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Simple Summary: We review the role of chromatin and epigenetic dysregulation in therapy resis-
tance in glioblastoma. We discuss how epigenetic and genetic forces may cooperate to programme
functional cell states that are inherently resistant to therapy. Targeting epigenetic factors that are dys-
regulated in this malignancy could, therefore, improve clinical outcomes for patients. We highlight
some preclinical and clinical compounds that were tested or are currently being explored for glioblas-
toma. Lastly, we present our thoughts on the requirements for the development of next-generation
epigenetic therapies.

Abstract: Cancer stem cells (CSCs) represent a therapy-resistant reservoir in glioblastoma (GBM).
It is now becoming clear that epigenetic and chromatin remodelling programs link the stemlike
behaviour of CSCs to their treatment resistance. New evidence indicates that the epigenome of GBM
cells is shaped by intrinsic and extrinsic factors, including their genetic makeup, their interactions
and communication with other neoplastic and non-neoplastic cells, including immune cells, and
their metabolic niche. In this review, we explore how all these factors contribute to epigenomic
heterogeneity in a tumour and the selection of therapy-resistant cells. Lastly, we discuss current and
emerging experimental platforms aimed at precisely understanding the epigenetic mechanisms of
therapy resistance that ultimately lead to tumour relapse. Given the growing arsenal of drugs that
target epigenetic enzymes, our review addresses promising preclinical and clinical applications of
epidrugs to treat GBM, and possible mechanisms of resistance that need to be overcome.
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1. Introduction

Glioblastoma (GBM) is the most prevalent malignant brain tumour in the adult popu-
lation. Despite significant advances in dissecting the genomic, epigenomic, and molecular
factors that drive GBM aetiology, this malignancy is still incurable, and patients have
dismal prognoses. In this review, we discuss the notion that epigenetic principles play
pivotal roles in GBM. Therefore, therapies that target epigenetic mechanisms have strong
potential to become curative or at least improve the current standard of care for this cancer.
We discuss the rationale for epigenetic therapy in GBM and promising preclinical data, and
assess some approaches that are being tested in clinical trials. Lastly, we provide an outlook
for future consideration of epigenetic therapy for this lethal cancer.

2. Cancer Stem Cells Represent Reservoirs of Therapy Resistance in GBM

Chromatin is composed of genomic DNA and its interacting proteins. In contrast to
nucleotide sequences, chromatin structures are highly dynamic and support the spatiotem-
poral regulation of gene expression without alteration to the primary sequences [1]. Major
epigenetic features that reshape chromatin structures include the acetylation or methylation
of the N-terminal histone tail [2], the methylation of the DNA cytosine at position 5 on
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the pyrimidine ring [3], and the noncoding RNA-controlled pre- and post-transcriptional
regulation of gene expression [4]. Interestingly, genes involved in chromatin remodelling
are frequently mutated or dysregulated in GBM [5-8]. Here, we present a review of mecha-
nisms by which the impairment of chromatin remodelling machinery can confer therapeutic
resistance in GBM.

Chromatin remodelling is coupled with epigenetic modifications. During tumouri-
genesis, dynamic changes to epigenetic factors can result in permissive chromatin states
that promote the generation of cancer stem cells (CSCs). The CSC paradigm postulates
that tumour cells can be organized in a hierarchical fashion, comprising mostly cells with
limited proliferative potential and including a subset of cells at the apex of the hierarchy
that exhibits self-renewal capacity [9]. In the early 2000s, Singh and colleagues isolated a
subpopulation of tumour cells from dissociated GBM samples that demonstrated capacity
to extensively self-renew and proliferate [10,11]. This cell fraction propagated tumours
upon xenotransplantation [11], thus establishing GBM-CSCs or glioma stemlike cells (GSCs)
as a basis of tumourigenesis and tumour propagation.

Work from the past decade has clearly demonstrated that GSCs are therapy-resistant.
Standard treatments of GBM include maximal resection followed by concomitant and
adjuvant temozolomide to radiotherapy, also known as the Stupp protocol [12]. While
short-term survival has improved since the landmark 2005 Stupp trial, augmentation to
longer-term survival (e.g., 5-year) has yet to be realized, and GBM remains an incurable
disease [13]. GSCs confer tumour resistance to radio-/chemotherapies by way of their
heightened capacity for DNA repair and mitochondrial reserve [14,15], their location
in hypoxic niches [16,17], and, most notably, their ability to enter a state of quiescence
that renders GSCs refractory to therapies that target actively dividing cells [18-20]. New
therapies that target cells irrespective of their cycling status are required to eliminate GSCs
(Figure 1). In this review, we discuss the epigenetic dependencies of GSCs and the promise
of epigenetic therapy to achieve their demise.
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Figure 1. Strategy to deploy epigenetic therapy to target cancer stem cells. Standard therapy (e.g.,
radiation and most chemotherapies) often consists of treatments that aim to kill actively proliferating
cells. These therapies may not eradicate the cancer stem cell population because of its slow cycling
behaviour. Combining standard of care approaches with epidrugs designed to target essential
epigenetic programs in cancer stem cells could result in the demise of this refractory cell population.
This could be achieved in a proliferation-independent way.

