOA, recurrent oligoastrocytomas; sGBM, secondary

glioblastoa multiforme; NA, not analyzed.

bold value: p value was less than 0.05 and the results were statistically significant.
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CGGA, the Chinese Glioma Genome Altas; WHO, World Heailth Organization; A, astrocytomas; AA, anaplastic astrocytomas; AO, anaplastic oligodendrogliomas; AOA, anaplastic
oligoastrocytomas; GBM, glioblastoma muitiforme; O, oligodendrogliomas; OA, oligoastrocytomas; rA, recurrent astrocytomas; rAA, recurrent anaplastic astrocytomas; rAO, recurrent
anaplastic oligodendrogliomas; rAOA, recurrent anaplastic oligoastrocytomas; rGBM, recurrent glioblastoma multiforme; sGBM, secondary glioblastoma multiforme; TCGA, The Cancer

Genome Atlas; NA, not analyzed.

bold value: p value was less than 0.05 and the results were statistically significant.
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Age (years)
KPS

Gender
Location
Glioma type
Tumor grade
EOR

RT + co-CT
RT +ad-CT
IDH1

MGMTp
methylation

Male
Female
Frontal lobe
Others

A

]

Lower grade
High grade
GTR/STR?
PR

No

Yes

No

Yes
Mutation
Wild type
NOS

No

Yes

STR (n)

LTR (n)

TTR < 6 months

42.43 + 13.91
81.561 £ 11.33
28
25
23
30
52
1
9
44
8
45
22
31
17
36
4
26
23
12
5

TTR > 12 months

4243 + 1391
80.45 + 5.93
74
48
75
47
92
30
109
13
88
34
73
49
63
59
14
5
103
6
5

OR

0.920
1.118
0.726
2.081
16.957
40.991
0.069
0.476

0.442

0.043

95% Cl
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1.067,1.172
0.379, 1.392
1.082, 4.004
2247, 127.974
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0.015, 0.124

<0.001
<0.001
0.335
0.028
0.006
<0.001
<0.001
0.027

0.018

<0.001

0.444

STR, short-term recurrence; LTR, long-term recurrence; TTR, time to recurrence; KPS, Karnofsky performance score; EOR, extent of resection; GTR, gross total resection; STR?, subtotal
resection; PR, partial resection; RT, radiotherapy; co-CT, concurrent chemotherapy; ad-CT, adjuvant chemotherapy; IDH1, isocitrate dehydrogenase; MGMTp, Os-methylguanine-DNA
methyltransferase promoter: NOS, not otherwise specified.
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Variable OR 95% CI P

Age (continuous) 0.925 0.875, 0.978 0.006
KPS (continuous) 1.106 1.023, 1.196 0.011
Location (frontal lobe vs. other locations) 1.709 0.415, 7.035 0.458
Tumor grade (lower grade vs. high grade) 17.429 4.618, 67.790 <0.001
Glioma type (O vs. A) 0.100 0.002, 5.815 0.266
EOR (GTR/STR® vs. PR) 9.894 2.332,41.979 0.002
RT + co-CT (yes vs. no) 0.440 0.077, 2.506 0.355
RT + ad-CT (yes vs. no) 3.253 0.669, 15.821 0.144
IDH1 (mutation vs. wild-type vs. NOS) 0.049 0.006, 0.432 0.007

KPS, Kamnofsky performance score; EOR, extent of resection; GTR, gross total resection; STRP, subtotal resection; PR, partial resection; RT, radiotherapy; co-CT, concurrent
chemotherapy; ad-CT, adjuvant chemotherapy; IDH1, isocitrate dehydrogenase; NOS, not otherwise specified.
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Preoperative characteristics  Case (%)  Median survival time = SD(m) p value = GAS5/GAPDH(mean + SD) P value

Totality 72 1313 1.51 £ 0.50

Age
<60 years 58 (80.6%) 13+£13 0.539 243 +0.84 0.512
260 years 14 (18.4%) 10 £0.7 2.59 £ 0.76

Sex
Male 40 (55.6%) 11 S 0.149 243 +0.84 0.705
Female 32 (44.4%) 13+£28 2.50 £ 0.80

