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Gene expression is finely controlled by the abundance and activation status of transcription factors and their regulators, as well as
by a number of reversible modifications of DNA and histones that are commonly referred to as epigenetic marks. Such alterations
(i.e., methylation, acetylation, and ubiquitination) are catalyzed by an array of dedicated enzymes with antagonistic activity,
including methyltransferases and demethylases, acetyltransferases and deacetylases, as well as ubiquitin ligases and
deubiquitinating enzymes. The epigenetic control of transcription is critical not only for embryonic and postembryonic
development but also for the preservation of homeostasis in all adult tissues. In line with this notion, epigenetic defects have been
associated with a variety of human disorders, including (but not limited to) congenital conditions as well as multiple hematological
and solid tumors. Here, we provide an in-depth discussion of the impact of epigenetic alterations on cancer stemness, i.e., the
ability of a small population of poorly differentiated malignant cells to (1) self-renew while generating a more differentiated
progeny, and (2) exhibit superior tumor initiating/repopulating potential along with exceptional plasticity and improved resistance
to environmental and therapy-elicited stress. Moreover, we critically evaluate the potential and limitations of targeting epigenetic
modifiers as a means to eradicate cancer stem cells for therapeutic purposes.
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INTRODUCTION

Genetic information is decoded to enable cellular functions via a
finely regulated multistep process that initiates with DNA-to-RNA
transcription."” Thus, the expression of specific transcription
factors (TFs) and their binding partners is fundamental for a cell
to acquire precise biological features, in both physiological and
pathological settings, such as cancer.® Importantly, the conversion
of genetic information into cellular functions, as initiated by
transcription, is controlled by a number of pretranscriptional
mechanisms, notably by modifications of DNA, histones, and
chromatin structure.* These modifications, which are commonly
known as epigenetic marks, are reversible but can be transmitted
across generations, thereby preserving the memory of gene
activity while enabling transcriptomic plasticity in response to
developmental and environmental cues (Fig. 1).”

Epigenetic modifications are critical for embryonic and post-
embryonic development as well as for the preservation of adult
tissue homeostasis.%” Historically, the term epigenetics was first
introduced by Conrad H. Waddington in 1942 to describe how the
interaction between genotype and the environment shapes
phenotypes during development, particularly through the regula-
tion of cell fate and differentiation.® Epigenetic traits specifically
regulate the expression of pluripotency and cell lineage genes in a
developmental stage-, organ- and cell type-specific manner.”'® In
line with this notion, defects in the epigenetic control of gene
expression have been associated with a number of human
disorders, including cancer.'"'? Accordingly, several drugs with
prominent epigenetic effects, including azacitidine, decitabine
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and various histone deacetylase (HDAC) inhibitors, are currently
licensed for use in cancer patients.'>'*

Preclinical and clinical findings demonstrate that some tumor
types (especially, but not exclusively, hematological malignancies)
rely on a poorly differentiated population of neoplastic cells that
can self-renew while generating more differentiated cellular
progeny, and exhibit superior resistance to adverse microenviron-
mental conditions and immune elimination, which are commonly
referred to as cancer stem cells (CSCs).'>™"” Owing to these
features, CSCs stand out as crucial drivers of oncogenesis, disease
progression, and treatment resistance.

Emerging evidence suggests that not only genetic traits, but
also highly plastic epigenetic mechanisms support key features of
cancer stemness, including (1) their ability to self-renew in the
context of arrested differentiation, (2) their superior tumor-
initiating and repopulating potential, and (3) their pronounced
capacity to resist stress and evade cancer immunosurveillance
(Fig. 2)."”7"° Importantly, epigenome profiling revealed that CSCs
share epigenetic traits with embryonic stem cells, such as the
repression of genes associated with cell differentiation, but not
necessarily with adult stem cells,**2* hence representing poten-
tial targets for the development of novel anticancer therapies.**

Here, we review the molecular mechanisms through which the
epigenetic control of transcription by DNA and histone modifica-
tions governs key features of cancer stemness, including self-
renewal, differentiation blockade, as well as tumor initiation and
propagation. Moreover, we discuss the role of epigenetic
regulators in cancer stemness-associated plasticity, as we critically
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Fig. 1 Major epigenetic mechanisms of transcriptional regulation. Multiple epigenetic modifications regulate transcription. DNA methylation,
which is catalyzed by DNA methyltransferases (DNMTs) and reversed by Tet methylcytosine dioxygenases (TETs), typically represses
transcription by impairing transcription factor (TF) binding. In contrast, histone posttranslational modifications (PTMs), including acetylation,
methylation, and ubiquitination, modulate chromatin structure and transcriptional accessibility. Histone acetylation is regulated by histone
acetyltransferases (HATs) and histone deacetylases (HDACs), and promotes gene expression by opening chromatin. In contrast, the
methylation of specific histone residues, which is regulated by lysine histone methylases (KTMs) and lysine demethylases (KDMs), has
functional consequences that are influenced by the position of the residue and the degree of methylation. Similarly, histone ubiquitination,
which is catalyzed by E1-activating-E2 conjugating-E3 ligase systems, including polycomb repressive complex 1 (PRC1), and is reversed by
deubiquitinating enzymes (DUBs), with histone 2A (H2A) and H2B as the main targets, regulates gene expression in a context-dependent
manner. Notably, these marks not only affect local promoter activity but also regulate distal elements such as enhancers. Moreover, epigenetic
modifications often act in concert, with extensive crosstalk between DNA methylation and histone PTMs, either synergistically or
antagonistically influencing gene expression, partly through the recruitment of reader proteins and chromatin remodeling complexes
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Fig. 2 CSC features influenced by epigenetic processes. Epigenetic mechanisms contribute to the maintenance of cancer stem cell (CSC)
identity by: (1) enabling an indefinite proliferative capacity; (2) preserving an undifferentiated cellular state; (3) promoting tumor initiation and
repopulation by supporting asymmetric division, which allows CSCs to simultaneously self-renew and generate differentiated progeny,
thereby replenishing the tumor mass; (4) increasing treatment resistance through mechanisms such as quiescence, enhanced DNA damage
repair, efficient reactive oxygen species (ROS) detoxification, and limited apoptotic sensitivity; and (5) driving immune evasion mechanisms,
including defective antigen presentation, immunosuppressive cytokine production, and the upregulation of coinhibitory immune

checkpoints, which allow CSCs to escape immunosurveillance. CTL cytotoxic T lymphocyte, CTLgyx exhausted CTL, Treg regulatory T cell

evaluate therapeutic strategies targeting epigenetic modifiers to
overcome CSC-driven resistance to treatment. Throughout the
article, we focus on tumor types with a well-defined CSC-
dependent hierarchical organization, including acute myeloid
leukemia (AML), chronic myeloid leukemia (CML), glioblastoma
(GBM), colorectal cancer (CRC), and breast cancer. Conversely, how
posttranscriptional RNA modifications (e.g., epitranscriptomic
changes) impact the biology of CSCs will not be discussed in
this Review. Similarly, the impact of epigenetic alterations on the
immunoevasive properties of CSCs has recently been reviewed in
detail'® and hence will not be further discussed here.

EPIGENETIC CONTROL OF CANCER STEMNESS AND ITS
RELEVANCE FOR ONCOGENESIS

Epigenetic mechanisms support cancer stemness by enabling and
preserving long-term self-renewal while suppressing cellular differ-
entiation. This is mediated by the deregulated expression of
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pluripotency factors such as POU class 5 homeobox 1 (POUS5F1,
also known as OCT4), SRY-box transcription factor 2 (SOX2), and
Nanog homeobox (NANOG), along with (1) the aberrant activation of
stemness-related pathways, including WNT, NOTCH, and Hedgehog
signaling, and (2) the repression of lineage-specifying transcriptional
programs, such as those governed by HOX gene clusters.>® Together,
these alterations disrupt the balance between stem-like identity and
lineage commitment. Epigenetic changes can trigger additional
genetic programs that reinforce CSC properties and sustain their
tumor-forming and tumor-repopulating capacities, including pro-
grams leading to the activation of oncogenic signaling, the silencing
of tumor suppressor pathways, the deregulation of cell cycle and
apoptosis, and the promotion of invasion and metastasis (Fig. 3), as
outlined below.

DNA methylation

CSCs exhibit distinct epigenetic landscapes compared with bulk
tumor cells, differentiated cancer cells, as well as normal stem
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Fig. 3 Epigenetic regulation of CSC-related oncogenesis and tumor progression. DNA methylation, histone methylation, histone acetylation,
and histone ubiquitination regulate a number of genetic programs that sustain the tumor-forming and repopulating capacities of cancer stem
cells (CSCs), including programs that: (1) enable and preserve self-renewal, (2) prevent cellular differentiation, (3) activate oncogenic signaling
and/or inactivate cancer cell-intrinsic oncosuppression, (4) deregulate cell cycle control and apoptotic cell death, and (5) promote local
invasiveness and metastatic dissemination. This figure summarizes findings from tumors with a recognized CSC-driven cellular hierarchy,
including acute and chronic myeloid leukemia, glioblastoma, colorectal carcinoma, and breast cancer

cells, with (1) a prevalence of epigenetic signatures associated
with accelerated cellular proliferation and disease pathogenesis,
and (2) signs of deregulated activity of DNA-methylating and
demethylating enzymes, which are globally linked to CSC
preservation.”®?” For example, while DNA methyltransferase 1
(DNMT1) is crucial for maintaining normal and malignant stem
cells by sustaining DNA methylation patterns in support of self-
renewal,”®?° only CSCs require DNMT1 expression for survival,
indicating a unique role of this enzyme only in the latter.?®
Accordingly, DNMT1 has been shown to promote cancer
stemness and tumorigenicity in multiple hematological and
solid malignancies by sustaining pluripotency and stemness-
related programs while suppressing differentiation path-
ways.>?2 In AML, DNMT1 promotes leukemogenesis by repres-
sing tumor suppressor and differentiation genes through a
mechanism involving DNA hypermethylation and the establish-
ment of bivalent chromatin marks mediated by enhancer of
zeste 2 polycomb repressive complex 2 subunit (EZH2, see
below).?® In breast cancer, DNMT1 promotes CSC-driven onco-
genesis by hypermethylating and silencing TFs that balance
stemness and differentiation, such as ISL LIM homeobox 1
(15L1)? and forkhead box 03 (FOX03).3° This repression can lead
to the upregulation of pluripotency-associated genes. For
example, FOXO3 hypermethylation results in the expression of
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SOX2, which enhances self-renewal and transactivates DNMT1 in
a feed-forward loop.®® In CRC, DNMT1 contributes to CSC
maintenance by silencing genes involved in differentiation and
apoptosis.3'3 Dysregulated DNA methylation can also promote
cancer stemness by activating WNT/B-catenin signaling. For
example, in hepatocellular carcinoma (HCC), the DNMTI1-
regulated protein brain-expressed X-linked 1 (BEX1) is over-
expressed and sustains CSC maintenance by sequestering RUNX
family transcription factor 3 (RUNX3), a repressor of catenin beta
1 (CTNNB1) transcription, thereby activating WNT/B-catenin
signaling.3* Aberrant DNA methylation also disrupts intestinal
stem cell (ISC) differentiation during early WNT/B-catenin-driven
tumorigenesis.

