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ABSTRACT
Acute myeloid leukemia (AML), a malignant disease of the bone marrow, is character-
ized by the clonal expansion of myeloid progenitor cells and a block in differentiation.
The high heterogeneity of AML significantly impedes the development of effective
treatment strategies. Enhancer of zeste homolog 2 (EZH2), the catalytic subunit of the
polycomb repressive complex 2 (PRC2), regulates the expression of downstream target
genes through the trimethylation of lysine 27 on histone 3 (H3K27me3). Increasing
evidence suggests that the dysregulation of EZH2 expression in various cancers is
closely associated with tumorigenesis. In the review, we examine the role of EZH2
in AML, highlighting its crucial involvement in regulating stemness, proliferation,
differentiation, immune response, drug resistance and recurrence. Furthermore, we
summarize the application of EZH2 inhibitors in AML treatment and discuss their
potential in combination with other therapeutic modalities. Therefore, targeting EZH2
may represent a novel and promising strategy for the treatment of AML.
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INTRODUCTION
Acute myeloid leukemia (AML), which represents the most prevalent type of leukemia in
adults, is a malignant disease of the bone marrow characterized by the clonal expansion
of myeloid progenitor cells as well as a block in their differentiation. Recent data indicate
that globally, AML-related deaths exceed 80,000 each year, with projections suggesting
that this number could double in the next 20 years (DiNardo et al., 2023). This disease
predominantly affects the elderly, with a median diagnosis age of 68 years (Song et al.,
2018). Therefore, as the population ages, AML is expected to place significant psychological
and economic burdens on families and society. At the same time, despite advancements
in prognostic markers and the development of various new drugs (both FDA-approved
and in clinical trials), AML’s mortality rate has unchanged over the past two decades. In
fact, the overall five-year survival rate currently stands at 24.0%, and with a median overall
survival of approximately 8.5 months, AML ranks fifth among the different cancer types
(Shallis et al., 2019). This underscores the need to identify new and effective therapeutic
targets to better diagnose and treat AML patients.
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Typically, AML is driven by various genetic mutations, including FLT3, NPM1,
DNMT3A, IDH1/IDH2, and KMT2A (MLL/MLL1). These mutations confer a growth
advantage to specific clonal cells while blocking differentiation, which leads to disease
progression (Coombs, Tallman & Levine, 2016; Shih et al., 2012). Concurrently, epigenetic
alterations significantly contribute to the onset of AML. Dysregulation of DNAmethylation
and histone modifications often leads to transcriptional repression of key differentiation
genes, causing AML cells to stagnate at early differentiation stages and preventing
further maturation, thereby promoting leukemia development (Wouters & Delwel, 2016).
Additionally, hypomethylating agents and histone deacetylase inhibitors have proven
effective in treating AML and T-cell lymphomas, underscoring the essential role of
epigenetic regulation in hematologic malignancies (Zhao et al., 2023). Therefore, a deeper
understanding of the genetic and epigenetic mechanisms involved in AML is crucial for
developing effective therapeutic strategies.

Histone modifications are a crucial component of epigenetics, playing a key role in the
regulation of gene transcription. The main modifications include methylation, acetylation,
phosphorylation, and ubiquitination. Notably, histone acetylation is typically associated
with transcriptional activation, as it reduces the affinity between histones and DNA,
allowing transcription factors and RNA polymerase easier access to the DNA. In contrast,
methylation can either promote or inhibit transcription, depending on the specific sites and
the number of methyl groups. For instance, dimethylation and trimethylation of H3K4,
H3K36, and H3K79 are indicative of activation, while methylation of H3K9, H3K27, and
H4K20 serves as marks of repressed and inactive genes (Al Ojaimi et al., 2022). Histone
methylation is regulated by lysine methyltransferases (KMTs), arginine methyltransferases
(PRMTs), and histone demethylases (HDMTs). In AML, KMT2A (also known as MLL) is
a well-studied KMTs that primarily activates transcription of cell differentiation genes by
catalyzing H3K4 trimethylation through its SET domain (Xia et al., 2003). However, MLL
can fuse with multiple genes (such as AF9, AF4, AF10), leading to the aberrant activation
of AML-related oncogenes (like HOXA9 and MEIS1), which enhances the proliferative
capacity of AML cells (Pastore & Levine, 2016; Tsai & So, 2017). Conversely, rearranged
MLL can lose its transcriptional activation function, resulting in halted cell differentiation
and promoting leukemia development. Recently, EZH2, a prominent member of the
KMTs family, has attracted considerable attention due to its role in myeloid malignancies.
Therefore, this review will focus on the relevant studies of EZH2 in AML.

