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Abstract

Glioblastoma, the most common and heterogeneous tumor affecting brain paren-

chyma, is dismally characterized by a very poor prognosis. Thus, the search of new,

more effective treatments is a vital need. Here, we will review the druggable epige-

netic features of glioblastomas that are, indeed, currently explored in preclinical stud-

ies and in clinical trials for the development of more effective, personalized

treatments. In detail, we will review the studies that have led to the identification of

epigenetic signatures, IDH mutations, MGMT gene methylation, histone modification

alterations, H3K27 mutations and epitranscriptome landscapes of glioblastomas, in

each case discussing the corresponding targeted therapies and their potential effi-

cacy. Finally, we will emphasize how recent technological improvements permit to

routinely investigate many glioblastoma epigenetic biomarkers in clinical practice, fur-

ther enforcing the hope that personalized drugs, targeting specific epigenetic fea-

tures, could be in future a therapeutic option for selected patients.
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1 | INTRODUCTION

Gliomas and glioblastomas (GBMs) are the most common and hetero-

geneous tumors affecting brain parenchyma, representing 81% of the

central nervous system (CNS) tumors. During brain tumorigenesis, epi-

genetic and genetic mutations are crucial oncogenic drivers involved

in tumor progression and in the establishment of tumor identity. The

relevance of epigenetic modifications, by means of DNA methylation

and/or histone modifications, is strengthened by at least four main

considerations: (1) they may represent a mechanism of tumor progres-

sion based on selective conservation of favorable stochastically

acquired mutations at genes involved in epigenetic processes; (2) they

may be a consequence of mutations of genes involved in the epige-

netic control of transcriptional program; (3) epigenetic signatures may

be evocative of specific cancer cell trajectories, thus representing

excellent markers for molecular classification; (4) combined with anal-

ysis of genetic aberrations, the epigenetic analysis may greatly help to

predict response to targeted therapy.

Currently, glioma molecular classification, based on genetic and

epigenetic modifications, has substantially surpassed pathological clas-

sification as highlighted in the new WHO 2021 edition. Indeed, in this

edition, several genetic and epigenetic biomarkers have been intro-

duced to finely classify and subclassify gliomas. Among the new

molecular parameters added to resolve doubtful cases, the presence

of EGFR amplification, chromosome 7 amplification, loss of heterozy-

gosity involving chromosome 10 and TERT promoter mutations have

been associated with GBM diagnosis, although morphological features

would often indicate a lower histological grading.1,2 Thus, morphologi-

cal features alone appear to be insufficient to settle GBM diagnosis.

However, despite considerable quantities of molecular information for

subclassification of gliomas, unfortunately, the transformations of

these parameters in clinical application are still far away.

Importantly, in the last decade, the analysis of the epigenetic and

epigenomic profiles, together with the study of genetic alterations,

have greatly implemented the wealth of information that can help not

only to understand the complex molecular mechanisms underlying gli-

oma transformation but also to open up new therapeutic perspectives.

Indeed, epigenome manipulation is assumed as one of the potential

therapeutic opportunities in GBM treatment, a tumor whose current

therapy is not decisive and the prognosis is very poor.3,4

Thus, in this review, we will discuss the epigenetic landscape of

GBM, focusing on putative therapeutic targets. Additionally, we will

describe effective epigenetic drugs explorable for the treatment of

GBM. As the role of noncoding RNAs has been extensively and

recently reviewed elsewhere,5-7 we will focus, in particular, on the rel-

evance of DNA and histone modifications in glioblastoma diagnosis,

prognosis and therapy.

2 | EPIGENETIC SIGNATURES

Epigenetic signatures based on DNA methylation and chromatin orga-

nization allow characterizing with extreme precision different types of

tumors. For the �100 known CNS tumor entities the developing

approach, based on the whole genome methylation analysis, allows to

identify and subclassify different tumor types by refining histopatho-

logical diagnosis.8 The epigenetic profile of brain tumors represents

an identity card, notably, the tumor will retain some specific “signa-
tures” of the cell of origin and will acquire the typical “signatures”
that define the tumor specificity. Following these considerations,

Capper et al 2018 developed a sophisticated classifier based on

tumors methylome analysis discriminating among 82 different

types of brain tumors, including both primary and metastatic. For

wider accessibility, they designed a free online classifier tool (www.

molecularneuropathology.org) requiring no further processing of

data.9

The methylomic classifier is constantly updated, integrating ever-

greater numbers of data to classify and subtype brain tumors, as well

as to identify new tumor entities. Although this effort leads to a fine

tumor definition, it may help to identify new epigenetic markers. This

might be used as a potential therapeutic target leading to the usage of

TABLE 1 Glioblastoma methylation class IDH wt

Includes histopathological GBM IDH wt and
anaplastic astrocytoma (rare)

H3.3 G34

mutant

Mesenchymal Includes histopathological gliosarcoma. Recurrent

genetic alterations are:

• Amplification of chromosome 7 with or

without EGFR amplifications

• Loss of chromosome 10

• Loss of CDKN2A/B

MYCN Includes histopathological GBM IDHwt.

