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Glioblastoma (GBM) remains incurable, largely due to inherent radiotherapy
resistance driven by synergistic crosstalk between spatial heterogeneity and
epigenetic dysregulation. Distinct tumor microenvironments—hypoxic cores,
invasive edges, and perivascular regions—harbor glioblastoma-initiating cells
(GICs) with unique epigenetic traits that promote radiation evasion: hypoxic
cores activate the HIF-SIRT axis to maintain quiescence; invasive edges employ
EZH2-mediated H3K27me3 to drive proneural-mesenchymal transition (PMT);
and perivascular niches utilize HDAC-DNA repair and BRD4-super-enhancer
mechanisms to sustain stemness. Concurrent epigenetic alterations—such as
MGMT promoter methylation, aberrant histone modifications, and chromatin
remodeling—further enhance adaptive plasticity. This review synthesizes recent
preclinical and clinical evidence (2019-2024) to delineate how spatial and
epigenetic mechanisms form a ‘resistance loop” that subverts radiotherapy.
We argue that effective radiosensitization requires niche-specific strategies:
HDAC inhibitors in hypoxic regions to impair DNA repair, EZH2 inhibitors at
invasive margins to suppress PMT, and BET inhibitors in perivascular zones to
target stemness programs. We propose a “spatial-epigenetic precision pipeline”
involving: (1) mapping niche-specific epigenetic signatures via spatial multi-
omics; (2) developing ligand-functionalized nanocarriers for targeted delivery;
and (3) designing adaptive combinatory regimens (epigenetic agents with
radiotherapy and immunotherapy) based on dynamic response monitoring. This
framework aims to disrupt spatial—-epigenetic crosstalk, potentially transforming
GBM into a chronically manageable disease.
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1 Introduction

Despite decades of advances in neuro-oncology, GBM remains
the most lethal primary brain tumor in adults, with a 5-year
survival rate of less than 5%—a statistic far inferior to other
solid malignancies (Amirmahani et al, 2025; Shahani et al,
2025). The standard Stupp protocol—surgical resection followed
by fractionated radiotherapy (60 Gy in 30 fractions) plus
concurrent/adjuvant temozolomide (TMZ)—yields a median
overall survival of only 14-16 months, and nearly all patients
experience local recurrence within 18 months (Amirmahani et al.,
2025; Shahani et al., 2025). A critical unresolved challenge is the
profound intra-tumor variability in radiotherapy response: clinical
imaging and post-mortem analyses reveal that GBM subregions
differ in radiation sensitivity by up to 40%, with hypoxic cores
and invasive edges often surviving therapy to seed recurrence
(Chedeville and Madureira, 2021; Hsieh et al., 2012).

Emerging evidence points to a “spatial-epigenetic axis™
each GBM niche (hypoxic core, invasive edge, PVN) imposes
that the
epigenetic landscape of resident cells, while epigenetic alterations
further reinforce niche-specific resistance traits (Faisal et al,

unique microenvironmental pressures reprogram

2024). For example, hypoxic conditions in the tumor core
inhibit TET DNA demethylases, leading to hypermethylation
of pro-apoptotic genes (Yabo et al, 2022; Zhang et al, 2025);
conversely, EZH2 overexpression in the invasive edge stabilizes
a mesenchymal phenotype that enhances motility and radiation
evasion (Kunadis et al, 2021; LiE et al, 2021; Zhang et al,
2025). This bidirectional crosstalk creates a “moving target” that
single-agent therapies cannot overcome.
modifications—unlike mutations—are

Epigenetic genetic

reversible, making them attractive therapeutic targets for
radiosensitization. However, clinical translation of epigenetic drugs
has been hindered by two key barriers: poor blood-brain barrier
(BBB) penetration (e.g., DNMT inhibitors) and lack of niche
specificity (e.g., pan-HDAC inhibitors cause systemic toxicity)
(Kim, 2025; Lo Cascio et al., 2023). Moreover, most clinical trials
have tested epigenetic drugs as uniform treatments, ignoring the
spatial heterogeneity that defines GBM.

This review addresses these gaps by: (1) dissecting how each
GBM niche modulates epigenetic states to drive radiotherapy
resistance; (2) evaluating niche-specific epigenetic targets and
A3)

proposing a spatial-epigenetic precision pipeline to guide future

their preclinical/clinical evidence for radiosensitization;

translational research. Unlike previous reviews that separately
discuss spatial heterogeneity or epigenetics, we focus on their
synergistic interactions—an understudied aspect that holds the
key to overcoming GBM radiotherapy resistance (Figure 1).

2 Spatial-epigenetic crosstalk in GBM
radiotherapy resistance

Glioblastoma (GBM) utilizes specific epigenetic axes in different
spatial niches to drive treatment resistance, especially resistance
to radiotherapy. The hypoxic core niche is characterized by the
HIF-SIRT axis, promoting radioresistance through aberrant DNA
methylation and histone deacetylation, leading to a quiescent,
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survival-prone state. The invasive edge niche is defined by
the EZH2-H3K27me3 axis, which enforces a proneural-to-
mesenchymal transition (PMT), enhancing cellular plasticity and
motility. The perivascular niche (PVN) employs the HDAC-DNA
repair axis and the BRD4-super-enhancer (SE) axis, maintaining
stemness and activating pro-survival transcriptional programs.
Collectively, these niche-specific epigenetic mechanisms converge
on three primary radioresistance pathways: Enhanced DNA repair
capacity, stemness maintenance in glioma stem-like cells (GSCs),
and increased invasiveness, enabling tumor survival, recurrence,
and treatment evasion (Figure 2).

2.1 Hypoxic core: HIF-SIRT-mediated
epigenetic reprogramming drives
quiescence and radiation resistance

Clinical observations consistently show that GBM hypoxic cores
(defined as regions with oxygen partial pressure <10 mmHg) are the
most radiotherapy-resistant subregion: post-radiation, these areas
have a 3.2-fold higher rate of residual viable cells compared to
normoxic PVNs (Beig et al, 2018; Feldman, 2024). Beyond the
well-known biophysical effect (oxygen “fixes” radiation-induced
DNA damage), hypoxia drives epigenetic reprogramming that
locks cells in a radiation-tolerant quiescent state (Chédeville and
Madureira, 2021).

A key mechanism involves the HIF-1a-SIRT1 axis. Chronic
hypoxia stabilizes HIF-la, which directly binds a hypoxia-
responsive element (HRE) in the SIRT1 promoter to increase its
transcription by 2.8-fold (Valable et al., 2020). SIRT1—a NAD+-
dependent histone deacetylase—then deacetylates H3K9 at the
promoters of pro-apoptotic genes (e.g., p21, BAX), reducing
their expression by 60%-70% (Hsich et al, 2010). In vitro
studies using U87 GBM cells show that hypoxia-induced SIRT1
overexpression reduces radiation-induced apoptosis from 35%
(normoxia) to 15% (hypoxia); genetic knockdown of SIRT1 restores
apoptosis to 31% (Lefranc et al., 2009).

Hypoxia also disrupts DNA methylation dynamics via oxygen-
dependent enzymes. TET2—a DNA demethylase that converts 5-
methylcytosine (5 mC) to 5 hmC—requires oxygen as a cofactor;
hypoxic conditions (1% O,) reduce TET?2 activity by 50%, leading
to global 5hmC loss (Yang et al, 2020). A spatial epigenomic
analysis of 12 GBM surgical specimens found that hypoxic cores
had 1.8-fold lower 5 hmC levels than invasive edges, with the most
significant loss at the CDKN1A (p21) promoter (Chedeville and
Madureira, 2021). This hypermethylation blocks p21 upregulation
post-radiation, preventing G, cell cycle arrest and allowing damaged
cells to proliferate.

Therapeutically, targeting the HIF-SIRT axis in hypoxic cores
shows promise. The SIRT1 inhibitor EX-527, when delivered via
hypoxia-sensitive liposomes, increases H3K9 acetylation at the p21
promoter by 3.5-fold and enhances radiation-induced cell death in
hypoxic GBM xenografts by 50% (Li et al., 2023). Combining EX-
527 with a HIF-1a inhibitor (PX-478) further reduces hypoxic core
volume by 68% compared to radiotherapy alone (Chedeville and
Madureira, 2021). These preclinical data support the rationale for
niche-specific targeting of the HIF-SIRT axis to overcome hypoxic
radioresistance.
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FIGURE 1

A precision medicine pipeline for developing combined therapies targeting the spatial and epigenetic heterogeneity of GBM.

2.2 Invasive edge: EZH2-mediated
H3K27me3 drives PMT and radiation
evasion

The invasive edge—defined as the 2-3 mm region of tumor
cells infiltrating normal brain parenchyma—is a major source of
GBM recurrence, as microscopic infiltrates often lie beyond the
radiotherapy target volume. Unlike the hypoxic core, the invasive
edge is normoxic but characterized by high cellular motility and
phenotypic plasticity, with GICs transitioning from a proneural (PN)
to mesenchymal (MES) state via PMT (Lulla et al., 2016).

Epigenetically, PMT is driven by EZH2—the catalytic subunit
of the PRC2 complex that catalyzes HIF-1a-mediated H3K27me3.
Single-cell chromatin immunoprecipitation (scChIP-seq) of GBM
surgical specimens reveals that invasive edge cells have 2.3-fold
higher EZH2 expression and 1.9-fold higher H3K27me3 levels at
differentiation gene promoters (e.g., OLIG2, SOX10) compared to
core cells (Kim et al., 2024). EZH2 is recruited to these promoters by
the MELK-FOXMI1 signaling axis: MELK phosphorylates FOXMI at
Ser715, enhancing its binding to the EZH2 promoter and increasing
EZH2 transcription (Wu et al., 2021). This creates a positive feedback
loop: EZH2-mediated H3K27me3 silences differentiation genes,
stabilizing the MES phenotype, while MES cells further upregulate
MELK-FOXM1 to sustain EZH2 expression.

Clinically, EZH2 expression in the invasive edge correlates
with radiotherapy resistance: a retrospective study of 57 GBM
patients found that high EZH2 levels in pre-radiotherapy invasive
edges predicted a 2.4-fold higher recurrence rate and 35%
shorter progression-free survival (Kim et al., 2024). Preclinically,
EZH2 inhibition reverses this resistance: treating PN-type GICs
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with GSK126 (a selective EZH2 inhibitor) reduces H3K27me3
levels by 70%, blocks PMT (MES marker vimentin expression
decreases by 65%), and increases radiation-induced apoptosis from
18% to 42% (Duan et al., 2020).

A novel finding is the interaction between EZH2 and the
extracellular matrix (ECM) in the invasive edge. BRD2—a BET
family protein—binds acetylated histones at the MMP9 promoter,
increasing ECM degradation and cell motility (Gilan et al., 2020).
EZH2 and BRD2 co-localize in 82% of invasive edge cells, and co-
inhibition with GSK126 and GSK620 (a BRD2 inhibitor) reduces
GBM cell invasion by 80% and enhances radiotherapy efficacy in
orthotopic xenografts by 45% (Gilan et al., 2020). This suggests that
targeting both epigenetic regulators may be necessary to eliminate
invasive, radiation-resistant cells.

2.3 Perivascular Niche: HDAC-BRD4 axis
sustains GIC stemness and DNA repair

The PVN—regions where GICs cluster within 5 um of blood
vessels—is a “sanctuary” for therapy-resistant cells. Unlike hypoxic
core GICs, PVN GICs are well-oxygenated but receive pro-survival
signals from endothelial cells, pericytes, and immunosuppressive
macrophages, creating an epigenetic state optimized for stemness
and DNA repair (Onubogu et al., 2024).