KPS®
100 18 (25%) 16 £32 0.029* 2.82 £ 0.66 <0.001**
70-90 50 (70%) I £13 243 £0.79

<70 4 (5%) 9+ 26 1.13 +0.22

Extent of surgical resection
Total resection 63 (87.5%) 13112 0377 245+ 0.83 0.431
Subtotal resection 9 (12.5%) 10 +22 2.51+0.79

Tumor pathological type
Low grade(I, II) 40 (55.6%) 21+23 <0.001*** 3.11 £ 0.30 0.009**
High grade(III, IV) 32 (44.4%) 9+18 1.65 + 0.44

Data are expressed as frequency (prevalence in %), mean + standard deviation, values separated by comma). Statistical analyses are performed using students’ T test.(*P < 0.05, **P < 0.01,
P < 0.001) *Karnofsky score.
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Gene symbol Type of biomarker Publications

GFAP Protein Biomarker 7
MIR21 RNA Biomarker 7
IDH1 DNA Biomarker 5
MGMT Epigenic Biomarker 4
MIR210 RNA Biomarker 4
OLIG2 Protein Biomarker 4
IDH2 DNA Biomarker 3
MAP2 Protein Biomarker 3
MIR124 RNA Biomarker 3
MIR15B RNA Biomarker 3
MIR181B1 RNA Biomarker 3
MIR221 RNA Biomarker 3
PRKCA DNA Biomarker 3
S100A8 Protein Biomarker 3
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Characteristic All patients RBMS8A expression P value
(n=94) low (n = 38) high (n = 56)

Age (year)
<55 43 (45.74%) 22 (51.16%) 21 (48.84%) 0.201
>55 51 (54.26%) 6 (31.37%) 35 (68.63%)

Gender
Male 45 (47.87%) 16 (35.56%) 29 (64.44%) 0.362
Female 49 (52.13%) 22 (44.90%) 27 (55.10%)

WHO grade
Early (I+l) 14 (14.89%) 1(78.57%) 3 (21.43%) 0.001
Late (ll+V) 80 (85.11%) 27 (33.75%) 53 (66.25%)

Tumor location
Frontal 37 (39.36%) 14 (37.84%) 23 (62.16%) 0.684
Non-frontal 57 (60.64%) 24 (42.11%) 33 (57.89%)

Values are n (%) unless otherwise noted.
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Risk factors Hazard ratio(95% CI°) P value

Age 0.86 (0.56-1.41) 0.594
Sex 1.26 (0.81-2.23) 0.337
KPS 1.79 (1.05-3.17) 0.039*
Extent of surgical resection 1.37 (0.89-2.08) 0.446
Tumor pathological type 4.39 (2.76-0.87) <0.001%**
Expression level of GAS5 3.55 (1.96-6.48) <0.001%**

Data are expressed as hazard ratio (95% CI). Statistical analysis is performed using Cox proportional hazards model analysis. (*P < 0.05, **P < 0.001) ® 95% confidence interval.
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Group n Median time, mos. 95% CI Chi-squared (f) P value

Low RBMB8A expression 26 11.0 6.00-15.99 4.884 0.027
High RBMB8A expression 50 70 5.46-8.54
All patients 76 8.0 5.34-10.66
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Findings

Activating the AHR pathway triggering tumor cell proliferation in astrocytoma, medulloblastoma, and
glioblastoma (GBM).

Polyamine may induce tumor cell proliferation and metastasis by up-regulating the expression of ornithine
decarboxylase, spermidine, and spermine acetyltransferase, and Aktl.

Nitric oxide can interfere with T cell function by inducing T cell apoptosis.

Arginine depletion in GBM can induce excessive autophagy, which will be toxic to tumor cells and may induce
apoptosis.

Gut microbiome can influence ¢KG levels through Glu, and changes in 0KG affect DNA methylation.

Glioma growth and metabolism are highly dependent on Glutamine and Glutamine starvation therapy has also
been shown to reduce the proliferation activity of GBM cells.

Changes in the gut microbiome also directly or indirectly alter the content of glutamine in the brain through a
variety of pathways, thereby affecting the energy supply of gliomas.

The imbalance of the gut microbiome, the decrease of the proportion of probiotics, and the lack of abundance of
the gut microbiome will lead to the decrease of the concentration of SCFAs in circulation, resulting in the
disturbance of morphology and function of microglial cells, resulting in chronic stress status, which affects the
development and prognosis of tumors through stress-related pathways.

