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Resumo

O glioblastoma multiforme (GBM) é um tumor cerebral primdrio altamente agressivo, com
um progndstico desfavoravel, apesar dos avangos no tratamento multimodal. As terapias
convencionais ndao conseguem proporcionar respostas duradouras devido a heterogeneidade
molecular do GBM e a sua capacidade de escapar as pressdes terapéuticas. As alteragGes
epigenéticas constituem elementos criticos na biopatologia do GBM, incluindo metilacdo
aberrante do DNA, modificagGes das histonas e desregulacdo de RNAs nao codificantes (ncRNA).
Estes mecanismos promovem a oncogénese, resisténcia a terapéutica e evasao imunitaria.

A presente scoping review avalia o estado atual do conhecimento epigenético no GBM,
sintetizando artigos originais e ensaios pré-clinicos e clinicos publicados na ultima década. E dada
especial atencdo a hipermetilagdo do promotor MGMT como biomarcador da sensibilidade a
temozolomida (TMZ), a desacetilacdo e metilacdo das histonas como moduladores da estrutura da
cromatina e aos microRNAs como reguladores de vias como a apoptose e a angiogénese.

Do ponto de vista terapéutico, farmacos epigenéticos, como os inibidores das DNA
metiltransferases (DNMTis) e os inibidores das histonas desacetilases (HDACis), mostram-se
promissores em modelos pré-clinicos e ensaios precoces. Terapias emergentes baseadas em RNA,
direcionadas aos ncRNAs desregulados, representam uma abordagem inovadora para
reprogramar o epigenoma tumoral. Terapias combinadas, que associam agentes epigenéticos com
inibidores de checkpoints imunoldgicos ou quimioterapia, sdo exploradas pelo seu potencial em
incrementar a resposta ao tratamento.

Apesar destes avancos, desafios como a heterogeneidade tumoral, a barreira
hematoencefdlica (BBB) e os efeitos off-target continuam a ser significativos. As perspetivas
futuras enfatizam abordagens démicas integrativas para identificar alvos especificos em cada
paciente e aprimorar a terapéutica. Assim, este artigo destaca o potencial da epigenética na
reformulacdo do paradigma do tratamento do GBM.

Palavras-chave: glioblastoma; epigenética; metilagdo de DNA; remodela¢do da cromatina; RNA
nao codificante.



Abstract

Glioblastoma multiforme (GBM) is a highly aggressive primary brain tumor with a dismal
prognosis despite advances in multimodal treatment. Conventional therapies fail to achieve
durable responses due to GBM’s molecular heterogeneity and capacity to evade therapeutic
pressures. Epigenetic alterations have emerged as critical contributors to GBM pathobiology,
including aberrant DNA methylation, histone modifications, and non-coding RNAs (ncRNA)
dysregulation. These mechanisms drive oncogenesis, therapy resistance, and immune evasion.

This scoping review evaluates the current state of knowledge on epigenetic modifications
in GBM, synthesizing findings from original articles and preclinical and clinical trials published over
the last decade. Particular attention is given to MGMT promoter hypermethylation status as a
biomarker for temozolomide (TMZ) sensitivity, histone deacetylation and methylation as
modulators of chromatin structure, and microRNAs as regulators of pathways such as apoptosis
and angiogenesis.

Therapeutically, epigenetic drugs like DNA methyltransferase inhibitors (DNMTis) and
histone deacetylase inhibitors (HDACis) appear as promising approaches in preclinical models and
early trials. Emerging RNA-based therapies targeting dysregulated ncRNAs represent a novel
approach to reprogram the tumor epigenome. Combination therapies, pairing epigenetic agents
with immune checkpoint inhibitors or chemotherapy, are explored for their potential to enhance
treatment response.

Despite these advancements, challenges such as tumor heterogeneity, the blood-brain
barrier (BBB), and off-target effects remain significant. Future directions emphasize integrative
omics approaches to identify patient-specific targets and refine therapies. This article thus
highlights the potential of epigenetics in reshaping GBM treatment paradigms.

Keywords: glioblastoma; epigenetics; DNA methylation; chromatin remodeling; noncoding RNA.
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Graphical Abstract

An overview of altered epigenetic mechanisms and emerging therapeutic interventions in GBM.
Created in BioRender. Jeronimo, C. (2025).
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Introduction

Glioblastoma multiforme (GBM) is the most aggressive and common primary brain
malignancy, with an incidence rate ranging from 0.59 to 5 cases per 100,000 individuals. This rate
has been rapidly increasing in many countries due to factors such as aging populations and
advancements in diagnostic precision [1,2]. The standard treatment, established by the Stupp
protocol, involves surgical tumor resection with broad margins, followed by radiotherapy and
concomitant adjuvant temozolomide (TMZ) [3]. Other approved treatments for GBM include
lomustine, carmustine, bevacizumab, carmustine wafer implants, and tumor-treating fields, which
are mostly utilized to manage recurrent GBM and alleviate its symptoms [4].

Despite these treatments, median survival for GBM patients is approximately 15 months
and the 5-year relative survival rate is only 6.8% (although dependent on sex and age at
diagnosis). Progression of GBM entails severe neurological decline, with physical and cognitive
impairments, significantly reducing patients’ quality of life and bringing emotional and financial
challenges to caregivers. Tumor recurrence and drug resistance remain significant challenges,
contributing to the poor prognosis and limiting the effectiveness of available therapies [1,2,5].

Comprehensive genome-wide studies have cataloged somatic mutations, copy number
variations, and genetic rearrangements while also revealing transcriptomic, epigenomic,
proteomic, and metabolomic profiles of GBM [6-10]. These multi-omics approaches have also
illuminated the role of key cellular processes such as autophagy, linking it to oncogenic signaling
and cellular stress responses [11-13].

Technological advances, such as next generation sequencing, RNA expression analyses,
and DNA methylation profiling, have reshaped our understanding of central nervous system (CNS)
tumors, creating the need for novel and updated classification systems. After the 2016 version
introduced specific molecular alterations as diagnostic criteria for the first time, the 5" World
Health Organization (WHO) classification system carried on refining the stratification of existing
tumors, while still including histological and immunohistochemical key diagnostic features. The
2021 scheme divides CNS tumors into six major categories, summarized in Figure 1.

Hence, “GBM, isocitrate dehydrogenase (IDH)-wildtype” is defined as a grade 4 adult-type
diffuse astrocytoma lacking IDH and histone mutations, with simultaneous gain of chromosome 7
and loss of chromosome 10, epidermal growth factor receptor (EGFR) amplification, TERT
promoter mutations, mitoses, necrosis, or microvascular proliferation. Other frequently observed
molecular abnormalities include O®-methylguanine-DNA methyltransferase (MGMT) promoter
methylation, CDKN2A/B deletions, phosphatase and tensin homolog (PTEN) alterations, TP53
mutations, MDM2/4 amplifications, and BRAF V600E mutations [4,14,15]. Nonetheless, in IDH-
wildtype diffuse astrocytomas occurring in younger patients, it is important to consider the
distinct subtypes of diffuse pediatric-type gliomas — adult-type tumors can rarely be found in
children, particularly young adults, while pediatric-type tumors may occasionally occur in adults
[16].

On the other hand, “Astrocytoma, IDH-mutant” is a diffuse astrocytoma with activating
mutation in IDH1 or IDH2 (as well as altered ATRX, TP53 or CDKN2A expression) that is graded 2-4
within type, abolishing the term “GBM, IDH-mutant”. The gain-of-function mutation in IDH1/2
leads to overproduction of the oncometabolite D-2-hydroxyglutarate and inhibition of enzymes
that require a-ketoglutarate as a cofactor, such as DNA demethylases, causing genomic cytosine-



phosphate-guanine (CpG) hypermethylation and impairing cellular differentiation [17,18]. The
IDH1 mutation is often considered an initiating event in tumorigenesis, being present in all tumor
cells, making it an attractive therapeutic target, including for vaccine development [19,20]. IDH
mutations also affect the splicing and expression of epigenetic modifiers such as DNA
methyltransferases and methylation readers [21]. Although its standard treatment is similar to that
of IDH-wildtype GBM, it exhibits slower progression and a more favorable prognosis [14].

Given the profound complexity of GBM, overcoming this malignancy requires multifaceted
therapeutic approaches. These may include combining surgical tumor debulking with strategies
targeting molecular drivers, such as engineered immunomodulators with high specificity and
cytotoxicity or oncolytic viruses [6]. Leveraging insights from epigenetics, coupled with precision
medicine tools like omics-driven biomarker identification, may enable the development of more
effective and personalized treatment strategies for GBM [22-24]. This scoping review explores the
evolving role of epigenetic alterations as therapeutic targets, biomarkers, and combinatory
strategies in the fight against GBM, with an emphasis on bridging preclinical discoveries and
clinical applications.

Methods

The protocol was developed according to the PRISMA Extension for Scoping Reviews
(PRISMA-ScR) recommendations (Supplementary File 1) and was retrospectively registered with
the Open Science Framework on 4 June 2025 [25]. It is publicly accessible at:
https://doi.org/10.17605/0SF.I0/9HARY (Supplementary File 2). This scoping review was guided by
the PCC framework, focusing on GBM patients (Population), epigenetic alterations as therapeutic

targets (Concept), and the limited effectiveness of current standard treatments (Context).

All relevant preclinical studies and clinical trials — single-arm or double-arm, including both
randomized and non-randomized controlled trials — addressing epigenetic alterations in GBM as
therapeutic targets were eligible for inclusion. Studies were excluded if they did not clearly define
their methods and/or results. Only studies published in English and within ten years (2014-2024)
were considered. Editorials, conference abstracts, books or book chapters, case reports, case
series, literature reviews, meta-analyses, and preprints were excluded.

We conducted searches in the databases PubMed, Scopus and Web of Science from
inception until 16 October 2024. ClinicalTrials.gov was also searched from inception to 22
December 2024 for ongoing or completed registered trials.

The search strategy included the terms “glioblastoma”, “epigenetic”, and “therapeutic
targeting”, along with MeSH terms, synonyms, and appropriate filters. The final PubMed search
string was: “(Glioblastoma epigenetic therapeutic targeting) NOT (review[pt])”, with filters applied
for full text, English language, publication within the last 10 years, and exclusion of preprints. A
manual search, primarily through backward citation tracking, was also conducted to identify
additional relevant studies.

All search results were exported into EndNote. Duplicate records were removed using
EndNote, initially by matching records with the same title and author published in the same year,
followed by a second pass using title, author, and journal. This process identified 93 duplicates. An
additional 78 duplicates were identified through manual review. A total of 171 duplicates were
removed before screening. Reference screening was performed in two stages. Initially, titles and


https://doi.org/10.17605/OSF.IO/9HARY

abstracts were screened by one author against the eligibility criteria. Full texts were retrieved for
all potentially relevant studies. One author then reviewed the full texts and screened the trial
registry entries for inclusion, with verification by the second author. Discrepancies were resolved
through discussion and consensus. The study selection process is illustrated in Figure 2.

Data charting was conducted using a standardized form by one author and verified by the
other. Information extracted from each study included publication year, model system used (e.g.,
in vitro or in vivo), epigenetic targets, therapeutic interventions, stage of development (preclinical
or clinical), and any reported study limitations. No critical appraisal of included sources was
performed, in accordance with standard scoping review methodology. The data charting process
and results are summarized in Tables |, Il, and //l.

Results

A total of 547 records were identified through databases and manual searches. After
removing duplicates, 376 unique records were screened by title and abstract, with 311 progressing
to full-text review. Ultimately, 286 studies met the inclusion criteria and were included in the final
analysis. The study selection process is detailed in the PRISMA-ScR flow diagram (Figure 2).

The included studies comprised both preclinical and clinical investigations exploring
epigenetic alterations in GBM as therapeutic targets. Charted data (Tables 1-3) reflects a diverse
range of epigenetic mechanisms, including DNA methylation, histone modifications, and ncRNAs.
Therapeutic approaches varied, encompassing small-molecule inhibitors, RNA-based therapies,
and gene editing strategies. Most included studies were conducted in preclinical settings using
established GBM cell lines, patient-derived xenografts or animal models, with a smaller proportion
representing early-phase or small-scale clinical trials.

The synthesis of findings was primarily narrative, focusing on the translational relevance of
the identified strategies. Evidence was prioritized based on its current or potential applicability to
clinical practice. Building on the broader body of research in the field and particularly the
comprehensive 2020 review on epigenetics in GBM as a gateway to therapeutic development [26],
this review emphasizes studies published between 2021 and 2024 to highlight recent advances
and evolving trends.

Discussion
Glioblastoma Multiforme: an overview

GBM is a highly heterogeneous cancer with invasive behavior, making complete surgical
removal nearly impossible. Despite combining radiotherapy with TMZ chemotherapy, treatment
often fails because GBM cells develop resistance to both therapies over time. Histopathological
features such as necrosis, cellularity, angiogenesis, and mitosis may not accurately explain the
failure of treatment and poor clinical outcomes [27]. An illustrative depiction of the epigenetic and
signaling pathways involved in GBM pathogenesis and their therapeutic targeting is presented in
Figure 3.

A major challenge in GBM treatment is its extensive cellular and molecular heterogeneity.
GBM harbors a small population of glioma stem-like cells (GSCs), which are multipotent, capable



of self-renewal, and are especially resistant to chemoradiation [28,29]. GSCs participate in
abnormal angiogenesis, synapse formation, invasiveness, myelination, and metabolic alterations.
Intriguingly, pathways critical to normal embryogenesis are repurposed during gliomagenesis, with
neurotransmitters like dopamine, noradrenaline, and glutamine in the microenvironment
exploited by tumors to support growth and survival. In fact, metabolic adaptation and
reprogramming are crucial in gliomagenesis, with glutamine starvation enhancing the expression
of enzymes such as PSAT1, SHMT2, and MTHFD2, the latter of which emerges as a promising
therapeutic target due to its elevated levels in GBM. Serine synthesis, driven by autophagy rather
than glycolysis, supports this process, and inhibiting either autophagy or MTHFD2 significantly
impairs GBM cell survival and growth [30]. Immune pathways are also differentially regulated at
various stages of gliomagenesis, including the downregulation of antigen presentation genes,
reflecting the tumor's adaptability [6,31,32]. This hierarchical cell organization enables a pattern of
relapse and progression in GBM, since residual GSCs can survive treatment and contribute to
tumor recurrence. Efforts have focused on identifying specific markers for GSCs, such as OCT4,
NANOG, SOX2, and CARM1, to address the challenge of therapeutic resistance [31,33].

A study confirmed the spatial heterogeneity and suggested evolutionary trajectories of
GBM using a three-dimensional spatial sampling approach, combining surgical neuronavigation
with pre-operative magnetic resonance imaging (MRI) scans. Early tumor evolution is marked by
CDKN2A/B loss and EGFR, platelet-derived growth factor receptor A (PDGFRA), and CDK4 gains.
Nearly 40% of patients showed subgroup heterogeneity, with spatially distinct tumor regions
deviating from dominant subtypes and homogeneous subtypes correlated with longer median
survival (477 vs. 293 days). There was also IDH1 differential expression within tumors, with higher
expression in the cellular tumor regions and lower levels at the invasive tumor edge. Gain of
chromosome 7, containing EGFR, PTPRZ1, and PTN, possibly locks cells into an undifferentiated
intermediate progenitor cells state. Additionally, spatial analysis revealed distinct
microenvironments at GBM core and periphery. These microenvironments were shaped by the
distribution of nonmalignant cell types and tumor cell-intrinsic programs activated in response to
regional factors like injury and hypoxia. Notably, neuronal hijacking occurred at the tumor
periphery, where tumor cells interacted with neurons. In the tumor core, different immune
microenvironments were observed, including immune-hot areas with interferon signaling and T
cell infiltration, and immune-cold areas undergoing mesenchymal differentiation, coordinated by
the master regulator AP-1 [32,34-36]. Other techniques, like GSC-derived GBM cerebral organoid
models, have confirmed this epigenetic heterogeneity and dynamic chromatin changes mirroring
early neural development. This also allows cell-state distribution manipulation by targeting
chromatin regulators, which could enable "state-selective lethality", a therapeutic strategy that
drives cells into drug-sensitive states. An alternative strategy is targeting WDR5, crucial for GSC
self-renewal and tumor initiation, by disrupting the epigenetic maintenance of GSCs and
circumventing the challenges of directly targeting transcription factors like SOX2 [37,38].

The blood-brain barrier (BBB) is another main challenge to effective treatment, blocking
the uptake of over 98% of systemic therapies. To penetrate the BBB, agents must meet specific
physiochemical criteria, such as lipophilicity, charge, and size, which complicates drug
development. Convection-enhanced delivery offers a potential solution by directly distributing
drugs into brain tissue using mechanical force. Nanoparticle (NP) drug delivery systems offer
promising advancements for glioma therapy, with over 500 clinical trials already exploring NP-
based treatments for various diseases [39].



Epigenetic alterations have long been recognized as key contributors to gliomagenesis and
tumor progression. Epigenomics examines reversible chemical modifications to DNA, histone
proteins, and messenger RNA (mRNA) that influence gene expression without altering the genetic
sequence. These modifications include changes to histone proteins, such as acetylation,
methylation, and ubiquitination, which may either activate or suppress transcription. DNA
methylation, particularly at CpG sites, generally inhibits gene expression by blocking the binding of
transcription factors to promoter or enhancer regions. While methylation patterns are tightly
controlled during development and in normal tissues, they are often disrupted in pathological
conditions [6].

Non-coding RNAs (ncRNAs) also play a significant role in this regulatory landscape.
MicroRNAs (miRNA, miR) bind to the 3' untranslated regions of mRNA, blocking translation or
promoting degradation. Although primarily associated with gene silencing, some miRNAs can
enhance transcript stability and translation, increasing gene expression. Notably, over half of
miRNA-encoding genes are located in genomic regions frequently altered in tumors, suggesting
their significant role in regulating oncogenes and tumor suppressor genes [40-42]. Long non-coding
RNAs (IncRNAs, non-protein-coding RNA molecules over 200 nucleotides in length) regulate gene
expression by influencing chromatin structure, interacting with nuclear molecules, and serving as
precursors or sponges for microRNAs. They play crucial roles in development and cancer
progression, acting as both activators and repressors of transcription [43].

DNA Methylation Modulation

DNA methylation is a key epigenetic mechanism that regulates chromatin structure and
gene expression. Cancer cells often exhibit global DNA hypomethylation paired with
hypermethylation at specific loci, contributing to genomic instability and silencing of tumor
suppressor genes, respectively. In gliomas, DNA hypomethylation correlates with aggressive tumor
behavior and poor prognosis [44].

DNA methylation is controlled by the activities of DNA methyltransferase (DNMT1), which
maintains methylation patterns, and de novo DNA methyltransferase (DNMT3A/3B), which
establish de novo methylation. Although mutations in these methyltransferases are not common
in brain tumors, mutations or amplification in receptor tyrosine kinase (RTK) genes may drive
abnormal DNA methylation patterns in gliomas, encompassing metabolic reprogramming and
contributing to the distinct hypomethylation phenotype observed. Mechanistic target of
rapamycin complex 2 (mTORC2) plays a role in the DNA hypomethylator phenotype in GBM,
particularly in tumors with platelet-derived growth factor receptor (PDGFR) amplification or the
gain-of-function EGFR mutation, EGFRvIlIl. mTORC2 integrates aberrant RTK signaling with
environmental nutrient levels to regulate histone modifications and promote tumor growth,
driving the hypomethylator phenotype by epigenetically regulating DNMT3A, which in turn
remodels the tumor-supportive glutamate metabolism network [45].

TMZ is an alkylating chemotherapeutic agent that induces cytotoxicity and apoptosis by
alkylating DNA at numerous sites. The MGMT can remove alkyl groups from the O° position of
guanine, repairing the most toxic event caused by TMZ and leading to chemoresistance [28,46]. In
around 40% of GBM patients, epigenetic modifications of the CpG island at specific CpG sites
within the MGMT promoter result in gene silencing, impairing the repair of DNA alkylation and
thereby improving response to TMZ. Accordingly, MGMT epigenetic silencing has been associated
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with longer survival, and testing its methylation status has become one of the most relevant
biomarkers for prognosis and therapeutic guidance [47-50]. Nevertheless, other factors may play a
role as IDH1-wildtype GBM demonstrates a more significant association with MGMT status than
IDH1-mutaded gliomas [51,52].

ADP-ribosylation factor-like protein 13B (ARL13B), regulated by Enhancer of Zeste
Homologue-2 (EZH2), interacts with inosine-5'-monophosphate dehydrogenase 2 (IMPDH2), a key
enzyme in purine biosynthesis. This interaction hinders the purine salvage pathway, contributing
to TMZ resistance. Disrupting IMPDH2 activity with the FDA-approved drug mycophenolate
mofetil significantly improved TMZ efficacy and extended survival in patient-derived xenograft
mouse models of GBM. Targeting IMPDH2 with mycophenolate mofetil offers a clinically viable
strategy to enhance the effectiveness of alkylating agents in GBM [53]. Additionally, GBM cells
utilizing anaerobic glycolysis, even under normoxic conditions, contribute to TMZ resistance.
Suppressing HIF-1a may increase TMZ sensitivity in GBM cells and potentially reduce the required
therapeutic dose when combined with KC2F7, a specific inhibitor of HIF-1a. Targeting metabolism
in this way enhances the cytotoxic and apoptotic effects of TMZ, offering potential strategies for
improving standard GBM treatment by regulating key metabolic pathways [54].

Endosomes play a vital role in regulating RTK signaling by modulating its intensity, timing,
and spatial localization. RTK signaling is a key pathway frequently altered in GBM, with genetic
changes present in 86% of tumors, including mutations in EGFR, ERBB2, and PDGFR. Sorting nexin
10 (SNX10) is a key regulator of endosomal sorting specific to PDGFRP in GSCs, a pathway critical
to GBM initiation and progression [55]. Despite the central role of PDGFR and related RTKs in GBM
pathogenesis, clinical trials with multitargeted kinase and PDGFR inhibitors, such as imatinib,
tivozanib and nilotinib, failed to extend survival [56-59]. However, SNX10's role in regulating
PDGFRp suggests it might serve as a biomarker to predict responses to PDGFR inhibitors, enabling
better patient stratification. Additionally, therapeutic inhibition of SNX10 or related signaling
pathways, such as STAT3, could provide novel strategies to target GBM vulnerabilities [55].

Epidermal growth factor (EGF) is essential for cell growth, proliferation, and
differentiation. Its receptor, EGFR, is often overexpressed and persistently activated in GBM,
driving progression via pathways including RAS/RAF/MEK/ERK, PI3K/AKT/mTOR, Src kinases, and
STAT transcription factors. Pyruvate kinase M2 (PKM2), a key enzyme regulating the final step of
glycolysis, plays a central role in the Warburg effect. EGF-induced ERK1/2 activation stimulates
PKM2 phosphorylation at serine 37 in GBMs, while EGF also promotes phosphorylation of O-
GIcNAc transferase (OGT) at Y976, enhancing its binding to PKM2. This increases PKM2 O-
GlcNAcylation and de-tetramerization, reducing its activity. Additionally, OGT phosphorylated at
Y976 preferentially recognizes other phosphotyrosine-binding proteins, such as STAT1, STAT3,
STATS5, PKCS, and p85, indicating a broader role in substrate selection. These findings highlight O-
GlcNAcylation as a promising therapeutic target in EGFR-expressing cancers [60].

Serotonin has been implicated in glioma progression, promoting tumor cell proliferation,
migration, and invasion, although its effects on tumor growth remain contradictory. Expression of
serotonin receptor (5-HT-R) in a Drosophila glioma model, which mimics human glioma via co-
expression of active PI3K and EGFR in glial cells, reduced larval lethality, restored normal brain
morphology, and reversed molecular markers altered in gliomas. The tumor-suppressive effects of
5-HTsR likely involve modulation of cAMP pathways, metabolic changes, and interference with
EGFR signaling. These findings position 5-HT;R as a promising therapeutic target for glioma, with



the Drosophila model serving as a platform for drug screening and the development of 5-HT7R-
targeted treatments [61].

Ubiquitin-specific peptidase 6 N-terminal like (USP6NL), a GTPase-activating protein, plays
a critical role in regulating EGFR trafficking and signaling in GBM. Overexpression of USPE6NL
stabilizes EGFR, enhancing AKT signaling, tumor cell survival, and therapy resistance. In TMZ-
resistant GBM cells, USP6NL promotes self-renewal, invasion, and epithelial-mesenchymal
transition (EMT), while knockdown of USP6NL sensitizes cells to TMZ. Mechanistically, USP6NL
modulates the ubiquitin-proteasome system, which governs protein degradation and cellular
homeostasis. Targeting USP6NL and the ubiquitin-proteasome system offers a novel therapeutic
strategy to overcome resistance and recurrent GBM, potentially disrupting key survival pathways
and enhancing treatment efficacy [62].

The Mrell-Rad50-NBS1 (MRN) complex plays a critical role in DNA damage repair by
initiating homologous recombination (HR) and non-homologous end joining pathways for double-
strand breaks (DSBs). Retinoblastoma binding protein 4 (RBBP4), a component of chromatin-
modifying complexes such as Polycomb Repressive Complex 2 (PRC2), NuRD, and SIN3, regulates
chromatin assembly during normal replication and DNA damage repair. Additionally, RBBP4
enhances MRN complex expression, promoting DNA repair and contributing to resistance to TMZ
and radiation in MGMT-negative GBM. Targeting RBBP4 or the MRN complex may provide new
therapeutic strategies for overcoming resistance and improving treatment outcomes, mainly in
MGMT-negative GBM [63].

Alongside MGMT gene methylation, retinoic acid receptor B (RARB) promoter methylation
is also positively correlated with treatment responses to radiotherapy and chemotherapy in GBM,
suggesting RARB-targeting therapies as potential candidates (including the FDA-approved drugs
sulfanilamide, fulvestrant, sulfamerazine, bacampicillin, myricetin, and fursultiamine) [64].

Unlike the well-studied 5-methylcytosine, 5-hydroxymethylcytosine (5hmC) is an
epigenetic modification predominantly found in enhancers, gene bodies, and promoters of
actively transcribed genes. The depletion of 5hmC has been linked to hypermethylation of gene
bodies in various cancers, including grade 4 gliomas. Patient survival may be predicted by 5hmC-
based prognostic models, potentially surpassing traditional markers like IDH1 mutations, and may
help identify new therapeutic targets [65].

The transcription factor SOX2 drives GSC induction and malignancy in IDH1/2 wild-type
GBM. SOX2 represses the TET2 demethylase, resulting in reduced levels of 5hmC, a key DNA
modification associated with tumor suppression. The loss of TET2 and 5hmC enhances GSC self-
renewal and tumorigenic capacity. Furthermore, SOX2 activates the onco-miR miR-10b-5p, which
directly targets and represses TET2, contributing to a hypermethylated and oncogenic phenotype
in GSCs. Targeting SOX2-miR-10b-5p-TET2 signaling to counteract the hypermethylated state and
malignancy of GSCs in GBM could be an efficient therapeutic strategy [66].

Histone Modification

Histone acetyltransferases (HATs) and histone deacetylases (HDACs) are key enzyme
families with opposing roles in regulating histone acetylation — while HATs add acetyl groups to
histones, promoting active transcription, HDACs remove these groups, leading to gene silencing.



Unbalanced histone acetylation is linked to tumorigenesis, since reduced histone acetylation
suppresses tumor-regulatory genes [67]. Besides having prognostic significance, histone
acetylation is linked to differential expression of immune checkpoint genes, supporting the
development of precision therapies targeting histone acetylation and the immune
microenvironment [68,69].

HDAC2 knockdown induces GBM cell death by controlling miR-3189 expression, repressing
glucose transporter 3 (GLUT3) transcription, and regulating glucose metabolism. This suggests that
targeting HDAC2 could restore drug sensitivity in GBM [70]. HDAC2 is also an epigenetic regulator
of GSCs across various genetic backgrounds, working with transforming growth factor B (TGF-B)
pathway proteins, specifically SMAD3 and SKI, to regulate chromatin organization and gene
expression. These chromatin modifications affect the expression of key genes such as SMAD3 and
SOX2, which are vital for GSC self-renewal and growth. Additionally, HDAC2's protein-protein
interaction with SMAD3-SKI promotes cell cycle progression and suppresses genes related to cell
fate specification. These findings suggest that disrupting the HDAC2-SMAD3-SKI pathway with
specific inhibitors could be an effective therapeutic strategy for targeting the drug-resistant GSC
population in GBM [71].

HDAC1, linked to higher tumor grades and worse prognosis, has a nonredundant critical
involvement in the proliferative potential of GSCs. The loss of HDAC1 in GSCs leads to a decrease
in key glioma stemness markers and stabilizes p53, inducing cell death, with no compensation
from its paralogue HDAC2. This contrasts with normal neural stem cells, where HDAC1 is
dispensable, strengthening the need for isoform-specific HDAC inhibitors (HDACis) for targeted
therapies in GBM [72].

SLC30A3, a factor regulated by a super-enhancer (SE), functions as a tumor suppressor
and exhibits significantly lower expression in GBM. Its activity is negatively regulated by HDAC1
through reduced H3K27ac levels, which impairs MAPK signaling. Targeting the
HDAC1/SLC30A3/p38 MAPK axis emerges as a potential therapeutic strategy, highlighting
SLC30A3'’s role in curbing GBM malignancy via MAPK pathway activation [73].

HDACi eliminates cancer cells by inducing the expression of cell cycle repressors and pro-
apoptotic genes [74]. Early studies highlighted the potential of HDACis like valproic acid in
improving survival outcomes for glioma patients. Subsequent research, although encouraging, has
yielded mixed results. Interestingly, HDAC inhibitors have shown heightened efficacy in gliomas
harboring the IDH1 R132H mutation [19].

