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Gliomas are the most common central nervous system malignancies, compromising almost 80% of all brain tumors and is associated with significant mortality. The classification of gliomas has shifted from basic histological perspective to one that is based on molecular biomarkers. Treatment of this type of tumors consists currently of surgery, chemotherapy and radiation therapy. During the past years, there was a limited development of effective glioma diagnostics and therapeutics due to multiple factors including the presence of blood-brain barrier and the heterogeneity of this type of tumors. Currently, it is necessary to highlight the advantage of molecular diagnosis of gliomas to develop patient targeted therapies based on multiple oncogenic pathway. In this review, we will evaluate the development of cellular and molecular biomarkers for the diagnosis of gliomas and the impact of these diagnostic tools for better tailored and targeted therapies.




Keywords: gliomas, biomarkers, circulating tumor cells, circulating tumor DNA, immune microenvironment



1 Introduction

Gliomas are central nervous system (CNS) tumors arising from glial or glial precursor cells, mostly localized to the supratentorial region of the brain. Gliomas constitute 30% of all newly diagnosed CNS tumors and up to 80% of malignant CNS tumors and are the biggest contributors to mortality (1). Current standards in the management of gliomas include surgical resection followed by radiotherapy (RT) and alkylating chemotherapy with temozolomide (TMZ). Unfortunately, this aggressive regimen is rarely curative, particularly for higher grade gliomas such as glioblastoma (GBM), the most diagnosed malignant brain tumor. The 5-year relative survival for patients diagnosed with GBM during the 2009-2015 interval ranged from 3% in adults aged ≥ 65 years to 27% among those aged 20-39 years (2).

Classically, glioma classification was based on histological findings and auxiliary tests such as immunohistochemistry (IHC). With the emergence of clinically relevant molecular biomarkers over the past two decades, there has been a shift in the paradigm of classification of gliomas towards an integrated histopathological and molecular diagnosis (3). This change in approach highlights how gliomas that are virtually identical under the microscope may have different molecular signatures that confer different clinical outcomes. Molecular biomarkers were first introduced into the classification of gliomas in the 2016 World Health Organization Classification of Tumors of the CNS (WHO 2016). The value of molecular biomarkers is even more evident in the 2021 WHO CNS5, the current international standard for glioma diagnosis. The WHO CNS5 classifies gliomas into six major families: adult-type diffuse gliomas, pediatric-type diffuse low-grade gliomas, pediatric-type diffuse high-grade gliomas, circumscribed astrocytic gliomas, glioneuronal tumors, and neuronal tumors (4). An array of molecular biomarkers are included in the new classification, including: IDH mutation status, codeletion of chromosomal arms 1p and 19q (1p/19q codeletion), O6-methylguanine-DNA methyltransferase (MGMT) promoter methylation status, epidermal growth factor receptor (EGFR) amplification, telomerase reverse transcriptase (TERT) promoter mutations, H3F3A alterations, nuclear alpha-thalassemia/mental retardation X-linked syndrome (ATRX) gene mutations, loss of cyclin-dependent kinase inhibitor 2A (CDKN2A), combined gain of chromosome 7 and loss of chromosome 10 (7+/10-) and others (4). These markers have been shown to have significant prognostic and predictive clinical value on patient survival, which was the basis of their incorporation into the classification. Additional changes in the WHO CNS5 include the use of Arabic numerals instead of Roman numerals for grading and the incorporation of grading within rather than across tumor types.

Given the limited efficacy of current standards of therapy in gliomas, multiple studies and clinical trials over the past decade have shifted to targeted therapy as an alternative with p53, retinoblastoma (RB), EGFR, FGFR and the proteasome being a few examples (5). Most of these studies showed relatively limited improvements in patient outcomes, partly due to the complexity of the regulatory networks involved. Other studies focused on immunotherapy targets and the tumor microenvironment given their success in certain tumor types.

The recent developments in the field of glioma diagnosis and therapy, coupled with the explosion of cancer genomics and the implementation of new techniques such as liquid biopsy and epigenetic profiling, have led to an evident increase in research focusing on identifying key molecular biomarkers in gliomas. In this review, we will highlight the most recent emerging cellular and molecular biomarkers in gliomas that may provide diagnostic, prognostic, and therapeutic implications and guide future research in this field.



2 Discussion with biomarkers


2.1 Nuclear and cytoplasmic biomarkers

A growing number of studies are investigating new nuclear and cytoplasmic biomarkers involved in gliomas. For instance, Fatty Acid Binding Protein 7 (FABP7) is highly expressed and localized to the nuclei of IDH1-wt compared to IDH-mut gliomas. Moreover, FABP7-wt overexpression increased cell proliferation rates as well as caveolin-1 expression and caveolae formation through an identified epigenetic mechanism (6). Another emerging biomarker is ribosomal-protein S27 (RPS27), part of the human ribosome 40S subunit that localizes to the cytoplasm and nucleus. RPS27 is overexpressed in many tumors, but its role in CNS tumors such as gliomas wasn’t elucidated until recently. Analysis of healthy, inflamed, neurodegenerative, and cancer brain tissues using IHC, and mRNA sequencing revealed that RPS27 was expressed in all neurons examined and in astrocytic tumor cells but not in normal astrocytes. Interestingly, CD68/RPS27 double staining indicated that almost all macrophages in tumor tissue were positive for RPS27 compared to a minority in inflammatory tissue. Although RPS27 expression levels did not affect patient survival, their association with tumor cells and tumor-associated macrophages (TAMs) provides a rationale for future diagnostic and therapeutic interventions (7). Another relevant nuclear biomarker is rho-specific guanine-nucleotide exchange factor, PLEKHG5, as its expression levels were associated with higher glioma grades. For instance, GBM samples had a higher ratio and stronger intensity of PLEKHG5 expression compared with LGGs. Increased expression level of PLEKHG5 correlated with poorer prognosis and shorter survival time in all glioma patients, suggesting that this nuclear biomarker can have significant prognostic value (8). Likewise, the ETS transcription factor ELK3 was also recently identified as a novel oncogene in gliomas. ELK3 was overexpressed in gliomas compared with normal brain tissue based on database analysis. Moreover, increased ELK3 expression in clinical samples of glioma was associated with reduced overall survival at the 1-, 3- and 5-year intervals. Further studies revealed that ELK3 knockdown decreased the proliferation and migration of a glioma cell line in vitro, highlighting the role of this marker in the pathogenesis of glioma (9).

Cytoskeletal elements may also serve as prognostic biomarkers in gliomas. One example is Myosin binding protein H (MYBPH), which was first identified as a myofibrillar component of skeletal and cardiac muscles. MYBPH was overexpressed in GBM tissues based on database analysis, which was further confirmed by IHC in clinical specimens from GBM patients. Moreover, the expression of MYBPH was correlated to IDH mutation and 1p/19q codeletion status. In the IDH-wt and 1p/19q non-codel groups, the expression of MYBPH increased from LGG to HGG in the datasets. The lowest level of MYBPH expression was observed in the IDH-mut and 1p/19q codeletion groups (LGG), while the highest level of expression was observed in the IDH-wt group (GBM) (10). A recent study employed mass spectrometry based proteomic analysis on tumors with known IDH and 1p/19q codeletion status to identify potential surrogates that may be detectable through IHC. Two cytoskeletal proteins, HIP1R and vimentin, were identified as relevant markers that could distinguish between oligodendroglioma and astrocytoma. High HIP1R and low vimentin levels were observed in oligodendroglioma compared to low HIP1R and high vimentin levels in astrocytoma. IHC for HIP1R and vimentin could predict 1p/19 codeletion status accurately in more than 90% of all cases. Adding IHC for ATRX, the only established surrogate marker for a non-1p/19q-codeleted status, increased the sensitivity to 95% (11). Given that identifying 1p/19q status is needed to distinguish between IDH mutant astrocytoma and oligodendroglioma, and the high cost of genetic testing needed to identify it, the HIP1R/vimentin/ATRX approach could serve as an easy and reliable surrogate in clinical practice.

Recent work identified a possible novel tumor suppressor gene involved in gliomas: B-cell leukemia protein 7 family (BCL7). The level of BCL7A expression was significantly lower in glioma tissues compared to healthy brain tissue, and its expression was negatively correlated with glioma grade. Moreover, BCL7A was an independent prognostic factor of LGG and GBM and could predict longer survival in GBM patients receiving TMZ and radiotherapy (12). Another positive prognostic gene in gliomas recently identified is phosphoserine aminotransferase 1 (PSAT1). Particularly, overexpression of PSAT1 predicts a favorable outcome in LGG patients. Interestingly, the combination of overexpression of PSAT1, IDH1 mutation and chromosome 1p/19q codeletion could have the best overall survival in LGG (13).

Even the ubiquitin-proteasome system, which has been a target of cancer therapy in the past years, has been linked to gliomas. A newly identified gene, proteasome 26S subunit ATPase 2 (PSMC2), has been linked to the pathogenesis of multiple cancers, including gliomas. Through broad-spectrum screening of several tumors, PSMC2 was upregulated in most of them, but it was most significantly overexpressed in gliomas and correlated with poor prognosis in glioma patients. Additionally, knockdown of PSMC2 in a glioma cell line inhibited proliferation and affected apoptosis, supporting it as a relevant tumor biomarker (14).



2.2 Transmembrane Proteins

Transmembrane protein 158 (TMEM158) has been shown to be significantly upregulated in primary glioblastoma (GBM) compared to WHO grade II or III gliomas based on multiple cancer database analyses. Furthermore, the expression of TMEM158 was higher in IDH1-wt glioma samples compared to IDH1-mut irrespective of grade, and increased expression was correlated with poor OS in glioma patients. Further investigations revealed that TMEM158 enhanced glioma cell proliferation, migration, and invasion as well as the progression of epithelial mesenchymal transition (EMT) by activating STAT3 signaling in vitro as well as in a mouse model (15). TMEM158 has been recently implicated in the carcinogenesis of multiple cancers, including gliomas, and more studies are needed to elucidate its exact mechanisms for possible future therapeutic targeting. A similarly conducted study also found that TMEM60 promotes glioma cell proliferation, migration, and invasion and impairs cell apoptosis via activating the PI3K/Akt signaling pathway (16). Moreover, translocation associated membrane proteins (TRAMs), which are involved in the posttranslational processing of secretory proteins and translocation to the endoplasmic reticulum (ER) membrane have been implicated in the oncogenesis of gliomas. A recent study found that TRAM2 is over-expressed in glioma samples and cell lines, and that higher expression was associated with poor survival. The researchers further demonstrated that silencing of TRAM2 blocked the malignant progression of glioma by inhibiting the PI3K/Akt/mTOR signaling, rendering it a pathway with therapeutic potential (17).

Some transmembrane proteins may also play a protective role in gliomas by virtue of their regulatory mechanisms on oncogenic signaling cascades. Lipid phosphate phosphatase-related protein type 5 (LPPR5) which modulates the Rho-GTPase pathway involved in cancer growth, vascularization, and the response to changes in the microenvironment, has been identified as a candidate protective integral membrane protein. Researchers developed a murine orthotopic allograft glioma model with an LPPR5 overexpression model (LPPR5OE) and discovered that LPPR5OE tumors exhibited a more benign phenotype evidenced by delayed growth, increased tumor cell apoptosis, reduced vascular endothelial growth factor A (VEGFA) secretion, and a dysfunctional vascular architecture. Interestingly, the altered architecture showed enhanced susceptibility to sunitinib therapy in the study (18). Despite the novelty of this murine model, the results of this study highlight LPPR5 as a key protein in glioma that warrants further investigation. Nuclear and cytoplasmic biomarkers along with transmembrane proteins which act as prognostic indicators in gliomas are summarized in Figure 1.