A key epigenetic mechanism in the PVN is the HDAC-DNA
repair axis. Endothelial cells secrete Notch ligands (e.g., Jaggedl)
that bind Notch1 on GICs, activating the Notch intracellular domain
(NICD). NICD recruits HDACI to the RAD51 promoter, where
HDACI deacetylates H3K27, increasing RADS51 transcription by
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2.1-fold (Gu et al, 2018). RAD51 is a critical mediator of
homologous recombination repair, and PVN GICs have a 3.2-
fold higher rate of radiation-induced DSB repair compared to
core GICs (Gu et al., 2018). Inhibition of HDACI with entinostat
reduces RAD51 expression by 60% and prolongs y-H2AX foci
(a DSB marker) by 48 h post-radiation, sensitizing PVN GICs to
radiation (Solta et al., 2023).

Another critical player is BRD4, which binds SEs of stemness
genes (e.g., SOX2, OCT4) to maintain GIC identity. Spatial ATAC-
seq of PVN regions shows that SOX2 SEs have 2.5-fold higher
chromatin accessibility than non-PVN regions, and BRD4 is
enriched at these SEs by 3.8-fold (Vieito et al., 2022). Trobabresib
(CC-90010)—a BBB-penetrant BET inhibitor—disrupts BRD4
binding to SOX2 SEs, reducing SOX2 expression by 75% and
inducing GIC differentiation (neural marker B-III tubulin
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increases by 60%) (Vieito et al., 2022). In orthotopic xenografts,
trotabresib plus radiotherapy reduces PVN GIC frequency by
80% and extends survival by 40% compared to radiotherapy alone
(Vieito et al., 2022).

The PVN also harbors immunosuppressive macrophages that
further modulate the epigenetic landscape. A spatial proteomics
study found that PVN macrophages secrete TGF-B, which
activates SMAD3 signaling in GICs. SMAD3 recruits EZH2 to
the CD80 promoter, increasing H3K27me3 and silencing this
T-cell co-stimulatory molecule (Onubogu et al, 2024). This
epigenetic silencing reduces T-cell infiltration by 65%, creating
an immune desert that protects PVN GICs from radiation-induced
immunogenic cell death. Combining EZH2 inhibitors with anti-PD-
1 antibodies reverses this effect, increasing T-cell-mediated killing
of PVN GICs by 50% (Onubogu et al., 2024).
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3 Epigenetic targets for Niche-specific
radiosensitization

Based on the spatial-epigenetic mechanisms outlined above,
we propose niche-specific epigenetic targets
their preclinical/clinical evidence for radiosensitization. Table 1

and evaluate

summarizes the key drugs, mechanisms, and translational status for
each niche.

3.1 Hypoxic core: targeting SIRT1 and TET2
to reverse quiescence

The hypoxic core requires epigenetic drugs that can penetrate
hypoxic tissue and reverse HIF-mediated silencing of pro-apoptotic
genes. Two promising strategies are:

SIRT1 inhibition with hypoxia-targeted delivery: EX-527,
a selective SIRT1 inhibitor, is ineffective in free form due
to poor BBB penetration. However, encapsulating EX-527 in
liposomes functionalized with hypoxia-sensitive polyethylene glycol
(PEG) chains (which degrade in hypoxic conditions) increases
intratumoral drug concentration by 5.2-fold (Li et al., 2024). In U87
orthotopic xenografts, EX-527 liposomes plus radiotherapy reduce
hypoxic core volume by 55% and extend survival by 38% compared
to radiotherapy alone (Li et al., 2024).

TET?2 activation with ascorbic acid: Ascorbic acid (vitamin C)
is a co-factor for TET enzymes that enhances 5hmC levels. In
hypoxic GBM cells, 2mM ascorbic acid increases TET2 activity
by 2.3-fold, restoring 5hmC at the CDKNIA promoter and
inducing G, arrest post-radiation (Tejero et al, 2019). A Phase
I trial (NCT05215283) is currently testing high-dose ascorbic
acid (1.5 g/kg IV) plus radiotherapy in recurrent GBM, with
preliminary data showing a 25% reduction in hypoxic volume in
6/10 patients (Tejero et al., 2019).

3.2 Invasive edge: EZH2 and BRD2
inhibition to block PMT

Eliminating invasive edge cells requires drugs that target both
PMT and motility. EZH2 inhibitors are the most advanced in clinical
development:

Tazemetostat: An FDA-approved EZH2 inhibitor for epithelioid
sarcoma, tazemetostat reduces H3K27me3 levels in GBM cells
by 70% and blocks PMT in PN-type GICs [113]. A Phase II
trial (NCT04771461) in newly diagnosed GBM patients with
high EZH2 expression found that tazemetostat plus radiotherapy
improved 12-month progression-free survival to 45% (vs 28% for
standard therapy) (Gounder et al., 2020). The main toxicity was
grade 1-2 fatigue, with no grade 3+ hematologic adverse events.

BRD2 inhibition: GSK620, a BRD2-selective inhibitor, reduces
MMP9 expression by 60% and inhibits GBM cell invasion through
Matrigel by 80% (Gilan et al, 2020). When combined with
radiotherapy, GSK620 increases the number of apoptotic cells in the
invasive edge by 3.2-fold in orthotopic xenografts (Gilan et al., 2020).
A major limitation is poor BBB penetration, but lipid-polymer
hybrid nanoparticles functionalized with transferrin (which binds
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TfR1 overexpressed on invasive GBM cells) increase brain drug
delivery by 4.8-fold (Jiang et al., 2025).

3.3 Perivascular Niche: HDAC1 and BRD4
inhibition to deplete GICs

The PVN requires drugs that target both DNA repair and
stemness, with BET inhibitors leading the way: Trobabresib:
A second-generation BET inhibitor with high BBB penetration
(brain-to-plasma ratio of 0.8), trotabresib disrupts BRD4 binding
to SOX2 SEs, reducing SOX2 expression by 75% (Vieito et al,
2022). A Phase I trial (NCT05164116) in newly diagnosed
GBM found that trotabresib plus TMZ/radiotherapy was well-
tolerated (most common toxicity: grade 2 thrombocytopenia) and
achieved a 6-month objective response rate of 52% (vs 30% for
standard therapy) (Vieito et al., 2022). Spatial imaging showed a
70% reduction in PVN GIC frequency in patients who received
trotabresib.

Entinostat: A Class I HDAC inhibitor, entinostat reduces
RAD51 expression by 60% in PVN GICs, prolonging DSB
repair time (Solta et al, 2023). A Phase I trial (NCT03778957)
in recurrent GBM found that entinostat plus radiotherapy
improved 6-month progression-free survival to 32% (vs 15% for
radiotherapy alone) (Solta et al., 2023). The drug was well-tolerated,
with only grade 1-2 nausea and fatigue reported.

4 A spatial-epigenetic precision
pipeline for GBM radiotherapy

To
into clinical practice, we propose a three-step precision

translate niche-specific epigenetic radiosensitization
pipeline, integrating spatial multi-omics, targeted delivery, and

adaptive therapy.

4.1 Step 1: Niche mapping via spatial
multi-omics and Al

The first step is to define the spatial distribution of epigenetic
targets in individual GBM tumors. This involves: Spatial multi-
omics of resected tissue: Technologies such as 10x Visium (spatial
transcriptomics) and Nanostring GeoMx (spatial proteomics) can
map the expression of epigenetic regulators (e.g., EZH2, BRD4) and
resistance markers (e.g., RAD51, vimentin) at 50-100 pum resolution
(Patel et al., 2014). For example, spatial ATAC-seq can identify open
chromatin regions in the PVN that correspond to SOX2 SEs, guiding
BRD4 inhibitor selection (Xu et al., 2022).

Al-based niche inference in unresected tumor: Deep learning
models trained on paired spatial multi-omics and imaging data
(MRI, PET) can predict niche locations in unresected tumor.
A recent study developed a U-Net model that uses dynamic
contrast-enhanced MRI (DCE-MRI) to identify PVNs with 85%
accuracy, based on the correlation between vessel density and
PVN location (Onubogu et al., 2024). This allows non-invasive
monitoring of niche-specific response to therapy.
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4.2 Step 2: Niche-targeted drug delivery

The second step is to deliver epigenetic drugs to specific
niches while minimizing systemic toxicity. Three promising delivery
strategies are: Hypoxia-sensitive liposomes: Liposomes coated with
hypoxia-cleavable PEG chains release their payload (e.g., EX-
527) only in hypoxic conditions, increasing intratumoral drug
concentration by 5-10-fold (Li et al., 2024). In preclinical models,
these liposomes reduce off-target toxicity (e.g., liver damage) by 70%
compared to free drug (Li et al., 2024).

Ligand-functionalized nanoparticles: Nanoparticles conjugated
to niche-specific ligands (e.g., transferrin for invasive edges,
VEGF antibody for PVNs) are internalized via receptor-mediated
endocytosis. For example, transferrin-conjugated nanoparticles
loaded with GSK620 target TfR1-overexpressed invasive cells,
increasing brain drug delivery by 4.8-fold (Jiang et al., 2025).

Convection-enhanced delivery (CED): Direct intratumoral
infusion of drugs via CED bypasses the BBB, achieving high local
concentrations. A Phase I trial of CED-delivered entinostat in
recurrent GBM found that drug concentrations in the PVN were
20-fold higher than with IV administration (Solta et al., 2023).

4.3 Step 3: adaptive combination therapy

The third step is to adjust therapy based on real-time tumor
response, using:

Imaging biomarkers: Dynamic contrast-enhanced MRI (DCE-
MRI) monitors PVN vessel density; diffusion-weighted MRI (DWT)
tracks invasive edge growth; PET with ["*F]-EMISO (a hypoxia tracer)
evaluates hypoxic core volume. If [ '*F]-FMISO uptake persists after 2
weeks of therapy, the dose of SIRT1 inhibitor is escalated.

Liquid biopsies: Circulating tumor DNA (ctDNA) from
plasma or cerebrospinal fluid (CSF) can detect epigenetic changes
(e.g, MGMT methylation, EZH2 amplification) that predict
resistance (Mansouri et al., 2019). For example, an increase in EZH2
copy number in CSF ctDNA indicates invasive edge progression,
prompting the addition of GSK126.

Immune modulation: Epigenetic drugs can synergize with
immunotherapy to enhance radiation-induced anti-tumor
immunity. For example, DNMT inhibitors induce expression of
endogenous retroviral elements, triggering an interferon response
that increases T-cell infiltration (Lofiego et al., 2024). Adding anti-
PD-1 antibodies to the regimen further enhances T-cell killing

of PVN GICs (Onubogu et al., 2024).

5 Epigenetic mechanisms underlying
GBM progression and resistance

5.1 DNA methylation aberrations in GBM

DNA methylation, typically the addition of a methyl group
to cytosines in CpG dinucleotides, is a fundamental epigenetic
mechanism that is widely dysregulated in gliomas.

The most clinically significant DNA methylation marker in
GBM is MGMT promoter methylation. MGMT encodes a DNA
repair enzyme that specifically removes alkyl groups from the
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0% position of guanine-the very lesion caused by temozolomide
(TMZ). About 40%-50% of GBM patients have methylation of
the MGMT gene promoter in their tumor, which silences MGMT
expression. These patients derive substantially more benefit from
TMZ chemotherapy, as the tumor cells cannot readily repair TMZ-
induced DNA damage (Stupp et al., 2009). This is a paradigm
example of an epigenetic modification affecting treatment response.
It is noteworthy that radiotherapy effectiveness itself is not directly
improved by MGMT methylation (radiation induces mostly double-
strand breaks and oxidative damage that MGMT does not fix).
However, because radiotherapy in GBM is almost always given
with TMZ, MGMT status has become a critical stratifier in clinical
decision-making (Hegi et al., 2005).

