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Abstract

Drug resistance, either intrinsic or acquired, represents a major hurdle to achieving optimal
therapeutic outcomes during cancer treatment. In addition to acquisition of resistance-conferring
genetic mutations, accumulating evidence suggests an intimate involvement of the epigenetic
machinery in this process as well. Recent studies have revealed that epigenetic reprogramming,
such as altered expression or relocation of DNA/histone modulators accompanied with chromatin
structure remodeling, can lead to transcriptional plasticity in tumor cells, thereby driving their
transformation towards a persistent state. These “persisters” represent a pool of slow-growing
cells that can either re-expand when treatment is discontinued or acquire permanent resistance.
Targeting epigenetic reprogramming or plasticity represents a new strategy to prevent the
emergence of drug-refractory populations and to enable more consistent clinical responses. With
the growing numbers of drugs or drug candidates developed to target epigenetic regulators, more
and more epigenetic therapies are under preclinical evaluation, early clinical trials or approved by
FDA as single agent or in combination with existing antitumor drugs. In this review, we highlight
latest discoveries in the mechanistic understanding of epigenetically-induced drug resistance. In
parallel, we discuss the potential of combining epigenetic drugs with existing anticancer regimens
as a promising strategy for overcoming cancer drug resistance.
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Introduction

Despite remarkable progress that has been made to prolong survival in cancer patients
through chemo- and targeted therapies, the development of drug resistance to most
treatments still represents a major challenge to achieve optimal clinical outcomes [1,2].
Among all the possible reasons causing failure of anti-cancer treatments, development

of drug resistance accounts for up to 90 % of cancer-associated deaths [1,3].

Thus, a comprehensive understanding of the molecular mechanisms that lead to this
“unresponsiveness” will be of instrumental significance to facilitate the development of
effective therapies that are aimed at preventing the selection of drug-tolerant tumor cells and
maximizing patient benefits.

Drug resistance, generally regarded as a complicated evolutionary process, can arise

through multiple paths since cancer cells adaptively evolve themselves to evade therapeutic
challenges [3-6]. Although genetic mutations have undisputedly been demonstrated to play
a critical role in mediating resistance to a range of conventional and targeted chemotherapies
[7,8], evidence has become increasingly convincing that in some cases, genetics changes

are insufficient to fully explain the relatively rapid appearance or the reversibility of this
“non--responsiveness” to drug treatment [9-14]. Moreover, the lack of genetic mutations in
drug targets and activated parallel pathways also imply that acquired drug resistance could
still occur in the absence of stable heritable genetic alterations within a heterogeneous tumor
cell population [12,15]. These findings imply that additional factors are actively involved in
this process to mediate drug resistance.

In contrast to these well-studied genetic mechanisms that can induce drug resistance,
epigenetic alterations as contributors of therapy evasion were not considered until a rare
population of genetically homogeneous slow-growing cells were identified to be drug
tolerant without any de novo mutations [9,11,14,16-19]. With the development of rapidly
expanding technologies and methodologies that enable a mechanistic dissection of dynamic
chromatin regulation on genome-wide scale [20], a myriad of epigenetic features linked

to adaption to cytotoxic stresses have been comprehensively profiled across different

cell types [21,22]. Whole-genome studies based on single-cell omics further enable the
interrogation of a heterogeneous tumor cell population at the single-cell level [23-25].
Findings from these studies have bridged the knowledge gaps between epigenetically-
induced transcriptomic reprogramming and the development of drug resistance. In fact,
mechanistic dissection of the drug-induced epigenetic plasticity has significantly contributed
to our understanding on how tumor cells reprogram their own transcriptional networks and
progress toward a more drug-tolerant cell identity that is independent of the drug-targeted
pathway(s).

In this review, we mainly focus on summarizing some recent breakthrough discoveries

and valuable insights from the current literatures that reveal the epigenetic basis of drug
resistance in cancer cells. Some promising anti-cancer therapeutic strategies using epigenetic
drugs as a single agent or in combination with other established antitumor regimens are
discussed as well. With the explosion of information regarding both genetic and epigenetic
landscapes of tumor cells, we envision that an improved understanding of drug resistance
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mechanisms will not only foster new directions for the development of epigenetic therapies,
but also guide more rationalized applications of newly developed anti-cancer therapies to
prevent and minimize cancer drug resistance.

Epigenetic plasticity and transcriptional regulation

In response to various environmental stimuli, mammalian cells have evolved sophisticated
epigenetic and transcriptional machineries to coordinate gene expression and control cellular
functions [26]. Epigenetics reflects the modifications of the epigenome rather than the
genome, including how chromatin is altered chemically (via modifications of DNA and
histones) or structurally (via chromatin remodeling and inter/intrachromosomal DNA-DNA/
protein interactions) [27]. These covalent modifications of DNA and histones, together with
changes in nucleosome composition and chromatin arrangement, comprise an additional
layer of control over gene expression (Fig. 1). In addition, RNA modifications and non-
coding RNAs further contribute to epigenetic regulation in gene expression. Because the
association of RNA-mediated epigenetic regulation and drug resistance has been extensively
reviewed elsewhere [28-31], we will mainly focus on DNA and histone modifications in
this review. Overall, epigenetic changes can exert profound effects on the transcriptional
network, functioning as genomic imprints that could discriminate the parental origin of
genomic loci and causing inheritable or non-inheritable phenotypic changes without altering
the genetic codes [32].

Epigenetic modifications, such as methylation and acetylation, are often catalyzed by
specific enzymes (known as “writers”), and subsequently recognized by specialized
proteins that identify and interpret epigenetic marks (known as “readers”). Most of

these chemical tags are reversibly formed in a dynamic manner and can be removed

by another groups of enzymes, termed as “erasers”, when necessary [33] (Fig. 1A-B,

and Table 1). These modifications could lead to nucleosome repositioning and alteration

of chromatin accessibility. In the euchromatin regions, the chromatin is loosely packed

and is accessible to the binding of active transcriptional machinery, which is favored

for subsequent transcriptional activation. By contrast, the heterochromatin regions are
characterized by tightly packed chromatin structure, which limits the accessibility of
transcriptional machinery to cause gene silencing [34]. Moreover, the mammalian genome
has long-range DNA interactions through chromatin looping. Cis-regulatory DNA elements
(e.g., promoters, enhancers and silencers) are brought into close spatial proximity via
binding of tissue-specific transcription factors (TFs) and co-activators, such as p300 and
Brahma-related gene 1 (BRG1), to regulate gene transcription (Fig. 1C). The high plasticity
of promoter-enhancer loops in response to external stimuli or intrinsic signaling confers
cells an adaptive survival advantage without permanent changes in the genetic codes [35].
Collectively, epigenetic modifications of chromatin result in dynamic transcriptional changes
and provide the necessary plasticity for cells to be reversibly converted to different identities
in response to specific environmental cues, thereby enabling the molecular memory or

the maintenance of this acquired external information [32,36]. Thus, the term epigenetic
plasticity/reprogramming is used hereinafter in reference to these reversible changes in
epigenetic marks on DNA, histone and chromatin structures, as well as the functional
consequences of these alterations.
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3. Epigenetically-altered persistent cells facilitate the emergence of drug

resistance

Cancer cells are adept at employing multiple routes to escape from the attacks of
therapeutic agents [12] (Fig. 2). Resistance-conferring genetic events (such as 7P53 or RB1
inactivation) preceding or after drug treatment are a prevalent mechanism that facilitates
malignant cells to survive during anti-cancer treatment (Fig. 2A). However, it has recently
been discovered that, even within drug-susceptible isogenic tumor populations, a small
subset of cells, either from selection of a pre-existing intrinsically refractory clone (Fig.
2B-C) or from adaptive transcriptional plasticity-driven evolution (Fig. 2D), can enter a
“drug-tolerant persister (DTP)” state. DTPs can survive without appreciable proliferation
after prolonged drug exposure in the absence of any de novo resistance-related mutations
[9,13,16,19,37-41]. Of note, these DTPs can reversibly revive and spawn new cancer growth
after drug withdrawal or even propagate in the presence of drugs by becoming drug-tolerant
expanded persisters (DTEPs) [9,12,14,17,38,42]. Recent studies have revealed that DTPs
and DTEPs may serve as a residual reservoir of tumor cells during cancer treatment. These
persister cells could survive multiple rounds of therapy in a dormant state until more
permanent resistance mechanisms could be established, and then lead to cancer relapse
[13,43] (Fig. 2C-D). Moreover, at least in some cases, persister cells exhibit increased
mutagenesis through increasing the use of error-prone DNA-replicating polymerases and
downregulating DNA repair pathways to favor the survival of their descendants upon
exposure to drugs [44].