3. Chromatin Dynamics Contribute to the Therapy-Resistance Properties of GSCs

Cellular quiescence is a reversible state of resting at Gy phase [21]. Studies in neural
stem cells (NSCs) demonstrated the essentiality of stem cell quiescence in maintaining the
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stem cell pool for tissue homeostasis and regeneration [22-25]. This nondividing state is
associated with histone modifications that keep genes in a transcriptionally ‘poised’” state,
consequently maintaining quiescent stem cells in readiness for rapid cell cycle re-entry,
self-renewal, and differentiation [26]. In embryonic stem cells (ESCs), key developmental
genes are associated with bivalent histone domains, e.g., regions with concurrent presence
of antagonistic methylation marks on H3 lysine 4 (H3K4me3, activating) and H3 lysine 27
(H3K27me3, repressing) [27]. These bivalent domains are resolved quickly upon differentia-
tion, and poised genes are either activated by the removal of H3K27me3 or repressed by loss
of H3K4me3 [27,28]. Adult stem cells, such as hematopoietic stem cells (HSCs), demonstrate
the presence of bivalent chromatin domains. In quiescent HSCs, the resolution of bivalent
domains results in gene expression changes that stipulate lineage commitment [29]. Notably,
the single-cell RNA-seq of GBM tumour specimens identified a population of slow-cycling
quiescent GSCs that showed a significantly higher expression of KDM5B [30]. Moreover,
upon the inhibition of proliferative receptor tyrosine kinase (RTK) signalling, GSCs can
transition into a KDM6-dependent slow-cycling cellular state that would render GSCs
refractory to standard therapies [31]. As KDM5B and KDM6(A /B) resolve bivalency at
developmental genes via H3K4 and H3K27 demethylation, respectively [32-34], chromatin
remodelling by way of histone (de)methylation at bivalent domains is likely to facilitate the
hijacking of developmental gene expression programmes to generate treatment-resistant
quiescent GSCs. Indeed, the mapping of GBM scRNA-seq data onto a detailed atlas of
mouse cerebral development revealed the acquisition of embryonic precursor identities in
the genesis of glioma [35]. Ube2V2, a ubiquitin-conjugating protein, was the top common
gene product shared between GBM samples and embryonic radial glial precursors [35].
Ube2V2 regulates H4K16 acetylation [36], a histone modification that is associated with
HSC quiescence [37]. H4K16ac also forms a trans-histone module with H3K4me3 that is
recognized by the chromatin remodeller BPTF [38]. Considering that BPTF regulates stem
cell maintenance in HSCs [39], quiescent/proliferative states transition into melanoma [40],
and the maintenance of self-renewal in GBM [41], and the concurrence of H3K4me3 and
H4K16ac histone marks may play a key regulatory role in GSC quiescence. While asso-
ciations between other histone modifications and cellular dormancy were established in
various quiescence model systems, most were performed outside the context of GSCs [26].
Nevertheless, the knockdown of the H3K9me3 histone demethylase KDM4C appears to ob-
struct the upkeep of GBM stemlike cell lines [42,43], suggesting a role for H3K9 methylation
in GSC maintenance and thus therapy resistance.

The initiation and maintenance of changes in gene expression that are associated with
stem cell quiescence and self-renewal involve the coordinated action of multiple epige-
netic programmes. A deeper understanding of how GSCs restructure their epigenome to
enter/exit quiescence opens novel therapeutic avenues for GBM. Rapidly advancing single-
cell genomewide technologies and machine-learning capabilities may soon lead to the
identification of specific DNA loci and chromatin structures that underly GSC quiescence.