EZH2, a core catalytic component of the PRC2 complex, inhibits gene transcription
by catalyzing the mono-, di-, or tri-methylation of H3K27. Current research indicates
that EZH2 is involved in regulating various biological processes, including cell senescence,
immune response, stem cell renewal and development as well as the development and
malignancy of tumors. In hematopoiesis, EZH2 is critical for maintaining a balance
between the self-renewal, differentiation and maturation of hematopoietic stem cells
(HSCs) (Kamminga et al., 2006; Mochizuki-Kashio et al., 2011). Unsurprisingly, EZH2 is
also involved in various hematological malignancies where it acts as an oncogene or a tumor
suppressor. For instance, studies confirm that EZH2 possesses tumorigenic properties in
lymphomas (Van Kemenade et al., 2001), chronic myelogenous leukemia (CML) (Xie et
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al., 2016), multiple myeloma (Xu et al., 2023), natural killer/T-cell lymphoma (NKTL)
(Yan et al., 2013) as well as AML. However, there are also reports of myelodysplastic
syndromes (MDS) exhibitingmutations that inactivate EZH2 (Nikoloski et al., 2010), hence
highlighting EZH2’s potential to act as a tumor suppressor under certain cellular conditions.
Although EZH2 is known to regulate gene expression through multiple mechanisms, its
specific role in AML is yet to be established. Therefore, this review aims to comprehensively
summarize existing research on EZH2 in the context of AML development, drug resistance
and treatment. The goal is to enhance current understanding of the relationship between
EZH2 and AML, while exploring EZH2’s potential as a molecular target in view of
improving the diagnosis and treatment of AML.

THE INTENDED AUDIENCE AND NEED FOR THIS REVIEW
The development of acute myeloid leukemia (AML) involves a range of genetic and
epigenetic alterations, including aberrant histone methylation. EZH2, a key catalytic
enzyme in histonemethylation, regulates the expression of relevant genes and consequently
influences AML progression. Existing literature indicates that EZH2 inhibitors show
promise in the treatment of AML. However, the detailed mechanisms of EZH2’s role in
AML remain unclear. Therefore, this review aims to summarize the research progress on
the role of EZH2 in AML pathogenesis, drug resistance, and therapy. The objective is to
enhance the understanding of the relationship between EZH2 and AML among scholars
and clinical researchers in the field of hematological malignancies, while exploring the
potential of EZH2 as a molecular target. Ultimately, this could lead to improved diagnosis
and treatment of AML.

SURVEY METHODOLOGY
To ensure an inclusive and unbiased analysis of the literature and to accomplish the review
objectives, we searched the following literature databases: PubMed, Google Scholar and
Web of Science. The search terms included: EZH2, PRC2, AML and epigenetics. It is
worth noting that the keywords used and their variants and related words can be sorted,
combined, and then searched.

This article is based on published literature. The aspects of the inclusion criteria are the
retrieval keywords, information not covered by previous literature, and most importantly,
the use of a clear and credible source.

Structure and mechanism of EZH2
The EZH2 gene, found on chromosome 7q36.1, encodes a 751 amino acids-long protein
(Han et al., 2007). Structurally, EZH2 possesses ten domains, namely MCSS, SANT2, CXC
and SET which represent the catalytic domains near the C-terminus as well as SANT1,
SRM, SAL, BAM, EBD and SBD which are the regulatory domains near the N-terminus
(Wang et al., 2023a) (Fig. 1). The SET and CXC domains are subsequently essential for
histone methyltransferase activity (Simon & Lange, 2008). Specifically, the CXC domain
mediates interactions with DNA and nucleosomes, while SET serves as the main site for
methyltransferase activity and SAM (S-adenosyl-L-methionine) binding (Jiao & Liu, 2015).
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Figure 1 The schematic diagram of the EZH2 domain composition along with their corresponding
functions.

Full-size DOI: 10.7717/peerj.18656/fig-1

Figure 2 EZH2 regulates transcriptional activity in AML. EZH2 regulates transcriptional activity
through: (1) EZH2 induces H3K27 methylation via the PRC2 complex, leading to transcriptional
repression; (2) EZH2 independently exerting a role in transcriptional activation. The relevant inhibitors of
EZH2 and their mechanisms of action are described.

Full-size DOI: 10.7717/peerj.18656/fig-2

Typically, EZH2 cannot function independently but instead, can exhibit its
methyltransferase activity when part of the PRC2 complex. This complex consists of
EZH2, embryonic ectoderm development protein (EED), suppressor of zeste 12 (SUZ12),
and the retinoblastoma-binding protein 4/7 (RBBP4/7) (Fig. 2). The canonical PRC2 targets
histone 3, methylating H3K27 to produce H3K27me1, H3K27me2 and H3K27me3, with
this process resulting in chromatin compaction and repressed transcription (Bhattacharyya
& Bond, 2023). This process is essential for maintaining normal cellular functions and
plays a pivotal role in embryonic development and stem cell maintenance. Conversely,
the H3K27me3 demethylases, lysine demethylase 6A (KDM6A) and lysine demethylase 6B
(KDM6B), dynamically regulate the methylation status of H3K27, ensuring the timely and
accurate expression of genes (Pastore & Levine, 2016). The dynamic balance betweenH3K27
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Figure 3 EZH2’s role in AML.
Full-size DOI: 10.7717/peerj.18656/fig-3

methylation and demethylation is crucial for normal cellular function. Disruption of this
balance can lead to abnormal gene expression patterns, affecting stem cell differentiation
and tissue development, ultimately contributing to tumorigenesis. Additionally, EZH2
can promote tumorigenesis, independently of the PRC2 complex, through non-canonical
pathways such as the binding of cMyc and p300 to activate AML-related genes (Wang et
al., 2022) (Fig. 2).