The reversible nature of the changes in cell identity triggered by drug treatment points
towards the engagement of epigenetic reprogramming in this transiently acquired and
relinquished phenotype [12,45]. Either intrinsically resistant as pre-existing clones or
extrinsically induced by forced drug stress, these DTPs or DTEPs share a remodeled
chromatin state that is quite distinct from their drug-sensitive counterparts, which can
provide them with a platform to withstand the initial onslaught of drug exposure via

an epigenetically reprogrammed transcriptome [9,12, 14,16,17,19,40,41,45-49]. Although
exactly how the epigenetic plasticity reshapes cancer cells to a persistent state in response to
different drugs remains to be fully elucidated, it has become evident that distinct epigenetic
status is a feature of drug resistant cells. Some key epigenetic regulators have already been
confirmed to be critical determinants accounting for the emergence of resistance, which will
be discussed in detail in the following sections.

Interestingly, a complicated relationship exists between persisters and cancer stem cells
(CSCs), which is still controversial and certainly merits further investigations [9,50]. CSCs,
a population of quiescent tumor cells that possess the defining features of self-renewal

and clonogenicity, have long been described as the cellular subpopulation implicated in
chemo-resistance [51,52]. CSCs are intrinsically resistant to conventional chemotherapies
due to high expression of ATP-binding cassette (ABC) transporter proteins, enhanced
aldehyde dehydrogenase (ALDH) activity, up-regulation of anti-apoptotic proteins such as
B-cell CLL/Lymphoma-2 (BCL-2) and myeloid cell leukemia-1 (MCL-1), high efficiency in
repairing DNA damage, and activation of key pro-survival signaling pathways [53, 54]. It
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has been demonstrated that exposure of cancer cells to certain chemotherapy drugs can yield
a small drug-refractory population with CSC properties through epithelial-to-mesenchymal
transition (EMT), which indicates that the acquisition of stemness traits is strongly
associated with the resistant or unresponsive properties in cancer [55]. Since theories of
cancer stem cells as a mechanism of targeted therapy escape have been comprehensively
reviewed elsewhere [51,53,54], we mainly focus on epigenetically-altered persistent cells in
this review.

The biological features of persistent cells are to some extent over-lapping with those

of cancer stem cells in terms of plasticity and tumor-initiating capacity. However, the
differences between these two populations are obvious [9,19,56]. Although persister cells
display surface markers or transcriptional profiles that resemble CSCs, their ability to
survive lethal drug exposure is not highly dependent on drug efflux, a property attributed

to at least some drug-resistant CSCs. Moreover, during the transition of DTPs to DTEPS,
CSC-specific markers are lost, and yet both cell populations are still equally drug insensitive
[9]. In some resistant models, resistant cells are not even enriched for CSC-associated
surface markers and expression signatures, suggesting that the relationship appears to be
sophisticated and needs further clarifications [50,56].

4. DNA methylation and drug resistance

DNA methylation is a dynamic process in which a methyl (~CH3) group can be added

to the fifth carbon of cytosines (C), often in the context of the CpG dinucleotides on

DNA. Three DNA methyltransferases (DNMTs: DNMT1, DNMT3A, and DNMT3B) in
the human genome play essential roles for this modification [57-60]. DNMT1 is mainly
responsible for maintaining methylation following DNA replication and damage repair,
while DNMT3A/B are involved in directly catalyzing de novo cytosine methylation [61].
An intricate demethylation balance is mediated by the Ten-Eleven Translocation (TET)
family proteins, with the methyl group of the 5-mC oxidized to successively yield 5-
hydroxymethylcytosine (5-hmC), 5-formylcytosine (5-fC), and 5-carboxylcytosine (5-caC).
These derivatives of 5-mC, together designated “oxi-mC”, are established to serve as novel
epigenetic marks with yet-to-be-fully-elucidated biological functions [62,63].

DNA methylation is widespread in the mammalian genomes, with approximately 70 %

of CpG dinucleotides being methylated under physiological conditions [57,58,64]. When
located in promoter regions or transcription start sites (TSSs), DNA methylation usually
suppresses the downstream gene expression through recruitment of DNA binding proteins
and histone modifiers that repress transcription. By contrast, gene body methylation is
frequently linked to active transcription by a less-clear mechanism [65-67]. Methylation
has also been detected in other genomic regions, such as enhancers and insulators that are
associated with the binding of specific TFs including estrogen receptor (ER), forkhead box
Al (FOXAL1), and GATA-binding protein 3 (GATA3), and CCCTC-binding factor (CTCF)
[46,68-71].

Some chemotherapy agents, like platinum-based drugs, can induce global DNA methylation
changes across the genome [72,73]. Aberrant methylation status of promoters that are
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linked to altered gene expression have already been demonstrated in a variety of

tumor models as the culprit for acquired resistance [73-75]. Hypomethylation of drug
efflux gene promoters, hypermethylation of promoter regions of pro-apoptotic genes

and altered promoter methylation patterns of DNA-repair genes are the most common
mechanisms being employed by drug resistant cells [42,72-100] (Table 2). Nevertheless,
how drug-resistant cells accumulate methylation changes at different promoter regions
after chemotherapeutic treatment is still unresolved. Some putative mechanisms have been
postulated. For hypomethylation, one explanation is that chemotherapeutics could positively
select a small pre-existing tumor subpopulation harboring hypomethylated promoters of
some specific genes, such as ABCBL1, a well-known ABC transporter that facilitates the
efflux of anti-cancer drugs from tumor cells to cause drug insensitivity [78,101]. With
regard to drug-induced hypermethylation, some tentative models point to the upregulation
of DNMTs expression level or DNMTs re-distribution across the genome, which might be
guided by some yet-to-be-identified TFs or long non-coding RNAs.

Methylation alterations at enhancers have also been reported to mediate therapeutic
resistance. In ER-positive breast cancers, hypermethylation of estrogen-responsive
enhancers weakens ER binding to its genomic targets to reduce target gene expression,
which is highly associated with the unresponsiveness to endocrine therapy [102]. In
addition, myelodysplastic syndromes (MDS) and acute myeloid leukemia (AML) patients
carrying somatic DNMT3A mutations are prone to develop acquired drug resistance,
partially owing to impaired nucleosome remodeling and DNA methylation changes that
generate cells with a drug resistance-favorable epigenome [76,103].

All the discoveries mentioned above suggest that a comprehensive characterization of drug-
resistance-associated DNA methylomes could greatly facilitate the design and optimization
of epigenetic therapeutics. With advances in high-throughput DNA sequencing technologies,
numerous differential methylation regions (DMRs) have been identified between the
parental and drug resistant cells. It remains imperative to determine if these DMRs are
indeed the real “drivers” of resistance acquisition based on whether they have the potential
to provide the cell with a selective advantage, or are just accompanied “passenger” events
without significant impact on drug sensitivity when methylation is reverted [42,76,104-106].
Unfortunately, in the existing literatures, the proportion of key DNA methylation alterations
that could be directly linked to the induction of chemotherapy resistance is surprisingly

low: only less than 1% of hypermethylated genes might account for the acquisition of drug
resistance, at least for the case of ovarian cancer cell lines treated with platinum-based drugs
[104].