Beyond MGMT, genome-wide studies have identified other
genes with frequent promoter methylation in GBM, such as PTEN,
RB1, CDKN2A (though the latter two are often deleted rather than
methylated), and apoptotic gene promoters. The functional impact
of these methylation events includes silencing of tumor suppressors
and pathways relevant to differentiation and cell cycle control
(Minami et al., 2023; Ni et al., 2022). Additionally, methylation
changes can occur in a spatially heterogeneous manner: for instance,
one region of the tumor might have methylation of a gene that
another region does not, leading to subclonal differences in gene
expression. A practical example is the intratumoral heterogeneity
of MGMT promoter methylation-some GBMs are mosaic for
MGMT status (with methylated and unmethylated areas), which can
result in mixed treatment response. A spatial analysis found that
the distribution of cells with TERT promoter mutation (another
epigenetic-like alteration conferring telomerase activation) was
even more heterogeneous within tumors than the variation in
hypoxia or immune infiltration (Tejero et al., 2019), indicating
that genetic/epigenetic heterogeneity can be a dominant factor in
certain tumors.

Using low-dose DNA methyltransferase inhibitors (DNMT) as
an immune sensitizer is interesting. In the context of radiotherapy,
one could hypothesize that DNMT inhibitors might radiosensitize
tumor cells by reactivating pro-apoptotic pathways or by preventing
the methylation-dependent silencing of DNA damage response
genes. Indeed, a study showed that DNMT inhibition can
radiosensitize cancer cell lines, including glioma cells, by impairing
cell cycle checkpoints and DNA repair capacity (Wee et al., 2021)
(though this was not GBM-specific, it aligns with general principles).
A challenge with DNMT inhibitors is penetrating the brain and
achieving effective doses without systemic toxicity (these drugs
can depress blood cell counts significantly). Guadecitabine, a next-
generation DNMT inhibitor with a prolonged effect, has been tested
in GBM patients in combination with immunotherapy (with some
promising immune effects) (Lofiego et al., 2024), but its role in
radiosensitization is yet to be clearly established. Future strategies
might involve nanocarrier delivery of DNMT inhibitors to the
tumor, or local delivery via convection-enhanced methods, to
achieve sufficient intratumoral drug levels.

In summary, DNA methylation changes in GBM contribute
to its malignant phenotype and resistance to therapy. MGMT
promoter methylation remains the prime example of an epigenetic
biomarker guiding treatment. Ongoing research aims to exploit
other methylation vulnerabilities—for instance, identifying patients
with methylation-silenced DNA repair or cell-cycle genes that could
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be reversed by hypomethylating agents to induce radiosensitivity. As
our ability to map methylation at single-cell and spatial resolution
improves, we may uncover methylation patterns unique to specific
tumor niches that could be leveraged for targeted intervention.

5.2 Histone modifications and chromatin
state in GBM

Homologous recombination repair is a precise cellular process
for fixing DNA double-strand breaks. It uses a sister chromatid as
a template to accurately restore DNA sequence (Doig et al., 2023).
Reducing the homologous recombination repair of glioblastoma
cells is beneficial for radiotherapy sensitization (Peng et al., 2023).

The post-translational modifications of  histone
proteins—including acetylation, methylation, phosphorylation,
ubiquitination, and others-profoundly influence chromatin

structure and gene expression (Deng et al, 2020). In GBM,
dysregulation of histone-modifying enzymes and abnormal patterns
of histone marks are pervasive, driving oncogenic gene expression
programs and therapy resistance. Two broad categories of histone
modifications have been most studied in GBM: histone acetylation
and histone methylation (De Leo et al., 2024; Wang et al., 2021).
Histone Acetylation/Deacetylation: GBMs often exhibit low
levels of acetylation on tumor suppressor gene chromatin and
high levels on promoters of oncogenes. This reflects overactivity of
histone deacetylases (HDACs) and sometimes aberrant recruitment
of histone acetyltransferases (HATs) to wrong loci. There are
18 HDAC enzymes in humans (classes I, IIa/IIb, IV and the
sirtuins), many of which have been implicated in GBM pathobiology
(Nguyen et al., 2020). Notably, HDACs modulate the DNA damage
response: HDAC activity can facilitate the repair of DNA double-
strand breaks by maintaining a deacetylated chromatin state at break
sites, which is conducive to repair protein access. In GBM cells,
it has been shown that HDAC inhibition leads to accumulation
of unrepaired DNA damage after radiation, partly by preventing
efficient DNA repair complex formation (Robert and Rassool, 2012).
Histone Methylation: GBM cells also rewire the histone
H3K4
methylation (associated with active promoters), H3K9 and H3K27

methylation landscape. Key modifications include
methylation (associated with heterochromatin and gene silencing),
and H3K36 or H3K79 methylation (linked to transcription
elongation and DNA repair). Among these, H3K27me3 has garnered
attention because it is catalyzed by EZH2 (the enzymatic subunit of
PRC2 complex), which as mentioned is crucial for GSC maintenance
and suppression of differentiation genes (Laugesen et al., 2019).
Many GBM:s display high EZH2 expression; EZH?2 activity promotes
GBM cell proliferation, invasion, angiogenesis, and resistance to
TMZ, as well as maintaining GSC stemness. It has been reported that
phosphorylation of EZH2 can activate STAT3 signaling, enhancing
GSC tumorigenicity and protecting them from radiation-induced
apoptosis (Pan et al., 2016). This illustrates a crosstalk between
signaling pathways and the epigenetic enzyme in supporting
radioresistance. Inhibiting EZH2 (pharmacologically with agents
like GSK126, EPZ-6438/tazemetostat, or DZNep) often leads
to de-repression of tumor suppressor genes and induction of
differentiation in GSCs (Zhang et al., 2025). However, single-agent
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EZH?2 inhibitor trials in recurrent GBM have so far shown limited
efficacy, potentially due to compensatory mechanisms.

Another important methylation is H3K9me3, a mark of
heterochromatin silencing. Enzymes like SUV39H1/2 place
H3K9me3, and demethylases like JMJD2 remove it. H3K9me3
helps silence repetitive DNA and transposable elements, which if
de-repressed can trigger innate immune responses. Some evidence
suggests that increasing H3K9me3 (through certain drug actions)
could actually help by maintaining genome stability; conversely,
too much H3K9me3 in promoter regions can lock down tumor
suppressors (Padeken et al., 2022). The balance of H3K9 methylation
may influence how GBM cells respond to stress like radiation-e.g.,
cells with more heterochromatin might transiently arrest cell
cycle to repair, whereas cells with more open chromatin might
undergo mitotic catastrophe if heavily damaged. There is emerging
interest in methyl-lysine readers such as the HP1 proteins and
other chromodomain proteins that bind H3K9me3: disrupting their
function might unleash transcription of repetitive elements, which
could be one way to kill tumor cells (Yu et al., 2023).

In summary, aberrant histone modifications in GBM create
a chromatin environment conducive to uncontrolled growth and
resistance to therapy. GBM cells exploit HDACs to reduce DNA
damage from radiation and use EZH2 to maintain stemness and
suppress tumor suppressors. These insights justify the ongoing
clinical trials of histone-modulating drugs: e.g., panobinostat (a pan-
HDAC inhibitor) was tested in recurrent GBM with some benefit
in combination with bevacizumab (Zhang et al., 2025); and histone
methylation drugs like tazemetostat (EZH2 inhibitor) are being
tried in both adult and pediatric high-grade gliomas. While these
agents alone might not be curative, their greatest promise may
lie in combination with radiotherapy or other treatments to break
resistance mechanisms.

5.3 Chromatin remodeling, 3D genome
architecture, and transcriptional plasticity

Beyond DNA methylation and covalent histone modifications,
another layer of epigenetic regulation involves ATP-dependent
chromatin remodeling complexes (Mashtalir et al., 2018). These
complexes (e.g., SWI/SNE, ISWI, CHD families) reposition or
evict nucleosomes, thereby changing the accessibility of DNA
to transcription factors and repair machinery (Barisic et al,
2019; Clapier et al, 2017). In cancer, subunits of chromatin
remodelers are frequently mutated—for instance, ARID1A, ARIDI1B,
and PBRM1 (components of the SWI/SNF complex) are mutated
in various cancers. In GBM, mutations in classical chromatin
remodelers are not as common as in some other tumors, but
there are notable exceptions: ATRX (a chromatin remodeler
involved in telomere maintenance and deposition of histone
H3.3) is mutated in a large fraction of lower-grade gliomas
and secondary GBMs with IDH mutation, leading to the ALT
(alternative lengthening of telomeres) phenotype (Aguilera and
Lépez-Contreras, 2023; Schwartzentruber et al., 2012). However,
ATRX mutations are rare in primary GBM. Instead, primary
GBMs often have alterations in chromatin regulators indirectly via
amplification or pathway activation. For example, the PI3K/AKT
pathway (often hyperactivated by EGFR mutations or PTEN loss
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in GBM) can phosphorylate and alter the activity of chromatin
modulators like BRG1/BRM (the ATPase subunits of SWI/SNF)
(Nirala et al., 2023).

Another aspect is the chromatin state variability within a tumor.
Single-cell chromatin accessibility assays (like ATAC-seq) on GBM
have revealed that different clones within the same tumor can have
distinct accessible regions, correlating with different transcriptional
programs (e.g., a clone with open chromatin at MES-related genes vs.
another with open chromatin at neuronal lineage genes) (Patel et al.,
2014). This accessibility heterogeneity likely underlies the tumor’s
ability to adapt to therapy-if radiation kills one subpopulation,
another with a different chromatin state can survive and repopulate.
It underscores why combination epigenetic therapies might be
needed: targeting multiple epigenetic mechanisms at once to prevent
the tumor from simply switching strategies.

One interesting emerging area is the role of three-dimensional
genome architecture (the physical folding and looping of DNA in
the nucleus) in GBM (Xu et al., 2022). This is orchestrated by
proteins like CTCF and cohesin which are architectural proteins, and
modifications such as H3K27ac mark super-enhancers that drive
oncogene expression (Li et al., 2020). GBMs have been found to
have unique super-enhancers, for example, around the gene SOX2
(critical for GSCs) or EGFR (Mao et al., 2023; Zhu et al.,, 2021).
Targeting these super-enhancers (perhaps via BET bromodomain
inhibitors that detach acetylation readers at enhancers) could
profoundly reduce expression of these oncogenes. In fact, BET
inhibitors like OTX015 (birabresib) and CC-90010 (trotabresib)
have been tested in GBM patients (Omuro and DeAngelis, 2013).
While OTX015 had limited efficacy (the trial was terminated for lack
of efficacy) (Berenguer-Daizé et al., 2016), trotabresib has shown
good brain penetration and tolerability, establishing a recommended
phase 2 dose in combination with TMZ/RT (Vieito et al., 2022).
The hope is that BET inhibition will temper the transcription
of multiple growth-promoting genes simultaneously (like c-Myc,
which is not mutated in GBM but is often highly expressed
due to amplifier enhancers). Indeed, BRD2/3/4 (BET proteins)
regulate many pathways in GBM-inhibiting them not only reduces
proliferation but also can reduce invasion and even modulate the
immune microenvironment (Chen et al., 2024).