EZH2’s role in AML
Indeed, many studies confirm a close association between abnormal EZH2 expression and
poor prognosis, resistance to chemotherapy as well as disease relapse in AML (Fig. 3). The
following sections explore EZH2’s relevance in AML, while providing a comprehensive
summary of recent research on the subject.

Oncogenic role of EZH2
EZH2 is typically regarded as being indispensable in AML, especially when mixed lineage
leukemia (MLL) gene fusion is involved. Indeed, PRC2/EZH2 maintains the stem cell-like
characteristics of MLL-AML cells by regulating their proliferation and differentiation (Kim
et al., 2013; Neff et al., 2012; Shi et al., 2013; Tanaka et al., 2012). Furthermore, inhibiting
EZH2 in vivo could not only reduce the frequency of leukemia-initiating cells (LICs) but
also improve the survival of mice with MLL-AML (Fujita et al., 2018; Ueda et al., 2014).
EZH2 has also been shown to be oncogenic in other AML subtypes. For instance, in WT1-
mutated AML cells, using short hairpin RNA or pharmacological PRC2/EZH2 inhibitors
was shown to promote myeloid differentiation (Sinha et al., 2015). Moreover, in studies
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involving NUP98-NSD1+ AML, the use of EZH2 enzymatic inhibitors demonstrated
that tumorigenicity was dependent on PRC2/EZH2 (Ren et al., 2022). While clinical
studies further confirmed the high expression of EZH2 in AML patients as well as its
correlation with poor outcomes, including lower complete remission (CR) rates, higher
rates of refractory/relapsed disease and shorter overall survival (OS) (Yang et al., 2022). In
summary, the above results indicate that EZH2 is oncogenic in AML.

Interestingly, inactivating mutations of EZH2 have been reported in MDS and T-cell
lymphoblastic leukemia (Nikoloski et al., 2010; Ntziachristos et al., 2012). Although such
occurrences are relatively rare in AML, they have been documented (Papaemmanuil et al.,
2016), seemingly contradicting EZH2’s oncogenic role in AML.Neff et al. (2012) investigate
this phenomenon and find that EZH2 loss weakens but does not completely eliminate
leukemia growth. Genome-wide analysis of PRC2-mediated histone H3 trimethylation
shows that H3K27me3 persists at specific loci despite EZH2 inactivation, indicating
partial compensation by EZH1, as seen in embryonic stem (ES) cells (Shen et al., 2008). In
contrast, EED inactivation results in a complete loss of PRC2 function, inhibiting leukemia
cell growth. These findings highlight the critical role of PRC2 in AML and suggest that
EZH1-mediated H3K27 methylation may compensate for EZH2 loss in rare cases.

EZH2 typically regulates tumor development through the classical pathway by forming
the PRC2 complex which controls H3K27me3 deposition and represses transcription.
EZH2 is currently known to regulate AML by repressing tumor suppressor genes such as
CDKN2A (Xu et al., 2015), EGR1 (Tanaka et al., 2012), MIR139 (Stavast et al., 2022) and
TXNIP (Ueda et al., 2014). In addition to that PRC2/EZH2 can inhibit downstream key
targets such as KDM5B, with this process blocking the recruitment and/or assembly of
oncogene suppression complexes (including HDAC-containing SIN3B and NuRD or other
gene-repressive complexes) to maintain the oncogenicity of NUP98-NSD1+ AML (Ren
et al., 2022). On the other hand, EZH2 can act as a critical mediator in the tumorigenesis
of AML. For instance, the long noncoding RNA HOXA-AS2 acts as an oncogene by
binding with EZH2 and to suppress large tumor suppressor 2 (LATS2) in AML (Feng et
al., 2020). Similarly, TNK2-AS1 can bind to EZH2 and silence CUGBP Elav-like family
member 2 (CELF2), with these processes subsequently activating the PI3K/Akt pathway in
AML cells to promote tumor development (Guo et al., 2023). Additionally, circadian clock
protein BMAL1 enhances methylation of the early B-cell factor 3 (EBF3) promoter via
EZH2 and suppresses its expression, inhibiting ferroptosis processes, thus promoting AML
progression (Wang et al., 2023b). In addition to the above, EZH2 can also promote AML
development, independently of the PRC2 complex, through non-canonical pathways. For
example, the study by Wang et al. (2022) found that EZH2 uses a hidden transactivation
domain (TAD) to interact with cMyc and p300, thereby activating AML-related transcripts
and promoting oncogenesis. In revealing EZH2’s oncogenic functions in AML as well as the
possible underlying mechanisms, the above findings provide a strong basis for considering
EZH2 as a potential target for AML therapy.
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Tumor suppressive role of EZH2
Chromatin regulators in cancer often have dual roles, acting as either tumor suppressors
or promoters depending on cellular conditions. As far as EZH2 is concerned, its role
in hematological malignancies is similarly complex and appears to be environment-
dependent. In MDS, the presence of mutations that inactivate EZH2 suggested that, under
certain cell conditions, EZH2 may act as a tumor suppressor. In AML, some studies also
suggested that EZH2 may act as a tumor suppressor (Nikoloski et al., 2010). Low EZH2
expression was associated with poorer overall survival, event-free survival and relapse-free
survival in AML patients (Gollner et al., 2017). In addition, among the relapsed AML
samples, 45% of cases exhibited a loss of the EZH2 protein (Gollner et al., 2017; Hamed et
al., 2023). Furthermore, in the French national ELAM02 study which involved 222 pediatric
AML patients, the results suggested that mutations and deletions in the core components
of PRC2 (EED, SUZ12 and EZH2) resulted in a subgroup of pediatric AML patients
who presented a particularly aggressive disease (Papaemmanuil et al., 2016). Additionally,
there is evidence of chemotherapy resistance in AML patients where EZH2 mutations
led to a loss of the histone methyltransferase activity (Kempf et al., 2021). These reports
highlight EZH2’s potential to act as a tumor suppressor in AML. However, in de novo
AML, loss-of-function mutations of EZH2 tend to be rare. Here, except for MDS-derived
AML, an analysis of 714 patients found that the frequency of EZH2 mutations was only
1.8% in de novo AML (Wang et al., 2013), and this reflected uncertainties in the prevalence
and prognostic value of EZH2 mutations in AML individuals.