Among them, belinostat (PXD-101), a pan-HDACi with enhanced BBB penetration, has
shown promising results in a pilot clinical trial, where newly diagnosed GBM patients received
belinostat combined with concurrent radiotherapy and TMZ [75]. Belinostat improves upon earlier
HDACis, such as vorinostat (suberoylanilide hydroxamic acid, SAHA), with greater potency and
efficacy, particularly in restoring brain metabolite levels like N-acetylaspartate and myo-inositol, as
shown by spectroscopic MRI. Results indicated improved six-month progression-free survival (84%
vs. 54%, p=0.073) and increased median overall survival by approximately 2.7 months compared
to the control group. Voxel-based analysis of recurrence patterns suggested belinostat may act as
a radiosensitizer, improving in-field tumor control and potentially shifting recurrence patterns out-
of-field [76]. Engineered IDH1-mutant glioma cell lines exhibited increased sensitivity to HDACis,
including belinostat, and disclosed enhanced apoptotic responses. Radiographic and spectroscopic



MRI analyses from the clinical trial support these findings, highlighting superior responses in IDH1-
mutant GBM compared to IDH-wildtype cases [77].

Givinostat is another pan-HDACi inhibitor with BBB penetration, which has shown anti-
tumor activity in GSC models and whose safety in humans has been established through phase /11
clinical trials for polycythemia vera. Mechanistically, givinostat inhibits Spl expression, a
transcription factor critical for MGMT expression, impairing Spl's DNA-binding activity through
HDAC-dependent mechanisms, thus attenuating MGMT-dependent resistance. These findings
indicate that givinostat does not compromise TMZ sensitivity in GSCs lacking MGMT, supporting its
utility across different GSC populations and the combination of givinostat with TMZ as a novel
therapeutic strategy [46].

Another HDACI, trichostatin A (TSA), exhibits anticancer properties by inhibiting HDACS6,
promoting cell death through mechanisms such as DNA repair suppression and acting as a
radiosensitizer. However, TSA and TMZ combination showed antagonistic effects in GBM cell lines
with distinct epigenetic patterns of TMZ resistance, with stronger antagonism observed in cells
with higher MGMT expression. This suggests that MGMT expression levels influence the efficacy
of TSA and TMZ combinations, emphasizing the importance of MGMT gene over mismatch repair
genes in mediating TMZ resistance [78].

The selective HDACi LMK235 demonstrated significant antitumor effects on GBM cells by
reducing cell viability and colony formation, through apoptosis and autophagy pathways
induction. Transcriptomic analysis identified SCNN1A as a gene significantly downregulated by
LMK235 treatment, and SCNN1A silencing further reduced GBM cell viability. These results
suggest that targeting HDAC4/HDACS via LMK235 and modulating SCNN1A expression may offer a
promising therapeutic strategy for GBM [79].

Domatinostat (45C-202), a class | HDAC inhibitor, preferentially inhibits GSCs over their
differentiated counterparts, selectively impairing GSC survival and self-renewal without
significantly affecting normal fibroblasts or differentiated GSCs at effective concentrations. Hence,
domatinostat is a potential anti-GSC therapy, offering a promising avenue for preventing relapses
in GBM patients [80].

EZH2, the catalytic subunit of PRC2, is primarily associated with histone methylation, as
well as promoting DNA methylation marks (by recruiting DNMTs). Specifically, EZH2 mediates the
trimethylation of lysine 27 on histone H3 (H3K27me3), a well-known marker of transcriptional
repression. EZH2 altered expression has been implicated in EMT across various tumors, and when
upregulated in GBM associates with worse prognosis [40-42,81,82].

EZH2 also interacts with HP1BP3, a heterochromatin-related protein, through a PRC2-
independent mechanism, to promote proliferation, stemness, and TMZ resistance in GSCs.
Specifically, the EZH2-HP1BP3 complex enhances WNT7B expression by reducing the repressive
histone marker H3K9me2, potentially disrupting HP1-HDAC interactions. The WNT/B-catenin
pathway, which influences tumor growth, angiogenesis, invasiveness, and therapeutic resistance,
emerges as a critical mediator in this process. Pharmacological inhibition of WNT7B effectively
reverses TMZ resistance in HP1BP3-overexpressing GBM cells. Therefore, targeting the EZH2-
HP1BP3 axis could be a promising therapeutic strategy for overcoming GSC-driven resistance in
GBM [81].

Notably, EZH2 inhibitors, such as GSK126, promote apoptosis in GBM cells by inducing
autophagy via EZH2/miR-101/mTOR signaling axis — EZH2 knockdown upregulates miR-101, which



regulates EZH2 in a positive feedback loop, further enhancing autophagy-mediated apoptosis. By
disrupting the EZH2/miR-101/mTOR feedback loop, novel treatments could be developed to
inhibit GBM progression and improve patient outcomes [42]. While EZH2 inhibitors like
tazemetostat have shown promise in clinical trials, their effectiveness in GBM remains
inconsistent, since prolonged inhibition of EZH2 in GBM cells has been linked to tumor progression
due to activation of cell proliferation and DNA damage repair pathways. Ribosomal S6 kinase 4
(RSK4) is a serine/threonine kinase highly expressed in GBM, being associated with poor
prognosis, and enriched in GSCs. RSK4 directly phosphorylates EZH2 at S21, activating the
EZH2/STAT3 pathway through a PRC2-independent mechanism and promoting GSC maintenance,
while the knockdown of RSK4 restored sensitivity to EZH2 inhibitors and reduced GSC properties.
Combination therapy targeting RSK4 (with the inhibitor BI-D1870) and EZH2 significantly inhibited
tumor progression and improved survival in an orthotopic xenograft model [82].

Epigenetic mechanisms, beyond CpG methylation, may be involved in regulating the Wnt
pathway in GBM, modulating the expression key Wnt markers. Wnt5a, Fzd-2, B-catenin, and
Whnt3a protein levels are generally increased in GBM compared to normal brain tissues. Expression
of Fzd-2 and Wnt3a is significantly higher in recurrent GBM samples, while Wnt7b shows a marked
decrease in these recurrent cases. As for DNA methylation, Wnt3a and Wnt7b have notably higher
methylation levels in GBM compared to other markers, with Fzd-10 displaying the highest levels of
methylation overall. This inverse relationship between methylation and protein expression is
evident in several markers but not in the case of Wnt7b, where decreasing methylation levels do
not correlate with increased protein expression. The intricate regulation of Wnt signaling in GBM
highlights the potential of targeting this pathway for therapeutic strategies [83].

Elevated pleckstrin homology domain containing A4 (PLEKHA4) expression, driven by DNA
hypomethylation, is linked to tumor progression, WNT signaling, immune cell infiltration, and
stemness maintenance. Knockdown experiments showed reduced glioma cell proliferation, and
drug sensitivity analysis suggests potential for targeting PLEKHA4 with kinase inhibitors [84].

The AKT/mTOR signaling pathway is a key regulator of cellular processes, including
apoptosis inhibition, tumor progression, and chemoresistance. PTEN, a tumor suppressor, plays a
crucial role in this pathway by dephosphorylating phosphatidylinositol 3,4,5-trisphosphate,
thereby antagonizing PI3K/AKT signaling and maintaining cellular homeostasis [85,86].
Bevacizumab, a monoclonal antibody targeting vascular endothelial growth factor (VEGF)-A,
inhibits the AKT/mTOR pathway, inadvertently activating autophagy as a survival mechanism.
While bevacizumab effectively reduces proliferation and enhances apoptosis by modulating pro-
and anti-apoptotic protein levels, its therapeutic impact is limited by this compensatory
autophagic response. Blocking autophagy with chloroquine significantly amplifies bevacizumab-
induced apoptosis, suggesting that autophagy enables GBM cells to tolerate anti-angiogenic
stress. These findings highlight the interplay between the AKT/mTOR pathway and autophagy in
driving resistance, and point to autophagy inhibition as a promising strategy to enhance
bevacizumab efficacy in GBM treatment [87].

Polycomb group (PcG) proteins, key regulators in PRC1 and PRC2 complexes, influence cell
proliferation and tumorigenesis. Chromobox (CBX) family members, essential components of
PRC1, contribute to epigenetic regulation by targeting PRC1 to chromatin. Analysis revealed
elevated expression of CBX2/3/5/8, and reduced expression of CBX6/7 in GBM, with correlations
to tumor grade and recurrence. Overexpression of CBX3/8 and underexpression of CBX6 were
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linked to shorter survival. Functional assays confirmed CBX8's role in promoting glioma cell
proliferation. CBX7 showed increased methylation consistent with its reduced expression. CBX
gene expression was also associated with immune cell infiltration, particularly CD4* T cells [88].

Additionally, elevated CBX2 expression is strongly associated with higher pathological
grades and TMZ resistance. Functional studies revealed that CBX2 recruits EZH2 to mediate
H3K27me3 modifications on the PTEN promoter, silencing its expression. Conversely, CBX2
knockdown inhibits tumor growth and sensitizes cells to chemotherapy by restoring PTEN activity
and suppressing the AKT/mTOR pathway. These findings highlight CBX2 as critical driver of glioma
progression and potential therapeutic target [86].

Succination of PTEN, a newly identified posttranslational modification, prevents its
localization on the cell membrane, reducing its inhibitory effects on PI3K/AKT pathway. Whereas
PTEN is frequently mutated in GBM, it remains intact in many GSCs. PTEN’s regulation in GSCs
appears to depend on its interaction with MMS19, a critical protein involved in iron-sulfur (Fe-S)
cluster assembly (CIA). PTEN disrupts MMS19-dependent CIA machinery, which is crucial for DNA
metabolism and repair. In GSCs, the purine synthesis pathway fuels fumarate to succinate PTEN,
which weakens PTEN's interaction with MMS19, promoting GSC maintenance and tumorigenesis.
This suggests that the tumor-suppressive function of PTEN is masked in GSCs, which in turn offers
therapeutic opportunities to reactivate PTEN in cancer treatment [85].

Stearoyl-CoA desaturase (SCD), an enzyme regulating membrane fluidity by desaturating
fatty acids, is implicated in tumorigenesis, but resistance to its inhibition presents a challenge in
cancer therapy. In GBM, SCD is co-deleted with PTEN on chromosome 10 and exhibits variable
methylation patterns. These epigenetic alterations contribute to resistance, even with remaining
SCD activity, with a universal resistance mechanism driven by FOSB-mediated signaling resulting in
target overexpression. Therefore, SCD expression and methylation status could serve as key
biomarkers for patient stratification in clinical trials evaluating SCD inhibitors [89].

MK2206, an allosteric inhibitor of phosphorylated AKT, has shown promise in GBM
therapy by enhancing the effects of existing treatments like gefitinib and effectively blocking AKT
phosphorylation. AKT phosphorylation is closely linked to EGFR activity, particularly in
EGFR/EGFRVvlll-positive GBMs, where EGFR amplification frequently drives PI3K signaling.
EGFR/EGFRvIII activation silences AJAP1, an antioncogene known to suppress cell invasion by
reorganizing the F-actin cytoskeleton and reducing filopodia extensions. Thus, loss of AJAP1
expression, observed in over 80% of primary GBM cases, was shown to enhance tumor cell
invasion. Given the limited success of EGFR tyrosine kinase inhibitors in some GBM patients,
MK2206 represents a promising targeted therapy by addressing the underlying AKT-driven
epigenetic changes and cytoskeletal remodeling associated with GBM invasiveness [90].

Prostaglandin F2 receptor inhibitor (PTGFRN), a transmembrane cell adhesion molecule
(CAM) of the immunoglobulin superfamily, is upregulated in GBM, promoting cell growth and
radiation resistance through the PI3K-AKT signaling pathway. Approximately 35% of CAMs show
differential regulation in GBM, exhibiting both oncogenic and tumor-suppressive functions.
Importantly, over half of the deregulated CAMs were found to be miRNA targets, suggesting a
significant role for miRNA-mediated regulation in CAM expression. PTGFRN was experimentally
validated to exhibit pro-migratory and pro-proliferative functions in GBM, highlighting its role in
tumor invasion [91].
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Connexin 43 (CX43), a key gap junction protein, mediates both autocrine and paracrine
signaling pathways crucial for tumor growth. The Sonic Hedgehog (SHH) pathway, known for its
role in cell network signaling, may regulate CX43 expression, influencing GBM pathobiology. SHH-
GLI signaling fosters intercellular communication and microenvironment changes, promoting
tumorigenesis, and SHH signaling supports the stemness of GBM by influencing CX43-mediated
cellular interactions that maintain the GSC population. These findings suggest that targeting the
CX43-SHH axis may offer new therapeutic strategies for GBM [92].

Lamellipodin, a cytoskeleton-associated protein, was found to cooperate with EGFR and
interact with RICTOR, a key component of the mTOR pathway, to regulate GBM invasion and
radiosensitivity. Lamellipodin is involved in clonogenic radiation survival and cell proliferation,
which underscores its complex role in EGFR signaling and its potential as a therapeutic target in
cancer treatment [93].

NF1 (a GTPase-activating protein) mutation results in RAS-GTP persistence, triggering
MEK/ERK phosphorylation cascade and activating the MAPK pathway, driving cell growth and
survival. Additionally, RAS-GTP interacts with PI3K, enhancing its kinase activity and activating
downstream AKT-p65 signaling pathway, which further supports cell proliferation, resistance to
apoptosis and chemotherapy resistance. In NF1-mutated GBM with active RAS pathway, RAS
signaling epigenetically silences ERBIN expression in a reversible manner. Additionally, RASGRP1
and VPS28 emerged as key contributors to TMZ resistance by enhancing RAS-GTP transition and
TMZ efflux, respectively.

Biosystems-derived exosomes (Exos) are composed of amphiphilic lipid bilayers encasing
an aqueous core, providing a versatile platform for co-loading drugs with diverse physicochemical
properties. A targeted Exos-based quadruple combination therapy significantly reduced tumor
burden in vivo, suggesting a promising strategy for addressing tumor progression and TMZ
resistance in NF1-mutated GBM [27,94].

Cyclin-dependent kinase (CDK) 7, a key component of transcription factor TFIIH, facilitates
transcription initiation by phosphorylating serine-5 residues in the C-terminal domain (CTD) of
RNA polymerase Il (Pol Il). Additionally, it functions as the catalytic subunit of the CDK-activating
kinase (CAK) complex, promoting cell-cycle progression. CDK9, part of the P-TEFb complex,
phosphorylates serine-2 residues on the Pol Il CTD, enabling productive elongation and mRNA
synthesis. Both kinases are crucial for transcription and cell division, since their inhibition
suppresses transcription and translation, impairing the growth of actively dividing GBM cells while
sparing post-mitotic neurons. CDK7 inhibition disrupts SE-associated transcription, which is
essential for maintaining tumor cell growth and stemness. Similarly, CDK9 inhibitors target Pol I
and p70S6K-dependent pathways, reducing the viability, invasiveness, and self-renewal of GBM,
regardless of TMZ sensitivity.

Concurrently targeting multiple pathways might enhance GBM treatment by reducing
compensatory pathway activation. CDK7 and CDK9 inhibitors exemplify this strategy and have
demonstrated efficacy in hematological malignancies, showing potential for GBM therapy.
However, their low BBB permeability constitutes a significant limitation [95].

Chromatin structural regulators, such as CCCTC-binding factor (CTCF) and Yin Yang 1 (YY1),
have emerged as critical players in cancer biology. In gliomas, IDH1 mutations disrupt
chromosomal neighborhoods through CTCF hypermethylation, while YY1 mediates chromatin
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loops and transcription elongation. YY1 was identified as a selective dependency in GSCs,
regulating transcriptional CDK9 and RNA processing programs, including RNA splicing (SRSF1-3)
and N6-methyladenosine (m6A) modification (METTL3 and YTHDF2). Targeting the YY1-CDK9
complex or associated transcription elongation machinery disrupts the self-renewal and
proliferation of GSCs and induces interferon responses. This mechanism presents a novel
therapeutic strategy, particularly in combination with immunotherapy, to address GBM’s
resistance to treatment and limited immunotherapy efficacy [96].

TRIM24, a histone reader that binds to specific histone post-translational modifications, is
highly expressed in GBM and drives GSC self-renewal and invasion, while also functioning as STAT3
transcriptional co-activator. Harvey Rat Sarcoma Viral Oncogene Homolog (HRas) is a member of
the RAS protein family and is frequently activated in GBM, where the HRasV12 mutation activates
the phosphorylated adaptor for RNA export (PHAX), which upregulates U3 small nucleolar RNAs
(U3 snoRNAs) and recruits the Ku-dependent DNA-dependent protein kinase catalytic subunit
(DNA-PKcs). TRIM24, when overexpressed, is also recruited by PHAX to U3 snoRNAs, where it
facilitates DNA-PKcs phosphorylation of TRIM24 and induces reprogramming of the epigenome
and transcription factor network, promoting the transformation into epithelioid GBM-like tumors.
Additionally, targeting DNA-PKcs with the inhibitor NU7441 in combination with TMZ significantly
enhances treatment efficacy for these tumors [97].

TRIM37, another member of the TRIM protein family, interacts with epigenetic complexes
to regulate gene methylation and ubiquitination, influencing tumor proliferation and
differentiation. In GSCs, TRIM37 is implicated in the activation of the SHH pathway, which
regulates cell differentiation and contributes to GSC viability and invasion. TRIM37 interacts with
EZH2 to epigenetically silence the SHH inhibitor PTCH1, leading to abnormal SHH pathway
activation. TRIM37 knockdown reduces GSC stemness, promotes apoptosis, and extends survival
in mouse models, constituting a potential therapeutic target for GBM, particularly targeting GSCs
[98].

CELF2, part of the CELF/Bruno-like family of RNA binding proteins, promotes a proliferative
and OLIG2-positive phenotype in GSCs. CELF2 acts as a master epigenetic regulator by influencing
the chromatin landscape through modulation of H3K9me3 levels via TRIM28 and G9a expression.
This regulation represses genes like SOX3, which oppose the mitotic and OLIG2-positive tumor
phenotype. These insights highlight CELF2’s role in GBM malignancy and its potential as a
therapeutic target for combating the aggressive GSC phenotype [99].

Bromodomain and extra-terminal tail (BET) can regulate gene transcription by linking the
histone code to transcriptional machinery, binding to acetylated chromatin residues to facilitate
gene transcription. Small-molecule BET inhibitors (BETis) can disrupt these processes and
modulate DNA damage response pathways, notably reducing MGMT expression by diminishing
bromodomain-containing protein (BRD) 4 and Pol Il binding at the MGMT promoter. By reducing
MGMT expression, BETi sensitizes GBM cells to TMZ without compromising the mismatch repair
system essential for alkylating agent efficacy. This suggests that incorporating BETi into the current
standard of care with TMZ could sensitize GBM patients with unmethylated MGMT promoter
[100].

Among BET family members, BRD4 plays a notable role in glioma progression and
malignancy, particularly R132H IDH-mutant, where MYC activation is associated with
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transformation into higher-grade GBMs. Additionally, BRD4 expression is associated with reduced
survival in IDH-mutant gliomas, while BRD3 expression is linked to poorer outcomes in IDH-
wildtype gliomas. BETi JQ1 demonstrated significant inhibition of BET activity but limited clinical
success [101], as seen with the withdrawal of the Phase Il trial for birabresib (MK-8628, OTX015), a
selective inhibitor of BRD2/BRD3/BRD4, due to lack of efficacy in IDH-wildtype gliomas. However,
the study’s findings point to the potential of BETis, particularly those targeting BRD4, as promising
therapeutics for IDH-mutant gliomas [102,103]. The clinical and in vitro evidence supports the
hypothesis that IDH-mutant gliomas exhibit a preferential reliance on BET protein activity, offering
a rationale for repurposing BETis to enhance therapeutic strategies for this glioma subtype [101].

Another BRD protein linked to gliomagenesis is BRD8, especially in TP53 wild-type GBM.
BRD8 suppresses p53 activity by compacting chromatin via its bromodomain, sequestering H2AZ
histone variant. Targeting BRD8's bromodomain remodels chromatin, restores p53 function, and
selectively inhibits TP53 wild-type GBM growth. Thus, it constitutes a promising therapeutic
target, with potential synergy when combined with MDMZ2 inhibition [104].

Phosphocreatine (PCr) is a metabolite essential for energy metabolism, primarily found in
high-energy-demand tissues like neurons and muscles, and results from reversible transfer of
phosphate from ATP to creatine, by creatine kinases (CKs). Elevated PCr production is a distinct
metabolic feature of GSCs, since PCr prevents the degradation of chromatin regulator BRD2,
promoting proper chromosome segregation. The ZEB1-KAT2B complex promotes CKB (CK, brain-
type) expression, increasing PCr levels in GSCs compared to differentiated tumor cells,
emphasizing metabolic heterogeneity within GBM. Hypoxia further induces CKB expression via
HIF-2a, supporting GSC survival in low-oxygen environments. Additionally, PCr metabolism may
contribute to therapy resistance, considering its neuroprotective effects, such as shielding the
brain from radiation damage. These findings underscore the potential of targeting PCr metabolism
as a therapeutic strategy, addressing GSC-mediated resistance [105].

In GBM, chitinase 3-like 1 (Chi3ll) serves as a crucial marker for identifying the
mesenchymal subtype and is linked to increased expression within oncogenic pathways, including
NF-kB RelB and STAT-3/RTVP-1 signaling. Chi3l1 is a paracrine modulator of GSC states, promoting
mesenchymal transcriptomic profiles while reducing the likelihood of transitioning to terminal
states. Chi3l1 also induces chromatin remodeling, enhancing promoter accessibility enriched with
Myc-associated zinc finger protein (MAZ) motifs and increasing MAZ transcription factor activity.
Targeting Chi3l1 with therapeutic antibodies is a promising strategy to reduce tumor burden in
GBM [106].

NF-kB signaling pathways and inflammatory response are also disrupted by Caspase-8
downregulation in GBM cells. Src-dependent phosphorylation of Caspase-8 at Y380 is a critical
mechanism sustaining angiogenesis and promoting resistance to ionizing radiation. This
Src/Caspase-8/NF-kB interplay suggests that Src kinase inhibitors like dasatinib could partake in
GBM'’s treatment, especially in mesenchymal subtypes [107].

KDM4B, a histone demethylase, influences cell proliferation, migration, and invasion in
GBM, while inducing G2/M cell cycle arrest. The oncogenic role of KDM4B is mediated through its
JmjC domain, which catalyzes H3K9me3 demethylation, thereby activating transcription of
downstream genes. KDM4B stabilizes MYC expression through epigenetic regulation, driving
tumor progression. MYC is a well-known oncogene that promotes proliferation, metabolic
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reprogramming, and chemotherapy resistance in GBM, making KDM4B a valuable therapeutic
target, particularly in cases with high MYC amplification [108].

KDMA4C, another histone demethylase, is essential for GBM cell proliferation and positively
correlates with c-MYC expression. KDMA4C directly induces c-MYC expression and interacts with
p53, demethylating its lysine 372, leading to decreased p53 stability and compromised apoptotic
function. Targeting KDM4C could be a promising therapeutic approach for GBM [109].

Protein arginine N-methyltransferase 6 (PRMT6) promotes the transcription of CDC20, a
cell cycle mediator, through histone arginine methylation (H3R2me2a). Elevated CDC20 levels
facilitate the ubiquitination and degradation of CDKN1B, a G1/S phase cell cycle inhibitor, driving
GBM cell proliferation and tumor progression. A small molecule inhibitor of PRMT6 was shown to
suppress GBM cell proliferation in vitro, suggesting therapeutic potential of targeting the PRMT6-
CDC20 axis [110]. Moreover, inhibition of PRMT6 with the small molecule EPZ enhances GSC
sensitivity to radiotherapy, improving survival in preclinical models, via CK2a-PRMT6-RCC1
signaling axis blockage. CK2a phosphorylates PRMT6, stabilizing it and enabling PRMT6 to
methylate RCC1, which is necessary for chromatin binding and mitotic progression. As such,
targeting PRMT6 and CK2a could improve GBM treatment outcomes by disrupting mitotic
processes and overcoming resistance to therapy [111].

Methylthioadenosine phosphorylase (MTAP) deficiency in tumor cells reduces the
expression of Fanconi anemia (FA) genes, critical for repairing interstrand crosslink (ICL)-induced
DNA damage. PRMTS5, an epigenetic regulator of arginine methylation overexpressed in GBM and
linked to poor survival, maintains FA genes transcription partly by controlling H3R2me1l levels at
their promoters. Blocking PRMT5 with small-molecule inhibitors replicated the effects of MTAP
loss, showing reduced H3R2me1, diminished FA genes expression, and increased sensitivity to ICL
agents. These results highlight an epigenetic mechanism linking MTAP deficiency to compromised
DNA damage response pathways, identify vulnerability in MTAP-deficient cancer cells, and support
the development of PRMT5-targeted therapies. Furthermore, the brain-penetrant PRMTS5 inhibitor
LLY-283 demonstrated significant efficacy in preclinical models, extending survival and targeting
therapy-resistant GSCs. PRMT5 inhibitors show promise for improving outcomes in GBM,
especially in patients unresponsive to TMZ [112,113].

SEs are clusters of enhancers enriched with transcription factors, chromatin regulators, co-
activators, Pol I, and enhancer-associated marks like H3K27ac, playing a pivotal role in
tumorigenesis [114]. Core stem cell pathways, such as WNT, NOTCH, and hedgehog, sustain GSCs
properties and inhibit apoptosis. Inhibition of epigenetic regulators like BRD4 suppresses
hedgehog pathway genes and curbs tumor growth, especially in cases resistant to Smoothened
antagonists.

KLHDC8A, regulated by a SE and SOX2, is upregulated in GSCs, promoting hedgehog
signaling through enhanced ciliogenesis. Primary cilia, crucial hubs for signaling pathways like
hedgehog, WNT, and NOTCH, are present in 20-25% of GSCs and are tightly controlled during the
cell cycle. Aurora B/C kinases have been identified as therapeutic targets, with GSCs showing
heightened sensitivity to their inhibition compared to differentiated cells. Combining Aurora B/C
kinase inhibitors with Smoothened inhibitors effectively disrupted GSC survival by targeting both
ciliated and mitotic tumor cells. This dual approach highlights a novel therapeutic avenue for GBM
treatment [115].
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Rovalpituzumab tesirine (Rova-T), a Delta-like protein 3 (DLL3)-targeting antibody-drug
conjugate, was evaluated for its efficacy in GBM as part of a broader phase I/Il study on DLL3-
positive tumors. DLL3, a ligand in NOTCH signaling pathway, is implicated in tumor progression and
is expressed in various tumor types, including GBM. For GBM, Rova-T demonstrated limited anti-
tumor activity and significative toxicities, consistent with findings across other solid tumors. These
results underscore the challenges of treating heavily pretreated refractory cancers, including GBM,
and highlight the need for further investigation into DLL3 as a therapeutic target in GBM and other
tumor types [116].

Histone H3 lysine 4 trimethylation (H3K4me3) marks regulatory elements of active or
poised genes and influences GSC responses to hypoxia. DPY30, a component of the MLL complex,
is a key regulator of H3K4me3 catalysis, with its knockdown leading to global H3K4me3 reduction.
Targeting DPY30 selectively inhibited tumor formation in vivo without impairing GSC proliferation
in vitro, suggesting its role in reprogramming the H3K4me3 landscape to support angiogenesis and
hypoxia-related signaling in the tumor microenvironment (TME). This highlights DPY30 as a critical
regulator of epigenetic modifications supporting GSC-driven tumor progression and identifies both
DPY30 and PDE4B, a downstream target of DPY30, as potential therapeutic targets in GBM, with
the PDE4 inhibitor rolipram as a promising agent [117].

Non-Coding RNA Targeting

Altered collagen signaling, especially the collagen VI (COL VI) family, has been implicated
in development and progression of CNS tumors [118]. COL VI components are also linked to poor
prognosis and influence responses to anti-VEGF therapy [119]. miR-3189-3p regulates EMT and
migration in GBM via H3K27me3 histone modifications, targeting COL6A2, a key collagen VI
member. The EZH2/PRC2 | miR-3189|COL6A2 axis drives EMT and tumor progression, highlighting
its potential as a therapeutic target in GBM [40].

EZH2-mediated epigenetic modifications also lead to miR-490-3p downregulation in GBM.
Higher miR-490-3p expression and its host gene, CHRM2, were correlated with improved patient
survival, emphasizing its prognostic value. TGF-B signaling is a well-established regulator of the
migratory phenotype in GBM cells. Functionally, miR-490-3p acts as a tumor suppressor, inhibiting
migration and EMT by directly targeting the upstream receptor TGFBR1 and the downstream
transcription factor TGIF2, within the TGF-B signaling pathway. This oncogenic role of the
EZH2 | miR-490-3p | TGIF2 | TGF-B axis highlights its potential as a therapeutic target [41].

Progesterone has been shown to enhance cell proliferation, migration, and invasion in
human GBM-derived cells by activating the progesterone receptor and regulating the expression
of key genes involved in these processes, including TGF-B, COF1, EGFR, VEGF, and cyclin D1.
Progesterone upregulates 8 miRNAs and downregulates 8 miRNAs, and its effects were blocked by
the progesterone receptor antagonist RU486. Bioinformatic analyses suggested that progesterone
regulates key processes in GBM, such as proliferation, cell cycle progression, and migration,
through its modulation of miRNA-mRNA networks [120].

Reduced miR-146a expression is linked to shorter overall survival, independent of MGMT
methylation status. Promoter methylation-induced miR-146a silencing contributes to tumor
progression and resistance to therapy. Mechanistically, miR-146a inhibits GBM cell stemness by
directly targeting POU3F2 and SMARCAS, two transcription factors that reciprocally regulate each
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other and whose expression levels are positively correlated in GBM. These findings underscore the
potential of miR-146a, POU3F2, and SMARCAS as promising therapeutic targets for GBM [121].

miR-219-1, a markedly downregulated miRNA in various cancers, produces two mature
forms, miR-219-5p and miR-219-1-3p, each with distinct mRNA targets. In GBM, both forms
exhibit reduced expression compared to normal tissues due to methylation sensitivity.
Reactivating their expression with demethylating agents effectively lowered the levels of
oncogenic target mMRNAs and proteins, highlighting their potential as promising therapeutic targets
[122].