If DNA hypermethylation of selected genomic loci is sufficient to prompt drug resistance

in cancers, then the reversal of these changes with hypomethylating agents (HMAS) should
partially, if not fully, restore the drug sensitivity of resistant cells. Some pilot in vitro studies
have demonstrated the feasibility of applying HMAs to reverse platinum drug-resistance

in human cervical and gastric cancer cell lines [72,107]. Two HMAs, azacytidine (5Aza)
and decitabine (5 Aza 2’ deoxycytidine), have been approved by the US Food and Drug
Administration (FDA) as first-line antileukemic agent due to their potential to activate tumor
suppressor gene expression in leukemic cells via inhibiting DNMTs [108]. However, HMAS
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still have their own limitations since response to these agents only occurs in ~50 % of treated
patients, and the duration of response tends to be transient [109,110]. To improve the clinical
outcomes, combination of HMAs with other drugs has been widely tested both in preclinical
models and in clinical practice, which has shown promising values to prevent drug resistance
in multiple cancer types [111-113] (Table 3). For example, resistance to BCL2 inhibitor
Venetoclax (ABT-199) is attributed to compensational expression of another member of anti-
apoptotic BCL2 family, myeloid cell leukemia-1 (MCL-1) [114]. Azacytidine was shown to
reduce the expression level of MCL-1, and hence, combining Venetoclax and azacytidine
could synergistically induce apoptosis and alleviate the Venetoclax-induced drug resistance
[115].

Worthy to note, most studies to date only focus on DNA methylation (5mC). Nonetheless,
hydroxy-methylation (5hmC) is also an informative epigenetic mark with distinct roles in
gene regulation [62,63,116]. In fact, very few studies have attempted to probe the function
of 5hmC in drug resistance, leaving this area largely underexplored. Recently, it has been
shown that targeting TET2 can overcome chemotherapy resistance associated with p53
mutations, which is partially explained by the activation of DNA damage response pathway
[117]. Evidently, more efforts should be directed to this exciting new area, with the goal of
elucidating whether and how 5hmC is correlated with cancer drug resistance.

5. Histone modifications and drug resistance

At least nine different types of histone modifications have been identified to date.
Acetylation, methylation, phosphorylation, and ubiquitylation are the most well-studied,
while GIcNAcylation, citrullination, crotonylation, isomerization and lactylation are more
recent discoveries that still warrants thorough investigations [118-120]. Similar to

DNA modifications, histone modifications are catalyzed by specific enzymes that act
predominantly at four core histone proteins (H2A, H2B, H3 and H4). Histone acetylation
mostly results in up-regulated gene expression whereas histone methylation has either a
transcriptionally permissive or repressive character, depending on the location of targeted
amino acid residues and/or the number of methyl-groups added (mono, di, or tri) (Fig. 1C)
[118,121].

Lysine demethylase 5A (KDM5A), a lysine demethylase, is the first histone modification
enzyme identified to be associated with drug persistence to various anticancer agents
[9,122]. Breast cancer cells with KDM5A gene amplifications were more tolerant to

EGF receptor (EGFR) inhibitor erlotinib due to altered expression of a subset of cell
cycle/apoptosis related genes, including tumor suppressor p21 and the apoptosis effector
BCL2 antagonist/killerl (BAK1) [122]. Moreover, in EGFR-mutant lung cancer cell lines,
with elevated expression driven through the insulin-like growth factor 1 receptor (IGF-1R)
signaling pathway in both DTPs and DTEPs, KDM5A is required to establish a transient
chromatin state to mediate the emergence of resistance to EGFR inhibitor, gefitinib. An
altered chromatin state that is globally deprived of H3K4me2/3 renders these DTPs/DTEPS
highly dependent on IGF-1R signaling for survival, and are hypersensitive to histone
deacetylase (HDAC) inhibitors [9].
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In melanomas, lysine demethylase 5B (KDM5B), a close family member of KDM5A,
marks a small subpopulation of slow-cycling cells that are dynamically induced depending
on the microenvironmental context and are required for continuous tumor maintenance.
These slow-cycling KDM5B-positive cells do not follow a unidirectional CSC hierarchy.
Furthermore, they are intrinsically resistant to several cytotoxic treatments with increased
self-renewal and give rise to highly proliferative progeny, through affected Jagged

1/Notch 1-signaling pathway. More interestingly, the KDM5B-high-expression cells

exhibit elevated expression of proteins involved in cell respiratory electron transport
(oxidative phosphorylation [OXPHOS]), such as nicotinamide adenine dinucleotide (NADH)
dehydrogenase (complex | of the mitochondrial electron transport chain), ubiquinol
cytochrome ¢ reductase (complex I11), cytochrome c oxidase (complex IV), and ATP
synthase. Knockdown of KDMS5B or targeting OXPHOS in these cells leads to increased
sensitivity to anti-melanoma treatments [14,123]. In estrogen receptor (ER)-positive luminal
breast cancer, higher expression of KDM5A/B results in decreased H3K4me3 peak
broadness at gene promoters, which contributes to an elevated cellular transcriptomic
heterogeneity. Higher cell-to-cell variability increases the probability of acquiring resistance
to endocrine therapies. Hence, the combined use of a KDM5A/B inhibitor with the ER
antagonist fulvestrant could efficiently reduce the risk of developing therapy resistance in
breast cancers [41].

Lysine demethylase 5C (KDM5C) was found to be a critical epigenetic modulator in

the development of resistance to receptor tyrosine kinase (RTK) inhibitor sunitinib in
Lewis lung carcinoma and renal cell carcinoma (RCC). Lysine demethylase 1A (KDM1A),
also known as LSD1, is essential for the development of hypoxia-induced resistance to
gefitinib in patients with non-small cell lung cancer (NSCLC), through inducing EMT
[124]. Increased expression of KDM1A has also been observed in sorafenib-resistant
hepatocellular carcinoma cells. Inhibition of KDM1A with two potent KDMZ1A inhibitors,
GSK2879552 and pargyline, could re-sensitized these cells to sorafenib, partly by
eliminating the cancer CSC-like population via suppression of the Wnt/p-catenin signaling
pathway [125].

KDMBG6A/B, the histone H3 lysine 27 trimethylation (H3K27me3) specific demethylases,
are upregulated and essential for the transition of naive glioblastoma stem cells (GSCs)

to the slow-cycling drug tolerant persisters in response to targeted kinase inhibitors.
Transition to the persister state is accompanied by pervasive acetylation (H3K27ac)

of cis-regulatory elements facilitated by a global redistribution of the repressive mark
H3K27me3. This altered chromatin state makes these persistent cells express primitive
neurodevelopmental signatures and highly depend upon Notch signaling. KDM6A/B

knock out or pharmacological inhibition with GSK-J4 minimally affected naive cell

growth but markedly compromised the proliferation of drug tolerant persistent cells [19].
Interestingly, loss of histone methyltransferase enhancer of zeste homologue 2 (EZH2),

a writer of H3K27me3, is also associated with acquired resistance to tyrosine kinase
inhibitors (TKIs) and cytotoxic drugs in AML. In AML patients, low levels of EZH2
expression and H3K27me3 correlated with poor prognosis and a high incidence of acquiring
chemoresistance. In line with this clinical phenotype, experimentally suppressed EZH2
expression in AML cell lines or primary AML cells from patients induced resistance toward
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multiple drugs, such as tyrosine kinase inhibitors (TKIs) and cytarabine (AraC). In resistant
cells and primary blasts from a subset of relapsed AML patients, EZH2 was phosphorylated
at Thr487 by cyclin dependent kinase 1 (CDK1), followed by a stabilized interaction with
stress induced phosphoprotein 1 (STIP1) and heat shock protein 90 (HSP90). The whole
complex showed enhanced binding activity to E3 ubiquitin ligases such as tripartite motif
containing 21 (TRIM21), leading to EZH2 ubiquitination and proteasomal degradation. In
the absence of EZH2, H3K27me3 can no longer be introduced at promoters of resistance-
associated genes such as HOXB7, HOXA9or ABCCI, which consequently become
transcriptionally active and result in drug resistance. The administration of proteasome
inhibitors, as well as HSP90 or CDK1 inhibitors, can block the degradation of EZH2,
inactivate the expression of these resistance genes, and effectively restore drug sensitivity
[47].