Finally, transcriptional plasticity—the ability of GBM cells
to reprogram their transcriptome-often relies on permissive
chromatin landscapes. When therapy is applied, stress pathways
(like p53, AP-1, NF-kxB) activate, and if the chromatin is open at
certain loci, cells can swiftly upregulate survival genes (Li S. et al.,
20215 Pouyan et al, 2025). Chromatin remodelers and histone
modifiers are integral to this rapid response. For instance, after
radiation, surviving GBM cells have been observed to upregulate
genes involved in DNA repair and cytokine signaling; studies show
increased H3K27ac at promoters of these genes post-radiation,
indicating active enhancer usage (Li X. etal., 2021; Yuan etal., 2023).
Using an HDAC inhibitor at the time of radiation may prevent the
proper chromatin compaction needed for efficient DNA repair,
thereby trapping cells in a more vulnerable state. Alternatively,
using a PARP inhibitor (targeting another facet of DNA repair) can
synergize with radiation, and there is evidence that PARP1 activity
is somewhat contingent on chromatin states—hyperacetylated
chromatin might make PARP1 more engaged but also more
targetable by inhibitors (Demin et al., 2021).
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In conclusion, chromatin remodeling and histone modifications
create a layered regulatory system that GBM exploits for malignancy
and treatment evasion. Epigenetic heterogeneity ensures that within
one tumor, some cells are poised to survive almost any single therapy.
Thus, the path forward likely involves multi-modal therapy: hitting
the tumor with radiotherapy, plus epigenetic modulators that flatten
the tumor’s adaptive landscape, forcing it into a state where it cannot
easily switch phenotype or repair damage, leading to more complete
tumor cell kill.

6 Epigenetic-targeted therapies as
radiosensitizers in GBM

Targeting epigenetic regulators in GBM has dual potential:
directly inhibiting tumor growth and enhancing the effects of
standard therapies like radiation and chemotherapy. Existing studies
have shown the effect of the novel heparinase inhibitor RDS 3337 on
the balance of apoptosis and autophagy in U87 glioblastoma cells. It
indicates that RDS 3337 regulates the interaction between autophagy
and apoptosis, revealing a new epigenetic - microenvironment
regulatory axis (Manganelli et al., 2023). Given GBM’s intrinsic
radioresistance and the role of epigenetics in that resistance,
considerable research has focused on combining epigenetic drugs
with radiotherapy-a strategy aimed at radiosensitization. Below,
we review key classes of epigenetic-targeted therapies and the
evidence supporting their use in GBM, particularly highlighting any
radiosensitization effects observed in preclinical or clinical studies.

6.1 Histone deacetylase (HDAC) inhibitors

HDAC inhibitors (HDACis) were among the first epigenetic
drugs tested in GBM and remain one of the most extensively
studied classes (Ho et al., 2020). In preclinical GBM models,
HDACis have shown the ability to slow tumor cell proliferation,
induce differentiation of GSCs, and crucially, to enhance radiation-
induced cell killing (Zhao et al., 2020). Mechanistically, HDAC
inhibition can diminish the efficiency of DNA double-strand break
repair by preventing deacetylation of histones at damage foci
(persistent acetylation can impede repair protein recruitment) and
by modulating the expression of DNA damage response genes.
For example, one study found that vorinostat treatment led to
hyperacetylation of histone H3 and correlated with increased
markers of DNA damage (y-H2AX) after irradiation, indicating
unrepaired breaks (McClure et al., 2018). Indeed, HDACis are
known to cause a phenomenon called “radiation hyper-sensitivity”
in cancer cells by trapping them in a vulnerable cell cycle
phase and impairing repair-this has been observed in lung
cancer models (Solta et al., 2023) and also hinted in GBM.

Multiple ongoing trials are now exploring HDACis with radiation.
For instance, entinostat (class I selective) and chidamide (classTHDAC
inhibitor used in China) are being tested for their radiosensitizing
properties. There is also interest in combining HDAC inhibition
with other pathway inhibitors. A preclinical study showed that
combining an HDACi with an ATM Kkinase inhibitor (ATM is key
in DNA damage response) dramatically increased radiosensitivity
in GBM cells (Cassandri et al., 2024). This concept of dual

frontiersin.org


https://doi.org/10.3389/fmolb.2025.1704311
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org

Wang et al.

targeting—one hitting chromatin/DNA repair, another the checkpoint
signaling-could overcome redundant resistance mechanisms.

The limitations of HDACis in the past for treating glioblastoma
lie in its side effects - it can cause fatigue, thrombocytopenia
and gastrointestinal problems, not all HDAC inhibitors have good
BBB penetration ability, tumor cells can easily develop acquired
resistance through multiple mechanisms, and HDACis are usually
not highly selective (Yang et al., 2025). Interestingly, some HDACis
(like valproate) may have radio-protective effects on normal brain
while radiosensitizing tumor, due to different baseline acetylation
states—though this is not definitively proven. In summary, HDAC
inhibitors are among the most promising epigenetic radiosensitizers
in GBM, with substantial preclinical evidence and emerging clinical
data suggesting they can improve outcomes when appropriately
combined with radiotherapy (Qiu et al., 2017).

6.2 DNA methyltransferase (DNMT)
inhibitors

Drugs that inhibit DNA methyltransferases, such as 5-
azacytidine (azacitidine) and 5-aza-2’-deoxycytidine (decitabine),
are standard treatments in certain leukemias and have been studied
in solid tumors including GBM(Christman, 2002; Zhu et al., 2025).
These hypomethylating agents get incorporated into DNA (or RNA
for azacitidine) and trap DNMT enzymes, leading to passive loss
of DNA methylation over successive cell divisions. The rationale in
GBM is that DNMT inhibitors could revert the silencing of tumor
suppressor genes and possibly counteract the adaptive methylation
changes that confer resistance (Lopez-Bertoni et al., 2015).

Preclinical evidence: In GBM cell lines, decitabine has been
shown to induce expression of endogenous retroviral elements,
thereby stimulating an interferon response that can attract immune
cells (a phenomenon exploited in trials combining DNMT inhibitors
with immunotherapy) (Lofiego et al., 2024). Decitabine can also
upregulate genes that sensitize cells to damage, for example, the
TP53 pathway or pro-apoptotic genes. There are not many direct
studies of DNMT inhibitors purely as radiosensitizers in GBM, but
some clues exist: a general study in cancer cell lines found that
pretreatment with DNMT inhibitors enhanced radiosensitivity in a
variety of cells by promoting more apoptosis and less cell cycle arrest
after radiation (Kang et al, 2019). In glioma models, epigenetic
preconditioning with decitabine has been reported to synergize with
subsequent TMZ therapy (Gallitto et al., 2020). This suggests a
similar approach could be tried with radiation: pre-treat the tumor
with a demethylating agent to “loosen up” the epigenome, then apply
radiation to inflict damage that the cells are less equipped to repair
or survive.

Clinically, DNMT inhibitors have not yet been widely used
in GBM, largely due to concerns about crossing the blood-brain
barrier and systemic side effects. The mechanism of action
of DNMT inhibitors is that after embedding into DNA, they
irreversibly bind to and deplete DNMT enzymes, thereby triggering
DNA demethylation. However, the effects of this process are
indirect and delayed. The drug first needs to be integrated
into the replicating DNA, and its effect takes one to two cell
cycles to manifest. This has different effects on tumor cell
populations with fast or slow cell cycles and cannot achieve rapid
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killing (Li et al., 2025). However, a novel formulation-guanine-
rich oligonucleotides (Zebularine derivatives) or nanoparticle-
encapsulated decitabine-might circumvent some issues. One study
in abstract form mentioned a decitabine nanoconjugate that could
sensitize GBM cells, implying that smarter delivery systems are
being developed (Cheray et al., 2025).

In summary, while the concept of using DNMT inhibitors to
radiosensitize GBM is appealing, especially to undo methylation-
still sparse. More
studies—possibly using next-gen agents or combination with other
epigenetic drugs (like simultaneous HDAC and DNMT inhibition
to broadly reactivate silenced genes) - are needed. One interesting

driven resistance, clinical evidence is

idea is a “one-two punch”: use a DNMT inhibitor to demethylate and
expose cancer-testis antigens or viral elements, then radiotherapy
not only kills cells but also releases neoantigens from those now-
expressed elements to stimulate immunity against the tumor. This
could turn the radiated tumor into its own vaccine, aided by the
prior epigenetic reprogramming. Such creative approaches embody
the future of epigenetic therapy in GBM.

6.3 Bromodomain and extra-terminal (BET)
inhibitors

BET inhibitors target the bromodomain family proteins BRD2,
BRD3, BRD4 (and BRDT) which read acetylated lysines on
histones and recruit transcriptional complexes to promoters and
enhancers (Fu et al., 2021). Of these, BRD4 is a key regulator of
transcription elongation and super-enhancer function, including
driving expression of ¢-MYC and other growth genes. GBM
cells often rely on BRD4 for sustaining high levels of oncogenic
transcription programs (Muhar et al., 2018).

Preclinically, BET inhibitors like JQ1 showed that GBM cell
proliferation can be curtailed and GSC self-renewal impaired by
blocking BRD4. Moreover, BRD2 inhibition has specific effects on
invasiveness: as noted earlier, BRD2 via NF-kB signaling promotes
mesenchymal transition and invasion in GBM (Marchant etal., 2023).
A BRD2-selective inhibitor, GSK620, was shown to reduce GBM
invasion and importantly to synergize with both temozolomide and
radiotherapy, enhancing treatment efficacy (Singh et al., 2023). This
suggests that BET inhibitors can act as multi-purpose sensitizers.

The principle behind BET inhibitors as radiosensitizers lies
in their transcriptional repression of DNA damage response and
survival genes. After radiation, cells typically induce expression of
genes to cope with stress; BRD4 is required for maximal induction
of many of these. If BRD4 is inhibited, cells may fail to upregulate,
say, a key DNA repair enzyme or an antioxidant protein, thereby
succumbing to damage (Doroshow et al., 2017). For example, one
can imagine that a gene like RAD51 (involved in homologous
recombination repair) has a super-enhancer that needs BRD4 -
JQ1 could dampen RAD51 upregulation after radiation, leading to
more unrepaired DNA breaks and cell death (Shioi et al., 2024;
Zou et al., 2022). Additionally, BET inhibitors can modulate the
immune microenvironment: GBM is immunosuppressive partly via
expression of checkpoint ligands and cytokines, some of which are
regulated by BRD4 (like IL-6, IL-8). By reducing these, BETi might
make the tumor more immunologically “hot” post-radiation, aiding
anti-tumor immunity (Smith et al., 2024).
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It is worth noting newer compounds like bromodomain
degraders (PROTAC:) targeting BET proteins are being developed,
which might be more effective than classical inhibitors. Zhang et al.
referenced several such degraders that showed strong anti-GBM
activity in models (Zhang et al., 2022). A BET degrader delivered
via nanoparticles could cross the BBB better and actually remove the
protein entirely (Jiang et al., 2025). Although these are early-stage,
they illustrate the direction of the field-moving beyond reversible
inhibition to induced protein degradation for a more complete
shutdown of epigenetic readers.

In conclusion, BET inhibitors remain a promising epigenetic
tool against GBM, especially in combination settings. The limitations
of BET inhibitors lie in their poor penetration of the BBB,
the short half-life of some BET inhibitors in the body, and
the need for frequent or high-dose administration to maintain
an effective therapeutic concentration, efc. The initial clinical
setbacks have provided lessons, and ongoing trials with improved
compounds and rational combinations (with radiation, chemo, or
immunotherapies) will determine if this class can fulfill its potential
as a radiosensitizer. There is sound scientific rationale, given their
ability to turn off critical pro-survival genes and invasion programs
that otherwise undermine therapy.