The NF-kB pathway is triggered when cytokines stimulate the phosphorylation of
inhibitory kB (IkB), leading to the degradation of IkBa and the subsequent release of NF-kB, which
is then translocated to the nucleus and activates various genes. Chemotherapy and radiotherapy
further activate NF-kB, contributing to tumor progression and poor prognosis. A crucial factor for
maintaining NF-kB activation is miR-194-3p suppression, which influences pro-neural to a more
aggressive and adaptable mesenchymal transition. The epigenetic regulation of NF-kB and its role
in subtype plasticity shows potential to reduce GBM heterogeneity and improve therapeutic
outcomes [123]. The IncRNA XTP6 is upregulated in GBM and correlates with poor patient
prognosis, since XTP6 facilitates the activation of the NF-kB pathway by downregulating IkBa and
creating a positive feedback loop with transcription factor c-Myc. Indeed, c-Myc/XTP6/NF-kB loop
plays a key role in GBM malignancy and may be an interesting therapeutic target [124].

In GBM, the regulation of ferroptosis, a form of programmed cell death driven by iron-
dependent lipid peroxidation, involves key epigenetic mechanisms, particularly the m6A RNA
modification governed by the methyltransferase-like 3 (METTL3)/methyltransferase-like 14
(METTL14) complex, which modifies transcripts of genes such as glutathione peroxidase 4 (GPX4).
Complement C5a receptor 1 (C5aR1), highly expressed in GBM cells, protects against ferroptosis
by activating the ERK1/2 signaling pathway, upregulating METTL3, and stabilizing the m6A
modification of GPX4. This promotes GPX4 expression and contributes to GBM progression.
Targeting C5aR1 may disrupt the METTL3-dependent m6A modification of GPX4, offering a
promising gene therapy approach to induce ferroptosis and inhibit GBM growth [125]. Indeed,
RNA m6A methylation levels are reduced in GBM, with a notable decline in the m6A/A ratio in
cells treated with TGF-B1. Decreased RNA m6A methylation promotes EMT and vasculogenic
mimicry processes in GBM, with ALKBH5 upregulation or METTL3 downregulation driving
increased tumor invasiveness [126].

Ribose 2'-O-methylation, the most prevalent modification in human ribosomal RNA
(rRNA), plays a crucial role in ribosome biogenesis and the translational regulation of oncogenic
proteins. This modification, mediated by C/D box small nucleolar ribonucleoproteins (snoRNPs),
supports cell proliferation and survival. INHEG, a GSC-specific IncRNA, facilitates the interaction
between the SUMO2 E3 ligase TAF15 and NOP58, a key component of snoRNP complexes
responsible for guiding rRNA methylation. This interaction promotes NOP58 sumoylation, which in
turn accelerates the assembly of C/D box snoRNPs, enhancing their function in rRNA methylation
and supporting GSC self-renewal and tumorigenesis. This axis offers promising therapeutic
avenues for targeting GSC [127].

Using multiomics techniques and molecular assays, a posttranscriptional regulatory circuit
centered on the IncRNA DARS1-AS1 and its associated RNA-binding protein, YBX1, was identified.
DARS1-AS1/YBX1 stabilizes mRNAs of regulators such as E2F1 and CCND1, forming a
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transcriptional/posttranscriptional feed-forward loop that promotes GSCs’ transition from G1 to S
phase. DARS1-AS1 is also linked to enhanced DNA repair through the HR pathway. Silencing
DARS1-AS1 sensitized GBM cells to radiation, suggesting that targeting the DARS1-AS1/YBX1 axis
could impair HR, making GBM cells susceptible to radiation and Poly-ADP-ribose polymerase
(PARP) inhibitors. These findings propose a therapeutic strategy combining small interfering RNA
(siRNA)/miRNA delivery systems targeting this axis with radiation or PARP inhibitors, warranting
further exploration [128].

Amplification of the PDGFRA gene locus is a common event in GBM, promoting tumor
development and progression. IncRNA LINC02283 is co-amplified with the PDGFRA Jocus and
highly expressed in PDGFRA-driven high-grade gliomas, enhancing GBM malignancy by modulating
PDGFRA and its downstream signaling pathways. Since clinical trials targeting PDGFRA with kinase
inhibitors have been largely unsuccessful, therapeutic strategies involving antisense
oligonucleotides or decoy RNAs to disrupt the LINC02283-PDGFRA interaction could be an
approach to combat GBM malignancy [129].

Malate dehydrogenase 2 (MDH2) plays an important role in GBM metabolism, as well as
the MDH2-interacting IncRNA malate dehydrogenase degradation helper (MDHDH). MDHDH
directly binds to MDH2, promoting its degradation via interaction with PSMA1, which facilitates
the proteasomal degradation of ubiquitinated MDH2. This process alters the NAD*/NADH ratio,
inhibits glycolysis, activates the AMPK/mTOR pathway, and induces autophagy and apoptosis.
Epigenetically, MDHDH expression is suppressed by the PRC2/EZH2 complex, with the PRC2
inhibitor GSK126 having therapeutic potential. Clinically, elevated MDHDH expression is associated
with lower glioma WHO grades and improved patient survival, underscoring its potential as a
biomarker and therapeutic target [130].

The mini-chromosome maintenance protein (MCM) gene family is critical for regulating
cell cycle and mitigating DNA replication stress. MCM4 is highly expressed in GBM, significantly
influencing cell proliferation and the cell cycle. Its expression is intimately related to a competing
endogenous RNA (ceRNA) network, showing that IncRNAs and miRNAs regulate MCM expression
and contribute to glioma progression. Therefore, MCM4 has been identified as a potential
therapeutic target and prognostic marker in GBM, with reported associations to immune
regulation, tumor progression, and drug sensitivity [131].

The IncRNA TCONS_00004099 is highly expressed in glioma, and its silencing decreases
cell viability, migration, invasion, and promotes apoptosis through the generation of miRNAs. One
TCONS_00004099-derived miRNA enhanced cell viability and reduced apoptosis by targeting
PTPRF mRNA, inhibiting its translation, and promoting mRNA degradation, constituting a potential
therapeutic target [43].

The association between SEs and IncRNAs has culminated in the development of a risk
signature that functions as an independent prognostic indicator for glioma patients [114]. In IDH-
wildtype GBM, a novel SE-associated IncRNA, cancer stem cell-associated distal enhancer of SOX2
(CASCADES), has been identified as a key regulator of GSC identity through the epigenetic
regulation of SOX2 [29]. LINC00945 is another SE-IncRNA that promotes glioma cell proliferation,
EMT, migration, invasion, and tumor growth in xenograft models, constituting a novel therapeutic
target. Additionally, SE-IncRNAs such as TMEM44-AS1, CCAT1, LINC00152, and NEAT1 are
identified as facilitators of glioma malignancy, reinforcing the prognostic and therapeutic potential
of SE-IncRNA signatures [114].
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Epigenome Editing

Efforts to overcome TMZ chemoresistance in GBM have shown limited success in clinical
trials. Direct MGMT inhibition using O-6-benzylguanine faced feasibility issues due to severe
toxicities in a phase | trial [132], while dose-dense TMZ strategies failed to improve outcomes in a
phase Il clinical trial [49]. One strategy to address these challenges was the design of a clustered
regularly interspaced short palindromic repeats (CRISPR)-based approach targeting MGMT with a
dCas9-DNMT3A catalytic domain fusion protein (d3A). This system enabled site-specific DNA
methylation without altering the gene sequence, leveraging single guide RNA (sgRNA) specificity
and reversible epigenetic modifications. Using multiple sgRNAs, comprehensive methylation was
achieved, leading to MGMT downregulation and increased TMZ sensitivity in vitro. Genome-wide
and transcriptome-wide analyses confirmed minimal off-target effects, highlighting the potential
of d3A/CRISPR-directed methylation as a safe and effective therapeutic strategy to enhance TMZ
chemosensitivity in GBM [52].

CRISPR-based genomic perturbations have also been applied to novel EGFR enhancer
elements near the GBM-associated single nucleotide polymorphism rs723527. Targeting these
enhancer regions reduces proliferation and migration, partly by increasing apoptosis, possibly due
to metabolic reprogramming. This approach diminishes the malignancy of GBM cells, making them
more sensitive to TMZ. Combining such genomic interventions with existing treatments may
improve therapeutic outcomes [133].

The need for rapid identification of novel cancer-related mechanisms and the
development of effective therapies has driven the pursuit of robust and affordable screening
methods able to detect epigenetic factors that influence tumor survival. One example is the
Epigenetic Domain-specific Knock Out Library (EpiDoKOL), a customized tool designed to target
the functional domains of key epigenetic modifiers. Through drop-out screens in various cell lines,
it identified ASH2L as a critical gene for GBM cell survival. ASH2L, a member of the trithorax group
family, is involved in methyltransferase complexes that regulate H3K4 methylation, which supports
active gene transcription. Elevated WDR82 and H3K4me3 levels have been linked to therapeutic
sensitivity in GBM. ASH2L directly influences the regulation of cell cycle genes and promotes
tumor cell survival both in vitro and in vivo. These findings highlight the potential of chromatin-
focused CRISPR library screens, like EpiDoKOL, for identifying novel epigenetic vulnerabilities in
GBM [134,135].

Combination Therapies

Vorinostat, FDA-approved for cutaneous T cell lymphoma, has shown modest
effectiveness as a standalone therapy in recurrent GBM [136]. However, its limited success in
treating solid tumors has encouraged exploration of synergistic strategies. PARP inhibitors like
olaparib have shown promise in targeting DNA repair pathways in GBM, particularly in cells with
compromised HR [137]. Based on vorinostat's ability to suppress HR gene expression, its
combination with olaparib significantly improved the elimination of GBM cells by reducing DNA
repair capabilities and inducing apoptosis. This dual treatment disrupted the cell cycle, causing
G2/M phase arrest, increased DSBs, and oxidative DNA damage. The combined therapy
demonstrated efficacy across multiple GBM models, with both drugs showing minimal toxicity to
healthy tissues [138].
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Phospholipase D (PLD), especially its isoforms PLD1 and PLD2, is implicated in tumor
malignancy, GSC maintenance, and resistance to therapies. Furthermore, vorinostat induces PLD1
upregulation, which protects GBM cells from apoptosis and contributes to resistance. Inhibition of
PLD1, when combined with vorinostat, significantly reduces GBM invasiveness, angiogenesis, self-
renewal, and intracranial tumor formation, effectively overcoming resistance to conventional
therapies. Considering that GSCs drive therapy resistance, targeting PLD1 alongside vorinostat is a
promising strategy. Likewise, developing biomarkers to predict therapeutic efficacy could facilitate
the precise selection of candidates for such innovative combination treatments [139].

To overcome the poor BBB penetration and limited GBM targeting of BRD4 inhibitor
OTX015, a cell membrane coating approach was attempted, co-encapsulating it with TMZ. The
resulting nanomedicine, ABNM@TMZ/OTX, disclosed strong synergy between TMZ and OTX,
effective BBB penetration, GBM targeting, and immune response activation, with safety profiles
supporting its clinical application [140].

Lysine-specific histone demethylase 1 (LSD1), an epigenetic enzyme overexpressed in
various malignancies, and HOTAIR, a IncRNA associated with GBM prognosis, are compelling
targets for clinical translation. Although existing EZH2 inhibitors, like tazemetostat, show limited
efficacy in certain hematological malignancies, and inhibitors like JQ1 effectively target HOTAIR
transcription, the complexity of epigenetic regulation underscores the limitations of single-drug
therapies, including off-target effects and global impacts. The combination of the HOTAIR-EZH2
disruptor AQB and the LSD1 inhibitor GSK-LSD1 induced cell cycle arrest and apoptosis in GBM cell
lines, demonstrating greater antitumor efficacy than either agent alone. The combination therapy
approach is particularly advantageous, as both AQB and GSK-LSD1 are readily synthesizable and
commercially available. The synergistic effects of combining agents can allow for reduced dosages
and better-targeted tumor suppression. Additionally, the possibility of integrating AQB and GSK-
LSD1 with other epigenetic modifiers into triple or quadruple regimens opens new avenues for
GBM therapy [141,142].

Combinations of histone methylation and acetylation inhibitors, such as BIX01294 (G9a
inhibitor), DZNep (EZH2 inhibitor), TSA (HDAC inhibitor), and RG-108 (DNMT inhibitor, DNMTi),
hold promise for targeting GBM cells while sparing normal stem cells. Initial experiments
identified effective concentrations of these inhibitors, with medium doses of BIX01294 and TSA
significantly reducing GBM cell viability while causing minimal harm to human mesenchymal stem
cells. In contrast, DZNep affected both cell types similarly, and RG-108 showed no significant
effect. Combining low and medium concentrations of these inhibitors demonstrated synergistic
effects, selectively enhancing GBM cell death while preserving normal stem cells. Notably, TSA and
BIX01294 at medium concentrations were particularly effective, offering a refined therapeutic
strategy for targeting GBM with minimal off-target effects [143].

Additionally, DZNep was combined with panobinostat (HDACi), and evaluated for
synergistic effects alongside TMZ and APR-246, which restores p53 function in mutated GBM.
DZNep and panobinostat together exhibited the strongest synergistic effects against GBM cells,
significantly enhancing apoptosis and reducing clonogenicity. The combination of panobinostat
and TMZ showed moderate synergy, while DZNep and TMZ displayed slight synergy. When APR-
246 was added to these combinations, its effects were primarily additive rather than synergistic
[144].

Estrogen receptor B (ERB) functions as a tumor suppressor, and its expression is often
reduced during cancer progression, including in gliomas. HDACis, such as panobinostat and
romidepsin, increase ERP expression and enhance its signaling. This upregulation sensitizes GBM
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cells to ERB agonist therapy, leading to reduced cell viability, invasiveness, and increased
apoptosis. In mouse models, the combination of HDACi and ERB agonist improved survival,
suggesting that HDACi combined with ERP agonists could be a novel therapeutic strategy for GBM
[145].

The PI3K pathway, a critical driver of tumor growth and survival, is frequently activated in
GBM through mutations in genes like PTEN and EGFR. Despite advancements in PI3K-targeted
therapies, including dual PI3K/mTOR inhibitors (e.g., NVP-BEZ235), resistance often emerges due
to induction of stem cell-associated genes, potentially promoting recurrence. These stem genes
are commonly activated via JAK/STAT3 pathway, which is itself constitutively active in GBM due to
mutations in JAK1/2, and EGFR. While JAK inhibitors, such as ruxolitinib and AZD1480, have
demonstrated efficacy in reducing tumorigenesis and invasiveness in preclinical studies, their
effectiveness as monotherapies is limited. Combining PI3K inhibition with JAK inhibitors was
hypothesized to suppress both tumor growth and stem gene expression, potentially improving
therapeutic outcomes. However, studies have shown limited efficacy of this combination, likely
due to signaling redundancies that sustain stem characteristics [146].

Immunomodulation via Epigenetics

Immunotherapy shows promise in treating various cancers but faces significant challenges
in GBM. These obstacles include limited immune cell infiltration, immunosuppressive
microenvironment, and poor recognition of tumor-associated antigens by immune effector cells. A
promising strategy involves developing cancer vaccines based on tumor-specific antigens. These
antigens often arise from noncanonical peptides generated by cancer-specific mutations, known
as neoantigens, which are presented on human leukocyte antigen class | (HLA-I) molecules.
Although GBM vaccines targeting neoantigens have shown immunogenic potential in clinical trials,
their effectiveness is limited by GBM's low mutational burden and antigen load, and often specific
to individual patients. Moreover, cancer's ability to evade immunosurveillance through
immunoediting makes single-target vaccines universally ineffective [147-149].

Cancer-testis antigens (CTAs) are proteins normally expressed in germinal spermatogonia
but silenced in somatic tissues through DNA methylation and other epigenetic mechanisms. In
many cancers, including GBM, CTAs like New York esophageal squamous cell carcinoma 1 (NY-ESO-
1) are aberrantly re-expressed. Prior studies have shown that decitabine, a DNMTi, can induce CTA
expression in GBM without affecting normal tissue [150]. Because in GBM NY-ESO-1 expression is
silenced by CpG hypermethylation, decitabine reactivates NY-ESO-1 expression by reversing DNA
hypermethylation, enhancing CD8" T cell response and leading to robust antitumor activity.
Furthermore, decitabine upregulates other CTAs across glioma populations, reactivates human
endogenous retroviruses (HERVs), and boosts an antiviral-like interferon signaling response,
further enhancing immunogenicity. Transcriptomic profiling confirmed that decitabine-induced
CTA expression could support polyclonal T cell and vaccine therapies, emphasizing its potential as
an immunosensitizing agent [148].

HERVs, particularly HML-6 and its gene product ERVK3-1, have been linked to glioma
progression, since HERV expression correlates with DNA hypomethylation at specific /oci. Notably,
HML-6 is overexpressed in aggressive GBM models, and elevated ERVK3-1 expression was
associated with reduced survival in GBM patients [151].

Other favorable immunogenic antigens are transposable elements (TEs) and cryptic
promoters, that may be reactivated by epigenetic drugs, such as decitabine and panobinostat.
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These activated TEs generate double-stranded RNAs, triggering antitumor interferon responses,
and can splice into downstream genes to form TE-chimeric antigens presented as HLA-I antigens.
Notably, epigenetic drugs might also activate TEs in normal primary cells (although less
significantly in quiescent cells), which has important clinical implications and highlights the need
for careful candidate selection. Nevertheless, reactivation of underappreciated TE-based antigens
absent from current whole-exome sequencing pipelines offers a novel avenue for personalized
cancer vaccine strategies, providing synergistic benefits alongside chemotherapy, radiation, or
immunotherapy [149].

Peripheral immune cell counts have been linked to tumor cell states and immune
infiltration, being considered as biomarkers in GBM when integrated with DNA methylation-based
subclassification. Elevated neutrophil counts are associated with worse overall survival in newly
diagnosed GBM, while decreases in lymphocytes, monocytes, and platelets correlate with
progression and poor outcomes in recurrent disease. These findings support a subclass-specific
approach to immunotherapy in GBM and under-score the potential of peripheral blood profiling,
when interpreted through an epigenetic lens, to improve prognostication and patient selection
[152].

Macrophages play a critical role in GBM progression and response to therapy, making
them attractive therapeutic targets, although universal macrophage-targeting approaches are
complicated by GBM'’s inherent heterogeneity and its associated TME. Tumor-associated
macrophages (TAMs), which include brain-resident microglia and infiltrating monocyte-derived
macrophages, represent the most abundant immune cells in GBM TME and can predict patient
survival. These cells exhibit distinct metabolic profiles and spatial and functional heterogeneity,
particularly in the context of recurrence following radiotherapy. Indeed, a metabolic interplay
takes place between mesenchymal-like GBM cells and lipid-laden TAMs, establishing a dynamic
relationship centered on the recycling of cholesterol-rich myelin debris. GBM cells exploit
macrophages' capacity for myelin processing (originally a neuronal homeostatic function), leading
to lipid overload in TAMs. This lipid accumulation reprograms TAMs into a pro-tumorigenic and
immunosuppressive phenotype through transcriptional changes, chromatin alterations, and
lipidomic rewiring, fueling GBM cell survival and proliferation. This emphasizes the need for
therapeutic strategies targeting the metabolic interactions between GBM cells and TAM subsets to
disrupt this protumorigenic cycle and improve clinical outcomes [153].

Blocking integrin B1 on monocytic myeloid-derived suppressor cells reduces TAMs, while
dipeptidyl peptidase-4 (DPP-4) inhibition also diminished macrophage abundance, suggesting
these molecules as potential immunotherapy targets in GBM. Interestingly, DPP-4 inhibition also
affected other immune populations, likely due to tumor shrinkage or DPP-4 expression on other
immune cells, such as T cells. While DPP-4 inhibition did not directly induce tumor cell death or
alter activation/exhaustion markers in tumor-infiltrating CD8* T cells, it stimulated splenic T cell
proliferation in vitro. Integrin B1 is associated with poor prognosis in GBM and is overexpressed in
models of GBM resistant to antiangiogenic therapies. Its involvement in tumor cell proliferation
and self-renewal highlights its potential as a therapeutic target, offering a dual benefit in
combating GBM. However, challenges arise due to its widespread expression and critical roles in
normal brain function. Furthermore, DPP-4 stands out as a viable therapeutic candidate. DPP-4
inhibitors, commonly used to treat type Il diabetes, could be repurposed as anticancer agents to
effectively modulate immune responses [4,154].

Molecularly altered pathways associated with programmed death-ligand 1 (PD-L1), a key
target in personalized cancer therapy, have been identified in GBM. These suggest novel molecular
targets, including miR-196B, for precision medicine. While high PD-L1 expression correlates with
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potential benefits from pembrolizumab therapy, challenges like the BBB persist. Developing small
molecules targeting identified RNAs and genes could improve therapeutic efficacy, warranting
further clinical studies [155].

KDM®6B, a histone demethylase that promotes gene transcription by demethylating the
repressive histone mark H3K27me3, is highly expressed in myeloid subsets present in the TME.
Epigenomic analyses revealed that KDM6B directly regulates H3K27me3 at anti-inflammatory
genes, which inhibit pro-inflammatory pathways like cytokine production and phagocytosis.
Pharmacological inhibition of KDM6B mimicked these effects, promoting pro-inflammatory
phenotypes and improving sensitivity to anti-PD1 therapy. The findings provide compelling
evidence that targeting KDM6B-mediated epigenetic pathways can reprogram intratumoral
myeloid cells into a pro-inflammatory state, overcoming immune suppression in the TME and
enhancing immune checkpoint therapy responses [156].

Protein disulfide isomerase A5 (PDIAS) is significantly associated with immune cell
infiltration, immune pathways, and other immune-related signatures. In GBM, PDIAS interacts
with immune cells, and PDIA5 silencing led to increased PD-L1 and SPP1 expression, reduced
proliferation, colony formation, and invasion abilities, while impairing migratory capacity of
cocultured M2 macrophages. Additionally, PDIA5 exhibited predictive potential for
immunotherapy response, highlighting its relevance as a biomarker and therapeutic target for
cancer immunotherapy [157].

Due to the high and specific expression of EGFR in GBM, EGFR CAR-T cells hold significant
therapeutic potential. While these cells effectively suppressed GBM cell growth in vitro and
tumorigenesis in vivo, resistance quickly emerged. This resistance was linked to upregulation of
immunosuppressive genes, including inhibitory immune checkpoints and inflammatory cytokines,
driven by EGFR CAR-T cell-induced active enhancers. BRD4 inhibition with JQ1 disrupted
immunosuppressive gene activation, and its combination with EGFR CAR-T therapy reduced
immunosuppression, effectively curbing tumor growth and metastasis in GBM xenografts [158].

Emerging Technologies

Mutations in IDH1/2 and PPM1D may silence the nicotinic acid phosphoribosyl transferase
(NAPRT) gene, essential for NAD* production via the Preiss-Handler salvage pathway. Alternatively,
NAPRT silencing makes glioma cells reliant on nicotinamide phosphoribosyl transferase (NAMPT)-
dependent nicotinamide salvage pathway for NAD* synthesis. This vulnerability enables synthetic
lethality using NAMPT inhibitors (NAMPTis), such as GMX1778, making NAPRT silencing a critical
biomarker for NAMPTi therapy. However, NAMPTis face challenges, including low brain
bioavailability and dose-limiting toxicities. Instead, NP formulations of NAMPTis enable rapid
cellular uptake, significant intracellular NAD* depletion, and selective efficacy in GBM models,
while avoiding hematologic and retinal toxicities observed with systemic delivery. Intracranial
GBM mouse models show reduced tumor burden and improved survival with NP-loaded NAMPTi
monotherapy [39].

Since HDACS6 is overexpressed in GBM, associating with poorer survival, and monoamine
oxidase A (MAO A) is also upregulated in GBM, dual targeting of these enzymes seems a promising
strategy. HDAC-MB, a novel multifunctional small-molecule probe designed for glioma
theranostics, combines HDAC6 imaging, MAO A inhibition, and photodynamic therapy functions.
Initially, the probe remains inactive, but upon activation by overexpressed HDACS6 in glioma cells,
it releases methylene blue, which inhibits MAO A and restores the probe's near-infrared
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fluorescence and photodynamic therapy activity when exposed to near-infrared light. This enables
a highly selective and sensitive tool for detecting HDAC6 levels, while also inducing cell death
through the generation of reactive oxygen species (ROS) upon light activation. Additionally, the
probe's MAO A inhibition enhances its ability to reduce glioma cell migration, invasion, and
proliferation [159].

Hydrolyzed rutin, a modified flavonoid derived from rutin deglycosylation, showed
potential as an epigenetic drug due to its antiproliferative effects related to cell cycle inhibition in
human GBM cell lines, reducing GBM aggressiveness. Besides its potential as a therapeutic agent,
its prophylactic treatment use is particularly noteworthy, as it has been proven to decrease the
aggressive behavior of GBM during primary treatment and prevent relapse, a benefit not yet
reported for other adjuvant therapies. Hydrolyzed rutin's action may also alter the response to
conventional therapies, making it crucial for both primary and recurrent glioma treatment. The
compound inhibits tumor growth and reduces anaplasia without genotoxicity, suggesting
epigenetic modulation as a mechanism. Although preclinical results are promising, further
investigation in orthotopic models and clinical studies is required to confirm its therapeutic
efficacy [160].

Suicide gene therapy employs genes encoding enzymes that convert non-toxic prodrugs
into toxic metabolites, selectively eliminating targeted cells. A prominent example is the herpes
simplex virus-thymidine kinase (HSV-TK)/ganciclovir (GCV) system, which produces a toxic
metabolite, GCV triphosphate, through cellular phosphorylation. This metabolite diffuses to
adjacent cells, inducing apoptosis via a bystander effect. The tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) enhances the efficacy of HSV-TK/GCV by increasing target-
specific killing and amplifying the bystander effect. TRAIL, naturally expressed in the immune
system, induces apoptosis in glioma cells, making it a promising GBM treatment. However, its
therapeutic use is limited by rapid systemic clearance and glioma cell resistance, requiring
improved delivery systems and tumoricidal efficacy.

Polyethylenimine (PEl), a widely used gene delivery vector, offers high transfection
efficiency but is hampered by cytotoxicity. Modifications such as conjugating PEI with polylysine
(PLL) have shown promise in reducing toxicity and improving gene delivery efficiency. In a
preclinical study, a PEI-PLL copolymer was used to transfect mesenchymal stem cells with HSV-TK
and TRAIL genes, creating a dual-functional therapeutic system for glioma. These genetically
modified stem cells converted GCV into its toxic metabolite while synergistically enhancing TRAIL-
induced apoptosis. This approach demonstrated significant anti-tumor effects in vitro and in vivo,
including reduced cell proliferation, angiogenesis, and increased apoptosis in glioma models [161].

A novel multimodal therapy, PEG-AuNPs@Hyp, demonstrates significant anticancer
potential against GBM by targeting epigenetic and mitochondrial pathways. This red-light-
responsive nanoformulation exhibits controlled drug release, effective uptake in GBM models, and
enhanced tumor ablation in vivo. PEG-AuNPs@Hyp suppresses PcG proteins (EZH1, EZH2, and
Bmi-1) via ubiquitin-mediated degradation and disrupts the interaction between PcG proteins and
mutant IDH2. This process restores tumor suppressor gene activity by reducing histone
trimethylation and promoter methylation. In addition, it enhances apoptosis through ROS
generation, caspase-3 activation, mitochondrial membrane disruption, and downregulation of
anti-apoptotic markers like Bcl2 [162].
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Future Directions and Emerging Therapeutic Approaches

Advancing the standard treatment for GBM requires translating preclinical findings into
clinical trials. However, this faces significant challenges, including time and resources required,
difficulties in patient enrollment, and limited effectiveness of many new approaches, all of which
hinder the development of broadly applicable treatments.

HDACis aim to modify chromatin structure and gene expression. A trial explored the
maximum tolerated dose of belinostat combined with radiotherapy and TMZ while also assessing
the utility of magnetic resonance spectroscopic imaging in predicting better outcomes and
detecting early treatment response [75]. Another study investigated convection-enhanced delivery
of MTX110, a panobinostat formulation, directly to the tumor during surgery. This approach
bypassed the BBB and delivered high concentrations of the drug to the tumor site [163].

Valproic acid, traditionally used to treat seizure disorders, has been explored for its
potential to enhance the effects of standard radiotherapy and TMZ in children and adolescents
with high-grade gliomas, including GBM [164]. Additionally, an open-label phase Il study evaluated
the safety and efficacy of prolonged doxorubicin administration combined with radiotherapy, TMZ,
and valproic acid in newly diagnosed GBM and diffuse intrinsic pontine glioma. This trial was
ultimately terminated due to the high heterogeneity of the enrolled patient population [165].

A pilot study aimed to assess the safety and feasibility of combining nivolumab, an
immunotherapeutic agent, with stereotactic radiosurgery (gamma knife therapy) and valproic acid
in recurrent GBM patients. However, this study was terminated early when the pharmaceutical
company ceased providing nivolumab [166]. Similarly, a phase | trial evaluated the combination of
pembrolizumab, another immune checkpoint inhibitor, with vorinostat, TMZ, and radiotherapy for
newly diagnosed GBM [167].

Recent clinical trials have shown promising results for BETi in GBM treatment. A Phase Ib
dose-escalation trial with trotabresib (CC-90010) combined with radio-chemotherapy and TMZ
reported good tolerability. Additionally, ongoing studies aim to assess the drug’s BBB penetration
and its ability to deplete MGMT and other target proteins, in a multi-center, open-label study
[168,169]. A phase lla trial investigated birabresib in recurrent GBM following standard therapy
failure, aiming to determine the maximum tolerated dose. This study was terminated due to lack
of efficacy [103].

A Phase 1/2 study investigated olutasidenib (FT-2102), a mutant IDH1 inhibitor, in patients
with advanced solid tumors and gliomas, either as monotherapy or combined with azacitidine for
glioma treatment. However, the study yielded limited success [170]. After significantly impeding
tumor progression in both subcutaneous and intracranial patient-derived xenograft models, an
ongoing clinical trial is focusing on the IDH1-R132 mutation, assessing the safety, tolerability,
pharmacokinetics, pharmacodynamics, and anti-tumor efficacy of DS-1001b [171,172].

A Phase O first-in-human study investigated the safety of NU-0129, a novel spherical
nucleic acid gold nanoparticle therapy, in patients with recurrent GBM or gliosarcoma undergoing
surgery. Designed to cross the BBB, NU-0129 delivers nucleic acids targeting the Bcl2L12 gene,
which promotes tumor growth by preventing apoptosis. Among eight enrolled patients, only one
experienced serious adverse events [173].

Other key clinical approaches include identifying novel biomarkers, such as microRNAs, to
develop signatures discriminating GBM from other malignant CNS tumors and enhancing
diagnostic accuracy [174]. Another study focuses on integrating stem cell analysis, multi-omics
(including immunomics), and artificial intelligence to advance personalized GBM care by
identifying immune markers for prognosis, testing GBM stem cell sensitivity to treatments, and
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creating ethical guidelines for artificial intelligence-assisted predictions [175]. Moreover, circulating
microRNAs are being studied as biomarkers for monitoring diffuse gliomas, with the goal of
differentiating true tumor recurrences from false positives on MRI [176].

Collectively, these trials aim to evaluate the safety, feasibility, and efficacy of innovative
epigenetic therapies for GBM management, with an emphasis on combination strategies to
improve therapeutic outcomes. An overview of these trials is summarized in Table /Il

Conclusion

GBM remains one of the most challenging cancers to treat, with a dismal prognosis
despite advancements in therapy. Epigenetics emerges as a promising, but underutilized,
therapeutic approach, targeting aberrant DNA methylation, histone modifications, and
dysregulated ncRNAs that drive tumor progression, immune evasion, and therapy resistance. Early
studies highlighted the potential of DNMTis, HDACis, and RNA-based therapies, especially in
combination with immune checkpoint or PARP inhibitors, disclosing synergistic effects in
preclinical models.

Clinical translation, however, faces considerable challenges, including BBB limiting drug
delivery, bioavailability issues, off-target effects, systemic toxicity, GBM tumor heterogeneity and
adaptive resistance mechanisms. Precision medicine approaches, leveraging biomarkers to tailor
interventions, are crucial to overcoming these barriers.

This scoping review has some limitations that should be acknowledged. Like most scoping
reviews, no critical appraisal of the included studies was conducted, which limits the ability to
assess the strength or quality of the evidence. While data charting was verified, the initial
screening and extraction were primarily performed by one author, introducing potential bias.
Additionally, the review focused narrowly on therapeutic targeting, excluding broader, although
eventually clinically relevant aspects, such as diagnostic or prognostic epigenetic research.

Future progress will rely on interdisciplinary strategies, integrating molecular biology,
nanotechnology, and multi-omics to refine knowledge on epigenetic landscapes and therapeutic
combinations. Collaborative efforts across research disciplines and clinical domains are essential
to accelerate the translation of epigenetic discoveries into standard care. In conclusion, the
therapeutic potential of targeting epigenetics in GBM is undeniable, offering a path to overcome
some of the limitations of current treatments. Advances in drug delivery, target specificity, and
overcoming resistance mechanisms, combined with interdisciplinary approaches, may enhance
the effectiveness of epigenetic therapies in improving outcomes for GBM patients.
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Appendix

Table |

Main search results: epigenetic-related pathophysiology and potential therapeutic targets in GBM.

Main alteration Pathway involved Genes/proteins involved References
DNA Methylation Global DNA hypomethylation ~ ALKBH1 [177]
Modulation
FGFR3-TACC3 fusions [178]
mTORC2 [45,179]
NuRD complex [63,180,181]
PLEKHA4 [84]
Hypomethylation of PPM1D [182]
oncogenes
Hypermethylation of tumor DNMT1 [183,184]
suppressor genes
DNMT3A/B [18,185-187]
MSH2, MSH6 [18,188]
Promoter methylation 5-HT7R [61]
modaulation
ANKDD1A [189]
ARL13B, IMPDH2 [53]
CXCL12, CXCR4 [190]
EGFR [4,60-62]
IDH, 1p/19q co-deletion, [20,21]
G-CIMP Status
LCTL [191]
MGMT [32,50,192,193]
RARB [64]
REST [194,195]
SNX10, PDGFRB [55]
ST6Gall [196]
TAGLN2 [197]
TET, 5mC, 5hmc [65,66,198,199]
ZBTB18 [200]
Histone Chromatin remodeling BRD2, BRD3, BRD4, BRD8 [104,105,201-203]
Modification

BRG1
Caspase-8
CBX, CBX2, CBX8

CELF2

[204]
[107]
[86,88,205]

[99]
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Chi3ll
CX43, SHH

EGFR, FoxO3a

[106]
[92]

[90,206-209]

HELLS [210]
KLHDC8A [115]
Lamellipodin, RICTOR [93]
Mcl-1 [211]
MLL5 [212]
NF1 [18,94]
OCT4, NANOG, SOX2, [31,33]
CARM1
PTEN [18,85,86]
PTGFR [91,129]
RIT1 [213]
SCD (89]
SWI-SNF complex [214]
TRIM24, TRIM37 [97,98]
WNT (81,83]
YY1-CDK9 complex [96]
Histone methylation CDK7, CDK9 [95,215]
EphrinA5 [216]
EZH2 [40-42,53,81,82,86,

KDM4B/C, KDM5A,
KDM6A/B

KMT2A, WDR5

PRMT2, PRMTS5, PRMTS,
PRMTS8

98,217-222]

[108,109,156,
223-225]

[38,226]

[110-113,227,228]

SLC17A7 [229]
WDR82 [135]
Histone acetylation HAT1 [69]

HDAC1, HDAC2, HDAC6
Histone acetylation score

SIRT1

[19,70-73,230]
[68]

[231]
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ncRNA Targeting

miRNA let-7 family [232]
miR-9 [220]
miR-10b [233]
miR-26a-5p, miR27a-3p, [218]
miR-181a/b, miR-200b/c,
miR-498
miR-29s [186]
miR-101 [42]
miR-124 [195,234]
miR-129-2 [235]
miR-146a [121]
miR-194-3p [123]
miR-211 [236]
miR-219-1 [122]
miR-340 [237,238]
miR-486-5p [239]
miR-490 [41]
miR-524 [240,241]
miR-3189 [40,70]
Progesterone (P4) [120]

IncRNA CASCADES [29]
CCND2-AS1 [242]
DARS1-AS1 [128]
H19 [243]
HOTAIR [203]
INHEG [127]
LINC00511 [241]
LINC00945 [114]
LINC02283 [129]
MDHDH [130]
SOX20T [244]
TCONS_00004099 [43]
TP53TG1, ENSG000246263  [245]
UhyperLncs, Uhypolncs, [246]

SNHG
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XTP6 [124]
m6A modifications GPX4 m6A methylation [125]
RNA m6A methylation [126]
ceRNA MCM4 [131]
Epigenome CRISPR-based targeting EGFR [133,247]
Editing
MGMT [52]
CRISPR library screening ASH2L [134]
E2F6 [248]
ERBIN [27]
Immunomodulation Immune checkpoints and B7-H3 [249]
Immune evasion
CTA [149]
PD-1, PD-L1 [155-157,250]
TME and Cellular interactions  Integrin B1, DPP-4 [4,154]
PDIAS [157]
Peripheral immune cells [152]
Tumor-associated [153]
macrophages
Epigenetic and Viral elements  CLOCK [251]
HERV-K [151]
Others Metabolic profile ASS1 [252]
Autophagy [11-13]
GABA [253]
Gallic acid [254]
Glutamine [30,253]
GPD1 [255]
TME and Hypoxia Gliomagenesis progression [10,37]
HIF-1a, PAX3/p53 axis [256]
Tumor heterogeneity and Artificial intelligence [36]

Multiomics approaches

algorithm
Methylome
Multiomics

Tumor heterogeneity

[6-9,22-24,35,257]
[258-260]

[34,35,261]
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Table Il

Main search results: epigenetic-related molecules and drugs in GBM.

Drug class Molecule/Drug Target References
BETi Birabresib (MK-8628, BRD2, BRD3, BRD4 [101,102,140]
0TX015)
Trotabresib (CC-90010) BRD4 [100]
JQl BRD4, HOTAIR [101,102,158,262]
DNMTi Decitabine DNMT1 [148,263]
RG-108 DNMT [143,264]
EZHi DZNep EZH2 [143,144,264,265]
Tazemetostat (EPZ-6438) EZH2 [266,267]
UNC1999 EZH1, EZH2 [268]
HDACI Belinostat (PXD-101) Class | and Il HDACs [76,77,269]

Domatinostat

Givinostat

LMK235

Panobinostat (LBH589)
Romidepsin
Trichostatin A (TSA)

Vorinostat (SAHA)

HDAC1, HDAC2, HDACS3,
HDAC11

Class I and Il HDACs
HDAC4, HDACS

Class I, Il and IV HDACs
HDAC1, HDAC2

Class I and Il HDACs

HDAC1, HDAC2, HDACS3,
HDAC6

(80]

(46]

[79]

[144,145,265,269-271]

[145,269]
[78,143,264]

[138,139,269,272]

Nanoparticles NAMPT Inhibitors NAMPT [39,273]
PEG-AuNPs@Hyp PcG, IDH2 [162]
RNA interference SOX2, OLIG2, SALL2, POU3F2 [274]
SiRNA Cyclophilin A [275]

Others ABT-737 Bcl-2, Bcl-xL [272]
AC1Q3QWB (AQB) HOTAIR, EZH2 [141,276]
Aurora Kinase A inhibitors AURKA [262]
AZD1480 JAK [146]
Bevacizumab VEGF-A [87]

BIX01294
Dasatinib
DS-1001b

Dual EGFR/BRD4 inhibitors

G9a, G9a-like protein
Src kinase
Mutant IDH1

BRD4, EGFR

[28,143,264]
[277]
[172]

[278]
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Dual EZH2/HDAC Inhibitor

EGFR CAR-T cells
GSK-J4

GSK-LSD1
H3-G34R antibody
HDAC-MB
Hydrolyzed Rutin
KC7F2
NVP-BEZ235
Olaparib

PEI-PLL copolymer

Phospho-valproic acid
(MDC-1112)

PRMTS inhibitors
PTC596
Resveratrol
Rolipram

Rovalpituzumab tesirine
(Rova-T)

Ruxolitinib
Sodium selenite
SP2509

Neural stem cells

EZH2, HDAC
EGFR

JMID3

LSD1

H3.3 G34R mutation
HDAC6, MAO A
Unidentified
HIF-1a

PI3K, mTOR
PARP

HSV-TK, TRAIL

STAT3

PRMTS

BMI1

AMPK, NF-kB, SIRT1
DPY30, PDE4B

DLL3

JAK
H3K9m2, HDAC
KDM1A

HSV-TK, S-TRAIL

[279]
[158]
[280]
[141,142]
[281]
[159]
[160]
(54]

[146)
[138]
[161]

[282]

[283]
[266,284]
[285]
(117]

[116]

[146]
[286]
[270]

[287]
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Table 11l

Most relevant clinical trials incorporating epigenetics, in GBM [NA: Not applicable].

Trial Name Intervention Number of Clinical Trial Clinical Trial  Current References
Participants Identifier Phase Status

Quantitative Magnetic Resonance Spectroscopic Imaging RT/TMZ + Belinostat 29 NCT02137759  Phaselll Active [75]

(MRSI) to Predict Early Response to Standard Radiation

Therapy (RT)/Temozolomide (TMZ) + Belinostat Therapy in

Newly-Diagnosed Glioblastomas (GBM)

A Phase lla Trial With Dose Optimization of OTX015, a Small Birabresib (OTX015) 12 NCT02296476  Phase Il Terminated [103]

Molecule Inhibitor of the Bromodomain and Extra-terminal

(BET) Proteins, in Recurrent GBM Patients

A Pilot Study to Evaluate the Feasibility of the Combined Use of = Stereotactic 4 NCT02648633  Phase | Terminated [166]

Stereotactic Radiosurgery With Nivolumab and Concurrent Radiosurgery,

Valproate in Patients With Recurrent Glioblastoma Nivolumab, Valproate

An Open-label, Single-arm, Phase Il Study to Evaluate Safety Doxorubicin, RT, TMZ, 21 NCT02758366  Phase Il Terminated [165]

and Efficacy of Doxorubicin in Combination With Radiotherapy, Valproic acid

Temozolomide and Valproic Acid in Patients With Glioblastoma

Multiforme (GBM) and Diffuse Intrinsic Pontine Glioma (DIPG)

International Cooperative Phase Il Trial of the HIT-HGG Study Valproic acid, TMZ 167 NCT03243461 Phase lll Active [164]

Group for the Treatment of High-Grade Glioma, Diffuse

Intrinsic Pontine Glioma, and Gliomatosis Cerebri in Children

and Adolescents < 18 Years [HIT-HGG-2013]

A Phase 0 First-In-Human Study Using NU-0129: A Spherical NU-0129 8 NCT03020017 Early Phasel Completed [173]

Nucleic Acid (SNA) Gold Nanoparticle Targeting BCL2L12 in

Recurrent Glioblastoma Multiforme or Gliosarcoma Patients

A Phase 1 Study of DS-1001b in Patients With IDH1 Mutated DS-1001b 47 NCT03030066 Phasel Active [171]

Gliomas
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A Phase 1b/2 Study of FT-2102 in Patients With Advanced Solid
Tumors and Gliomas With an IDH1 Mutation

A Phase | Trial of Pembrolizumab and Vorinostat Combined
With Temozolomide and Radiation Therapy for Newly
Diagnosed Glioblastoma

Establishment of a Signature of Circulating microRNA as a Tool
to Aid Diagnosis of Primary Brain Tumors in Adults

A Phase 1, Open-label Study to Assess the Pharmacokinetics,
Pharmacodynamics and CNS Penetration of CC-90010 in
Preoperative Subjects With Progressive or Recurrent Who
Grade Il Diffuse Astrocytoma, Grade Ill Anaplastic Astrocytoma
and Recurrent Glioblastoma Scheduled for Resection

Phase | Open Label Ascending Dose Study to Assess the
Feasibility and Safety of Intermittent Infusions of MTX110
Administered by Convection-Enhanced Delivery (CED) in
Patients With Recurrent Glioblastoma (rGBM) (MAGIC-G1)

Improving Personalized Glioblastoma Care by Stem Cell
Analysis, Omics (Including Immunomics) and Artificial
Intelligence Approaches

Monitoring of Patients With Diffuse Gliomas Using Circulating
mMiRNAs

Olutasidenib (FT-2102)

Pembrolizumab,
Vorinostat, TMZ, RT

microRNA analysis
[Observational study]

Trotabresib (CC-90010)

MTX110

Biomarker analysis

[Observational study]

microRNA analysis
[Observational study]

93

21

160

20

36

120

[Estimated]

60
[Estimated]

NCT03684811

NCT03426891

NCT03630861

NCT04047303

NCT05324501

NCT05941234

NCT06203496

Phase I/11

Phase |

NA

Phase |

Phase |

NA

NA

Completed

Completed

Completed

Terminated

Active

Active

Active

[170]

[167]

[174]

[168]

[163]

[175]

[176]
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Figure 1

Overview of the World Health Organization 2021 central nervous system glial, glioneuronal and neuronal tumors classification. Created in BioRender.

Jeronimo, C. (2025).
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Figure 2
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Figure 3
Simplified overview of epigenetic and signaling pathways in GBM pathogenesis and therapeutic
targeting. Created in BioRender. Jeronimo, C. (2025).
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I The frameworks by Arksey and O’Malley (6) and Levac and colleagues (7) and the JBI guidance (4, 5) refer to the
process of data extraction in a scoping review as data charting.
§ The process of systematically examining research evidence to assess its validity, results, and relevance before
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to systematic reviews of interventions) to include and acknowledge the various sources of evidence that may be used
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Review Methods

In this section, you register the general type, background and goals of your review.

Type of review

The protocol of this Scoping Review was designed according to the PRISMA Extension for Scoping Reviews (PRISMA-ScR) recommendations and was guided by
the PCC framework.

Review stages

Preparation, Search, Screening, Extraction, Synthesis, Reporting.

Current review stage

Reporting (concluded).

Start date

16 September 2024

End date
19 April 2025

Background

Glioblastoma multiforme (GBM) is an aggressive brain tumor with limited treatment options and poor survival rates. Epigenetic mechanisms such as DNA
methylation, histone modifications, and non-coding RNAs are increasingly recognized as important contributors to GBM development, progression, and
treatment resistance.

Following the PRISMA-ScR guidelines, we aim to provide a structured overview of the field, pinpoint knowledge gaps, and inform future interdisciplinary
research and clinical translation efforts. The expected outcomes of this review include a synthesis of current evidence, a critical appraisal of therapeutic
prospects, and a conceptual framework to guide future investigations into epigenetic-based interventions for GBM

Primary research question(s)

What is the current evidence on epigenetic alterations in GBM and their potential as targets for therapeutic intervention?

Secondary research question(s)

Which epigenetic mechanisms and related therapies have been investigated in preclinical and clinical studies of GBM, and what are the main reported
outcomes?

Expectations / hypotheses

It is expected that the review will identify multiple epigenetic alterations consistently implicated in GBM and highlight a range of therapeutic approaches
targeting these mechanisms. The review also aims to reveal gaps in research and areas requiring further investigation to advance clinical translation
Dependent variable(s) / outcome(s) / main variables

- Types and patterns of epigenetic alterations in GBM (e.g., DNA methylation, histone modifications).

- Therapeutic outcomes related to epigenetic interventions (e.g., tumor growth inhibition, survival rates, molecular changes).

Independent variable(s) / intervention(s) / treatment(s)

- Epigenetic modifications targeted by specific agents (e.g., DNA methyltransferase inhibitors, histone deacetylase inhibitors).

- Interventions aimed at modulating epigenetic pathways in GBM.

Additional variable(s) / covariate(s)
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No relevant additional variables.

Software
EndNote 21.5

Funding
This work was funded by Pl 27- CI-IPOP-27-2016-CBEG Base Funding, Research Center of IPO Porto.

Conflicts of interest

The authors declare no conflicts of interest.

Overlapping authorships

To the best of our knowledge, none of the reviewers or contributors to this scoping review are co-authors of any studies expected to be included based on the
search strategy.

Search Strategy
In this section, you register your search strategy: the procedures you designed to obtain all (potentially) relevant sources to review (e.g., articles, books,
preprints, reports, case law, policy papers, archived documents).

Databases

Records were identified from PubMed, Web of Science and Scopus.

Interfaces

- PubMed: PubMed interface (provided by the U.S. National Library of Medicine);
- Web of Science: Web of Science Core Collection interface (provided by Clarivate);
- Scopus: Scopus interface (provided by Elsevier).

Grey literature

To supplement peer-reviewed literature, we searched ClinicalTrials.gov for registered and completed clinical studies that may not yet be published. Additionally,
we manually screened the reference lists of selected included studies and relevant reviews to identify potentially eligible grey literature. Due to the specific
biomedical focus of this review and the comprehensiveness of the selected databases, no additional grey literature repositories (e.g., ArXiv, dissertations,
institutional repositories) were searched.

Inclusion and exclusion criteria

Inclusion and exclusion criteria were established using the PCC framework, focusing on GBM patients (Population), epigenetic alterations as therapeutic targets
(Concept), and the limited effectiveness of current standard treatments (Context).

All relevant preclinical studies and clinical trials—including single-arm and double-arm designs, as well as randomized and non-randomized controlled trials—
were eligible for inclusion if they addressed epigenetic alterations in GBM as therapeutic targets. Only studies published in English between 2014 and 2024
were included.

Studies were excluded if they did not clearly define their methods and/or results. Additionally, the following types of publications were excluded: editorials,
conference abstracts, books or book chapters, case reports, case series, literature reviews, meta-analyses, and preprints.

Query strings

PubMed:

Search string: ((("glioblastoma"[MeSH Terms] OR “glioblastoma"[All Fields] OR "glioblastomas"[All Fields]) AND (“epigenetical"[All Fields] OR "epigenetically"[All
Fields] OR "epigenomics"[MeSH Terms] OR "epigenomics"[All Fields] OR "epigenetic"[All Fields] OR "epigenetics"[All Fields]) AND (“therapeutical"[All Fields] OR
“therapeutically"[All Fields] OR "therapeuticals"[All Fields] OR "therapeutics"[MeSH Terms] OR "therapeutics"[All Fields] OR “therapeutic"[All Fields]) AND
("target"[All Fields] OR “targetability"[All Fields] OR "targetable"[All Fields] OR "targeted"[All Fields] OR "targeting"[All Fields] OR "targetings"[All Fields] OR
“"targets"[All Fields] OR "targetted"[All Fields] OR "targetting"[All Fields])) NOT "review"[Publication Type]) AND ((excludepreprints[Filter]) AND (fft[Filter]) AND
(2014/10/16:2024/10/16[pdat]) AND (english[Filter]))

Web of Science:
Search string: (TS=(Glioblastoma epigenetic therapeutic targeting)) AND ((LA==("ENGLISH") AND DT==("ARTICLE")) NOT (DT==("EARLY ACCESS")))
Date range: January 1, 2014 to October 16, 2024

Scopus:

Search string: TITLE-ABS-KEY (glioblastoma AND epigenetic AND therapeutic AND targeting) AND PUBYEAR > 2013 AND (LIMIT-TO (LANGUAGE, "English")) AND
(LIMIT-TO (DOCTYPE, "ar"))

AND (LIMIT-TO (PUBSTAGE, "final"))

Search conducted on October 16, 2024

Search validation procedure

Several preliminary query strings were tested and refined iteratively to improve both sensitivity and specificity. During this process, known key studies
identified from preliminary readings were used to check whether they were captured by the evolving search strategy. The final queries were confirmed to
retrieve these benchmark studies, and no further adjustments were needed after validation.

Other search strategies

An ascendancy approach was employed to identify additional relevant studies, especially those addressing underexplored aspects of the topic.

Procedures to contact authors

No author was contacted during the search, as the search strategy yielded a sufficient number of relevant records to meet the review objectives.
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Results of contacting authors

No author was contacted during the search.

Search expiration and repetition

The initial search was conducted covering literature published up to October 16, 2024. Given the moderate pace of research expansion in this field, no planned
search updates or repetitions are scheduled for this project.

Search strategy justification

The databases and interfaces were selected to comprehensively capture relevant literature on epigenetic therapeutic targeting in glioblastoma, including both
preclinical studies and clinical trials. PubMed, Web of Science, Scopus, and ClinicalTrials.gov were chosen for their broad coverage and complementary
indexing. Grey literature sources were explored to minimize publication bias, although preprints and conference abstracts were excluded due to limited peer
review and data availability. Query strings were developed iteratively to optimize sensitivity and specificity, balancing inclusivity with manageable search results.
Author contact was not pursued, as the searches retrieved a sufficient number of relevant studies. The search expiration date was set to reflect the most recent
data available at the time of the review.

Miscellaneous search strategy details

All searches were conducted using English language filters to ensure consistency in data extraction and analysis. Filters for publication type and status were
applied to exclude non-peer-reviewed materials and early-access articles. Search histories were saved and documented for transparency and reproducibility.

Screening
In this section, you register your screening procedure: the procedure you designed to eliminate all irrelevant sources from the results of the search strategy
(and retain the relevant sources).

Screening stages

All search results were exported into EndNote, where duplicate records were removed. The initial deduplication was done by matching records with the same
title and author published in the same year, followed by a second pass considering title, author, and journal. Additional duplicates were identified through
manual review. Duplicate records were removed prior to screening. Reference screening was conducted in two stages: first, titles and abstracts were screened
by one author according to the eligibility criteria. Full texts were then retrieved for studies deemed potentially relevant. One author reviewed the full texts and
screened trial registry entries for inclusion, with a second author verifying the selection. Any discrepancies were resolved through discussion and consensus.

Screened fields / blinding

During the screening process, reviewers had access to the titles and abstracts of the records. Author names, journal titles, and publication years were not
blinded but were visible to screeners. No fields were blinded during screening; however, screeners were instructed to focus primarily on the content of titles
and abstracts to minimize potential bias related to authorship or publication source.

Used exclusion criteria

Sources were excluded if they met any of the following criteria during screening:

- The study did not focus on epigenetic alterations in glioblastoma as therapeutic targets.

- The article type was an editorial, conference abstract, book chapter, case report, case series, review, meta-analysis, or preprint.
- The methods or results were not clearly defined or insufficient for assessment.

- The publication was not in English.

- The study was published outside the designated date range.

Screener instructions

Screeners were instructed to review titles and abstracts against the exclusion criteria. Any record clearly meeting one or more exclusion criteria was to be
excluded at this stage. Records that were unclear or potentially relevant proceeded to full-text screening. Full texts were then reviewed thoroughly for final
inclusion decisions. Disagreements were to be discussed between screeners until consensus was reached.

No files selected

Screening reliability

Screening was conducted in two stages. In the first stage, titles and abstracts were screened by a single author based on the eligibility criteria. In the second
stage, full-text articles and trial registry entries were assessed for inclusion by the same author, with verification by a second author. Although formal inter-rater
reliability testing was not performed, the verification step served to enhance consistency and reduce bias in the final inclusion decisions.

Screening reconciliation procedure

For the full-text screening and trial registry review, any discrepancies between the two authors were resolved through discussion and consensus. This process
ensured that inclusion decisions were agreed upon and aligned with the predefined eligibility criteria.

Sampling and sample size

All records that met the inclusion criteria during screening were retained for data extraction and synthesis. No sampling or subsampling was planned or
conducted.

Screening procedure justification

The screening procedure was structured to balance practicality with methodological rigor. Title and abstract screening was conducted by a single author to
manage time and resource limitations. Full-text screening and trial registry review were then carried out by the same author and verified by a second author to
enhance reliability. Although formal inter-rater reliability metrics were not calculated, verification and consensus discussions helped ensure consistency in
inclusion decisions. The screening criteria were applied systematically throughout both stages to maintain focus and relevance.

Data management and sharing

The full set of search results was exported into EndNote and saved in Excel (CSV format) after deduplication and screening. While the exact exclusion reason
was not recorded for every individual record during abstract screening, the number of articles excluded for each reason was tracked and is available. Records
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retained for full-text screening and final inclusion are clearly identified. These data files may be shared through the associated OSF repository without embargo
or access restrictions, in support of transparency and reproducibility.
Miscellaneous screening details

Screening was conducted using the EndNote software to facilitate organization and deduplication. Titles and abstracts were primarily used for initial screening,
with full-text review conducted as needed.

Extraction

In this section, you register your plans for data extraction: the procedures you designed to extract the data you are interested in from the included sources.
Examples of such data are text fragments, effect sizes, study design characteristics, year of publication, characteristics of measurement instruments, final
verdicts and associated penalties in a legal system, company turnovers, sample sizes, or prevalences.

Entities to extract

We extracted the following entities from each included source: (1) metadata (publication year); (2) study design and model system (e.g., in vitro, in vivo,
preclinical, or clinical stage); (3) specific epigenetic targets and therapeutic interventions; and (4) study limitations as reported by the authors.

No quantitative effect sizes or risk of bias indicators were extracted, in line with the goals of a scoping review.

Extraction stages

Data extraction was conducted in two stages. First, one author extracted the relevant entities using a standardized data charting form. In the second stage, the
extracted data were independently verified by a second author for consistency and accuracy. Both stages were performed manually by human reviewers.
Extractor instructions

Instructions for data extractors were based on a standardized form, detailing each entity to be collected per study. Instructions specified definitions for model
systems, development stage, and therapeutic category to ensure consistency.

No files selected

Extractor masking

Masking was not used during data extraction. Both extractors were involved in the broader research project and were aware of the research questions and
objectives. Given the descriptive nature of the review and low risk of bias at this stage, masking was not deemed necessary.

Extraction reliability

One author performed the initial extraction, and a second author reviewed the charted data for accuracy. Although no formal test for inter-rater agreement
was applied, discrepancies were discussed and resolved by consensus. Given the limited number of extractors and the descriptive nature of the data, this
approach was considered sufficient.

Extraction reconciliation procedure

When disagreements arose between the two extractors during the verification stage, the discrepancies were discussed until consensus was reached. No third-
party adjudicator was necessary.

Extraction procedure justification

The chosen procedure reflects a balance between methodological rigor and feasibility. The use of a standardized form ensured consistency, while verification
by a second author helped maintain data quality. Given the scope and descriptive aims of the review, a dual-extraction model with consensus resolution was
appropriate.

Data management and sharing

Extracted data are stored in Microsoft Excel (XLSX) format and managed locally.

Miscell extraction detail.

Data were initially exported from EndNote to Excel for charting and organization. While exclusion reasons were not recorded per article, total exclusions by
category are known and can be reported.

Synthesis and Quality Assessment

In this section, you register the procedure for the review’s synthesis: the procedure you designed to use the data that was extracted from each source to
answer your research question(s). This often includes transforming the raw extracted data, verifying validity, applying predefined inference criteria, interpreting
results, and presenting results. Additionally, you register procedures you designed to assess bias in individual sources and the synthesis itself.

Planned data transformations

No major data transformations were planned. Since this is a scoping review, the goal is to descriptively map and categorize existing evidence rather than
synthesize quantitative outcomes. Extracted variables such as epigenetic targets, and therapeutic interventions were grouped and summarized narratively and
in tabular form. Minor harmonization of terminology (e.g., grouping similar terms under unified categories) may occur for clarity.

Missing data

In cases where key data (e.g., model system or therapeutic agent) were not reported in the publication, no further action was taken to obtain the missing
information. Author contact was not pursued, as the review already yielded a substantial volume of data. When information could not be extracted, the variable
was left blank and noted as missing in the data file.

Data validation

Data validation was performed through independent verification by a second author during the extraction process. Discrepancies were discussed and resolved
by consensus. No quantitative tests for outliers or inconsistencies were applied, as no numerical synthesis was conducted. All studies were reviewed to ensure
they met inclusion criteria.
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Quality assessment

No formal quality assessment or risk of bias analysis was conducted, in accordance with standard scoping review methodology, which focuses on mapping the
range and nature of research rather than critically appraising it.

Synthesis plan

Data were synthesized descriptively. Key trends and research gaps were described narratively. No statistical modeling or inferential analysis was performed. If
thematic overlap was observed, thematic grouping was applied.

Criteria for conclusions / inference criteria

As a scoping review, no inferential conclusions were drawn. The aim was to map existing evidence, identify the scope of research, and highlight knowledge
gaps. Therefore, no effect size thresholds or saturation criteria were defined.

Synthesist blinding

No blinding was applied. The synthesists were involved in all stages of the review process, including search, screening, and extraction. This was justified by the
descriptive nature of the synthesis and the small research team.

Synthesis reliability

One synthesist conducted the initial descriptive analysis, and findings were reviewed and refined through discussion with the second author. Full independent
synthesis was not performed, but findings were verified collaboratively to ensure reliability.

Synthesis reconciliation procedure

Any disagreements in the interpretation or categorization of extracted data were resolved through discussion and consensus between the two authors. No
third reviewer was needed.

Publication bias analyses

No analyses of publication bias were conducted, as this scoping review did not involve effect size synthesis or meta-analysis. The review aimed to map the
range of available studies regardless of positive or negative findings.

Sensitivity analyses / robustness checks

No formal sensitivity or robustness checks were conducted, consistent with the descriptive aims of the scoping review.

Synthesis procedure justification

The chosen synthesis procedures were designed to match the scope and aims of a scoping review. No transformations or effect estimates were necessary, and
reliability was ensured through dual verification and consensus. Decisions not to blind synthesists or conduct bias or sensitivity analyses were appropriate
given the non-comparative, mapping nature of the work.

Synthesis data management and sharing

The extracted data were saved in an Excel spreadsheet (.xIsx) using a standardized data charting form. The key synthesized findings will be transparently
presented in the final article across three structured tables: (1) epigenetic-related pathophysiology and potential therapeutic targets in glioblastoma, (2)
epigenetic-related molecules and drugs studied in GBM, and (3) the most relevant clinical trials incorporating epigenetic strategies in GBM. These tables reflect
the descriptive synthesis and mapping process and were derived directly from the extraction spreadsheet.

Miscellaneous synthesis details

The synthesis process included iterative refinement of categories based on the extracted data. This ensured consistency and improved clarity in how evidence
was organized. Where necessary, narrative synthesis was supported with visual aids (e.g., figures and tables) to enhance interpretability.
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Supplementary File lll
Submitted Manuscript for Publication: Latest version of the manuscript submitted to the
International Journal of Molecular Sciences (IJMS), reflecting the outcomes of the review and
aligned with the thesis content. The publication process is ongoing at the time of thesis
submission.

The manuscript derived from this thesis was submitted to the International Journal of
Molecular Sciences on 29 April 2025 and has since undergone multiple stages of peer and editorial
review. It was initially evaluated by two independent reviewers in a single review round, after
which several revisions were submitted in response to detailed feedback. The manuscript is
currently in its fifth round of evaluation, now under review by the designated academic editor. The
latest version was revised and resubmitted on 6 June 2025 following a decision of "Accept after
minor revisions." As of the time of thesis submission, the final editorial decision is pending. All
content included in the thesis reflects this most recent version of the manuscript.
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An overview of altered epigenetic mechanisms and emerging therapeutic interventions in GBM. 41
Created in BioRender. Jeronimo, C. (2025) 42
1. Introduction 3

Glioblastoma multiforme (GBM) is the most aggressive and common primary brain =~ 44
malignancy, with an incidence rate ranging from 0.59 to 5 cases per 100,000 individuals. 45
This rate has been rapidly increasing in many countries due to factors such as aging pop- 46
ulations and advancements in diagnostic precision [1,2]. The standard treatment, estab- 47
lished by the Stupp protocol, involves surgical tumor resection with broad margins, fol- 48
lowed by radiotherapy and concomitant adjuvant temozolomide (TMZ) [3]. Other ap- 49
proved treatments for GBM include lomustine, carmustine, bevacizumab, carmustine wa- 50
fer implants, and tumor-treating fields, which are mostly utilized to manage recurrent 51
GBM and alleviate its symptoms [4]. 52

Despite these treatments, median survival for GBM patients is approximately 15 53
months and the 5-year relative survival rate is only 6.8% (although dependent on sex and 54
age at diagnosis). Progression of GBM entails severe neurological decline, with physical 55
and cognitive impairments, significantly reducing patients’ quality of life and bringing 56
emotional and financial challenges to caregivers. Tumor recurrence and drug resistance 57
remain significant challenges, contributing to the poor prognosis and limiting the effec- 58
tiveness of available therapies [1,2,5]. 59

Comprehensive genome-wide studies have cataloged somatic mutations, copy num- 60
ber variations, and genetic rearrangements while also revealing transcriptomic, epige- 61
nomic, proteomic, and metabolomic profiles of GBM [6-10]. These multi-omics ap- 62
proaches have also illuminated the role of key cellular processes such as autophagy, link- 63
ing it to oncogenic signaling and cellular stress responses [11-13]. 64

Technological advances, such as next generation sequencing, RNA expression anal- 65
yses, and DNA methylation profiling, have reshaped our understanding of central nerv- 66
ous system (CNS) tumors, creating the need for novel and updated classification systems. 67
After the 2016 version introduced specific molecular alterations as diagnostic criteria for 68
the first time, the 5" World Health Organization (WHO) classification system carried on 69
refining the stratification of existing tumors, while still including histological and im- 70
munohistochemical key diagnostic features. The 2021 scheme divides CNS tumors into 71
six major categories, summarized in Figure 1. 72
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Figure 1. Overview of the World Health Organization 2021 central nervous system glial, glioneu- 74
ronal and neuronal tumors classification. Created in BioRender. Jeronimo, C. (2025) 75

Hence, “GBM, isocitrate dehydrogenase (IDH)-wildtype” is defined as a grade 4 76
adult-type diffuse astrocytoma lacking IDH and histone mutations, with simultaneous 77
gain of chromosome 7 and loss of chromosome 10, epidermal growth factor receptor 78
(EGFR) amplification, TERT promoter mutations, mitoses, necrosis, or microvascular pro- 79
liferation. Other frequently observed molecular abnormalities include O¢-methylguanine- 80
DNA methyltransferase (MGMT) promoter methylation, CDKN2A/B deletions, phospha- 81
tase and tensin homolog (PTEN) alterations, TP53 mutations, MDM2/4 amplifications, 82
and BRAF V600E mutations [4,14,15]. Nonetheless, in IDH-wildtype diffuse astrocytomas 83
occurring in younger patients, it is important to consider the distinct subtypes of diffuse 84
pediatric-type gliomas — adult-type tumors can rarely be found in children, particularly 85
young adults, while pediatric-type tumors may occasionally occur in adults [16]. 86

On the other hand, “Astrocytoma, IDH-mutant” is a diffuse astrocytoma with acti- 87
vating mutation in IDH1 or IDH2 (as well as altered ATRX, TP53 or CDKN2A expression) 88
that is graded 2-4 within type, abolishing the term “GBM, IDH-mutant”. The gain-of-func- 89
tion mutation in IDH1/2 leads to overproduction of the oncometabolite D-2-hydroxyglu- 90
tarate and inhibition of enzymes that require a-ketoglutarate as a cofactor, such as DNA 91
demethylases, causing genomic cytosine-phosphate-guanine (CpG) hypermethylation 92
and impairing cellular differentiation [17,18]. The IDH1 mutation is often considered an 93
initiating event in tumorigenesis, being present in all tumor cells, making it an attractive 94
therapeutic target, including for vaccine development [19,20]. IDH mutations also affect 95
the splicing and expression of epigenetic modifiers such as DNA methyltransferases and 96
methylation readers [21]. Although its standard treatment is similar to that of IDH- 97
wildtype GBM, it exhibits slower progression and a more favorable prognosis [14]. 98

Given the profound complexity of GBM, overcoming this malignancy requires mul- 99
tifaceted therapeutic approaches. These may include combining surgical tumor debulking 100
with strategies targeting molecular drivers, such as engineered immunomodulators with 101
high specificity and cytotoxicity or oncolytic viruses [6]. Leveraging insights from epige- 102
netics, coupled with precision medicine tools like omics-driven biomarker identification, 103
may enable the development of more effective and personalized treatment strategies for 104
GBM [22-24]. This scoping review explores the evolving role of epigenetic alterations as 105
therapeutic targets, biomarkers, and combinatory strategies in the fight against GBM, with 106
an emphasis on bridging preclinical discoveries and clinical applications. 107
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2. Methods 108

The protocol was developed according to the PRISMA Extension for Scoping Re- 109
views (PRISMA-ScR) recommendations and was retrospectively registered with the Open 110
Science Framework on 4 June 2025 |[25]. It is publicly accessible at: 111
https://doi.org/10.17605/OSF.I0/9HARY. This scoping review was guided by the PCC 112
framework, focusing on GBM patients (Population), epigenetic alterations as therapeutic 113
targets (Concept), and the limited effectiveness of current standard treatments (Context) 114
(Supplementary Table 1). 115

All relevant preclinical studies and clinical trials — single-arm or double-arm, includ- 116
ing both randomized and non-randomized controlled trials — addressing epigenetic alter- 117
ations in GBM as therapeutic targets were eligible for inclusion. Studies were excluded if 118
they did not clearly define their methods and/or results. Only studies published in English 119
and within ten years (2014-2024) were considered. Editorials, conference abstracts, books 120
or book chapters, case reports, case series, literature reviews, meta-analyses, and preprints 121
were excluded. 122

We conducted searches in the databases PubMed, Scopus and Web of Science from 123
inception until 16 October 2024. ClinicalTrials.gov was also searched from inception to 22 124
December 2024 for ongoing or completed registered trials. 125

The search strategy included the terms “glioblastoma”, “epigenetic”, and “therapeu- 126
tic targeting”, along with MeSH terms, synonyms, and appropriate filters. The final Pub- 127
Med search string was: “(Glioblastoma epigenetic therapeutic targeting) NOT (re- 128
view[pt])”, with filters applied for full text, English language, publication within the last 129
10 years, and exclusion of preprints. A manual search, primarily through backward cita- 130
tion tracking, was also conducted to identify additional relevant studies. 131

All search results were exported into EndNote. Duplicate records were removed us- 132
ing EndNote, initially by matching records with the same title and author published in 133
the same year, followed by a second pass using title, author, and journal. This process 134
identified 93 duplicates. An additional 78 duplicates were identified through manual re- 135

view. A total of 171 duplicates were removed before screening. Reference screening was 136
performed in two stages. Initially, titles and abstracts were screened by one author against 137
the eligibility criteria. Full texts were retrieved for all potentially relevant studies. One 138
author then reviewed the full texts and screened the trial registry entries for inclusion, 139
with verification by the second author. Discrepancies were resolved through discussion 140
and consensus. The study selection process is illustrated in Figure 2. 141
Data charting was conducted using a standardized form by one author and verified 142

by the other. Information extracted from each study included publication year, model sys- 143
tem used (e.g., in vitro or in vivo), epigenetic targets, therapeutic interventions, stage of 144
development (preclinical or clinical), and any reported study limitations. No critical ap- 145
praisal of included sources was performed, in accordance with standard scoping review 146
methodology. The data charting process and results are summarized in Tables 1, 2, and 3. 147
148
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Figure 2. PRISMA-ScR Flow Diagram, according to “PRISMA 2020 flow diagram for new systematic 150
reviews which included searches of databases, registers and other sources” 151

149

3. Results 152

A total of 547 records were identified through databases and manual searches. After 153
removing duplicates, 376 unique records were screened by title and abstract, with 311 154
progressing to full-text review. Ultimately, 286 studies met the inclusion criteria and were 155
included in the final analysis. The study selection process is detailed in the PRISMA-ScR 156
flow diagram (Figure 2). 157

The included studies comprised both preclinical and clinical investigations exploring 158
epigenetic alterations in GBM as therapeutic targets. Charted data (Tables 1-3) reflects a 159
diverse range of epigenetic mechanisms, including DNA methylation, histone modifica- 160
tions, and ncRN As. Therapeutic approaches varied, encompassing small-molecule inhib- 161
itors, RNA-based therapies, and gene editing strategies. Most included studies were con- 162
ducted in preclinical settings using established GBM cell lines, patient-derived xenografts 163
or animal models, with a smaller proportion representing early-phase or small-scale clin- 164
ical trials. 165

The synthesis of findings was primarily narrative, focusing on the translational rele- 166
vance of the identified strategies. Evidence was prioritized based on its current or poten- 167
tial applicability to clinical practice. Building on the broader body of research in the field 168
and particularly the comprehensive 2020 review on epigenetics in GBM as a gateway to 169
therapeutic development [26], this review emphasizes studies published between 2021 170

and 2024 to highlight recent advances and evolving trends. 171
4. Discussion 172
4.1. Glioblastoma Multiforme: an overview 173

GBM is a highly heterogeneous cancer with invasive behavior, making complete sur- 174
gical removal nearly impossible. Despite combining radiotherapy with TMZ chemother- 175
apy, treatment often fails because GBM cells develop resistance to both therapies over 176
time. Histopathological features such as necrosis, cellularity, angiogenesis, and mitosis 177
may not accurately explain the failure of treatment and poor clinical outcomes [27]. An 178
illustrative depiction of the epigenetic and signaling pathways involved in GBM patho- 179
genesis and their therapeutic targeting is presented in Figure 3. 180

A major challenge in GBM treatment is its extensive cellular and molecular hetero- 181
geneity. GBM harbors a small population of glioma stem-like cells (GSCs), which are mul- 182
tipotent, capable of self-renewal, and are especially resistant to chemoradiation [28,29]. 183
GSCs participate in abnormal angiogenesis, synapse formation, invasiveness, 184
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myelination, and metabolic alterations. Intriguingly, pathways critical to normal embry- 185
ogenesis are repurposed during gliomagenesis, with neurotransmitters like dopamine, 186
noradrenaline, and glutamine in the microenvironment exploited by tumors to support 187
growth and survival. In fact, metabolic adaptation and reprogramming are crucial in gli- 188
omagenesis, with glutamine starvation enhancing the expression of enzymes such as 189
PSAT1, SHMT2, and MTHFD?2, the latter of which emerges as a promising therapeutic 190
target due to its elevated levels in GBM. Serine synthesis, driven by autophagy rather than 191
glycolysis, supports this process, and inhibiting either autophagy or MTHFD2 signifi- 192
cantly impairs GBM cell survival and growth [30]. Inmune pathways are also differen- 193
tially regulated at various stages of gliomagenesis, including the downregulation of anti- 194
gen presentation genes, reflecting the tumor's adaptability [6,31,32]. This hierarchical cell 195
organization enables a pattern of relapse and progression in GBM, since residual GSCs 19
can survive treatment and contribute to tumor recurrence. Efforts have focused on iden- 197
tifying specific markers for GSCs, such as OCT4, NANOG, SOX2, and CARM1, to address 198
the challenge of therapeutic resistance [31,33]. 199

A study confirmed the spatial heterogeneity and suggested evolutionary trajectories 200
of GBM using a three-dimensional spatial sampling approach, combining surgical neu- 201
ronavigation with pre-operative magnetic resonance imaging (MRI) scans. Early tumor 202
evolution is marked by CDKN2A/B loss and EGFR, platelet-derived growth factor recep- 203
tor A (PDGFRA), and CDK4 gains. Nearly 40% of patients showed subgroup heterogene- 204
ity, with spatially distinct tumor regions deviating from dominant subtypes and homoge- 205
neous subtypes correlated with longer median survival (477 vs. 293 days). There was also 206
IDHI1 differential expression within tumors, with higher expression in the cellular tumor 207
regions and lower levels at the invasive tumor edge. Gain of chromosome 7, containing 208
EGEFR, PTPRZ1, and PTN, possibly locks cells into an undifferentiated intermediate pro- 209
genitor cells state. Additionally, spatial analysis revealed distinct microenvironments at 210
GBM core and periphery. These microenvironments were shaped by the distribution of 211
nonmalignant cell types and tumor cell-intrinsic programs activated in response to re- 212
gional factors like injury and hypoxia. Notably, neuronal hijacking occurred at the tumor 213
periphery, where tumor cells interacted with neurons. In the tumor core, different im- 214
mune microenvironments were observed, including immune-hot areas with interferon 215
signaling and T cell infiltration, and immune-cold areas undergoing mesenchymal differ- 216
entiation, coordinated by the master regulator AP-1 [32,34-36]. Other techniques, like 217
GSC-derived GBM cerebral organoid models, have confirmed this epigenetic heterogene- 218
ity and dynamic chromatin changes mirroring early neural development. This also allows 219
cell-state distribution manipulation by targeting chromatin regulators, which could ena- 220
ble "state-selective lethality", a therapeutic strategy that drives cells into drug-sensitive 221
states. An alternative strategy is targeting WDRS5, crucial for GSC self-renewal and tumor 222
initiation, by disrupting the epigenetic maintenance of GSCs and circumventing the chal- 223
lenges of directly targeting transcription factors like SOX2 [37,38]. 224

The blood-brain barrier (BBB) is another main challenge to effective treatment, block- 225
ing the uptake of over 98% of systemic therapies. To penetrate the BBB, agents must meet 226
specific physiochemical criteria, such as lipophilicity, charge, and size, which complicates 227
drug development. Convection-enhanced delivery offers a potential solution by directly 228
distributing drugs into brain tissue using mechanical force. Nanoparticle (NP) drug de- 229
livery systems offer promising advancements for glioma therapy, with over 500 clinical 230
trials already exploring NP-based treatments for various diseases [39]. 231

Epigenetic alterations have long been recognized as key contributors to gliomagene- 232
sis and tumor progression. Epigenomics examines reversible chemical modifications to 233
DNA, histone proteins, and messenger RNA (mRNA) that influence gene expression 234
without altering the genetic sequence. These modifications include changes to histone 235
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proteins, such as acetylation, methylation, and ubiquitination, which may either activate 236
or suppress transcription. DNA methylation, particularly at CpG sites, generally inhibits 237
gene expression by blocking the binding of transcription factors to promoter or enhancer 238
regions. While methylation patterns are tightly controlled during development and in 239
normal tissues, they are often disrupted in pathological conditions [6]. 240
Non-coding RNAs (ncRNAs) also play a significant role in this regulatory landscape. 241
MicroRNAs (miRNA, miR) bind to the 3' untranslated regions of mRNA, blocking trans- 242
lation or promoting degradation. Although primarily associated with gene silencing, 243
some miRNAs can enhance transcript stability and translation, increasing gene expres- 244
sion. Notably, over half of miRNA-encoding genes are located in genomic regions fre- 245
quently altered in tumors, suggesting their significant role in regulating oncogenes and 246
tumor suppressor genes [40-42]. Long non-coding RNAs (IncRNAs, non-protein-coding 247
RNA molecules over 200 nucleotides in length) regulate gene expression by influencing 248
chromatin structure, interacting with nuclear molecules, and serving as precursors or 249
sponges for microRNAs. They play crucial roles in development and cancer progression, 250
acting as both activators and repressors of transcription [43]. 251
252
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4.2. DNA Methylation Modulation 256

DNA methylation is a key epigenetic mechanism that regulates chromatin structure 257
and gene expression. Cancer cells often exhibit global DNA hypomethylation paired with 258
hypermethylation at specific loci, contributing to genomic instability and silencing of tu- 259
mor suppressor genes, respectively. In gliomas, DNA hypomethylation correlates with 260
aggressive tumor behavior and poor prognosis [44]. 261

DNA methylation is controlled by the activities of DNA methyltransferase (DNMT1), 262
which maintains methylation patterns, and de novo DNA methyltransferase 263
(DNMT3A/3B), which establish de novo methylation. Although mutations in these methyl- 264
transferases are not common in brain tumors, mutations or amplification in receptor tyro- 265
sine kinase (RTK) genes may drive abnormal DNA methylation patterns in gliomas, 266
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encompassing metabolic reprogramming and contributing to the distinct hypomethyla- 267
tion phenotype observed. Mechanistic target of rapamycin complex 2 (mTORC2) plays a 268
role in the DNA hypomethylator phenotype in GBM, particularly in tumors with platelet- 269
derived growth factor receptor (PDGFR) amplification or the gain-of-function EGFR mu- 270
tation, EGFRVIIL. mTORC2 integrates aberrant RTK signaling with environmental nutri- 271
ent levels to regulate histone modifications and promote tumor growth, driving the hy- 272
pomethylator phenotype by epigenetically regulating DNMT3A, which in turn remodels 273
the tumor-supportive glutamate metabolism network [45]. 274

TMZ is an alkylating chemotherapeutic agent that induces cytotoxicity and apoptosis 275
by alkylating DNA at numerous sites. The MGMT can remove alkyl groups from the O¢ 276
position of guanine, repairing the most toxic event caused by TMZ and leading to chemo- 277
resistance [28,46]. In around 40% of GBM patients, epigenetic modifications of the CpG 278
island at specific CpG sites within the MGMT promoter result in gene silencing, impairing 279
the repair of DNA alkylation and thereby improving response to TMZ. Accordingly, 280
MGMT epigenetic silencing has been associated with longer survival, and testing its meth- 281
ylation status has become one of the most relevant biomarkers for prognosis and thera- 282
peutic guidance [47-50]. Nevertheless, other factors may play a role as IDH1-wildtype 283
GBM demonstrates a more significant association with MGMT status than IDH1-mutaded 284
gliomas [51,52]. 285

ADP-ribosylation factor-like protein 13B (ARL13B), regulated by Enhancer of Zeste 286
Homologue-2 (EZH2), interacts with inosine-5'-monophosphate dehydrogenase 2 287
(IMPDH2), a key enzyme in purine biosynthesis. This interaction hinders the purine sal- 288
vage pathway, contributing to TMZ resistance. Disrupting IMPDH2 activity with the 289
FDA-approved drug mycophenolate mofetil significantly improved TMZ efficacy and ex- 290
tended survival in patient-derived xenograft mouse models of GBM. Targeting IMPDH2 291
with mycophenolate mofetil offers a clinically viable strategy to enhance the effectiveness 292
of alkylating agents in GBM [53]. Additionally, GBM cells utilizing anaerobic glycolysis, 293
even under normoxic conditions, contribute to TMZ resistance. Suppressing HIF-1la may 294
increase TMZ sensitivity in GBM cells and potentially reduce the required therapeutic 295
dose when combined with KC2F7, a specific inhibitor of HIF-1a. Targeting metabolismin 29
this way enhances the cytotoxic and apoptotic effects of TMZ, offering potential strategies 297
for improving standard GBM treatment by regulating key metabolic pathways [54]. 298

Endosomes play a vital role in regulating RTK signaling by modulating its intensity, 299
timing, and spatial localization. RTK signaling is a key pathway frequently altered in 300
GBM, with genetic changes present in 86% of tumors, including mutations in EGFR, 301
ERBB2, and PDGFR. Sorting nexin 10 (SNX10) is a key regulator of endosomal sorting 302
specific to PDGFR in GSCs, a pathway critical to GBM initiation and progression [55]. 303
Despite the central role of PDGFR and related RTKs in GBM pathogenesis, clinical trials 304
with multitargeted kinase and PDGFR inhibitors, such as imatinib, tivozanib and ni- 305
lotinib, failed to extend survival [56-59]. However, SNX10's role in regulating PDGFRB 306
suggests it might serve as a biomarker to predict responses to PDGFR inhibitors, enabling 307
better patient stratification. Additionally, therapeutic inhibition of SNX10 or related sig- 308
naling pathways, such as STAT3, could provide novel strategies to target GBM vulnera- 309
bilities [55]. 310

Epidermal growth factor (EGF) is essential for cell growth, proliferation, and differ- 311
entiation. Its receptor, EGFR, is often overexpressed and persistently activated in GBM, 312
driving progression via pathways including RAS/RAF/MEK/ERK, PI3K/AKT/mTOR, Src 313
kinases, and STAT transcription factors. Pyruvate kinase M2 (PKM2), a key enzyme reg- 314
ulating the final step of glycolysis, plays a central role in the Warburg effect. EGF-induced 315
ERK1/2 activation stimulates PKM2 phosphorylation at serine 37 in GBMs, while EGF also 316
promotes phosphorylation of O-GlcNAc transferase (OGT) at Y976, enhancing its binding 317
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to PKM2. This increases PKM2 O-GlcNAcylation and de-tetramerization, reducing its ac- 318
tivity. Additionally, OGT phosphorylated at Y976 preferentially recognizes other phos- 319
photyrosine-binding proteins, such as STAT1, STAT3, STATS5, PKCd, and p85, indicating 320
abroader role in substrate selection. These findings highlight O-GlcNAcylation as a prom- 321
ising therapeutic target in EGFR-expressing cancers [60]. 322

Serotonin has been implicated in glioma progression, promoting tumor cell prolifer- 323
ation, migration, and invasion, although its effects on tumor growth remain contradictory. 324
Expression of serotonin receptor (5-HT7R) in a Drosophila glioma model, which mimics 325
human glioma via co-expression of active PI3K and EGFR in glial cells, reduced larval 326
lethality, restored normal brain morphology, and reversed molecular markers altered in 327
gliomas. The tumor-suppressive effects of 5-HT7R likely involve modulation of cAMP 328
pathways, metabolic changes, and interference with EGFR signaling. These findings po- 329
sition 5-HT7R as a promising therapeutic target for glioma, with the Drosophila model serv- 330
ing as a platform for drug screening and the development of 5-HT7R-targeted treatments 331
[61]. 332

Ubiquitin-specific peptidase 6 N-terminal like (USP6NL), a GTPase-activating pro- 333
tein, plays a critical role in regulating EGFR trafficking and signaling in GBM. Overex- 334
pression of USP6NL stabilizes EGFR, enhancing AKT signaling, tumor cell survival, and 335
therapy resistance. In TMZ-resistant GBM cells, USP6NL promotes self-renewal, invasion, 336
and epithelial-mesenchymal transition (EMT), while knockdown of USP6NL sensitizes 337
cells to TMZ. Mechanistically, USP6NL modulates the ubiquitin-proteasome system, 338
which governs protein degradation and cellular homeostasis. Targeting USP6NL and the 339
ubiquitin-proteasome system offers a novel therapeutic strategy to overcome resistance 340
and recurrent GBM, potentially disrupting key survival pathways and enhancing treat- 341
ment efficacy [62]. 342

The Mre11-Rad50-NBS1 (MRN) complex plays a critical role in DNA damage repair 343
by initiating homologous recombination (HR) and non-homologous end joining pathways 344
for double-strand breaks (DSBs). Retinoblastoma binding protein 4 (RBBP4), a component 345
of chromatin-modifying complexes such as Polycomb Repressive Complex 2 (PRC2), 346
NuRD, and SIN3, regulates chromatin assembly during normal replication and DNA 347
damage repair. Additionally, RBBP4 enhances MRN complex expression, promoting 348
DNA repair and contributing to resistance to TMZ and radiation in MGMT-negative 349
GBM. Targeting RBBP4 or the MRN complex may provide new therapeutic strategies for 350
overcoming resistance and improving treatment outcomes, mainly in MGMT-negative 351
GBM [63]. 352

Alongside MGMT gene methylation, retinoic acid receptor 3 (RAR() promoter meth- 353
ylation is also positively correlated with treatment responses to radiotherapy and chemo- 354
therapy in GBM, suggesting RARp-targeting therapies as potential candidates (including 355
the FDA-approved drugs sulfanilamide, fulvestrant, sulfamerazine, bacampicillin, myri- 356
cetin, and fursultiamine) [64]. 357

Unlike the well-studied 5-methylcytosine, 5-hydroxymethylcytosine (5ShmC) is an 358
epigenetic modification predominantly found in enhancers, gene bodies, and promoters 359
of actively transcribed genes. The depletion of 5hmC has been linked to hypermethylation 360
of gene bodies in various cancers, including grade 4 gliomas. Patient survival may be pre- 361
dicted by 5ShmC-based prognostic models, potentially surpassing traditional markers like 362
IDH1 mutations, and may help identify new therapeutic targets [65]. 363

The transcription factor SOX2 drives GSC induction and malignancy in IDH1/2 wild- 364
type GBM. SOX2 represses the TET2 demethylase, resulting in reduced levels of 5hmC, a 365
key DNA modification associated with tumor suppression. The loss of TET2 and 5hmC 366
enhances GSC self-renewal and tumorigenic capacity. Furthermore, SOX2 activates the 367
onco-miR miR-10b-5p, which directly targets and represses TET2, contributing to a 368
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hypermethylated and oncogenic phenotype in GSCs. Targeting SOX2-miR-10b-5p-TET2 369
signaling to counteract the hypermethylated state and malignancy of GSCs in GBM could 370
be an efficient therapeutic strategy [66]. 371

4.3. Histone Modification 372

Histone acetyltransferases (HATs) and histone deacetylases (HDACs) are key en- 373
zyme families with opposing roles in regulating histone acetylation — while HATs add 374
acetyl groups to histones, promoting active transcription, HDACs remove these groups, 375
leading to gene silencing. Unbalanced histone acetylation is linked to tumorigenesis, since 376
reduced histone acetylation suppresses tumor-regulatory genes [67]. Besides having prog- 377
nostic significance, histone acetylation is linked to differential expression of immune 378
checkpoint genes, supporting the development of precision therapies targeting histone 379
acetylation and the immune microenvironment [68,69]. 380

