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Simple Summary: Cisplatin is a chemotherapy drug widely used in the treatment of different cancer
types. However, cisplatin displays a high range of toxicity and its use usually leads to resistance.
Therefore, combination therapies that include cisplatin are explored to alleviate the problems that are
elicited by cisplatin use. EZH?2 is an epigenetic regulator with an increased expression and activity in
many cancer types, which, in general, potentiates cancer growth and expansion. In the past decade,
many EZH2 inhibitors were introduced and investigated for their anticancer properties. In this
review paper, we explore the work that analyzed the joint action of EZH2 inhibitors and cisplatin
in different tumor types. We found that combination therapy of EZH2 inhibitors and cisplatin
could potentially be beneficial for the treatment of lung, ovarian, and breast cancers. However, in
testicular germ cell tumors, according to the published data, such a combination could potentially
have antagonistic effects.

Abstract: Anticancer monotherapies are often insufficient in eradicating cancer cells because cancers
are driven by changes in numerous genes and pathways. Combination anticancer therapies which
aim to target several cancer traits at once represent a substantial improvement in anticancer treatment.
Cisplatin is a conventional chemotherapy agent widely used in the treatment of different cancer
types. However, the shortcomings of cisplatin use include its toxicity and development of resistance.
Therefore, from early on, combination therapies that include cisplatin were considered and used in
a variety of cancers. EZH2, an epigenetic regulator, is frequently upregulated in cancers which, in
general, potentiates cancer cell malignant behavior. In the past decade, numerous EZH2 inhibitors
have been explored for their anticancer properties. In this overview, we present the studies that
discuss the joint action of cisplatin and EZH2 inhibitors. According to the data presented, the use
of cisplatin and EZH2 inhibitors may be beneficial in the treatment of lung, ovarian, and breast
cancers, since there is a substantial amount of published evidence that suggests their concerted action.
However, in testicular germ cell tumors, such a combination would not be recommended because

cisplatin resistance seems to be associated with decreased expression of EZH?2 in this tumor type.

Keywords: cisplatin; EZH2; EZH2 inhibitors; drug resistance; combination therapy; targeted anticancer

therapy; lung cancer; ovarian cancer; breast cancer; testicular germ cell tumors

1. Introduction

Numerous mutated genes and altered pathways offer cancer cells an arsenal of options
for sustaining their growth and malignant potential, including developing resistance
to applied therapy [1]. Therefore, very often anticancer monotherapy is insufficient to
eliminate cancer cells completely. Combination therapies have been explored since 1951 [2],
in an effort aimed at influencing several cancer traits at once [3,4]. Combination therapy
is particularly beneficial when cancers become resistant to a given monotherapy, which is
an often-seen scenario. In the post-genomic era, combination anticancer therapy is a step
toward personalized medicine. Its application represents an improvement compared with a
conventional chemotherapy approach where all patients are given the same drug, regardless
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of the mutational background of the tumor [5-7]. Another benefit of combination therapy
is that it reduces the cost and accelerates the development of new anticancer strategies,
since it is based on the novel roles of existing and approved therapeutics [4]. For all these
reasons, combination therapies have been a focus of intensive research in recent years [8].

Combination drug therapies include chemotherapy, targeted cancer therapy, and,
more recently, immunotherapy. Depending on the cancer type, different combinations have
entered clinical practice and many more are being studied in preclinical models. In this
work, we provide an overview of the preclinical studies based on the combined application
of cisplatin (a conventional chemotherapy agent) and EZH?2 (Enhancer of Zeste Homolog
2) inhibitors (targeted epigenetics therapy) in different cancer types. We discuss published
data documenting their synergistic or additive modes of action. We also list scenarios in
which this approach induces antagonistic effects. The aim of this review is to present the
literature data that may be relevant for future cancer treatment approaches combining the
use of cisplatin and various EZH?2 inhibitors.

2. Cisplatin in Anticancer Therapies

Cisplatin, cisplatinum, or cis-diamminedichloroplatinum (II) is a platinum compound
first synthesized in 1845. Its chemical structure was elucidated in 1893. However, only
by the end of the 1960s, when it was noted that it had cell division inhibiting properties,
did cisplatin attract the attention of cancer researchers. Subsequently, cisplatin became the
first FDA-approved (1978) platinum compound for cancer treatment. In the 1980s, it was
an example of a successful anticancer drug. Cisplatin has been used for the treatment of
many human cancers, including lung, cervix uteri, lymphoma, leukemia, sarcoma, bladder,
head and neck, breast, ovarian, and testicular cancers [9,10]. It is still used as the first-line
chemotherapy for treating some of these cancers [10].