Alterations in the DNA methylation—-demethylation balance
that support cancer stemness can also result from dysregulated
tet-methylcytosine dioxygenase 2 (TET2) activity. In GBM, SOX2
contributes to the preservation of self-renewal and enhances the
tumor-propagating potential of glioma stem cells (GSCs) via a
mechanism involving the indirect inhibition of TET2.3% Consis-
tently, TET2 reconstitution suppresses tumor growth and
improves survival in orthotopic GBM models.® In this context,
circulating tumor cells, which share increased tumor-
repopulating potential with CSCs, exhibit hypomethylation at
several CSC-related genetic loci, including SOX2, POU5F1, and
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NANOG,* indicating the existence of strong epigenetic regula-
tion of stemness-related TFs.

A similar pattern of TET2 dysregulation has been observed in
hematological malignancies, particularly in AML, a setting in which
TET2 mutations are frequent®® and contribute to leukemia stem
cell (LSC) generation, expansion, and maintenance. Mechanisti-
cally, TET2 loss induces hypermethylation and repression of genes
involved in hematopoietic differentiation, such as GATA binding
protein 2 (GATA2) and members of the HOX gene family,**™*
thereby reinforcing self-renewal and stemness potential. Among
these genes, GATA2 appears to play a particularly critical role in
leukemogenesis driven by TET2 loss.*® Confirming its ability to
suppress AML, restoring TET2 expression prevents leukemogen-
esis.”*** Moreover, branched chain amino acid transaminase 1
(BCATT1) activity has been shown to support the in vivo engraft-
ment capacity of LSCs by altering the epigenomic landscape
toward widespread hypermethylation via disrupted a-ketogluta-
rate homeostasis, which is a key endogenous inhibitor of TET
enzymes.*® Similarly, mutations in isocitrate dehydrogenase
(NADP(+)) 1 (IDH1) and IDH2, which are common in GBM and
hematological tumors,* lead to the synthesis of the oncometa-
bolite D-2-hydroxyglutarate, which inhibits TET enzymes and
causes widespread DNA hypermethylation, supporting the main-
tenance of LSCs while limiting differentiation.*’

Additional mechanisms linking increased DNA methylation to
CSC maintenance and tumorigenicity include: (1) the activation of
cellular quiescence, as mediated by DNMT1 through its interaction
with the CSC marker prominin 1 (PROM1, best known as CD133),
and the upregulation of the cell cycle inhibitors cyclin-dependent
kinase inhibitor TA (CDKN1A, best known as p21) and CDKN1B
(best known as p27) in GSCs,*? and (2) the increased migration
and homing of LSCs to bone marrow niches, as mediated by TET2
deficiency through the upregulation of tetraspanin 13 (TSPAN13)
and the activation of CXCR4 signaling, which promotes LSC
proliferation and self-renewal.”

However, self-renewal can also be suppressed by active DNA
hypermethylation and sustained by DNA demethylation. For
example, IDHT mutations coupled with D-2-hydroxyglutarate
accumulation suppress stemness in GBM downstream of inhibited
WNT/B-catenin signaling,*® whereas BMP signaling restricts the
GSC compartment by favoring the DNMT3A-mediated methyla-
tion of PROM1.** Moreover, TET1 enhances the expression of
NANOG and other pluripotency genes in brain neoplasms by
increasing 5-hydroxymethylcytosine (5hmC) marks.>®>' Notably,
TET1 has both tumor suppressive®? and oncogenic>>>* effects. The
latter involves transactivation of leukemogenic genes such as
homeobox A9 (HOXA9) and Meis homeobox 1 (MEIST) upon
interaction with chimeras involving lysine methyltransferase 2A
(KMT2A, also known as MLL), or activation of transcriptional
programs dependent on signal transducer and activator of
transcription 5B (STAT5B).>>** Similarly, TET2 liquid-like condensa-
tion with KMT2B and lysine demethylase 6A (KDM6A) has been
recently identified as a crucial mechanism for accurate DNA
demethylation, and disruption of this complex results in wide-
spread DNA demethylation errors coupled with impaired leukemia
progression.42 Finally, mutations in DNMT3A, which are frequent in
AML and other hematologic cancers,>® have been associated with
increased LSC self-renewal, possibly due to blocked cell differ-
entiation.>®*” Accordingly, these mutations contribute to AML
development via the hypomethylation-mediated transactivation
of MEIS1, which encodes a transcriptional cofactor that activates
leukemogenic gene programs, enforcing self-renewal and block-
ing differentiation.”®

Collectively, these observations demonstrate that aberrant DNA
methylation patterns influence cancer stemness mostly by
controlling pluripotency and stemness-related programs while
suppressing differentiation (Fig. 4). However, the precise impact of
these epigenetic alterations is highly context dependent, varying
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across different cancer types and depending on the specific
genomic loci affected.

H3K4 methylation

CSC maintenance is highly dependent on the activity of enzymes
regulating H3K4 methylation, a histone mark typically associated
with active transcription.” Methyltransferases of the KMT2 and
SMYD families have indeed been reported to sustain stemness in
leukemia and multiple solid tumors by transactivating stemness-
related genes upon the deposition of H3K4me3 marks.>*™%* For
example, KMT2A regulates pancreatic CSC self-renewal by
promoting the expression of pluripotency TFs, including SOX2,
upon association with an RNA polymerase-associated subcom-
plex>® It also sustains colorectal CSC self-renewal and tumor-
initiating capacity by favoring the transactivation of WNT/
B-catenin genes, including leucine-rich repeat-containing G
protein-coupled receptor 5 (LGR5, an intestinal and colorectal
stem marker),®® a mechanism that may also be relevant for
preserving 15Cs.5%%% In line with these findings, KMT2A depletion
reduces in vivo tumorigenicity by inducing p21-dependent cell
cycle arrest in the absence of overt apoptosis.® Similarly, the
histone methyltransferase SET and MYND domain containing 3
(SMYD3) favors colorectal CSC maintenance by participating in a
feedback loop involving deregulated WNT/B-catenin signaling.®?

Components of the so-called WRAD complex, a supramolecular
entity enabling optimal histone methylation by KMT2s,°* such as
WD repeat domain 5 (WDR5) and RB binding protein 5, histone
lysine methyltransferase complex subunit (RBBP5), play roles in
GSC preservation by stimulating SOX2 and POU5F1 expression.®>%¢
WDR5 inhibition disrupts tumor propagation in GBM models,®
indicating a key role for WDR5-regulated histone marks in GSC-
driven oncogenesis. Similarly, dpy-30 histone methyltransferase
complex regulatory subunit (DPY30, another WRAD complex
component) promotes the tumorigenic potential of GSCs by
epigenetically activating transcriptional programs linked to
angiogenesis and hypoxia responses.’

Notably, the regulation of CSC self-renewal often relies on the
interplay between multiple epigenetic modifiers. For example, in
MLL-AF4 leukemias, KMT2A overexpression promotes CSC self-
renewal and propagation by transactivating PROMT through
functional collaboration with the H3K79 methylase DOT1-like
histone lysine methyltransferase (DOT1L) (see below).®' Moreover,
ALF transcription elongation factor 1 (AFF1, best known as AF4),
which is part of the MLL-AF4 fusion in some pediatric acute
lymphoblastic leukemias, was shown to directly regulate PROM1
transcription in concert with DOTIL, and its loss impairs
leukemogenesis.®® KMT2A and KMT2E also preserve self-renewal
and limitless proliferative potential in CSCs by counteracting the
differentiating effects of the histone variants macroH2A2 and H3.3,
potentially through alterations in general chromatin organiza-
tion.*>7% In this context, KMT2E enhances GSC tumorigenicity by
repressing neural differentiation programs such as interferon and
NEUROD4 signaling.”® Conversely, KMT2C, which is frequently
mutated in HCC, non-small cell lung carcinoma (NSCLC), and
breast cancer,”’ appears to limit CSC-driven tumorigenicity, at
least in breast cancer, as its loss is linked to the acquisition of
undifferentiated features in the context of the epithelial-
mesenchymal transition (EMT).”?

Further confirming the role of H3K4 methylation dynamics in
cancer stemness, KDM1A (also known as LSD1) has been shown to
support CSC function and leukemogenesis downstream of MLL-
AF9 translocations by impairing LSC differentiation and apopto-
sis.”> KDM1A also appears to promote leukemogenesis by (1)
enhancing HSC self-renewal upon activation of the MEIST-HOXA
axis’* and (2) interacting with EMT-promoting factors such as snail
family transcriptional repressor 1 (SNAI1), redirecting SNAI1
activity from HSC regulation to repression of cell adhesion and
oncosuppressor genes.””