Recurrent genetic alterations are:

• Amplification of MYCN

• ID2 amplification gene

RTK I Includes histopathological GBM IDH wt.

Recurrent genetic alterations are:

• Gain for chromosome 7 with or without EGFR

amplification

• Loss of CDKN2A/B

• Amplification of PDGFRA gene

RTK II Includes histopathological GBM IDH wt and,

rarely gliosarcoma. Recurrent chromosomal

alterations are:

• Gain for chromosome 7 with or without EGFR

amplification

• Loss of CDKN2A/B

• Gain for chromosomes 19 and 20

RTK III Includes histopathological GBM IDH wt.

Recurrent genetic alterations are:

• Amplifications of EGFR

• Loss of chromosome 10

Glioma IDH

mutant

Astrocytoma Includes astrocytomas of WHO grades II and III

High grade

astrocytoma

Includes: high grade astrocytoma and anaplastic

astrocytoma, IDH mutant
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personalized medicine, which unfortunately remains a long way off

for brain tumors, especially GBMs.

In the last V edition of the WHO classification of brain tumors

(published in March 2022), the study of epigenome has assumed an

important role in discriminating the various tumor subtypes.

Of note, the DNA methylation classifier, according to the WHO

2021 classification of brain tumors, divided GBMs into two different

groups: IDH wild-type and IDH mutated. In addition, the DNA methyl-

ation classifier subtypes GBMs into different entities, characterized by

specific molecular and histological feature9 (summarized in Table 1).

3 | IDH1-IDH2 MUTATIONS

The investigation of the “episignatures” plays a fundamental role in

defining GBM tumor molecular subtype.10 Mutations in Isocitrate

Dehydrogenase 1 or 2 (IDH1 or IDH2), involved in epigenetic regula-

tion, and the histone genes H3F3A or HIST1H3 B turned out to be

crucial biomarkers for tumor classification, highlighting the central role

of epigenetic alterations as drivers of tumor initiation, progression and

aggressiveness.11 Gliomas with mutations in the IDH1 or IDH2 genes

show a different genome methylation profile compared to gliomas

without these mutations8 (Figure 1). Mutations in IDH1 or IDH2 gene

are early lesions in cancer development and the prognosis associated

with IDH mutated gliomas is better than IDH wild-type. To date, no

more than 12 functional mutations affecting the IDH1 and IDH2

genes are known.12 In 2008, a sequencing implementation of GBM

tumor samples found IDH1 mutations at R132 position in 12% of the

patients. The most frequent mutations found in GBM patients

involved codon 132 of IDH1 gene resulting in the replacement of an

Arginine with Histidine, Serine, Cysteine, Glycine or Leucine. Subse-

quent analyses, not only confirmed the IDH1 mutations in secondary

GBMs, but also identified IDH1 and IDH2 in gliomas, myeloid leuke-

mia (AML), melanoma and cholangiocarcinoma.13 Most of these muta-

tions are located in the catalytic domain of IDH gene resulting in a

gain of new catalytic function able to convert α-Ketoglutarate into

GBMs wt GBMs mutant

Unmethylated

Methylated

Methylation grade
0 0.2 0.4 0.6 0.8 1

β

0

1

2

3

4

5

De
ns

ity

F IGURE 1 Heatmap showing different methylation patterns between GBM IDH-wt and GBM IDH mutant. Hierarchical clustering of 3 IDH1
wt tumors (orange) and 3 IDH1 mutant tumors (green), analyzed at CEINGE Biotecnologie Avanzate, based on methylation values at single CpG
levels. The heatmap displays CpG sites with the highest variance across all samples. The scale color from red to purple indicates methylation value
from 0 to 1, respectively. The top x-axis shows wt and mutated IDH tumors. The y-axis shows the CpG site based on CGI relation. Clustering was
built by using Manhattan distance [Color figure can be viewed at wileyonlinelibrary.com]
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2-Hydrossi-Chetoglutarate (2HG). 2HG acts as oncometabolite by

inhibiting α-ketoglutarate-dependent enzymes. Among these

enzymes, TET2 is an epigenetic modifier acting both demethylating

DNA through the conversion of 5-methyl cytosine (5-mC) in

5-hydroxymethyl cytosine (5-hmC) and remodeling chromatin through

the interaction with lysine-specific histone demethylase KDM2A14

(Figure 2).