Cisplatin is a cytotoxic drug which kills cancer cells by damaging DNA by generating
DNA-platinum adducts and activating the DNA damage response simultaneously with
inducing oxidative stress, p53 signaling, and cell cycle arrest. Cisplatin inhibits DNA syn-
thesis and mitosis, and induces mitochondria-mediated apoptosis. Its effects on dividing
cells are non-selective and are associated with severe adverse effects. Therefore, cisplatin
displays relatively high levels of systemic toxicity. Indeed, cisplatin induces hepatotoxic,
nephrotoxic, cardiotoxic, neurotoxic and/or hematotoxic damage, allergic reactions, in-
creased susceptibility to infections, gastrointestinal disorders, hemorrhage, and hearing
loss [9]. Besides its high toxicity mediated by the formation of the DNA-platinum adducts
and several other mechanisms that include nuclear and mitochondrial DNA, and also
inflammatory responses and other survival pathways, another obstacle to cisplatin use is
the frequent development of resistance, which calls for additional therapeutic intervention.

Resistance to Cisplatin

Resistance to cisplatin is a relatively widely studied and well-explored research field,
with many of the resistance-mediating mechanisms having been elucidated. Since these
mechanisms are potentially important for understanding the results of combined therapies
that include cisplatin, they are presented in more detail. The resistance mechanisms can
be summarized in several unifying modes of action: increased activity of DNA repair
mechanisms (on-target resistance); decreased cellular accumulation of the drug (through
decreased uptake and increased export) and increased drug inactivation (pre-target resis-
tance); defective pathways and the machinery that normally trigger apoptosis in response
to DNA damage (post-target resistance); and activation of the survival pathways that
compensate for the cisplatin-induced lethal signals (off-target resistance) [11-14]. More
recently, the tumor microenvironment has been recognized as another relevant player in
the acquisition of cisplatin resistance [15]. An important attribute of the mechanisms listed
above is that they can be elicited by both genetic and epigenetic changes [16,17]. Epigenetic
foundations of cisplatin resistance include DNA methylation that is changed globally and
at numerous CpG sites in some tumor types (e.g., ovarian) on acquiring resistance [18,19].
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Furthermore, cisplatin resistance is also linked to the action of noncoding RNAs [17]. How-
ever, the most interesting aspect of acquiring cisplatin resistance in regard to this review is
the role of epigenetic readers, writers, and erasers involved in the post-translational histone
modifications (such as acetylation and methylation) which affect global gene transcription.
In line with this, lysine acetyltransferases, as well as the erasers of this mark, histone
deacetylases, have been implicated in the development of cisplatin resistance, with these
mechanisms discussed in more detail in previously published articles [16,17]. Enhancer of
Zeste Homolog 2 (EZH?2), the lysine methyltransferase that is the focus of this review, was
also shown to influence resistance to cisplatin. Publications implying EZH2 in cisplatin
resistance will be reviewed and presented in more detail in subsequent sections of this work.
Considering the substantial amount of the literature that focuses on the effects of EZH2
activity in cisplatin resistance, modulation of EZH2 expression/activity could potentially
be one solution that offers improvement in cisplatin therapy.

To conclude, combination therapy is expected to at least partially ameliorate two
problems that are associated with cisplatin therapy: the toxic effects of cisplatin and the
development of resistance. Numerous different approaches have been used to complement
cisplatin action in anticancer treatments. Here, we focus on a combination that includes
inhibition of EZH2, a catalytic subunit of the Polycomb Repressive Complex 2 (PRC2).

3. The Polycomb Repressive Complex 2 Related and Unrelated Roles of EZH2

Post-translational histone modifications play essential roles in establishing chromatin
structure and subsequent gene expression. The Polycomb group of proteins have histone-
modifying activities and are important epigenetic regulators. Among them, Polycomb
Repressive Complex 2 catalyzes the methylation of the histone H3 lysine 27 (H3K27) to
generate trimethyl-H3K27 (H3K27me3). This repressive epigenetic mark affects transcrip-
tion of numerous target genes. The PRC2 contains either of the two existing Enhancers of
Zeste Homolog 1 or 2 (EZH1/EZH2) orthologs, which is its catalytic subunit. Although
partially overlapping in their function, EZH1 and EZH?2 differ in a way that PRC2-EZH2
is abundant in highly proliferative cells and is mainly dedicated to the establishment of
H3K27me3 mark, while PRC2-EZH1 is often present in non-dividing cells and restores
this repressive mark [20,21]. In addition to EZH1/EZH2, the PRC2 contains Embryonic
Ectoderm Development (EED) and Suppressor of Zeste 12 protein homolog (SUZ12) which,
together with EZH2, comprise the core of the PRC2. The PRC2 also contains several co-
factors such as Retinoblastoma (Rb)-Associated Protein 46/48 (RbAp46/48; sometimes
considered to be a part of a core PRC2), AEBP2, and JARID2. The complexity of the PRC2’s
interacting partners [22] and their dynamic exchange (“exchange phenomenon”) enables
the precise control of gene activity, both spatially and in a controlled time-window [20]. It
must be mentioned that EZH? is also present in PRC3 and PRC4 complexes that methylate
histones H3 and H1, respectively. However, its role in the PRC2 is the most prominent and
the best studied.