Figure 1 | Nuclear and transmembrane biomarkers as prognostic factors in gliomas. Biomarkers in red are poor prognostic factors. Biomarkers in green are good prognostic factors.*used to distinguish between oligodendroglioma and astrocytoma.





2.3 Immune and immune-microenvironment biomarkers

Gliomas, in theory, should be suitable candidates for targeted immunotherapy, given that immune cells can freely cross the blood brain barrier. However, several immunotherapy trials over the past two decades have shown limited results (5). One of the possible explanations for this phenomenon is the scarcity of tumor infiltrating lymphocytes in gliomas and the abundance of immunosuppressive myeloid cells, rendering them “immune-cold” tumors (19). Aiming to better elucidate the immune microenvironment to identify better immunotherapy targets, a group of researchers performed an integrated analysis of 201,986 human glioma, immune, and other stromal cells at the single cell level. Five specific myeloid cell subtype gene signatures (MC2–MC5, and MC7) were independent prognostic indicators of glioma patient survival, independent of established covariates of glioma patient survival such as IDH mutation and MGMT methylation status. This is a new theme of prognostic markers in gliomas and highlights the value of studying the immune microenvironment. In the study, a candidate gene, S100A4, expressed on immunosuppressive macrophages and T-cells, was significantly associated with poor prognosis in glioma and GBM patients. Moreover, knockout S100a4−/− glioma-bearing mice lived significantly longer than wild-type host mice, validating the potential of S100A4 as an immunotherapy target in GBM (20).

PD-L1 has been long recognized as an immunotherapy target, as it is known to suppress T-cell activity and facilitate cancer progression. In fact, targeting the PD-1/PD-L1 pathway to activate the immune response is an FDA-approved treatment approach for several types of cancer. However, the applicability of this immunotherapeutic modality in gliomas has been limited (5). A recent study utilized transcriptomic analysis to model gene regulation networks in individual gliomas to identify patterns in PD-1 signaling regulation. The regulation of PD1 signaling was repressed in patients with primary GBM who had a long-term survival, while patients with worse outcomes and those with recurrence had a loss of this repression (21). This provides a novel stratification modality to predict patient prognosis and consolidates prior knowledge on the role of PD-1 in cancers and gliomas. It has been suggested that the interaction between PD-1 and PD-L2 could limit the development of a T-cell response and explain the failure of PD-1/PD-L1 immunotherapy trials in older non-glioma related trials (22). This might as well be applicable to glioma immunotherapy. PD-L2 is a cell surface protein well-known to modulate cancer-associated immune responses and has been recently identified as an unfavorable prognostic marker in gliomas. Using data from CGGA and TCGA, higher expression of PD-L2 was observed in higher glioma grades and IDH-wt gliomas and could predict an unfavorable prognosis of patients independent of other factors such as age, grade, IDH status and 1p/19q status. On the other hand, patients with lower PD-L2 expression levels had better survival (23). Furthermore, PD-L2 is associated with the immune response by regulating T-cell function and cytokine secretion. These recent findings further our knowledge of PD-L2 and may provide important clues for future immunotherapy trials targeting this axis.

Another novel glioma biomarker relevant to the immune microenvironment is replication factor 2 (RFC2), a subunit of the RFC complex that modulates DNA replication and repair. In a German study evaluating RFC2 as a prognostic biomarker in glioma, the RFC2 high expression group had higher proportions of naïve B cells, CD8+ T cells, resting memory CD4+ T cells, M0 macrophages, and M1 macrophages and lower fractions of M2 macrophages, resting dendritic cells, and activated mast cells than the RFC2 low expression group. Additionally, RFC2 had co-expression relationships with recognized immune checkpoint genes, including PD-1, PD-L1, PD-L2, B7-H2, and CTLA4 (24). These findings support RFC2 as a possible immunotherapy target. Likewise, the gene plasminogen activator urokinase receptor (PLAUR) which has been linked to extracellular matrix (ECM) degradation in a multitude of tumors, has been identified as an immunological biomarker in glioma. A study recently found that the infiltration level of CD8+ T-Cells decreased while that of macrophages increased along with the increase of PLAUR expression in glioma samples. The macrophages were found to be of the alternative M2 phenotype, which is associated with an immunosuppressive phenotype (25).

Tumor-associated macrophages (TAMs) which may constitute up to 50% of the tumor microenvironment in gliomas, have been shown to promote numerous tumor-promoting activities such as angiogenesis, enhanced tumor cell migration and invasiveness. One of the highly specific markers in TAMs, CD163, was associated with high enrichment of phenotypes of known malignant molecules, such as IDH-wt status based on TCGA and CGGA database analyses (26). Furthermore, there was high concordance between CD163 and immune checkpoints, including PD-L1, PD-1, TIM-3, LAG-3, B7-H3, and B7-H4, making it a promising biomarker and target for immunotherapeutic strategies. Similarly, the immunomodulatory CD161 was found to be enriched in HGG and IDH-wt gliomas and was an independent prognostic factor for the OS of glioma patients. Furthermore, CD161 was shown to inhibit the cytotoxicity of T-cells in glioma patients (22). These findings suggest that CD161 can serve as a marker for reduced tumor cell immunity and a silenced tumor immune microenvironment in glioma, which could serve as a suitable target for immunotherapy.



2.4 DNA methylation

DNA methylation is an epigenetic modification that relies on DNA methyltransferases (DMNTs), preferentially acting on the C-5, N-4, N-6 and N-7 sites of DNA segments (27, 28). Genome-wide DNA methylation profiling has proven to be a robust tool in the analysis of epigenetic changes in many cancers, including gliomas. A Swedish study recently investigated the value of methylation profiling using 166 tumor specimens of diffuse low-grade gliomas (dLGGs) in achieving WHO 2016 classification, predicting patient survival, and providing possible refinement to the classification. In predicting IDH mutational and 1p/19q codeletion status confirmed using standard clinical and molecular techniques (such as IHC and FISH), the sensitivity and specificity of methylation profiling were both 100%. Furthermore, the authors compared the methylation-based classification to the WHO 2016 integrated molecular diagnosis and found that methylation profiling provided similar characterization of dLGG in terms of diagnosis and similar prognostication in terms of patient survival (29). These findings, along with the feasibility of obtaining numerous biomarker information in one analysis, make DNA methylation a promising diagnostic and prognostic tool that may be incorporated into clinical practice.

A recent trend found in the literature is the generation of methylation-based signatures that could predict prognosis in gliomas. For instance, a group of Chinese researchers utilized TCGA methylation data to identify prognostic genes in LGGs. Subsequently, they developed a three gene signature (EMP3, GSX2 and EMILIN3) that can be used as a prognostic indicator for LGG patients (30). The signature was in line with the stratification of grade II and III patients and IDH-wt cohorts, which may improve current histology-based tumor classification systems and provide better stratification for future clinical trials. In a similar fashion, a signature based on two-CpG DNA methylation sites in LGGs was generated from cancer databases that was independent of other clinical factors like age, WHO grade, family history of cancer and IDH mutation status. Further analysis indicated that the signature exhibited higher predictive accuracy compared with known biomarkers, which may help improve the risk stratification of patients in the clinic (31).

DNA methylation can also be used to predict the response to different glioma therapies. In a study done by Zhou et. Al, the expression of DNA methyltransferase1 (DNMT1) was found to be low in GBM cell lines resistant to TMZ due to the decreased expression of the miR-20a gene which positively correlated with the degree of sensitivity to TMZ (32). Furthermore, the European Organization for Research and Treatment of Cancer (EORTC) 22033 phase III trial randomized patients to two treatment groups, focal RT, or dose dense TMZ, to compare these treatment modalities and identify putative prognostic and predictive molecular markers (33). There was no significant difference in progression-free survival (PFS) for patients in the two groups; however, in the TMZ-treatment arm, patients with IDH-mt co-deleted tumors did better than the IDH-mt non-co-deleted subgroup. A group of researchers recently analyzed the DNA methylome of DNA Damage Response (DDR) genes as predictors of treatment response in this trial (34). Promoter methylation profiles of four DDR genes were found to be predictive of longer PFS in one of the treatment arms: MGMT, MLH3, RAD21, and SMC4. These findings support established studies on MGMT promoter methylation as predictors of benefit from treatment with alkylating agents in GBM (35), and open further avenues for new therapeutic targets in LGGs.



2.5 Histone modification

The alteration of histone proteins exhibits an important aspect in the gene regulation process in patients with GBM. Common modifications include acetylation, methylation, phosphorylation and ubiquitylation (36). In general, histone acetylation increases gene expression, while methylation either downregulates or upregulates expression depending on the protein core of the histone involved (d). An abnormal histone modification process can have a tremendous effect on the upregulation of genes that promote GBM proliferation and propagation and can also contribute to acquiring resistance against certain therapeutic regimens (37–39).

For instance, enhancer of zeste homolog 2 (EZH2), a histone methyltransferase involved in the upregulation of c-MYC (40), was shown to be highly involved the tumorigenesis of GBM and decreased the survival rates (41), therefore representing an important prognostic factor related to the grade of the glioma (42). In this sense, the inhibition of EZH2 negatively impacts the ability of GBM cells to regenerate in vitro, downregulates tumorigenesis in vivo and increases the sensitivity to radiation therapy (43).

Furthermore, protein arginine methyltransferases (PRMTs) are important enzymes in the histone modification process that disrupt the interaction between proteins and their related downstream cellular signaling. They were proved to increase the tumorigenesis of GBM if aberrantly expressed (44, 45). For example, PRMT1 and PRMT2 are overexpressed in GBM and their depletion was shown to decrease tumor cell proliferation in mouse xenografts (46, 47).

In addition, the lysine demethylases (KDM), also involved in the histone modification process, play an important role in GBM resistance to therapy whereby they alter the regulation of cell death, senescence, and tumorigenesis (48, 49). For instance, KDM5A is known to be overexpressed in GBM cell lines resistant to TMZ, and the knockout of this gene efficiently downregulates tumor proliferation in vivo and in vitro in these resistant cells in addition to increasing their sensitivity to TMZ (50, 51).

Lastly, the acetylation of histone proteins, tightly regulated by histone acetyltransferases (HAT) and histone deacetylases (HDAC), is crucial in order to maintain adequate gene expression (52). Generally, the overexpression of these genes leads to the development of GBM. For example, the expression of HDAC9 was shown to be highly upregulated in GBM, thereby causing an increased tumor proliferation by activating the transcription coactivator with PDZ-binding motif (TAZ), an important downstream component in the Hippo pathway (53). In this sense, an inhibition of HDAC9 was shown to decrease the expression of TAZ and produce an anti-GBM effect (54).



2.6 Chromatin remodeling

Remodeling of chromatin represents the alteration of chromatin into higher order complexes which can impact drug resistance depending on the resulting structures and the accessibility that permits transcription (55). A study by Xiao et al. (x) showed that an up-regulation of chromatin remodeling factor lymphoid-specific helicase (LSH) contributed to the development and progression of gliomas. In addition, it was shown that an increased expression of the transcription factor E2F1 and glycogen synthase kinase-3B correlated with the level of LSH in astrocytomas and GBM, also leading to an increased progression of the disease (56). Furthermore, evidence showed that treatment induced resistance in GBM were mediated by a set of transcriptional events regulated by chromatin remodeling processes. In other words, targeting this machinery through inhibitors like PARP inhibitors in treatment-resistant GBM cells could potentially increase sensitivity response to therapy (57).



2.7 Circulating tumor cells

Circulating tumor cells (CTCs) are tumor derived cells that are shed into the bloodstream during tumor formation, growth, or invasion (58). CTCs have been long recognized for their clinical applications in cancer screening, genotyping, monitoring tumor progress, and delivery of individualized treatments. The case is no different with gliomas, as several studies over the past decade have demonstrated glioma derived CTCs in the peripheral blood of patients (59). In a 2014 study by Muller et al., CTCs were detected in the blood of 20.6% of patients with GBM by immunochemical analyses using glial fibrillary acid protein (GFAP) (60). Moreover, the presence of CTCs in peripheral blood was assessed before and after surgical resection. CTCs were detected in 13.4% of patients in both presurgical and postsurgical samples, 7.5% only in postsurgical samples and 6% only in presurgical samples. Another study by Macarthur et al. identified the presence of blood CTCs in 72% of patients with GBM, with a decrease to 8% post radiation therapy, confirming the ability of these cells to cross the BBB (61). More recent research conducted on 13 GBM patients undergoing treatment with a microtubule inhibitor revealed that CTCs can cross the BBB in clusters (62). CTCs may also be useful in tracking responses to therapy in glioma patients. In a retrospective study on 22 patients who underwent tumor resection followed by RT and then developed new enhancing mass lesions on MRI, the CTC count was significantly higher in the tumor recurrence group compared to the tumor necrosis group. ROC analysis showed that a cell count threshold of 2 had 91.2% specificity and 100% sensitivity with AUC = 0.933 to predict tumor recurrence, which were superior to standards of diagnosis such as DSC-MRP and MET-PET (63).

Current detection methods of CTCs rely on specific surface antigens, namely the transmembrane glycoprotein epithelial cell adhesion molecule (EpCAM) that is highly expressed in carcinomas. However, gliomas do not express EpCAM, and hence less specific microfluidic techniques are being utilized for detection (59). This is in part why the application of CTCs in gliomas has been limited. Nevertheless, there have been some promising findings in the development of specific glioma-derived CTC detection techniques in recent years. A novel strategy for glioma CTC capture and detection was recently developed, targeting the cancer-specific glycosaminoglycan structure oncofetal chondroitin sulfate (ofCS) (64). It utilizes recombinant malaria VAR2CSA protein (rVAR2) which can specifically bind to glioma cell lines in a background of normal white blood cells and could be used for magnetic capture and isolation of these cells from whole blood with variable efficiency, reaching up to 75%. Moreover, a trial on blood samples derived from ten glioma patients established proof-of-concept for the identification of glioma CTCs. Chinese researchers recently developed a highly sensitive technique for CTC capture in liquid biopsies using antibody-modified immunomagnetic microspheres (IMs) (65). The clinical applicability of this method was confirmed using a mouse xenograft model and clinical specimens from glioma patients. Another interesting isolation modality is isolating CTCs from glioma patients using human telomerase reverse transcriptase (hTERT) (66). The authors report that the detection rate of this method is the highest reported to date (83.02%) and allowed detection of different pathological subtypes other than GBM. CTCs could be isolated by flow cytometry, which has the added advantage of single-cell molecular analysis, which can provide valuable prognostic and therapeutic information.



2.8 Circulating tumor DNA

Circulating tumor DNA (ctDNA) refers to circulating cell-free DNA (ccfDNA) derived from tumor cells thought to arise from apoptosis or necrosis of tumor cells or other excretory mechanisms (59). The BBB, however, is a limitation for the detection of ctDNA, as it leads to lower serum levels compared to other tumors (67). To overcome the low detection thresholds, many studies have opted to use CSF as a source to study ctDNA, as it has shown better sensitivity despite being more invasive (68). After obtaining the samples, two approaches are commonly implemented in the detection of ctDNA: targeted mutational sequencing and whole genome sequencing.

In a study of 419 patients with primary brain tumors, including gliomas, ctDNA was detectable in up to half of the cases (69). This was confirmed with another study using the same technique with a detection rate of around 51% in primary GBM (70). Higher sensitivities in the detection of ctDNA in glioma patients may be achieved using targeted sequencing on CSF samples. For example, analysis of the mutational status of commonly mutated genes in gliomas, including IDH1, IDH2, TP53, TERT, ATRX, H3F3A, and HIST1H3B gene mutations, provides higher sensitivity in detection and can guide diagnosis (71). Furthermore, ctDNA can provide prognostic value in glioma patients. This was highlighted in a study on 85 glioma patients, whereby ctDNA was detected in the CSF of 42 of them. Higher levels of ctDNA were observed in cases of progressive disease, CSF space spread, and larger tumor burden (72). ctDNA can also be used to monitor disease progression in glioma patients. A recent study found that patients with brain tumors, including GBM and metastatic cancer, have a 30-fold increase in ccfDNA compared with healthy individuals (73). Upon intranasal therapy with Peirillyl Alcohol (POH), the mean cfDNA serum levels of patients who survived more than 6 months was significantly lower compared with those that survived less than 6 months (2.7 folds). Interestingly, one of the patients under study with stable disease after 3 years of continuous POH therapy developed an increase in ccfDNA 3 months after treatment discontinuation, which was verified by imaging as tumor progression. This constellation of findings indicates that ccfDNA may serve as a noninvasive prognostic and molecular marker in brain tumors and as a possible screening tool for the early detection of tumor progression. Another utility of ctDNA in the realm of glioma is in selecting candidates for targeted therapy. A recent publication analyzing ccfDNA by whole genome sequencing from 25 GBM patients and 25 healthy controls found several gene-gene fusions which may be targets of specific therapies (74). For instance, KDR–PDGFRA and NCDN–PDGFRA were identified in 44% of all samples, BCR–ABL1 in 8%, COL1A1–PDGFB in 8%, NIN–PDGFRB in 8%, and FGFR1–BCR 4%. These findings raise significant clinical and therapeutic implications given that tyrosine kinase inhibitors are known to target such gene fusion products.

With improvements in the current methods available for detection of ctDNA, the use of this modality in the field of gliomas looks promising (75).



2.9 Noncoding RNAs

Non−coding RNAs (ncRNAs) are a class of functional non-protein coding RNAs including microRNAs (miRNAs/miRs), long non−coding RNAs (lncRNAs) and circular RNAs (circRNAs).


2.9.1 miRNAs

The role of miRNAs in gliomas has been subject to extensive study in recent years. This is highlighted in a 2018 meta-analysis which found that the overall sensitivity of miRNAs in the diagnosis of glioma was 85%, specificity was 90%, and AUC was 93% (76). Additionally, some miRNAs may serve as prognostic and therapeutic indicators in glioma.

A representative of the potential utility of miRNAs in gliomas is miR-21. The expression of specific exosomal miRNA such as miR-21 has been shown to be significantly higher in HGGs than in LGGs and controls (77). The diagnostic efficacy of miR-21 as a clinical biomarker in glioma was further consolidated by a meta-analysis showing a pooled sensitivity of 0.82 and specificity of 0.94 (78). In terms of treatment, miR-21 was shown to correlate with the response to chemotherapy. In fact, the downregulation of miR-21 induced a better proapoptotic effect of TMZ in GBM cells (79).

When their targets are implicated in gliomagenesis, miRNAs can be utilized as therapeutic modalities. For example, the oncogene FLOT2, which is a known target of miR-449, was recently shown to be greatly upregulated in glioma tissues and cell lines, and its expression level was associated with tumor stage and size. In a study, miR-449 could bind directly to the 3’UTR of FLOT2 and regulate FLOT2 expression in glioma cells. Moreover, the expression levels of miR-449 in glioma tissue and cell lines was significantly reduced (80). This constellation of findings may nominate miR-449 as a therapeutic tool to halt glioma cell proliferation. Another example is miR-376a whose expression could suppress the angiogenic ability of glioma cell lines in vitro, whereas using a miR-376a inhibitor exerted the opposite functions. Additionally, xenografts with ectopic miR-376a expression showed smaller volumes and weights and a slower growth, further highlighting the utility of this miRNA (81). Table 1 highlights the recent relevant studies on miRNAs as diagnostic, prognostic, or therapeutic biomarkers in gliomas.


Table 1 | Families and types of gliomas with relevant genetic parameters (82).





2.9.2 Long non-coding RNAs

The number of studies evaluating the role of lnRNAs as oncogenic and prognostic biomarkers is rapidly growing (83, 84). However, given the complex nature of lnRNAs, it would be best to approach them from a combined analysis approach. A 2018 meta-analysis showed a significant association between elevated lncRNA expression levels and OS in glioma patients (85). Moreover, lncRNA expression was significantly associated with tumor diameter, grade, and Karnofsky Performance Status Scale. Another 2018 systematic review and meta-analysis investigating 40 studies examining the role of lnRNAs in the clinicopathological features, diagnosis and prognosis of gliomas revealed that urothelial carcinoma associated 1 (UCA1) expression was positively associated with tumor size and WHO tumor grade, and that metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) expression could predict poor OS in patients with glioma (86).

Other studies focused on combinations of lnRNAs that may serve as prognostic signatures. Using survival analysis and the Cox regression model, a group of researchers identified a set of six lncRNAs (AC005013.5, UBE2R2-AS1, ENTPD1-AS1, RP11-89C21.2, AC073115.6, and XLOC_004803) that could stratify GBM patients into high- and low-risk groups with significantly different survival (median 0.9 vs. 1.6 years) (87). In a similar fashion, the UVA8 model was built using the TCGA database based on 8 lnRNAs. UVA8 model successfully stratified patients into high and low risk groups and could predict glioma patient survival independent of age, grade and IDH mutation status (88). Another study identified 10 autophagy-associated lncRNAs (PCBP1-AS1, TP53TG1, DHRS4-AS1, ZNF674-AS1, GABPB1-AS1, DDX11-AS1, SBF2-AS1, MIR4453HG, MAPKAPK5-AS1 and COX10- AS1) which were subsequently used to construct a prognostic signature dividing patients into low-risk and high-risk groups with significantly different survival (89). Even so, lncRNA gene methylation patterns could be used to construct signatures predictive of survival in gliomas (90).

Emerging studies have found several potential therapeutic target lnRNAs. For instance, inhibition of the lnRNA antidifferentiation noncoding RNA (ANCR) could repress invasion, migration, and proliferation, as well as promote apoptosis of glioma cells (91). Another lnRNA, ARST, whose expression is significantly decreased in GBM patients, could serve as a potential therapeutic target. A study found that overexpression of ARST in glioma cells significantly suppressed cell growth, proliferation, migration, and invasion and reduced their tumorigenic capacity in vivo through interfering with actin cytoskeleton integrity (92).

lnRNAs have been shown to interact with miRNAs to promote glioma progression. LncRNA NEAT1 can promote glioma cancer progression via regulation of both the miR-98-5p/BZW1 and miR-128-3p/ITGA5 axes (93, 94). A growing number of studies has revealed intricate interactions via complex lnRNA-miRNA networks. LncRNA PART1 can suppress glioma proliferation and migration via miR-374b/SALL1 axis (95), LINC00689 can inhibit glioma tumorigenesis via the miR-526b-3p/IGF2BP1 axis (96), GAS5 can alter the EMT process, proliferation, migration, and invasion of glioma cells through miR-106b targeting PTEN (97). Other lnRNA-miRNA interactions have been implicated in resistance to glioma therapy resistance. For instance, over-expression of lncRNA TMEM161B-AS1 promotes resistance to TMZ by sponging hsa-miR-27a-3p (98). Another study found that the interaction between the lncRNA-RMRP/ZNRF3 axis and Wnt/β-catenin signaling regulates TMZ resistance in glioma (99). A recent study even suggested lnRNA MIR155HG may serve as an immunotherapeutic target in glioma (100). Table 2 focuses on lnRNAs as diagnostic and/or prognostic biomarkers in gliomas.


Table 2 | Table summarizing the details of recent relevant studies on lnRNAs as diagnostic and/or prognostic biomarkers in gliomas.





2.9.3 Circular RNA

A growing number of studies have implicated circRNAs in a number of biological processes in gliomas, including cell proliferation, metastasis, angiogenesis and oncogenesis (131). For instance, circXRCC5 was upregulated in glioma tissues and cell lines, and correlated with the poor prognosis of glioma patients (132). Furthermore, knockdown of circXRCC5 blocked cell proliferation, migration, and invasion, but facilitated apoptosis. Other circRNAs may also prevent the proliferation of glioma cells and have a protective value. An example is circDCL1, whereby upregulation of this circRNA through METTL3-mediated m6A modification repressed the malignant proliferation of glioma cells (133). Recent studies also suggest that cicRNAs can affect multiple pathways of gliomagenesis, including the tumor microenvironment. circNEIL3 is one such circRNA that was shown to promote glioma carcinogenic progression in vitro and in vivo (134). Mechanistically, circNEIL3 stabilizes the oncogenic IGF2BP3 protein by preventing its ubiquitination. Furthermore, circNEIL3 is transferred through exosomes to TAMs, enabling them to acquire immunosuppressive properties.




2.10 Recent updates on glioma biomarkers from the WHO CNS5 classification

The recent WHO 5CNS classification is mostly guided by Molecular Biomarkers. Table 1 summarizes some of the altered molecular profiles in gliomas. For instance, CDKN2A/B is one of the criteria to diagnose high-grade astrocytoma with piloid features alongside a piloid cytology, frequent MAPK pathway gene alterations, loss of ATRX nuclear expression, and a distinct DNA methylation pattern (135). Furthermore, to classify a tumor as oligodendroglioma both the IDH-mutation and 1p/19q codeletion should be identified (82, 135).

For some of the tumors, molecular patterns are required for the diagnosis. The presence of one or more of the following three genetic parameters EGFR gene amplification, TERT promoter mutation and 7+/10–, is required to upgrade astrocytoma, IDH-wildtype to glioblastoma, IDH-wildtype (135, 136). Also, the WHO CNS5 classifies tumors with alterations in H3F3A to the pediatric-type diffuse high grade gliomas family as they have significantly worse outcomes, and tumors with homozygous CDKN2A/B deletion as having the highest malignancy grade in the group of diffuse, IDH-mutant astrocytomas (135, 137).

Moreover, new types of gliomas were introduced depending on different mutations found. For example, diffuse astrocytoma, MYB- or MYBL1-altered belong to the family of pediatric-type diffuse low-grade gliomas and are classified as CNS WHO grade 1. Another example is the diffuse low grade glioma, MAPK pathway-altered having mutations in FGFRs and/or BRAF and morphologically resembling a diffuse glioma (135).




3 Prognostic and predictive values of different biomarkers

Many studies showed that H3F3A alterations, TERT promoter mutations, CDKN2A deletion, 7q+/10-, EGFR amplifications are significantly associated with worse overall survival and progression free survival (135, 138–141). Whereas IDH mutations especially when associated with 1p/19q deletions, MYB and MYBL1 mutations, MAPK pathway activation, MGMT promoter methylation and upregulated MN1 have positive overall prognostic values (135, 142–144).

In terms of predictive values, the loss of chromosome 1p/19q, in low grade gliomas responding to Temozolomide, predicts both a persistent chemosensitivity and a favorable prognosis (145). Moreover, in preclinical studies, IDH mutant glioma cell lines showed better response to Poly ADP Ribose Polymerase (PARP) inhibition than cell lines with IDH wildtype (146). In addition, promising efficacy was showed with a new covalent binding EGFR-TKI (tyrosine kinase inhibitors), CM93, targeting EGFR alterations in preclinical trials (147), while other TKIs, in phase II trials, failed to show improvement in patients with non-progressive or recurrent glioblastoma (135, 148). These promising therapies should be studied in clinical settings for a possible better disease control.



4 Current Challenges and Future Directions

The field of glioma research has exploded in recent years. Part of this increased interest stems from the urgency to improve the outcomes of glioma patients, as their outlook is still gloomy despite multiple advances in the current treatment regimens. Furthermore, the incorporation of molecular diagnostics in gliomas has provided new paradigms in classification and treatment, as evidenced by the changes in WHO classifications over the years. With the availability of extensive cancer databases and the incorporation of next generation sequencing and genome-wide methylation profiling, the field of glioma research is rapidly expanding and offering promising findings that will contribute to a better understanding of these tumors. As extensively highlighted in this review, a growing number of cellular and molecular biomarkers have emerged with significant clinical relevance. The tumor microenvironment also offers great potential in providing novel immunotherapy targets. And with the enhancements in the techniques of liquid biopsy, numerous avenues of intervention are emerging. Future research should focus on moving these biomarkers from in vitro and animal studies to clinical studies to better evaluate their efficacy in gliomas.



Author contributions

MBZ and AA drafted the manuscript. LB, AA, RAZ, SA, MB and AA contributed to the discussion section. HA conceived the idea for the paper. All authors have read and approved the final manuscript. All authors contributed to the article and approved the submitted version.



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.



Abbreviations

BBB, blood brain barrier; ccfDNA, circulating cell-free DNA; CNS 2016, World Health Organization Classification of Tumors of the CNS 2016; CTCs, circulating tumor cells; ctDNA, circulating tumor DNA; dLGG, diffuse low-grade gliomas; ECM, extracellular matrix; EMT, epithelial-mesenchymal transition; EpCAM, epithelial cell adhesion molecule; FISH, fluorescence in situ hybridization; GBM, glioblastoma; IDH1-mut, IDH-1-mutant; IDH1-wt, IDH-1-wild-type; IHC, immunohistochemistry; LGG, low grade glioma; OS, overall survival; PD-L1, Programmed cell death 1 ligand 1; PD-L2, Programmed cell death 1 ligand 2; PFS, progression-free survival; RT, radiotherapy; TAMs, tumor-associated macrophages; TCGA, the cancer genome atlas; TMZ, temozolomide.



References

1. Molinaro, AM, Taylor, JW, Wiencke, JK, and Wrensch, MR. Genetic and molecular epidemiology of adult diffuse glioma. Nat Rev Neurol (2019) 15(7):405–17. doi: 10.1038/s41582-019-0220-2

2. Miller, KD, Ostrom, QT, Kruchko, C, Patil, N, Tihan, T, Cioffi, G, et al. Brain and other central nervous system tumor statistics, 2021. CA Cancer J Clin (2021) 71(5):381–406. doi: 10.3322/caac.21693

3. Perez, A, and Huse, JT. The evolving classification of diffuse gliomas: World health organization updates for 2021. Curr Neurol Neurosci Rep (2021) 21(12):67. doi: 10.1007/s11910-021-01153-8

4. 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

5. Yang, K, Wu, Z, Zhang, H, Zhang, N, Wu, W, Wang, Z, et al. Glioma targeted therapy: insight into future of molecular approaches. Mol Cancer (2022) 21(1):39. doi: 10.1186/s12943-022-01513-z

6. Kagawa, Y, Umaru, BA, Kanamori, M, Zama, R, Shil, SK, Miyazaki, H, et al. Nuclear FABP7 regulates cell proliferation of wild-type IDH1 glioma through caveolae formation. Mol Oncol (2022) 16(1):289–306. doi: 10.1002/1878-0261.13130

7. Feldheim, J, Kessler, AF, Schmitt, D, Salvador, E, Monoranu, CM, Feldheim, JJ, et al. Ribosomal protein S27/Metallopanstimulin-1 (RPS27) in glioma-a new disease biomarker? Cancers (Basel) (2020) 12(5). doi: 10.3390/cancers12051085

8. Qian, M, Chen, Z, Wang, S, Guo, X, Zhang, Z, Qiu, W, et al. PLEKHG5 is a novel prognostic biomarker in glioma patients. Int J Clin Oncol (2019) 24(11):1350–8. doi: 10.1007/s10147-019-01503-0

9. Liu, Z, Ren, Z, Zhang, C, Qian, R, Wang, H, Wang, J, et al. ELK3: A new molecular marker for the diagnosis and prognosis of glioma. Front Oncol (2021) 11:608748. doi: 10.3389/fonc.2021.608748

10. Zhang, J, Guo, Q, Zhang, G, Cao, X, Chen, W, Li, Y, et al. High myosin binding protein h expression predicts poor prognosis in glioma patients. Sci Rep (2022) 12(1):1525. doi: 10.1038/s41598-022-05512-4

11. Felix, M, Friedel, D, Jayavelu, AK, Filipski, K, Reinhard, AK, Warnken, U, et al. HIP1R and vimentin immunohistochemistry predict 1p/19q status in IDH-mutant glioma. Neuro Oncol (2022). doi: 10.1093/neuonc/noac111

12. Liu, J, Gao, L, Ji, B, Geng, R, Chen, J, Tao, X, et al. BCL7A as a novel prognostic biomarker for glioma patients. J Transl Med (2021) 19(1):335. doi: 10.1186/s12967-021-03003-0

13. Huang, SP, Chan, YC, Huang, SY, and Lin, YF.. Overexpression of PSAT1 gene is a favorable prognostic marker in lower-grade gliomas and predicts a favorable outcome in patients with IDH1 mutations and chromosome 1p19q codeletion. Cancers (Basel) (2019) 12(1). doi: 10.3390/cancers12010013

14. Zheng, X, Wang, Y, Wang, D, Wan, J, Qin, X, Mu, Z, et al. PSMC2 is overexpressed in glioma and promotes proliferation and anti-apoptosis of glioma cells. World J Surg Oncol (2022) 20(1):84. doi: 10.1186/s12957-022-02533-1

15. Li, J, Wang, X, Chen, L, Zhang, J, Zhang, Y, Ren, X, et al. TMEM158 promotes the proliferation and migration of glioma cells via STAT3 signaling in glioblastomas. Cancer Gene Ther (2022). doi: 10.1038/s41417-021-00414-5

16. Wu, J, Tang, X, Yu, X, Zhang, X, Yang, W, Seth, A, et al. TMEM60 promotes the proliferation and migration and inhibits the apoptosis of glioma through modulating AKT signaling. J Oncol (2022) 2022:9913700. doi: 10.1155/2022/9913700

17. Gao, X, Jiang, W, Ke, Z, Huang, Q, Chen, L, Zhang, G, et al. TRAM2 promotes the malignant progression of glioma through PI3K/AKT/mTOR pathway. Biochem Biophys Res Commun (2022) 586:34–41. doi: 10.1016/j.bbrc.2021.11.061

18. Stange, L, Lucia, KE, Ghori, A, Vajkoczy, P, Czabanka, M, and Broggini, T. LPPR5 expression in glioma affects growth, vascular architecture, and sunitinib resistance. Int J Mol Sci (2022) 23(6). doi: 10.3390/ijms23063108

19. Gieryng, A, Pszczolkowska, D, Walentynowicz, KA, Rajan, WD, and Kaminska, B.. Immune microenvironment of gliomas. Lab Invest (2017) 97(5):498–518. doi: 10.1038/labinvest.2017.19

20. Abdelfattah, N, Kumar, P, Wang, C, Leu, JS, Flynn, WF, Gao, R, et al. Single-cell analysis of human glioma and immune cells identifies S100A4 as an immunotherapy target. Nat Commun (2022) 13(1):767. doi: 10.1038/s41467-022-28372-y

21. Lopes-Ramos, CM, Belova, T, Brunner, TH, Ben Guebila, M, Osorio, D, Quackenbush, J, et al. Regulatory network of PD1 signaling is associated with prognosis in glioblastoma multiforme. Cancer Res (2021) 81(21):5401–12. doi: 10.1158/0008-5472.CAN-21-0730

22. Di, W, Wu, .Fan W, Shi, F, Wang, Z, Yu, Z, M,, et al. Clinical characterization and immunosuppressive regulation of CD161 (KLRB1) in glioma through 916 samples. Cancer Sci (2022) 113(2):756–69. doi: 10.1111/cas.15236

23. Wang, ZL, Li, GZ, Wang, QW, Bao, ZS, Wang, Z, Zhang, CB, et al. PD-L2 expression is correlated with the molecular and clinical features of glioma, and acts as an unfavorable prognostic factor. Oncoimmunology (2019) 8(2):e1541535. doi: 10.1080/2162402X.2018.1541535

24. Zhao, X, Wang, Y, Li, J, Qu, F, Fu, X, Liu, S, et al. RFC2: a prognosis biomarker correlated with the immune signature in diffuse lower-grade gliomas. Sci Rep (2022) 12(1):3122. doi: 10.1038/s41598-022-06197-5

25. Zeng, F, Li, G, Liu, X, Zhang, K, Huang, H, Jiang, T, et al. Plasminogen activator urokinase receptor implies immunosuppressive features and acts as an unfavorable prognostic biomarker in glioma. Oncologist (2021) 26(8):e1460–9. doi: 10.1002/onco.13750

26. Liu, S, Zhang, C, Maimela, NR, Yang, L, Zhang, Z, Ping, Y, et al. Molecular and clinical characterization of CD163 expression via large-scale analysis in glioma. Oncoimmunology (2019) 8(7):1601478. doi: 10.1080/2162402X.2019.1601478

27. Jones, PA. Functions of DNA methylation: islands, start sites, gene bodies and beyond. Nat Rev Genet (2012) 13(7):484–92. doi: 10.1038/nrg3230

28. Lövkvist, C, Dodd, IB, Sneppen, K, and Haerter, JO.. DNA Methylation in human epigenomes depends on local topology of CpG sites. Nucleic Acids Res (2016) 44(11):5123–32. doi: 10.1093/nar/gkw124

29. Ferreyra Vega, S, Olsson Bontell, T, Corell, A, Smits, A, Jakola, AS, Caren, H., et al. DNA Methylation profiling for molecular classification of adult diffuse lower-grade gliomas. Clin Epigenet (2021) 13(1):102.

30. Zeng, WJ, Yang, YL, Liu, ZZ, Wen, ZP, Chen, YH, Hu, XL, et al. Integrative analysis of DNA methylation and gene expression identify a three-gene signature for predicting prognosis in lower-grade gliomas. Cell Physiol Biochem (2018) 47(1):428–39. doi: 10.1159/000489954

31. Guo, W, Ma, S, Zhang, Y, Liu, H, Li, Y, Xu, JT, et al. Genome-wide methylomic analyses identify prognostic epigenetic signature in lower grade glioma. J Cell Mol Med (2022) 26(2):449–61. doi: 10.1111/jcmm.17101

32. Zhou, D, Wan, Y, Xie, D, Wang, Y, Wei, J, Yan, Q, et al. DNMT1 mediates chemosensitivity by reducing methylation of miRNA-20a promoter in glioma cells. Exp Mol Med (2015) 47(9):e182–2. doi: 10.1038/emm.2015.57

33. Baumert, BG, Hegi, ME, van den Bent, MJ, von Deimling, A, Gorlia, T, Hoang-Xuan, K, et al. Temozolomide chemotherapy versus radiotherapy in high-risk low-grade glioma (EORTC 22033-26033): a randomised, open-label, phase 3 intergroup study. Lancet Oncol (2016) 17(11):1521–32. doi: 10.1016/S1470-2045(16)30313-8

34. Bady, P, Kurscheid, S, Delorenzi, M, Gorlia, T, van den Bent, MJ, Hoang-Xuan, K, et al. The DNA methylome of DDR genes and benefit from RT or TMZ in IDH mutant low-grade glioma treated in EORTC 22033. Acta Neuropathol (2018) 135(4):601–15. doi: 10.1007/s00401-018-1810-6

35. Bady, P, Sciuscio, D, Diserens, AC, Bloch, J, van den Bent, MJ, Marosi, C, et al. MGMT methylation analysis of glioblastoma on the infinium methylation BeadChip identifies two distinct CpG regions associated with gene silencing and outcome, yielding a prediction model for comparisons across datasets, tumor grades, and CIMP-status. Acta Neuropathol (2012) 124(4):547–60. doi: 10.1007/s00401-012-1016-2

36. Bannister, AJ, and Kouzarides, T. Regulation of chromatin by histone modifications. Cell Res (2011) 21(3):381–95. doi: 10.1038/cr.2011.22

37. Kim, YZ. Altered histone modifications in gliomas. Brain Tumor Res Treat (2014) 2(1):7–21. doi: 10.14791/btrt.2014.2.1.7

38. Kreth, S, Thon, N, and Kreth, FW. Epigenetics in human gliomas. Cancer Lett (2014) 342(2):185–92. doi: 10.1016/j.canlet.2012.04.008

39. Nagarajan, RP, and Costello, JF. Epigenetic mechanisms in glioblastoma multiforme. In: Seminars in cancer biology. Elsevier (2009).

40. Wang, J, Yu, X, Gong, W, Liu, X, Park, K-S, Ma, A, et al. EZH2 noncanonically binds cMyc and p300 through a cryptic transactivation domain to mediate gene activation and promote oncogenesis. Nat Cell Biol (2022) 24(3):384–99. doi: 10.1038/s41556-022-00850-x

41. Zhang, Y, Yu, X, Chen, L, Zhang, Z, and Feng, S. EZH2 overexpression is associated with poor prognosis in patients with glioma. Oncotarget (2017) 8(1):565. doi: 10.18632/oncotarget.13478

42. Pyo, J-S, and Kang, D-W. Prognostic role of EZH2 in gliomas: a meta-analysis. Int J Biol Markers (2018) 33(1):62–7. doi: 10.5301/ijbm.5000293

43. Mohammad, F, Weissmann, S, Leblanc, B, Pandey, DP, Højfeldt, JW, Comet, I, et al. EZH2 is a potential therapeutic target for H3K27M-mutant pediatric gliomas. Nat Med (2017) 23(4):483–92. doi: 10.1038/nm.4293

44. Bryant, J-P, Heiss, J, and Banasavadi-Siddegowda, YK. Arginine methylation in brain tumors: Tumor biology and therapeutic strategies. Cells (2021) 10(1):124. doi: 10.3390/cells10010124

45. Raposo, AE, and Piller, SC. Protein arginine methylation: an emerging regulator of the cell cycle. Cell Division (2018) 13(1):1–16. doi: 10.1186/s13008-018-0036-2

46. Banasavadi-Siddegowda, Y, Russell, L, Frair, E, Karkhanis, V, Relation, T, Yoo, J, et al. PRMT5–PTEN molecular pathway regulates senescence and self-renewal of primary glioblastoma neurosphere cells. Oncogene (2017) 36(2):263–74. doi: 10.1038/onc.2016.199

47. Cai, F, Li, C-R, Wang, J-H, Yuan, X, Yu, W, Song, W, et al. S10. Acta Pharmacol Sin (2013), 34.

48. Kurt, IC, Sur, I, Kaya, E, Cingoz, A, Kazancioglu, S, Kahya, Z, et al. KDM2B, an H3K36-specific demethylase, regulates apoptotic response of GBM cells to TRAIL. Cell Death Dis (2017) 8(6):e2897–7. doi: 10.1038/cddis.2017.288

49. Wang, Y, Zang, J, Zhang, D, Sun, Z, Qiu, B, and Wang, X. KDM2B overexpression correlates with poor prognosis and regulates glioma cell growth. OncoTargets Ther (2018) 11:201. doi: 10.2147/OTT.S149833

50. Banelli, B, Daga, A, Forlani, A, Allemanni, G, Marubbi, D, Pistillo, MP, et al. Small molecules targeting histone demethylase genes (KDMs) inhibit growth of temozolomide-resistant glioblastoma cells. Oncotarget (2017) 8(21):34896. doi: 10.18632/oncotarget.16820

51. Romani, M, Daga, A, Forlani, A, Pistillo, MP, and Banelli, B. Targeting of histone demethylases KDM5A and KDM6B inhibits the proliferation of temozolomide-resistant glioblastoma cells. Cancers (2019) 11(6):878. doi: 10.3390/cancers11060878

52. Barneda-Zahonero, B, and Parra, M. Histone deacetylases and cancer. Mol Oncol (2012) 6(6):579–89. doi: 10.1016/j.molonc.2012.07.003

53. Yang, R, Wu, Y, Wang, M, Sun, Z, Zou, J, Zhang, Y, et al. HDAC9 promotes glioblastoma growth via TAZ-mediated EGFR pathway activation. Oncotarget (2015) 6(10):7644. doi: 10.18632/oncotarget.3223

54. Chen, R, Zhang, M, Zhou, Y, Guo, W, Yi, M, Zhang, Z, et al. The application of histone deacetylases inhibitors in glioblastoma. J Exp Clin Cancer Res (2020) 39(1):1–18. doi: 10.1186/s13046-020-01643-6

55. Passeri, D, Camaioni, E, Liscio, P, Sabbatini, P, Ferri, M, Carotti, A, et al. Concepts and molecular aspects in the polypharmacology of PARP-1 inhibitors. ChemMedChem (2016) 11(12):1219–26. doi: 10.1002/cmdc.201500391

56. Xiao, D, Huang, J, Pan, Y, Li, H, Fu, C, Mao, C, et al. Chromatin remodeling factor LSH is upregulated by the LRP6-GSK3β-E2F1 axis linking reversely with survival in gliomas. Theranostics (2017) 7(1):132.

57. Wu, Q, Berglund, AE, and Etame, AB. The impact of epigenetic modifications on adaptive resistance evolution in glioblastoma. Int J Mol Sci (2021) 22(15):8324. doi: 10.3390/ijms22158324

58. Haber, DA, and Velculescu, VE. Blood-based analyses of cancer: circulating tumor cells and circulating tumor DNA. Cancer Discov (2014) 4(6):650–61. doi: 10.1158/2159-8290.CD-13-1014

59. Jones, J, Nguyen, H, Drummond, K, and Morokoff, A. Circulating biomarkers for glioma: A review. Neurosurgery (2021) 88(3):E221–30. doi: 10.1093/neuros/nyaa540

60. Muller, C, Holtschmidt, J, Auer, M, Heitzer, E, Lamszus, K, Schulte, A, et al. Hematogenous dissemination of glioblastoma multiforme. Sci Transl Med (2014) 6(247):247ra101. doi: 10.1126/scitranslmed.3009095

61. Macarthur, KM, Kao, GD, Chandrasekaran, S, Alonso Basanta, M, Chapman, C, Lustig, RA, et al. Detection of brain tumor cells in the peripheral blood by a telomerase promoter-based assay. Cancer Res (2014) 74(8):2152–9. doi: 10.1158/0008-5472.CAN-13-0813

62. Krol, I, Castro-Giner, F, Maurer, M, Gkountela, S, Szczerba, BM, Scherrer, R, et al. Detection of circulating tumour cell clusters in human glioblastoma. Br J Cancer (2018) 119(4):487–91. doi: 10.1038/s41416-018-0186-7

63. Gao, F, Zhao, W, Li, M, Ren, X, Jiang, H, Cui, Y, et al. Role of circulating tumor cell detection in differentiating tumor recurrence from treatment necrosis of brain gliomas. Biosci Trends (2021) 15(2):107–17. doi: 10.5582/bst.2021.01017

64. Bang-Christensen, SR, Pedersen, RS, Pereira, MA, Clausen, TM, Loppke, C, Sand, NT, et al. Capture and detection of circulating glioma cells using the recombinant VAR2CSA malaria protein. Cells (2019) 8(9). doi: 10.3390/cells8090998

65. Huang, Z, Yang, F, Huang, Y, Lin, X, Feng, W, and Tian, X. Sorting and identification of circulating tumor cells of gliomas with EGFR antibody-modified immunomagnetic microspheres. AIP Adv (2021) 11(2). doi: 10.1063/5.0037919

66. Zhang, W, Qin, T, Yang, Z, Yin, L, Zhao, C, Feng, L, et al. Telomerase-positive circulating tumor cells are associated with poor prognosis via a neutrophil-mediated inflammatory immune environment in glioma. BMC Med (2021) 19(1):277.

67. Saenz-Antoñanzas, A, Auzmendi-Iriarte, J, Carrasco-Garcia, E, Moreno-Cugnon, L, Ruiz, I, Villanua, J, et al. Liquid biopsy in glioblastoma: Opportunities, applications and challenges. Cancers (Basel) (2019) 11(7). doi: 10.3390/cancers11070950

68. Escudero, L, Martinez-Ricarte, F, and Seoane, J. ctDNA-based liquid biopsy of cerebrospinal fluid in brain cancer. Cancers (Basel) (2021) 13(9). doi: 10.3390/cancers13091989

69. Piccioni, DE, Achrol, AS, Kiedrowski, LA, Banks, KC, Boucher, N, Barkhoudarian, G, et al. Analysis of cell-free circulating tumor DNA in 419 patients with glioblastoma and other primary brain tumors. CNS Oncol (2019) 8(2):CNS34. doi: 10.2217/cns-2018-0015

70. Zill, OA, Banks, KC, Fairclough, SR, Mortimer, SA, Vowles, JV, Mokhtari, R, et al. The landscape of actionable genomic alterations in cell-free circulating tumor DNA from 21,807 advanced cancer patients. Clin Cancer Res (2018) 24(15):3528–38. doi: 10.1158/1078-0432.CCR-17-3837

71. Martínez-Ricarte, F, Mayor, R, Martínez-Sáez, E, Rubio-Pérez, C, Pineda, E, Cordero, E, et al. Molecular diagnosis of diffuse gliomas through sequencing of cell-free circulating tumor DNA from cerebrospinal fluid. Clin Cancer Res (2018) 24(12):2812–9. doi: 10.1158/1078-0432.CCR-17-3800

72. Miller, AM, Shah, RH, Pentsova, EI, Pourmaleki, M, Briggs, S, Distefano, N, et al. Tracking tumour evolution in glioma through liquid biopsies of cerebrospinal fluid. Nature (2019) 565(7741):654–8. doi: 10.1038/s41586-019-0882-3

73. Faria, G, Silva, E, Da Fonseca, C, and Quirico-Santos, T. Circulating cell-free DNA as a prognostic and molecular marker for patients with brain tumors under perillyl alcohol-based therapy. Int J Mol Sci (2018) 19(6). doi: 10.3390/ijms19061610

74. Palande, V, Siegal, T, Detroja, R, Gorohovski, A, Glass, R, Flueh, C, et al. Detection of gene mutations and gene-gene fusions in circulating cell-free DNA of glioblastoma patients: an avenue for clinically relevant diagnostic analysis. Mol Oncol (2022) 16(10):2098–114. doi: 10.1002/1878-0261.13157

75. Wadden, J, Ravi, K, John, V, Babila, CM, Koschmann, C., et al. Cell-free tumor DNA (cf-tDNA) liquid biopsy: Current methods and use in brain tumor immunotherapy. Front Immunol (2022) 13:882452. doi: 10.3389/fimmu.2022.882452

76. Zhou, Q, Liu, J, Quan, J, Liu, W, Tan, H, and Li, W.. MicroRNAs as potential biomarkers for the diagnosis of glioma: A systematic review and meta-analysis. Cancer Sci (2018) 109(9):2651–9. doi: 10.1111/cas.13714

77. Santangelo, A, Imbrucè, P, Gardenghi, B, Belli, L, Agushi, R, Tamanini, A, et al. A microRNA signature from serum exosomes of patients with glioma as complementary diagnostic biomarker. J Neurooncol (2018) 136(1):51–62. doi: 10.1007/s11060-017-2639-x

78. Qu, S, Guan, J, and Liu, Y. Identification of microRNAs as novel biomarkers for glioma detection: A meta-analysis based on 11 articles. J Neurol Sci (2015) 348(1-2):181–7. doi: 10.1016/j.jns.2014.11.036

79. Lan, F, Pan, Q, Yu, H, and Yue, X. Sulforaphane enhances temozolomide-induced apoptosis because of down-regulation of miR-21 via wnt/β-catenin signaling in glioblastoma. J Neurochem (2015) 134(5):811–8. doi: 10.1111/jnc.13174

80. Huang, S, Zheng, S, Huang, S, Cheng, H, Lin, Y, Wen, Y, et al. Flot2 targeted by miR-449 acts as a prognostic biomarker in glioma. Artif Cells Nanomed Biotechnol (2019) 47(1):250–5. doi: 10.1080/21691401.2018.1549062

81. Deng, YW, Shu, YG, and Sun, SL. miR-376a inhibits glioma proliferation and angiogenesis by regulating YAP1/VEGF signalling via targeting of SIRT1. Transl Oncol (2022) 15(1):101270. doi: 10.1016/j.tranon.2021.101270

82. 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-oncology (2021) 23(8):1231–51. doi: 10.1093/neuonc/noab106

83. Song, L, Zhang, S, Duan, C, Ma, S, Hussain, S, Wei, L, et al. Genome-wide identification of lncRNAs as novel prognosis biomarkers of glioma. J Cell Biochem (2019) 120(12):19518–28. doi: 10.1002/jcb.29259

84. Gao, YF, Liu, JY, Mao, XY, He, ZW, Zhu, T, Wang, ZB, et al. LncRNA FOXD1-AS1 acts as a potential oncogenic biomarker in glioma. CNS Neurosci Ther (2020) 26(1):66–75. doi: 10.1111/cns.13152

85. Li, J, Liang, R, Song, C, Xiang, Y, and Liu, Y. Prognostic and clinicopathological significance of long non-coding RNA in glioma. Neurosurg Rev (2020) 43(1):1–8. doi: 10.1007/s10143-018-0965-x

86. Zhou, Q, Liu, J, Quan, J, Liu, W, Tan, H, and Li, W. lncRNAs as potential molecular biomarkers for the clinicopathology and prognosis of glioma: A systematic review and meta-analysis. Gene (2018) 668:77–86. doi: 10.1016/j.gene.2018.05.054

87. Zhou, M, Zhang, Z, Zhao, H, Bao, S, Cheng, L, and Sun, J.. An immune-related six-lncRNA signature to improve prognosis prediction of glioblastoma multiforme. Mol Neurobiol (2018) 55(5):3684–97.

88. Kiran, M, Chatrath, A, Tang, X, Keenan, DM, and Dutta, A. A prognostic signature for lower grade gliomas based on expression of long non-coding RNAs. Mol Neurobiol (2019) 56(7):4786–98. doi: 10.1007/s12035-018-1416-y

89. Luan, F, Chen, W, Chen, M, Yan, J, Chen, H, Yu, H, et al. An autophagy-related long non-coding RNA signature for glioma. FEBS Open Bio (2019) 9(4):653–67. doi: 10.1002/2211-5463.12601

90. Cheng, M, Sun, L, Huang, K, Yue, X, Chen, J, Zhang, Z, et al. A signature of nine lncRNA methylated genes predicts survival in patients with glioma. Front Oncol (2021) 11:646409. doi: 10.3389/fonc.2021.646409

91. Cheng, C, Dong, Y, Ru, X, Xia, Y, and Ji, Y. LncRNA ANCR promotes glioma cells invasion, migration, proliferation and inhibits apoptosis via interacting with EZH2 and repressing PTEN expression. Cancer Gene Ther (2021) 28(9):1025–34. doi: 10.1038/s41417-020-00263-8

92. Sun, J, He, D, Fu, Y, Zhang, R, Guo, H, Wang, Z, et al. A novel lncRNA ARST represses glioma progression by inhibiting ALDOA-mediated actin cytoskeleton integrity. J Exp Clin Cancer Res (2021) 40(1):187. doi: 10.1186/s13046-021-01977-9

93. Li, Y, Wang, X, Zhao, Z, Shang, J, Li, G, and Zhang, R.. LncRNA NEAT1 promotes glioma cancer progression via regulation of miR-98-5p/BZW1. Biosci Rep (2021) 41(7). doi: 10.1042/BSR20200767

94. Chen, J, Wang, H, Wang, J, Niu, W, Deng, C, and Zhou, M. LncRNA NEAT1 enhances glioma progression via regulating the miR-128-3p/ITGA5 axis. Mol Neurobiol (2021) 58(10):5163–77. doi: 10.1007/s12035-021-02474-y

95. Deng, YW, Shu, YG, and Sun, SL. LncRNA PART1 inhibits glioma proliferation and migration via miR-374b/SALL1 axis. Neurochem Int (2022) 157:105347. doi: 10.1016/j.neuint.2022.105347

96. Zhan, WL, Gao, N, Tu, GL, Tang, H, Gao, L, and Xia, Y. LncRNA LINC00689 promotes the tumorigenesis of glioma via mediation of miR-526b-3p/IGF2BP1 axis. Neuromol Med (2021) 23(3):383–94. doi: 10.1007/s12017-020-08635-x

97. Zhu, XP, Pan, SA, Chu, Z, Zhou, YX, Huang, YK, and Han, DQ. LncRNA GAS5 regulates epithelial-mesenchymal transition and viability of glioma cells by targeting microRNA-106b and regulating PTEN expression. Neurosci Res (2021) 170:32–40. doi: 10.1016/j.neures.2020.08.009

98. Chen, Q, Wang, W, Wu, Z, Chen, S, Chen, X, Zhuang, S, et al. Over-expression of lncRNA TMEM161B-AS1 promotes the malignant biological behavior of glioma cells and the resistance to temozolomide via up-regulating the expression of multiple ferroptosis-related genes by sponging hsa-miR-27a-3p. Cell Death Discovery (2021) 7(1):311. doi: 10.1038/s41420-021-00709-4

99. Liu, T, Hu, J, Han, B, Tan, S, Jia, W, Xin, Y, et al. A positive feedback loop of lncRNA-RMRP/ZNRF3 axis and wnt/beta-catenin signaling regulates the progression and temozolomide resistance in glioma. Cell Death Dis (2021) 12(11):952.

100. Wu, X, Wan, Q, Wang, J, Hou, P, Zhang, Q, Wang, Q, et al. Epigenetic activation of lncRNA MIR155HG mediated by promoter hypomethylation and SP1 is correlated with immune infiltration in glioma. Onco Targets Ther (2022) 15:219–35. doi: 10.2147/OTT.S349078

101. Amer, RG, Ezz El Arab, LR, Abd El Ghany, D, Saad, AS, Bahie-Eldin, N, and Swellam, M. Prognostic utility of lncRNAs (LINC00565 and LINC00641) as molecular markers in glioblastoma multiforme (GBM). J Neurooncol (2022) 158(3):435–44. doi: 10.1007/s11060-022-04030-7

102. Mutlu, M, Tekin, C, Ak Aksoy, S, Taskapilioglu, MO, Kaya, S, Balcin, RN, et al. Long non-coding RNAs as a predictive markers of group 3 medulloblastomas. Neurol Res (2022) 44(3):232–41. doi: 10.1080/01616412.2021.1975223

103. Chen, W, Wang, F, Zhang, J, Li, C, and Hong, L. LINC01087 indicates a poor prognosis of glioma patients with preoperative MRI. Funct Integr Genomics (2022) 22(1):55–64. doi: 10.1007/s10142-021-00812-w.

104. Huang, Y, Liu, L, Fang, M, and Yan, W. In silico analysis identifies upregulated lncRNA DLGAP1-AS1 which is correlated to poor prognosis and promotes cell proliferation in glioblastoma. Comput Math Methods Med (2022) 2022:5038124. doi: 10.1155/2022/5038124

105. Zhang, J, Wang, N, Wu, J, Gao, X, Zhao, H, Liu, Z, et al. 5-methylcytosine related LncRNAs reveal immune characteristics, predict prognosis and oncology treatment outcome in lower-grade gliomas. Front Immunol (2022) 13:844778. doi: 10.3389/fimmu.2022.844778

106. Sun, Y, Jing, Y, and Zhang, Y. Serum lncRNA-ANRIL and SOX9 expression levels in glioma patients and their relationship with poor prognosis. World J Surg Oncol (2021) 19(1):287. doi: 10.1186/s12957-021-02392-2

107. Zhang, Q, Liu, XJ, Li, Y, Ying, XW, and Chen, L. Prognostic value of immune-related lncRNA SBF2-AS1 in diffuse lower-grade glioma. Technol Cancer Res Treat (2021) 20:15330338211011966. doi: 10.1177/15330338211011966

108. Zhang, X, Wei, X, Liu, J, Yang, J, and Jin, P. Up-regulation of long non-coding RNA BLACAT1 predicts aggressive clinicopathologic characteristics and poor prognosis of glioma. Med (Baltimore) (2021) 100(11):e20722. doi: 10.1097/MD.0000000000020722

109. Qi, ZY, Wang, LL, and Qu, XL. lncRNA LINC00355 acts as a novel biomarker and promotes glioma biological activities via the regulation of miR-1225/FNDC3B. Dis Markers (2021) 2021:1683129. doi: 10.1155/2021/1683129

110. Zhang, C, Liu, H, Xu, P, Tan, Y, Xu, Y, Wang, L, et al. Identification and validation of a five-lncRNA prognostic signature related to glioma using bioinformatics analysis. BMC Cancer (2021) 21(1):251. doi: 10.1186/s12885-021-07972-9

111. Liang, Y, and Lu, H. Long noncoding RNA FTX is associated with prognosis of glioma patients. J Gene Med (2020) 22(10):e3237. doi: 10.1002/jgm.3237

112. Yuan, Q, Gao, C, Lai, XD, Chen, LY, and Lai, TB. Analysis of long noncoding RNA ZNF667-AS1 as a potential biomarker for diagnosis and prognosis of glioma patients. Dis Markers (2020) 2020:8895968. doi: 10.1155/2020/8895968

113. Mei, JC, Yan, G, and Mei, SQ. Diagnostic and prognostic potentials of long noncoding RNA ELF3-AS1 in glioma patients. Dis Markers (2020) 2020:8871746. doi: 10.1155/2020/8871746

114. Li, Q, Wu, Q, Li, Z, Hu, Y, Zhou, F, Zhai, Z, et al. LncRNA LINC00319 is associated with tumorigenesis and poor prognosis in glioma. Eur J Pharmacol (2019) 861:172556. doi: 10.1016/j.ejphar.2019.172556

115. Xiao, H, Ding, N, Liao, H, Yao, Z, Cheng, X, Zhang, J, et al. Prediction of relapse and prognosis by expression levels of long noncoding RNA PEG10 in glioma patients. Med (Baltimore) (2019) 98(45):e17583. doi: 10.1097/MD.0000000000017583

116. Wang, H, Sheng, ZG, and Dai, LZ. Long non-coding RNA LINC01503 predicts worse prognosis in glioma and promotes tumorigenesis and progression through activation of wnt/beta-catenin signaling. Eur Rev Med Pharmacol Sci (2019) 23(4):1600–9. doi: 10.26355/eurrev_201902_17119

117. Shang, F, Du, SW, and Ma, XL. Upregulation of lncRNA PXN-AS1-L is associated with unfavorable prognosis in patients suffering from glioma. Eur Rev Med Pharmacol Sci (2019) 23(20):8950–5. doi: 10.26355/eurrev_201910_19293

118. Wang, X, Yan, Y, Zhang, C, Wei, W, Ai, X, Pang, Y, et al. Upregulation of lncRNA PlncRNA-1 indicates the poor prognosis and promotes glioma progression by activation of notch signal pathway. BioMed Pharmacother (2018) 103:216–21. doi: 10.1016/j.biopha.2018.03.150

119. Wang, Y, and Lan, Q. Long non-coding RNA AFAP1-AS1 accelerates invasion and predicts poor prognosis of glioma. Eur Rev Med Pharmacol Sci (2018) 22(16):5223–9. doi: 10.26355/eurrev_201808_15720

120. Lu, XW, Xu, N, Zheng, YG, Li, QX, and Shi, JS. Increased expression of long noncoding RNA LINC00961 suppresses glioma metastasis and correlates with favorable prognosis. Eur Rev Med Pharmacol Sci (2018) 22(15):4917–24. doi: 10.26355/eurrev_201808_15630

121. Ma, J, Su, LJ, and Zheng, ZJ. Upregulation of long noncoding RNA MRCCAT1 predicts poor prognosis and functions as an oncogene in glioma. Eur Rev Med Pharmacol Sci (2018) 22(23):8406–14. doi: 10.26355/eurrev_201812_16539

122. Zhao, H, Wang, X, Feng, X, Li, X, Pan, L, Liu, J, et al. Long non-coding RNA MEG3 regulates proliferation, apoptosis, and autophagy and is associated with prognosis in glioma. J Neurooncol (2018) 140(2):281–8. doi: 10.1007/s11060-018-2874-9

123. Zhao, W, Sun, C, and Cui, Z. A long noncoding RNA UCA1 promotes proliferation and predicts poor prognosis in glioma. Clin Transl Oncol (2017) 19(6):735–41. doi: 10.1007/s12094-016-1597-7

124. Wang, Q, Li, Q, Zhou, P, Deng, D, Xue, L, Shao, N, et al. Upregulation of the long non-coding RNA SNHG1 predicts poor prognosis, promotes cell proliferation and invasion, and reduces apoptosis in glioma. BioMed Pharmacother (2017) 91:906–11. doi: 10.1016/j.biopha.2017.05.014.

125. Yang, A, Wang, H, and Yang, X. Long non-coding RNA PVT1 indicates a poor prognosis of glioma and promotes cell proliferation and invasion via target EZH2. Biosci Rep (2017) 37(6). doi: 10.1042/BSR20170871

126. Wang, W, Yang, F, Zhang, L, Chen, J, Zhao, Z, Wang, H, et al. LncRNA profile study reveals four-lncRNA signature associated with the prognosis of patients with anaplastic gliomas. Oncotarget (2016) 7(47):77225–36. doi: 10.18632/oncotarget.12624

127. Hu, L, Lv, QL, Chen, SH, Sun, B, Qu, Q, Cheng, L, et al. Up-regulation of long non-coding RNA AB073614 predicts a poor prognosis in patients with glioma. Int J Environ Res Public Health (2016) 13(4):433. doi: 10.3390/ijerph13040433

128. Lv, QL, Hu, L, Chen, SH, Sun, B, Fu, ML, Qin, CZ, et al. A long noncoding RNA ZEB1-AS1 promotes tumorigenesis and predicts poor prognosis in glioma. Int J Mol Sci (2016) 17(9). doi: 10.3390/ijms17091431

129. Ma, KX, Wang, HJ, Li, XR, Li, T, Su, G, Yang, P, et al. Long noncoding RNA MALAT1 associates with the malignant status and poor prognosis in glioma. Tumour Biol (2015) 36(5):3355–9. doi: 10.1007/s13277-014-2969-7

130. Zhi, F, Wang, Q, Xue, L, Shao, N, Wang, R, Deng, D, et al. The use of three long non-coding RNAs as potential prognostic indicators of astrocytoma. PloS One (2015) 10(8):e0135242. doi: 10.1371/journal.pone.0135242

131. Sun, W, Zhou, H, Han, X, Hou, L, and Xue, X. Circular RNA: A novel type of biomarker for glioma (Review). Mol Med Rep (2021) 24(2). doi: 10.3892/mmr.2021.12240

132. Chen, P, Nie, ZY, Liu, XF, Zhou, M, Liu, XX, and Wang, B. CircXRCC5, as a potential novel biomarker, promotes glioma progression via the miR-490-3p/XRCC5/CLC3 competing endogenous RNA network. Neuroscience (2022) 494:104–18. doi: 10.1016/j.neuroscience.2021.12.037

133. Wu, Q, Yin, X, Zhao, W, Xu, W, Chen, L, et al. Molecular mechanism of m(6)A methylation of circDLC1 mediated by RNA methyltransferase METTL3 in the malignant proliferation of glioma cells. Cell Death Discov (2022) 8(1):229. doi: 10.1038/s41420-022-00979-6

134. Pan, Z, Zhao, R, Li, B, Qi, Y, Qiu, W, Guo, Q, et al. EWSR1-induced circNEIL3 promotes glioma progression and exosome-mediated macrophage immunosuppressive polarization via stabilizing IGF2BP3. Mol Cancer (2022) 21(1):16. doi: 10.1186/s12943-021-01485-6

135. Śledzińska, P, Bebyn, MG, Furtak, J, Kowalewski, J, and Lewandowska, MA. Prognostic and predictive biomarkers in gliomas. Int J Mol Sci (2021) 22(19):10373.

136. Brat, DJ, Aldape, K, Colman, H, Holland, EC, Louis, DN, Jenkins, RB, et al. cIMPACT-NOW update 3: recommended diagnostic criteria for “Diffuse astrocytic glioma, IDH-wildtype, with molecular features of glioblastoma, WHO grade IV”. Acta Neuropathol (2018) 136(5):805–10. doi: 10.1007/s00401-018-1913-0

137. Brat, DJ, Aldape, K, Colman, H, Figrarella-Branger, D, Fuller, GN, Giannini, C, et al. cIMPACT-NOW update 5: recommended grading criteria and terminologies for IDH-mutant astrocytomas. Acta Neuropathol (2020) 139(3):603–8. doi: 10.1007/s00401-020-02127-9

138. Khuong-Quang, D-A, Buczkowicz, P, Rakopoulos, P, Liu, X-Y, Fontebasso, AM, Bouffet, E, et al. K27M mutation in histone H3. 3 defines clinically and biologically distinct subgroups of pediatric diffuse intrinsic pontine gliomas. Acta Neuropathol (2012) 124(3):439–47.

139. Vuong, HG, Altibi, AM, Duong, UN, Ngo, HT, Pham, TQ, Chan, AK-Y, et al. TERT promoter mutation and its interaction with IDH mutations in glioma: Combined TERT promoter and IDH mutations stratifies lower-grade glioma into distinct survival subgroups–a meta-analysis of aggregate data. Crit Rev Oncol/Hematol (2017) 120:1–9. doi: 10.1016/j.critrevonc.2017.09.013

140. Lu, VM, O’Connor, KP, Shah, AH, Eichberg, DG, Luther, EM, Komotar, RJ, et al. The prognostic significance of CDKN2A homozygous deletion in IDH-mutant lower-grade glioma and glioblastoma: a systematic review of the contemporary literature. J Neuro-Oncol (2020) 148(2):221–9. doi: 10.1007/s11060-020-03528-2

141. Bale, TA, Jordan, JT, Rapalino, O, Ramamurthy, N, Jessop, N, DeWitt, JC, et al. Financially effective test algorithm to identify an aggressive, EGFR-amplified variant of IDH-wildtype, lower-grade diffuse glioma. Neuro-oncology (2019) 21(5):596–605. doi: 10.1093/neuonc/noy201

142. Network, C.G.A.R. Comprehensive, integrative genomic analysis of diffuse lower-grade gliomas. New Engl J Med (2015) 372(26):2481–98.

143. Ellison, DW, Hawkins, C, Jones, DT, Onar-Thomas, A, Pfister, SM, Reifenberger, G, et al. cIMPACT-NOW update 4: Diffuse gliomas characterized by MYB, MYBL1, or FGFR1 alterations or BRAFV600E mutation. Acta Neuropathol (2019) 137(4):683–7. doi: 10.1007/s00401-019-01987-0

144. Saini, M, Jha, AN, Tangri, R, Qudratullah, M, and Ali, S. MN1 overexpression with varying tumor grade is a promising predictor of survival of glioma patients. Hum Mol Genet (2020) 29(21):3532–45.

145. Kaloshi, G, Benouaich-Amiel, A, Diakite, F, Taillibert, S, Lejeune, J, Laigle-Donadey, F, et al. Temozolomide for low-grade gliomas: predictive impact of 1p/19q loss on response and outcome. Neurology (2007) 68(21):1831–6. doi: 10.1212/01.wnl.0000262034.26310.a2

146. Elmore, KB, and Schaff, LR. DNA Repair mechanisms and therapeutic targets in glioma. Curr Oncol Rep (2021) 23(8):1–9. doi: 10.1007/s11912-021-01077-z

147. Ni, J, Yang, Y, Wang, Q, Bergholz, JS, Jiang, T, Roberts, TM, et al. Targeting EGFR in glioblastoma with a novel brain-penetrant small molecule EGFR-TKI. BioRxiv (2022), 2021.01.09.426030.

148. Nadeem Abbas, M, Kausar, S, Wang, F, Zhao, Y, and Cui, H. Advances in targeting the epidermal growth factor receptor pathway by synthetic products and its regulation by epigenetic modulators as a therapy for glioblastoma. Cells (2019) 8(4):350.



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

Copyright © 2022 Bou Zerdan, Atoui, Hijazi, Basbous, Abou Zeidane, Alame and Assi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-12-1030366-g001.jpg
Transmembrane proteins

TMEM158
TMEMG60
TRAM2

LPPR5

MYBPH
HIP1R*
vimentin*
ATRX*
Cytoskeleton

Nucleus

Nucleolus

Nuclear Biomarkers
FABP7

RPS27

PLEKHG5

ELK3

BCL7A

PSAT1

IDH1 mutation
chromosome 1p/19q
codeletion

PSMC2





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Latest updates on cellular and molecular biomarkers of gliomas

      

        		

          1 Introduction

        



        		

          2 Discussion with biomarkers

        

          		

            2.1 Nuclear and cytoplasmic biomarkers

          



          		

            2.2 Transmembrane Proteins

          



          		

            2.3 Immune and immune-microenvironment biomarkers

          



          		

            2.4 DNA methylation

          



          		

            2.5 Histone modification

          



          		

            2.6 Chromatin remodeling

          



          		

            2.7 Circulating tumor cells

          



          		

            2.8 Circulating tumor DNA

          



          		

            2.9 Noncoding RNAs

          

            		

              2.9.1 miRNAs

            



            		

              2.9.2 Long non-coding RNAs

            



            		

              2.9.3 Circular RNA

            



          



          



          		

            2.10 Recent updates on glioma biomarkers from the WHO CNS5 classification

          



        



        



        		

          3 Prognostic and predictive values of different biomarkers

        



        		

          4 Current Challenges and Future Directions

        



        		

          Author contributions

        



        		

          Conflict of interest

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table1.jpg
Tumor Family

Adult-type diffuse gliomas

Pediatric type diffuse low-grade
gliomas

Pediatric type diffuse low-grade
gliomas

Circumscribed astrocytic gliomas

Tumor type

Astrocytoma, IDH-mutant

Oligodendroglioma, IDH-mutant, and 1p/19g-codeleted

Glioblastoma, IDH-wildtype

Diffuse astrocytoma, MYB- or MYBLI-altered

Angiocentric glioma

Polymorphous low-grade neuroepithelial tumor of the young
Diffuse low-grade glioma, MAPK pathway-altered

Diffuse midline glioma, H3 K27-altered

Diffuse hemispheric glioma, H3 G34-mutant

Diffuse pediatric-type high-grade glioma, H3-wildtype, and IDH-
wildtype

Infant-type hemispheric glioma

Pilocytic astrocytoma

High-grade astrocytoma with piloid features

Pleomorphic xanthoastrocytoma

Subependymal giant cell astrocytoma

Chordoid glioma

Astroblastoma, MN1-altered

Altered molecular profiles

IDHI, IDH2, ATRX, TP53, CDKN2A/B

IDHI, IDH2, 1p/19q, TERT promoter, CIC, FUBP1,
NOTCH1

IDH-wildtype, TERT promoter, chromosomes 7/10, EGFR
MYB, MYBL1

MYB

BRAF, FGFR family

FGFRI1, BRAF

H3 K27, TP53, ACVRI, PDGFRA, EGFR, EZHIP

H3 G34, TP53, ATRX

IDH-wildtype, H3-wildtype, PDGFRA, MYCN, EGFR
(methylome)

NTRK family, ALK, ROS, MET
KIAA1549-BRAF, BRAF, NF1

BRAF, NF1, ATRX, CDKN2A/B (methylome)
BRAF, CDKN2A/B

TSCI1, TSC2

PRKCA

MN1





OEBPS/Images/table2.jpg
Year and
Reference

2022

2022

2022

2022
2022

2021

2021
2021

2021

2021

2020

2020

2020

2019

2019
2019
2019

2018

2018

2018

2018

2018

2017

2017

2017

2016

2016

2016

2015

2015

101

102

103

104
105

106

107
108

109

110

il

112

113

114

115
116
117

118

119

120

121

123

124

126

128

129

130

InRNA

LINC00565
LINC00641

MALAT1
SNGH16
LINCO01087
DLGAPI1-AS1
LINC00265
CIRBP-AS1

GDNF-AS1
ZBTB20-AS4

ANRIL
SOX9

SBF2-AS1
BLACAT1

LINC00355

CYTOR
MIRI55HG
LINC00641
AC120036.4
PWAR6
FTX
ZNF667-AS1
ELF3-AS1
LINC00319

PEG10
LINC01503
PXN-ASI-L

PIncRNA-1

AFAP1-AS1

LINC00961

MRCCAT1

MEG3

UCA1

SNHG1

PVT1

AGAP2-AS1 TPT1-AS1 LINCO01198
MIR155HG

AB073614

ZEB1-AS1

MALAT1

BC002811
XLOC_010967
NR_002809

Study Type
Diagnostic
Prognostic
Prognostic
Prognostic

Prognostic

Prognostic

Diagnostic
Prognostic

Prognostic

Prognostic
Prognostic

Prognostic

Prognostic
Diagnostic
Prognostic
Diagnostic
Prognostic

Prognostic

Prognostic
Prognostic

Prognostic
Prognostic
Prognostic
Prognostic
Prognostic
Prognostic
Prognostic
Prognostic
Prognostic

Prognostic

Prognostic

Prognosis

Prognosis

Prognosis

Patients and Samples

GBM patients (35)
Healthy individuals (15)

Medulloblastoma (41)
Epilepsy specimens (5)
Glioma tissue (80)
Adjacent tissue (80)
TCGA and CGGA
TCGA (504)

CGGA (513)

Glioma (142)

Healthy volunteers (120)

LGG (524 from TCGA, 431 from CGGA)
Glioma tissue (137)

Adjacent tissue (137)

Glioma tissue (121)

Adjacent tissue (121)

CGGA (89 LGG and 92 GBM)
TCGA (405 LGG and 136 GBM)
Patient samples (38 LGG and 53 GBM)

Glioma tissue (187)
Adjacent tissue (187)

Glioma tissue (155)
Adjacent tissue (155)
Glioma tissue (182)
Adjacent tissue (182)
Glioma tissue (72)
Adjacent tissue (72)
Glioma patients (147)
Glioma patients (133)
Glioma tissue (177)
Adjacent tissue (177)
Glioma tissue (104)
Adjacent tissue (104)
Glioma tissue (52)
Non-tumor controls (5)
Glioma tissue (151)
Adjacent tissue (151)
Glioma tissue (103)
Normal brain tissue (21)
Glioma tissue (79)
Adjacent tissue (79)
Glioma tissue (64)
Normal brain tissue (10)
Glioma (78)

Normal brain tissue (12)
Glioma (80)

Normal brain tissue (10)

Anaplastic glioma from GSE16011 (80)

Glioma (65)

Normal brain tissue (13)

Glioma (82)

Normal brain tissue from cerebral
trauma/epilepsy (13)

Glioma tissue (118)

Adjacent tissue (15)

Astrocytoma (90)

Correlation

Sens: 97%, Spec: 100%, and AUC: 0.994
Sens: 100%, Spec: 93.3%, and AUC: 0.995
Negative OS

Negative
Negative

Negative

Negative

Negative

Sens: 81.62% and Spec: 90.83%
Negative OS

Negative

Negative

Negative

1-year AUC: 0.72
3-year AUC: 0.92
5-year AUC: 0.90

Negative
Sens: 68.22%, Spec: 84.57%, AUC: 0.8541

Negative OS
AUC: 0.8073
Negative OS
Negative

Negative
Negative

Negative

Negative

Negative

Positive

Negative

Positive

Negative

Negative

Negative

Negative
Positive

Negative
Negative

Negative

Negative

Negative

Positive
Positive
Negative
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