Regarding the dual role of EZH2, Basheer et al. (2019) discovered that EZH2 could
display completely opposite functions depending on the disease stage of AML. Specifically,
during AML’s early induction phase, EZH2 can act as a tumor suppressor, but in the
established disease phase, it can facilitate disease progression. Indeed, following EZH2
excision, the expression profile during AML induction exhibited minimum overlap with
that obtained from the maintenance phase of MLL-AF9 AML, with approximately 12%
of genes (60 out of 496 genes) being common. Therefore, the distinct phenotypes could
be attributed to the fact that different genes are derepressed during the two different AML
phases (i.e., induction and maintenance). Typically, PRC2/EZH2 complex is known to
repress gene expression through the action ofH3K27me3marks on proximal promoters and
distal enhancer cis-regulatory elements. During disease maintenance, the deletion of EZH2
results in a significant reduction of these H3K27me3 marks (Tanaka et al., 2012). Notably,
during disease induction, the loss of EZH2 primarily exerts its tumor-suppressive effects by
altering H3K27me3 at promoters rather than enhancers (Basheer et al., 2019). Additionally,
the tumor-suppressive functions of EZH2 are to maintain repression of a small number
of oncogenes, including pleiomorphic adenoma gene 1 (Plag1) and potentially Lin28b,
which, upon derepression, will accelerate the development of AML. Interestingly, during
MLL-AF9 maintenance, EZH2 loss does not upregulate Plag1 (Basheer et al., 2019). In the
hematopoietic lineage, CRISPR/Cas9-mediated disruption of EZH2 significantly induced
early AML, thereby providing further confirmation of the role of EZH2 in initiating AML
(Tulkens et al., 2023). Therefore, further exploration of the detailed molecular mechanisms
of EZH2 in AML will be crucial for guiding the precise use of EZH2 inhibitors in the future.
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Role of EZH2 in AML’s stemness and differentiation
When differentiation is induced, CD34+ hematopoietic progenitor cells (HPCs) as well
as embryonic stem cells experience a significant phase where newly replicated chromatin
lacks the repressive histonemarkH3K27me3. This temporary ‘open’ chromatin state allows
lineage-determining transcription factors (TFs) to bind to nascentDNA, thereby facilitating
differentiation (Petruk et al., 2017a; Petruk et al., 2017b). However, in AML blasts, the rapid
accumulation of H3K27me3 on nascent DNA impedes cell differentiation (Porazzi et al.,
2022). The levels of H3K27me3 largely depend on EZH2 activity, with numerous studies
showing that inhibiting or deleting EZH2 can induce myeloid differentiation in AML cells.
For example, in acute promyelocytic leukemia (APL), disrupting the PRC2/EZH2 complex
can not only reverse histone modifications but also induce DNA demethylation of PML-
RARα target genes, which, in turn, reactivates differentiation-related genes and promotes
cell differentiation (Villa et al., 2007). Similarly, in non-APL AML, specific inhibition of
EZH2 can also enhance differentiation (Sbirkov et al., 2023; Sinha et al., 2015; Sung et al.,
2024). Beyond regulating cell differentiation, EZH2 is also crucial for maintaining the
stemness of AML cells (Fujita et al., 2018; Kikushige et al., 2023; Ueda et al., 2014).