EZH2 and the PRC2 machinery, in general, are evolutionarily conserved and identified
in many species, from plants to flies and humans, sharing similar structural domains
and motifs [22]. Besides being evolutionarily conserved, another important feature of
the processes involved in the histone modifications is their reversibility. This means that,
unlike genetic changes, these epigenetic marks are imposed and removed dynamically.
That characteristic opens up avenues for their exploration and therapeutic modulations.

In addition to its master role in the PRC2, EZH2 displays a whole range of effects that
are unrelated to the PRC2 and H3K27me3 [22-24]. For example, EZH2 has been shown to
methylate STAT3 [25,26] and ROR« [27]. Moreover, it can act as a transcription activator.
That is, it enhances the activity of $-catenin by promoting its transition to the nucleus in
mammary epithelial cells leading to hyperplasia [28]. Recently, EZH2 was reported as a
part of a transcriptional complex consisting of EZH2, RNA-polymerase II, and nuclear
actin. This complex plays a role in aberrant epithelial remodeling after injury [29]. In
recent years, “non-canonical” roles of EZH2 have been relatively frequently reported, for
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example, in immune homeostasis [30], in promoting DNA repair [31], or in regulating the
transcriptional effect of some other transcription factors [32], all adding to the complexity
of downstream cellular processes that are triggered by this versatile protein.

4. EZH2 in Cancer

Since EZH2 impacts the expression of a variety of downstream target genes, it is
not surprising that both the tumor promoting and tumor suppressive functions of EZH2
have been documented in the literature [33]. However, EZH2 and H3K27me3 have been
linked to poor prognosis in many solid human cancers, emphasizing the important roles of
EZH2/H3K27me3 in inhibiting the expression of different tumor suppressor genes which
are the common EZH?2 targets identified in cancer [22]. In this way, EZH2 is generally
thought to remove the barriers against tumor growth and progression. However, this
phenomenon is highly cell context dependent.

EZH?2 itself is a frequent target of dysregulated expression in cancers. Aberrant
EZH2 expression (usually upregulation) and activity in cancers is a consequence of ge-
netic, transcriptional, post-transcriptional, and post-translational modifications which have
been documented in various cancer types [22,34,35]. Generally, the increased activity of
EZH?2 potentiates cancer cell proliferation, survival, migration, invasion, and epithelial-to-
mesenchymal transition (EMT). Additionally, EZH2 has been implicated in cancer stem cell
biology [36,37]. It is thought that EZH2 maintains stem cell identity by globally repressing
differentiation programs [36,38]. The fact that EZH?2 activity is frequently upregulated
in different cancer types imposes EZH2 as an appealing anticancer drug target [39,40].
Furthermore, its important roles in cancer pathogenesis (initiation and progression) and
maintenance of cancer hallmarks, including metastasis, aberrant signaling and metabolism,
drug resistance, and immunity regulation [22,39], suggest that EZH2 targeting would highly
impact the cancer cell biology. Therefore, several strategies (outlined in the next section)
have been developed to tackle the increased expression/activity of EZH2 in cancers.

It is expected that the inhibition or over-expression of EZH2 in each tumor type would
influence different processes due to a multitude of cell-specific transcriptional targets. In
line with that, overlapping, but also diverse, roles of EZH2 were described in prostate [24],
breast [41,42], ovarian [43], lung [44—46], bladder [47], and many other cancer types. The
generally accepted view is that EZH?2 functions as an oncogenic factor in a majority of solid
cancers, while it acts as a tumor suppressor in some blood malignancies (e.g., T cell acute
lymphoblastic leukemia [48,49]).

The mechanisms by which EZH?2 influences cancer cell biology are diverse and entan-
gled. It is considered that EZH2 has a master regulatory function in controlling several
potent signaling pathways in cancer. These include Wnt, Ras, NF-kB, BMP, Beta-adrenergic
receptor, and Notch [38], which are affected primarily through the repression of the tran-
scription of different signaling molecules that make important nodes in those pathways. By
doing so, EZH2 is placed on the top of signaling machinery that controls cellular behavior.
Therefore, its numerous roles in cancer cell biology were expected and have been confirmed
by many scientific publications.