Different studies demonstrate that IDH-mutated tumors show a

reduced proliferation rate compared to IDH1/2 wild type GBM and

anaplastic astrocytomas (WHO grade III).15 Several studies have indi-

cated that IDH1/2 mutations are significantly associated with positive

prognosis and increased chemo- and radio-sensitivity.16,17 Mechanis-

tically, the altered production of reactive oxygen species (ROS), due

to the abnormal function of IDH mutant proteins, plays a central role

in the reduction of cell viability induced by chemotherapy. Other stud-

ies demonstrated a potential link between IDH mutations and

impaired repair of DNA.18 Based on these observations, different pre-

clinical studies supported the positive therapeutic effect of using

DNA damaging drugs such as Procarbazine, Lomustine and Vincris-

tine.18 The overwhelming evidence that IDH mutations underlie

tumor-defining epigenomic changes led to rapid development of IDH

mutant inhibitor drugs that are currently in preclinical and clinical

experimentation18,19 (summarized in Table 2).

AG-221 is a selective orally administered inhibitor of IDH2

mutant that has been approved by the FDA for the treatment of

patients with IDH2-mutated AML based on promising response rates

and a satisfactory safety profile. The drug is now in phase I/II clinical

trial for the treatment of different tumor types, including

F IGURE 2 Overview of IDH enzyme role in cytosol, mitochondria and nucleus, highlighting its key interactors and consequences on
epigenetic alterations. Throughout the figure, black arrows connect metabolites to each other, the curved arrows show redox reactions due to the
catalytic activity of IDH1 and IDH2-3, while the flat end arrows represent the direct inhibitory effect of 2HG oncometabolite (red rectangle in
cytosol and mitochondrion) on its interactors; the red cross indicates the suppression of enzyme activity. In the cytosol (white background), IDH1
role in altered response to hypoxia is represented; wild type IDH1 is shown in the light blue box, mutated IDH1 is shown in the light red box,
while PHD and HIF1 in the orange and red box, respectively. In the mitochondrion (orange background), IDH2-3 activity in TCA (tricarboxylic acid
cycle) is shown; mutated IDH2-3 is represented as a light red box, while wild type IDH2-3 as a blue box. In the nucleus (light orange background),
a schematic representation of the effects of mutated IDH enzymes on DNA methylation and histone modifications; methyl groups are
represented as yellow dots while histones as dark yellow spheres; key IDH interactors in the nucleus are represented as blue box (ten-eleven
translocation, TET1/2) and green box (lysine demethylase, KDM) [Color figure can be viewed at wileyonlinelibrary.com]
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IDH2-mutated gliomas. The clinical study is available on http://www.

clinicaltrial.gov (NCT02273739).

AG-120 is a selective IDH1 mutant inhibitor. In a phase I clinical

trial, AG-120 showed a safety profile when used in monotherapy for

solid cancers in advanced state (http://www.clinicaltrials.gov;

NCT02073994).18

AG-881 (Vorasidenib) is a pan IDH mutant inhibitor. A phase I,

randomized, controlled, multicenter trial recruiting patients with low-

grade glioma to determine 2HG levels in tumor tissue after presurgical

treatment with AG-120/AG-881 will end in 2024. (http://www.

clinicaltrials.gov; NCT03343197).19

Targeting IDH mutants in gliomas presents several challenges

including difficulties to cross the blood-brain barrier (BBB). In addition,

the neovascularization of GBM shows a very tortuous architecture

rendering pharmacological penetration extremely difficult. IDH305

was optimized to penetrate BBB. The pharmacodynamic effects of

IDH305 were evaluated in eight patients (NCT0238186), in which

IDH305 was able to reduce the levels of 2HG. Surprisingly, in three

out of eight patients the 2HG levels remained suppressed for more

than 1 month.

DS-1001b is an IDH1/2 mutant inhibitor with high BBB perme-

ability. In xenograft models of GBM, the treatment with this inhibitor

impaired tumor growth. Currently, two clinical studies based on DS-

1001b are ongoing (NCT04458272 and NCT030300066).20

Mutations of IDH1/2 in tumors remain an important finding in

biomedical research. The production of 2HG has a significant impact

on tumors and it can modify the entire epigenome, influencing metab-

olism and cell proliferation. However, the positive prognostic value

given by IDH mutations has greatly slowed clinical experimentation

with targeted drugs, as these tumors are more sensitive to classical

treatment based on radio and chemotherapy.18

4 | MGMT

Methylation of O6-methylguanine-DNA methyltransferase (MGMT)