Signal Transduction and Targeted Therapy (2025)10:243
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Fig. 4 Epigenetic regulation of CSC self-renewal. DNA methylation, histone methylation, histone acetylation, and histone ubiquitination are
implicated in the control of genetic programs regulating the preservation of self-renewal in cancer stem cells (CSCs). These programs involve
not only the epigenetic activation of pluripotency factors such as SOX2 and NANOG but also (1) the activation of signal transduction cascades
that support stemness, such as WNT/p-catenin and NOTCH signaling, and (2) the repression of gene sets promoting cellular differentiation.
This figure summarizes findings from tumors with a recognized CSC-driven cellular hierarchy, including acute and chronic myeloid leukemia,
glioblastoma, colorectal carcinoma, and breast cancer. 1, increased activity or expression; |, decreased activity or expression. Proteins listed in
red lack recognized catalytic activity but regulate the functions of bona fide epigenetic modifiers (black)
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KDM1A has also been suggested to promote the oncogenic
potential of GSCs by repressing the transcription of genes
involved in cell cycle inhibition, differentiation, and apoptosis,
including bone morphogenetic protein 2 (BMP2) and CDKN1A.”%77
Accordingly, KDM1A inhibition reduces tumor progression and
extends survival in preclinical GBM models.”%”® Moreover, KDM1A
enhances WNT/B-catenin signaling in HCC and thyroid cancer by
suppressing the transcription of genes encoding WNT antagonists
such as APC regulator of WNT signaling pathway (APC), and
dickkopf WNT signaling pathway inhibitor 1 (DKK1), ultimately
promoting stemness.”*®° In this context, the WNT/B-catenin
pathway regulator glycogen synthase kinase 3 beta (GSK3B)
promotes KDM1A stabilization through direct phosphorylation,
resulting in inhibited differentiation and enhanced GSC self-
renewal.”” KDM1A has also been reported to epigenetically
activate and interact with BMI1 proto-oncogene, polycomb ring
finger (BMI1), a master regulator of self-renewal (see below).®' In
contrast to KDM1A, KDM5 family members appear to restrict
cancer stemness, at least in AML. Specifically, KDM5C limits the
expression of dedifferentiation genes, maintaining them in a
bivalent repressed state,®> whereas KDM5B represses stemness-
related genes through chromatin binding, independent of its
histone demethylation activity.®®

Taken together, these observations point to the complex role of
H3K4 methylation dynamics in cancer stemness and CSC-driven
oncogenesis across tissue types, with both methyltransferases
(KMT2A) and demethylases (KDM1A) contributing to CSC main-
tenance by promoting self-renewal while limiting cellular differ-
entiation (Fig. 4).

H3K9 methylation

CSCs exhibit defects in multiple enzymes involved in H3K9
methylation, a histone mark that is typically linked to gene
repression.” H3K9 methyltransferases contribute to the epige-
netic regulation of pluripotency, stemness-associated genes, and
differentiation programs, often mediating context-specific
effects on self-renewal, CSC preservation, and tumorigenicity.
For example, SUV39H1 histone lysine methyltransferase
(SUV39H1) inhibits stemness in melanoma and AML upon the
deposition of H3K9 marks.2*2> In melanoma, H3K9 methylation
as mediated by SUV39H1 or euchromatic histone lysine
methyltransferase 1 (EHMT2, also known as G9a), results in
SOX2 downregulation, thereby restricting CSC self-renewal.®* In
MLL-rearranged AML, SUV39H1 suppresses LSC self-renewal and
leukemogenesis by downregulating TFs involved in LSC main-
tenance, such as HOXB13, SIX homeobox 1 (SIX1), MEIS1, and
HOXA9.2* In contrast, EHMT2 reportedly promotes LSC-driven
AML development by interacting with HOXA9 at HOXA9-
dependent transcriptional sites, de facto boosting leukemogenic
transcriptional programs while supporting LSC proliferation and
self-renewal.®® In CML, EHMT2 drives leukemogenesis by
repressing oncosuppressors such as the TF SOX6, and pharma-
cological EHMT2 inhibitors effectively eradicate LSCs and
prolong survival in mouse CML models.®’

Deregulated H3K9 methylation can also lead to the activation of
stemness-related pathways. EHMT2 activity plays a crucial role in
maintaining stemness in CRC®® and melanoma.?® More specifically,
while in melanoma, EHMT2 silences DKKI1, leading to the
derepression of WNT/B-catenin signaling,®® in CRC, it promotes
epigenetic reprogramming to promote oncogenesis through
WNT/B-catenin signaling activation and EMT induction, as
demonstrated by pharmacological EHMT2 inhibitors.2®

In support of the notion that multiple epigenetic regulators
cooperate to maintain CSC identity, EHMT2 functionally coop-
erates with the polycomb repressive complex 2 (PRC2) via ligand-
dependent nuclear receptor corepressor (LCOR) in prostate
cancer, resulting in dual H3K9/K27 methylation and consequent
repression of differentiation genes.”® Moreover, SET domain
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bifurcated histone lysine methyltransferase 1 (SETDB1), in
combination with EZH2 (see below), promotes CSC self-renewal
in skin cancer by silencing RUNX family transcription factor 3
(RUNX3),”" a TF that inhibits stemness by suppressing WNT/
-catenin and NOTCH signaling.

H3K9 demethylases generally promote CSC maintenance and
tumorigenicity. For example, KDM3A enhances cancer stemness
by epigenetically activating key genes such as SOX2 and NANOG,
at least in the context of ovarian cancer.®?> Moreover, KDM3 family
members and KDMA4C support the tumorigenicity of colorectal
CSCs™ and GSCs,** respectively, via WNT/B-catenin signaling.
Mechanistically, KDM3s epigenetically activates WNT/B-catenin
signaling by removing repressive H3K9me2 marks and facilitating
H3K4 methylation via KMT2A at WNT/B-catenin target genes.”
Similarly, KDM4C supports GSC self-renewal by enhancing WNT/
-catenin signaling through interaction with CTNNBT and epige-
netic activation of transcription factor 4 (TCF4).2* KDM4C also
sustains colorectal CSCs and promotes colorectal carcinogenesis
upon activation of NOTCH signaling via AT-rich interaction domain
3B (ARID3B)-mediated chromatin recruitment.®> Moreover, both
KDM4C and KDM7A promote stemness in GBM by repressing
various genes involved in differentiation.®

Finally, pro-leukemogenic effects have been attributed to
KDM3B and KDM4C. KDM3B activates HOXA9-controlled transcrip-
tional programs that are critical for LSC (but not HSC) maintenance
through physical interactions with HOXA9.” Similarly, KDM4C
enhances LSC self-renewal via transactivation of alkB homolog 5,
RNA demethylase (ALKBH5), leading to increased expression of
oncogenic factors such as AXL receptor tyrosine kinase (AXL) and
transforming acidic coiled-coil containing protein 3 (TACC3).%%%°

In summary, H3K9 demethylases (KDM3, KDM4, and KDM7
family members) preserve the CSC pool and functionality by
activating stemness pathways while repressing differentiation,
whereas H3K9 methyltransferases exhibit context-dependent
effects, either sustaining or inhibiting CSC maintenance (Fig. 4).

H3K27 methylation

LSCs present a unique H3K27 methylation profile generally due to
the deregulation of EZH2,'°>'®" which exerts methyltransferase
activity as a part of PRC2.'% EZH2 exhibits recurrent gain-of-
function mutations (e.g., in germinal center B-cell lymphomas) and
is overexpressed in several solid tumors, thus sustaining stemness
and promoting oncogenesis across both hematological and solid
malignancies.'®7'% In GSCs, EZH2 supports both maintenance
and tumorigenicity by transactivating MYC proto-oncogene, bHLH
transcription factor (MYC, also known as c-MYC), an oncogene
involved in pluripotency.’® It also promotes CSC-mediated
tumorigenicity in breast cancer by enhancing WNT/B-catenin
signaling.'®”

In line with a role for EZH2 in the transcriptional repression of
differentiation-associated genes, EZH2 preserves stemness in CRC
by maintaining the promoter of the indian hedgehog signaling
molecule (IHH), which encodes a colonocyte differentiation factor,
in a bivalent repressive state.'®® In GSCs, EZH2 also enhances
STATS3 signaling through a mechanism unrelated to its canonical
epigenetic functions but rather involves direct methylation and
binding of STAT3.'% Moreover, EZH2 indirectly preserves LSC self-
renewal by maintaining them in a quiescent state via the
repression of cyclin D1 (CCND) transcription.'® In CRC, EZH2
repression also contributes to tumor evolution. Indeed, recent
findings delineate a mechanism of colorectal carcinogenesis in
which APC-deficient, telomere-dysfunctional CSCs outcompete
adjacent ISCs by promoting their differentiation, at least in part
reflecting EZH2 repression driven by telomere dysfunction
coupled with the secretion of WNT antagonists with paracrine
activity.'®®

H3K27 methylation by EZH2 also contributes to leukemogen-
esis. In CML, EZH2 inactivation leads to contraction of the LSC
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compartment and impaired disease maintenance in vivo, inde-
pendent of BCR-ABL1 status.'® In AML, EZH2 facilitates tumor-
igenesis by repressing phosphatase and tensin homolog (PTEN),
which encodes a major tumor suppressor.'®’ Notably, dual
deletion of EZH1 and EZH2 from AML cells results in complete
remission through increased differentiation, suggesting a critical
function of these epigenetic modifiers in leukemogenesis.'®
However, whether such a function is mechanistically linked to the
LSC compartment remains to be determined.

The impact of H3K27 demethylases on CSC self-renewal is
context-dependent. For example, KDM6A appears to support
stemness in solid tumors responding to therapy by: (1) activating
pluripotency genes,'® (2) cooperating with H3 acetylation as
mediated by E1A binding protein p300 (EP300), at least in the
context of breast cancer,'’® or (3) promoting a switch toward
reduced proliferation coupled with a global redistribution of
H3K27 marks and upregulated NOTCH signaling, as observed in
GSCs.""" However, mutations in KDM6A are common in multiple
cancer types, potentially suggesting a suppressive role in CSC
maintenance.

Thus, while the H3K27 methyltransferase EZH2 consistently
supports cancer stemness and CSC-mediated oncogenesis, the
role of H3K27 demethylases such as KDM6A is highly context
dependent (Fig. 4).