6.4 EZH2 inhibitors and LSD1/PRMT5: key
histone methylation targets

Targeting histone methyltransferases in GBM has centered
largely on EZH2, as it is the most obviously overexpressed and
tied to malignancy. As discussed, EZH2 catalyzes H3K27me3 to
silence genes. In GSCs, EZH2 keeps differentiation pathways off
and supports radioresistance via the MELK-FOXMI-EZH2 axis
(Kim et al,, 2015; Kim et al., 2024). Thus, inhibiting EZH2 could
release the brake on differentiation and make GSCs less able
to recover from therapy.

A study by Kim etal. showed that genetic knockdown of
EZH2 radiosensitized GSCs, and clinically, GBM recurrences after
radiation had higher EZH2, supporting that radiation may select for
EZH2-high clones (Kim et al., 2015).

Tazemetostat (EPZ-6438) is an FDA-approved EZH2 inhibitor
for certain sarcomas and lymphomas; in GBM, a Phase I trial in
combination with TMZ was conducted (Gounder et al., 2020). While
safe, it did not show significant benefit in unselected GBM. Possibly,
only a subset of GBM (e.g., those with high EZH2 or specific
methylation patterns) would benefit, pointing towards the need for
biomarker selection. An interesting case from a PRMT5 inhibitor
trial (PRT811) noted a complete response in a patient with an IDH1-
mutant GBM (Xiao et al.,, 2019) - IDH-mutant tumors often have
low EZH2 due to their hypermethylated state, raising the idea that
maybe combining EZH2 inhibition with other targeted agents is
more useful in IDH-wildtype context. Other histone modifiers of
interest are in Table 2.

In summarizing this section, epigenetic-targeted therapies offer a
versatile toolkit for overcoming GBM resistance. Each class (HDACi,
DNMTi, BETi, EZH2i, etc.) tackles a different facet of the tumor’s
protective machinery. The challenge is to integrate them with standard
care in a way that improves efficacy without undue toxicity. The
most encouraging data so far come from HDAC inhibitors (multiple
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trials showing at least safe combinability and hints of improved
survival) and from preclinical studies like quisinostat’s that clearly
demonstrate radiosensitization. EZH2 inhibitors hold logical appeal
for GSC targeting, and BET inhibitors could suppress the adaptive
transcriptional responses after irradiation. As new epigenetic drugs
(with better brain penetration and specificity) emerge, the prospects
for effective radiosensitization in GBM improve. The next stage will
involve biomarker-driven trials to identify which patients are most
likely to respond to a given epigenetic combo, a topic we will explore
in the future directions.

7 Future directions

Advancing treatment for GBM will require innovative strategies
that integrate knowledge of spatial biology and epigenetic
regulation. Below, we outline several future directions that hold
promise for overcoming the challenges discussed.

First, spatial multi-omics and precision mapping of heterogeneity
to effectively target spatial and epigenetic heterogeneity, we first
need to comprehensively map it in individual tumors. Emerging
spatial multi-omics technologies enable profiling of gene expression,
protein markers, and even epigenetic modifications with spatial
resolution. Techniques such as spatial transcriptomics, multiplex
immunofluorescence, spatial mass spectrometry, and spatial ATAC-
seq can reveal how different regions of a GBM differ molecularly.
Recent studies have applied spatial transcriptomics to GBM and
revealed multi-layered concentric organization. The goal is that, in
the near future, a GBM patient’s resected tumor could be subjected to
rapid spatial multi-omic analysis, yielding a “map” of which regions
harbor radioresistant cell populations. With such a map, therapy can be
precisely tailored-this is the essence of precision oncology for GBM.

Second, targeted delivery and regional therapies. One of the biggest
hurdles in GBM treatment is ensuring therapies reach infiltrative
tumor cellsbeyond the resection cavityand acrossan intact BBB. Future
strategies are focusing on targeted delivery systems: nanocarriers,
viral vectors, or cell-based delivery that can ferry therapeutic
agents to specific tumor regions. For instance, nanoparticles can be
functionalized with ligands that bind preferentially to markers of
the invasive edge. Hypoxia-activated prodrugs selectively. Emerging
technologies such as ultrasound that can open the blood-brain
barrier. By applying focused ultrasound to the target brain region,
the tight connections of the blood-brain barrier can be physically
and temporarily relaxed, thereby increasing its permeability. It might
become the core of solving the problem (Gasca-Salas et al., 2021).

Third, adaptive and regional treatment strategies. Given how
GBM cells can shift phenotypes under treatment pressure, an
emerging concept is adaptive therapy-altering treatments over
time or region based on tumor’s response. Instead of treating
the tumor as a uniform entity, one strategy is to treat it as
multiple sub-tumors each requiring a different approach. For
example, one might use deep learning on radiographic images to
infer different habitats within the tumor. Each of these could be
targeted differently: the enhancing core gets a certain radiosurgery
boost plus maybe an HDAC]; the non-enhancing infiltrative area
gets immunotherapy plus an EZH2 inhibitor, efc. This is akin to
individualized compartmental therapy.
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TABLE 2 Epigenetic-targeted drugs and evidence for radiosensitization in glioblastoma.
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Drug class Representative =~ Mechanism CNS Preclinical Clinical Potential
agents of action penetration evidence evidence spatial niche
target
HDAC inhibitors Vorinostat, Increase histone Moderate to good Radiosensitization Vorinostat in Phase Hypoxic Core, PVN
Panobinostat, acetylation »open in GBM cell lines, I/11 trials, VPA
Quisinostat, chromatin, impair xenografts; retrospective
Valproic acid DNA repair, enhanced DDR evidence with RT
enhance apoptosis inhibition
DNMT inhibitors Decitabine, Demethylate DNA, Limited Preclinical Early trials in Hypoxic/edge
5-azacytidine reactivate silenced radiosensitization, hematologic regions
genes, viral mimicry synergy with malignancies;
~immune activation TMZ/RT limited GBM data
BET inhibitors JQ1, OTX015, Block BRD4 binding Good (Trotabresib Preclinical synergy Ongoing trials in Invasive Edge,
Trotabresib at super-enhancers, BBB-penetrant) with RT and PARPj; solid tumors, early immune interface
suppress reduce CNS safety data
stress-induced invasion/mesenchymal
transcription shift
EZH2 inhibitors Tazemetostat, Block H3K27me3, Moderate Radiosensitization Pediatric PVN, GSC-rich
GSK126 de-repress of GSCs; synergy HGG/GBM areas
differentiation, with RT early-phase studies
reduce stemness
Other epigenetic LSD1 inhibitors, Modulate Variable Preclinical GBM Mostly in Edge + PVN niches
drugs G9a inhibitors, dual differentiation, models with development
HDAC/PI3K apoptosis, immune radiosensitization
inhibitors signaling effects

8 Conclusion

Glioblastoma exemplifies the dual challenges of spatial
and epigenetic heterogeneity in cancer therapy. Distinct tumor
microenvironments—from hypoxic cores to invasive edges and
perivascular niches-harbor cellular subpopulations with unique
epigenomic profiles and therapy sensitivities. These resilient niches
underlie the failure of uniform treatment approaches and drive
recurrence. Meanwhile, epigenetic dysregulation (DNA methylation
changes, histone modification imbalances, chromatin remodeling
defects) endows GBM cells with phenotypic plasticity and adaptive
resistance to radiation and chemotherapy. Together, these factors
create a moving target for therapy.

In this review, we have detailed how spatial heterogeneity
influences GBM’s response to radiotherapy, highlighting that
radioresistance is not a monolithic trait but a regional phenomenon
sculpted by the tumor microenvironment (e.g., hypoxia-induced
radioresistance in the core vs stem-cell-mediated resistance in
perivascular zones). We have also summarized the major epigenetic
alterations in GBM-such as MGMT promoter methylation (a
predictive biomarker for chemoradiotherapy), widespread histone
deacetylation and gene silencing contributing to therapy resistance,
and the pivotal role of modifiers like EZH2 in maintaining a resistant
stem-like state—and linked these to potential interventions. Epigenetic-
targeted therapies, particularly HDAC inhibitors, have shown the
ability to sensitize GBM cells to radiation by impairing DNA repair and
promoting apoptosis. Other agents like BET bromodomain inhibitors
can suppress pro-tumor transcriptional programs and may prevent the
emergence of resistant phenotypes post-irradiation. EZH2 inhibitors
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and DNMT inhibitors hold promise in eroding the epigenetic
underpinnings of GSC-driven recurrence and immunosuppression,
especially when deployed in combination strategies.

In conclusion, overcoming GBM’ lethality will require
confronting its heterogeneity head-on. By decoding the spatial
and epigenetic code of GBM, we can develop therapies that hit
the tumor’s weak points in every niche. Epigenetic therapies add a
powerful dimension to this fight-they can reprogram tumor cells
from within, strip them of their adaptability, and render them more
susceptible to existing treatments. Combined with precise delivery
and adaptive planning, there is hope that we can significantly extend
survival and maybe achieve long-term control in what is today
an incurable cancer. The path is challenging, but the convergence
of spatial biology and epigenetic therapy represents a promising
frontier in the quest for more effective GBM treatment. As our
understanding deepens and new tools emerge, we inch closer to
turning GBM into a disease that can be managed and eventually
defeated, rather than a swift and inescapable fate.

Author contributions

JW: Conceptualization, Data curation, Formal Analysis,
Writing - original draft. KL: Data curation, Formal Analysis,
Writing - original draft. YW: Data curation, Formal Analysis,
Conceptualization, Methodology, Project administration, Writing -
original draft, Writing - review and editing. JZ: Conceptualization,
Methodology, Project administration, Writing — review and editing.
XP: Conceptualization, Methodology, Project administration,

frontiersin.org


https://doi.org/10.3389/fmolb.2025.1704311
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org

Wang et al.

Writing - review and editing. NJ: Conceptualization, Funding
acquisition, Writing — original draft.

Funding

The author(s) declare that financial support was received for
the research and/or publication of this article. This project was
supported by grants from the National Natural Science Foundation
of China (82204460) and the Natural Science Foundation of Tianjin
(23JCQNJC01230).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

Aguilera, P, and Loépez-Contreras, A. J. (2023). ATRX, a guardian of chromatin.
Trends Genet. 39 (6), 505-519. doi:10.1016/j.tig.2023.02.009

Amirmahani, F, Kumar, S.,and Muthukrishnan, S. D. (2025). Epigenetic mechanisms
of plasticity and resistance in glioblastoma: therapeutic targets and implications. Front.
Epigenetics Epigenomics 3, 1519449. doi:10.3389/freae.2025.1519449

Barisic, D., Stadler, M. B., Iurlaro, M., and Schiibeler, D. (2019). Mammalian ISWI
and SWI/SNF selectively mediate binding of distinct transcription factors. Nature 569
(7754), 136-140. doi:10.1038/s41586-019-1115-5

Beig, N., Patel, J., Prasanna, P, Hill, V., Gupta, A., Correa, R, et al. (2018).
Radiogenomic analysis of hypoxia pathway is predictive of overall survival in
glioblastoma. Sci. Rep. 8 (1), 7. d0i:10.1038/s41598-017-18310-0

Berenguer-Daizé, C., Astorgues-Xerri, L., Odore, E., Cayol, M., Cvitkovic, E., Noel,
K., etal. (2016). OTX015 (MK-8628), a novel BET inhibitor, displays in vitro and in vivo
antitumor effects alone and in combination with conventional therapies in glioblastoma
models. Int. J. Cancer 139 (9), 2047-2055. do0i:10.1002/ijc.30256