HDAC2 knockdown induces GBM cell death by controlling miR-3189 expression, re- 381
pressing glucose transporter 3 (GLUT3) transcription, and regulating glucose metabolism. 382
This suggests that targeting HDAC2 could restore drug sensitivity in GBM [70]. HDAC2 383
is also an epigenetic regulator of GSCs across various genetic backgrounds, working with 384
transforming growth factor § (TGF-f3) pathway proteins, specifically SMAD3 and SKI, to 385
regulate chromatin organization and gene expression. These chromatin modifications af- 386
fect the expression of key genes such as SMAD3 and SOX2, which are vital for GSC self- 387
renewal and growth. Additionally, HDAC2's protein-protein interaction with SMAD3- 388
SKI promotes cell cycle progression and suppresses genes related to cell fate specification. 389
These findings suggest that disrupting the HDAC2-SMAD3-SKI pathway with specific =~ 390
inhibitors could be an effective therapeutic strategy for targeting the drug-resistant GSC = 391
population in GBM [71]. 392

HDACTI, linked to higher tumor grades and worse prognosis, has a nonredundant 393
critical involvement in the proliferative potential of GSCs. The loss of HDAC1 in GSCs 394
leads to a decrease in key glioma stemness markers and stabilizes p53, inducing cell death, 395
with no compensation from its paralogue HDAC2. This contrasts with normal neural stem 396
cells, where HDACT is dispensable, strengthening the need for isoform-specific HDAC 397
inhibitors (HDACis) for targeted therapies in GBM [72]. 398

SLC30A3, a factor regulated by a super-enhancer (SE), functions as a tumor suppres- 399
sor and exhibits significantly lower expression in GBM. Its activity is negatively regulated 400
by HDACI1 through reduced H3K27ac levels, which impairs MAPK signaling. Targeting 401
the HDAC1/SLC30A3/p38 MAPK axis emerges as a potential therapeutic strategy, high- 402
lighting SLC30A3's role in curbing GBM malignancy via MAPK pathway activation [73]. 403

HDAC: eliminates cancer cells by inducing the expression of cell cycle repressors and 404
pro-apoptotic genes [74]. Early studies highlighted the potential of HDACis like valproic 405
acid in improving survival outcomes for glioma patients. Subsequent research, although 406
encouraging, has yielded mixed results. Interestingly, HDAC inhibitors have shown 407
heightened efficacy in gliomas harboring the IDH1 R132H mutation [19]. 408

Among them, belinostat (PXD-101), a pan-HDACi with enhanced BBB penetration, 409
has shown promising results in a pilot clinical trial, where newly diagnosed GBM patients 410
received belinostat combined with concurrent radiotherapy and TMZ [75]. Belinostat im- 411
proves upon earlier HDACis, such as vorinostat (suberoylanilide hydroxamic acid, 412
SAHA), with greater potency and efficacy, particularly in restoring brain metabolite levels 413
like N-acetylaspartate and myo-inositol, as shown by spectroscopic MRI. Results indi- 414
cated improved six-month progression-free survival (84% vs. 54%, p=0.073) and increased 415
median overall survival by approximately 2.7 months compared to the control group. 416
Voxel-based analysis of recurrence patterns suggested belinostat may act as a radiosensi- 417
tizer, improving in-field tumor control and potentially shifting recurrence patterns out- 418
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of-field [76]. Engineered IDH1-mutant glioma cell lines exhibited increased sensitivity to 419
HDACis, including belinostat, and disclosed enhanced apoptotic responses. Radiographic 420
and spectroscopic MRI analyses from the clinical trial support these findings, highlighting 421
superior responses in IDHI-mutant GBM compared to IDH-wildtype cases [77]. 422

Givinostat is another pan-HDACi inhibitor with BBB penetration, which has shown 423
anti-tumor activity in GSC models and whose safety in humans has been established 424
through phase I/II clinical trials for polycythemia vera. Mechanistically, givinostat inhibits 425
Spl expression, a transcription factor critical for MGMT expression, impairing Spl's 426
DNA-binding activity through HDAC-dependent mechanisms, thus attenuating MGMT- 427
dependent resistance. These findings indicate that givinostat does not compromise TMZ 428
sensitivity in GSCs lacking MGMT, supporting its utility across different GSC populations 429
and the combination of givinostat with TMZ as a novel therapeutic strategy [46]. 430

Another HDAG;, trichostatin A (TSA), exhibits anticancer properties by inhibiting 431
HDACS6, promoting cell death through mechanisms such as DNA repair suppression and 432
acting as a radiosensitizer. However, TSA and TMZ combination showed antagonistic ef- 433
fects in GBM cell lines with distinct epigenetic patterns of TMZ resistance, with stronger 434
antagonism observed in cells with higher MGMT expression. This suggests that MGMT 435
expression levels influence the efficacy of TSA and TMZ combinations, emphasizing the 436
importance of MGMT gene over mismatch repair genes in mediating TMZ resistance [78]. 437

The selective HDACi LMK235 demonstrated significant antitumor effects on GBM 438
cells by reducing cell viability and colony formation, through apoptosis and autophagy 439
pathways induction. Transcriptomic analysis identified SCNN1A as a gene significantly 440
downregulated by LMK235 treatment, and SCNN1A silencing further reduced GBM cell 441
viability. These results suggest that targeting HDAC4/HDAC5 via LMK235 and modulat- 442
ing SCNNT1A expression may offer a promising therapeutic strategy for GBM [79]. 443

Domatinostat (45C-202), a class I HDAC inhibitor, preferentially inhibits GSCs over 444
their differentiated counterparts, selectively impairing GSC survival and self-renewal 445
without significantly affecting normal fibroblasts or differentiated GSCs at effective con- 446
centrations. Hence, domatinostat is a potential anti-GSC therapy, offering a promising av- 447
enue for preventing relapses in GBM patients [80]. 448

EZH2, the catalytic subunit of PRC2, is primarily associated with histone methyla- 449
tion, as well as promoting DNA methylation marks (by recruiting DNMTs). Specifically, 450
EZH2 mediates the trimethylation of lysine 27 on histone H3 (H3K27me3), a well-known 451
marker of transcriptional repression. EZH2 altered expression has been implicated in 452
EMT across various tumors, and when upregulated in GBM associates with worse prog- 453
nosis [40-42,81,82]. 454

EZH2 also interacts with HP1BP3, a heterochromatin-related protein, through a 455
PRC2-independent mechanism, to promote proliferation, stemness, and TMZ resistance 456
in GSCs. Specifically, the EZH2-HP1BP3 complex enhances WNT7B expression by reduc- 457
ing the repressive histone marker H3K9me2, potentially disrupting HP1-HDAC interac- 458
tions. The WNT/B-catenin pathway, which influences tumor growth, angiogenesis, inva- 459
siveness, and therapeutic resistance, emerges as a critical mediator in this process. Phar- 460
macological inhibition of WNT7B effectively reverses TMZ resistance in HP1BP3-overex- 461
pressing GBM cells. Therefore, targeting the EZH2-HP1BP3 axis could be a promising 462
therapeutic strategy for overcoming GSC-driven resistance in GBM [81]. 463

Notably, EZH2 inhibitors, such as GSK126, promote apoptosis in GBM cells by in- 464
ducing autophagy via EZH2/miR-101/mTOR signaling axis — EZH2 knockdown upregu- 465
lates miR-101, which regulates EZH2 in a positive feedback loop, further enhancing au- 466
tophagy-mediated apoptosis. By disrupting the EZH2/miR-101/mTOR feedback loop, 467
novel treatments could be developed to inhibit GBM progression and improve patient 468
outcomes [42]. While EZH2 inhibitors like tazemetostat have shown promise in clinical 469
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trials, their effectiveness in GBM remains inconsistent, since prolonged inhibition of EZH2 470
in GBM cells has been linked to tumor progression due to activation of cell proliferation 471
and DNA damage repair pathways. Ribosomal S6 kinase 4 (RSK4) is a serine/threonine 472
kinase highly expressed in GBM, being associated with poor prognosis, and enriched in 473
GSCs. RSK4 directly phosphorylates EZH2 at S21, activating the EZH2/STAT3 pathway 474
through a PRC2-independent mechanism and promoting GSC maintenance, while the 475
knockdown of RSK4 restored sensitivity to EZH2 inhibitors and reduced GSC properties. 476
Combination therapy targeting RSK4 (with the inhibitor BI-D1870) and EZH2 signifi- 477
cantly inhibited tumor progression and improved survival in an orthotopic xenograft 478
model [82]. 479

Epigenetic mechanisms, beyond CpG methylation, may be involved in regulating the 480
Wnt pathway in GBM, modulating the expression key Wnt markers. Wnt5a, Fzd-2, 3- 481
catenin, and Wnt3a protein levels are generally increased in GBM compared to normal 482
brain tissues. Expression of Fzd-2 and Wnt3a is significantly higher in recurrent GBM 483
samples, while Wnt7b shows a marked decrease in these recurrent cases. As for DNA 484
methylation, Wnt3a and Wnt7b have notably higher methylation levels in GBM compared 485
to other markers, with Fzd-10 displaying the highest levels of methylation overall. This 486
inverse relationship between methylation and protein expression is evident in several 487
markers but not in the case of Wnt7b, where decreasing methylation levels do not corre- 488
late with increased protein expression. The intricate regulation of Wnt signaling in GBM 489
highlights the potential of targeting this pathway for therapeutic strategies [83]. 490

Elevated pleckstrin homology domain containing A4 (PLEKHA4) expression, driven 491
by DNA hypomethylation, is linked to tumor progression, WNT signaling, immune cell 492
infiltration, and stemness maintenance. Knockdown experiments showed reduced glioma 493
cell proliferation, and drug sensitivity analysis suggests potential for targeting PLEKHA4 494
with kinase inhibitors [84]. 495

The AKT/mTOR signaling pathway is a key regulator of cellular processes, including 496
apoptosis inhibition, tumor progression, and chemoresistance. PTEN, a tumor suppres- 497
sor, plays a crucial role in this pathway by dephosphorylating phosphatidylinositol 3,4,5- 498
trisphosphate, thereby antagonizing PI3K/AKT signaling and maintaining cellular home- 499
ostasis [85,86]. Bevacizumab, a monoclonal antibody targeting vascular endothelial 500
growth factor (VEGF)-A, inhibits the AKT/mTOR pathway, inadvertently activating au- 501
tophagy as a survival mechanism. While bevacizumab effectively reduces proliferation 502
and enhances apoptosis by modulating pro- and anti-apoptotic protein levels, its thera- 503
peutic impact is limited by this compensatory autophagic response. Blocking autophagy 504
with chloroquine significantly amplifies bevacizumab-induced apoptosis, suggesting that 505
autophagy enables GBM cells to tolerate anti-angiogenic stress. These findings highlight 506
the interplay between the AKT/mTOR pathway and autophagy in driving resistance, and 507
point to autophagy inhibition as a promising strategy to enhance bevacizumab efficacy in 508
GBM treatment [87]. 509

Polycomb group (PcG) proteins, key regulators in PRC1 and PRC2 complexes, influ- 510
ence cell proliferation and tumorigenesis. Chromobox (CBX) family members, essential 511
components of PRC1, contribute to epigenetic regulation by targeting PRC1 to chromatin. 512
Analysis revealed elevated expression of CBX2/3/5/8, and reduced expression of CBX6/7 513
in GBM, with correlations to tumor grade and recurrence. Overexpression of CBX3/8 and 514
underexpression of CBX6 were linked to shorter survival. Functional assays confirmed 515
CBX8's role in promoting glioma cell proliferation. CBX7 showed increased methylation 516
consistent with its reduced expression. CBX gene expression was also associated withim- 517
mune cell infiltration, particularly CD4* T cells [88]. 518

Additionally, elevated CBX2 expression is strongly associated with higher patholog- 519
ical grades and TMZ resistance. Functional studies revealed that CBX2 recruits EZH2 to 520
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mediate H3K27me3 modifications on the PTEN promoter, silencing its expression. Con- 521
versely, CBX2 knockdown inhibits tumor growth and sensitizes cells to chemotherapy by 522
restoring PTEN activity and suppressing the AKT/mTOR pathway. These findings high- 523
light CBX2 as critical driver of glioma progression and potential therapeutic target [86]. 524

Succination of PTEN, a newly identified posttranslational modification, prevents its 525
localization on the cell membrane, reducing its inhibitory effects on PIBK/AKT pathway. 526
Whereas PTEN is frequently mutated in GBM, it remains intact in many GSCs. PTEN’s 527
regulation in GSCs appears to depend on its interaction with MMS19, a critical protein 528
involved in iron-sulfur (Fe-S) cluster assembly (CIA). PTEN disrupts MMS19-dependent 529
CIA machinery, which is crucial for DNA metabolism and repair. In GSCs, the purine 530
synthesis pathway fuels fumarate to succinate PTEN, which weakens PTEN's interaction 531
with MMS19, promoting GSC maintenance and tumorigenesis. This suggests that the tu- 532
mor-suppressive function of PTEN is masked in GSCs, which in turn offers therapeutic 533
opportunities to reactivate PTEN in cancer treatment [85]. 534

Stearoyl-CoA desaturase (SCD), an enzyme regulating membrane fluidity by desat- 535
urating fatty acids, is implicated in tumorigenesis, but resistance to its inhibition presents 536
a challenge in cancer therapy. In GBM, SCD is co-deleted with PTEN on chromosome 10 537
and exhibits variable methylation patterns. These epigenetic alterations contribute to re- 538
sistance, even with remaining SCD activity, with a universal resistance mechanism driven 539
by FOSB-mediated signaling resulting in target overexpression. Therefore, SCD expres- 540
sion and methylation status could serve as key biomarkers for patient stratification in clin- 541
ical trials evaluating SCD inhibitors [89]. 542

MK2206, an allosteric inhibitor of phosphorylated AKT, has shown promise in GBM 543
therapy by enhancing the effects of existing treatments like gefitinib and effectively block- 544
ing AKT phosphorylation. AKT phosphorylation is closely linked to EGFR activity, par- 545
ticularly in EGFR/EGFRvVIII-positive GBMs, where EGFR amplification frequently drives 546
PI3K signaling. EGFR/EGFRVIII activation silences AJAP1, an antioncogene known to 547
suppress cell invasion by reorganizing the F-actin cytoskeleton and reducing filopodia 548
extensions. Thus, loss of AJAP1 expression, observed in over 80% of primary GBM cases, 549
was shown to enhance tumor cell invasion. Given the limited success of EGFR tyrosine 550
kinase inhibitors in some GBM patients, MK2206 represents a promising targeted therapy 551
by addressing the underlying AKT-driven epigenetic changes and cytoskeletal remodel- 552
ing associated with GBM invasiveness [90]. 553

Prostaglandin F2 receptor inhibitor (PTGFRN), a transmembrane cell adhesion mol- 554
ecule (CAM) of the immunoglobulin superfamily, is upregulated in GBM, promoting cell 555
growth and radiation resistance through the PI3K-AKT signaling pathway. Approxi- 556
mately 35% of CAMs show differential regulation in GBM, exhibiting both oncogenicand 557
tumor-suppressive functions. Importantly, over half of the deregulated CAMs were found 558
to be miRNA targets, suggesting a significant role for miRNA-mediated regulation in 559
CAM expression. PTGFRN was experimentally validated to exhibit pro-migratory and 560
pro-proliferative functions in GBM, highlighting its role in tumor invasion [91]. 561

Connexin 43 (CX43), a key gap junction protein, mediates both autocrine and para- 562
crine signaling pathways crucial for tumor growth. The Sonic Hedgehog (SHH) pathway, 563
known for its role in cell network signaling, may regulate CX43 expression, influencing 564
GBM pathobiology. SHH-GLI signaling fosters intercellular communication and microen- 565
vironment changes, promoting tumorigenesis, and SHH signaling supports the stemness 566
of GBM by influencing CX43-mediated cellular interactions that maintain the GSC popu- 567
lation. These findings suggest that targeting the CX43-SHH axis may offer new therapeu- 568
tic strategies for GBM [92]. 569

Lamellipodin, a cytoskeleton-associated protein, was found to cooperate with EGFR 570
and interact with RICTOR, a key component of the mTOR pathway, to regulate GBM 571
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invasion and radiosensitivity. Lamellipodin is involved in clonogenic radiation survival 572
and cell proliferation, which underscores its complex role in EGFR signaling and its po- 573
tential as a therapeutic target in cancer treatment [93]. 574

NF1 (a GTPase-activating protein) mutation results in RAS-GTP persistence, trigger- 575
ing MEK/ERK phosphorylation cascade and activating the MAPK pathway, driving cell 576
growth and survival. Additionally, RAS-GTP interacts with PI3K, enhancing its kinase 577
activity and activating downstream AKT-p65 signaling pathway, which further supports 578
cell proliferation, resistance to apoptosis and chemotherapy resistance. In NF1-mutated 579
GBM with active RAS pathway, RAS signaling epigenetically silences ERBIN expression 580
in a reversible manner. Additionally, RASGRP1 and VPS28 emerged as key contributors 581
to TMZ resistance by enhancing RAS-GTP transition and TMZ efflux, respectively. 582

Biosystems-derived exosomes (Exos) are composed of amphiphilic lipid bilayers en- 583
casing an aqueous core, providing a versatile platform for co-loading drugs with diverse 584
physicochemical properties. A targeted Exos-based quadruple combination therapy sig- 585
nificantly reduced tumor burden in vivo, suggesting a promising strategy for addressing 586
tumor progression and TMZ resistance in NF1-mutated GBM [27,94]. 587

Cyclin-dependent kinase (CDK) 7, a key component of transcription factor TFIIH, 588
facilitates transcription initiation by phosphorylating serine-5 residues in the C-terminal 589
domain (CTD) of RNA polymerase II (Pol II). Additionally, it functions as the catalytic 590
subunit of the CDK-activating kinase (CAK) complex, promoting cell-cycle progression. 591
CDKO9, part of the P-TEFb complex, phosphorylates serine-2 residues on the Pol Il CTD, 592
enabling productive elongation and mRNA synthesis. Both kinases are crucial for tran- 593
scription and cell division, since their inhibition suppresses transcription and translation, = 594
impairing the growth of actively dividing GBM cells while sparing post-mitotic neurons. 595
CDK?7 inhibition disrupts SE-associated transcription, which is essential for maintaining 5%
tumor cell growth and stemness. Similarly, CDK9 inhibitors target Pol Il and p70S6K-de- 597
pendent pathways, reducing the viability, invasiveness, and self-renewal of GBM, regard- 598
less of TMZ sensitivity. 599

Concurrently targeting multiple pathways might enhance GBM treatment by reduc- 600
ing compensatory pathway activation. CDK7 and CDK?9 inhibitors exemplify this strategy 601
and have demonstrated efficacy in hematological malignancies, showing potential for 602
GBM therapy. However, their low BBB permeability constitutes a significant limitation 603
[95]. 604

Chromatin structural regulators, such as CCCTC-binding factor (CTCF) and Yin 605
Yang 1 (YY1), have emerged as critical players in cancer biology. In gliomas, IDH1 muta- 606
tions disrupt chromosomal neighborhoods through CTCF hypermethylation, while YY1 607
mediates chromatin loops and transcription elongation. YY1 was identified as a selective 608
dependency in GSCs, regulating transcriptional CDK9 and RNA processing programs, 609
including RNA splicing (SRSF1-3) and N6-methyladenosine (m6A) modification 610
(METTL3 and YTHDF2). Targeting the YY1-CDK9 complex or associated transcription 611
elongation machinery disrupts the self-renewal and proliferation of GSCs and induces 612
interferon responses. This mechanism presents a novel therapeutic strategy, particularly 613
in combination with immunotherapy, to address GBM’s resistance to treatment and lim- 614
ited immunotherapy efficacy [96]. 615

TRIM24, a histone reader that binds to specific histone post-translational modifica- 616
tions, is highly expressed in GBM and drives GSC self-renewal and invasion, while also 617
functioning as STAT3 transcriptional co-activator. Harvey Rat Sarcoma Viral Oncogene 618
Homolog (HRas) is a member of the RAS protein family and is frequently activated in 619
GBM, where the HRasV12 mutation activates the phosphorylated adaptor for RNA export 620
(PHAX), which upregulates U3 small nucleolar RNAs (U3 snoRNAs) and recruits the Ku- 621
dependent DNA-dependent protein kinase catalytic subunit (DNA-PKcs). TRIM24, when 622
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overexpressed, is also recruited by PHAX to U3 snoRNAs, where it facilitates DNA-PKcs 623
phosphorylation of TRIM24 and induces reprogramming of the epigenome and transcrip- 624
tion factor network, promoting the transformation into epithelioid GBM-like tumors. Ad- 625
ditionally, targeting DNA-PKcs with the inhibitor NU7441 in combination with TMZ sig- 626
nificantly enhances treatment efficacy for these tumors [97]. 627

TRIM37, another member of the TRIM protein family, interacts with epigenetic com- 628
plexes to regulate gene methylation and ubiquitination, influencing tumor proliferation 629
and differentiation. In GSCs, TRIM37 is implicated in the activation of the SHH pathway, 630
which regulates cell differentiation and contributes to GSC viability and invasion. TRIM37 631
interacts with EZH2 to epigenetically silence the SHH inhibitor PTCH1, leading to abnor- 632
mal SHH pathway activation. TRIM37 knockdown reduces GSC stemness, promotes 633
apoptosis, and extends survival in mouse models, constituting a potential therapeutic tar- 634
get for GBM, particularly targeting GSCs [98]. 635

CELF2, part of the CELF/Bruno-like family of RNA binding proteins, promotes a pro- 636
liferative and OLIG2-positive phenotype in GSCs. CELF2 acts as a master epigenetic reg- 637
ulator by influencing the chromatin landscape through modulation of H3K9me3 levels 638
via TRIM28 and G9a expression. This regulation represses genes like SOX3, which oppose 639
the mitotic and OLIG2-positive tumor phenotype. These insights highlight CELF2’s role 640
in GBM malignancy and its potential as a therapeutic target for combating the aggressive 641
GSC phenotype [99]. 642

Bromodomain and extra-terminal tail (BET) can regulate gene transcription by link- 643
ing the histone code to transcriptional machinery, binding to acetylated chromatin resi- 644
dues to facilitate gene transcription. Small-molecule BET inhibitors (BETis) can disrupt 645
these processes and modulate DNA damage response pathways, notably reducing 646
MGMT expression by diminishing bromodomain-containing protein (BRD) 4 and Pol I 647
binding at the MGMT promoter. By reducing MGMT expression, BETi sensitizes GBM 648
cells to TMZ without compromising the mismatch repair system essential for alkylating 649
agent efficacy. This suggests that incorporating BETi into the current standard of care with 650
TMZ could sensitize GBM patients with unmethylated MGMT promoter [100]. 651

Among BET family members, BRD4 plays a notable role in glioma progression and 652
malignancy, particularly R132H IDH-mutant, where MYC activation is associated with 653
transformation into higher-grade GBMs. Additionally, BRD4 expression is associated 654
with reduced survival in IDH-mutant gliomas, while BRD3 expression is linked to poorer 655
outcomes in IDH-wildtype gliomas. BETi JQ1 demonstrated significant inhibition of BET 656
activity but limited clinical success [101], as seen with the withdrawal of the Phase II trial ~ 657
for birabresib (MK-8628, OTX015), a selective inhibitor of BRD2/BRD3/BRD4, due to lack 658
of efficacy in IDH-wildtype gliomas. However, the study’s findings point to the potential 659
of BETis, particularly those targeting BRD4, as promising therapeutics for IDH-mutant 660
gliomas [102,103]. The clinical and in vitro evidence supports the hypothesis that IDH- 661
mutant gliomas exhibit a preferential reliance on BET protein activity, offering a rationale 662
for repurposing BETis to enhance therapeutic strategies for this glioma subtype [101]. 663

Another BRD protein linked to gliomagenesis is BRDS, especially in TP53 wild-type 664
GBM. BRDS suppresses p53 activity by compacting chromatin via its bromodomain, se- 665
questering H2AZ histone variant. Targeting BRD8's bromodomain remodels chromatin, 666
restores p53 function, and selectively inhibits TP53 wild-type GBM growth. Thus, it con- 667
stitutes a promising therapeutic target, with potential synergy when combined with 668
MDM2 inhibition [104]. 669

Phosphocreatine (PCr) is a metabolite essential for energy metabolism, primarily 670
found in high-energy-demand tissues like neurons and muscles, and results from reversi- 671
ble transfer of phosphate from ATP to creatine, by creatine kinases (CKs). Elevated PCr 672
production is a distinct metabolic feature of GSCs, since PCr prevents the degradation of 673
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chromatin regulator BRD2, promoting proper chromosome segregation. The ZEB1- 674
KAT2B complex promotes CKB (CK, brain-type) expression, increasing PCr levels in 675
GSCs compared to differentiated tumor cells, emphasizing metabolic heterogeneity 676
within GBM. Hypoxia further induces CKB expression via HIF-2a, supporting GSC sur- 677
vival in low-oxygen environments. Additionally, PCr metabolism may contribute to ther- 678
apy resistance, considering its neuroprotective effects, such as shielding the brain from 679
radiation damage. These findings underscore the potential of targeting PCr metabolism 680
as a therapeutic strategy, addressing GSC-mediated resistance [105]. 681

In GBM, chitinase 3-like 1 (Chi3I1) serves as a crucial marker for identifying the mes- 682
enchymal subtype and is linked to increased expression within oncogenic pathways, in- 683
cluding NF-xB RelB and STAT-3/RTVP-1 signaling. Chi3I1 is a paracrine modulator of 684
GSC states, promoting mesenchymal transcriptomic profiles while reducing the likeli- 685
hood of transitioning to terminal states. Chi3l1 also induces chromatin remodeling, en- 686
hancing promoter accessibility enriched with Myc-associated zinc finger protein (MAZ) 687
motifs and increasing MAZ transcription factor activity. Targeting Chi3l1 with therapeu- 688
tic antibodies is a promising strategy to reduce tumor burden in GBM [106]. 689

NF-kB signaling pathways and inflammatory response are also disrupted by 690
Caspase-8 downregulation in GBM cells. Src-dependent phosphorylation of Caspase-8 at 691
Y380 is a critical mechanism sustaining angiogenesis and promoting resistance to ionizing 692
radiation. This Src/Caspase-8/NF-«B interplay suggests that Src kinase inhibitors like da- 693
satinib could partake in GBM'’s treatment, especially in mesenchymal subtypes [107]. 694

KDM4B, a histone demethylase, influences cell proliferation, migration, and invasion 695
in GBM, while inducing G2/M cell cycle arrest. The oncogenic role of KDM4B is mediated 696
through its JmjC domain, which catalyzes H3K9me3 demethylation, thereby activating 697
transcription of downstream genes. KDM4B stabilizes MYC expression through epige- 698
netic regulation, driving tumor progression. MYC is a well-known oncogene that pro- 699
motes proliferation, metabolic reprogramming, and chemotherapy resistance in GBM, 700
making KDM4B a valuable therapeutic target, particularly in cases with high MYC ampli- 701
fication [108]. 702

KDMA4C, another histone demethylase, is essential for GBM cell proliferation and 703
positively correlates with c-MYC expression. KDM4C directly induces c-MYC expression 704
and interacts with p53, demethylating its lysine 372, leading to decreased p53 stability and 705
compromised apoptotic function. Targeting KDM4C could be a promising therapeuticap- 706
proach for GBM [109]. 707

Protein arginine N-methyltransferase 6 (PRMT6) promotes the transcription of 708
CDC20, a cell cycle mediator, through histone arginine methylation (H3R2me2a). Ele- 709
vated CDC20 levels facilitate the ubiquitination and degradation of CDKN1B, a G1/S 710
phase cell cycle inhibitor, driving GBM cell proliferation and tumor progression. A small 711
molecule inhibitor of PRMT6 was shown to suppress GBM cell proliferation in vitro, sug- 712
gesting therapeutic potential of targeting the PRMT6-CDC20 axis [110]. Moreover, inhibi- 713
tion of PRMT6 with the small molecule EPZ enhances GSC sensitivity to radiotherapy, 714
improving survival in preclinical models, via CK2a-PRMT6-RCC1 signaling axis block- 715
age. CK2a phosphorylates PRMTS, stabilizing it and enabling PRMT6 to methylate RCC1, 716
which is necessary for chromatin binding and mitotic progression. As such, targeting 717
PRMT6 and CK2a could improve GBM treatment outcomes by disrupting mitotic pro- 718
cesses and overcoming resistance to therapy [111]. 719

Methylthioadenosine phosphorylase (MTAP) deficiency in tumor cells reduces the 720
expression of Fanconi anemia (FA) genes, critical for repairing interstrand crosslink (ICL)- 721
induced DNA damage. PRMT5, an epigenetic regulator of arginine methylation overex- 722
pressed in GBM and linked to poor survival, maintains FA genes transcription partly by 723
controlling H3R2me1 levels at their promoters. Blocking PRMT5 with small-molecule 724
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inhibitors replicated the effects of MTAP loss, showing reduced H3R2mel, diminished FA 725
genes expression, and increased sensitivity to ICL agents. These results highlight an epi- 726
genetic mechanism linking MTAP deficiency to compromised DNA damage response 727
pathways, identify vulnerability in MTAP-deficient cancer cells, and support the devel- 728
opment of PRMT5-targeted therapies. Furthermore, the brain-penetrant PRMT5 inhibitor 729
LLY-283 demonstrated significant efficacy in preclinical models, extending survival and 730
targeting therapy-resistant GSCs. PRMT5 inhibitors show promise for improving out- 731
comes in GBM, especially in patients unresponsive to TMZ [112,113]. 732

SEs are clusters of enhancers enriched with transcription factors, chromatin regula- 733
tors, co-activators, Pol II, and enhancer-associated marks like H3K27ac, playing a pivotal 734
role in tumorigenesis [114]. Core stem cell pathways, such as WNT, NOTCH, and hedge- 735
hog, sustain GSCs properties and inhibit apoptosis. Inhibition of epigenetic regulators like 736
BRD4 suppresses hedgehog pathway genes and curbs tumor growth, especially in cases 737
resistant to Smoothened antagonists. 738