Other histone methylations

H3K36 methyltransferases can either support or suppress self-
renewal, at least in some settings, through mechanisms that are
also active in normal stem cells.'? SET domain containing 2,
histone lysine methyltransferase (SETD2) is frequently mutated in
multiple neoplasms, including breast and lung cancers, and
contributes to cancer progression through increased stemness
and dysregulation of differentiation pathways. SETD2 mutations
drive leukemogenesis by impairing normal hematopoiesis while
supporting LSC self-renewal and tumorigenicity. This is mediated
by decreased H3K36me3 marks, which alter differentiation- and
cell cycle-regulatory programs, such as KLF1-related programs,''>
and activate stemness-associated pathways, such as WNT/
B-catenin signaling."' In contrast, ASH1-like histone lysine
methyltransferase (ASH1L) facilitates leukemogenesis in the
context of increased stemness by recruiting PC4 and SRSF1
interacting protein 1 (PSIP1, best known as LEDGF) and MLL-
containing chimeras to transcriptionally activate leukemia-relevant
genes, an effect antagonized by the H3K36 demethylase
KDM2A.""* Similarly, nuclear receptor binding SET domain protein
2 (NSD2) drives self-renewal by transactivating SOX2 and POU5F1
in distinct solid tumors,''®'"” although a role in promoting CSC
immunosurveillance has also been reported.'” Moreover,
NSD3 sustains CSC self-renewal in breast cancer by stimulating
H3K36me2/3-dependent activation of NOTCH signaling.''® Nota-
bly, both NSD2 and NSD3 are frequently overexpressed in multiple
oncological settings. Among H3K36 demethylases, KDM2A epi-
genetically activates pluripotency genes in HCC,''® whereas
KDM2B upregulation reportedly maintains LSCs and GSCs.'2%'%!
In GBM, KDM2B depletion indeed leads to a decreased CSC
compartment along with reduced levels of SOX2 and EZH2.'*°
Moreover, KDM2B exerts pro-leukemogenic effects by promoting
MEIS1-HOXA®9 signaling and LSC self-renewal through the repres-
sion of CDKN2B (best known as p15) via H3K36me2
demethylation.'?

There is evidence for a role for the H3K79me2 methyltransferase
DOTIL in the preservation of CSC self-renewal. DOT1L activity is
indeed increased in LSCs compared with normal HSCs, reshaping
the H3K79me2 landscape.'?’ DOTIL supports leukemogenesis
driven bg MLL-AF9 chimeras by modulating the accessibility of its
targets.'”®> Accordingly, DOTIL loss significantly reduces LSC
tumorigenicity, impairing leukemia maintenance in vivo.'?* In this
context, histone acetylation at the DOTIL locus by CREB binding
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protein (CREBBP) stabilizes DOT1L expression, further enhancing
leukemogenesis.'”> DOTIL also cooperates with MLL-AF4 to
transactivate stemness-related genes such as PROM1°' It also
maintains stemness by promoting the expression of SOX2 and
oligodendrocyte transcription factor 2 (OLIG2) in GSCs'** and by
driving  WNT/B-catenin signaling in gastric and breast can-
cer.'®7127 At least in the latter setting, this also involves H3
acetylation by EP300 as well as MYC activation.'?’

Histone arginine methyltransferases also play critical roles in
CSC biology in both solid and hematological cancers.'*® Among
them, protein arginine methyltransferase 5 (PRMT5) is implicated
in breast CSC maintenance by controlling the expression of
stemness-related TFs such as POU5F1, MYC, KLF transcription
factor 4 (KLF4), and forkhead box P1 (FOXP1)."%*"3° In leukemia,
PRMTS5 supports LSC self-renewal, survival, and tumorigenicity by
promoting WNT/B-catenin signaling (an action shared with
PRMT1),"*" as well as by repressing the tumor protein p53
(TP53, best known as p53) system.'*? Specifically, PRMT5 directly
methylates p53 at arginine residues, leading to the selective
repression of p53-regulated oncosuppressive target genes. Other
PRMT family members, such as PRMT6, PRMT7, and PRMT9,
resemble PRMT5 in their ability to increase LSC survival and
tumorigenicity.'*>'3> However, PRMT1 has also been shown to
suppress leukemogenesis upon interaction with the cell cycle
inhibitor BTG anti-proliferation factor 2 (BTG2),'*® potentially
indicating a context-dependent role for PRMTs in LSC biology.

PRMT2, PRMT3, and PRMT6 are also involved in GSC main-
tenance,"*”""3? although in the case of PRMTS, this may not be
mediated by histone methylation. Moreover, PRMT6, PRMT7, and
PRMT9 have been suggested to support LSC emergence through
epigenetic  alterations that directly influence cellular
metabolism,'3%13>137

In summary, H3K36 demethylases, the H3K79 methyltransferase
DOT1L, and histone arginine methyltransferase play critical roles in
supporting CSC self-renewal and tumorigenicity in various
neoplasms, whereas the role of H3K36 methyltransferases in
stemness remains context dependent (Fig. 4).

Histone acetylation

Histone acetyltransferases (HATs) support CSC self-renewal by
increasing the expression of stemness-related genes through the
acetylation of lysine residues on histone tails at gene enhancers
and promoters. CREBBP and EP300, two HATs with identified
mutations in lymphomas and other malignancies, appear to be
prominent modulators of this effect. Thus, CREBBP drives the
emergence and expansion of GSCs via the epigenetic activation of
stabilin 2 (STAB2), forkhead box M1 (FOXMT), and other stemness-
associated genes.' In this context, FOXM1 activation by CREBBP
is essential for sustaining GSC tumorigenicity.'*® A similar role for
FOXM1 has been reported in uveal melanoma, a setting in which
EP300 upregulates ALKBH5 via H3K27 acetylation, resulting in
FOXM1 overexpression upon FOXMT mRNA m°A demethylation
and consequent activation of the EMT.'*" In breast CSCs, EP300
cooperates with KDM6A to transcriptionally activate various
pluripotency genes.''®

HATs also support cancer stemness by enhancing WNT/
[-catenin signaling, as demonstrated by EP300, which contributes
to CRC stemness and tumorigenicity at least in part by
transactivating LGR5 through a mechanism that relies on jade
family PHD finger 3 (JADE3)."*? EP300 also cooperates with DOT1L
to promote the epigenetic derepression of cadherin 1 (CDHT) in
breast cancer,'”” whereas KAT2A maintains pancreatic CSCs by
acetylating H3 on various promoters and enhancers that control
WNT/B-catenin signaling.'*

Multiple HATs, including KAT2A,"** EP300,'** KAT7,'*® KAT5,'
and KAT6,"*® reshape the transcriptional LSC landscape to limit
cellular differentiation, maintain stemness, and promote tumor-
igenicity. For example, KAT2A activity sustains transcriptional
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networks supporting LSC survival and tumorigenicity in AML
without impacting HSCs.'** KAT2A also promotes AML develop-
ment by increasing the expression of MYC and modulating its
transcriptional functions.'*® Accordingly, KAT2A loss drives shrink-
age in the LSC compartment by limiting self-renewal while
promoting differentiation and inducing apoptosis, impairing AML
progression overall.'#*14°

EP300 facilitates leukemogenesis by promoting the exit of HSCs
from quiescence and their malignant transformation through the
acetylation of genes from the HOX family.'*® It also interacts with
chromatin accessibility regulators, such as high mobility group
nucleosome binding domain 1 (HMGN1), to limit LSC differentia-
tion and support self-renewal.”*® Similarly, KAT7 promotes LSC-
driven leukemogenesis in AML by modulating transcriptional
programs that maintain stemness.'*® Moreover, increased KAT5
activity reportedly facilitates leukemogenesis driven by ZMYND11-
MBTD1 chimeras through transactivation of oncogenes such as
HOXA, MEIS1, MYB proto-oncogene, transcription factor (MYB),
MYC, and SOX4, resulting in increased LSC self-renewal.’”” KAT6A
also sustains AML by initiating a transcriptional module in which
H3K9 acetylation is recognized by MLLT1 super elongation
complex subunit (MLLT1, best known as ENL), promoting
transcriptional elongation in LSCs in the context of leukemogenic
programs.'*® By disrupting this signaling module, KAT6A inhibi-
tion indeed promotes LSC differentiation and exerts potent
antileukemic effects in vivo.'*®

HDACs exhibit complex and often context-dependent effects on
cancer stemness. In GBM, several HDACs converge to preserve the
GSC compartment. Specifically, HDAC1 is not only upregulated by
NANOG'' but also reinforces the tumorigenic potential of GSCs
by repressing p53-mediated tumor suppression.'®> HDAC2
enhances stemness and GSC-driven tumorigenesis in conjunction
with transforming growth factor beta (TGF-B) signal transducers
such as SMAD family member 3 (SMAD3) and SKI proto-oncogene
(SKI), at least in part by upregulating genes such as SOX2 and
OLIG2.">® Moreover, HDAC3 fosters GSC-related gliomagenesis by
engaging GLI1 signaling,'** whereas HDAC6 supports GSC
maintenance by modulating Hedgehog signaling.'>®

HDACs are involved in the upregulation of pluripotency genes
in other solid tumors. For example, HDAC6 reinforces the
colorectal CSC compartment by transactivating NANOG through
a mechanism that depends on interleukin 6 (IL6) and STAT3,'*®
whereas sirtuin 1 (SIRT1) is overexpressed in hepatic CSCs, a
setting in which it epigenetically regulates SOX2 in concert with
DNMTs."*” As an extra layer of complexity, HDACs have been
reported to sustain cancer stemness by regulating energy
metabolism.'*® Finally, under certain circumstances, some HDACs
can limit cancer stemness by acting as oncosuppressors, as
exemplified by SIRT1, which preserves the HSC pool and limits
leukemogenesis by increasing TET2 activity'>® and modulating the
expression of key developmental genes.'®®

In summary, the dynamic regulation of cancer stemness
involves complex and context-dependent interactions between
HATs and HDACs (Fig. 4).

Histone ubiquitination
The PRC1 component BMIT plays a crucial role in preserving
stemness in both normal and malignant tissues upon gene
silencing via histone H2A monoubiquitination.’®''% However,
experimental evidence supports the aberrant activity and unique
role of BMI1 in CSCs. Thus, BMI1 acts as a major regulator of CSC
self-renewal across multiple hematological and solid tumors,
including AML, CRC, and brain cancer.'®*™'* In these malignan-
cies, deregulated BMI1 expression and PRC1 activity enable
transcriptional programs that sustain stem-like properties, thereby
promoting cancer development and progression.

From a mechanistic perspective, PRC1 epigenetically activates
stemness-related pathways to establish and maintain CSCs, as
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observed in solid tumors. More specifically, BMI1 upregulation has
been shown to promote the conversion of normal mammary stem
cells into CSCs upon the activation of Hedgehog signaling.'®? In
breast cancer, a similar activity has been ascribed to chromobox 8
(CBX8).'®® In this context, CBX8 supports stemness and enhances
tumorigenicity by triggering NOTCH signaling through the
association of PRC1 with WDRS5, which increases H3K4 trimethyla-
tion at the promoters of NOTCH-related genes.'®® PRC1 activity
also limits CSC differentiation, as shown for BMI1, which inhibits
the expression of differentiation genes in GSCs, de facto
preserving stemness.'®” Accordingly, BMI1 inhibition induces
cellular senescence in GSCs, resulting in suppressed oncogen-
esis.'®” However, BMI1 and EZH2 appear to exhibit complemen-
tary functions in GBM tumorigenesis, supporting the survival and
tumor-initiating abilities of mesenchymal and proneural GSCs,
respectively.'®*

PRC1 is also emerging as a key regulator of the tumorigenic
potential of LSCs. Both BMIT and CBX promote the malignant
conversion of normal HSCs into LSCs by enhancing self-
renewal'®>'%® as well as preventing cellular differentiation and
apoptosis.'®® Moreover, various CBX family members facilitate
leukemogenesis by promoting stemness through noncanonical
interactions. For example, CBX8 interacts with MLL-AF9 and KAT5
to drive the expression of HOX family genes,'’® whereas CBX7
interacts with H3K9 methyltransferases to inhibit differentiation
and increase self-renewal.'”’ Notably, other PRC1 components,
such as RING1 and ring finger protein 2 (RNF2), also sustain the
maintenance and tumorigenic potential of LSCs by inhibiting the
expression of the TF GLIS family zinc finger 2 (GLIS2), thereby
repressing differentiation-associated genetic programs'’? or
tumor suppressors such as CDKN2A (best known as p16).'9>1%°

These findings highlight the emerging role of PRC1, particularly
its core component BMI1, as a key regulator of CSC self-renewal,
differentiation, and tumorigenicity across multiple malignancies
(Fig. 4).

EPIGENETIC PLASTICITY AND CANCER STEMNESS

Cellular plasticity refers to the ability of a cell to undergo dynamic
and reversible changes in identity, function, or phenotype in
response to intrinsic or extrinsic cues.'”® This process is tightly
controlled by epigenetic mechanisms and occurs physiologically
to support development, regeneration, and tissue homeostasis.'”*
However, (pre)malignant cells can hijack plasticity programs in
support of malignant transformation, disease initiation, progres-
sion, and resistance to therapy.'”> In particular, high plasticity
enables (pre)malignant cells to escape fixed lineage constraints
and adapt to changing microenvironmental conditions by
transitioning between differentiated and stem-like states.'’® In
this section, we focus specifically on plasticity programs associated
with the acquisition of CSC traits and the promotion of CSC
heterogeneity (Fig. 5).

Dedifferentiation to stem-like states during tumorigenesis and in
response to therapy
Abundant evidence from cell lineage tracing, cell ablation, and
single-cell sequencing studies has demonstrated that even fully
differentiated cancer cells can revert to a stem-like state under
specific conditions, including therapeutic pressure (Fig. 5). This
process of vertical cell type transition is driven by epigenetic
reprogramming and the activation of CSC-associated transcrip-
tional programs enhancing survival, immune evasion, therapeutic
resistance, and metastatic potential.'””~"'"°

For example, studies with patient-derived organoids, xeno-
grafts, and lineage tracing have shown high plasticity in CRC,
where tumors can persist after CSC ablation through reacquisition
of stem-like traits independent of niche signals.'®""82 Similarly, in
lung adenocarcinoma, oncogenic signaling as elicited by KRAS
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Fig. 5 Epigenetic plasticity as a driver of cancer stemness. A number of plasticity programs sustain cancer stem cell (CSC) properties and
tumor evolution through epigenetic mechanisms. These programs promote: (1) dedifferentiation to a stem-like state, whereby differentiated
cancer cells revert to CSCs in response to oncogenic or environmental cues, including therapy, via chromatin remodeling and activation of
pluripotency-associated transcriptional networks; (2) drug-tolerant persistence, in which a subpopulation of cancer cells survives therapy by
entering a slow-cycling, stem-like state, forming a reservoir that seeds for relapse and resistance; (3) epithelial-mesenchymal plasticity (EMP),
referring to reversible transitions across hybrid epithelial-mesenchymal transition (EMT) and mesenchymal-epithelial transition (MET) states
associated with stem-like traits and increased metastatic potential; and (4) CSC heterogeneity, referring to the dynamic transitions across CSC

states, contributing to tumor heterogeneity and adaptation

proto-oncogene, GTPase (KRAS) mutations initiate lineage repro-
gramming by activating ERK signaling.'®® Extrinsic factors,
including microenvironmental cues and therapeutic stress, can
also drive cellular plasticity. In CRC, stem-like potential is acquired
through local activation of WNT signaling induced by extrinsic
signals, including (but not limited to) hepatocyte growth factor
(HGF) released by cancer-associated fibroblasts (CAFs).'®* '8¢ |n
GBM, microenvironmental cues trigger epigenetically mediated
cell-state transitions and the acquisition of stem-like traits.'®’
Moreover, treatment with temozolomide promotes the dediffer-
entiation of nonstem glioma cells into GSC-like cells via the
upregulation of hypoxia inducible factor 1 subunit alpha (HIF1A)
and endothelial PAS domain protein 1 (EPAS1, best known as
HIF2A)."®® Similarly, ionizing radiation can induce the dediffer-
entiation of breast cancer cells into CSCs by stimulating the re-
expression of pluripotency-associated TFs, which is partly depen-
dent on NOTCH signaling.'®® In pancreatic cancer, isolation stress
leads to the upregulation of lysophosphatidic acid receptor 4
(LPAR4), which promotes transcriptional reprogramming, self-
renewal, and tumor initiation by establishing an autonomous
tumor-initiating niche.'®® Examples of reversible differentiation
leading to CSC generation and reacquisition of tumorigenic
potential have also been reported in AML''"'®* and mela-
noma,'?* "% a setting in which dedifferentiation leads to
reacquisition of tumorigenic potential or therapy resistance.
Finally, reprogramming to an immature state enables AML cells
to evade differentiation therapy,'®* and melanoma cells exposed
to treatment downregulate SOX10, hence limiting SOX10-
mediated differentiation in support of chemoresistance.'®’

Some studies have identified epigenetic regulators that
actively restore cancer stemness through dedifferentiation. In
AML, stem-like reacquisition is associated with altered chromatin
accessibility and DNA methylation at differentiation-related
genes, often as mediated by DNMT3A and TET2."?® Both histone
methyltransferases (e.g., PRC2) and demethylases (e.g., KDM1,
KDMS5, and KDM6 family members) are critical regulators of
cancer cell plasticity. For example, oncogenic erb-b2 receptor
tyrosine kinase 2 (ERBB2, best known as HER2) signaling
upregulates the expression of PRC2 components, including
EZH2 and SUZ12 polycomb repressive complex 2 subunit
(SUZ12), thus driving epigenetic reprogramming and mammary
tumorigenesis."®® In breast and prostate cancer, the bone
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microenvironment promotes reprogramming by activating
EZH2, increasing stemness and metastatic potential,*°® whereas
in melanoma, the dynamic expression of KDM5B is correlated
with the acquisition of a CSC-like state.®® Notably, EZH2 and
KDMs also modulate bivalent chromatin domains, i.e., chromatin
domains marked by the coexistence of activating (H3K4me1/3)
and repressive (H3K27me3) histone modifications.?®" Bivalency
maintains developmental and plasticity-associated genes in a
‘poised’ transcriptional state, allowing for rapid activation or
repression in response to environmental or oncogenic cues.
Dysregulated activity of these enzymes can disrupt this balance,
facilitating aberrant lineage switching and dedifferentiation,
thereby contributing to cancer stemness, tumor heterogeneity,
and therapy resistance.

Histone methylation modifiers also mediate (immuno)therapy-
associated dedifferentiation. In mouse prostate cancer, loss of RB
transcriptional corepressor 1 (Rb7) and transformation-related
protein 53 (Trp53) facilitates lineage plasticity and resistance to
antiandrogen therapy through upregulation of EZH2 and SOX2,
with EZH2 inhibition restoring androgen receptor (AR) expression
and treatment sensitivity.’” In breast cancer, chemotherapy
promotes CSC specification by promoting the recruitment of
KDM6A—either alone or in combination with EP300—to plur-
ipotency TF loci, which is promoted by S100 calcium binding
protein A10 (S100A10) or adenosine A2b receptor (ADORA2B)
signaling and facilitates their transactivation.'®'"® Recent studies
also indicate that immunotherapy can induce epigenetic plasticity
in support of a CSC-like state. In melanoma patients who respond
to programmed cell death 1 (PDCD, best known as PD-1) blockers,
interferon gamma (IFNG, best known as IFN-y) signaling remodels
chromatin to drive neural-crest-like dedifferentiation (i.e., rever-
sion to a more primitive, multipotent state), leading to immu-
notherapy resistance to both targeted agents and immune
checkpoint inhibitors.?®> Notably, IFN-y produced by activated
T cells has been shown to directly convert non-CSCs into CSCs by
inducing BCAT1.2%* However, whether this effect is linked to the
direct inhibition of TET enzymes by BCAT1 activity*> remains to be
established. Moreover, type | interferon (IFN) released by cancer
cells exposed to suboptimal immunogenic chemotherapy activate
the histone demethylase KDM1B, triggering a transcriptional
rewiring toward a CSC phenotype.?®> In addition, type | IFN
signaling has been shown to repolarize CAFs into a subset that
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promotes CSC traits through Wnt family member 5A (WNT5A)
paracrine signaling.2®

Aberrant histone methylation has also been associated with the
emergence of drug-tolerant persister (DTP) cells (Fig. 5), a
subpopulation of cancer cells that survive therapy by entering a
transient, stem-like state due to epigenetic reprogramming,
thereby serving as a reservoir for relapse.?” In lung cancer and
melanoma, KDM5A supports the drug-tolerant phenotype by
maintaining a repressed chromatin state.?°2%° Similarly, KDM5B
overexpression in breast cancer increases transcriptomic hetero-
geneity and contributes to resistance to endocrine therapy, with
genetic or pharmacological inhibition of KDM5A/B reducing this
heterogeneity, restoring estrogen receptor 1 (ESR1) signaling, and
improving therapeutic responses.?’® In breast cancer, key genes
controlling the persister program are held in a “poised” state by
bivalent chromatin domains, with KDM6A/B erasing the repressive
mark during chemotherapy to promote drug tolerance.?"
Consequently, KDM6 inhibitors limit DTP cell formation, whereas
EZH2 inhibitors favor it. Finally, a subset of slow-cycling GSCs
persist upon tyrosine kinase inhibitor (TKI) treatment via
chromatin remodeling as driven by KDM6A/B overexpression.'"
Adding extra layers of complexity, single-cell and barcoding
studies have revealed high plasticity and marked heterogeneity
among DTP cells across different tumor types during prolonged
treatment?'? and in CML upon extended TKI exposure.?'® These
approaches also demonstrated that therapy directly promotes
transcriptional reprogramming and chromatin-mediated plasticity,
resulting in DTP cell-dependent residual disease in lung®'* and
breast cancer®'® patients. These findings point to the complex
regulation of drug resistance and persistence involving multiple
epigenetic modifiers.

Collectively, these studies demonstrate that epigenetic repro-
gramming is the major driver of cancer cell dedifferentiation and
lineage plasticity, enabling the reacquisition of stem-like traits,
resulting in therapeutic resistance, tumor repopulation, and
disease progression.

Epithelial-mesenchymal plasticity
A major example of cell plasticity associated with cancer
stemness is the EMT, a process through which epithelial cells
lose polarity and adhesion while acquiring mesenchymal
features such as motility and invasiveness. The EMT s
orchestrated by TFs such as SNAIL, twist family bHLH transcrip-
tion factor 1 (TWIST1), and zinc finger E-box binding homeobox 1
(ZEB1), which repress epithelial markers such as CDH1 and
induce mesenchymal genes such as vimentin (VIM), fibronectin 1
(FN1) and cadherin 2 (CDH2).2'2'® |n addition to promoting
invasion and dissemination, the EMT endows cancer cells with
CSC-like traits, fostering tumor initiation, therapy resistance, and
metastatic potential.2'6217:219-223

Multiple epigenetic regulators modulate the EMT and con-
tribute to the acquisition of CSC traits, often in a context-
dependent manner. For example, DNMT1 and DNMT3A promote
the EMT by repressing epithelial genes such as SNAIL, at least in
HCC via an ARID2-dependent mechanism,** and by silencing
epithelial regulators such as CDH1 (in prostate cancer).??> More-
over, EZH2 represses EMT-inhibiting genes upon stabilization by
SMYD2?%° or through interaction with SNAIL, as mediated by the
long noncoding RNA (IncRNA) HOX transcript antisense RNA
(HOTAIR).>* Likewise, EHMT2 drives the EMT by silencing CDH1 in
complex with HDACs,?*® supporting stemness and invasion in CRC
and HCC 88228 WDR5 also sustains the expression of mesenchymal
genes (e.g., VIM) downstream of TGF-3 signaling, and its inhibition
suppresses the EMT and enhances sensitivity to chemotherapy.??’
However, EZH2 can also function as an EMT barrier in specific
oncogenic contexts, such as in KRAS-driven lung cancer.?*°

KDM2B supports the EMT as elicited by TGF-f3 signaling upon
repressing epithelial genes such as CDH1, which act in concert
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with PRC1/PRC2,%" whereas KDM1A interacts with SNAI1 to drive
EMT-like programs in AML, promoting self-renewal and leukemo-
genesis.”> Notably, in breast cancer, cellular plasticity is facilitated
by a bivalent chromatin state at the ZEBT promoter in non-CSCs,
which allows rapid EMT induction and transition into the CSC state
in response to microenvironmental cues such as TGF-B.23?

Histone acetylation dynamics also play a critical, although
context-dependent, role in EMT regulation. For example, HDAC1
represses CDH1 in cooperation with EHMT2 and modulates the
splicing of EMT-related transcripts (e.g., SNAI1/2, ZEB1/2) by
altering chromatin  structure and RNA polymerase |l
dynamics.??®%3 Conversely, EP300 cooperates with MYC and
DOTIL to transactivate SNAI1, ZEB1, and ZEB2 to support the EMT
and the acquisition of CSC traits."®” In line with this notion, the
transient loss of PRC1 components in Drosophila epithelial tumor
models irreversibly derepresses EMT drivers such as Zn finger
homeodomain 1 (zfh1: the ZEB1 ortholog), de facto favoring
tumorigenesis.>*

Recent evidence indicates that the EMT is part of a more
dynamic process called “epithelial-mesenchymal plasticity” (EMP),
which encompasses a spectrum of intermediate states between
the EMT and the reverse process, which is known as
“mesenchymal-epithelial transition” (MET).?** These hybrid EMT
states exhibit increased stemness, plasticity, adaptability to
varying microenvironmental conditions and therapeutic pressures,
as well as enhanced metastatic potential (Fig. 5).3672*'

Epigenetic processes play a central role in the EMP and in
shaping the hybrid EMT state across cancer types.*** Dynamic
DNA hypomethylation supports hybrid EMT states in lung cancer,
enhancing plasticity, WNT responsiveness, and metastatic dor-
mancy.>** The impact of histone methyltransferases on the EMP
appears to be tumor dependent. Thus, KMT2C has been reported
to limit hybrid EMT states and metastasis in breast cancer, with its
loss enhancing IFN-y signaling and cellular responsiveness to EMP
stimuli.”?> PRC2 acts as a key EMP regulator by repressing
mesenchymal genes and stabilizing epithelial identity, at least in
some contexts, by cooperating with KMT2D.2**~2¢ Notably, PRC2
depletion promotes a quasimesenchymal state linked to
enhanced metastasis and poor prognosis.**® However, in lung
cancer, EZH2 inactivation in the context of FAT atypical cadherin 1
(FATT) loss contributes to a hybrid EMT state, de facto increasing
stemness and promoting metastatic tumor dissemination.?*!

Together, these findings indicate a central role of epigenetic
regulators in orchestrating the EMP, sustaining cancer stemness,
metastasis, and therapy resistance.

CSC plasticity and heterogeneity

Recent evidence suggests that the CSC compartment is composed
of distinct subpopulations, each of which is primed for specific
functional activities and fates during tumor progression and in
response to therapeutic pressures.'” Moreover, CSCs are char-
acterized by a high degree of plasticity, dynamically interconvert-
ing between CSC states in response to intrinsic cues or external
stimuli, including microenvironmental changes and therapy-
induced stress (Fig. 5). This plasticity underlies tumor adaptability
and resilience, posing a major challenge to durable therapeutic
responses.

In HCC, single-cell analyses revealed transcriptionally and
functionally distinct CSC subpopulations, each of which has
distinct prognostic value.**” Moreover, lineage tracing demon-
strated that putative liver CSCs exhibit functional diversity in terms
of lineage plasticity and dedifferentiation trajectories, supporting
tumor growth and heterogeneity.*® Similarly, in breast cancer,
two distinct CSC types have been identified, which display high
interconversion potential in support of local invasion, distant
metastatic dissemination, and treatment resistance.?*

Single-cell transcriptomic and chromatin profiling have also
revealed increased heterogeneity in GSCs involving oncogenic,
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immune, hypoxic, and stemness-related transcriptional pro-
grams.>>?>" Moreover, immunological pressures drive plastic
changes in GSCs via epigenetic immunoediting, reprogramming
them toward a myeloid-affiliated, immunosuppressive niche.?>?
Likewise, radiotherapy reportedly promotes the transdifferentia-
tion of GSCs into vascular-like cells through EP300-mediated
chromatin remodeling, a process that provides trophic support for
tumor progression and can be reversed by EP300 inhibition.”** In
CML, single-cell profiling revealed heterogeneous CSC popula-
tions, including therapy-resistant subclones that were detectable
at early disease stages.?'*

In CRC, CSC heterogeneity occurs over both time and space.
Integrated single-cell transcriptomic and chromatin accessibility
profiling across normal, precancerous, and malignant tissues
revealed a progressive accumulation of stem-like epithelial cells
during tumor initiation, accompanied by aberrant epigenetic and
transcriptional reprogramming.>* Moreover, the CSC compart-
ment was shown to be controlled (at least in part) by
microenvironmental features, with high clonogenic potential
being restricted to tumor edges enriched in CAFs.**> Finally,
under therapeutic pressure, a subset of quiescent CSCs persist and
adopt a fetal-like progenitor state to regenerate disease, high-
lighting the adaptive plasticity of CSCs in response to chemother-
apy (at least in the CRC setting).>®

To conclude, the high degree of plasticity within the CSC
compartment enables dynamic state transitions and functional
adaptation in response to microenvironmental cues and ther-
apeutic stress.

TARGETING EPIGENETIC MODIFIERS TO OVERCOME CSC-
RELATED TREATMENT RESISTANCE

Targeting epigenetic modifiers has emerged as a promising
strategy to eradicate CSCs and overcome resistance to treatment
in patients with cancer. This section explores the therapeutic
targets, potential, and challenges of modulating epigenetic
enzymes in CSCs (Fig. 5).

DNA methylation

Increased DNMT1, resulting in imbalanced DNA methylation, has
been consistently implicated in the tumorigenicity and survival of
LSCs, as well as their resistance to treatment.?*?*” Accordingly,
DNMTT1 haploinsufficiency delays leukemogenesis and impairs LSC
self-renewal without affecting normal hematopoiesis in murine
models of AML, suggesting a therapeutic window for partial
DNMT1 suppression.”® In line with this, the DNMT1 inhibitor
decitabine at low doses has been shown to selectively target LSCs
while sparing normal HSCs.>*® Moreover, DNMT1 inhibition has
been reported to increase the sensitivity of CML cells to TKls.>>’

In addition to hematological malignancies, pharmacological or
genetic inhibition of DNMT1 has been shown to eradicate
therapy-resistant CSCs in models of breast cancer,?®**° CRC'
and GBM.3? In the former setting, the CSC-targeting effects of
DNMT1 inhibitors appeared to emerge from the concomitant
suppression of both DNMT1 and HDAC activity, highlighting the
interaction between multiple epigenetic modifiers in the che-
moresistant phenotype of CSCs.>>® Moreover, DNMT1 inhibition
has been shown to sensitize GSCs (especially slow-cycling GSCs) to
temozolomide, which is often associated with chemoresistance
and tumor relapse.>? However, whether DNMT1 inhibitors can be
safely and effectively combined with temozolomide in patients
with GBM remains to be formally investigated.

Although partial or transient DNMT1 inhibition may shrink the
CSC compartment without significant hematopoietic toxicity,
complete DNMT1 loss leads to progressive HSC exhaustion and
multilineage failure, highlighting its essential role in normal stem
cell maintenance.® Similarly, DNMT1 deletion in ISCs induces
global hypomethylation, loss of crypt architecture, and rapid
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intestinal failure.3> Moreover, APC loss has been shown to perturb
DNA methylation and impair stem cell fate in ISCs,*® confirming
that balanced DNMT1 activity is crucial in sustaining normal tissue
homeostasis. Hypomethylating agents such as decitabine and
azacitidine display low target specificity, and their clinical use is
limited by off-target demethylation, myelosuppression, gastro-
intestinal toxicity, and frequent relapse (likely due to incomplete
CSC eradication).?®® Thus, novel strategies with improved target
selectivity and limited toxicity, ideally within combination regi-
mens, are needed to fully exploit the therapeutic potential of
DNMT1 inhibition.

Importantly, therapy-resistant CSCs exhibit unique epigenetic
traits that could be exploited therapeutically. For example, LSCs
exhibit superior resistance to IDH inhibitors compared with
more differentiated AML cells,?®' possibly due to the elevated
prevalence of IDH1 and IDH2 mutations in these tumors,*® and
this has been indicated as a major cause of innate resistance to
IDH inhibition in the clinic.®®’ Indeed, IDH1 mutations appear to
establish irreversible epigenetic changes that contribute to
stemness and disease progression in both AML?®" and GBM,%2
suggesting that epigenetic modifiers specifically targeting these
alterations may limit primary resistance to therapy. Similarly,
DNMT3A mutations have been associated with anthracycline
resistance in AML, at least in part, downstream of impaired
nucleosome eviction and chromatin remodeling, leading to
defective DNA torsional stress repair.?®> Moreover, leukemias
bearing DNMT3A mutations exhibit considerable splicing
defects, indicating the potential sensitivity of these hematolo-
gical malignancies to spliceosome-targeting therapies.?** The
clinical relevance of these findings, however, remains to be
validated.

Histone methylation

H3K-modifying enzymes are emerging as targets to specifically
eradicate CSCs or sensitize them to conventional therapeutic
approaches. For example, KMT2A has been proposed as a
potential target to reduce stemness and overcome therapy
resistance in CRC.%® Moreover, an in vivo loss-of-function screen
based on GBM patient-derived tumor models identified WDR5 and
DPY30 as essential for GSC survival, making them promising
therapeutic targets for overcoming therapeutic resistance in this
oncological setting.%>%” However, the role of KMT2A in the
preservation of normal stem cells remains debated, particularly in
colorectal tissues,®®%® necessitating extra caution in the clinical
development of KMT2A inhibitors.

Inhibition of KDM1A impairs DNA double-strand break repair,
reduces self-renewal, and sensitizes GSCs to temozolomide.”®
Similarly, destabilizing KDM1A via the GSK3B inhibitor tideglusib
sensitizes GBM xenograft models to chemotherapy, de facto
extending mouse survival.”” KDM1A inhibition also exacerbates
CSC sensitivity to the TKI sorafenib in HCC.2%>2% In AML, KDM1A
blockers appear to specifically target LSCs without compromising
the activity of normal HSCs.”? Finally, KDM1B has been reported to
promote breast CSC enrichment following suboptimal immuno-
genic chemotherapy, and KDM1B inhibition sensitizes CSCs to
inducers of immunogenic cell death (ICD).2%>2572%8 These findings
point to KDM1s as promising targets for eradicating therapy-
resistant CSCs across multiple cancer types.

The inhibition of EHMT2 has been shown to sensitize colorectal
CSCs to chemo- and radiotherapy by disrupting the DNA damage
response.?®® Moreover, EHMT2 appears to support LSCs in both
AML®® and CML® Thus, EHMT2 stands out as a promising
therapeutic target to overcome chemoresistance in CSC-
associated cancers. That said, EHMT2 expression has also been
linked to reduced stemness in preclinical models of lung and skin
cancer,”’%¥”" suggesting that not all tumors may be equally
amenable to EHMT2 inhibition. Notably, EHMT1 has also been
shown to contribute to stemness in alveolar rhabdomyosarcoma
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(@ tumor type arising from muscle stem cell transformation), at
least in part by promoting the expression of aldehyde dehydro-
genase 1 family member A1 (ALDH1A1), which is a key mediator
of chemoresistance in CSCs,*’? suggesting that EHMT1 is a
potential target for the development of novel chemosensitizers,
at least in some oncological settings.

KDM3B depletion in colorectal CSCs limits tumorigenic potential
and chemoresistance by repressing WNT/B-catenin signaling.”
Similarly, KDM4A overexpression in breast CSCs appears to create
a CSC-specific vulnerability that may be targeted for therapeutic
purposes.””> Moreover, as both KDM3C and KDMA4C play unique
roles in LSC maintenance, their inhibition (or inhibition of their
molecular target) selectively affects LSC survival without impact-
ing normal hematopoiesis.””*® Intriguingly, KDM3B may also
represent a potential therapeutic target for clonal hematopoiesis
(@ precancerous condition associated with an increased risk for
leukemogenesis) by selectively sensitizing IDH2/TET2-mutant HSCs
to Janus kinase 2 (JAK2) inhibitors.®”

EZH2 is highly expressed by LSCs, making them
particularl7y sensitive to EZH2 inhibition compared with normal
HSCs.'°"27* Similar findings have also been reported in GBM, CRC,
and breast cancer.'®*'%>'%7 Moreover, EZH2 (as well as EZH1)
appears to be particularly expressed in chemoresistant, quiescent
LSCs compared with their cycling counterparts,'® further enhan-
cing its potential as a therapeutic target. That said, at least in the
AML setting, EZH2 loss has also been associated with increased
resistance to TKis, reflecting the activation of a compensatory
stemness-supporting pathway involving members of the HOX
family.275 Moreover, PRC2 (which contains EZH2) has been shown
to limit oncogenesis by restraining self-renewal in HSCs,?’® and
countering transformation driven by H3K27 mutations in neural
stem cells.?”’

To add further layers of complexity, EZH2 plays a multifaceted
role in cancer cell plasticity (see above). Thus, EZH2 not only
promotes stemness in multiple tumors, enhancing tumorigenicity,
metastatic potential, and therapy resistance,'?*2%*2%? put also
sustains persistence, at least in breast cancer.?'’ Moreover, the
regulatory role of EZH2 in the EMT is highly context-dependent, as
EZH2 can act as an EMT promoter or suppressor depending on the
cancer type 2227239 pRC2 is also a key EMP regulator, and its loss
or inactivation has been associated with increased metastatic
dissemination.2*2%6

The therapeutic targeting of EZH2 presents considerable
challenges, with major concerns including limited specificity and
scarce cytotoxicity when used as monotherapy, as well as a non-
negligible potential for side effects, particularly linked to normal
stem cell compartments.?’® Other complications are related to
resistance mechanisms due to compensatory activation of other
proteins, such as EZH1,%”° the complex activity of EZH2 within the
PRC2 complex,'®? the regulatory modulation by IncRNAs, such as
HOTAIR,>?"?8 and crosstalk between EZH2 and other epigenetic
regulators, such as PRC1.2®' Emerging evidence supporting the
existence of PRC2-independent, noncanonical EZH2 functions
further complicates therapeutic approaches.®? An improved
understanding of the context-dependent roles of EZH2 and its
regulatory network is needed to guide the safe and effective use
of EZH2 inhibitors in patients with cancer.

Like EZH2, H3K27 demethylases such as KDM6A can either
promote or inhibit treatment resistance in CSCs, depending on
the oncological setting. On the one hand, KDM6A (as well as
KDM6B) hyperactivation has been linked to: (1) TKI resistance in
GBM, at least in part by promoting a switch toward reduced
cycling,""" and (2) chemoresistance in breast CSCs, which
involves the epigenetic activation of pluripotency genes.'®'"°
On the other hand, KDM6A mutations are common in multiple
tumor types?®® and have been linked with chemoresistance in
patients with relapsed AML.2%* These observations reinforce the
notion that multiple epigenetic modifiers influence stemness in a
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context-dependent manner. Finally, KDM5B depletion reportedly
attenuates the AML-suppressing effects of PRC2 inhibitors,%
suggesting a complex interaction between EZH2 and chromatin
regulators in chemoresistance.

Treatment-resistant CSCs display a unique dependence on
DOTIL in multiple cancer types.'?""'?*'26 DOTIL is indeed critical
for the survival of LSCs but not normal HSCs'?' or 1SCs,*®°
indicating CSC-specific vulnerability with therapeutic potential.
Similarly, KDM2B is essential for the maintenance of LSCs?*® and
GSCs,'® and its inhibition sensitizes CSCs to chemotherapy.'*
Future studies will reveal the potential of targeting DOT1L and
KDM2B to limit CSC chemoresistance in clinical settings.

The inhibition of PRMT5, which has been implicated in the
chemoresistant phenotype of breast CSCs,'?*'*° specifically
targets therapy-resistant LSCs."®" Similarly, PRMT6 inhibition has
been reported to increase GSC radiosensitivity in preclinical GBM
models.'*® However, whether the chemosensitizing effects of
PRMT5 or PRMT6 inhibitors on CSCs solely arise from altered
histone methylation remains to be formally elucidated, as these
agents also have significant effects on posttranscriptional
processes.?87-288

Histone acetylation and ubiquitination

CRISPR/Cas9- and RNA interference-based screens have identified
KAT2A and KAT7 as essential for the maintenance and function of
LSCs."**1%5 Accordingly, KAT2A inhibition promotes LSC differ-
entiation and eradication while sparing HSCs, supporting its
specificity as a therapeutic target.'** Similarly, KAT7 upregulation
as driven by spermidine metabolism has been shown to sustain
the clonogenic potential of LSCs, with spermidine restriction
limiting LSC function upon KAT7 downregulation in the absence
of toxicity to HSCs.?®° Finally, KAT6A inhibition reportedly depletes
LSCs and blocks leukemogenesis, either as a monotherapy or in
combination with other AML-differentiating agents.'*®

The HAT EP300 has been implicated in the survival of irradiated
GSCs and disease recurrence by promoting their transdifferentia-
tion into cells with vascular-like features,?>* potentially constitut-
ing a therapeutically viable target against CSC chemoresistance.
Other HATs, such as KAT2A and its paralog KAT2B, are essential for
ISC maintenance, with their loss leading to mitochondrial
dysfunction and unsustainable ISC depletion.?*® Thus, not all
HATs are equally suitable targets for depleting CSCs.

Similarly, HDACs exhibit context-dependent effects on stem-
ness, which complicates their exploitation as therapeutic targets.
Thus, HDAC1 inhibition has been shown to reduce stemness and
restore chemosensitivity in multiple tumor types, including breast
cancer, de facto synergizing with T-cell therapies in preclinical
breast cancer models.””" Likewise, pharmacological HDAC6
inhibitors have been reported to synergize with chemotherapy
or radiotherapy in preclinical CRC'*® and GBM'>®> models,
respectively, and are generally linked to stemness suppression
and restored differentiation. Finally, HDAC3 inhibitors appear to
effectively control GSCs in preclinical GBM models, but only in
combination with bromodomain containing 4 (BRD4) blockers,">*
suggesting that (at least in some cases) effectively reversing
chemoresistance in the CSC compartment may require combina-
torial therapeutic approaches.

Finally, while BMI1 appears to be essential for the maintenance
of chemoresistant CSCs in breast cancer,'® AML,'® and CRC,'®”
such stemness-supporting effects may also benefit normal stem
cells, at least in mammary tissues.'®? However, BMI1 upregulation
acts as a driver of mammary and prostate oncogenesis,'®"'6?
potentially offering a (perhaps small) window for therapeutic
intervention. Indeed, BMIT inhibition or depletion has been shown
to sensitize multiple tumor types to chemotherapy, with minimal
short-term toxicity to healthy tissues.’®?°? However, whether
normal stem cells would later suffer from the CSC-targeting effects
of BMI1 inhibitors has not been overtly investigated.
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Fig. 6 Targeting epigenetic regulators in cancer stem cells. Multiple epigenetic modifiers can be pharmacologically targeted to preferentially
eradicate cancer stem cells (CSCs), either as standalone targets or alongside conventional treatments (CTs) as a means to increase therapeutic
efficacy. These include enzymes or factors involved in: (1) DNA methylation, such as DNMT1; (2) histone methylation, such as EZH2 or KDM1A;
(3) histone acetylation, such as CREBBP, EP300, and multiple histone deacetylases (HDACs); and (4) histone ubiquitination, such as BMI1.
However, targeting epigenetic regulators poses key challenges, including toxicity to normal stem cells, the emergence of drug resistance, and
incomplete CSC elimination due to tumor plasticity, implying that safe and effective therapeutic strategies may require tumor-specific and

combination approaches

Notably, GBMs possess a heterogeneous CSC pool exhibiting
distinct transcriptional programs coordinated by either EZH2 or
BMI1, suggesting that a combinatorial approach may be required
for effective CSC eradication in this oncological setting.'®*
Moreover, the efficacy of BMIT inhibitors against GSCs appears
to be enhanced by the concomitant administration of senolytic
agents, reﬂecting the robust senescent phenotype elicited by
BMI1 blockers.'®” Further investigations are needed to elucidate
the actual CSC-eradicating potential of BMI1 inhibitors.

In conclusion, targeting epigenetic modifiers that specifically
underlie self-renewal and chemoresistance in CSCs represents a
promising strategy for improving treatment outcomes across
various cancer types (Fig. 6). However, the clinical translation of
this approach faces significant challenges, including a nonnegli-
gible potential for toxicity owing to limited specificity (and hence
the potential involvement of normal stem cells), as well as
limitations of current epigenetic drugs linked to acquired
resistance and incomplete CSC eradication. The complex and
context-dependent nature of the epigenetic regulation of stem-
ness calls for careful consideration of tumor-specific factors that
may influence treatment efficacy in a disease-specific manner and
(at least in some cases) for the use of combinatorial therapeutic
strategies.

CONCLUDING REMARKS
In summary, a variety of epigenetic marks influence the
generation and maintenance of CSCs, de facto regulating
oncogenesis, disease progression, and resistance to therapy for
numerous oncological indications. Importantly, some of these
DNA and histone modifications (1) control cancer stemness in a
consistent manner and (2) are not involved in the preservation of
normal stem cells, representing promising targets for the
development of novel targeted therapies. In line with this notion,
epigenetic drugs, including azacitidine, decitabine, EZH2 blockers
and multiple HDAC inhibitors, are currently approved for use in
cancer patients, often in malignancies with abundant stem cell
compartments, such as hematological tumors.”>'* However, a
number of questions remain to be answered to unlock the full
therapeutic potential of CSC-targeted epigenetic drugs.

First, while epigenetic drugs currently licensed for cancer
therapy are active (at least in a fraction of patients), whether
such clinical activity specifically emerges from the depletion of the
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CSC compartment is unclear. Thus, at least in some neoplasms,
relatively differentiated malignant cells may also depend on CSC-
relevant epigenetic marks, a possibility that requires additional
investigation.

Second, at least some epigenetic marks can be deposited or
removed by several enzymes of the same family.?*® In this setting,
whether blocking a specific epigenetic modifier is sufficient to
mediate antineoplastic effects downstream of CSC dysfunction or
whether combinatorial approaches are needed (and if the latter
preserves at least some degree of specificity for CSCs) remains to
be formally investigated. Moreover, the actual implication of
altered epigenetic marks in the CSC-targeting effects of pharma-
cological or genetic strategies targeting an epigenetic modifier
has often been overlooked or addressed in a correlative manner
only. Thus, at least some epigenetic modifiers may alter CSC
biology through alternative, nonepigenetic mechanisms that have
not yet been formally characterized. Notably, several epigenetic
modifiers are known to drive CSC immune evasion, indicating that
their inhibition can enhance CSC recognition and elimination by
the host immune system, potentially sensitizing tumors to
(immuno)therapy.'®

Third, multiple epigenetic marks control transcription in a
dynamic and highly interactive manner, at least in part (but not
exclusively), reflecting the impact of DNA and histone modifica-
tions on chromatin affinity for various epigenetic modifiers.> This
implies that the CSC-depleting effects of targeting specific
epigenetic traits may actually arise from (or at least involve) a
complex crosstalk between distinct epigenetic alterations. In this
context, it is worth noting that the accessibility of DNA to TFs and
their binding partners is also regulated by global rearrangements
of chromatin structure, as catalyzed by ATP-dependent complexes
such as the switch/sucrose non-fermentable (SWI/SNF) and the
nucleosome remodeling and deacetylase (NuRD) complexes.?**
Moreover, the conversion of genetic information into cellular
functions is further shaped at the posttranscriptional level through
mechanisms affecting transcript stability, splicing, export, abun-
dance, and translation, including RNA modifications (e.g., N6-
methyladenosine, or m6A), RNA processing events (e.g., alter-
native splicing, polyadenylation, editing), and regulation by
noncoding RNAs such as IncRNAs and microRNAs.?*> Adding yet
another layer of complexity, emerging evidence reveals extensive
crosstalk between epitranscriptomics, epigenetics, and chromatin
remodeling.??°°® For example, histone modifiers regulate m6A
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marks by modulating the expression of both m6A writers,
including methyltransferase 3, N6-adenosine-methyltransferase
complex catalytic subunit (METTL3) and METTL14,2%°3%° and
m6A erasers, including ALKBH5.'' Similarly, IncRNAs regulate
EZH2 functions by: (1) guiding its recruitment to specific genomic
loci, as in the case of HOTAIR*®" and HOXA11-AS;°? (2) controlling
its posttranslational stability and enzymatic activity, as reported
for ANCR*®®* and HOTAIR?*’2%° (3) promoting a switch to
noncanonical EZH2 activities, as demonstrated for IncRNA-p21;>%*
and (4) acting as competing endogenous RNAs to sponge EZH2-
targeting microRNAs or its transcriptional regulators, as in the case
of MIAT*® or HOXD-AS1.3%

Finally, the increased heterogeneity and plasticity of the CSC
pools imply that CSCs are intrinsically poised to rapidly adapt to
therapeutic challenges, including drugs that target epigenetic
modifiers. In this context, advanced experimental approaches
combining the isolation of CSCs with their identification through
cell lineage tracing and clonal barcoding, as well as technologies
mapping chromatin accessibility (e.g., scATAC-seq, spatial ATAC-
seq, scCAT-seq), profiling histone modifications (e.g., scChlP-seq,
scCUT&Tag, spatial CUT&Tag), and analyzing 3D chromatin
architecture (e.g., scHi-C) are already redefining our understanding
of CSC subpopulations, capturing rare cell states and interactions,
and elucidating the mechanisms of CSC-driven heterogeneity,
resistance, and tumor evolution. This will guide the development
of next-generation epigenetic drugs, potentially requiring the use
of combinatorial strategies tailored to address intratumoral CSC
diversity.

Despite these and other unresolved questions, it is clear that
the epigenetic regulation of transcription plays a critical, although
often complex and context-dependent, role in the control of
cancer stemness. While considerable work lies ahead, it is
tempting to speculate that epigenetic drugs tailored to the CSC
compartment may ultimately expand our therapeutic armamen-
tarium against (at least some types of) cancer.
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