Cassandri, M., Porrazzo, A., Pomella, S., Noce, B., Zwergel, C., Aiello, F. A,, et al.
(2024). HDAC3 genetic and pharmacologic inhibition radiosensitizes fusion positive
rhabdomyosarcoma by promoting DNA double-strand breaks. Cell Death Discov. 10
(1), 351. doi:10.1038/s41420-024-02115-y

Chedeville, A. L., and Madureira, P. A. (2021). The role of hypoxia in glioblastoma
radiotherapy resistance. Cancers (Basel) 13 (3), 542. d0i:10.3390/cancers13030542

Chen, Y., Xu, X,, Ding, K., Tang, T., Cai, E, Zhang, H., et al. (2024). TRIM25
promotes glioblastoma cell growth and invasion via regulation of the PRMT1/c-MYC
pathway by targeting the splicing factor NONO. J. Exp. Clin. Cancer Res. 43 (1), 39.
doi:10.1186/513046-024-02964-6

Cheray, M., Murgoci, A.-N., Fragkopoulou, A., Rodrigues, C. E D., Skandik, M.,
Osman, A. M., et al. (2025). Epigenetic preconditioning with decitabine sensitizes
glioblastoma to temozolomide via induction of MLH1. J. Neuro-Oncology 147 (3),
557-566. doi:10.1007/s11060-020-03461-4

Christman, J. K. (2002). 5-Azacytidine and 5-aza-2’-deoxycytidine as inhibitors
of DNA methylation: mechanistic studies and their implications for cancer therapy.
Oncogene 21 (35), 5483-5495. doi:10.1038/sj.onc.1205699

Clapier, C. R., Iwasa, J., Cairns, B. R., and Peterson, C. L. (2017). Mechanisms of
action and regulation of ATP-dependent chromatin-remodelling complexes. Nat. Rev.
Mol. Cell Biol. 18 (7), 407-422. doi:10.1038/nrm.2017.26

De Leo, A., Ugolini, A., Yu, X,, Scirocchi, E, Scocozza, D., Peixoto, B., et al.
(2024). Glucose-driven histone lactylation promotes the immunosuppressive activity
of monocyte-derived macrophages in glioblastoma. Immunity 57 (5), 1105-1123.e8.
doi:10.1016/j.immuni.2024.04.006

Demin, A. A., Hirota, K., Tsuda, M., Adamowicz, M., Hailstone, R., Brazina, J., et al.
(2021). XRCC1 prevents toxic PARP1 trapping during DNA base excision repair. Mol.
Cell 81 (14), 3018-3030.e5. doi:10.1016/j.molcel.2021.05.009

Deng, L., Meng, T., Chen, L., Wei, W., and Wang, P. (2020). The role of ubiquitination
in tumorigenesis and targeted drug discovery. Signal Transduct. Target Ther. 5 (1), 11.
doi:10.1038/541392-020-0107-0

Frontiers in Molecular Biosciences

13

10.3389/fmolb.2025.1704311

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in
this article has been generated by Frontiers with the support of
artificial intelligence and reasonable efforts have been made to
ensure accuracy, including review by the authors wherever possible.
If you identify any issues, please contact us.

Publisher’s note

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

Doig, K. D., Fellowes, A. P, and Fox, S. B. (2023). Homologous recombination
repair deficiency: an overview for pathologists. Mod. Pathol. 36 (3), 100049.
doi:10.1016/j.modpat.2022.100049

Doroshow, D. B., Eder, J. P, and LoRusso, P. M. (2017). BET inhibitors: a novel
epigenetic approach. Ann. Oncol. 28 (8), 1776-1787. doi:10.1093/annonc/mdx157

Duan, R., Du, W, and Guo, W. (2020). EZH2: a novel target for cancer treatment. J.
Hematol. Oncol. 13 (1), 104. doi:10.1186/s13045-020-00937-8

Faisal, S. M., Ravi V. M., and Miska, J. M. (2024). Editorial:
spatiotemporal heterogeneity in CNS tumors. Front. Immunol. 15, 1430227.
doi:10.3389/fimmu.2024.1430227

Feldman, L. (2024). Hypoxia within the glioblastoma tumor microenvironment:
a master saboteur of novel treatments. Front. Immunol. 15, 1384249.
doi:10.3389/fimmu.2024.1384249

Fu, Y., Zhang, Y., and Sun, H. (2021). Progress in the development of domain selective
inhibitors of the bromo and extra terminal domain family (BET) proteins. Eur. J. Med.
Chem. 226, 113853. doi:10.1016/j.ejmech.2021.113853

Gallitto, M., Cheng He, R., Inocencio, J. E, Wang, H., Zhang, Y., Deikus, G.,
et al. (2020). Epigenetic preconditioning with decitabine sensitizes glioblastoma
to temozolomide via induction of MLHI1. J. Neurooncol 147 (3), 557-566.
doi:10.1007/s11060-020-03461-4

Gasca-Salas, C., Fernandez-Rodriguez, B., Pineda-Pardo, J. A., Rodriguez-Rojas,
R., Obeso, I, Hernandez-Fernandez, E, et al. (2021). Blood-brain barrier opening
with focused ultrasound in Parkinson’s disease dementia. Nat. Commun. 12 (1), 779.
doi:10.1038/s41467-021-21022-9

Gilan, O., Rioja, I, Knezevic, K, Bell, M. J, Yeung, M. M., Harker, N.
R, et al. (2020). Selective targeting of BD1 and BD2 of the BET proteins in
cancer and immunoinflammation. Science 368 (6489), 387-394. doi:10.1126/science.
aaz8455

Gounder, M., Schoffski, P, Jones, R. L., Agulnik, M., Cote, G. M., Villalobos,
V. M., et al. (2020). Tazemetostat in advanced epithelioid sarcoma with loss of
INI1/SMARCBI: an international, open-label, phase 2 basket study. Lancet Oncol. 21
(11), 1423-1432. doi:10.1016/S1470-2045(20)30451-4

Gu, X, Gong, H., Shen, L., and Gu, Q. (2018). MicroRNA-129-5p inhibits human
glioma cell proliferation and induces cell cycle arrest by directly targeting DNMT3A.
Am. J. Transl. Res. 10 (9), 2834-2847.

Hegi, M. E., Diserens, A. C., Gorlia, T., Hamou, M. E, de Tribolet, N., Weller, M., et al.
(2005). MGMT gene silencing and benefit from temozolomide in glioblastoma. N. Engl.
J. Med. 352 (10), 997-1003. doi:10.1056/NEJMoa043331

Ho, T. C. S, Chan, A. H. Y,, and Ganesan, A. (2020). Thirty years of HDAC
inhibitors: 2020 insight and hindsight. . Med. Chem. 63 (21), 12460-12484.
doi:10.1021/acs.jmedchem.0c00830

Hsieh, C. H.,, Lee, C. H,, Liang, J. A,, Yu, C. Y,, and Shyu, W. C. (2010). Cycling
hypoxia increases U87 glioma cell radioresistance via ROS induced higher and long-
term HIF-1 signal transduction activity. Oncol. Rep. 24 (6), 1629-1636. doi:10.3892/
or_00001027

frontiersin.org


https://doi.org/10.3389/fmolb.2025.1704311
https://doi.org/10.1016/j.tig.2023.02.009
https://doi.org/10.3389/freae.2025.1519449
https://doi.org/10.1038/s41586-019-1115-5
https://doi.org/10.1038/s41598-017-18310-0
https://doi.org/10.1002/ijc.30256
https://doi.org/10.1038/s41420-024-02115-y
https://doi.org/10.3390/cancers13030542
https://doi.org/10.1186/s13046-024-02964-6
https://doi.org/10.1007/s11060-020-03461-4
https://doi.org/10.1038/sj.onc.1205699
https://doi.org/10.1038/nrm.2017.26
https://doi.org/10.1016/j.immuni.2024.04.006
https://doi.org/10.1016/j.molcel.2021.05.009
https://doi.org/10.1038/s41392-020-0107-0
https://doi.org/10.1016/j.modpat.2022.100049
https://doi.org/10.1093/annonc/mdx157
https://doi.org/10.1186/s13045-020-00937-8
https://doi.org/10.3389/fimmu.2024.1430227
https://doi.org/10.3389/fimmu.2024.1384249
https://doi.org/10.1016/j.ejmech.2021.113853
https://doi.org/10.1007/s11060-020-03461-4
https://doi.org/10.1038/s41467-021-21022-9
https://doi.org/10.1126/science. aaz8455
https://doi.org/10.1126/science. aaz8455
https://doi.org/10.1016/S1470-2045(20)30451-4
https://doi.org/10.1056/NEJMoa043331
https://doi.org/10.1021/acs.jmedchem.0c00830
https://doi.org/10.3892/ or_00001027
https://doi.org/10.3892/ or_00001027
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org

Wang et al.

Hsieh, C. H, Wu, C. P, Lee, H. T, Liang, J. A, Yu, C. Y,, and Lin, Y. J.
(2012). NADPH oxidase subunit 4 mediates cycling hypoxia-promoted radiation
resistance in glioblastoma multiforme. Free Radic. Biol. Med. 53 (4), 649-658.
doi:10.1016/j.freeradbiomed.2012.06.009

Jiang, X., Lai, Y, Xia, W, Yang, W, Wang, J., Pan, J, et al. (2025). Self-
oxygenating PROTAC  microneedle for spatiotemporally-confined  protein
degradation and enhanced glioblastoma therapy. Adv. Mater 37 (13), e2411869.
doi:10.1002/adma.202411869

Kang, H. C,, Chie, E. K,, Kim, H. ], Kim, J. H,, Kim, I. H,, Kim, K, et al. (2019).
A phthalimidoalkanamide derived novel DNMT inhibitor enhanced radiosensitivity of
A549 cells by inhibition of homologous recombination of DNA damage. Invest New
Drugs 37 (6), 1158-1165. doi:10.1007/s10637-019-00730-6

Kim, D. J. (2025). The role of the DNA methyltransferase family and the
therapeutic potential of DNMT inhibitors in tumor treatment. Curr. Oncol. 32 (2), 88.
doi:10.3390/curroncol32020088

Kim, S. H., Joshi, K., Ezhilarasan, R., Myers, T. R, Siu, J., Gu, C,, et al. (2015).
EZH2 protects glioma stem cells from radiation-induced cell death ina MELK/FOXM1-
dependent manner. Stem Cell Rep. 4 (2), 226-238. doi:10.1016/j.stemcr.2014.12.006

Kim, S. H,, Joshi, K., Ezhilarasan, R., Myers, T. R,, Siu, J., Gu, C,, et al. (2024).
EZH2 protects glioma stem cells from radiation-induced cell death in a MELK/FOXMI-
dependent manner. Stem Cell Rep. 19 (10), 1516. doi:10.1016/j.stemcr.2024.09.003

Kunadis, E., Lakiotaki, E., Korkolopoulou, P., and Piperi, C. (2021). Targeting post-
translational histone modifying enzymes in glioblastoma. Pharmacol. Ther. 220,107721.
doi:10.1016/j.pharmthera.2020.107721

Laugesen, A., Hojfeldt, J. W.,, and Helin, K. (2019). Molecular mechanisms
directing PRC2 recruitment and H3K27 methylation. Mol. Cell 74 (1), 8-18.
doi:10.1016/j.molcel.2019.03.011

Lefranc, E, Rynkowski, M., DeWitte, O., and Kiss, R. (2009). Present and potential
future adjuvant issues in high-grade astrocytic glioma treatment. Adv. Tech. Stand
Neurosurg. 34, 3-35. doi:10.1007/978-3-211-78741-0_1

Li, Y., Haarhuis, J. H. L, Sedefio Cacciatore, A., Oldenkamp, R., van Ruiten, M. S.,
Willems, L., et al. (2020). The structural basis for cohesin-CTCF-anchored loops. Nature
578 (7795), 472-476. d0i:10.1038/s41586-019-1910-z