Another important highlight of EZH2 in cancers that needs to be emphasized is its de-
cisive role in immune cells such as T cells, NK cells, dendritic cells, and macrophages which
shape the tumor microenvironment [33,50-52]. EZH?2 is suggested to be a main driver of
cancer cells” immunoediting which leads to immune escape. EZH2 is thought to downreg-
ulate immune recognition and activation and upregulate the immune checkpoints [53]. In
this way, it creates an immunosuppressive tumor microenvironment and undermines the
attempts of the immune system to eradicate cancer cells. Therefore, it was suggested that
targeting EZH2 could potentially overcome the resistance to immunotherapy in several
cancer types. A good example is lung cancer [54], which seems to be less susceptible to
cancer immunotherapies (immunologically “cold” tumor) [53].
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In conclusion, as a master regulator of transcription, EZH2 influences many features
of cancer (summarized in Figure 1). Additionally, its activity is upregulated in different
cancer types. Taken together, these observations make EZH?2 an attractive anticancer target.

EZH2

Regulation (usually repression) of
genes involved in:

Tumor. Differentiation Slgna.hng szlthways
suppression inhibition
DNA Immune function in the Epithelial
repair tumor microenvironment phenotype
Leads to:
Malignant
behavior

Figure 1. Generalized summary of EZH?2 activities in cancer. Some of these roles offer an opportunity
for therapeutic intervention, such as the modulation of the immune function. The roles of EZH2
in the epithelial-mesenchymal transition and DNA repair are complex and opposing and the cell
context dependent.

5. EZH2 Inhibitors

Numerous studies have implicated EZH2 in cancer pathophysiology. Pharmacological
inhibition of EZH2 has become a field for increased research efforts. Herein, the inhibitors
that are used in combination therapy with cisplatin, in cancer in vitro and in vivo models
(Table 1), are presented and described in more detail. Additionally, some general concepts
on EZH2 inhibition are briefly outlined.

DZNep (3-deazaneplanocin A), the first-created EZH?2 inhibitor, is a compound that
was initially developed to target Ebola virus [55]. This molecule inhibits EZH2 action by
acting as an S-adenosyl-L-homocysteine (SAH) hydrolase inhibitor. SAH is the byproduct
generated after the transfer of methyl group from S-adenosyl-methionine (SAM), with
the accumulation of SAH inhibiting SAM-mediated methyl transfer. In this way, DZNep
represses SAM-dependent histone methyltransferase activity of EZH2 and globally in-
hibits histone methylation. However, DZNep did not demonstrate clinic utility due to its
hydrophilic nature and rapid renal excretion [53].

In the past decade, several other potent and highly selective inhibitors of EZH2
have been created. They act as SAM-competitive inhibitors in the way that they partially
occupy the site for the co-substrate SAM in the binding pocket of EZH2. Such molecules
include GSK126 (GSK2816126), which inhibits wild type and certain mutant EZH2 protein
variants. This compound was initially developed for the treatment of lymphoma with
EZH2-activating mutations [53]. However, there was a lack of activity of GSK2816126 in
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a phase I study in patients with advanced hematologic (mostly lymphomas) and solid
tumors (NCT02082977), with no basis for its further exploration in a clinical setting [56].

EPZ011989, a potent, orally available EZH2 inhibitor with robust in vivo activity in a
mouse xenograft model of human B cell lymphoma, was reported in 2015 [57]. Recently,
this compound was shown to have a moderate in vivo efficacy in xenograft models of
rhabdoid tumors [58].

Other SAM-competitive inhibitors of EZH?2 include GSK343, GSK926, and tazeme-
tostat (E7438/EPZ6438). Tazemetostat is the most prominent among them and is the
most studied among the EZH?2 inhibitors. It has also been tested in several clinical tri-
als [39,53,59]. Moreover, in 2020, tazemetostat (Tazverik, Epizyme, Inc., Cambridge, MA,
USA) was approved by the FDA for the treatment of epithelioid sarcoma and refractory
follicular lymphoma [60]. The toxicity profile of tazemetostat is defined as manageable
and well tolerated. The most common side effects include transient episodes of low energy,
pain, decreased appetite, and mild gastrointestinal upset. It was estimated that less than
10% of patients experience adverse events that require discontinuation of therapy. The
need for dose reductions is also rare [60]. However, an increase in secondary (new) cancers
has been reported in patients (0.7%) who have been treated with tazemetostat. In general,
other EZH2 inhibitors are well tolerated, but are also associated with relevant adverse
events, including liver toxicity and fever. It is thought that these side effects are probably
due to a lack of absolute tumor-related selectivity and consequential decrease of the basal
expression of EZH? in normal tissue [53].

Other strategies to inhibit EZH?2 include dual EZH1/EZH?2 inhibition (EZH1 com-
plements EZH?2 in mediating H3K27 methylation) and inhibitors that break the PRC2’s
structure. Additionally, strategies that target EZH2 degradation have also been widely
considered [39,40].

Experimental approaches such as RNA-based silencing (siRNAs and shRNAs) have
also been widely used to modulate EZH2 signaling in cancer research. In the field of
nanotechnology, there are attempts to deliver specific siRNAs together with drugs. There
are several advantages of this approach in experimental cancer therapy that include cir-
cumventing some of the resistance mechanisms, enhancing toxicity for the tumor cells, and
reducing adverse effects. Reports have suggested that such a therapeutic approach could
gain success in combined platinum and EZH2-targeted therapy [61].

Investigatory efforts within a field of EZH?2 inhibitors are continuing and it is expected
that they will yield novel anticancer therapeutics.

6. Combined Effects of EZH2 Inhibition and Cisplatin in Anticancer Therapies

Both cisplatin and EZH2 inhibitors are explored in combination therapies. Combina-
tion therapies that include cisplatin have long been the focus of numerous research studies.
More than 41,000 publications with the search term “cisplatin AND combination AND ther-
apy” were retrieved from PubMed in August 2022 (time range 1975-2022). Among other
combinations, cisplatin has been used with gemcitabine (a nucleoside analog) in bladder,
pancreatic, cervical, ovarian, and non-small cell lung cancer, and malignant mesothelioma.
The same combination is also used for some rare cancers, including locally advanced or
metastatic biliary tract cancer [62]. Examples of other combined applications of cisplatin
include those with paclitaxel (a cytoskeletal drug that targets tubulin), a combination that
is used in a subset of patients with non-small cell lung cancer and ovarian cancer. For
metastatic small cell lung cancer, cisplatin is used in combination with etoposide (topoi-
somerase inhibitor) as the standard first-line treatment [63]. Gemcitabine, paclitaxel, and
etoposide are just a few examples of many combination therapies that include cisplatin that
are either currently being studied or already approved for use. The data on combination
therapies listed in this paragraph were retrieved from www.cancer.gov, accessed on 15
August 2022.

EZH2 inhibitors are also being explored in combination with other compounds. Ex-
amples of such compounds are docetaxel [64], etoposide [65], and temozolomide [66]
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(chemotherapy), PD-L1 and PD-1 inhibitors [67] (immunotherapy), antiandrogens [68]
(endocrine therapy), and PARP [69] and HDAC inhibitors [70] (targeted therapy) [59,71].
These are expected to potentiate the beneficial effects of EZH2-targeted therapy.

The general mechanism and rationale for using EZH2 inhibitors together with cis-
platin could potentially stem from the following possible scenario: as already explained,
among other mechanisms of action, cisplatin damages DNA by generating DNA-platinum
adducts which induce double-strand breaks (DSBs). These need to be repaired by the
cell DNA repair machinery. However, this requires transient transcriptional repression of
genes located in close proximity to DSBs [72]. Among other mechanisms involved, EZH2
contributes to the establishment of a transient repressive chromatin context that enables the
DNA repair to proceed, which is the basis for survival of the cancer cell exposed to cisplatin.
Therefore, it is expected that the blockade of EZH2 would contribute to the inability of the
cell to repair its DSBs and increase the response rate to cisplatin.

In another scenario, EZH?2 inhibitors (EZH2i) were shown to downregulate a set of
DNA damage repair genes, especially those involved in the base excision repair (BER)
pathway. In this way, EZH2i enhance the responses of prostate cancer cell lines to DNA-
damaging agents and genotoxic stress. Activation of BER genes were shown to include
FOXAT1 action and its methylation by EZH2 and EZH2's interaction with the transcriptional
coactivator P300 [73].

These are only two possible general scenarios on how EZH2 could influence cisplatin
resistance. Other suggested mechanisms are listed in the subsequent sections of this review.

The idea behind the combination approach to anticancer therapy is to use all agents
simultaneously, or to intervene after the cancer cells acquired therapy resistance to one of
the agents (sequential therapy). In the following sections and in Table 1, we present the
literature that documented the roles of EZH?2 inhibition either in targeting cisplatin-resistant
cells and tumors, or giving the EZH2 inhibitors and cisplatin simultaneously. We also make
a distinction between studies that showed positive and negative links between EZH2 and
cisplatin resistance.
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Table 1. Overview of preclinical studies of cisplatin combined with EZH?2 inhibition.