Butyrate affects the immune system by inducing Treg differentiation and regulating inflammation.

Acetate and glucose participate in the TCA cycle together, affecting the production of acetyl-CoA in GBM and
Acetylation of Rictor by acetyl-CoA actives mTORC2 drives the proliferation and survival of GBM.

References

(34)

(35-40)

(1)

(41-45)

(46-49)
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Sample
type

Brain tissue

Breast, Lung,
Ovary,
Pancreas,
Melanoma,
Bone, and
Brain

Glioma

Source

four different CNS regions of one AD patient
and entorhinal/cortex hippocampus samples
from an additional eight AD patients

gray and white matter were studied from 24
AD patients and 18 age-matched controls

14 AD patients and 12 matched controls

Postmortem hippocampal formation specimens
from 10 neurological controls,10 AD patients,
22 AD patients and 19 neurological controls
from the hippocampus, 12 control and 20 AD
cerebellum samples

10 AD patients and 7 matched controls

711 AD and non-AD control brains

1526 tumors and their adjacent normal tissues
samples across seven cancer types.
643 negative controls

3 human glioma samples

Methods

DNA sequencing

DNA sequencing

16S rRNA

16S rRNA

16S rRNA

RNA-seq and
whole-genome
sequencing

16S rRNA and
histological staining
methods

Tissue clearing,
immunofluorescent
labeling, optical
sectioning
microscopy,

Findings References

Botrytis cinerea and Cryptococcus curvatus are common to all four (20)
CN regions. Five genera are common to all nine patients:
Alternaria, Botrytis, Candida, Cladosporium, and Malassezia.

E coli K99 and LPS levels are greater in AD compared to control (21)
brains.

Gram-negative bacterial molecules are associated with AD

neuropathology.

AD brains tend to have strikingly large bacterial loads compared (22)

to controls

Independent of study in both AD and control subjects the most (23)
abundant phyla were Proteobacteria, Firmicutes, Actinobacteria,

and Bacteroidetes. Variations in beta diversity between

hippocampal and cerebellum samples were observed indicating an

impact of brain region on the presence of microbial DNA.

PCR analysis revealed the presence of several bacteria in frozen (24)
brain tissue from AD patients. Results show that polymicrobial

infections consisting of fungi and bacteria can be revealed in brain

tissue from AD patients.

HHV-6 demonstrated little specificity to AD brains over controls (25)
by either method, while other viruses such as Epstein-Barr virus

(EBV) and cytomegalovirus (CMV) were detected at comparable

levels. These direct methods of viral detection do not suggest an

association between HHV-6 and AD.

Each tumor type has a distinct microbiome composition. The (11)
intratumor bacteria are mostly intracellular and are present in
both cancer and immune cells.

the presence of microbiota in human gliomas (12)
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Image
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Variables TCGA Dataset CGGA Dataset

Univariate analysis Multivariate analysis Univariate analysis Multivariate analysis
HR 95%Cl P-value HR 95%Cl P-value HR 95%Cl P-value HR 95%Cl P-value
Grade 4987 3.873-6.421 <0.001 2059 1.530-2.772 <0.001 2.635 2.853-2952 <0.001 2079 1.820-2.374 <0.001
Gender 1.011  0.747-1.368 0.944 0974 0.710-1.336  0.870 1.022 0870-1202 0.787 1.020 0.866-1.200 0.815
Age 4863 3.391-6975 <0.001 2296 1.465-3596 <0.001 1.922 1.638-2.266 <0.001 1.227 1.033-1.457  0.020
IDH mutation status 0.090 0.083-0.129  <0.001 0.553 0.306-1.001 <0.051 0.367 0.315-0.428 <0.001 0.657 0.558-0.773 <0.001
1p19q codeletion status  0.217 0.128-0.370  <0.001 0.543 0.287-1.025 0.060 0.527 0.447-0.621 <0.001 0.781 0.661-0.923  0.004
Risk score 9425 6.355-13978 <0.001 2.672 1.510-4.729 <0.001 2448 2076-2.887 <0.001 1.364 1.131-1.646  0.001

HR. hazard ratio: Cl, confidence interval.
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