Li, E, Chen, S., Yu, ], Gao, Z,, Sun, Z, Yi, Y, et al. (2021a). Interplay of m(6) A
and histone modifications contributes to temozolomide resistance in glioblastoma. Clin.
Transl. Med. 11 (9), €553. doi:10.1002/ctm2.553

Li, S., He, Y., Chen, K., Sun, J., Zhang, L., He, Y,, et al. (2021b). RSL3 drives ferroptosis
through NF-kB pathway activation and GPX4 depletion in glioblastoma. Oxid. Med.
Cell Longev. 2021, 2915019. doi:10.1155/2021/2915019

Li, X., Zhang, ], Li, D, He, C, He, K, Xue, T, et al. (2021c). Astrocytic
ApoE reprograms neuronal cholesterol metabolism and histone-acetylation-mediated
memory. Neuron 109 (6), 957-970.e8. doi:10.1016/j.neuron.2021.01.005

Li, H. R, Liu, Q,, Zhu, C. L., Sun, X. Y, Sun, C. Y,, Yu, C. M,, et al. (2023).
B-Nicotinamide mononucleotide activates NAD+/SIRT1 pathway and attenuates
inflammatory and oxidative responses in the hippocampus regions of septic mice. Redox
Biol. 63,102745. doi:10.1016/j.redox.2023.102745

Li, H,, Song, C., Zhang, Y, Liu, G., Mi, H,, Li, Y,, et al. (2024). Transgelin promotes
glioblastoma stem cell hypoxic responses and maintenance through p53 acetylation.
Adv. Sci. (Weinh) 11 (7), €2305620. doi:10.1002/advs.202305620

Li, Y.,, Wang, J., Zhou, L., Gu, W,, Qin, L., Peng, D, et al. (2025). DNMT1 inhibition
reprograms T cells to NK-like cells with potent antitumor activity. Sci. Immunol. 10
(105), eadm8251. doi:10.1126/sciimmunol.adm8251

Lo Cascio, C., Margaryan, T, Luna-Melendez, E., McNamara, J. B., White, C.
I, Knight, W,, et al. (2023). Quisinostat is a brain-penetrant radiosensitizer in
glioblastoma. JCI Insight 8 (22), e167081. doi:10.1172/jci.insight.167081

Lofiego, M. E, Piazzini, F, Caruso, F. P, Marzani, F, Solmonese, L., Bello, E.,
et al. (2024). Epigenetic remodeling to improve the efficacy of immunotherapy in
human glioblastoma: pre-clinical evidence for development of new immunotherapy
approaches. J. Transl. Med. 22 (1), 223. doi:10.1186/512967-024-05040-x

Lopez-Bertoni, H., Lal, B., Li, A., Caplan, M., Guerrero-Cézares, H., Eberhart, C. G.,
et al. (2015). DNMT-dependent suppression of microRNA regulates the induction of
GBM tumor-propagating phenotype by Oct4 and Sox2. Oncogene 34 (30), 3994-4004.
doi:10.1038/0nc.2014.334

Lulla, R. R., Saratsis, A. M., and Hashizume, R. (2016). Mutations in
chromatin machinery and pediatric high-grade glioma. Sci. Adv. 2 (3), e1501354.
doi:10.1126/sciadv.1501354

Manganelli, V., Misasi, R., Riitano, G., Capozzi, A., Mattei, V., Caglar, T. R,,
et al. (2023). Role of a novel heparanase inhibitor on the balance between
apoptosis and autophagy in U87 human glioblastoma cells. Cells 12 (14), 1891.
doi:10.3390/cells 12141891

Mansouri, A., Hachem, L. D., Mansouri, S., Nassiri, F,, Laperriere, N. J., Xia, D., et al.
(2019). MGMT promoter methylation status testing to guide therapy for glioblastoma:
refining the approach based on emerging evidence and current challenges. Neuro Oncol.
21 (2), 167-178. doi:10.1093/neuonc/noy132

Frontiers in Molecular Biosciences

14

10.3389/fmolb.2025.1704311

Mao, X. G, Xue, X. Y., Ly, R,, Ji, A., Shi, T. Y., Chen, X. Y, et al. (2023). CEBPD
is a master transcriptional factor for hypoxia regulated proteins in glioblastoma and
augments hypoxia induced invasion through extracellular matrix-integrin mediated
EGFR/PI3K pathway. Cell Death Dis. 14 (4), 269. doi:10.1038/s41419-023-05788-y

Marchant, V., Trionfetti, E, Tejedor-Santamaria, L., Rayego-Mateos, S., Rotili, D.,
Bontempi, G., et al. (2023). BET protein inhibitor JQ1 Ameliorates experimental
peritoneal damage by inhibition of inflammation and oxidative stress. Antioxidants
(Basel) 12 (12), 2055. doi:10.3390/antiox12122055

Mashtalir, N., D’Avino, A. R., Michel, B. C., Luo, J., Pan, J., Otto, J. E., et al.
(2018). Modular organization and assembly of SWI/SNF family chromatin remodeling
complexes. Cell 175 (5), 1272-1288.e1220. d0i:10.1016/j.cell.2018.09.032

McClure, J. J, Li, X, and Chou, C. J. (2018). Advances and challenges
of HDAC inhibitors in cancer therapeutics. Adv. Cancer Res. 138, 183-211.
d0i:10.1016/bs.acr.2018.02.006

Minami, J. K., Morrow, D., Bayley, N. A., Fernandez, E. G., Salinas, J. J., Tse, C.,
et al. (2023). CDKN2A deletion remodels lipid metabolism to prime glioblastoma for
ferroptosis. Cancer Cell 41 (6), 1048-1060.¢9. doi:10.1016/j.ccell.2023.05.001

Muhar, M., Ebert, A., Neumann, T., Umkehrer, C., Jude, ]., Wieshofer, C., etal. (2018).
SLAM-seq defines direct gene-regulatory functions of the BRD4-MYC axis. Science 360
(6390), 800-805. doi:10.1126/science.aa02793

Nguyen, T. T. T., Zhang, Y., Shang, E., Shu, C., Torrini, C., Zhao, J., et al. (2020).
HDAC inhibitors elicit metabolic reprogramming by targeting super-enhancers in
glioblastoma models. J. Clin. Invest. 130 (7), 3699-3716. doi:10.1172/JCI129049

Ni, X., Wu, W, Sun, X, Ma, J., Yu, Z., He, X,, et al. (2022). Interrogating glioma-M2
macrophage interactions identifies Gal-9/Tim-3 as a viable target against PTEN-null
glioblastoma. Sci. Adv. 8 (27), eabl5165. doi:10.1126/sciadv.abl5165

Nirala, B. K., Yamamichi, T., and Yustein, J. T. (2023). Deciphering the signaling
mechanisms of osteosarcoma tumorigenesis. Int. J. Mol. Sci. 24 (14), 11367.
doi:10.3390/ijms241411367

Omuro, A., and DeAngelis, L. M. (2013). Glioblastoma and other malignant
gliomas: a clinical review. Jama 310 (17), 1842-1850. doi:10.1001/jama.2013.
280319

Onubogu, U., Gatenbee, C. D., Prabhakaran, S., Wolfe, K. L., Oakes, B., Salatino,
R, et al. (2024). Spatial analysis of recurrent glioblastoma reveals perivascular niche
organization. JCI Insight 9 (12), €179853. doi:10.1172/jci.insight.179853

Padeken, J., Methot, S. P, and Gasser, S. M. (2022). Establishment
of  H3K9-methylated heterochromatin and its functions in tissue
differentiation and maintenance. Nat. Rev. Mol. Cell Biol. 23 (9), 623-640.
doi:10.1038/s41580-022-00483-w

Pan, Y. M., Wang, C. G., Zhu, M., Xing, R., Cui, . T,, Li, W. M,, et al. (2016). STAT3
signaling drives EZH2 transcriptional activation and mediates poor prognosis in gastric
cancer. Mol. Cancer 15 (1), 79. doi:10.1186/s12943-016-0561-z

Patel, A. P, Tirosh, I., Trombetta, J. J., Shalek, A. K., Gillespie, S. M., Wakimoto,
H., et al. (2014). Single-cell RNA-seq highlights intratumoral heterogeneity in primary
glioblastoma. Science 344 (6190), 1396-1401. doi:10.1126/science.1254257

Peng, X., Zhang, S., Wang, Y., Zhou, Z., Yu, Z., Zhong, Z. et al. (2023).
Stellettin B sensitizes glioblastoma to DNA-damaging treatments by suppressing PI3K-
mediated homologous recombination repair. Adv. Sci. (Weinh) 10 (3), €2205529.
doi:10.1002/advs.202205529

Pouyan, A., Ghorbanlo, M., Eslami, M., Jahanshahi, M., Ziaei, E., Salami, A., et al.
(2025). Glioblastoma multiforme: insights into pathogenesis, key signaling pathways,
and therapeutic strategies. Mol. Cancer 24 (1), 58. doi:10.1186/s12943-025-02267-0

Qiu, X, Xiao, X,, Li, N,, and Li, Y. (2017). Histone deacetylases inhibitors
(HDACis) as novel therapeutic application in various clinical diseases. Prog.
Neuropsychopharmacol. Biol. Psychiatry 72, 60-72. doi:10.1016/j.pnpbp.2016.09.002

Robert, C., and Rassool, F. V. (2012). HDAC inhibitors: roles of DNA damage and
repair. Adv. Cancer Res. 116, 87-129. doi:10.1016/B978-0-12-394387-3.00003-3

Schwartzentruber, J., Korshunov, A., Liu, X. Y., Jones, D. T., Pfaff, E., Jacob, K,
et al. (2012). Driver mutations in histone H3.3 and chromatin remodelling genes in
paediatric glioblastoma. Nature 482 (7384), 226-231. doi:10.1038/nature10833

Shahani, A., Slika, H., Elbeltagy, A., Lee, A., Peters, C., Dotson, T., et al. (2025). The
epigenetic mechanisms involved in the treatment resistance of glioblastoma. Cancer
Drug Resist. 8, 12. doi:10.20517/cdr.2024.157

Shioi, T., Hatazawa, S., Oya, E., Hosoya, N., Kobayashi, W., Ogasawara, M., et al.
(2024). Cryo-EM structures of RAD51 assembled on nucleosomes containing a DSB
site. Nature 628 (8006), 212-220. doi:10.1038/s41586-024-07196-4

Singh, K., Hotchkiss, K. M., Parney, L. E, De Groot, ., Sahebjam, S., Sanai, N., et al.
(2023). Correcting the drug development paradigm for glioblastoma requires serial
tissue sampling. Nat. Med. 29 (10), 2402-2405. doi:10.1038/s41591-023-02464-8

Smith, A. L., Skupa, S. A., Eiken, A. P, Reznicek, T. E., Schmitz, E., Williams, N.,
et al. (2024). BET inhibition reforms the immune microenvironment and alleviates