Cancer Type In Vitro Model In Vivo Model ClsPlatH} EZH2 .Sll.e.ncmg/ Possible Me.Chamsm Effect of Combined Treatment Ref.
Concentration Inhibition of Action
inbibition of EZ2 AT B B e
. In vitro: 0.83 uM, [ Vitro: EPZO11989 - induces natural killer  pp7011989 and cisplatin caused
Bladder cancer cell HT1376 cell line In vivo: 3 me/k 1 uM). In vivo: cell-mediated G2/M arrest and reduced
lines: HT1376, T24, xenograft in nude . $ O ME/ <8y EPZ011989 (500 differentiation and . [74]
. intraperitoneally . clonogenicity of T24 and
and UM-UC-3 mice . mg/kg, oral gavage, death in . .
(i.p.), once per week . UM-UC-3 cell lines. In vivo:
Bladder every 12 h) HT1376-derived . S
Combined application reduced
cancer xenografts.
xenograft growth.
Additive/synergistic: EZH2
Bladder cancer cell . knockdown increased cisplatin
line: T24 / 2uM EZH2 siRNA / cytotoxicity, while EZH2 [75]
overexpression reduced it.
oo Additive/synergistic: In vitro:
Breast cancer cell MCE-7 xenograft in In \;if(l;z;do’ll Olo&uM, EZH2 knockdown EZH2 knockdown sensitizes cells
lines: MCF-7 and BALB,/c nu dge mice Tn vi };_ ; H 5' EZH2 siRNA increased expression to cisplatin. In vivo: EZH2 [76]
MDA-MB-231 VIVO: 1P, of miR-381. knockdown sensitizes cells to
mg/kg, weekly . .
cisplatin.
Breast Additive/synergistic: In vitro:
cancer Breast cancer cell GSK126 increased
lines: from BRCA 1-deficient In vitro: GSK126 (8 cisplatin-induced growth
BRCAI- dé ficient and tumors in FvB/Ola In vitro: 0.5 uM. uM). In vivo: / inhibition only in (7]
BRCA L-proficient mice In vivo: 3 mg/kg. GSK126 150 mg/kg BRCA1-deficient cells. In vivo:
m}i)ce daily Combined application of GSK126
and cisplatin increased overall
survival.
. . Range of Additive/synergistic: EZH2
Cceal:llcl‘::l Cervlli;ael' CI?II(:E? cell / concentrations EZH2 shRNA / knockdown reduced resistance to [78]
’ (0-3333 uM) cisplatin.
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Cancer Type In Vitro Model In Vivo Model ClSplal’ll‘} EZH2 .Sll.e.ncmg/ Possible Me'chamsm Effect of Combined Treatment Ref.
Concentration Inhibition of Action
Additive/synergistic: EZH2
Endometrial cancer Ran ¢ EZH2 knockdown knockdown sensitizes cell lines
9 et C ce &€ O. . decreased the level of with higher EZH? levels
cell lines: Ishikawa, / concentrations EZH?2 siRNA . . . [79]
Endometrial HECIA and KLE (0.1-100 uM) Peroxiredoxin 6 (Ishikawa and HEC1A) to
’ ’ (PRDX6) protein. cisplatin, but not cell line KLE
cancer which has lower levels of EZH?2.
Endometrial Cancer Additive/synergistic: GSK126
cell line: HEC1B / 1 uM GSK126 (7.5 uM) / increased cytotoxic effect of [80]
’ cisplatin.
Gastric Gastric cancer cell Range of regiiillgl}:?cttli?:t Additive/synergistic: EZH2
lines: MKN45 and / concentrations (5-25 EZH2 siRNA y knockdown enhances [81]
cancer of PI3K/AKT . . .
MGC803 uM) cisplatin-induced apoptosis.
pathway.
Head and neck EZH2 knockdown
squamous cell Range of reduced N-cadherin Additive/synergistic: EZH2
carccilnoma cell lines: / concentrations (5-50 EZH2 siRNA and vimentin and knockdown increased cytotoxic [82]
FaDu andSNU10 41' uM) increased E-cadherin effect of cisplatin.
expression.
Head and neck Head and neck Additive/synergistic: EZH2
cancer cancer cell line: / 33.3 uM EZH2 siRNA / knockdown increased cancer cells’ [83]
SCC-11 sensitivity to cisplatin.
EZH2 suppresses the
Head and r}eck Range O.f nucleotide excision Antagonistic: GSK126 doubled the
cancer cell lines: / concentrations GSK126 (1 uM) . . . . . . [84]
CNE and 8F cells (0-64 M) repair by silencing resistance to cisplatin.
XPA.
Liver cancer ~ -iver cancer cell lines: / comcentratons (0-20 EZH2 siRNA miRI3S fargets the L0 [85]
HepG2 and SNU449 M) EZH2/EMT axis. to cisplatin y
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Cancer Type In Vitro Model In Vivo Model ClSplal’ll‘} EZH2 .Sll.e.ncmg/ Possible Me'chamsm Effect of Combined Treatment Ref.
Concentration Inhibition of Action
Knockdown of EZH2
increased levels of
Range of cleaved caspase 3 Additive/synergistic: EZH2
. & EZH2 siRNA, and 9, E-cadherin knockdown or inhibition with
Lung cancer cell line: / concentrations (2-16 . . . [86]
Tazemetostat (40 uM) and reduced tazemetostat increased cisplatin
A549 uM), mostly 4 pM. . .
expression of cytotoxicity.
N-cadherin and
vimentin.
Range of EZH2 knockdown Additive/synergistic: EZH2
/ concentrations shRNA reduced MRP1 knockdown increased cancer cells’ [87]
(20-140 uM) mRNA levels. sensitivity to cisplatin.
Additive/synergistic: In vitro:
In vitro: EZH2 siRNA and DZNep caused
In vitro: Range of siRNA, DZNep EZH?2 interacts with sensitization of cancer cells to
Lung cancer Lung cancer cell F128 cells xenograft concentrat1oqs . (2.5-5 uM), and stabilizes cisplatin. No §1g.n1f1c.ant effect
lines: H128 and H146 in Nu/Nu mice (5-25 uM). In vivo: Tazemetostat (1 pM). components of caused by combining cisplatin and [31]
’ 2.5 mg/kg; 2 times In vivo: DZNep (2.5 nucleotide excision tazemetostat. In vivo: Reduced
weekly, for 4 weeks. mg/kg; 2 times repair (DDB2). tumor growth in mice treated with
weekly) DZNep and cisplatin compared to
individual agents.
Lung cancer cell EZH2 silencing Additive/synergistic: EZH2
lines: H1299, H23, / 1-2 uM EZH2 shRNA upregulates PUMA, a knockdown increased cytotoxic [88]
and H460 proapoptotic protein. effect of cisplatin.
Lung cancer cell Range of Additive/synergistic: DZNep and
lines: A549, / concentrations (0-80 DEZN;IE SRSNL?) / EZH2 knockdown sensitized cells [89]
HCC4006, and H2073 uM). to cisplatin.
. g Additive/synergistic: DZNep
Lung Cé;_rﬁc;;; ell line: / 66.6 UM DZNep (range 0-10 / increased cisplatin cytotoxicity in [90]

uM)

H1299 cell line.
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Table 1. Cont.

Cancer Type In Vitro Model In Vivo Model ClSplal’ll‘} EZH2 .Sll.e.ncmg/ Possible Me'chamsm Effect of Combined Treatment Ref.
Concentration Inhibition of Action
Reductions in
H3K27me3 levels
Range of induce PRKCA.and Antagonistic: Tazemetostat
. MCL1 expression, . . . .
Osteosarcoma Osteosarcoma cell concentrations Tazemetostat (10 tM) BCL2 increased resistance to cisplatin, [91]
lines: HOS and 143B (0.2-1.6 uM), but a . leading to lower rates of
mostly 1 1M phosphorylation and apoptosis
activation of ’
RAF/ERK/MAPK
cascades.
Opvarian cancer cell Reduced B-catenin Adlii;lzz,liéso};\tlrflgéizlec;si?{z
. 1.25 uM EZH2 siRNA levels after EZH2 . . . [92]
line: HeyA8 - . proliferative capacity of cells
silencing. . .
exposed to cisplatin.
Additive/synergistic:
miR-137 mediates the siRNA-EZH?2 and GSK343
Ovarian cancer cell Range of miR-137, functional link sensitized resistant cell lines to
lines: IGROV1, concentrations (0-80 GSK343 (0-25 uM), between c-Myc and cisplatin. EZH2-depleted cells [93]
PEO1, and PEO4 uM) EZH2 siRNA EZH2 that regulates  treated with cisplatin showed an
. cisplatin resistance.  increase in cell apoptosis (elevated
Ovarian cancer level of cleaved PARP).
Ovarian cancer cell EZH2 silencing Additive/synergistic: EZH2
. 25.53 uM EZH2 shRNA upregulated p14, p16,  knockdown increased cytotoxic [94]
line: SKOV3 . .
p53, and pRB. effect of cisplatin.
Rfeduced EZI._IZ le\{els Additive/synergistic: ShRNA
Ovarian cancer cell increased cisplatin sensitized cells to cisplatin
2,4, or 8 uM EZH2 shRNA intake. High EZH2 ) [95]

lines: A2780 and ES2

levels promoted
degradation of CTRI.