4. DNA and Histone Methylation Regulate Self-Renewal Pathways

Alterations in DNA methylation patterns are loosely associated with cellular quiescence.
One of the most common somatic mutations occurring in glioma involve isocitrate dehy-
drogenase (IDH) enzymes [44], which are associated with reduced levels of a-ketoglutarate
(0-KG) caused by the conversion of «-KG into D-2-hydroglutarate (2-HG) [45,46]. Multiple
histone and DNA demethylases utilize x-KG as an essential cofactor [47,48]. Whereas the
addition of x-KG to naive-state mouse embryonic stem cells (mESCs) induced H3K27me3
demethylation and enhanced self-renewal [49], in primed human pluripotent stem cells
(hPSCs) and mouse epiblast stem cells (EpiSCs), x-KG accelerated differentiation via the
induction of global histone and DNA demethylation [50]. Moreover, the competitive inhibi-
tion of histone demethylases KDM4A /C by 2-HG impairs cellular differentiation [51,52].
Interestingly, the production of 2-HG upon the activation of transcription factor FoxO1
was crucial for the acquisition of a quiescent endothelial state [53]. FoxO transcription
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factors are a major point of convergence of RTK signalling pathways, and enforce NSC
quiescence [54]. Enhanced DNA methylation at the promoter region of FoxO3 promotes
GSC self-renewal [55]. Nonetheless, while direct links between x-KG-dependent demethy-
lation and enhanced cellular heterogeneity were demonstrated recently in breast cancer [56],
we have yet to discern the direct impact that altered DNA methylation may have on GSC
cellular heterogeneity or quiescence.

5. Epigenetic Roles of Long Noncoding RNAs in GBM

In addition to histone modifications and DNA methylations, long noncoding RNAs
(IncRNAs, >200 nt) have emerged as important players in chromatin remodelling [57-59]. A
well-established attribute of IncRNAs is their bridging of chromatin modification complexes
to DNA. For example, the IncRNA Xist interacts with polycomb repressive complex 2
(PRC2) member EZH?2 to mediate H3K27 trimethylation of the inactive X chromosome [60].
HOTAIR, a IncRNA transcribed from the HoxC locus, recruits PRC2 to the HoxD cluster
to facilitate gene silencing [61]. The IncRNA H19, a regulator of HSC quiescence [62],
can alter H3K9me3 histone modifications by its binding to MBD1, a methyl-CpG binding
protein [63]. Meanwhile, Xist, HOTAIR and H19 were all linked to glioma angiogenesis
and/or GBM cell cycle progression [64-66]. The association of IncRNAs with GBM was
comprehensively surveyed in a recent review by Yadav and colleagues [67]. Still, much
remains to be discovered with regards to the role that IncRNAs play in GSC maintenance.

6. Intratumoural Epigenetic Heterogeneity and Its Role in Drug Resistance

Intratumoural heterogeneity refers to the coexistence of genetically, epigenetically, and
functionally different cell subpopulations within a single tumour. This diversity of cell pop-
ulations might contribute to treatment failure by providing alternative pathways of therapy
resistance. On the molecular level, this phenomenon is represented by disparate subclonal
mutations and structural variants and gene expression patterns [5,8,68-70]. Intratumoural
heterogeneity can be assessed in several ways: classically, by multiregional sampling or
sampling at different points in time, and more recently, by sampling at a single timepoint
using technologies such as single-cell sequencing.

As examples of genetic heterogeneity contributing to therapy resistance, multiple
RTK genes such as EGFR, PDGRA and MET are usually amplified in mutually exclusive
fashion in genetic subclones [71-73]. It is, therefore, conceivable that patients treated with
EGFR inhibitors, for instance, have treatment-resistant genetic subclones represented by
the PDGFRA-amplified cells. The use of single-cell technologies to test the molecular
architecture of subclones could, therefore, be used to design more appropriate treatment
cocktails that account for potential resistance mechanisms.

The development of single-cell technologies has also aided in the characterization
of transcriptional heterogeneity in gliomas. In 2014, Patel and colleagues profiled cells
from five GBM samples with scRNA-seq and found individual cells in all tumours that
matched at least two of the TCGA molecular subtypes [30]. Interestingly, the authors found
that tumours with more transcriptional diversity also had worse prognosis than that of
tumours with lower levels of transcriptional heterogeneity. This example underscores the
importance of intratumoural heterogeneity in tumour aggressiveness, potentially through
cooperation between the different cell states present in a tumour.

Tumour heterogeneity in GBM may also arise from clonal evolution, that is, through
the expansion of treatment-resistant GSCs and the acquisition of mutations during tumour
progression that promote genetic variability [74]. This concept may be linked to the
hierarchical CSC model where a small subpopulation of stemlike cells, maintained through
their ability to self-renew, facilitate the production of diverse daughter cells that repopulate
the tumour bulk [75]. These cell state changes may be driven by factors in the tumour
microenvironment and epigenetic aberrations within the tumour itself.
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Several cancer models have cell state transitions or transient epigenetic changes that
allow for tumour cells to persist through drug exposure [31,76,77]. The comprehensive
assessment of pre-existing and dynamic genetic and epigenetic drug resistance mechanisms
remains a significant goal that requires attention. In a recent study, Bernstein’s group
developed strategies combining scRNA-seq and lineage tracing to evaluate the interplay
between genetic and epigenetic mechanisms of resistance in stemlike GBM cells treated
with RTK inhibitors [78]. They showed that genetic subclones bearing insulin receptor
substrate-1 (IRS1) amplifications exhibit a degree of reversibility to dasatinib resistance that
may underlie the inefficacy of targeted therapies.

It is now becoming clear that genetic, epigenetic, and functional heterogeneities are
interdependent. For instance, Neftel et al. showed that transcriptional states in GBM are
associated with specific mutational profiles [79]. Similarly, genetic subclones have unique
chromatin accessibility profiles in GBM (Figure 2A,B) [80]. These studies echo earlier work
by the Costello laboratory showing the parallel evolution of genetic and DNA methy-
lation/epigenetic landscapes in gliomas [81]. Given the dependence of GSC properties
on epigenetic and transcriptional states, it is reasonable to speculate that some genetic
subclones may be more predisposed to give rise to stemlike cells than others are (Figure 2C).
This hypothesis is supported by the enrichment of motifs for transcription factors associated
with stemness in the accessible chromatin of some subclones [80]. These observations could
help in prioritizing the targeting of genetic subclones in primary tumours.

A genetic subclones with distinctive B single-nucleus
chromatin accessibility profiles chromatin profiles

UMAP2
o

stemness ©
index

genetic
subclones

Figure 2. Genetic subclones can have characteristic chromatin landscapes. (A) Genetic subclones

coexist in a tumour. Each colour marks cells in a subclone. Subclones can have distinctive epigenetic
profiles, represented by the colour of the nuclei. (B) Single-cell or single-nucleus approaches such as
ATAC-seq can reveal the differences in chromatin profiles between genetic subclones. (C) Because of
their specific chromatin landscape, each subclone can be predisposed to behave like cancer stem cells
or not.
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7. Epigenetics, Plasticity, and the Tumour Microenvironment

Single-cell studies have enabled a more granular view of the tumour cell state and
epigenetic heterogeneity in high-grade glioma. GBM cells have a characteristic distribution
in the tumour microenvironment, with stemlike cells being enriched in the perivascular
niche [82], mesenchymal-like cells expressing the transcription factors MLL1 and HIF2a
and associated with more hypoxic areas of the tumour microenvironment [17,83,84], and
SOX10-positive oligodendrocyte-like cells preferentially existing in the subcortical white
matter [85]. However, the extent to which these cellular states are governed by tumour
genetics versus epigenetics is unclear.

Recent DNA methylation studies have highlighted the importance of methylation
in mediating tumour plasticity in response to environmental stimuli in IDH wild-type
(IDHwt) and mutant (IDHmt) gliomas with higher DNA methylation disorder associated
with stress-response genes, which was more pronounced after hypoxia and associated
with cell state transitions [86]. The spatial RNA sequencing of 28 GBM specimens de-
scribed five distinct subtypes partially overlapping with previously described cellular
states. Neuronal development-like and reactive-hypoxia like cells were less proliferative.
Moreover, most genetic subclones contained multiple transcriptional states, highlighting
the importance of epigenetic regulation. The exception was the reactive-hypoxia state,
which was associated with increased genomic instability [87]. Longitudinal profiling shows
increased mesenchymal state enrichment upon recurrence in IDHwt glioblastoma, with
some association to NF1 loss of function [88]. The profiling of paired recurrent IDHwt and
IDHmt gliomas showed transitions to mesenchymal states in a large proportion of IDHwt
tumours, and enriched neuronal signalling in another subset, again with few associated
genetic changes [89]. Overall, this suggests that, while genetics may play a modifying role,
epigenetics is likely a primary driver of cellular state heterogeneity in GBM.

Epigenetic alterations may also be important regulators of tumour-immune cell re-
lationships, especially in the context of mesenchymal-type GBM. These tumours have a
highly immunosuppressive microenvironment, enriched for M2 macrophages (reviewed
in [90]). This is partly due to migration of peripheral macrophages to tumours driven
by secreted factors such as periostin (POSTN) [91]. This transcriptional state in human
and mouse is partially driven by macrophage-driven Osm secretion, which remodels both
tumour cell and macrophage transcriptional profiles, suggesting a bidirectional interaction
between the tumour and the infiltrating immune cells [92]. The single-cell profiling of T-cell
repertoires across a number of gliomas identified an NK-cell like subset of cytotoxic T cells
marked by CD161 with increased PDCD1 activity and the impaired killing of tumour cells,
highlighting the bidirectional interplay between tumour and immune cells [93]. The profil-
ing of IDHmt gliomas by single-cell ATAC-seq identified ATRX loss as a positive regulator
of chemotaxis factors like CSF1. Atrx knockout in mice resulted in an immunosuppressive
tumour microenvironment and a more astrocyte-like phenotype driven by NFKB1 [94]. The
serial transplantation of genetically engineered mouse glioma models in immunocompetent
mice resulted in epigenetic remodelling that lead to the increased secretion of chemokines
such as Ccl9 and Irf8, and a mesenchymal-like tumour state with increased expression
of myeloid genes. Interestingly, this behaviour was dependent on microenvironmental
macrophages [95]. This may partly be mediated by Notch signalling as, in mouse gliomas,
the knockout of Rbpj is associated with more proliferative tumours, increased macrophage
infiltration and impaired T-cell response [96]. Indeed, epigenetic remodelling in GBM may
be bidirectional, with the involvement of both tumour and immune cells, and this may
pose an important caveat for future epidrug treatments.