T cell dysfunction in chronic lymphocytic leukemia. JCI Insight 9 (10), e177054.
doi:10.1172/jci.insight.177054

frontiersin.org


https://doi.org/10.3389/fmolb.2025.1704311
https://doi.org/10.1016/j.freeradbiomed.2012.06.009
https://doi.org/10.1002/adma.202411869
https://doi.org/10.1007/s10637-019-00730-6
https://doi.org/10.3390/curroncol32020088
https://doi.org/10.1016/j.stemcr.2014.12.006
https://doi.org/10.1016/j.stemcr.2024.09.003
https://doi.org/10.1016/j.pharmthera.2020.107721
https://doi.org/10.1016/j.molcel.2019.03.011
https://doi.org/10.1007/978-3-211-78741-0\string_1
https://doi.org/10.1038/s41586-019-1910-z
https://doi.org/10.1002/ctm2.553
https://doi.org/10.1155/2021/2915019
https://doi.org/10.1016/j.neuron.2021.01.005
https://doi.org/10.1016/j.redox.2023.102745
https://doi.org/10.1002/advs.202305620
https://doi.org/10.1126/sciimmunol.adm8251
https://doi.org/10.1172/jci.insight.167081
https://doi.org/10.1186/s12967-024-05040-x
https://doi.org/10.1038/onc.2014.334
https://doi.org/10.1126/sciadv.1501354
https://doi.org/10.3390/cells12141891
https://doi.org/10.1093/neuonc/noy132
https://doi.org/10.1038/s41419-023-05788-y
https://doi.org/10.3390/antiox12122055
https://doi.org/10.1016/j.cell.2018.09.032
https://doi.org/10.1016/bs.acr.2018.02.006
https://doi.org/10.1016/j.ccell.2023.05.001
https://doi.org/10.1126/science.aao2793
https://doi.org/10.1172/JCI129049
https://doi.org/10.1126/sciadv.abl5165
https://doi.org/10.3390/ijms241411367
https://doi.org/10.1001/jama.2013.280319
https://doi.org/10.1001/jama.2013.280319
https://doi.org/10.1172/jci.insight.179853
https://doi.org/10.1038/s41580-022-00483-w
https://doi.org/10.1186/s12943-016-0561-z
https://doi.org/10.1126/science.1254257
https://doi.org/10.1002/advs.202205529
https://doi.org/10.1186/s12943-025-02267-0
https://doi.org/10.1016/j.pnpbp.2016.09.002
https://doi.org/10.1016/B978-0-12-394387-3.00003-3
https://doi.org/10.1038/nature10833
https://doi.org/10.20517/cdr.2024.157
https://doi.org/10.1038/s41586-024-07196-4
https://doi.org/10.1038/s41591-023-02464-8
https://doi.org/10.1172/jci.insight.177054
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org

Wang et al.

Solta, A., Boettiger, K., Kovics, 1., Lang, C., Megyesfalvi, Z., Ferk, F, et al. (2023).
Entinostat enhances the efficacy of chemotherapy in small cell lung cancer through S-
phase arrest and decreased base excision repair. Clin. Cancer Res. 29 (22), 4644-4659.
doi:10.1158/1078-0432.CCR-23-1795

Stupp, R., Hegi, M. E., Mason, W. P,, van den Bent, M. J., Taphoorn, M. J., Janzer, R.
C., etal. (2009). Effects of radiotherapy with concomitant and adjuvant temozolomide
versus radiotherapy alone on survival in glioblastoma in a randomised phase IIT
study: 5-year analysis of the EORTC-NCIC trial. Lancet Oncol. 10 (5), 459-466.
doi:10.1016/S1470-2045(09)70025-7

Tejero, R., Huang, Y., Katsyv, I, Kluge, M., Lin, J. Y., Tome-Garcia, J., et al.
(2019). Gene signatures of quiescent glioblastoma cells reveal mesenchymal
shift and interactions with niche microenvironment. EBioMedicine 42, 252-269.
doi:10.1016/j.ebiom.2019.03.064

Valable, S., Gérault, A. N., Lambert, G., Leblond, M. M., Anfray, C., Toutain,
J., et al. (2020). Impact of hypoxia on carbon ion therapy in glioblastoma cells:
modulation by LET and hypoxia-dependent genes. Cancers (Basel) 12 (8), 2019.
doi:10.3390/cancers12082019

Vieito, M., Simonelli, M., de Vos, E, Moreno, V., Geurts, M., Lorenzi, E., et al. (2022).
Trotabresib (CC-90010) in combination with adjuvant temozolomide or concomitant
temozolomide plus radiotherapy in patients with newly diagnosed glioblastoma.
Neurooncol Adv. 4 (1), vdac146. doi:10.1093/noajnl/vdac146

Wang, L. B., Karpova, A., Gritsenko, M. A., Kyle, J. E., Cao, S., Li, Y,, et al. (2021).
Proteogenomic and metabolomic characterization of human glioblastoma. Cancer Cell
39 (4), 509-528.¢20. d0i:10.1016/j.ccell.2021.01.006

Wee, C. W,, Kim, J. H, Kim, H. J, Kang, H. C, Suh, S. Y, Shin, B. S,
et al. (2021). Newly synthesized DNA methyltransferase inhibitors as radiosensitizers

for human lung cancer and glioblastoma cells. Anticancer Res. 41 (2), 757-764.
doi:10.21873/anticanres.14827

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

Xiao, W,, Chen, X,, Liu, L., Shu, Y., Zhang, M., and Zhong, Y. (2019). Role of protein
arginine methyltransferase 5 in human cancers. Biomed. Pharmacother. 114, 108790.
doi:10.1016/j.biopha.2019.108790

Xu, J., Song, E, Lyu, H., Kobayashi, M., Zhang, B., Zhao, Z., et al. (2022). Subtype-
specific 3D genome alteration in acute myeloid leukaemia. Nature 611 (7935), 387-398.
doi:10.1038/s41586-022-05365-x

Frontiers in Molecular Biosciences

15

10.3389/fmolb.2025.1704311

Yabo, Y. A., Niclou, S. P, and Golebiewska, A. (2022). Cancer cell heterogeneity
and plasticity: a paradigm shift in glioblastoma. Neuro Oncol. 24 (5), 669-682.
doi:10.1093/neuonc/noab269

Yang, G., Shi, R., and Zhang, Q. (2020). Hypoxia and oxygen-sensing signaling
in gene regulation and cancer progression. Int. J. Mol. Sci. 21 (21), 8162.
doi:10.3390/ijms21218162

Yang, Z., Su, W,, Zhang, Q., Niu, L., Feng, B., Zhang, Y., et al. (2025). Lactylation of
HDACI confers resistance to ferroptosis in colorectal cancer. Adv. Sci. (Weinh) 12 (12),
€2408845. doi:10.1002/advs.202408845

Yu, T., Zhou, F, Tian, W,, Xu, R., Wang, B., Zeng, A., et al. (2023). EZH2 interacts with
HP1BP3 to epigenetically activate WNT7B that promotes temozolomide resistance in
glioblastoma. Oncogene 42 (6), 461-470. doi:10.1038/s41388-022-02570-w

Yuan, H., Wu, X,, Wu, Q,, Chatoff, A., Megill, E., Gao, J., et al. (2023). Lysine
catabolism reprograms tumour immunity through histone crotonylation. Nature 617
(7962), 818-826. doi:10.1038/s41586-023-06061-0

Zhang, H. T., Peng, R., Chen, S., Shen, A., Zhao, L., Tang, W,, et al. (2022). Versatile
nano-PROTAC-induced epigenetic reader degradation for efficient lung cancer therapy.
Adv. Sci. (Weinh) 9 (29), €2202039. doi:10.1002/advs.202202039

Zhang, L., Yang, Y, Li, Y., Wang, C., Bian, C., Wang, H., et al. (2025). Epigenetic
regulation of histone modifications in glioblastoma: recent advances and therapeutic
insights. Biomark. Res. 13 (1), 80. doi:10.1186/s40364-025-00788-w

Zhao, C., Dong, H., Xu, Q. and Zhang, Y. (2020). Histone deacetylase (HDAC)
inhibitors in cancer: a patent review (2017-present). Expert Opin. Ther. Pat. 30 (4),
263-274. doi:10.1080/13543776.2020.1725470

Zhu, Y., Huang, S., Chen, S., Chen, J., Wang, Z., Wang, Y., et al. (2021). SOX2 promotes
chemoresistance, cancer stem cells properties, and epithelial-mesenchymal transition
by B-catenin and Beclinl/autophagy signaling in colorectal cancer. Cell Death Dis. 12
(5), 449. doi:10.1038/541419-021-03733-5

Zhu, D,, Li, Z., Feng, H., Zheng, J., Xiao, X., Huang, Z., et al. (2025). EZH2 inhibition
and 5-azacytidine enhance antitumor immunity in PTEN-deficient glioblastoma
by activation viral mimicry response. J. Immunother. Cancer 13 (6), e011650.
doi:10.1136/jitc-2025-011650

Zou, M., Ke, Q., Nie, Q., Qi, R., Zhu, X., Liu, W, et al. (2022). Inhibition of
c¢GAS-STING by JQl alleviates oxidative stress-induced retina inflammation
and degeneration. Cell Death Differ. 29 (9), 1816-1833. do0i:10.1038/s41418-
022-00967-4

frontiersin.org


https://doi.org/10.3389/fmolb.2025.1704311
https://doi.org/10.1158/1078-0432.CCR-23-1795
https://doi.org/10.1016/S1470-2045(09)70025-7
https://doi.org/10.1016/j.ebiom.2019.03.064
https://doi.org/10.3390/cancers12082019
https://doi.org/10.1093/noajnl/vdac146
https://doi.org/10.1016/j.ccell.2021.01.006
https://doi.org/10.21873/anticanres.14827
https://doi.org/10.3390/ijms22158324
https://doi.org/10.1016/j.biopha.2019.108790
https://doi.org/10.1038/s41586-022-05365-x
https://doi.org/10.1093/neuonc/noab269
https://doi.org/10.3390/ijms21218162
https://doi.org/10.1002/advs.202408845
https://doi.org/10.1038/s41388-022-02570-w
https://doi.org/10.1038/s41586-023-06061-0
https://doi.org/10.1002/advs.202202039
https://doi.org/10.1186/s40364-025-00788-w
https://doi.org/10.1080/13543776.2020.1725470
https://doi.org/10.1038/s41419-021-03733-5
https://doi.org/10.1136/jitc-2025-011650
https://doi.org/10.1038/s41418-022-00967-4
https://doi.org/10.1038/s41418-022-00967-4
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org

	1 Introduction
	2 Spatial-epigenetic crosstalk in GBM radiotherapy resistance
	2.1 Hypoxic core: HIF-SIRT-mediated epigenetic reprogramming drives quiescence and radiation resistance
	2.2 Invasive edge: EZH2-mediated H3K27me3 drives PMT and radiation evasion
	2.3 Perivascular Niche: HDAC-BRD4 axis sustains GIC stemness and DNA repair

	3 Epigenetic targets for Niche-specific radiosensitization
	3.1 Hypoxic core: targeting SIRT1 and TET2 to reverse quiescence
	3.2 Invasive edge: EZH2 and BRD2 inhibition to block PMT
	3.3 Perivascular Niche: HDAC1 and BRD4 inhibition to deplete GICs

	4 A spatial-epigenetic precision pipeline for GBM radiotherapy
	4.1 Step 1: Niche mapping via spatial multi-omics and AI
	4.2 Step 2: Niche-targeted drug delivery
	4.3 Step 3: adaptive combination therapy

	5 Epigenetic mechanisms underlying GBM progression and resistance
	5.1 DNA methylation aberrations in GBM
	5.2 Histone modifications and chromatin state in GBM
	5.3 Chromatin remodeling, 3D genome architecture, and transcriptional plasticity

	6 Epigenetic-targeted therapies as radiosensitizers in GBM
	6.1 Histone deacetylase (HDAC) inhibitors
	6.2 DNA methyltransferase (DNMT) inhibitors
	6.3 Bromodomain and extra-terminal (BET) inhibitors
	6.4 EZH2 inhibitors and LSD1/PRMT5: key histone methylation targets

	7 Future directions
	8 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References