In addition to H3K27 methylation, the silencing mark, H3K9me3, has been shown to
mediate drug resistance in NSCLC. The upregulation of H3K9me3 was observed in DTPs
compared to drug naive cells. This upregulation is partially mediated by elevated expression
of H3K9me3 methyltransferases, SET domain bifurcated histone lysine methyltransferase 1
(SETDBL1) and euchromatic histone lysine methyltransferase 2 (EHMT2 or G9a), during
drug treatment. In addition, the increased expression of H3K9me3 binding proteins,
heterochromatin protein 1 homolog gamma (HP1vy) and the heterochromatin related protein
alpha thalassemia/mental retardation syndrome X-linked (ATRX), are also involved to
establish this drug-tolerant epigenetic status in DTPs. Interestingly, most of the increased
H3K9me3 signals accumulated over long interspersed repeat elements 1 (LINE-1) and

the resulting H3K9me3-mediated heterochromatin formation over LINE-1s promoted DTPs
survival by counterbalancing the expression of interferon-stimulated genes and antiviral
response genes induced by anti-cancer drugs, such as Erlotinib and Carboplatin. Using the
HDAC inhibitors Trichostatin A (TSA) or Entinostat (also known as MS-275) to reverse
the heterochromatin state restored LINE-1 expression and contributed to the ablation of

the DTPs population [38]. Taken together, changes in the expression levels or genomic
localization of histone writers, readers and erasers, plus dynamic interplay of these
modulators after drug treatment, are critical for histone marks redistribution across the
genome to mediate drug resistance by regulating adaptive transcriptome reprogramming
(Fig. 3A).

6. Chromatin structures and drug resistance

In addition to altered distributions of histone marks across the genome, interactions between
distal regulatory elements and promoters and higher-order structures of chromatin also play
critical roles during drug resistance development (Fig. 3B). T cell acute lymphoblastic
leukemias (T-ALL) can acquire resistance to y-secretase inhibitors (GSIs) due to a rare
group of pre-existing persisters that rely on alternative signaling pathways to proliferate

in the absence of NOTCHL1 signaling. Compared to GSI-sensitive naive cells, persister

cells exhibited an altered chromatin environment with more compaction, higher levels of
repressive histone modifications, and lower levels of enhancer-associated H3K27ac marks.
The global chromatin landscape changes make these persister cells highly dependent on the
expression of several key survival-related genes regulated by enhancers or super-enhancers,
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such as MYC, BCLZand CDKE, a process also termed as “transcriptional addiction”.
Disruption of enhancer/super-enhancer activity by JQ1, an inhibitor of the bromodomain and
extra-terminal domain (BET) protein BRD4 (reader of histone acetylation), could abolish
the growth of persistent cells. Hence, combined inhibition with GSI and JQ1 might serve as
an effective treatment for T-ALL patients who relapsed or whose conventional therapy had
failed [48].

In triple negative breast cancers (TNBCs) that are resistant to MEK inhibitor Trametinib,
adaptive transcriptomic responses are noted because of a widespread de novo enhancer
formation and dramatic enhancer and promoter remodeling, which is shown to rely on
genome-wide re-distribution of BRD4 and recruited P-TEFb complex. Combining MEK
inhibitors with P-TEFb complex inhibitors or BRD4 inhibitors successfully sustained
MEK inhibition and alleviated drug resistance by reversing the upregulation of resistance-
promoting genes such as R7TKsand MYC [49]. Resistance to Venetoclax (ABT-199),

an inhibitor targeting the anti-apoptotic protein BCL-2, in B cell lymphomas has been
ascribed to the outgrowth of rare persister clones with loss or reductions in copy number
of 18921 amplicons that harbor the BCL2 gene. The persister status is maintained via
adaptive super-enhancer (SE) remodeling that drives transcriptional reprogramming, which
leads to elevated expression of pro-survival regulators, including B-cell lymphoma/leukemia
11A (BCL11A), cyclin-dependent kinase 6 (CDK®), forkhead box C1 (FOXC1), interferon
regulatory factor 5 (IRF5), and IKAROS family zinc finger 1 (IKZF1). Accordingly,
approaches disabling SEs activities by targeting CDK?7, a cyclin-dependent kinase (CDK)
that can phosphorylate key serine residues of the C-terminal domain (CTD) of RNA
polymerase 11 (RNAPII) to regulate transcription initiation and elongation, have been
established to curtail the evolution of Venetoclax resistance. Consequently, dual inhibition
of CDK7/BCL-2 may be an attractive strategy to treat a broad spectrum of refractory
hematological malignancies [126].

In AML, resistance to BRD4 inhibitors (BETi) has also been attributed to remodeled
regulatory landscapes that engage enhancer switching. In BETi-sensitive cells, BRD4 binds
to the cis-regulatory elements of target genes such as Myc, whereas B-catenin is essentially
absent. BETi treatment could disrupt BRD4 binding on these sites and reduce the Myc
expression. However, in BETi-resistant cells, although BRD4 binding is reduced due to

the chemical blocking, p-catenin is occupied at these sites as a replacement to sustain the
expression of Myc and lead to drug resistance [16]. We and other groups have revealed

that BETi-resistant leukemic cells could also take advantage of drug-induced de novo MYC
enhancers, localized at the first and second intron of IncRNA PVT1, to replace the original
responsible enhancer clusters that are blocked by BRD4 inhibition. The newly formed
enhancers recruited the WNT machinery or other yet-to-be-identified TFs, independent of
BRD4 binding, to reactivate M YC expression and maintain the resistant state [56,127].
Pharmacologically suppressing enhancer function via a CDK7/12/13 inhibitor THZ1, when
combined with BETI, could synergistically overcome the acquired therapeutic resistance to
BETi by disrupting RNAP 11 loading at these de novo enhancers and subsequently turn off
Myc transcription [127] (Fig. 3C). Alternatively, pretreating the resistant cells with KDM1A
(LSD1) inhibitors can restore their sensitivity to BETi. However, this is not simply through
a reversion of the transcriptional program to a state resembling drug-naive cells. Instead,
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LSD1 inhibition results in the formation of entirely new enhancers that are not present in
either drug naive or resistant populations. The pioneer factor Spi-1 proto-oncogene (SPI1,
also known as Pu.1) and its cofactor interferon regulatory factor 8 (Irf8) are responsible

for the nucleation of these de novo enhancers following LSD1 inhibition, leading to Brd4
and its associated co-factor mediator complex subunit 1 (Med1) switching from the original
enhancers to these newly formed enhancers in a bromodomain dependent manner. The
re-distribution of BRD4 to the new enhancers is required to sustain the transcription of a
set of broadly expressed survival genes. Because BRD4 still engages these new enhancers
through bromodomains, re-challenge with BETi is able to displace BRD4 from these new
enhancers, and thus, confers vulnerability to BETi by switching the enhancer dependency
[40]. Consistently, in neuroblastomas and ovarian cancer, global enhancer remodeling
induced a kinome reprogramming through an unknown mechanism to drive BETi resistance,
making the resistant cell to depend on PI3K signaling for survival [128,129].

Collectively, all these encouraging discoveries highlight the promise of overcoming
resistance via preventing dynamic chromatin rearrangements, thereby offering a novel
therapeutic approach to impede the ability of cancer cells to persist during anti-cancer
therapy.

Challenges to link epigenetic alterations with drug resistance

Despite recent findings that have uncovered some of the molecular mechanisms underlying
drug resistance, there remain considerable challenges to fully comprehend epigenetic
plasticity following drug exposure and to develop the corresponding clinical management
strategies to improve the outcomes of cancer patients who suffer from relapse.

First, the extent to which preclinical models faithfully recapitulate the drug resistance
scenario in the clinic is limited, especially for studies built upon cancer cell lines cultured
in two-dimensional (2D) settings [130,131]. In this context, the persister cells being
characterized through in vitro established cell lines will not fully reflect the whole picture
of resistant cells found in patients after therapy. ldentifying appropriate preclinical cancer
models is a prerequisite to addressing this question but remains a major challenge to date
[130,132].

Second, epigenetic heterogeneity is one the major challenges that hamper the development
of effective treatments to overcome drug resistance [133,134]. Most studies to date only
examine the properties of pooled DTP populations, and hence, further investigation is
needed to make sure whether different initial persistent cells could give rise to diverse
resistant landscapes. Recently, it has been experimentally demonstrated that diverse drug-
resistance mechanisms can emerge from persisters derived from a single ancestor cell at
least in an in vitro model [43]. The finding suggests that passaging through the persister
state is not a limiting factor for the emergence of drug resistance heterogeneity. If so, this
may indicate that the varied mechanisms of acquiring resistance can occur among patients or
even in distinct subpopulations within the same tumor mass, which could lead to treatment
failure in the clinic if only one strategy is applied to prevent the emergence of resistance.
Thus, a comprehensive detection and characterization of residual tumor cells will provide
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crucial guidance for appropriate targeting strategies. It is important to capture the whole
range of the heterogeneity that exists within the residual cells when biopsy is possible

[12]. However, this remains challenging for most of the malignancies because DTP cells
comprise only a small cohort of the bulk cancer population. This challenge can more or
less be tackled by taking advantage of the single-cell sequencing technologies, such as
sc-RNA-seq, sc-ChlP-Seq, sc-ATAC -Seq and sc-Hi-C, which make it possible to establish
comprehensive genomic and epigenomic landscapes, both temporally and spatially, during
drug resistance emergence and development. These technological advances will allow us
to ultimately improve our understanding on tumor evolution, epigenetic heterogeneity and
plasticity, as well as on how these dynamic changes influence treatment response [24, 135].

Third, the molecular determinants that predispose certain cancer cells within a heterogenous
tumor mass to be persisters still remains obscure. Recent studies have yielded some insights
by showing that: (i) melanoma cells with abnormal expression of melanocyte inducing
transcription factor (MITF), SRY-Box transcription factor 2 (SOX2), nerve growth factor
receptor (NGFR) and AXL receptor tyrosine kinase (AXL) are more prone to shift into a
persister state in response to mitogen-activated protein kinase (MAPK) and RAF inhibition
[17,136]; (ii) the activity KDM5A/B, together with H3K4me3 broadness across the genome,
determine the sensitivity to endocrine therapies in breast cancer [41]; and (iii) the promoter
methylation status of O-6-methylguanine-DNA methyltransferase (MGMT), a DNA repair
gene, is associated with the sensitivity to temozolomide in glioblastoma [137]. These
epigenetic alterations are of great clinical significance since they can act as predictive
biomarkers and provide the rationale for the investigation of novel therapeutic strategies by
targeting the persister-forming susceptible cells, before they emerge after drug exposure.
These efforts will likely prevent or delay the evolution of acquired resistance. Nevertheless,
given the limited knowledge we have thus far obtained from current findings, further studies
with more clinically relevant laboratory models are required to identify additional predictive
biomarkers of cell plasticity that could be applied to stratify patients with personalized
regimens. Furthermore, the precise temporal dynamics of tumor cell epigenetic plasticity
upon drug treatment are far from being understood. It is likely that different drugs can
induce distinct adaptive response in the same cell or even the adaptive responses to the same
drug can be unique in a cell context-dependent manner. How cancer cells choose appropriate
matching strategies to epigenetically reprogram themselves to survive when challenged with
drugs are still elusive.

Last but equally important, how these reversible drug-tolerant persisters eventually commit
themselves to permanent drug resistant cells is unclear. Through an undefined mechanism,
cells switch from a poised drug-tolerant state to an epigenetically fixed acquired-resistant
state. Stable epigenetic changes, such as DNA methylation at gene promoters, could be a
reason for acquired resistance after prolonged drug selection. Another possible explanation
would be bivalent chromatin with permissive H3K4me3 and repressive H3K27me3 marks
that eventually results in epigenetic fixation by DNA methylation [45]. Some groups argue
that, compared with pharmacological intervention that targets the poised state, efforts to
reverse epigenetic alteration once it has become fixed is less likely to be successful [45]. If
this concern turns out to be true, it will be more effective to treat the tolerant cells when they
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are still in a poised state, rather than treating them after acquisition of drug resistance or at
recurrence.

8. Opportunities and challenges during the clinical translation of
epigenetic drugs

Cancer cells undergo dynamic and constant epigenetic alterations within the tumor
microenvironment, imposing a major challenge to anticancer therapies. On the positive
side, the altered epigenetic states of tumor cells provide new avenues for early detection,
modulation or elimination of drug-resistance and a unique opportunity to ameliorate the
efficiency of existing therapies given the fact that most epigenetic modifications are
reversible and amenable to pharmacological intervention [111,138,139]. As the therapeutic
potential of epigenetic therapies unfolds, a wide range of epigenetic-based drugs that can
intervene in epigenetic processes have been developed and introduced into the clinical
trials [111]. Several drugs that inhibit epigenetic writers and erasers have been approved
by the US Food and Drug Administration (FDA) to treat hematopoietic malignancies,

as best exemplified by DNMT and HDAC inhibitors, such as azacytidine and vorinostat
[108,140]. Moreover, inhibitors of acetyl-lysine readers (bromodomain-containing proteins)
and histone methyltransferases/de-methyltransferases (EZH2 and LSD1), are undergoing
clinical evaluation for efficacy among different cancer types [141]. As thoroughly discussed
above, a primary mechanism of epigenetic inhibition is to induce transcriptional changes
by altering the chromatin state. Cancer cells can escape from selective pressure through
epigenetically-induced transcriptional adaptation. All these features make epigenetic drugs
stand out as promising candidates that can be synergized with other anticancer agents to
block or reverse therapy resistance [113,139,142]. Several different strategies are currently
being pursued in early phase clinical trials, including combination of epigenetic therapies
with chemotherapy, targeted therapies and immunotherapy [111] (Table 3).