GBM cells also have more direct interactions with their microenvironment, which
can modulate tumourigenicity and aggressiveness. In paediatric gliomas, the neuronal
secretion of neuroligin-3 stimulates tumour growth, and its blockade via the inhibition
of the ADAM10 sheddase markedly inhibits tumour growth [97,98]. Gliomas also form
direct tumour-promoting synapses with neurons in both adult and paediatric gliomas
through AMPA-receptor mediated circuits, and the blockade of these circuits reduces
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the invasiveness of microtube-bearing cells and tumour growth [99,100]. Intercellular
communication in GBM is critically important, and its downstream epigenetic mechanisms
are yet largely unexplored.

8. Targeting the Epigenetic and Chromatin Factors in GBM

Aberrant epigenetic and chromatin mechanisms are a clear feature of GBM and partic-
ularly of CSCs. The genomic analysis of a cohort of adult GBM samples collected by The
Cancer Genome Atlas (TCGA) showed that approximately half of all cases had at least one
mutation in genes encoding chromatin or epigenetic factors [8]. This observation suggests
that tumour cells optimize their epigenome to maximize their malignant behaviour, with
mutational signatures reflecting that some epigenetic and chromatin processes promote
tumourigenesis, and others likely antagonize tumourigenesis by encoding developmental
differentiation pathways. In addition, some mutations confer neomorphic functions to the
encoded gene product that can contribute to epigenetic states that are optimal for tumour
growth, as was observed for mutations in IDH1/2 and histone 3 [7,44]. At least some
of these mutated epigenetic pathways directly contribute to the stemness properties of
malignant cells [101].

However, a second tier of epigenetic and chromatin mechanisms are co-opted directly
by the CSC populations in GBM to further potentiate their stemlike phenotypes. This second
tier of epigenetic mechanisms is not necessarily co-opted through mutational inactivation
or gain of function, but through transcriptional dysregulation. Because transcription is itself
dependent on epigenetic regulation, CSC properties might depend on the maintenance
of epigenetic-transcriptional feedback loops that are optimal for the execution of their
malignant functions. Some of these loops might ultimately depend on clonal or subclonal
mutations in genes encoding epigenetic and chromatin factors [80].

Because of the importance of epigenetic mechanisms for GBM aetiology and specifi-
cally for the maintenance of CSC populations (as described earlier in this review), phar-
maceutically targeting epigenetic and chromatin factors could be a promising therapeutic
avenue. Over the past decade, a large arsenal of such drugs, often referred to as ‘epidrugs’
because of their targets, have been designed [102,103]. Largely, epidrugs are tool com-
pounds, but some have performed well in preclinical assays, and a few have been deployed
in clinical trials and are discussed in more detail below.

Epidrugs have to overcome significant hurdles to be effective. First, they need to
target functionally important protein domains. This is not always easy because chromatin
remodellers and other epigenetic factors are often part of large complexes, and multi-
ple domains are concomitantly involved in protein—protein interactions. In this context,
identifying an important domain that is available to bind to a chemical compound is not
trivial. This is also true for transcription factors, which can be promiscuous and play
multiple roles in transcriptional regulation depending on with which partners they are
interacting and the genomic context of their targets. Furthermore, some TFs have intrinsi-
cally disordered domains [104] that are functionally important but very difficult to target
because of their lack of structure. Second, some epidrugs have to be compatible with
principles of liquid-liquid phase separation (LLPS) to achieve therapeutically relevant
concentrations inside the nucleus (reviewed in [105]). This point is best exemplified by
BRD4 inhibitor JQ1. Recent work from multiple laboratories showed that BRD4 partici-
pates in the formation of condensates that separate from the rest of the nucleus through
principles of LLPS [106,107]. BRD4 inhibitor JQ1 concentrates in LLPS condensates formed
by BRD4 [108]. Similarly, commonly used chemotherapeutic agents, including cisplatin,
concentrate in condensates formed by the mediator complex [108]. Therefore, the ability
of some drugs to reach adequate concentrations to achieve therapeutic windows depends
on their propensities to participate in liquid condensates. Although LLPS is not unique
to the nucleus, understanding how drugs segregate in condensates to interact with their
molecular targets, and how to improve this segregation, is very important for epidrugs,
given that liquid condensates appear to drive various aspects of the function of nuclear
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proteins. The problem of drug compatibility with the condensate organization of nuclear
proteins has received new impetus because of recent, groundbreaking work in the nuclear
LLPS field. Epidrug design should, therefore, be optimized for (i) binding site specificity
on the protein target, (ii) the functional promiscuity of the target, and (iii) compatibility
with the biology of LLPS condensates.

In addition, epidrugs should be designed to overcome the blood-brain barrier, al-
though this is a problem shared with all drugs that need to reach brain malignancies.
However, this problem might be mitigated by recent advances in drug delivery to the brain
(for a recent review, see [109]). This topic is outside of the scope of this review, but it should
be considered when evaluating drugs for preclinical and clinical trials.

9. Epidrugs with Promising Action in Preclinical Models

Following the elucidation of chromatin and epigenetic factors that are important for
GBM and specifically CSC function, some epidrugs were successfully deployed in preclin-
ical models. Several inhibitors of polycomb repressive complex 2 (PRC2) function have
shown activity in patient-derived models in vitro [110]. A few chemical compounds that
target PRC2 and specifically EZH2, which is the enzymatic subunit of this complex, have
been tested more prominently. These are UNC1999 and GSK343. Surprisingly, although
biomolecular approaches have clearly established the importance of EZH2 for GBM CSC
function, EZH2 inhibitors have been tested in very few high-quality preclinical models of
adult GBM. Data exist on the effectiveness of these inhibitors on in vivo xenografts gener-
ated from IDH1-mutant gliomas and on xenografts generated from paediatric high-grade
glioma samples [111]. The latter example established the preclinical efficacy of tazemetostat,
an FDA-approved EZH2 inhibitor. Besides this work, a significant number of publications
have contributed to the notion that EZH2 inhibitors are effective but poor models of GBM,
including cell line U87 (see, for instance, [112,113]), which recapitulates salient features of
GBM, including invasion into the brain tissue upon transplantation in mouse recipients.
Other publications used DZNeP [114,115], which is more generally a methyltransferase
inhibitor that is not specific to PRC2; therefore, conclusions reached with this compound
should be carefully evaluated.

Inhibitors of DNA methylation, for example, 5-azacytidine and decitabine, intercalate
in the DNA double helix and block the function of DNA methyl transferases. Both DNA
demethylating agents mentioned above are FDA-approved for the treatment of myelodys-
plastic syndromes and some leukaemias, and may represent a new and effective class
of epigenetic therapies (for a review, see [116]). One of the reasons for optimism in the
use of the compounds was the recent discovery that these they can induce viral mimicry,
a type of cell-intrinsic immune surveillance program meant to protect a cell from viral
attack [117,118]. DNA demethylating agents cause the demethylation of repetitive regions,
including transposable elements, which are then transcribed to produce double-stranded
RNA that is recognized as a foreign entity by the cell machinery and triggers an interferon-
based antiviral response [119]. Some evidence of the efficacy of DNA demethylating agents
in GBM exists, but it is mostly based on poor models of this tumour type. DNA methylation
inhibitors showed promise in xenografts derived from IDH1-mutant gliomas [120]. The suc-
cess of this approach in a preclinical setting was ascribed to IDH1-mutant gliomas having
a CpG island methylator phenotype (CIMP) characterized by the robust and widespread
methylation of CpG islands [121]. The jury is still out on the use of a DNA demethylating
agent to treat GBM patients, partly because of the reported potential side effects of these
compounds [122].

The MLL complex is also important for the maintenance of self-renewal in GSCs [83,123].
Several approaches were taken to target this complex. The MLL complex is rather large,
and includes many proteins required for the docking of catalytic subunit MLL1 to chro-
matin. One strategy to compromise the function of this complex was to design various
compounds that prevent proper docking of the complex. A critical subunit in this respect is
WDRS5 [124,125], which is essential for the sustained methyltransferase activity of MLL1.
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Several WDRS5 inhibitors were tested in GBM. A very recent preprint from the Lathia
laboratory showed the efficacy of this approach against GBM CSCs in vitro and in flank
xenograft models [126]. Another critical subunit of the MLL complex is menin, which is
essential for docking of the complex to chromatin [127]. Several menin inhibitors have been
developed, including by the Cierpicki, Grembecka, and Armstrong laboratories [128-130].
Some of these are tool compounds, but two of them were developed into clinical com-
pounds that specifically target the interactions between menin and MLL fusion proteins,
which are oncogenic drivers in a subtype of leukaemia. The tool compounds were tested
in patient-derived GBM models, and showed potent efficacy at both reducing viability
and self-renewal of GSCs [131,132]. These results highlight the potential usefulness of
menin inhibitors in the context of GBM, even in the absence of MLL fusions in this disease.
Designing new menin inhibitors that are agnostic to MLL fusion status and that can cross
the blood-brain barrier could be a new avenue to explore with broad utility not just to
GBM, but likely other brain malignancies as well.