Mechanistically, EZH2 promotes the trimethylation of H3K27 at cell cycle-related genes,
such as Cyclin D1/2 (Fujita et al., 2018) and CDKN2A and at differentiation-related genes
such as EGR1 (Tanaka et al., 2012). The trimethylation process inhibits the expression
of these genes, thereby blocking the differentiation program of leukemic stem cells while
maintaining their stemness (Tanaka et al., 2012). Additionally,Thiel et al. (2013) found that
EZH2 acts alongside menin to epigenetically suppress the expression of pro-differentiation
C/EBPα target genes and block the mature differentiation of MLL-AF9+ leukemia cells.

Role of EZH2 in AML’s drug resistance
Studies have established a close link between PRC2/EZH2 and chemotherapy resistance in
AML. This correlation can be attributed to H3K27me3-marked nucleosome arrays which
form the most compact chromatin structures in the genome (Margueron & Reinberg,
2011; Yuan et al., 2012), thereby reducing the effectiveness of DNA-damaging agents
(Pang et al., 2015; Pang et al., 2013). In this context, inhibiting EZH2 in cell lines, primary
cells and xenograft mouse models to de-condense the H3K27me3-marked chromatin
of AML cells was shown to improve accessibility to chromatin and suppress leukemia
through chemotherapy-induced DNA damage as well as apoptosis (Porazzi et al., 2022).
Based on the above, researchers began exploring the combination of EZH2 inhibitors and
DNA-damaging cytotoxic agents in AML treatment, and their findings confirmed that
EZH2 inhibition could enhance DNA damage by cytotoxic drugs (such as doxorubicin
and cytarabine) (Fujita et al., 2018; Porazzi et al., 2022). On the other hand, leukemia stem
cells (LSCs), with their characteristics of self-renewal and quiescence, are key contributors
to chemotherapy resistance and relapse in AML (Gentles et al., 2010; Ishikawa et al., 2007;
Kreso & Dick, 2014). According to reports, quiescent AML cells exhibit the highest EZH2
expression, and combining an EZH1/2 dual inhibitor with cytarabine could significantly
reduce the number of leukemic granulocyte macrophage progenitors (L-GMPs), with
this cell population nearly disappearing (Fujita et al., 2018). These studies indicate that
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inhibiting EZH2 could represent a promising strategy for overcoming chemotherapy
resistance in AML.

Similar to the dual role of EZH2 in cancer pathogenesis, existing research indicates
that the loss of EZH2 can also lead to drug resistance in AML. Rathert et al. (2015) noted
that inhibiting the PRC2/EZH2 complex could induce resistance to BET inhibitors by
remodeling regulatory pathways, thereby restoring the transcription of key targets such
as MYC. Additionally, the activation of HOXA7 and HOXA9 in response to the absence
of endogenous EZH2 is crucial for promoting resistance to tyrosine kinase inhibitors and
other cytotoxic drugs in AML cells (Gollner et al., 2017). Furthermore, researchers found
that the loss of EZH2 reduced H3K27me3 modification on the CCNA1 promoter, thereby
enhancing CCNA1 expression as well as AML cell resistance to drugs such as PKC412,
AC220 and AraC (Yang et al., 2021). These findings suggest that restoring EZH2 function
could be a viable strategy for overcoming treatment resistance in AML patients.

Role of EZH2 in AML’s immune escape and relapse
Over the past few years, significant advancements have enhanced the feasibility and
safety of allogeneic hematopoietic stem cell transplantation (allo-HSCT) for curing AML.
However, post-transplantation relapses, which affect up to 50% of patients, remain a major
challenge. In this context, it is now widely recognized that immune evasion is the primary
driver of such relapses (Zeiser & Vago, 2019), with subsequent research showing that, in
leukemia cells, nongenomic loss of HLA class II expression could account for up to 40%
of the relapse cases (Christopher et al., 2018; Toffalori et al., 2019). Gambacorta et al. (2022)
recently reported that the loss of HLA class II expression was associated with PRC2/EZH2-
dependent reductions in chromatin accessibility. Reducing the repression of HLA class II
genes by PRC2/EZH2 could enhance the immunogenicity of relapsed leukemia, thereby
improving T cell-mediated recognition and killing. This highlights PRC2/EZH2 as a key
epigenetic factor in this immune escape mechanism. In addition, PRC2/EZH2 is known to
regulate the expression of HLA and other immune-related molecules in solid tumors and
lymphomas, thus underscoring its role as a potent regulator of antigen presentation (Burr
et al., 2019; Dersh et al., 2021; Ennishi et al., 2019). Additionally, PRC2/EZH2 inhibitors
induce the release of IFNγ by CD4+ T cells (Gambacorta et al., 2022), with the subsequent
exposure of leukemic cells to IFNγ restoring HLA class II expression to enhance AML’s
immunogenicity (Canadas et al., 2018; Morel et al., 2021). These findings suggest that
targeting PRC2/EZH2 can be a promising approach to overcome re-establish an effective
graft-versus-leukemia effect.