has been extensively investigated as a biomarker for prediction of

pharmacological response to temozolomide in patients affected by

GBM.21,22 MGMT gene is located on chromosome 10q26.3.23-25 The

expression of MGMT gene is mainly regulated by epigenetic mech-

anisms. Several studies demonstrate that loss of MGMT expression

is due to methylation of the CpG island located in the MGMT pro-

moter and only in rare cases to gene deletion, mutation or rearran-

gement.23 The methylation of MGMT promoter has been accepted

as a valid prognostic positive marker in response to temozolomide

(TMZ) in terms of overall survival (OS) and Progression-Free Sur-

vival (PFS).24,26-28 The positive clinical benefit of MGMT promoter

methylation is implicated by the function of MGMT protein, an

enzyme involved in DNA damage repair. Loss of MGMT expression

is a valid help to induce, by using TMZ, DNA damage in GBM with

consequent cellular death.23 Conversely, MGMT expression nul-

lifies the function of TMZ by removing the alkyl groups from the

O6 position of guanine and restabilizing the correct sequence of

DNA (Figure 3). MGMT has been also found predominantly impli-

cated in TMZ resistance in recurrent GBM. However, approxi-

mately 15% of patients with MGMT hypomethylation benefit from

TMZ therapy.29 Nonetheless, despite presenting methylation at

MGMT, many cases of GBM recurrence do not respond to TMZ

because of chemo-resistance.30 Several studies have demonstrated

that GBM progression and recurrence were associated with the

resistance of cancer stem cells to TMZ treatment. Specifically, it

has been demonstrated that, even after effective therapeutic treat-

ment, minimal residual stem cells may be activated to enter a new

stage of differentiation and proliferation thus promoting GBM

recurrence. Therefore, GBM stem cells are considered one of the

causes of TMZ resistance, which enables them to survive during

chemotherapy.

Additional studies have explored the potential MGMT enzymatic

inhibition in unmethylated GBMs. For example, the cationic

porphyrin5,10,15,20-tetrakis(diisopropyl-guanidine)-21H, 23H-porphine

(DIGPor) selectively binds DNA-containing O6-methylguanine (O6MeG),

inhibiting the MGMT enzymatic function.31 However, the therapeutic

efficacy of these inhibitors remains under investigation.

It is currently evident that the surgical resection followed by radio

and chemotherapy appears to be inadequate for the long-term treat-

ment of GBM. Intriguingly, some tumors, despite having unmethylated

TABLE 2 Epigenetic drugs advanced in clinical phases for GBM treatments

Molecular target Stage of clinical trial Results

HDACi drugs

Vorinostat Pan-HDACi Phase II Modest

Romidepsin Class I/II HDACi Phase I/II No effect

Panobinostat (in combination with bevacizumab) Pan-HDACi Phase II No effect

Valproic acid (in combination with TMZ) Class I HDACi Phase II Modest

IDH mutant inhibitors

AG-221 IDH2 mutant inhibitor Phase I/II Ongoing

AG-120 IDH1 mutant inhibitor Phase I Ongoing

AG-881 Pan-IDHs mutant inhibitor Phase I Ongoing

DS-1001b IDH1 mutant inhibitor Phase II Ongoing
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MGMT, well respond to chemotherapy, while some others, harboring