MLL fusion proteins recruit DOT1L to chromatin. DOTIL is the only known H3K79
methyltransferase, and its function facilitates transcription initiation (reviewed in [133]). CRISPR
screens showed that DOT1L is essential for GSC viability and stemness function [134,135].
DOTIL inhibitors are effective at suppressing self-renewal and stemness features of GSCs
and lead to differentiation phenotypes [135]. However, the assessment of DOT1L inhibitors
with orthotopic patient-derived xenografts and direct drug administration in animals is
still missing.

A summary of the epigenetic drugs and their targets discussed in this section are
summarized in Table 1.

Table 1. Epigenetic factors dysregulated in GBM and compounds targeting them.

Epigenetic Factors Tool Compounds Clinically Available Drugs Reference
PRC2/EZH2 UNC1999, GSK343 Tazemetostat [110,111]
DNA methylation 5-Azacytidine, decitabine [116] (review)

WDR5 Cl6 [126]
Menin/MLL1 MI-2, MI-3 SNDX-5613, KO-539 [128-130]
DOT1L Pinometostat [134,135]

10. Mechanisms of Resistance to Epigenetic Therapies

The current standard of care for GBM patients includes maximal safe surgical resection
followed by concomitant radio- and chemotherapy, the so-called Stupp method [12,136].
The used chemotherapy is temozolomide based on clinical data showing a small but statis-
tically significant improvement in patient survival when this drug is added to radiation.
However, temozolomide treatment for GBM patients should be considered as palliative
care, because the tumours inevitably recur within 4-6 months. Furthermore, temozolomide
is an alkylating agent that can cause high mutational burdens in recurring tumours [70],
with the consequent effect of speeding tumour evolution and, in some cases, rendering the
tumour more aggressive.

It is reasonable to hypothesize that epidrug-based treatment should not drastically
increase the mutational burden of a tumour, at least for the drugs that do not directly
affect chemical modifications of DNA or chromatin proteins also involved in DNA damage
response. In this respect, therefore, epidrugs could have fewer unintended consequences
on tumour evolution. However, epidrugs could push tumour cells to undergo “epigenetic
evolution,” forcing cells to readjust their epigenomes to compensate for the biological effects
of the treatment. Epidrug-induced epigenetic evolution could result in novel mechanisms
of therapy resistance.

Although the mechanisms of resistance to epidrugs are significantly understudied
in GBM compared to other malignancies (especially breast and prostate cancers), some
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examples can be found in the literature. De Vries and colleagues described the onset of
resistance of GBM cells to Ezh2 knockdown [137]. In their murine models, short-term
Ezh2 knockdown extended survival more robustly than long-term Ezh2 knockdown did
compared to the controls. The authors showed that long-term Ezh2 knockdown tumours
activated a signature of pluripotency genes that might constitute an adaptation mechanism.

A parallel intrinsic mechanism of resistance to epigenetic therapy could also lie
in intratumoural epigenetic heterogeneity in GBM. Several reports based on imaging,
chromatin studies, and single-cell RNA-seq and single-cell ATAC-seq clearly showed
that cells with a range of chromatin and transcriptional profiles coexist in the same
tumours [30,131,138-140]. This level of heterogeneity may represent different epigenetic
dependencies of subclonal populations, potentially posing challenges to epigenetic ther-
apies. This concept was well-illustrated by work from the Rich laboratory [141]. They
showed that transcriptionally proneural GSCs activate EZH2, whereas mesenchymal GSCs
activate PRC1 subunit BMI1. Elegant in vitro and in vivo studies demonstrated the need
to target both cell populations with concomitant EZH2 and BMI1 inhibition to achieve
improved outcomes.

This work illustrated the importance of the deployment of cocktails of epidrugs to
treat GBM. We envision the design of cocktails of epidrugs that maximize the effects on
the crucial cellular compartments in a tumour. Given that genetics and epigenetics may
interface to predispose genetic subclones to acquire stemlike characteristics [80], genetic
and epigenetic assays could be combined to determine the optimal cocktail of epidrugs to
use, possibly in a way that is tailored to each patient. A limited number of compounds
could be selected on the basis of paradigms of essentiality for epigenetic mechanisms.