Overexpression of EZH? leads to
increased resistance to cisplatin.
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Cancer Type In Vitro Model In Vivo Model Cofli:sel:tar :tr;on EZII{nZhiS];Iiet:iI:)crllng/ Possﬂ:)lfe x Ef)lrllamsm Effect of Combined Treatment Ref.
Additive/synergistic: In vitro:
In vitro: range of EZH2 siRNA (bound EZH2 lfnock—(-iownlmcreas.ed
concentrations, to Fe304 particles sensitivity to cisplatin. In vivo:
Ovari 1 A2780 xenograft in mostly 10 uM. with cisp latin / siRNA-EZH2 coated nanoparticles [61]
varian cancer ce female BALB/cnude  In vivo: 2 mg/kg tail P and cisplatin inhibited tumor
line: A2780 SO prodrug) .
vein injection growth more than nanoparticles
with control siRNA and cisplatin.
Additive/synergistic: In vitro:
In vitro: Range of EZH2 knock-down increased
concentrations sensitivity to cisplatin. In vivo:
(10-120 uM). In vivo: EZH2 shRNA / EZH2 knockdown combined with [96]
6 mg/kg, i.p., once, cisplatin led to greater reduction
onday 0 of tumor growth than cisplatin
alone.
Range of Diilef;?;iifégitm Additive/synergistic: EZH2
concentrations (2-165 EZH2 shRNA P knockdown increased cancer cells’ [97]
cells reduced BRCA1 e . .
uM) . sensitivity to cisplatin.
expression.
Testicular Testicular cancer cell Range of Antagonistic: Inhibition of EZH2
cancer lines: NT2/D1, concentrations GSK126 (1pM) / with GSK126 increased cancer cell [98]
2102EP, and 833K (0.1-10 pM) resistance to cisplatin.
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6.1. EZH2 as a Potentiator of Cisplatin Resistance
6.1.1. Ovarian Cancer

In recent decades, cisplatin has been among the most prominent drugs for the treat-
ment of ovarian cancer and the prognosis for women with ovarian cancer can be defined
by their tumor’s response to cisplatin [99,100]. The first publication studying the role of
EZH2 in cisplatin resistance was a report by Hu et al. [96]. They documented that EZH?2
was overexpressed in cisplatin-resistant ovarian cancer cells (A2780/DDP) compared with
cisplatin-sensitive cells (A2780). Moreover, they showed that loss of EZH2 in vitro and
in vivo (A2780/DDP cells in BALB/c nude mice) enhanced sensitivity to cisplatin. The
authors suggested that the effect was mediated through a “canonical” EZH2 role, that is,
H3K27 methylation.

Further studies focused in more detail on the potential mechanism and targets of
EZH2 in cisplatin-resistant ovarian cancer cells. They suggested that repression of en-
doribonuclease Dicer, which is an EZH2 target in the cisplatin-resistant A2780 ovarian
cancer cell line, could be among the potential mediators of cisplatin resistance [101]. An-
other study [97] implicated the role of BRCA1, downstream of EZH2, in cisplatin-resistant
sub-line A2780/DDP. Mutations of BRCA1 play an important role in the development of
ovarian cancer [102]. In the cited study [97], the depletion of EZH2 in parental A2780 cells
upregulated BRCA1 protein expression and its nuclear translocation, albeit unexpectedly,
decreased BRCA1 mRNA level. However, depletion of EZH2 in A2780/DDP cells reduced
BRCAL1 expression at both mRNA and protein levels. Moreover, downregulation of EZH2
or BRCAL1 sensitized A2780/DDP cells to cisplatin, which contradicts BRCA1’s tumor-
suppressing role but is in line with the concept that its upregulation is associated with
DNA repair-mediated resistance to cisplatin [103]. An additional explanation for BRCA1’s
downregulation-mediated enhancement of cisplatin sensitivity comes from its recently dis-
covered role in the regulation of ovarian cancer cells’ metabolism. It has been demonstrated
that BRCA1 deficiency drives metabolic reprogramming by upregulating nicotinamide
N-methyltransferase (NNMT), sensitizing ovarian cancer cells to agents that inhibit energy
metabolism [104]. As cisplatin negatively affects both the mitochondrial tricarboxylic
acid (TCA) cycle and glycolysis [105], it is conceivable that BRCA1's deficiency-mediated
metabolic reprogramming would sensitize cells to this chemotherapeutic.

Further delineation of EZH2’s role in the cisplatin resistance of ovarian cancer has
shown that EZH?2 inhibition does not induce apoptosis, but it can suppress the cisplatin-
resistant human ovarian cancer cell line SKOV3/DDP autophagy and reverse resistance
to cisplatin. In addition, the authors have shown that EZH?2 inhibition increased the
expression of the cellular senescence signaling proteins p14ARF, p16INK4a, p53, pRb, and
p21, and decreased the expression of CDK1, CDK2, and the levels of H3K27me3 [94]. In
bioinformatic studies that compared the transcriptomes of cisplatin-sensitive and -resistant
A2780 cells, EZH2 mRNA was found to be downregulated in cisplatin-sensitive cells.
Additionally, 34 of it