Relapse after achieving remission of AML is often caused by a few therapy-resistant
cells within minimal residual disease (Srinivasan Rajsri, Roy & Chakraborty, 2023). These
resistant cells, known as LSC, possess long-term self-renewal capacity which can promote
clonal outgrowth and, as such, they are generally considered to be the initiating cells for
tumor relapse (Gentles et al., 2010; Ishikawa et al., 2007; Kreso & Dick, 2014; Stelmach &
Trumpp, 2023). Notably, EZH1/2 expression is highest in LSCs during their quiescent
state (Fujita et al., 2018). Such elevated levels of EZH1/2 inhibit the expression of cell cycle
protein D, resulting in the hypo-phosphorylation of the tumor suppressor gene Rb. This
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Table 1 EZH2 inhibitors and their applications in AML.

Inhibitors Mechanism Experimental model Downstream targets Biological effect Reference

DZNep S-
adenosylhomocysteine
hydrolase inhibitors

In vitro AML cell lines
& LSCs

CDKN2A, CDKN1A,
p27, FBXO32, Cyclin E,
HOXA9, TXNIP

Promotes apoptosis &
reduces LSCs

Fiskus et al. (2009),
Ueda et al. (2014) and
Zhou et al. (2011)

UNC1999 Competitive
inhibitors of S-
adenosylmethionine

In vitroMLL-AML
& murine leukemia
model

CDKN2A Inhibits growth & pro-
longs murine survival

Xu et al. (2015)

OR-Sl Competitive
inhibitors of S-
adenosylmethionine

In vitro AML cell lines
& murine leukemia
model

Cyclin D1/2, Phospho-
Rb

Inhibits growth & in-
duces differentiation
and apoptosis & pro-
longs murine survival

Fujita et al. (2018)
and Honma et al.
(2017)

GSK343 Competitive
inhibitors of S-
adenosylmethionine

Kasumi-1& Murine
leukemia model &
AML patient samples

CDKN1A, NFKBIZ Promotes apoptosis
and arrests G0/G1 cell
cycle

Basheer et al. (2019)

EPZ-6438/
EPZ011989

Competitive
inhibitors of S-
adenosylmethionine

In vitro AML cell lines
& AML1-ETO9a sec-
ondary leukemic mice

CD38 Induces differentiation
& decreases colony-
forming capabilities &
prolongs murine sur-
vival

Basheer et al. (2019)
and Fobare et al.
(2024)

Tanshinone I Direct binding to
EZH2

In vitro AML cell lines
& zebrafish transgenics
and xenograft models

MMP9, ABCG2 Induces differentiation
and apoptosis

Huang et al. (2021)

HKMTI-1-
005

Competitive inhibitors
of amino acids N-
terminal of the sub-
strate lysine residue

In vitro AML cell lines CD36, ITGAM Induces differentiation Sbirkov et al. (2023)

MS177/MS8847 EZH2 PROTAC de-
grader

In vitro AML cell lines
& PDX animal model
of MLL-AML

EZH2, cMyc Decreases colony-
forming capabilities &
arrests cell cycle & in-
duces apoptosis

Velez et al. (2024) and
Wang et al. (2022)

SAH-EZH2
Peptides

Disrupts the EZH2-
EED complex and re-
duces EZH2 protein
levels

In vitroMLL-AF9
cells & mouse myeloid
leukemia cell lines

EZH2, ADAM8,
p19ARF, ACE, CD133

Inhibits growth & ar-
rests cell cycle & in-
duces differentiation

Kim et al. (2013)

inhibition subsequently prevents cells from entering the S phase, thereby maintaining
LSCs in a quiescent state (Fujita et al., 2018). These results suggest that the dysregulated
expression of EZH2 plays a crucial role in AML relapse by modulating the behavior of
LSCs.

Targeting EZH2 drugs and strategy in AML
Given the role of EZH2 in the biology of AML diseases as well as its enzymatic activities,
targeting EZH2 can be a promising approach for treating AML. In fact, in preclinical
models, various compounds have already demonstrated potential antileukemic activities
by disrupting the PRC2/EZH2 complex and/or downregulating its enzymatic functions
(Table 1 & Fig. 2). Furthermore, despite the dual role of EZH2 in initiating andmaintaining
the disease, evidence consistently suggests that EZH2 is functionally required for full-blown
AML, thus making it an attractive therapeutic target.
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However, the efficacy of epigenetic-targeted therapies has been disappointing in
some studies, especially when applied as monotherapies. This has fueled efforts for their
integration into combination therapies (Kim et al., 2013) since combining EZH2 inhibitors
with other therapeutics, such as the pan-histone deacetylase inhibitor panobinostat (Fiskus
et al., 2009), 5-Azacytidine (Momparler et al., 2012), the BCL-2 inhibitor Venetoclax (Yang
et al., 2022), FLT3 inhibitors (Sung et al., 2024), doxorubicin (Porazzi et al., 2022), Ara-C
(Fujita et al., 2018) and ATRA (Sbirkov et al., 2023), can improve the efficacy of AML
treatment and overcome the limitations of monotherapy. In particular, combining DZNeP
with venetoclax was shown to significantly eliminate CD117+ (c-KIT) AML blasts, hence
indicating substantial effects on tumor stem cells (Momparler et al., 2012). Similarly,
combining vitamin C with DZNeP enhanced apoptosis and differentiation in AML cell
lines, while slowing leukemia progression in vivo (Long et al., 2022). At the molecular level,
vitamin C exerts a synergistic anti-AML effect by downregulating the serine synthesis
enzyme PHGDH as well as the anti-apoptotic gene BCL-2 (Long et al., 2022). However,
clinical trials are still required to further assess the effects of multi-drug combinations,
especially with patients’ tolerance and side effects being significant challenges.

CONCLUSION AND PERSPECTIVE
In AML, EZH2-related epigenetic modifications were shown to play crucial roles in
regulating cell stemness, differentiation and proliferation as well as contributing to AML
drug resistance and relapse. The classical PRC2-dependent H3K27me3 modification
represents the primary mechanism through which EZH2 silences the transcription of
relevant genes in AML. However, under certain conditions, non-classical mechanisms, such
as transcriptional co-activation, may also contribute significantly to disease development.
Additionally, recent studies have shown that EZH2’s functions can vary dramatically
depending on the disease stage in AML and the cellular context. For instance, EZH2
acts as a tumor suppressor during AML’s induction phase but promotes the disease in
established AML (Basheer et al., 2019). However, this theory does not fully explain the
intricate mechanisms of EZH2 in AML, indicating that further research is required.

Although EZH2 exerts dual functions in disease initiation and maintenance, evidence
suggests that it is crucial for the progression of full-blown AML, thus making it an attractive
therapeutic target in the treatment of AML. In summarizing current research on various
EZH2 inhibitors used in AML treatment (Table 1), this review discusses the potential of
combining these inhibitors with immunotherapy, conventional chemotherapy, targeted
therapy and other treatmentmethods for AML. Interestingly, bothmono- and combination
therapies involving EZH2 inhibitors have shown potential in enhancing the efficacy of AML
treatment. However, the efficacy of EZH2 inhibitors is still at the preclinical stage, and
their effectiveness and safety profile require further evaluation in clinical trials.

Fang et al. (2024), PeerJ, DOI 10.7717/peerj.18656 11/20

https://peerj.com
http://dx.doi.org/10.7717/peerj.18656


ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This review was supported by the Zhejiang Provincial Natural Science Foundation of China
(LTGY24H080009), the Jinhua Municipal Science and Technology Bureau Key Project
(2021-3-156), and the Jinhua Municipal Central Hospital Science and Technology Project
(JY2022-5-01). The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Zhejiang Provincial Natural Science Foundation of China: LTGY24H080009.
Jinhua Municipal Science and Technology Bureau Key Project: 2021-3-156.
Jinhua Municipal Central Hospital Science and Technology Project: JY2022-5-01.

Competing Interests
The authors declare there are no competing interests.

Author Contributions
• Jinyong Fang conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
article, and approved the final draft.
• Jingcheng Zhang performed the experiments, analyzed the data, prepared figures and/or
tables, and approved the final draft.
• Lujian Zhu performed the experiments, analyzed the data, prepared figures and/or
tables, and approved the final draft.
• Xiaoru Xin conceived and designed the experiments, performed the experiments,
authored or reviewed drafts of the article, and approved the final draft.
• Huixian Hu conceived and designed the experiments, performed the experiments,
authored or reviewed drafts of the article, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:

This is a literature review.

REFERENCES
Al Ojaimi M, Banimortada BJ, Othman A, Riedhammer KM, Almannai M, El-Hattab

AW. 2022. Disorders of histone methylation: molecular basis and clinical syndromes.
Clinical Genetics 102:169–181 DOI 10.1111/cge.14181.

Basheer F, Giotopoulos G, Meduri E, Yun H, MazanM, Sasca D, Gallipoli P, Marando
L, GozdeckaM, Asby R, Sheppard O, DudekM, Bullinger L, Dohner H, Dillon R,
Freeman S, Ottmann O, Burnett A, Russell N, Papaemmanuil E, Hills R, Campbell
P, Vassiliou GS, Huntly BJP. 2019. Contrasting requirements during disease

Fang et al. (2024), PeerJ, DOI 10.7717/peerj.18656 12/20

https://peerj.com
http://dx.doi.org/10.1111/cge.14181
http://dx.doi.org/10.7717/peerj.18656


evolution identify EZH2 as a therapeutic target in AML. Journal of Experimental
Medicine 216:966–981 DOI 10.1084/jem.20181276.

Bhattacharyya T, Bond J. 2023. Polycomb alterations in acute myeloid leukaemia: from
structure to function. Cancers 15(6):1693 DOI 10.3390/cancers15061693.

Burr ML, Sparbier CE, Chan KL, Chan YC, Kersbergen A, Lam EYN, Azidis-Yates E,
Vassiliadis D, Bell CC, Gilan O, Jackson S, Tan L,Wong SQ, Hollizeck S, Michalak
EM, Siddle HV, McCabeMT, Prinjha RK, Guerra GR, Solomon BJ, Sandhu S,
Dawson SJ, Beavis PA, Tothill RW, Cullinane C, Lehner PJ, Sutherland KD,
DawsonMA. 2019. An evolutionarily conserved function of polycomb silences the
MHC class I antigen presentation pathway and enables immune evasion in cancer.
Cancer Cell 36:385–401 e388 DOI 10.1016/j.ccell.2019.08.008.

Canadas I, Thummalapalli R, Kim JW, Kitajima S, Jenkins RW, Christensen CL, Camp-
isi M, Kuang Y, Zhang Y, Gjini E, Zhang G, Tian T, Sen DR, Miao D, Imamura
Y, Thai T, Piel B, Terai H, Aref AR, Hagan T, Koyama S,WatanabeM, Baba H,
Adeni AE, Lydon CA, Tamayo P,Wei Z, HerlynM, Barbie TU, Uppaluri R, Sholl
LM, Sicinska E, Sands J, Rodig S, Wong KK, Paweletz CP,Watanabe H, Barbie DA.
2018. Tumor innate immunity primed by specific interferon-stimulated endogenous
retroviruses. Nature Medicine 24:1143–1150 DOI 10.1038/s41591-018-0116-5.

Christopher MJ, Petti AA, Rettig MP, Miller CA, Chendamarai E, Duncavage EJ, Klco
JM, Helton NM, O’Laughlin M, Fronick CC, Fulton RS,Wilson RK,Wartman
LD,Welch JS, Heath SE, Baty JD, Payton JE, Graubert TA, Link DC,Walter MJ,
Westervelt P, Ley TJ, Di Persio JF. 2018. Immune escape of relapsed AML cells after
allogeneic transplantation. The New England Journal of Medicine 379:2330–2341
DOI 10.1056/NEJMoa1808777.

Coombs CC, TallmanMS, Levine RL. 2016.Molecular therapy for acute myeloid
leukaemia. Nature Reviews Clinical Oncology 13:305–318
DOI 10.1038/nrclinonc.2015.210.

Dersh D, Phelan JD, GuminaME,Wang B, Arbuckle JH, Holly J, Kishton RJ,
Markowitz TE, SeedhomMO, Fridlyand N,Wright GW, Huang DW, Ceribelli
M, Thomas CJ, Lack JB, Restifo NP, Kristie TM, Staudt LM, Yewdell JW. 2021.
Genome-wide screens identify lineage- and tumor-specific genes modulating MHC-
I- and MHC-II-restricted immunosurveillance of human lymphomas. Immunity
54:116–131 e110 DOI 10.1016/j.immuni.2020.11.002.

DiNardo CD, Erba HP, Freeman SD,Wei AH. 2023. Acute myeloid leukaemia. Lancet
401(10393):2073–2086 DOI 10.1016/S0140-6736(23)00108-3.

Ennishi D, Takata K, BeguelinW, Duns G, Mottok A, Farinha P, Bashashati A,
Saberi S, Boyle M, Meissner B, Ben-Neriah S, Woolcock BW, Telenius A, Lai
D, Teater M, Kridel R, Savage KJ, Sehn LH, Morin RD, Marra MA, Shah SP,
Connors JM, Gascoyne RD, Scott DW,Melnick AM, Steidl C. 2019.Molecu-
lar and genetic characterization of MHC deficiency identifies EZH2 as thera-
peutic target for enhancing immune recognition. Cancer Discovery 9:546–563
DOI 10.1158/2159-8290.CD-18-1090.

Fang et al. (2024), PeerJ, DOI 10.7717/peerj.18656 13/20

https://peerj.com
http://dx.doi.org/10.1084/jem.20181276
http://dx.doi.org/10.3390/cancers15061693
http://dx.doi.org/10.1016/j.ccell.2019.08.008
http://dx.doi.org/10.1038/s41591-018-0116-5
http://dx.doi.org/10.1056/NEJMoa1808777
http://dx.doi.org/10.1038/nrclinonc.2015.210
http://dx.doi.org/10.1016/j.immuni.2020.11.002
http://dx.doi.org/10.1016/S0140-6736(23)00108-3
http://dx.doi.org/10.1158/2159-8290.CD-18-1090
http://dx.doi.org/10.7717/peerj.18656


Feng Y, Hu S, Li L, Peng X, Chen F. 2020. Long noncoding RNA HOXA-AS2 functions
as an oncogene by binding to EZH2 and suppressing LATS2 in acute myeloid
leukemia (AML). Cell Death and Disease 11:1025 DOI 10.1038/s41419-020-03193-3.

FiskusW,Wang Y, Sreekumar A, Buckley KM, Shi H, Jillella A, Ustun C, Rao R,
Fernandez P, Chen J, Balusu R, Koul S, Atadja P, Marquez VE, Bhalla KN. 2009.
Combined epigenetic therapy with the histone methyltransferase EZH2 inhibitor
3-deazaneplanocin A and the histone deacetylase inhibitor panobinostat against
human AML cells. Blood 114:2733–2743 DOI 10.1182/blood-2009-03-213496.

Fobare S, Elgamal OA,WunderlichM, Stahl E, Mehmood A, Furby C, Lerma JR,
Sesterhenn TM, Pan J, Rai J, JohnstoneME, