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Abstract

:

Glioblastoma multiforme (GBM) is the most common and malignant type of primary brain tumor in adults. Despite important advances in understanding the molecular pathogenesis and biology of this tumor in the past decade, the prognosis for GBM patients remains poor. GBM is characterized by aggressive biological behavior and high degrees of inter-tumor and intra-tumor heterogeneity. Increased understanding of the molecular and cellular heterogeneity of GBM may not only help more accurately define specific subgroups for precise diagnosis but also lay the groundwork for the successful implementation of targeted therapy. Herein, we systematically review the key achievements in the understanding of GBM molecular pathogenesis, mechanisms, and biomarkers in the past decade. We discuss the advances in the molecular pathology of GBM, including genetics, epigenetics, transcriptomics, and signaling pathways. We also review the molecular biomarkers that have potential clinical roles. Finally, new strategies, current challenges, and future directions for discovering new biomarkers and therapeutic targets for GBM will be discussed.
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1. Introduction


Glioblastoma multiforme (GBM) is the most common type of malignant primary brain tumor, accounting for over half of all primary malignant tumors in the Central Nervous System (CNS) [1,2,3]. GBM is categorized as grade 4 (most malignant) astrocytic glioma in the World Health Organization (WHO) classification of brain tumors [4]. It is highly aggressive and fast-growing and often diffusely invades the surrounding brain tissues, which makes it the deadliest form of tumor in the brain [5,6]. The current standard treatment regimen for GBM is surgical resection followed by radiotherapy plus concomitant and adjuvant chemotherapy with temozolomide [7]. Despite the advances in surgery, radiation, and chemotherapy in the past decade, the overall survival of GBM patients remains poor, with a median survival of only 12–15 months [5,7,8,9].



Increasingly, studies have shown that GBM is a highly heterogeneous group of tumors, and the pathogenesis of GBM involves complex alterations in genetics, epigenetics, and transcriptomics, which finally lead to significant changes in major signaling pathways [10,11,12,13,14,15,16,17]. The characterization of molecular features of GBM, therefore, may not only help provide a better understanding of tumor pathogenesis but also help prognostication and assist in making decisions in targeted therapy [13,18,19,20,21,22]. Since the update of the 4th edition of the WHO classification of CNS tumors (CNS 4) published in 2016 [23], molecular markers have been listed as part of the classification of brain tumors, including GBM, emphasizing the importance of molecular biomarkers in GBM pathological diagnosis. Together with the new advances in technology or concept of GBM biological research, e.g., single-cell technology [24,25,26,27], deep learning-based multi-omics data exploration [28,29,30], novel 3D preclinical GBM models [31,32,33], and emphasis on tumor microenvironment [34,35,36], which have shed new lights for the molecular characterization of GBM, there is a need for an updated and integrated overview of the molecular underpinnings of GBM and their potential clinical applicability.



Here, we aim to provide an update on the progress of GBM pathology, molecular mechanisms, and biomarkers achieved so far. We will comprehensively review the molecular features of GBM at multimodal levels, including genetics, epigenetics, and transcriptomics, and how they integrate with histopathological features and relate to patient diagnosis, prognosis, and treatment. We will also summarize the obstacles and challenges in implementing molecular features in the diagnostics, prognostication, and therapeutics of GBM. Finally, new strategies and future directions for the development of new biomarkers with clinical potential are discussed.




2. Histopathology of GBM


The traditional diagnosis of GBM is largely based on its histopathological features. According to the guidelines of the World Health Organization (WHO) for the classification of Central Nervous System (CNS) tumors, gliomas can be divided into two major categories based on the degree of invasiveness into the surrounding brain tissue: diffuse gliomas and circumscribed gliomas (Table 1; Figure 1) [4,23]. Diffuse gliomas have the ability to infiltrate surrounding normal brain parenchyma and, unfortunately, inevitably recur even after gross total resection. Circumscribed gliomas, in contrast, have well-defined margins and are generally benign. Diffuse gliomas occur more commonly than circumscribed gliomas and are the most common intrinsic primary brain tumors. Based on malignancy grade, diffuse gliomas are divided into three grades: WHO grades 2, 3, and 4, with WHO grade 4 diffuse glioma being synonymous with GBM. Based on histologic entities, diffuse gliomas can be astrocytic or oligodendroglial. The most common histologic subtype of diffuse gliomas is astrocytoma with a WHO grade 4, that is, GBM, which accounts for ~50% of all primary malignant brain tumors.



The classic morphologic features of GBM include nuclear atypia, cellular pleomorphism, mitotic activity, microvascular proliferation, and (or) necrosis. GBM also has several uncommon variants, including gliosarcomas, which display high-grade, malignant astrocytic features and also contain prominent sarcoma-like mesenchymal metaplasia elements; giant-cell glioblastomas, which have large, highly pleomorphic, multinucleated giant cells; small-cell glioblastomas, which are associated with amplification of the epidermal growth factor receptor (EGFR); glioblastomas with oligodendroglial features, which may be associated with a better prognosis than standard glioblastomas; and finally, epithelioid glioblastomas, a newly accepted variant, which is characterized by prominent epithelioid morphology and high proportion of BRAF V600E mutations in tumor cells [37].



GBM can be further separated into two major classes: primary GBM and secondary GBM, with the majority being primary [5,6,7]. Primary GBM arises de novo with no known clinical precursor, and most occur in elderly adults (older than 50 years of age), while secondary GBM is a result of progression from a pre-existing lower malignancy grade and usually affects younger patients. Primary and secondary GBM are morphologically indistinguishable and respond similarly to conventional therapy, but they have different molecular features and, therefore, may respond differently to targeted molecular therapies [10].




3. Molecular Pathology of GBM


While the above histopathology-based morphologic classification provides important information for the diagnosis of GBM, it has a limitation in that it cannot reflect the heterogeneity of GBM tumors and, therefore, is insufficient for patient management. The 2016 revision of the WHO classification of CNS tumors (CNS 4), therefore, restructured the classification of GBM by incorporating molecular features into the histopathologic appearances. For example, for the diagnosis of GBM, IDH mutation status was included to classify patients into distinct subgroups, namely, glioblastoma, IDH–wild-type and glioblastoma, IDH-mutant type. IDH–wild-type glioblastoma corresponds to the clinically defined primary glioblastoma characterized by de novo development with no identifiable precursor lesion. This cohort represents the overwhelming majority of patients with glioblastoma (~90%), is more commonly diagnosed in older patients, and has a more aggressive clinical course. Conversely, IDH-mutant glioblastoma or secondary glioblastoma typically arises from a precursor diffuse or anaplastic astrocytoma. This cohort represents approximately 10% of patients and predominates in younger patients with a median age at diagnosis of 44 years, which generally carries a better prognosis.



This shift toward molecular classification of primary brain tumors is further emphasized in the 2021 revision of the WHO classification of CNS tumors (CNS 5), which incorporates more molecular characteristics as part of the definition of gliomas (Table 2; Figure 1) [4]. These include CDKN2A/B homozygous deletion mutation, TERT promoter mutation, EGFR gene amplification, and combined gain of entire chromosome 7 and loss of entire chromosome (+7/−10) as qualifying for the diagnosis of GBM, IDH-wildtype (Table 2) [4]. In doing so, WHO CNS 5 advances the role of molecular diagnostics in GBM sub-classification.



In addition to the above-mentioned molecular biomarkers that have been integrated into WHO classification, there is substantial evidence for other molecular changes characterized in GBM. These studies have not only revealed the molecular heterogeneity of GBM at multiple genome-wide levels but also provided useful insights into the fundamental mechanisms for the pathogenesis of GBM [10,11,12,13,14,15,16,17]. In the following, we will discuss the major advances in molecular pathology of GBM at each molecular level, including genetics, epigenetics, and transcriptomics, and how these advances may help refine GBM classification into distinct sub-groups with important clinical implications for future studies.



3.1. Genetic Changes in GBM


The key genetic alterations characterized in GBM include TERT promoter mutation, PTEN tumor suppressor gene deletion, high-level gene amplification of proto-oncogene EGFR, ATRX mutation, and TP53 mutation [4,17,21]. Amongst, TERT promoter mutation, PTEN deletion, and EGFR amplification are more frequently present in primary GBM (IDH wild-type GBM), while ATRX mutation and TP53 mutation are much more common in secondary GBM (IDH mutant-type GBM) [21]. Other important genetic alterations reported in GBM include NF1, PDGFRA, PIK3R1, PIK3CA, RB1, CDKN2A/B, MDM2, MDM4, CDK4, and H3F3A [13,15,16,18]. Generally, the genetic abnormalities in GBM are characterized by three major biological processes: initiating tumor growth, evading senescence, and enabling immortal growth [5,21]. Genetic defects in each of these three processes seem required for gliomagenesis through the key signaling pathways.




3.2. Epigenetic Changes in GBM


Epigenetic modifications, including DNA methylation, histone modification, and chromatin remodeling, have been regarded as a hallmark of GBM tumorigenesis and development [38,39,40]. They were not only implicated as potential biomarkers for optimal clinical patient stratification but also potential drug targets because of their reversibility [38,39,40]. One of the best-studied examples is MGMT promoter methylation status, which was found to predict the benefit of alkylating chemotherapy and be of clinical importance in GBM patient prognostication [41,42]. Inspired by this finding, epigenetic alterations have been extensively characterized at a genome-wide scale in GBM and revealed some interesting insights [43]. For example, by profiling promoter DNA methylation alterations in 272 GBM tumors from The Cancer Genome Atlas (TCGA), an international joint program to systematically explore the genomic changes involved in human cancer, a distinct subset of samples with concerted hypermethylation at a large number of CpG Island loci (G-CIMP) have been identified [44]. Moreover, the patients with the G-CIMP phenotype demonstrated distinct clinical features and prognoses, indicating the potential role of epigenetic alteration in refining patient classification [44]. Similarly, a DNA methylation-based profile could classify CNS tumors (including GBM) into different cancer entities, indicating again the potential of epigenetic alterations in cancer diagnosis [45]. It was even found that the DNA methylation landscape demonstrated extensive heterogeneity in time and space during GBM progression [46]. More recently, epigenetic remodeling was also linked with tumor microenvironment (TME) in that it could affect the immune cell activity and modulate antitumor immune response within the TME of GBM [47].



Therapeutically, epigenetic modulators have shown promising results in various cancers, including GBM, and have been investigated in clinical trials as antitumor agents [39,40,47,48]. For example, histone deacetylase (HDAC) inhibitor (Vorinostat) has been tested in a Phase II study for patients with recurrent GBM [49]. Inhibitors of histone methyltransferases, e.g., PRMT5, could induce cell apoptosis and drive undifferentiated primary patient-mediated GBM cells into a non-replicative senescence state both in vitro and in vivo studies, suggesting its potential as a druggable target for GBM therapy [50]. Mechanistically, epigenetic alterations could lead to transcriptional aberrations and affect various biological processes, including cell cycle, cell differentiation, angiogenesis, and apoptosis, and ultimately regulate the proliferation and growth of tumor cells of GBM [39,48]. A comprehensive overview of the preclinical and clinical studies on epigenetic modulators as therapeutic agents for GBM can be found in several recent good review papers [38,39,40,48].




3.3. Transcriptomic Changes in GBM


The transcriptomic features of GBM have been extensively studied with the advance of high-throughput transcriptome profiling methods and computational analysis tools. Now, it is widely accepted that GBM is a heterogenous tumor with widespread transcriptional heterogeneity [10,11,12,13,14,15,16,17]. In fact, GBM is one of the early tumor types that have been systemically investigated by large international cancer projects, e.g., TCGA. For example, based on the microarray profiling expression platform, Phillips et al. clustered GBM samples into three distinct subtypes: Proneural, Proliferative, and Mesenchymal, which differ significantly in patient prognosis [51]. Following that, Verhaak et al. expanded the work to a larger TCGA GBM sample cohort and identified four major subtypes in GBM: Proneural, Proliferative (or Classical), Mesenchymal, and Neural [52]. This study confirmed the findings of prior work and validated the robustness of transcriptome-based molecular classification in GBM. These works provide a strong rationale for the use of transcriptome-based subtyping to refine histopathology-based GBM classification to provide better prognostic prediction. More importantly, they provide associations between transcriptomic changes and other molecular alterations (e.g., genetic and epigenetic alteration, detailed below), which shed light on the fundamental mechanisms of tumorigenesis and progression of GBM.



While the above-mentioned studies provide valuable insights into the transcriptomic alteration in GBM pathogenesis and classification, they have limitations in that these findings are derived from the bulk tumor tissue and, therefore, cannot address the intra-tumor heterogeneity, which is pervasive in GBM [24,53], and also the confounding effect of tumor microenvironment, which also plays important role in regulating GBM biological behavior as demonstrated by increasing more recent studies [34,54,55]. These limitations are corrected by recently emerging studies at single-cell resolution [24,56]. By means of the advancement of sequencing technology, single-cell RNA sequencing (scRNA-seq) has begun to uncover the hidden composition of complex tumor ecosystems in GBM [26,57,58]. It has become clear that GBM heterogeneity not only lies within the heterogeneity of the tumor but also its associated microenvironment and strongly differs between new and recurrent GBM, which has been designated as the main cause of treatment failure [26,57,58,59,60,61,62,63]. While a detailed review of these scRNA-seq-based studies is beyond the scope of the current paper, readers are encouraged to review the original readings listed in the references [26,57,58,59,60,61,62,63].




3.4. Correlation between Genetic, Epigenetic and Transcriptomic Alterations in GBM


The molecular abnormalities characterized at each dimension (genetics, epigenetics, and transcriptomics) are not isolated but correlate with each other. For example, among the four transcriptomics-based GBM subtypes (Proneural, Proliferative, Mesenchymal, and Neural, the Proneural subtype was found to be enriched with PDGFR amplification, TP53 mutation, and IDH1 mutation; the Proliferative subtype demonstrated a greater preponderance of EGFR amplification, decreased rates of TP53 mutation, along with p16INK4A and p14ARF deletion; the Mesenchymal subtype was found to have a greater degree of NF1 mutation, along with alterations of PTEN and Akt; the Neural subtype was found to have a greater degree of neuronal marker expression and the histology was consistent with a combination of oligodendroglial, astrocytic, and neuronal features [52]. For the correlation between epigenetic and transcriptomic alterations, it was found that the G-CIMP epigenetic phenotype GBM tumor, which displayed hypermethylation at a large number of CpG island loci [44], was more associated with Proneural subtype [52]. In the pediatric GBM, among the three tumor subtypes classified by DNA methylation landscape (MYCN, RTK1, and RTK2), it was found that MYCN was enriched for MYCN amplification, RTK1 enriched for PDGFRA amplification, and RTK 2 enriched for EGFR amplification [64]. Another integrative study spanning genetics, transcriptomics, and functional approaches revealed four cellular states within GBM tumor and demonstrated that the cellular states plasticity was influenced by copy number amplifications of the CDK4, EGFR, and PDGFRA and by mutations of NF1, which each favor a defined state [63]. The correlation between molecular alterations at different dimensional levels provides important insights into the mechanism underlying GBM pathogenesis and progression and deserves future studies.




3.5. Key Signaling Pathways Altered in GBM


While the above studies have provided useful insights into the molecular pathogenesis of GBM, they have also revealed the key signaling pathways involved in tumorigenesis and progression of GBM. There are three key signaling pathways that are consistently and commonly altered in GBM [11,12,13,19,21,65]: (1) RTK pathway, (2) TP53 pathway, and (3) RB pathway [65] (Figure 2). These pathways have some degree of overlap and interact with each other; some genes that are involved in one pathway may also play roles in other pathways (Figure 2).



(1) RTK pathway. RTK (receptor tyrosine kinase) signaling is the most frequently altered signaling pathway in GBM, especially in IDH-wildtype GBM tumors. RTK is a cell-surface receptor that binds growth factors [66], the family of which includes EGFR, PDGFR, TGFR, FGFR, MET, and VEGFR, and is an essential component of signal transduction pathways that mediate cell-to-cell communication. In GBM, the activation of RTK signaling through the PI3K/AKT/mTOR pathway induces cell proliferation, migration, differentiation, and survival [67,68]. The most common targets of the RTK pathway are EGFR and PTEN, the former acting in an oncogenic role while the latter acting as a tumor suppressor. In GBM cells, the activation of EGFR and the PI3K/AKT/mTOR signaling could be achieved either through amplification of the EGFR (resulting in overexpression of EGFR) and/or EGFR mutation [69]. The negative regulator of the pathway, PTEN, could be inactivated through mutation or deletion, and thus facilitates the pathway activation and induces cell migration, invasion, and survival. Another commonly altered RTK pathway in GBM is the Ras pathway (Ras/BRAF/MEK) [67,68]. Active Ras (Ras-GTP) promotes cell cycle progression, cell survival, and migration through a cascade of downstream effectors [67,68]. RTK has been suggested as a druggable target in GBM and is extensively investigated in clinical trials [68,70,71,72].



(2) TP53 pathway. TP53 is a well-known tumor suppressor and transcription factor gene, which plays critical roles in tumor prevention by regulating a wide variety of cellular processes, including invasion, migration, proliferation, evasion of apoptosis, and cancer cell stemness. The TP53/MDM2/CDKN2A pathway is deregulated in 84% of GBM patients and 94% of GBM cell lines [73]. Inactivation of TP53 by mutation, which is found in ~1/3 IDH-wildtype GBM and 2/3 IDH-mutant GBM, leads to the loss of its tumor suppressive functions and, therefore, tumorigenesis. MDM2 is an inhibitor of p53, mediating p53 degradation and thereby promoting tumorigenesis. MDM2 amplification is usually mutually exclusive with the TP53 mutation and is more frequently found in primary GBMs that lack the TP53 mutation. CDKN2A is another important regulator of the TP53 pathway and the homozygous deletion of CDKN2A, which is prevalent in 22–35% of all GBMs (16–47% IDH-mutant GBM and ~58% of IDH-wildtype GBM), leads to inactivation of TP53 pathway and is associated with lower overall survival of GBM patients [65,73]. CDKN2A has currently been incorporated into the WHO classification of glioma [4], suggesting its important potential as a landmark marker in GBM clinical management.



(3) RB pathway. The retinoblastoma protein (RB) pathway is also found to be frequently altered in GBM and plays a crucial role in regulating tumorigenesis in GBM [65,68]. The phosphorylation of RB protein, which is accomplished by the CDK4/Cyclin D1 complex, can inhibit the cell cycle progress from the G1 to S phase by binding with the E2F transcription factor. RB pathway could be joined with the TP53 pathway through CDKN2A, which encodes Ink4a and Arf proteins and plays an important role in activating RB and TP53, respectively. The growth inhibition function of the RB pathway is often disrupted in GBM, most commonly due to inactivation of CDKN2A/CDKN2B and RB1 and amplification of CDK4 and CDK6 [74,75]. Methylation of the RB1 promoter, which is frequent in secondary GBM (IDH-mutant ones), can also result in decreased RB1 expression and cell-cycle checkpoint function and finally leads to dysregulated cell cycle and uncontrolled cell proliferation. CDK4 and CDK6 inhibitors have shown promising antitumor efficacy in GBM and are being studied in clinical trials [76].





4. Clinically Relevant Molecular Biomarkers in GBM


Among the abundant molecular biomarkers identified above, three of them have demonstrated the greatest potential in the clinical practice of GBM, including IDH1, MGMT, and EGFR [42,77,78,79,80,81]. IDHI mutation has been widely shown to be associated with better prognosis of GBM patients [79,80,82]. IDH1 mutations are typically found in younger patients (secondary GBM) that have high frequencies of TP53 mutations. They have been incorporated into WHO diagnosis guidelines for GBM and used as a positive predictor of prognosis [4]. MGMT promoter methylation is also one of the most relevant prognostic markers in GBM, although it is not included in the current WHO classification guideline as IDH1 mutation status. It can be used to predict therapeutic response to alkylating agents such as temozolomide [41,42,81]. Silencing MGMT by promoter methylation would lead to enhanced cytotoxic activity of temozolomide and thus increased patient survival. EGFR abnormality, which is driven by amplification and/or EGFRvIII mutation, is a prognostic marker in GBM and correlates with higher tumor malignancy, poorer prognosis, and shorter survival time [77,78]. In addition to its prognostic role, EGFR can also be employed as a therapeutic target. Anti-EGFR therapy, tyrosine kinase inhibitors, such as Gefitinib and Erlotinib, have been tested in clinical trials to block the downstream signaling of EGFR by preventing phosphorylation of tyrosine residues [70,71,72,83,84].



Numerous new biomarkers are being tested in clinical trials. These generally include growth factor receptor inhibitors [85,86,87,88], angiogenesis inhibitors [89,90], and miscellaneous agents (immunotherapies and therapies targeting tumor cell metabolism [91,92,93,94]. Growth factor receptor inhibitors are currently being studied through the strategy of targeting stem cells and stem cell pathways, targeting cell growth autonomy and migration, targeting cell cycle, and escape to cell death. The best-studied example is anti-EGFR agents, more generally tyrosine kinase inhibitors (TKIs). A series of TKIs, including Erlotinib, Gefitinib, and Afatinib, have been investigated in several Phase II or III studies [77,85,95]. Targeting angiogenesis by angiogenesis inhibitors is another research direction due to the highly angiogenic nature of GBM tumors. Clinical trials for targeting the VEGF/VEGFR pathway (e.g., bevacizumab) have been approved by the Food and Drug Administration (FDA) since 2009 as a treatment of recurrent GBM [89,90]. For immunotherapy, innovative immune-targeting strategies, including cancer vaccines, oncolytic viruses, checkpoint blockade inhibitors, adoptive cell transfer, and CAR T cells, have been investigated in GBM [96,97,98,99].




5. Challenges and Future Directions


While great strides have been made in the molecular characterization of GBM, there are still many challenges in the implementation of these discoveries into clinical management. This can be exemplified by the fact that the survival rates of GBM patients have remained relatively unchanged since the introduction of the Stupp protocol in 2005. One of the biggest challenges is intratumor heterogeneity, which poses a major obstacle to the treatment failure of GBM. It is increasingly accepted that there is spatial heterogeneity within the same tumor. For example, some tumor regions are hypoxic and necrotic, and others are more normoxic; some regions are more proliferative, with others very quiescent; some regions are more vascularized, whereas some are more infiltrative. These phenotypic features are also accompanied by genotypic differences, which have been demonstrated by recent single-cell-based molecular analyses. This intratumor heterogeneity and inherent molecular complexity of GBM will, therefore, necessitate combination therapy in the future by employing multimodal agents to co-target the diverse driver events instead of the current single-target strategy. The second key challenge is the pharmacodynamic and pharmacokinetic failure. Poor drug distribution within the brain because of the natural exclusion of blood–brain barrier (BBB) makes adequate drug delivery a critical challenge in GBM treatment. For example, EGFR inhibitor lapatinib has been shown to inhibit EGFRvIII in vitro by preferentially binding the inactive conformation of the kinase but fails to achieve sufficient intratumor concentrations in GBM patients. These findings reinforce the need to consider BBB penetration of the selected therapy during therapeutic planning.



Given these challenges, a more rational design of both lab research and clinical trial is needed in the future study. At the lab research level, it is important to obtain patient biopsies from multiple tumor regions with different infiltrative characteristics and perform comprehensive genome-wide molecular studies to select the therapeutic targets. During the target selection, multiple agents and combinational therapy are recommended according to the molecular profiles of the patient tumor sample. Drug pharmacokinetics and drug-to-tumor delivery strategies to ensure biologically adequate distribution and pharmacodynamic changes within brain and GBM tumors also need to be considered. Finally, whenever possible, patients’ blood samples should be obtained over time to assess for circulating molecules that may help with noninvasive biomarker development in the future.



It is important to note that although this review tries its best to comprehensively and systematically summarize the molecular study of GBM achieved so far, some relevant reports may have been missed. Moreover, the quality of the included studies was not assessed, and the review is limited by the quality of the evidence.




6. Summary


Taken together, great progress has been made in the molecular characterization of GBM in the past decade. While these studies provide useful insights into the fundamental mechanisms of GBM pathogenesis, there are still many challenges in the implementation of these discoveries into clinical management. With continued efforts in higher resolution molecular subtype signatures of GBM, combined with gene therapy, immunotherapy, and organoid technology, the concept of precision medicine is expected to be achieved in GBM in the future.
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Figure 1. Integrated histological and molecular classification of the major diffuse gliomas by WHO. 
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Figure 2. Schematic representation of the key signaling pathways altered in GBM. 
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Table 1. Glioma classification according to World Health Organization (WHO) 2021.
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	Tumor Type
	CNS WHO Grade





	Adult-type diffuse gliomas
	



	   Astrocytoma, IDH-mutant
	2, 3, 4



	   Oligodendroglioma, IDH-mutant, and 1p/19q-codeleted
	2, 3



	   Glioblastoma, IDH-wildtype
	4



	Pediatric-type diffuse low-grade gliomas
	



	   Diffuse astrocytoma, MYB- or MYBL1-altered #
	1



	   Angiocentric glioma
	1



	   Polymorphous low-grade neuroepithelial tumor of the young #
	1



	   Diffuse low-grade glioma, MAPK pathway-altered *#
	-



	Pediatric-type diffuse high-grade gliomas
	



	   Diffuse midline glioma, H3 K27-altered
	4



	   Diffuse hemispheric glioma, H3 G34-mutant #
	4



	   Diffuse pediatric-type high-grade glioma, H3-wildtype and IDH-wildtype #
	4



	   Infant-type hemispheric glioma *#
	-



	Circumscribed astrocytic gliomas
	



	   Pilocytic astrocytoma
	1



	   High-grade astrocytoma with piloid features *#
	-



	   Pleomorphic xanthoastrocytoma
	2, 3



	   Subependymal giant cell astrocytoma
	1



	   Chordoid glioma
	2



	   Astroblastoma, MN1 altered *
	-



	Ependymal tumors
	







# Newly recognized tumor types in 2021 WHO classification of CNS tumors. * Definitive CNS WHO grade not established.













 





Table 2. Key diagnostic genetic alterations in glioma.






Table 2. Key diagnostic genetic alterations in glioma.





	Tumor Type
	Genes/Molecular Profiles Characteristically Altered





	Astrocytoma, IDH-mutant
	IDH1, IDH2, ATRX, TP53, CDKN2A/B



	Oligodendroglioma, IDH-mutant, and 1p/19q-codeleted
	IDH1, IDH2, 1p/19q, TERT promoter, CIC, FUBP1, NOTCH1



	Glioblastoma, IDH-wildtype
	IDH-wild type, TERT promoter, chromosomes 7/10, EGFR



	Diffuse astrocytoma, MYB- or MYBL1-altered
	MYB, MYBL1



	Angiocentric glioma
	MYB



	Polymorphous low-grade neuroepithelial tumor of the young
	BRAF, FGFR family



	Diffuse low-grade glioma, MAPK pathway-altered
	FGFR1, BRAF



	Diffuse midline glioma, H3 K27-altered
	H3 K27, TP53, ACVR1, PDGFRA, EGFR, EZHIP



	Diffuse hemispheric glioma, H3 G34-mutant
	H3 G34, TP53, ARTX



	Diffuse pediatric-type high-grade glioma, H3-wildtype, and IDH-wildtype
	IDH-wildtype, H3-wildtype, PDGFRA, MYCN, EGFR (methylome)



	Infant-type hemispheric glioma
	NTRK family, ALK, ROS, MET



	Pilocytic astrocytoma
	KIAA1549-BRAF, BRAF, NF1



	High-grade astrocytoma with piloid features
	BRAF, NF1, ATRX, CDKN2A/B (methylome)



	Pleomorphic xanthoastrocytoma
	BRAF, CDKN2A/B



	Subependymal giant cell astrocytoma
	TSC1, TSC2



	Chordoid glioma
	PRKCA



	Astroblastoma, MN1-altered
	MN1



	Supratentorial ependymomas
	ZFTA, RELA, YAP1, MAML2



	Posterior fossa ependymomas
	H3 K27me3, EZHIP (methylome)



	Spinal ependymomas
	NF2, MYCN







The table is modified from Louis et al. Neuro-Oncology. The 2021 WHO Classification of Tumors of the Central Nervous System: A summary [4].
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