methylated MGMT, does not.32

5 | ROLE OF HISTONE MODIFICATIONS
IN GBM

Looking at the extremely wide epigenomic panorama, several histone

modifications participate in determining gene expression and eventu-

ally cell fate. For instance, the lysine acetylation mark (Ac), added or

removed by histone acetyltransferases (HAT) and histone deacety-

lases (HDAC) respectively, holds broadly known functions in winding

and unwinding the chromatin structure, resulting in the regulation of

gene expression.33,34 Since HDACs are constitutively expressed in

various cancer types, including GBM,35,36 pharmacological approaches

exploiting HDAC inhibitors (HDACi) have been carried out. Early

in vitro studies showed that the HDAC inhibitors Romidepsin and

DWP0016 decreased GBM cells viability and caused a significant

increase in cell death markers through the activation of p53/p21 path-

way.37,38 In the same way, Chiao et al used the suberoylanilide hydro-

xamic acid (SAHA) pan-HDACi in glioblastoma stem cells (GSCs),

achieving a reduction of viability by apoptosis activation as well as

induction of autophagy and cell differentiation.39,40

Further, HDAC inhibition by Panobinostat, Vorinostat (SAHA) and

Romidepsin was demonstrated to affect GBM glucose metabolism

and to reduce the global ATP levels, reverting the Warburg effect,

both in vitro and in vivo.41

As HDACi can pass the BBB, their use was proposed for GBM

clinical investigations. However, in clinical trials, Vorinostat and Romi-

depsin demonstrated modest or no therapeutic effects.42,43

Interestingly, combination therapies employing HDACi and che-

motherapeutic agents are currently being investigated in clinical trials

for GBM treatments. Specifically, Valproic acid used in combination

with TMZ has been tested in phase II clinical trials showing satisfying

results (Figure 4A and Table 2).44 Beside acetylation, methylation is

another modification frequently found on histone tails.34 The

TMZ

MGMT METHYLATED

–500

5ʹ 5ʹ3ʹ 3ʹ

TSS

CELL DEATH

MGMT UNMETHYLATED

–500
TSS

NO TRANSCRIPTION

NO PROTEIN PRODUCTION

TRANSCRIPTION
RNA

PROTEIN PRODUCTION

SC

NO DNA REPAIR

CRI

DNA REPAIRAIR

PROTEIN

CELL SURVIVAL

MGMT

TMZ

+28 +31 +35 +45+47 +84 +89 +95 +105 +28 +31 +35 +45+47 +84 +89 +95 +105

F IGURE 3 Schematic representation of the MGMT gene and the methylation-related downstream effects. The MGMT gene is represented in
its methylated (left) and unmethylated (right) status. The 50 and 30 ends are shown. Methylated CpGs (yellow circles) and unmethylated CpGs
(white circles) are represented; CpG position are related to the transcription start site (TSS, marked with a red line). The effects of MGMT
methylation status are represented. Point arrows indicate the consequences of each event. The methylated status of MGMT leads to cell death
thanks to the promoted activity of Temozolomide (TMZ, red thunderbolt). The unmethylated status of MGMT leads to the production of MGMT

protein (in green) which repairs DNA, thus hampering TMZ activity and leading to cell survival [Color figure can be viewed at
wileyonlinelibrary.com]

6 MONTELLA ET AL.

 10970215, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ijc.34381 by U

ni Federico Ii D
i N

apoli, W
iley O

nline L
ibrary on [28/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com


insertion of methyl groups in these sites can trigger (H3K4, H3K36

and H3K79) or inhibit (H3K9, H3K27 and H4K20) gene expression.45

Methylation dynamics are regulated by the activity of histone methyl-

ases (HMTs) and demethylases (KDMs) and have a strong impact on

cancer onset and progression.46 For instance, it has been reported

that knockdown of the lysine-specific demethylase 1 (LSD1), which

regulates the deposition of the H3K4me3 mark on histones, increased

H3K4 methylation at the MYC promoter region, thus enhancing MYC

expression and consequently GBM tumorigenesis.47

Interestingly, the recent use of the specific LSD1 inhibitor

DDP_38003 showed to affect GSCs viability by impairing the induc-

tion of activating transcription factor 4 (ATF4) that triggers cellular

stress responses inducing GBM growth arrest.48 Similarly, the Jumonji

domain-containing protein D3 (JMJD3, alias KDM6B) demethylase

has been shown to regulate differentiation in patient-derived GSCs by

reducing the repressive histone mark H3K27 tri-methylation at the

genes' loci.48

JMJD3 has been found downregulated in GBM cells and its

depletion or its gene reactivation, by reverting the JMJD3's promoter

hypermethylation, could decrease GBM progression and invasiveness

via p53 inhibition.49,50 Unfortunately, although demethylase inhibitors

have shown interesting preclinical results, they have not been

advanced yet into clinical trials.

In the context of GBM methylation, HMTs also play a major role.

For example, silencing of the Enhancer of zeste homolog 2 (EZH2),

which participates in the Polycomb repressive complex 2 (PRC2) and

catalyzes the H3K27me3 modification, affects GBM progression both

in vitro and in vivo.51 On top of that, EZH2 has been reported to

inhibit the expression of PTEN by increasing the H3K27me3 deposi-

tion at its promoter level.52 This resulted in the activation of the

AKT/mTOR axis and stimulation of GBM progression.53 Since EZH2 is

overexpressed in GBM54 and has been reported to regulate the resis-

tance of GBM cells to TMZ,55 efforts to generate EZH2 inhibitors

have been made. Interestingly, in a recent paper, Stazi e al. have

tested two EZH2 inhibitor compounds that decreased vascular endo-

thelial growth factor (VEGF) expression and GBM cells migration,

while increasing the levels of anti-inflammatory cytokines.56 Despite

the great efforts, only a few drugs targeting methylations have

reached clinical trials and more investigation is needed to improve

their efficiency. Nonetheless, treatment with HDACi in GBM cells

exhibited to reduce LSD1 levels and increase the deposition of meth-

ylation. Additionally, cotreatment of GBM cells and GSCs with Vorino-

stat and the LSD1 inhibitor Tranylcypromine (TCP) led to synergistic

tumor cell death by inducing apoptosis in vitro and GBM xenograft

mice.57,58 The crosstalk between different histone modifications

opens up new combination therapeutic opportunities in clinics, target-

ing both acetylation and methylation in GBM tumors at the same time

(Figure 4A and Table 2). Altogether, these findings indicate that the

role of epigenetic marks and epi-factors involved in GBM remains

poorly understood. Thus, further research will help to finely dissect

the molecular mechanisms behind the epigenetic changes in GBM and

discover novel Epi-targets for future clinical applications.