KLHDCB8A, regulated by a SE and SOX2, is upregulated in GSCs, promoting hedge- 739
hog signaling through enhanced ciliogenesis. Primary cilia, crucial hubs for signaling 740
pathways like hedgehog, WNT, and NOTCH, are present in 20-25% of GSCs and are 741
tightly controlled during the cell cycle. Aurora B/C kinases have been identified as thera- 742
peutic targets, with GSCs showing heightened sensitivity to their inhibition compared to 743
differentiated cells. Combining Aurora B/C kinase inhibitors with Smoothened inhibitors 744
effectively disrupted GSC survival by targeting both ciliated and mitotic tumor cells. This 745
dual approach highlights a novel therapeutic avenue for GBM treatment [115]. 746

Rovalpituzumab tesirine (Rova-T), a Delta-like protein 3 (DLL3)-targeting antibody- 747
drug conjugate, was evaluated for its efficacy in GBM as part of a broader phase I/Il study 748
on DLL3-positive tumors. DLL3, a ligand in NOTCH signaling pathway, is implicated in 749
tumor progression and is expressed in various tumor types, including GBM. For GBM, 750
Rova-T demonstrated limited anti-tumor activity and significative toxicities, consistent 751
with findings across other solid tumors. These results underscore the challenges of treat- 752
ing heavily pretreated refractory cancers, including GBM, and highlight the need for fur- 753
ther investigation into DLL3 as a therapeutic target in GBM and other tumor types [116]. 754

Histone H3 lysine 4 trimethylation (H3K4me3) marks regulatory elements of active 755
or poised genes and influences GSC responses to hypoxia. DPY30, a component of the 756
MLL complex, is a key regulator of H3K4me3 catalysis, with its knockdown leading to 757
global H3K4me3 reduction. Targeting DPY30 selectively inhibited tumor formation in vivo 758
without impairing GSC proliferation in vitro, suggesting its role in reprogramming the 759
H3K4me3 landscape to support angiogenesis and hypoxia-related signaling in the tumor 760
microenvironment (TME). This highlights DPY30 as a critical regulator of epigenetic mod- 761
ifications supporting GSC-driven tumor progression and identifies both DPY30 and 762
PDE4B, a downstream target of DPY30, as potential therapeutic targets in GBM, with the 763
PDE4 inhibitor rolipram as a promising agent [117]. 764

4.4. Non-Coding RNA Targeting 765

Altered collagen signaling, especially the collagen VI (COL VI) family, has been im- 766
plicated in development and progression of CNS tumors [118]. COL VI components are 767
also linked to poor prognosis and influence responses to anti-VEGF therapy [119]. miR- 768
3189-3p regulates EMT and migration in GBM via H3K27me3 histone modifications, tar- 769
geting COL6A2, a key collagen VI member. The EZH2/PRC2ImiR-3189|COL6A2 axis 770
drives EMT and tumor progression, highlighting its potential as a therapeutic target in 771
GBM [40]. 772

EZH2-mediated epigenetic modifications also lead to miR-490-3p downregulationin 773
GBM. Higher miR-490-3p expression and its host gene, CHRM2, were correlated with 774
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improved patient survival, emphasizing its prognostic value. TGF-§ signaling is a well- 775
established regulator of the migratory phenotype in GBM cells. Functionally, miR-490-3p 776
acts as a tumor suppressor, inhibiting migration and EMT by directly targeting the up- 777
stream receptor TGFBR1 and the downstream transcription factor TGIF2, within the TGF- 778
B signaling pathway. This oncogenic role of the EZH2|miR-490-3p | TGIF2| TGF-f axis 779
highlights its potential as a therapeutic target [41]. 780

Progesterone has been shown to enhance cell proliferation, migration, and invasion 781
in human GBM-derived cells by activating the progesterone receptor and regulating the 782
expression of key genes involved in these processes, including TGF-g, COF1, EGFR, 783
VEGEF, and cyclin D1. Progesterone upregulates 8 miRNAs and downregulates 8 miRNAs, 784
and its effects were blocked by the progesterone receptor antagonist RU486. Bioinformatic ~ 785
analyses suggested that progesterone regulates key processes in GBM, such as prolifera- 786
tion, cell cycle progression, and migration, through its modulation of miRNA-mRNA net- 787
works [120]. 788

Reduced miR-146a expression is linked to shorter overall survival, independent of 789
MGMT methylation status. Promoter methylation-induced miR-146a silencing contrib- 790
utes to tumor progression and resistance to therapy. Mechanistically, miR-146a inhibits 791
GBM cell stemness by directly targeting POU3F2 and SMARCAS, two transcription fac- 792
tors that reciprocally regulate each other and whose expression levels are positively cor- 793
related in GBM. These findings underscore the potential of miR-146a, POU3F2, and 794
SMARCAS5 as promising therapeutic targets for GBM [121]. 795

miR-219-1, a markedly downregulated miRNA in various cancers, produces two ma- 796
ture forms, miR-219-5p and miR-219-1-3p, each with distinct mRNA targets. In GBM, both 797
forms exhibit reduced expression compared to normal tissues due to methylation sensi- 798
tivity. Reactivating their expression with demethylating agents effectively lowered the 799
levels of oncogenic target mRNAs and proteins, highlighting their potential as promising 800
therapeutic targets [122]. 801

The NF-«xB pathway is triggered when cytokines stimulate the phosphorylation of 802
inhibitory kB (IxB), leading to the degradation of IiBa and the subsequent release of NF- 803
kB, which is then translocated to the nucleus and activates various genes. Chemotherapy 804
and radiotherapy further activate NF-kB, contributing to tumor progression and poor 805
prognosis. A crucial factor for maintaining NF-«B activation is miR-194-3p suppression, 806
which influences pro-neural to a more aggressive and adaptable mesenchymal transition. 807
The epigenetic regulation of NF-kB and its role in subtype plasticity shows potential to 808
reduce GBM heterogeneity and improve therapeutic outcomes [123]. The IncRNA XTP6 809
is upregulated in GBM and correlates with poor patient prognosis, since XTP6 facilitates 810
the activation of the NF-«kB pathway by downregulating IxBa and creating a positive feed- 811
back loop with transcription factor c-Myc. Indeed, c-Myc/XTP6/NF-kB loop plays a key 812
role in GBM malignancy and may be an interesting therapeutic target [124]. 813

In GBM, the regulation of ferroptosis, a form of programmed cell death driven by 814
iron-dependent lipid peroxidation, involves key epigenetic mechanisms, particularly the 815
m6A RNA modification governed by the methyltransferase-like 3 (METTL3)/methyltrans- 816
ferase-like 14 (METTL14) complex, which modifies transcripts of genes such as glutathi- 817
one peroxidase 4 (GPX4). Complement C5a receptor 1 (C5aR1), highly expressed in GBM 818
cells, protects against ferroptosis by activating the ERK1/2 signaling pathway, upregulat- 819
ing METTLS3, and stabilizing the m6A modification of GPX4. This promotes GPX4 expres- 820
sion and contributes to GBM progression. Targeting C5aR1 may disrupt the METTL3-de- 821
pendent m6A modification of GPX4, offering a promising gene therapy approach to in- 822
duce ferroptosis and inhibit GBM growth [125]. Indeed, RNA m6A methylation levels are 823
reduced in GBM, with a notable decline in the m6A/A ratio in cells treated with TGF-g1. 824
Decreased RNA m6A methylation promotes EMT and vasculogenic mimicry processes in 825
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GBM, with ALKBH5 upregulation or METTL3 downregulation driving increased tumor 826
invasiveness [126]. 827

Ribose 2"-O-methylation, the most prevalent modification in human ribosomal RNA 828
(rRNA), plays a crucial role in ribosome biogenesis and the translational regulation of 829
oncogenic proteins. This modification, mediated by C/D box small nucleolar ribonucleo- 830
proteins (snoRNPs), supports cell proliferation and survival. INHEG, a GSC-specific 831
IncRNA, facilitates the interaction between the SUMO2 E3 ligase TAF15 and NOP58, a 832
key component of snoRNP complexes responsible for guiding rRNA methylation. This 833
interaction promotes NOP58 sumoylation, which in turn accelerates the assembly of C/D 834
box snoRNPs, enhancing their function in rRNA methylation and supporting GSC self- 835
renewal and tumorigenesis. This axis offers promising therapeutic avenues for targeting 836
GSC [127]. 837

Using multiomics techniques and molecular assays, a posttranscriptional regulatory 838
circuit centered on the IncRNA DARS1-AS1 and its associated RNA-binding protein, 839
YBX1, was identified. DARS1-AS1/YBX1 stabilizes mRNAs of regulators such as E2F1 and 840
CCND1, forming a transcriptional/posttranscriptional feed-forward loop that promotes 841
GSCs’ transition from G1 to S phase. DARS1-AS] is also linked to enhanced DNA repair 842
through the HR pathway. Silencing DARS1-AS1 sensitized GBM cells to radiation, sug- 843
gesting that targeting the DARS1-AS1/YBX1 axis could impair HR, making GBM cells sus- 844
ceptible to radiation and Poly-ADP-ribose polymerase (PARP) inhibitors. These findings 845
propose a therapeutic strategy combining small interfering RNA (siRNA)/miRNA deliv- 846
ery systems targeting this axis with radiation or PARP inhibitors, warranting further ex- 847
ploration [128]. 848

Amplification of the PDGFRA gene locus is a common event in GBM, promoting tu- 849
mor development and progression. IncRNA LINC02283 is co-amplified with the PDGFRA 850
locus and highly expressed in PDGFRA-driven high-grade gliomas, enhancing GBM ma- 851
lignancy by modulating PDGFRA and its downstream signaling pathways. Since clinical 852
trials targeting PDGFRA with kinase inhibitors have been largely unsuccessful, therapeu- 853
tic strategies involving antisense oligonucleotides or decoy RNAs to disrupt the 854
LINC02283-PDGFRA interaction could be an approach to combat GBM malignancy [129]. 855

Malate dehydrogenase 2 (MDH2) plays an important role in GBM metabolism, as 856
well as the MDH2-interacting IncRNA malate dehydrogenase degradation helper 857
(MDHDH). MDHDH directly binds to MDH2, promoting its degradation via interaction 858
with PSMA1, which facilitates the proteasomal degradation of ubiquitinated MDH2. This 859
process alters the NAD*/NADH ratio, inhibits glycolysis, activates the AMPK/mTOR 860
pathway, and induces autophagy and apoptosis. Epigenetically, MDHDH expression is 861
suppressed by the PRC2/EZH2 complex, with the PRC2 inhibitor GSK126 having thera- 862
peutic potential. Clinically, elevated MDHDH expression is associated with lower glioma 863
WHO grades and improved patient survival, underscoring its potential as a biomarker 864
and therapeutic target [130]. 865

The mini-chromosome maintenance protein (MCM) gene family is critical for regu- 866
lating cell cycle and mitigating DNA replication stress. MCM4 is highly expressed in 867
GBM, significantly influencing cell proliferation and the cell cycle. Its expression is inti- ~ 868
mately related to a competing endogenous RNA (ceRNA) network, showing that 869
IncRNAs and miRNAs regulate MCM expression and contribute to glioma progression. 870
Therefore, MCM4 has been identified as a potential therapeutic target and prognostic 871
marker in GBM, with reported associations to immune regulation, tumor progression, and 872
drug sensitivity [131]. 873

The IncRNA TCONS_00004099 is highly expressed in glioma, and its silencing de- 874
creases cell viability, migration, invasion, and promotes apoptosis through the generation 875
of miRNAs. One TCONS_00004099-derived miRNA enhanced cell viability and reduced 876
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apoptosis by targeting PTPRF mRNA, inhibiting its translation, and promoting mRNA 877
degradation, constituting a potential therapeutic target [43]. 878

The association between SEs and IncRNAs has culminated in the development of a 879
risk signature that functions as an independent prognostic indicator for glioma patients 880
[114]. In IDH-wildtype GBM, a novel SE-associated IncRNA, cancer stem cell-associated ~ 881
distal enhancer of SOX2 (CASCADES), has been identified as a key regulator of GSC iden- 882
tity through the epigenetic regulation of SOX2 [29]. LINC00945 is another SE-IncRNA that 883
promotes glioma cell proliferation, EMT, migration, invasion, and tumor growth in xeno- 884
graft models, constituting a novel therapeutic target. Additionally, SE-IncRNAs such as 885
TMEM44-AS1, CCAT1, LINC00152, and NEAT1 are identified as facilitators of glioma 886
malignancy, reinforcing the prognostic and therapeutic potential of SE-IncRNA signa- 887
tures [114]. 888

4.5. Epigenome Editing 889

Efforts to overcome TMZ chemoresistance in GBM have shown limited success in 890
clinical trials. Direct MGMT inhibition using O-6-benzylguanine faced feasibility issues 891
due to severe toxicities in a phase I trial [132], while dose-dense TMZ strategies failed to 892
improve outcomes in a phase III clinical trial [49]. One strategy to address these challenges 893
was the design of a clustered regularly interspaced short palindromic repeats (CRISPR)- 894
based approach targeting MGMT with a dCas9-DNMT3A catalytic domain fusion protein 895
(d3A). This system enabled site-specific DNA methylation without altering the gene se- 89
quence, leveraging single guide RNA (sgRNA) specificity and reversible epigenetic mod- 897
ifications. Using multiple sgRNAs, comprehensive methylation was achieved, leading to 898
MGMT downregulation and increased TMZ sensitivity in vitro. Genome-wide and tran- 899
scriptome-wide analyses confirmed minimal off-target effects, highlighting the potential ~ 900
of d3A/CRISPR-directed methylation as a safe and effective therapeutic strategy to en- 901
hance TMZ chemosensitivity in GBM [52]. 902

CRISPR-based genomic perturbations have also been applied to novel EGFR en- 903
hancer elements near the GBM-associated single nucleotide polymorphism rs723527. Tar- 904
geting these enhancer regions reduces proliferation and migration, partly by increasing 905
apoptosis, possibly due to metabolic reprogramming. This approach diminishes the ma- 906
lignancy of GBM cells, making them more sensitive to TMZ. Combining such genomic 907
interventions with existing treatments may improve therapeutic outcomes [133]. 908

The need for rapid identification of novel cancer-related mechanisms and the devel- 909
opment of effective therapies has driven the pursuit of robust and affordable screening 910
methods able to detect epigenetic factors that influence tumor survival. One example is 911
the Epigenetic Domain-specific Knock Out Library (EpiDoKOL), a customized tool de- 912
signed to target the functional domains of key epigenetic modifiers. Through drop-out 913
screens in various cell lines, it identified ASH2L as a critical gene for GBM cell survival. 914
ASH2L, a member of the trithorax group family, is involved in methyltransferase com- 915
plexes that regulate H3K4 methylation, which supports active gene transcription. Ele- 916
vated WDR82 and H3K4me3 levels have been linked to therapeutic sensitivity in GBM. 917
ASH2L directly influences the regulation of cell cycle genes and promotes tumor cell sur- 918
vival both in vitro and in vivo. These findings highlight the potential of chromatin-focused = 919
CRISPR library screens, like EpiDoKOL, for identifying novel epigenetic vulnerabilities in =~ 920
GBM [134,135]. 921

4.6. Combination Therapies 922

Vorinostat, FDA-approved for cutaneous T cell lymphoma, has shown modest effec- 923
tiveness as a standalone therapy in recurrent GBM [136]. However, its limited success in =~ 924
treating solid tumors has encouraged exploration of synergistic strategies. PARP inhibi- 925
tors like olaparib have shown promise in targeting DNA repair pathways in GBM, 926
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particularly in cells with compromised HR [137]. Based on vorinostat's ability to suppress 927
HR gene expression, its combination with olaparib significantly improved the elimination 928
of GBM cells by reducing DNA repair capabilities and inducing apoptosis. This dual treat- 929
ment disrupted the cell cycle, causing G2/M phase arrest, increased DSBs, and oxidative 930
DNA damage. The combined therapy demonstrated efficacy across multiple GBM mod- 931
els, with both drugs showing minimal toxicity to healthy tissues [138]. 932

Phospholipase D (PLD), especially its isoforms PLD1 and PLD2, is implicated in tu- 933
mor malignancy, GSC maintenance, and resistance to therapies. Furthermore, vorinostat 934
induces PLD1 upregulation, which protects GBM cells from apoptosis and contributes to 935
resistance. Inhibition of PLD1, when combined with vorinostat, significantly reduces 936
GBM invasiveness, angiogenesis, self-renewal, and intracranial tumor formation, effec- 937
tively overcoming resistance to conventional therapies. Considering that GSCs drive ther- 938
apy resistance, targeting PLD1 alongside vorinostat is a promising strategy. Likewise, de- 939
veloping biomarkers to predict therapeutic efficacy could facilitate the precise selection of 940
candidates for such innovative combination treatments [139]. 941

To overcome the poor BBB penetration and limited GBM targeting of BRD4 inhibitor 942
OTXO015, a cell membrane coating approach was attempted, co-encapsulating it with TMZ. 943
The resulting nanomedicine, ABNM@TMZ/OTX, disclosed strong synergy between TMZ 944
and OTX, effective BBB penetration, GBM targeting, and immune response activation, 945
with safety profiles supporting its clinical application [140]. 946

Lysine-specific histone demethylase 1 (LSD1), an epigenetic enzyme overexpressed 947
in various malignancies, and HOTAIR, a IncRNA associated with GBM prognosis, are 948
compelling targets for clinical translation. Although existing EZH2 inhibitors, like taze- 949
metostat, show limited efficacy in certain hematological malignancies, and inhibitors like 950
JQ1 effectively target HOTAIR transcription, the complexity of epigenetic regulation un- 951
derscores the limitations of single-drug therapies, including off-target effects and global ~ 952
impacts. The combination of the HOTAIR-EZH2 disruptor AQB and the LSD1 inhibitor ~ 953
GSK-LSD1 induced cell cycle arrest and apoptosis in GBM cell lines, demonstrating 954
greater antitumor efficacy than either agent alone. The combination therapy approach is 955
particularly advantageous, as both AQB and GSK-LSD1 are readily synthesizable and 956
commercially available. The synergistic effects of combining agents can allow for reduced 957
dosages and better-targeted tumor suppression. Additionally, the possibility of integrat- 958
ing AQB and GSK-LSD1 with other epigenetic modifiers into triple or quadruple regimens 959
opens new avenues for GBM therapy [141,142]. 960

Combinations of histone methylation and acetylation inhibitors, such as BIX01294 961
(G9a inhibitor), DZNep (EZH2 inhibitor), TSA (HDAC inhibitor), and RG-108 (DNMT in- 962
hibitor, DNMTi), hold promise for targeting GBM cells while sparing normal stem cells. 963
Initial experiments identified effective concentrations of these inhibitors, with medium 964
doses of BIX01294 and TSA significantly reducing GBM cell viability while causing mini- 965
mal harm to human mesenchymal stem cells. In contrast, DZNep affected both cell types 966
similarly, and RG-108 showed no significant effect. Combining low and medium concen- 967
trations of these inhibitors demonstrated synergistic effects, selectively enhancing GBM 968
cell death while preserving normal stem cells. Notably, TSA and BIX01294 at medium 969
concentrations were particularly effective, offering a refined therapeutic strategy for tar- 970
geting GBM with minimal off-target effects [143]. 971

Additionally, DZNep was combined with panobinostat (HDACi), and evaluated for 972
synergistic effects alongside TMZ and APR-246, which restores p53 function in mutated 973
GBM. DZNep and panobinostat together exhibited the strongest synergistic effects 974
against GBM cells, significantly enhancing apoptosis and reducing clonogenicity. The 975
combination of panobinostat and TMZ showed moderate synergy, while DZNep and 976
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TMZ displayed slight synergy. When APR-246 was added to these combinations, its ef- 977
fects were primarily additive rather than synergistic [144]. 978

Estrogen receptor  (ERP) functions as a tumor suppressor, and its expression is often 979
reduced during cancer progression, including in gliomas. HDACis, such as panobinostat 980
and romidepsin, increase ERB expression and enhance its signaling. This upregulation 981
sensitizes GBM cells to ER agonist therapy, leading to reduced cell viability, invasive- 982
ness, and increased apoptosis. In mouse models, the combination of HDACi and ER ag- 983
onist improved survival, suggesting that HDACi combined with ER{ agonists could bea 984
novel therapeutic strategy for GBM [145]. 985

The PI3K pathway, a critical driver of tumor growth and survival, is frequently acti- 986
vated in GBM through mutations in genes like PTEN and EGFR. Despite advancements = 987
in PI3K-targeted therapies, including dual PI3K/mTOR inhibitors (e.g., NVP-BEZ235), re- 988
sistance often emerges due to induction of stem cell-associated genes, potentially promot- 989
ing recurrence. These stem genes are commonly activated via JAK/STAT3 pathway, which 990
is itself constitutively active in GBM due to mutations in JAK1/2, and EGFR. While JAK 991
inhibitors, such as ruxolitinib and AZD1480, have demonstrated efficacy in reducing tu- 992
morigenesis and invasiveness in preclinical studies, their effectiveness as monotherapies 993
is limited. Combining PI3K inhibition with JAK inhibitors was hypothesized to suppress 994
both tumor growth and stem gene expression, potentially improving therapeutic out- 995
comes. However, studies have shown limited efficacy of this combination, likely due to 99
signaling redundancies that sustain stem characteristics [146]. 997

4.7. Immunomodulation via Epigenetics 998

Immunotherapy shows promise in treating various cancers but faces significant chal- 999
lenges in GBM. These obstacles include limited immune cell infiltration, immunosuppres- 1000
sive microenvironment, and poor recognition of tumor-associated antigens by immune 1001
effector cells. A promising strategy involves developing cancer vaccines based on tumor- 1002
specific antigens. These antigens often arise from noncanonical peptides generated by can- 1003
cer-specific mutations, known as neoantigens, which are presented on human leukocyte 1004
antigen class 1 (HLA-I) molecules. Although GBM vaccines targeting neoantigens have 1005
shown immunogenic potential in clinical trials, their effectiveness is limited by GBM's low 1006
mutational burden and antigen load, and often specific to individual patients. Moreover, 1007
cancer's ability to evade immunosurveillance through immunoediting makes single-tar- 1008
get vaccines universally ineffective [147-149]. 1009

Cancer-testis antigens (CTAs) are proteins normally expressed in germinal spermat- 1010
ogonia but silenced in somatic tissues through DNA methylation and other epigenetic 1011
mechanisms. In many cancers, including GBM, CTAs like New York esophageal squa- 1012
mous cell carcinoma 1 (NY-ESO-1) are aberrantly re-expressed. Prior studies have shown 1013
that decitabine, a DNMTi, can induce CTA expression in GBM without affecting normal 1014
tissue [150]. Because in GBM NY-ESO-1 expression is silenced by CpG hypermethylation, 1015
decitabine reactivates NY-ESO-1 expression by reversing DNA hypermethylation, en- 1016
hancing CD8* T cell response and leading to robust antitumor activity. Furthermore, de- 1017
citabine upregulates other CTAs across glioma populations, reactivates human endoge- 1018
nous retroviruses (HERVs), and boosts an antiviral-like interferon signaling response, fur- 1019
ther enhancing immunogenicity. Transcriptomic profiling confirmed that decitabine-in- 1020
duced CTA expression could support polyclonal T cell and vaccine therapies, emphasiz- 1021
ing its potential as an immunosensitizing agent [148]. 1022

HERVs, particularly HML-6 and its gene product ERVK3-1, have been linked to gli- 1023
oma progression, since HERV expression correlates with DNA hypomethylation at spe- 1024
cific loci. Notably, HML-6 is overexpressed in aggressive GBM models, and elevated 1025
ERVKS3-1 expression was associated with reduced survival in GBM patients [151]. 1026
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Other favorable immunogenic antigens are transposable elements (TEs) and cryptic 1027
promoters, that may be reactivated by epigenetic drugs, such as decitabine and panobino- 1028
stat. These activated TEs generate double-stranded RN As, triggering antitumor interferon 1029
responses, and can splice into downstream genes to form TE-chimeric antigens presented 1030
as HLA-I antigens. Notably, epigenetic drugs might also activate TEs in normal primary 1031
cells (although less significantly in quiescent cells), which has important clinical implica- 1032
tions and highlights the need for careful candidate selection. Nevertheless, reactivation of 1033
underappreciated TE-based antigens absent from current whole-exome sequencing pipe- 1034
lines offers a novel avenue for personalized cancer vaccine strategies, providing synergis- 1035
tic benefits alongside chemotherapy, radiation, or immunotherapy [149]. 1036

Peripheral immune cell counts have been linked to tumor cell states and immune 1037
infiltration, being considered as biomarkers in GBM when integrated with DNA methyl- 1038
ation-based subclassification. Elevated neutrophil counts are associated with worse over- 1039
all survival in newly diagnosed GBM, while decreases in lymphocytes, monocytes, and 1040
platelets correlate with progression and poor outcomes in recurrent disease. These find- 1041
ings support a subclass-specific approach to immunotherapy in GBM and underscore the 1042
potential of peripheral blood profiling, when interpreted through an epigenetic lens, to 1043
improve prognostication and patient selection [152]. 1044

Macrophages play a critical role in GBM progression and response to therapy, mak- 1045
ing them attractive therapeutic targets, although universal macrophage-targeting ap- 1046
proaches are complicated by GBM’s inherent heterogeneity and its associated TME. Tu- 1047
mor-associated macrophages (TAMs), which include brain-resident microglia and infil- 1048
trating monocyte-derived macrophages, represent the most abundant immune cells in 1049
GBM TME and can predict patient survival. These cells exhibit distinct metabolic profiles 1050
and spatial and functional heterogeneity, particularly in the context of recurrence follow- 1051
ing radiotherapy. Indeed, a metabolic interplay takes place between mesenchymal-like 1052
GBM cells and lipid-laden TAMs, establishing a dynamic relationship centered on the re- 1053
cycling of cholesterol-rich myelin debris. GBM cells exploit macrophages' capacity for my- 1054
elin processing (originally a neuronal homeostatic function), leading to lipid overload in 1055
TAMs. This lipid accumulation reprograms TAMs into a pro-tumorigenic and immuno- 1056
suppressive phenotype through transcriptional changes, chromatin alterations, and lip- 1057
idomic rewiring, fueling GBM cell survival and proliferation. This emphasizes the need 1058
for therapeutic strategies targeting the metabolic interactions between GBM cells and 1059
TAM subsets to disrupt this protumorigenic cycle and improve clinical outcomes [153]. 1060

Blocking integrin 1 on monocytic myeloid-derived suppressor cells reduces TAMs, 1061
while dipeptidyl peptidase-4 (DPP-4) inhibition also diminished macrophage abundance, 1062
suggesting these molecules as potential immunotherapy targets in GBM. Interestingly, 1063
DPP-4 inhibition also affected other immune populations, likely due to tumor shrinkage 1064
or DPP-4 expression on other immune cells, such as T cells. While DPP-4 inhibition did 1065
not directly induce tumor cell death or alter activation/exhaustion markers in tumor-infil- 1066
trating CD8" T cells, it stimulated splenic T cell proliferation in vitro. Integrin 1 is associ- 1067
ated with poor prognosis in GBM and is overexpressed in models of GBM resistant to 1068
antiangiogenic therapies. Its involvement in tumor cell proliferation and self-renewal 1069
highlights its potential as a therapeutic target, offering a dual benefit in combating GBM. 1070
However, challenges arise due to its widespread expression and critical roles in normal 1071
brain function. Furthermore, DPP-4 stands out as a viable therapeutic candidate. DPP-4 1072
inhibitors, commonly used to treat type II diabetes, could be repurposed as anticancer 1073
agents to effectively modulate immune responses [4,154]. 1074

Molecularly altered pathways associated with programmed death-ligand 1 (PD-L1), 1075
a key target in personalized cancer therapy, have been identified in GBM. These suggest 1076
novel molecular targets, including miR-196B, for precision medicine. While high PD-L1 1077
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expression correlates with potential benefits from pembrolizumab therapy, challenges 1078
like the BBB persist. Developing small molecules targeting identified RNAs and genes 1079
could improve therapeutic efficacy, warranting further clinical studies [155]. 1080

KDMB6B, a histone demethylase that promotes gene transcription by demethylating 1081
the repressive histone mark H3K27me3, is highly expressed in myeloid subsets presentin 1082
the TME. Epigenomic analyses revealed that KDM6B directly regulates H3K27me3 atanti- 1083
inflammatory genes, which inhibit pro-inflammatory pathways like cytokine production 1084
and phagocytosis. Pharmacological inhibition of KDM6B mimicked these effects, promot- 1085
ing pro-inflammatory phenotypes and improving sensitivity to anti-PD1 therapy. The 1086
findings provide compelling evidence that targeting KDM6B-mediated epigenetic path- 1087
ways can reprogram intratumoral myeloid cells into a pro-inflammatory state, overcom- 1088
ing immune suppression in the TME and enhancing immune checkpoint therapy re- 1089
sponses [156]. 1090

Protein disulfide isomerase A5 (PDIAS5) is significantly associated with immune cell 1091
infiltration, immune pathways, and other immune-related signatures. In GBM, PDIA5 in- 1092
teracts with immune cells, and PDIAS5 silencing led to increased PD-L1 and SPP1 expres- 1093
sion, reduced proliferation, colony formation, and invasion abilities, while impairing mi- 1094
gratory capacity of cocultured M2 macrophages. Additionally, PDIA5 exhibited predic- 1095
tive potential for immunotherapy response, highlighting its relevance as a biomarker and 1096
therapeutic target for cancer immunotherapy [157]. 1097

Due to the high and specific expression of EGFR in GBM, EGFR CAR-T cells hold 1098
significant therapeutic potential. While these cells effectively suppressed GBM cell growth 1099
in vitro and tumorigenesis in vivo, resistance quickly emerged. This resistance was linked 1100
to upregulation of immunosuppressive genes, including inhibitory immune checkpoints 1101
and inflammatory cytokines, driven by EGFR CAR-T cell-induced active enhancers. BRD4 1102
inhibition with JQ1 disrupted immunosuppressive gene activation, and its combination 1103
with EGFR CAR-T therapy reduced immunosuppression, effectively curbing tumor 1104
growth and metastasis in GBM xenografts [158]. 1105

4.8. Emerging Technologies 1106

Mutations in IDH1/2 and PPM1D may silence the nicotinic acid phosphoribosyl 1107
transferase (NAPRT) gene, essential for NAD* production via the Preiss-Handler salvage 1108
pathway. Alternatively, NAPRT silencing makes glioma cells reliant on nicotinamide 1109
phosphoribosyl transferase (NAMPT)-dependent nicotinamide salvage pathway for 1110
NAD* synthesis. This vulnerability enables synthetic lethality using NAMPT inhibitors 1111
(NAMPTis), such as GMX1778, making NAPRT silencing a critical biomarker for NAMPTi 1112
therapy. However, NAMPTis face challenges, including low brain bioavailability and 1113
dose-limiting toxicities. Instead, NP formulations of NAMPTis enable rapid cellular up- 1114
take, significant intracellular NAD* depletion, and selective efficacy in GBM models, 1115
while avoiding hematologic and retinal toxicities observed with systemic delivery. Intra- 1116
cranial GBM mouse models show reduced tumor burden and improved survival with NP- 1117
loaded NAMPTi monotherapy [39]. 1118

Since HDAC6 is overexpressed in GBM, associating with poorer survival, and mon- 1119
oamine oxidase A (MAO A) is also upregulated in GBM, dual targeting of these enzymes 1120
seems a promising strategy. HDAC-MB, a novel multifunctional small-molecule probe 1121
designed for glioma theranostics, combines HDAC6 imaging, MAO A inhibition, and 1122
photodynamic therapy functions. Initially, the probe remains inactive, but upon activa- 1123
tion by overexpressed HDAC6 in glioma cells, it releases methylene blue, which inhibits 1124
MAO A and restores the probe's near-infrared fluorescence and photodynamic therapy 1125
activity when exposed to near-infrared light. This enables a highly selective and sensitive 1126
tool for detecting HDACE6 levels, while also inducing cell death through the generation of 1127
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reactive oxygen species (ROS) upon light activation. Additionally, the probe's MAO A 1128
inhibition enhances its ability to reduce glioma cell migration, invasion, and proliferation 1129
[159]. 1130

Hydrolyzed rutin, a modified flavonoid derived from rutin deglycosylation, showed 1131
potential as an epigenetic drug due to its antiproliferative effects related to cell cycle inhi- 1132
bition in human GBM cell lines, reducing GBM aggressiveness. Besides its potential asa 1133
therapeutic agent, its prophylactic treatment use is particularly noteworthy, as it has been 1134
proven to decrease the aggressive behavior of GBM during primary treatment and pre- 1135
vent relapse, a benefit not yet reported for other adjuvant therapies. Hydrolyzed rutin's 1136
action may also alter the response to conventional therapies, making it crucial for both 1137
primary and recurrent glioma treatment. The compound inhibits tumor growth and re- 1138
duces anaplasia without genotoxicity, suggesting epigenetic modulation as a mechanism. 1139
Although preclinical results are promising, further investigation in orthotopic models and 1140
clinical studies is required to confirm its therapeutic efficacy [160]. 1141

Suicide gene therapy employs genes encoding enzymes that convert non-toxic pro- 1142
drugs into toxic metabolites, selectively eliminating targeted cells. A prominent example 1143
is the herpes simplex virus-thymidine kinase (HSV-TK)/ganciclovir (GCV) system, which 1144
produces a toxic metabolite, GCV triphosphate, through cellular phosphorylation. This 1145
metabolite diffuses to adjacent cells, inducing apoptosis via a bystander effect. The tumor 1146
necrosis factor-related apoptosis-inducing ligand (TRAIL) enhances the efficacy of HSV- 1147
TK/GCV by increasing target-specific killing and amplifying the bystander effect. TRAIL, 1148
naturally expressed in the immune system, induces apoptosis in glioma cells, making ita 1149
promising GBM treatment. However, its therapeutic use is limited by rapid systemic 1150
clearance and glioma cell resistance, requiring improved delivery systems and tumor- 1151
icidal efficacy. 1152

Polyethylenimine (PEI), a widely used gene delivery vector, offers high transfection 1153
efficiency but is hampered by cytotoxicity. Modifications such as conjugating PEI with 1154
polylysine (PLL) have shown promise in reducing toxicity and improving gene delivery 1155
efficiency. In a preclinical study, a PEI-PLL copolymer was used to transfect mesenchymal 1156
stem cells with HSV-TK and TRAIL genes, creating a dual-functional therapeutic system 1157
for glioma. These genetically modified stem cells converted GCV into its toxic metabolite 1158
while synergistically enhancing TRAIL-induced apoptosis. This approach demonstrated 1159
significant anti-tumor effects in vitro and in vivo, including reduced cell proliferation, an- 1160
giogenesis, and increased apoptosis in glioma models [161]. 1161

A novel multimodal therapy, PEG-AuNPs@Hyp, demonstrates significant anticancer 1162
potential against GBM by targeting epigenetic and mitochondrial pathways. This red- 1163
light-responsive nanoformulation exhibits controlled drug release, effective uptake in 1164
GBM models, and enhanced tumor ablation in vivo. PEG-AuNPs@Hyp suppresses PcG 1165
proteins (EZH1, EZH2, and Bmi-1) via ubiquitin-mediated degradation and disrupts the 1166
interaction between PcG proteins and mutant IDH2. This process restores tumor suppres- 1167
sor gene activity by reducing histone trimethylation and promoter methylation. In addi- 1168
tion, it enhances apoptosis through ROS generation, caspase-3 activation, mitochondrial 1169
membrane disruption, and downregulation of anti-apoptotic markers like Bcl2 [162]. 1170

4.9. Future Directions and Emerging Therapeutic Approaches 1171

Advancing the standard treatment for GBM requires translating preclinical findings 1172
into clinical trials. However, this faces significant challenges, including time and resources 1173
required, difficulties in patient enrollment, and limited effectiveness of many new ap- 1174
proaches, all of which hinder the development of broadly applicable treatments. 1175
HDACis aim to modify chromatin structure and gene expression. A trial explored 1176
the maximum tolerated dose of belinostat combined with radiotherapy and TMZ while 1177
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also assessing the utility of magnetic resonance spectroscopic imaging in predicting better 1178
outcomes and detecting early treatment response [75]. Another study investigated con- 1179
vection-enhanced delivery of MTX110, a panobinostat formulation, directly to the tumor 1180
during surgery. This approach bypassed the BBB and delivered high concentrations of the 1181
drug to the tumor site [163]. 1182

Valproic acid, traditionally used to treat seizure disorders, has been explored for its 1183
potential to enhance the effects of standard radiotherapy and TMZ in children and ado- 1184
lescents with high-grade gliomas, including GBM [164]. Additionally, an open-label phase 1185
II study evaluated the safety and efficacy of prolonged doxorubicin administration com- 1186
bined with radiotherapy, TMZ, and valproic acid in newly diagnosed GBM and diffuse 1187
intrinsic pontine glioma. This trial was ultimately terminated due to the high heterogene- 1188
ity of the enrolled patient population [165]. 1189

A pilot study aimed to assess the safety and feasibility of combining nivolumab, an 1190
immunotherapeutic agent, with stereotactic radiosurgery (gamma knife therapy) and 1191
valproic acid in recurrent GBM patients. However, this study was terminated early when 1192
the pharmaceutical company ceased providing nivolumab [166]. Similarly, a phase I trial 1193
evaluated the combination of pembrolizumab, another immune checkpoint inhibitor, 1194
with vorinostat, TMZ, and radiotherapy for newly diagnosed GBM [167]. 1195

Recent clinical trials have shown promising results for BETi in GBM treatment. A 119
Phase Ib dose-escalation trial with trotabresib (CC-90010) combined with radio-chemo- 1197
therapy and TMZ reported good tolerability. Additionally, ongoing studies aim to assess 1198
the drug’s BBB penetration and its ability to deplete MGMT and other target proteins, in 1199
a multi-center, open-label study [168,169]. A phase Ila trial investigated birabresib in re- 1200
current GBM following standard therapy failure, aiming to determine the maximum tol- 1201
erated dose. This study was terminated due to lack of efficacy [103]. 1202

A Phase 1/2 study investigated olutasidenib (FT-2102), a mutant IDH1 inhibitor, in 1203
patients with advanced solid tumors and gliomas, either as monotherapy or combined 1204
with azacitidine for glioma treatment. However, the study yielded limited success [170]. 1205
After significantly impeding tumor progression in both subcutaneous and intracranial pa- 1206
tient-derived xenograft models, an ongoing clinical trial is focusing on the IDH1-R132 1207
mutation, assessing the safety, tolerability, pharmacokinetics, pharmacodynamics, and 1208
anti-tumor efficacy of DS-1001b [171,172]. 1209

A Phase 0 first-in-human study investigated the safety of NU-0129, a novel spherical 1210
nucleic acid gold nanoparticle therapy, in patients with recurrent GBM or gliosarcoma 1211
undergoing surgery. Designed to cross the BBB, NU-0129 delivers nucleic acids targeting 1212
the Bcl2L12 gene, which promotes tumor growth by preventing apoptosis. Among eight 1213
enrolled patients, only one experienced serious adverse events [173]. 1214

Other key clinical approaches include identifying novel biomarkers, such as mi- 1215
croRNAs, to develop signatures discriminating GBM from other malignant CNS tumors 1216
and enhancing diagnostic accuracy [174]. Another study focuses on integrating stem cell 1217
analysis, multi-omics (including immunomics), and artificial intelligence to advance per- 1218
sonalized GBM care by identifying immune markers for prognosis, testing GBM stem cell 1219
sensitivity to treatments, and creating ethical guidelines for artificial intelligence-assisted 1220
predictions [175]. Moreover, circulating microRNAs are being studied as biomarkers for 1221
monitoring diffuse gliomas, with the goal of differentiating true tumor recurrences from 1222
false positives on MRI [176]. 1223

Collectively, these trials aim to evaluate the safety, feasibility, and efficacy of innova- 1224
tive epigenetic therapies for GBM management, with an emphasis on combination strate- 1225
gies to improve therapeutic outcomes. An overview of these trials is summarized in Table 1226
3. 1227
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5. Conclusions 1228

GBM remains one of the most challenging cancers to treat, with a dismal prognosis =~ 1229
despite advancements in therapy. Epigenetics emerges as a promising, but underutilized, 1230
therapeutic approach, targeting aberrant DNA methylation, histone modifications, and 1231
dysregulated ncRNAs that drive tumor progression, immune evasion, and therapy re- 1232
sistance. Early studies highlighted the potential of DNMTis, HDACis, and RNA-based 1233
therapies, especially in combination with immune checkpoint or PARP inhibitors, disclos- 1234
ing synergistic effects in preclinical models. 1235

Clinical translation, however, faces considerable challenges, including BBB limiting 1236
drug delivery, bioavailability issues, off-target effects, systemic toxicity, GBM tumor het- 1237
erogeneity and adaptive resistance mechanisms. Precision medicine approaches, leverag- 1238
ing biomarkers to tailor interventions, are crucial to overcoming these barriers. 1239

This scoping review has some limitations that should be acknowledged. Like most 1240
scoping reviews, no critical appraisal of the included studies was conducted, which limits 1241
the ability to assess the strength or quality of the evidence. While data charting was veri- 1242
fied, the initial screening and extraction were primarily performed by one author, intro- 1243
ducing potential bias. Additionally, the review focused narrowly on therapeutic targeting, 1244
excluding broader, although eventually clinically relevant aspects, such as diagnostic or 1245
prognostic epigenetic research. 1246

Future progress will rely on interdisciplinary strategies, integrating molecular biol- 1247
ogy, nanotechnology, and multi-omics to refine knowledge on epigenetic landscapes and =~ 1248
therapeutic combinations. Collaborative efforts across research disciplines and clinical do- 1249
mains are essential to accelerate the translation of epigenetic discoveries into standard 1250
care. In conclusion, the therapeutic potential of targeting epigenetics in GBM is undenia- 1251
ble, offering a path to overcome some of the limitations of current treatments. Advances 1252
in drug delivery, target specificity, and overcoming resistance mechanisms, combined 1253
with interdisciplinary approaches, may enhance the effectiveness of epigenetic therapies 1254
in improving outcomes for GBM patients. 1255
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Abbreviations 1268
The following abbreviations are used in this manuscript: 1269
5hmC 5-hydroxymethylcytosine
5-HT7R Serotonin receptor
ARL13B ADP-ribosylation factor-like protein 13B
BBB Blood-brain barrier
BET Bromodomain and extra-terminal tail
BETi BET inhibitor
BRD Bromodomain containing protein
C5aR1 Complement C5a receptor 1
CAK CDK-activating kinase
CAM Cell adhesion molecule
CASCADES  Cancer stem cell-associated distal enhancer of SOX2
CBX Chromobox
CDK Cyclin-dependent kinase
ceRNA Competing endogenous RNA
Chi3l1 Chitinase 3-like 1
CIA Cytosolic iron-sulfur (Fe-S) cluster assembly
CK Creatine kinase
CKB CK, brain-type
CNS Central nervous system
COL VI Collagen VI
CpG Cytosine-phosphate-guanine
CRISPR Clustered regularly interspaced short palindromic repeats
CTA Cancer-testis antigen
CTCF CCCTC-binding factor
CTD C-terminal domain
CX43 Connexin 43
d3A dCas9-DNMT3A catalytic domain fusion protein
DLL3 Delta-like protein 3
DNA-PKcs ~ DNA-dependent protein kinase catalytic subunit
DNMT DNA methyltransferase
DNMTi DNMT inhibitor
DPP-4 Dipeptidyl peptidase-4
DSB Double-strand break
EGF Epidermal growth factor
EGFR Epidermal growth factor receptor
EMT Epithelial-mesenchymal transition
EpiDoKOL  Epigenetic Domain-specific Knock Out Library
Erp Estrogen receptor
Exo Biosystems-derived exosome
EZH1/2 Enhancer of Zeste Homologue 1/2
FA Fanconi anemia
GBM Clioblastoma multiforme, Glioblastoma
GCV Ganciclovir
GLUT3 Glucose transporter 3
GPX4 Glutathione peroxidase 4
GSC Glioma stem-like cell
H3K27me3  Histone H3 lysine 27 trimethylation
H3K4me3 Histone H3 lysine 4 trimethylation
HAT Histone acetyltransferase
HDAC Histone deacetylase
HDACGi HDAC inhibitor
HERV Human endogenous retrovirus
HLA-I Human leukocyte antigen class I
HR Homologous recombination
Hras Harvey Rat Sarcoma Viral Oncogene Homolog
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HSV-TK
ICL

IDH
IMPDH2
IxB
IncRNA
LSD1
m6A
MAO A
MAZ
MCM
MDH2
MDHDH
METTL3/14
MGMT
miRNA, miR
MRI
MRN
mRNA
MTAP
mTORC2
NA
NAMPT
NAMPTi
NAPRT
ncRNA
NP
NY-ESO1
OGT
PARP
PcG

PCr
PDGFR
PDGFRA
PDIAS
PD-1.1
PEI
PHAX
PKM2
PLD
PLEKHA4
PLL

Pol 1T
PRC1/2
PRISMA-ScR
PRMT5/6
PTEN
PTGFRN
RARp
RBBP4
ROS
Rova-T
rRNA
RSK4
RTK
SCD

SE
sgRNA
SHH

Herpes simplex virus-thymidine kinase
Interstrand crosslink

Isocitrate dehydrogenase
Inosine-5'-monophosphate dehydrogenase 2
Inhibitory kB

Long non-coding RNA

Lysine-specific histone demethylase 1
N6-methyladenosine

Monoamine oxidase A

Myc-associated zinc finger protein
Mini-chromosome maintenance protein
Malate dehydrogenase 2

Malate dehydrogenase degradation helper
Methyltransferase-like 3/14
Of-methylguanine-DNA methyltransferase
MicroRNA

Magnetic resonance imaging
Mre11-Rad50-NBS1

Messenger RNA

Methylthioadenosine phosphorylase
Mechanistic target of rapamycin complex 2
Not applicable

Nicotinamide phosphoribosyl transferase
NAMPT inhibitor

Nicotinic acid phosphoribosyl transferase
Non-coding RNA

Nanoparticle

New York esophageal squamous cell carcinoma 1
O-GleNACc transferase

Poly-ADP-ribose polymerase

Polycomb group

Phosphocreatine

Platelet-derived growth factor receptor
Platelet-derived growth factor receptor A
Protein disulfide isomerase A5
Programmed death-ligand 1
Polyethylenimine

Phosphorylated adaptor for RNA export
Pyruvate kinase M2

Phospholipase D

Pleckstrin homology domain containing A4
Polylysine

RNA polymerase II

Polycomb Repressive Complex 1/2
PRISMA Extension for Scoping Reviews
Protein arginine N-methyltransferase 5/6
Phosphatase and tensin homolog
Prostaglandin F2 receptor inhibitor
Retinoic acid receptor §

Retinoblastoma binding protein 4
Reactive oxygen species

Rovalpituzumab tesirine

Ribosomal RNA

Ribosomal S6 kinase 4

Receptor tyrosine kinase

Stearoyl-CoA desaturase

Super-enhancer

Single guide RNA

Sonic Hedgehog
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siRNA
snoRNP
SNX10
TAM

TE
TGF-p
TME
T™Z
TRAIL
TSA

U3 snoRNA
USP6NL
VEGF
WHO
YY1

Small interfering RNA

Small nucleolar ribonucleoprotein

Sorting nexin 10

Tumor-associated macrophage

Transposable element

Transforming growth factor

Tumor microenvironment

Temozolomide

Tumor necrosis factor-related apoptosis-inducing ligand
Trichostatin A

U3 small nucleolar RNA

Ubiquitin-specific peptidase 6 N-terminal like
Vascular endothelial growth factor

World Health Organization

Yin Yang 1
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Appendix 1271
Table 1. Main search results: epigenetic-related pathophysiology and potential therapeutic targets 1272
in GBM. 1273
Main alteration Pathway involved Genes/proteins involved References
DNA Methylation  Global DNA ALKBHI1 [177]
Modulation hypomethylation FGFR3-TACCS3 fusions [178]
mTORC2 [45,179]
NuRD complex [63,180,181]
PLEKHA4 [84]
Hypomethylation of ~ PPM1D [182]
oncogenes
Hypermethylationof DNMT1 [183,184]
tumor suppressor DNMT3A/B [18,185-187]
genes MSH2, MSH6 [18,188]
Promoter 5-HT7R [61]
methylation ANKDDI1A [189]
modulation ARL13B, IMPDH2 [53]
CXCL12, CXCR4 [190]
EGFR [4,60-62]
IDH, 1p/19q co-deletion, G-CIMP  [20,21]
Status
LCTL [191]
MGMT [32,50,192,193]
RARp [64]
REST [194,195]
SNX10, PDGFRB [55]
ST6Gall [196]
TAGLN2 [197]
TET, 5mC, 5hmc [65,66,198,199]
ZBTB18 [200]
Histone Chromatin BRD2, BRD3, BRD4, BRD8 [104,105,201-203]
Modification remodeling BRG1 [204]
Caspase-8 [107]
CBX, CBX2, CBX8 [86,88,205]
CELF2 [99]
Chidll [106]
CX43, SHH [92]
EGFR, FoxO3a [90,206-209]
HELLS [210]
KLHDCS8A [115]
Lamellipodin, RICTOR [93]
Mcl-1 [211]
MLL5 [212]
NF1 [18,94]
OCT4, NANOG, SOX2, CARM1 [31,33]
PTEN [18,85,86]
PTGFR [91,129]
RIT1 [213]
SCD [89]
SWI-SNF complex [214]
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TRIM24, TRIM37 [97,98]

WNT [81,83]

YY1-CDK9 complex [96]

Histone methylation =~ CDK7, CDK9 [95,215]

EphrinA5 [216]

EZH2 [40-42,53,81,82,86,
98,217-222]

KDM4B/C, KDM5A, KDM6A/B [108,109,156,
223-225]

KMT2A, WDR5 [38,226]

PRMT2, PRMT5, PRMT6, PRMT8

[110-113,227,228]

SLC17A7 [229]
WDR82 [135]
Histone acetylation HAT1 [69]
HDACI1, HDAC2, HDAC6 [19,70-73,230]
Histone acetylation score [68]
SIRT1 [231]
ncRNA Targeting miRNA let-7 family [232]
miR-9 [220]
miR-10b [233]
miR-26a-5p, miR27a-3p, miR- [218]
181a/b, miR-200b/c, miR-498
miR-29s [186]
miR-101 [42]
miR-124 [195,234]
miR-129-2 [235]
miR-146a [121]
miR-194-3p [123]
miR-211 [236]
miR-219-1 [122]
miR-340 [237,238]
miR-486-5p [239]
miR-490 [41]
miR-524 [240,241]
miR-3189 [40,70]
Progesterone (P’4) [120]
IncRNA CASCADES [29]
CCND2-AS1 [242]
DARS1-AS1 [128]
H19 [243]
HOTAIR [203]
INHEG [127]
LINC00511 [241]
LINC00945 [114]
LINC02283 [129]
MDHDH [130]
SOX20T [244]
TCONS_00004099 [43]
TP53TG1, ENSG000246263 [245]
UhyperLncs, UhypoLncs, SNHG ~ [246]
XTP6 [124]
m6A modifications GPX4 m6A methylation [125]
RNA m6A methylation [126]
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ceRNA MCM4 [131]
Epigenome CRISPR-based EGFR [133,247]
Editing targeting MGMT [52]
CRISPR library ASH2L [134]
screening E2F6 [248]
ERBIN [27]
Immunomodulation Immune checkpoints =~ B7-H3 [249]
and Immune evasion CTA [149]
PD-1, PD-L1 [155-157,250]
TME and Cellular Integrin 31, DPP-4 [4,154]
interactions PDIA5 [157]
Peripheral immune cells [152]
Tumor-associated macrophages [153]
Epigenetic and Viral ~ CLOCK [251]
elements HERV-K [151]
Others Metabolic profile ASS1 [252]
Autophagy [11-13]
GABA [253]
Gallic acid [254]
Glutamine [30,253]
GPD1 [255]
TME and Hypoxia Gliomagenesis progression [10,37]
HIF-1a, PAX3/p53 axis [256]
Tumor heterogeneity  Artificial intelligence algorithm [36]
and Multiomics Methylome [6-9,22-24,35,257]
approaches Multiomics [258-260]
Tumor heterogeneity [34,35,261]
1274
Table 2. Main search results: epigenetic-related molecules and drugs in GBM. 1275
Drug class Molecule/Drug Target References
BETi Birabresib (MK-8628, OTX015)  BRD2, BRD3, BRD4 [101,102,140]
Trotabresib (CC-90010) BRD4 [100]
JQ1 BRD4, HOTAIR [101,102,158,262]
DNMTi Decitabine DNMT1 [148,263]
RG-108 DNMT [143,264]
EZHi DZNep EZH2 [143,144,264,265]
Tazemetostat (EPZ-6438) EZH2 [266,267]
UNC1999 EZH1, EZH2 [268]
HDACi Belinostat (PXD-101) Class I and I HDACs [76,77,269]
Domatinostat HDAC1, HDAC2, HDACS, [80]
HDAC11
Givinostat Class I and Il HDACs [46]
LMK235 HDAC4, HDAC5 [79]
Panobinostat (LBH589) Class I, IT and IV HDACs (144,145,265,
269-271]
Romidepsin HDACI, HDAC2 [145,269]
Trichostatin A (TSA) Class I and I HDACs [78,143,264]
Vorinostat (SAHA) HDAC1, HDAC2, HDACS, [138,139,269,272]

HDAC6

99



Int. J. Mol. Sci. 2025, 26, x FOR PEER REVIEW

34 of 55

Nanoparticles NAMPT Inhibitors NAMPT [39,273]
PEG-AuNPs@Hyp PcG, IDH2 [162]
RNA interference SOX2, OLIG2, SALL2, POU3F2 [274]
siRNA Cyclophilin A [275]

Others ABT-737 Bcl-2, Bel-xL [272]
AC1Q3QWB (AQB) HOTAIR, EZH2 [141,276]
Aurora Kinase A inhibitors AURKA [262]
AZD1480 JAK [146]
Bevacizumab VEGEF-A [87]
BIX01294 G9a, GYa-like protein [28,143,264]
Dasatinib Src kinase [277]
DS-1001b Mutant IDH1 [172]
Dual EGFR/BRD4 inhibitors BRD4, EGFR [278]
Dual EZH2/HDAC Inhibitor EZH2, HDAC [279]
EGFR CAR-T cells EGFR [158]
GSK-J4 JMJD3 [280]
GSK-LSD1 LSD1 [141,142]
H3-G34R antibody H3.3 G34R mutation [281]
HDAC-MB HDAC6, MAO A [159]
Hydrolyzed Rutin Unidentified [160]
KC7F2 HIF-1a [54]
NVP-BEZ235 PI3K, mTOR [146]
Olaparib PARP [138]
PEI-PLL copolymer HSV-TK, TRAIL [161]
Phospho-valproic acid STAT3 [282]
(MDC-1112)

PRMTS inhibitors PRMT5 [283]
PTC596 BMI1 [266,284]
Resveratrol AMPK, NF-xB, SIRT1 [285]
Rolipram DPY30, PDE4B [117]
Rovalpituzumab tesirine DLL3 [116]
(Rova-T)

Ruxolitinib JAK [146]
Sodium selenite H3K9m2, HDAC [286]
SP2509 KDM1A [270]
Neural stem cells HSV-TK, S-TRAIL [287]
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Table 3. Most relevant clinical trials incorporating epigenetics, in GBM [NA: Not applicable].
. Number of Clinical Trial Clinical Current
Trial Name Intervention References
Participants Identifier Trial Phase  Status
Quantitative Magnetic Resonance Spectroscopic Imaging RT/TMZ + Belinostat 29 NCT02137759  Phase II Active [75]
(MRSI) to Predict Early Response to Standard Radiation
Therapy (RT)/Temozolomide (TMZ) + Belinostat Therapy
in Newly-Diagnosed Glioblastomas (GBM)
A Phase Ila Trial With Dose Optimization of OTX015, a Birabresib (OTX015) 12 NCT02296476 Phase I Terminated  [103]
Small Molecule Inhibitor of the Bromodomain and Extra-
terminal (BET) Proteins, in Recurrent GBM Patients
A Pilot Study to Evaluate the Feasibility of the Combined Stereotactic Radiosur- 4 NCT02648633 Phase I Terminated  [166]
Use of Stereotactic Radiosurgery With Nivolumab and gery, Nivolumab,
Concurrent Valproate in Patients With Recurrent Glioblas- ~ Valproate
toma
An Open-label, Single-arm, Phase II Study to Evaluate Doxorubicin, RT, TMZ, 21 NCT02758366 Phase Il Terminated  [165]
Safety and Efficacy of Doxorubicin in Combination With Valproic acid
Radiotherapy, Temozolomide and Valproic Acid in Pa-
tients With Glioblastoma Multiforme (GBM) and Diffuse
Intrinsic Pontine Glioma (DIPG)
International Cooperative Phase III Trial of the HIT-HGG Valproic acid, TMZ 167 NCT03243461 Phase III Active [164]
Study Group for the Treatment of High-Grade Glioma,
Diffuse Intrinsic Pontine Glioma, and Gliomatosis Cerebri
in Children and Adolescents < 18 Years [HIT-HGG-2013]
A Phase 0 First-In-Human Study Using NU-0129: A Spher- NU-0129 8 NCT03020017 Early Phase  Completed  [173]

ical Nucleic Acid (SNA) Gold Nanoparticle Targeting
BCL2L12 in Recurrent Glioblastoma Multiforme or Glio-

sarcoma Patients

I

1277



Int. ]. Mol. Sci. 2025, 26, x FOR PEER REVIEW

36 of 55

A Phase 1 Study of DS-1001b in Patients With IDH1 Mu- DS-1001b 47 NCT03030066 Phase I Active [171]
tated Gliomas

A Phase 1b/2 Study of FT-2102 in Patients With Advanced = Olutasidenib (FT-2102) 93 NCT03684811 Phase I/I1 Completed  [170]
Solid Tumors and Gliomas With an IDH1 Mutation

A Phase I Trial of Pembrolizumab and Vorinostat Com- Pembrolizumab, Vori- 21 NCT03426891 Phase I Completed  [167]
bined With Temozolomide and Radiation Therapy for nostat, TMZ, RT

Newly Diagnosed Glioblastoma

Establishment of a Signature of Circulating microRNA asa  microRNA analysis 160 NCT03630861 NA Completed  [174]
Tool to Aid Diagnosis of Primary Brain Tumors in Adults [Observational study]

A Phase 1, Open-label Study to Assess the Pharmacokinet- ~ Trotabresib (CC-90010) 20 NCT04047303  Phase I Terminated  [168]
ics, Pharmacodynamics and CNS Penetration of CC-90010

in Preoperative Subjects With Progressive or Recurrent

Who Grade II Diffuse Astrocytoma, Grade III Anaplastic

Astrocytoma and Recurrent Glioblastoma Scheduled for

Resection

Phase I Open Label Ascending Dose Study to Assess the MTX110 36 NCT05324501 Phasel Active [163]
Feasibility and Safety of Intermittent Infusions of MTX110

Administered by Convection-Enhanced Delivery (CED) in

Patients With Recurrent Glioblastoma (rGBM) (MACIC-

G1)

Improving Personalized Glioblastoma Care by Stem Cell Biomarker analysis 120 [Esti- NCT05941234 NA Active [175]
Analysis, Omics (Including Immunomics) and Artificial In-  [Observational study] mated]

telligence Approaches

Monitoring of Patients With Diffuse Gliomas Using Circu-  microRNA analysis 60 [Esti- NCT06203496 NA Active [176]
lating miRNAs [Observational study] mated]
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