To date, the overall efficacy of epi-drugs has been somewhat disappointing due to the
intolerable toxicities and/ or the modest clinical efficacy of most combinations [112,113].
Invaluable lessons learned from these failures include: (i) epi-drugs with higher specificity
and selectivity are highly needed to attenuate the off-target effects. For example, most
HDAC inhibitors are pan-inhibitors that can affect multiple members of the HDAC family,
thus increasing the cytotoxicity to normal cells [140]. In this case, designing isoform-
specific inhibitors will be very helpful to achieve optimal clinical response. Luckily,
proteolysis-targeting chimera (PROTACS) has emerged as a novel promising therapeutic
strategy to enhance target specificity at relatively low drug concentrations. Mechanically,
PROTACSs could induce proteolysis of a specific protein targeted by the drug through

E3 ubiquitin ligase recruitment and subsequent proteasomal degradation, through which
off-target effects is largely reduced [143]. PROTAC drugs targeting epigenetic reader
BRDA4 are still under preclinical evaluations in different cancer types, which have shown
encouraging results in AML models [143]; (ii) histone versus non-histone selectivity. A
large body of evidence has suggested that substrates of epigenetic enzymes are not limited
to canonical histone-related proteins, non-histone proteins might be post-translationally
modified by epigenetic regulators, such as TP53, MAP3K2, SMADs and STAT3 [144].
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This raises the concern that in vitro assays using nucleosomes as substrates may not fully
recapitulate the effects of drugs in a cellular context, a point should be considered when
determining the off-target effects of epi-drugs before clinical trials; (iii) the effectiveness of
a particular epigenetic therapy, much like the function of most epigenetic regulators, can

be disease-specific and context-dependent. It is highly likely that complex transcriptional

or epigenetic signatures will define responsive populations for certain epigenetic drugs

and these signatures ought to be tumor-type specific. For instance, the dependence on

BET protein family in IgH-Myc translocated multiple myeloma and DOT1L in MLL-
translocated or NPM1-mutant leukemias makes the utility of BET or DOTL inhibitors as
top choices for the two diseases, respectively [145]. The concept “precision medicine”

or “personalized medicine” that takes into account individual variability in (epi)genetic
background, environment, and lifestyle for each person, with further identification of robust
predictive biomarkers for patient selection, in other words, patient stratification, may help to
unleash the full potential of these epi-drug based therapies [146-148]; (iv) the time scales
that are required to reprogram epigenetic landscapes in cells are longer since the epigenetic
signatures might be mitotically stable for many cell divisions [113]. Thus, it will take more
time to reveal the authentic clinical response and toxicity for epigenetic agents than that for
many other targeted agents. In this scenario, new approaches are highly needed to assess
the safety and efficacy of these epi-drugs clinically. Furthermore, the safety margin window
of these inhibitors is often narrow. As such, more detailed preclinical studies should be
performed to determine the drug pharmacokinetics and the optimal dosing schedules to
maximize the therapeutic window and to circumvent toxicity; (v) current effective epigenetic
drugs seem to be limited to hematological malignancies [111]. Despite profound epigenetic
dysregulation occurring in solid tumors as well, it is interesting to note that most solid
tumors are less sensitive to epigenetic agents in early clinical testing, although preclinical
cellular and animal models showed remarkable promise [111]. One possibility is that

solid tumors tend to arise from more-terminally differentiated cells with less vulnerability
to epigenetic reprogramming. Another explanation is that the microenvironment of solid
tumors in patients is quite different from that in PDXs of nude mice, which can invalidate
the epi-drugs via some unidentified mechanisms. In this case, direct omics analysis (such
as sScCRNA-seq, sScATAC-seq and scChlP-seq) of fresh patient biopsies before and after drug
administration may allow us to capture the bona fide picture of altered genome/epi-genome
associated with drug resistance.

Altogether, as new generations of more selective epi-drugs continue to enter early

phase clinical trials with optimized drug dosage, improved pharmacodynamics and
pharmacokinetics properties, and rationalized treatment sequences and schedules [113,141],
we believe that game-changing drugs with new mechanisms of action and a better
therapeutic index can pave the path to success in the near future.

9. Epigenetic drugs as combinatorial agents in combating cancer drug

resistance

Epi-drugs show a high potential in modulating the sensitivity of tumors to other anticancer
regimens and overcoming therapy resistance. Nonetheless, how to effectively and rationally
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combine epigenetic drugs with other therapeutic modalities poses a major challenge in the
clinical setting. Currently, main strategies applied in clinical trials are to combine epigenetic
agents with chemotherapies or targeted therapies (Table 3). Fortunately, at least for certain
types of tumors, some FDA approved epi-drugs show promising results in overcoming
drug resistance at early or advanced stages of clinical trials (Table 4). These advances will
likely benefit patients who are unresponsive to standard therapies in the beginning or those
who are refractory to the original regimens after relapse [149-159]. However, the overall
response to combinations of epi-drugs (DNMT and HDAC inhibitors) and chemotherapy is
not satisfactory. Most of the randomized trials were halted owing to unfavorable systemic
toxicities and/or limited efficacy to patients when compared with chemotherapy alone.
Worthy to note, the failures observed may come from inappropriate patient stratifications
without the use of rationally designed predictive biomarkers. As mentioned above, these
molecular biomarkers are of critical clinical use since they allow the identification of
patients who would benefit most from combinatorial treatment and potentially produce
meaningful clinical outcomes.

With regard to targeted therapy, a large number of clinical trials are underway to
investigate if any synergistic effects could be obtained when combined with epi-drugs
(Table 3). Some phase I and/or Il studies (NCT00602030, NCT01027676, NCT00258349,
NCTO00503971, NCT00738751) have shown the feasibility of combining HDAC inhibitors
with ErbB inhibitors in patients with non-small cell lung cancer (NSCLC) or breast cancer.
Unfortunately, no clear signs of delays or reversal of resistance have been observed. Perhaps,
longer treatment time and more patients are needed to fully evaluate the clinical response
of this combination therapy. Another randomized, placebo-controlled, double-blind phase
/111 trial (NCT02416739), using gefitinib or erlotinib (EGFR inhibitor) in combination
with nicotinamide (HDAC3 inhibitor) are still ongoing in carefully selected patients with
EGFR-mutant NSCLC.

In addition to combination with chemotherapy and targeted therapy, epi-drugs are also being
tested with hormone therapy to suppress the growth of hormone therapy-resistant cancers.
The results from two ongoing phase 11 studies revealed that combination of anti-estrogen/
aromatase inhibitors and HDAC inhibitors showed a promising efficacy and acceptable
tolerability. The first trial, 43 patients with ER-positive, endocrine-resistant metastatic breast
cancer were treated with tamoxifen combined with vorinostat. Durable objective responses
(OR) in 8 patients and stabilization of disease (SD) in 9 patients were observed [154].

In the other trial, entinostat combined with exemestane were tested in 130 women with
ER-positive, endocrine-resistant advanced-stage breast cancer. These results demonstrated
that, although there is no statistically significant improvement in progression-free survival
(PFS), a striking improvement in the overall survival (OS) was noticed [160]. Based on the
second finding, a randomized, double-blind, placebo-controlled phase 111 trial, in which OS
and PFS are both considered as the primary end points, will be accomplished in 2021 [161].
In addition, other trials using a BET inhibitor (GSK525762) in combination with fulvestrant
or exemestane are currently under study in ER-positive, advanced or metastatic breast cancer
patients, who have disease that has progressed after prior treatment with at least one line of
endocrine therapy (NCT02964507). Given that BET inhibitors are generally tolerable and

Semin Cancer Biol. Author manuscript; available in PMC 2023 August 01.


https://clinicaltrials.gov/ct2/show/NCT00602030
https://clinicaltrials.gov/ct2/show/NCT01027676
https://clinicaltrials.gov/ct2/show/NCT00258349
https://clinicaltrials.gov/ct2/show/NCT00503971
https://clinicaltrials.gov/ct2/show/NCT00738751
https://clinicaltrials.gov/ct2/show/NCT02416739
https://clinicaltrials.gov/ct2/show/NCT02964507

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Guo et al.

Page 16

have been proven to be effective in endocrine-resistant cancer, encouraging results are to be
expected in the forthcoming years.

10. Concluding remarks

The multidisciplinary collaborative approach that combines genetics, biochemistry, and
molecular cell biology in recent years has yielded a treasure trove of discoveries about

the essential role of epigenetic reprogramming during drug resistance development. These
findings have illuminated the highly dynamic nature of the epigenome and provided the
rationale for therapeutically targeting epigenetic modulators to overcome drug resistance.
For this strategy to be effective, a more detailed understanding of molecular mechanisms
that account for drug resistance emergence will be crucial since our knowledge regarding
epigenetic heterogeneity, particularly the cross-talks affecting each histone or DNA
modification after drug exposure, is still rudimentary. We also have to keep in mind that
cancer cells continuously evolve when challenged, through genetic or epigenetic changes
that confer upon them a fitness advantage. Therefore, it is important to acknowledge

and accept the fact that, even though new drugs might halt drug resistance temporarily,
they will likely become less effective after being used over longer time scales. Although
this seems like a fait accompli, we still believe that, by exploiting the state-of-the-art
technologies, continued collaborative efforts will make significant inroads into grasping the
fundamental principles underlying drug resistance and leveraging molecular therapies that
target resistance-associated key nodes in a clinical setting for a better cure.
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Fig. 1.
Epigenetic modifications and gene regulation.

A. Major DNA and histone modifications in the human epigenome. DNA is methylated

by DNA methyltransferases (DNMTSs) at the 5-carbon of the base cytosine, resulting

in generation of 5-methylcytosine (5-mC). 5-mC can be further oxidized to yield
5-hydroxymethyl cytosine (5-hmC) by the Ten-Eleven Translocation (TET) family of
dioxygenase. The four core histone proteins, H2A, H2B, H3 and H4, can undergo diverse
post-translational modifications, such as acetylation, methylation, phosphorylation and
ubiquitylation. These epigenetic modifications contribute to the 3D chromatin organization
to regulate gene expression. B. Epigenetic marks can be reversibly deposited by “writers”
and removed by “erasers”. Epigenetic modifications can also be recognized by “readers”.
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C. The chromatin of mammalian cells exists in two forms in the nucleus that reflect

the level of transcriptional activity. Heterochromatin has condensed chromatin structure
with repressive marks (DNA hypermethylation and/or H3K9 trimethylation) and is inactive
for transcription. By contrast, euchromatin has loose chromatin structure that is deposited
with active marks (DNA hypomethylation and histone acetylation) and remains active for
transcription. Transcriptional regulation is dynamically controlled via regulatory elements
such as enhancers/super-enhancers, silencer (repressors) and promoters in the human
genome. Active enhancers (green) are bound by activating transcriptional factors (TFs) and
are brought into proximity to their respective target promoters through looping, thereby
facilitating RNA Polymerase Il (RNAP I1) and other protein complexes to be recruited in
the promoter regions to promote transcription. Silencer (red) are occupied by repressive
TFs that suppress gene expression. Notably, the status of these gene regulatory elements
(actively transcribed, repressed, or poised/bivalent which is primed for expression) are
marked by various combinations of DNA/histone modifications at these regulatory regions.
The CCCTC-binding factor (CTCF)/cohesin complex often presents at boundaries of a
whole interaction loop as insulators.
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Fig. 2.
Representative molecular mechanisms underlying drug resistance.

A. Subclones that carry resistance-conferring mutation(s) within a heterogeneous cancer
population survive after drug exposure and outgrow to dominate the entire cancer
population. B. Cancer stem cells are intrinsically resistant to drug treatment and have the
ability to self-renew and differentiate into the bulk of the tumor mass. C-D. A rare group of
cancer cells, either with a pre-existing drug-tolerant epigenetic state (C) or evolved through
epigenetic reprogramming (D), become drug-tolerant persisters (DTPs) or drug-tolerant
expanded persisters (DTEPSs) after drug treatment. These DTPs or DTEPs can return to

the drug-sensitive state after drug withdrawal or gain permanent resistance by acquiring
additional genetic or epigenetic alterations that confer resistance to therapy.
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Fig. 3.

Histone madification alterations and chromatin remodeling during drug resistance
development.

A. Drug treatment induces altered expression of histone modification modulators

(writers and erasers), resulting in histone marks changes and the corresponding adaptive
transcriptome reprogramming. B. Drug-sensitive cells are eliminated after drug treatment.
Upon drug exposure, drug-sensitive cancer cells undergo cell death (top panel). However,

a rare population of persistent cells withstand the initial onslaught of drug exposure, either
through compensatory expression of pro-survival genes that are stimulated by drug-induced
activation of previously poised enhancers (persistent cell 1; middle panel), or through
enhancer switching to turn on the genes whose expressions are blocked by drug-suppressed
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original enhancers (persistent cell 2; bottom panel). Epigenetic regulators, such as BRD4,
CDKZ7 and other unidentified chromatin modifying proteins, can participate in this process
to mediate chromatin landscape remodeling and transcriptional reprogramming /adaptation.
C. A tentative model summarizing the mechanisms of BET inhibitor (BETi) resistance

in AML. MYC expression is regulated by the classic enhancer or super-enhancer in
BETi-sensitive leukemia cells, which is mediated by BRD4 binding. BETi blocks the
BRD4 binding to its genomic targets and subsequently inhibits the expression of MYC

and suppresses cell growth (middle panel). Long-term drug treatment may restore MYC
expression by distinct mechanisms: (i) activated Wnt/ §-catenin signaling pathways lead to
increased binding of pB-catenin to the sites that are originally occupied by BRD4 to sustain
MY C expression. Targeting Wnt signaling reduces chromatin-bound p-catenin and subverts
its ability to maintain the expression of MYQC, resulting in the restoration of sensitivity

to BETi (upper panel); (ii) PVT1 acts as a de novo BRD4 binding-independent enhancer,
which can recruit other transcription factors (TFs) and RNA Polymerase Il (RNAP 1) to
the MYC promoter and initiate MYC expression. Treatment with a CDK?7 inhibitor, THZ1,
reduces the Pol Il occupancy to suppress the re-activated A/YC transcription (lower panel).
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List of epigenetic writers, readers, and erasers.

Table 1

DNA modification Writer Reader Eraser
5mC DNMTZ1/3A/3B MeCP2, MBDs, UHRF1/2 TET1/2/3
Histone modification Writer Reader Eraser
H2AR3me PRMTS6 (2a)
H2AKb5ac HAT1 BRD3
p300 BRPF1
Tip60 GCN5L2
p300
H2AK5me SIRT1
H2AK9ac HDACS5
H2A1l1me PRMT1/6 (2a)
H2AK15ac CBP CBP
p300 p300
H2AK26ac p300
H2AK26me SIRT1
H2AK36ac BRD3
H2AK75ac p300
BRD3
H2BK5ac BRD2
BRDT
SMARCA4
H2BK12ac BRD2
BRDT
H2BK15ac p300 BRD3
H2BK43ac p300 p300
H2BK46ac p300
H2BK85ac CBP
H3R2me CARMLI (1,2a) WD40 (2)
PRMT5/7 (1,2 s) Tudor (2)
PRMT6 (1,2a)
H3K4me ASHIL (1,3) CHB (1) KDM1A/B (1,2)
MLL1-4 (1-3) DCD (1-3) KDM2B (3)
PRDM? (3) MBT (1,2) KDMBA (2,3)
SETD1A/B (1-3) PHD (2,3) KDM5B (1-3)
SETD7 (1) TTD (3) KDMS5C/D (2,3)
SMYD3 (2,3) zf-CW (3) NO66 (1-3)
H3K4ac DPF
Bromo
H3R8me PRMT5(1, 2s) Tudor (2)
H3K9me ESET (1,2) ADD (3) KDM1A/B (1,2)
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DNA modification Writer Reader Eraser
5mC DNMT1/3A/3B MeCP2, MBDs, UHRF1/2 TET1/2/3
Histone modification Writer Reader Eraser
EHMT1/2 (1,2) Ankyrin (1,2) KDM3A (1,2)
PRDM2 (1 - 3) CHD (2,3) KDM3B (1-3)
PRDM3/8/16 (1) MBT (1,2) KDMB3C (1,2)
SETDB1 (1-3) PHD (3) KDM4A-E (2,3)
SETDB2 (1, 2) TTD (3) KDM7A/B (1,2)
SUV39H1/2 (2,3)  WD40 (3)
H3K9ac SRC1 Bromo SirT1/2/6
DPF HDAC3
H3K14ac CBP Bromo2 SirTl
CLOCK DPF HDAC1/3
ELP3 tBromo
GCN5L2 tPHD
KAT2B
KAT7
MORF
MOz
p300
Sas3
TAF1
TAFI11230
TAFI1250
TFIIC90
Tip60
SRC1
H3R17me CARMI(L, 2a) Tudor (2) SirT2/7
H3K18ac p300 DPF
CBP Bromo
GCN5L2 DBD
KAT2B
ELP3
H3R23ac CBP Bromo
KAT7 DPF
GCN5L2
KAT2B
CBP
p300
H3R23me CHD (2,3)
MBT (1,2)
H3R26me CARMI1(1, 2a) Tudor (2)
H3K27me EZH1/2 (2,3) CHD (2,3) KDMBA/B (2,3)
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DNA modification Writer Reader Eraser
5mC DNMT1/3A/3B MeCP2, MBDs, UHRF1/2 TET1/2/3
Histone modification Writer Reader Eraser
MBT (1.2) KDM7A/B (1,2)
WDA40 (3)
H3K27ac CBP
p300
H3K36me SETD (1-3) CHB (2,3) KDM2A/B(1,2)
NSD1-3 (1,2) MBT (1,2) KDMA4A/B/C(2,3)
SMYD2 (2) PWWP (3) NOB66 (2,3)
ASHIL (1,2) Tudor (3)
H3K36ac GCN5L2 Bromo
KAT2B DPF
H3R42me CARML1 (2a) Tudor (2)
PRMT6 (2a)
H3K56me EHMT2 (1,2) MBT (1.2)
SUV39H1 (2,3)
H3K56ac CBP Bromo HDAC1/2
p300 DPH SirT1/2/6
GCN5L2 Snf5
H3K64me DOTIL (1-3) MBT (1,2)
PWWP (3)
Tudor (2)
H3K79me DOTIL (1-3)
H3K79ac p300 Bromo
DPF
H3K122ac CBP
p300
H4R3me PRMT1/6 (1,2a) ADD (2'5)
PRMT5/7 (1,2 5) Tudor (2)
H4K5me SMYD3 (1) MBT (1.2)
H4K5ac HAT1 Bromo HDAC1/2/3
GCN5L2 DBD
CBP
p300
Tip60
KAT7
H4K8ac Y-ATF2 Bromo HDAC1/2
GCN5L2 DBD
CBP
p300
Tip60
KAT7
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DNA modification Writer Reader Eraser
5mC DNMT1/3A/3B MeCP2, MBDs, UHRF1/2 TET1/2/3
Histone modification Writer Reader Eraser
ELP3
H4K12me SETS5 (1) MBT (1,2)
H4K12ac HAT1 DBD HDAC1/2/3
GCN5L2
p300
Tip60
KAT7
H4K16ac ATF2 Bromo HDAC1/2/3
CBP DBD SirT1/2/6
p300
Tip60
KAT8
H4K20me (2’%)\/420”1/ 2 BAH (2) KDM7A/B (1,2)
SETDS8 (1) CHB (1)
NSD1/2 (1,2) MBT (1.2)
ASHIL (1-3) PWWP (1,3)
TTD (2)
Tudor (2)
WDA40 (2)
H4K91ac GCN5L2

Abbreviations: (1): mono-methylation; (2): di-methylation; (3): tri-methylation; a: asymmetrical; s: symmetrical; ADD: ATRX, DNMT3, DNMT3L
domain; ASH1L: ASH1-like protein; ATF2: activating transcription factor 2; BAH: bromo-adjacent homology; BRD2: bromodomain containing
2; BRDT: bromodomain testis-specific protein; BRPF1: bromodomain and PHD finger containing 1; CARM1: coactivator-associated arginine
methyltransferase 1, also known as PRMT4; CBP: CREB binding protein; CHB: chromo-barrel; CHD: chromodomain; SETDB2: SET domain
bifurcated histone lysine methyltransferase 2, also known as KMT1F, CLLD8; DBD: double bromodomain; DCD: double chromodomain; DNMT:
DNA methyltransferase; DOT1L: DOT1 like histone lysine methyltransferase; DPF: double PHD finger; DPH: Double PH; EHMT1: euchromatic
histone-lysine N-methyltransferase 1; ELP3: Elongator complex protein 3; EP300: E1A binding protein P300; SETDB1: SET domain bifurcated
histone lysine methyltransferase 1, also known as ESET; EZH2: enhancer of zeste 1 polycomb repressive complex 2 subunit; GCN5L2: general
control of amino acid synthesis yeast homolog like 2, also known as KAT2A; HAT1: histone acetyltransferase 1; HDAC: histone deacetylase;
KDM: lysine (K)-specific demethylase; MBT: malignant brain tumor domain; MLL: myeloid/lymphoid or mixed-lineage leukemia; MORF: MO
Z-related f actor; MOZ: monocytic leukemic zinc-finger protein; NO66: NO66 Oxygenase; NSD: nuclear receptor binding SET domain protein;
PHD: plant homeodomain; PRDM: PRDI-BF1 and RIZ homology domain-containing protein; PRMT: protein arginine methyltransferase; PWWP:
Proline-tryptophan-tryptophan-proline motif; Sas3: Histone acetyltransferase SAS3; SET: suppressor of variegation, enhancer of zeste, trithorax ;
SET5: SET domain-containing 5; SETD: SET domain-containing protein; SIRT1: sirtuin 1; SMARCA4: SWI/SNF related, matrix associated,
actin dependent regulator of chromatin, subfamily A, member 4; SMYD2: SET and MYND (Myeloid-Nervy-DEAF1) domain-containing protein
2; Snf5: SWI/SNF chromatin-remodeling complex subunit snf5; SRC1: steroid receptor coactivator 1; SUV39H1: suppressor of variegation 3-9
homolog 1; SUV420H1: suppressor of variegation 4-20 homolog 1; TAF1: TATA-box binding pprotein associated factor 1; TAFI1230: TFIID
230kDa subunit; TAF11250: TFIID 250 kDa subunit; tBromo: tandom Bromo; TET: Ten-eleven translocation; TFI11C90: transcription factor 111C
90kD subunit; tPHD: tandom PHD; TTD: tandem tudor domain; Y-ATF2: activating transcription factor 2; zf-CW: zinc finger CW.
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Table 4

Sellected combinatorial trials using epigenetic drugs as drug resistance modulators.
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Epigenticdrug Combinatorial drug Resistance to Cancer type Reference
valproic acid platinum-based drug advanced solid tumors [149]
carboplatin platinum-based drug epithelial ovarian cancer [150]

Azacytidine LHRH
:Eglr%l:;%?]; androgen inhibitor prostate cancer [151]
antagonist

— panitumumab aEr%I;lgdi;hibitor/monoclonal g\iﬁesr wild-type metastatic colorectal [152]
carboplatin platinum-based drug epithelial ovarian cancer [153]

Belinostat carboplatin platinum-based drug epithelial ovarian cancer [154]
carboplatin and paclitaxel ~ platinum-based drug/taxol epithelial ovarian cancer [155]
tamoxifen aromatase/ER inhibitors ER- and PR- positive breast cancer [156]

\orinostat gefitinib EGFR inhibitor NSCLC [158]
erlotinib EGFR inhibitor tyrosine relapsed EGFR-mutant NSCLC [159]

Panobinostat imatinib kinase receptor inhibitor gastrointestinal stromal tumours [157]

Abbreviations: LHRH: luteinizing-hormone-releasing hormone; EGFR: epidermal growth factor receptor; ER: estrogen receptor; PR: progesterone
receptor; NSCLC: non-small-cell lung cancer.
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