6 | EPIGENETIC ALTERATIONS CAUSED
BY H3K27 MUTATION

Somatic mutations in histone 3 (H3) characterize a specific high-grade

glioma that, according to the new WHO classification, is identified as

diffuse midline glial lesion.32 This tumor is more common in pediatric
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patients but, rarely, also occurs in adults. As described in the previous

paragraph, the heterozygous (gain of function) H3K27M mutation in

either the H3F3A or HIST1H3B genes suppresses EZH2, a catalytic

subunit of polycomb repressive complex 2 (PRC2) which tri-

methylates the histone H3 at lysine 27. Thus, H3K27M mutations

lead to a global epigenetic dysregulation, caused by the loss of

H3K27me3 and consequent transcriptional repression.59 Hotspot

mutations in H3F3A and H3K27M, as well as for IDH1/2, define

clearly distinct epigenomic and biological subgroups of GBMs.60

The epigenetic alterations caused by the onco-histone H3K27M

mutation can be specifically targeted by different therapeutic

approaches. Preclinical studies aimed at restoring H3K27 repressive

mark by inhibiting the KDM6 demethylase with GSK-JA. In vitro,

GSK-JA treatment was effective in decreasing cell viability.61 Further-

more, the drug had greater effect in cells with the H3 mutation than

in H3 wild type cells, promising tumor specific effects.62 However, the

clinical use of GSK-JA has been scarce because it does not efficiently

penetrate BBB.

Also, panobinostat, a pan-histone deacetylase inhibitor that par-

tially rescues H3K27M-induced global hypomethylation by counter-

acting PRC2 inhibition, has been tested. In detail, poly-acetylation of

the H3 N-terminal tail by panobinostat can “detoxify” K27M-induced

inhibition of PRC2 and rescue the H3K27 hypomethylation pheno-

type.63 It has also been demonstrated that panobinostat induced an

increase in global H3 acetylation as well as in H3K27 methylation,

these events being associated with reduction in oncogene expres-

sion.64 Promisingly, in vitro assays have shown synergic effects

between panobinostat and GSKJA in reducing proliferation of

H3K27M mutant cells.65

Another therapeutic strategy is based on the use of BET inhibi-

tors that reduce H3K27 acetylation, in turn resulting in the upregula-

tion of differentiation markers.66

Based on positive data obtained in in vitro and in preclinical stud-

ies, several clinical trials using epigenetic drugs have been designed.

Among the many still ongoing, especially worth of notice is the phase

I NCT02717455 clinical trial, based on use of panobinostat in 53 chil-

dren with diffuse intrinsic pontine glioma, whose results are eagerly

awaited.

7 | THE EPITRANSCRIPTOME LANDSCAPE
OF GBM

An increasing amount of evidence is highlighting the role of RNA

modifications in cancer cell proliferation and tumorigenesis.67

Specifically, epitranscriptomic marks can affect several stages of

RNA metabolism, including maturation, stability and degradation of

oncogenes and oncogenic-related transcripts.68 On top of that, the

dynamic nature of these modifications, supported by the function of

writer, eraser and reader proteins, that “add, remove and read” the

modification respectively, allows them to regulate multiple tumori-

genic pathways at the same time (Figure 4B). Pseudouridine, a modifi-

cation that influences RNA translation69 has been found to strongly

affect GBM survival, growth and migration.70 In addition, Cui et al

demonstrated that increased expression of pseudouridine synthase

7 (PUS7) in glioma stem cells (GSCs) enhances the translation of the

tyrosine kinase 2 (TYK2) tRNA and inhibits GBM tumorigenesis

through the TYK2-STAT1 axis.71 On the contrary, downregulation of

adenosine-to-inosine (A-I) RNA modification, catalyzed by ADAR pro-

teins, can reduce the levels of edited miR-376a* and increase GBM

cells proliferation.72

5-methyl cytosine (5mC) is an additional RNA modification, cata-

lyzed by Nop2/Sun RNA methyltransferase (NSUN6), that regulates

RNA stability.73 It has been shown that increased levels of NSUN6,

and consequently of 5mC, ameliorated the response of GBM cells to

the alkylating agent TMZ, suggesting a possible role of this mark

in regulating drug resistance.74 Within Epi-modifications, the

N6-methyladenosine (m6A) surely carves a niche for itself, as it is the

most abundant mark on eukaryotic mRNAs and by far the most

studied.75 Accordingly, the role of the m6A mark and its effectors in

GBM has been explored. In 2017, it was reported that the m6A

demethylase α-ketoglutarate-dependent dioxygenase alkB homolog

5 (ALKBH5) is overexpressed in GSCs and governs the stability of the

forkhead box protein M1 (FOXM1) mRNA, therefore driving GBM

progression.76

Interestingly, small molecules inhibiting ALKBH5 were recently

developed and might offer a promising therapeutic alternative for the

treatment of GBM in the future.77 In addition, selective inhibition of

the fat mass and obesity-associated (FTO) demethylase by using the

ethyl ester form of meclofenamic acid (MA2) has shown to dramati-

cally reduce cancer growth both in vitro and in vivo (Figure 4B).78

Intriguingly, a recent publication showed that the MA2 compound

was able to enhance the sensitivity of GBM cells to TMZ treatment,

thus opening up new perspectives for advancing the combinatorial

approach to clinical trials for GBM.79

On the contrary, knockdown of methyltransferases like 3 and

14 (METTL3, METTL14), the catalytic components of the m6A writing

complex, by reducing m6A global cell levels, strikingly enhanced GSCs

proliferation and tumorigenesis.77 Additionally, elevated m6A levels

are also required for GBM differentiation.78 These findings strongly

highlight that m6A plays a crucial role in GBM development. There-

fore, considering this evidence, therapeutic routes targeting m6A

erasers and enhancing m6A global levels in GBM cells have been fol-

lowed. This led to the production of several efficient pharmacological

inhibitors tested in vitro, however, at present, they still need further

improvement to enter clinical trials.79,80

In recent years, a comparison of methyl RNA-

immunoprecipitation followed by sequencing (meRIP-seq) data

between normal stem cells (NSCs) and GSCs identified dependency

on GSCs for the m6A reader YT521-B homology domain family

2 (YTHDF2).81 YTHDF2 was associated with either stabilization or

destabilization of several mRNAs such as MYC or UBXN1, resulting in

enhanced GBM tumor progression.81,82 Conversely, the heteroge-

neous nuclear ribonucleoprotein C (HNRNPC), an additional m6A

reader, was correlated to GBM, with a favorable prognosis.83 How-

ever, further investigations are required to better elucidate the

8 MONTELLA ET AL.
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involvement of m6A regulators in GBM. Finally, a positive feedback

loop involving METTL3, YTHDF1 and ADAR1 regulating RNA dynam-

ics was discovered to play an oncogenic role in GBM survival, suggest-

ing an additional layer of drug interventions.84 Altogether, recent

findings are highlighting that RNA modifications are gaining a pivotal

role in regulating the hallmarks of cancer.85 Their strong impact in the

oncogenesis of GBM calls for further research, to elucidate the mech-

anisms of action of these m6A-effectors as well as synthesizing new

molecules, activating or inhibiting specific Epitran-targets. Addition-

ally, more investigations are needed to expand the spectrum of m6A

regulators as possible GBM druggable targets. The advent of novel

drugs regulating mRNA marks is bound to dramatically change the

way we look at GBM cancer therapy today.

8 | TECHNICAL APPROACHES TO
INVESTIGATE EPIGENETIC BIOMARKERS IN
GBM IN CLINICAL PRACTICE

The molecular analysis carried out on brain tumors includes to date

both genetic and epigenetic aspects. Of note, molecular characteriza-

tion of brain tumors has been profoundly perfected in the last decade

in consequence of the many recent technological improvements.86-88

A lot of techniques are utilized in preclinical studies, for investigating

brain tumor development and progression, and in clinical routine, for

narrowing brain tumor diagnosis. Here, we will focus only on some

techniques routinely utilized for the genetic and epigenetic characteri-

zation of brain tumors that have had a strong impact on brain tumor

diagnostics (Figure 5). In general, in clinical practice, the choice of the

technology to be used is always the result of the evaluation of the

cost–benefit ratio. Investigation of IDH mutations can be evaluated

by different approaches: IHC with specific antibody allow to identify a

specific mutation R132H, the most common in gliomas. Sanger

sequencing or Next Generation Sequencing (NGS) are more often

used for detecting all possible mutations affecting IDH genes.89

There are different approaches to assess MGMT methylation sta-

tus: the Methylation Specific PCR (MSP) remains considered the gold

standard method to evaluate MGMT methylation status. This tech-

nique is based on discrimination of the methylated vs the unmethy-

lated DNA sequence following the chemical treatment of the DNA

with sodium bisulfite which converts the unmethylated Cytosine

(C) in the Cytosine-Guanine (CG) context into Thymine (T). MSP

approach does not provide quantitative evaluation of the methylation

degree.22,88,90 These limitations are overcome by pyrosequencing.91

Also, methylation-sensitive Multiplex Ligation Probes Amplification

(MLPA)-based kits are used to evaluate the methylation status of

F IGURE 5 A schematic overview of the most relevant epigenetic and genetic mutations investigated to narrow brain tumor diagnosis and of
the better techniques for investigating them. In the middle, in boxes of different colors, the epigenetic and genetic mutations investigated for
narrowing brain tumor diagnosis. On the left, the brain tumor subtypes whose diagnosis is permitted by the genetic and epigenetic mutations
shown in the middle: the boxes indicating mutations are connected to the boxes indicating tumor subtypes in which they are found by matching
color arrows. On the right, the most relevant techniques that can be utilized for investigating the genetic and epigenetic modifications shown in

the middle. Again, the boxes indicating mutations relevant for diagnosis are connected to the boxes indicating the techniques utilized for their
investigation by matching color arrows [Color figure can be viewed at wileyonlinelibrary.com]
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MGMT. This approach does not require bisulfite conversion and, in a

single analytical session, it allows one to also assess the presence of

mutation at IDH1 and IDH2.92,93 However, MLPA may be expensive

and requires a strong effort by the biologist. To evaluate the methyla-

tion status of target genes, it is possible to also perform Amplicon

Bisulfite sequencing (ABS) based on NGS technology.94 This tech-

nique allows one to study the methylation status of a target gene with

high sequencing depth, but, also in this case, the costs of the technol-

ogy are quite high and thus not routinely used in clinical practice.25

The use of Infinium methylation EPIC array, based on evaluation

of 850 k CpG sites, is now rising among the forward-looking diagnos-

tic laboratories. Using user-friendly bioinformatic tool, it is indeed

easy to extrapolate the methylation status of each single CpG site,

and the Copy Number Variations (CNVs), which provides critical

genetic information such as loss or gain of chromosome segments or

specific genes deletions or amplifications (including 1p-19q codele-

tion, EGFR amplification, loss of CDKN2A/B, etc).9 Raw data may be

processed by available brain tumor methylation classifiers leading to a

very precise subtype classification, which may be an important imple-

mentation in clinical practice.

A promising approach for possible use in routine diagnostics is

the sequencing by Nanopore device (Nanoporetech, Oxford, England).

This approach provides long reads thus analyzing structural variants,

point mutations, bisulfite-free methylation and epitranscriptome pro-

files, using a single device with affordable capital cost.95 Intriguingly,

this method has been also proposed for potential intraoperatorial

diagnosis. This technology, if it will enter in clinical practice, in the

next future, could be a valid help both for the surgeon that intraopera-

tively will be able to decide the extension of surgical resection, and

for the oncologist who will quickly have all the information useful for

correct management of patients. However, to date bioinformatic

interpretations are sometime complex and the technology remains

evolving to optimize sequencing in order to obtain timely information

on the mutational status of individual genes.

9 | CONCLUSIONS

Epigenomic signatures in GBMs gained increasing importance in refin-

ing brain tumors classification criteria. However, if detailed molecular

characterization may help to identify more and more tumor entities,

on the other hand all this information risk confusing clinicians in the

management of patients affected by GBM. Currently, despite the

efforts made, progresses in the treatment of GBM have been very
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F IGURE 6 A schematic overview of the most important tumor-driving pathways and interactors in gliomas. The arrows link each oncogenic
factor to the principal activated pathway. On the plasma membrane: NTRK fusion (red rectangle); EGFR (in blue) and its ligand EGF (light blue
rectangle); EGFRvIII (in blue, without ligand); MET (in dark gray) and its corresponding ligand-independent form, METΔex14 (in light gray); FGFR
(green oval) and FGFR-TACC3 fusion (green and light green ovals). In the cytosol: NF1 oncogenic form (light-blue circle); the MAP kinase pathway
(nearby, the most oncogenic RAF mutation is written in red); the PI3K/AKT/mTOR pathway. Between cytosol and nucleus: the IDH pathway. In
the nucleus: the DNA with 5-methyl-cytosine (5mC, red sphere) and 5-hydroxymethyl-cytosine (5hmC, black sphere); histones (yellow spheres)
with some drug-targeted epigenetic modifications (acetylation as a blue sphere, K27 tri-methylation as a light-yellow sphere); MGMT enzyme
(in blue) and temozolomide (orange thunderbolt). Blunt arrows indicate inhibition and red crosses indicate the removal of each modification. In the
whole figure, drugs and inhibitors of oncogenic proteins are reported in the gray boxes [Color figure can be viewed at wileyonlinelibrary.com]
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slow compared to the impressive advances seen in molecular biology

field. To date, glioblastoma management typically involves surgical

resection, as radical as possible, followed by the STUPP protocol

based on cycles of radium and temozolomide-based chemotherapy.

The biological variability of GBM, due to heterogeneous cell popula-

tions involved in brain tumorigenesis, and the site of tumors, that

makes access to drugs difficult for the presence of BBB, remain the

main problems for GBM target therapy. This means that many drugs

that demonstrate efficacy in vitro or on animal models are actually not

very effective in clinical studies. On the other hand, however, the

example of the two recently FDA-approved drugs, entrectenib and

larotrectenib, for the treatment of glioblastomas bearing a specific

genetic lesion (ie, NTRK gene rearrangements), does suggest that tar-

geted therapy can be envisioned for selected patients. Thus, although

to date the resolutive cure of GBM still seems to be a mirage, we

think that the accumulation of all epigenetic and genetic information

and the extreme subclassification that derives from those may be the

right road to obtain niche therapeutic findings allowing the develop-

ment of personalized therapies (Figure 6).
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