Another important consideration pertaining mechanisms of therapeutic resistance is
that some epigenetic and chromatin factors play roles outside of the nucleus. For instance,
EZH2 can localize in the nucleoli, where it regulates translation [142]. Some epigenetic
factors may also have noncanonical functions that should be taken into account when
designing epigenetic therapies. For instance, valproic acid has widespread effects outside
of the nucleus [143]. EZH2 plays a well-established role in methylating STAT3 specifically
in GSCs, resulting in the activation of this transcription factor [144]. The extranuclear and
noncanonical functions of epigenetic factors must be considered to fully assess the potential
effects of epigenetic therapies in the context of each tumour type.

11. Epigenetic Therapy for GBM in the Clinic

Some epigenetic therapies reached the clinic, and we list a few of them in Table 2. This
list is not meant to be exhaustive, but it is aimed at highlighting the range of epigenetic and
chromatin factors and mechanisms that are being targeted in the patient population.

Table 2. Clinical trials are testing epigenetic therapies against a wide range of targets.

Compound Mode of Action Other Treatments Phase Clinical Trial Number
Azacitidine DNA methylation inhibitor FT-2102 1b/2 NCT03684811
(oral(ajga-fi?? dine) DNA methylation inhibitor N/A 1 NCT02223052
ST101 CEBPB inhibitor N/A 1/2 NCT04478279
g\‘j[r;gg;g)’ BRD2/3/4 inhibitor N/A 2 NCT02296476

Several clinical trials are exploring DNA demethylating agents for the treatment of
GBM. One of them (clinicaltrials.gov identifier NCT03684811) is a Phase 1b/2 trial that
combines methylation inhibitor azacitidine with FT-2102, an inhibitor of mutant IDH1
(Table 2). A second trial employed an oral version of azacitidine (CC-486) in a Phase 1 trial
(NCT02223052). Although more work is needed in preclinical models of GBM to better
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assess the promise of these compounds in the context of this malignancy, several clinical
trials are currently active.

Some clinical trials employed new compounds that target transcription factors. A
Phase 1/2 trial (NCT04478279) is testing ST101 (Table 2), a peptide inhibitor of CAAT
enhancer binding protein (CEBPB) in GBM and other solid tumours. CEBPB is a positive
regulator of mesenchymal-like transcriptional programs, and its knockdown strongly
suppresses the engraftment of glioma cells in mice [145]. Furthermore, CEPBP targets are
upregulated by radiation treatment [146], suggesting that this protein and its associated
transcriptional programs might be involved in therapy resistance pathways. ST101 was
granted fast track designation for GBM by the FDA in December 2021.

Another interesting clinical trial from a theoretical perspective tested BRD2/3/4
inhibitor borabresib (MK-8628) in Phase 2 (NCT02296476; Table 2). Preclinical studies
demonstrated the ability of BRD4 inhibitors to reduce self-renewal properties of GBM cells
both in vitro and in vivo [147-149]. Although the clinical trial of borabresib is supported
by preclinical evidence, it was recently terminated for lack of clinical activity. This outcome
reflects major difficulties in translating even promising discoveries from the lab to the clinic
for this highly intractable cancer.

12. Concluding Remarks

The pharmaceutical targeting of targets associated with epigenetic and chromatin
factors in GSCs is promising for several reasons. First, because epigenomic mechanisms
are essential for the maintenance of stemness programs. Second, because epidrugs have
the potential to function independently of cell cycle status, an important consideration,
given that the most primitive stemlike GBM cells appear to be quiescent or slow cycling. A
caveat here is that some epigenetic marks, including histone marks, are stable and require
a few cycles of cell division to be sufficiently diluted following the inhibition of the enzyme
responsible for their deposition. However, it is critical to eliminate the quiescent GSC
compartment to keep the tumour in check.

An important step in the development of effective epigenetic therapies is the use of
relevant and robust preclinical models. At the very least, epidrugs should be tested against
patient-derived xenografts in an orthotopic setting. One criticism of these xenograft models
is that they are often transplanted in severely immunocompromised hosts which lack the
proper tumour microenvironment. These models, therefore, do not fully recapitulate the
full repertoire of signalling between neoplastic and nonneoplastic cells or the appropriate
metabolic signatures, both being factors that modulate the epigenome of tumour cells.
However, xenograft models provide information on the effects of candidate therapies
on tumour-cell-intrinsic epigenetic dynamics. Furthermore, they the permit evaluation
of pharmacokinetic and physiological measurements of an epidrug in a multicellular
organism, providing data that could be very useful in the design of future clinical trials.

Given the wide repertoire of epigenetic pathways regulating programmes of stemness
in cancer, it is likely that epidrugs may have to be combined in cocktails to achieve signifi-
cant therapeutic benefit. This is not unlike nonepigenetic therapeutic cocktails that have
been extremely effective in other malignancies. It is highly unlikely that a single compound
could be successful in treating a heterogeneous cancer such as GBM.
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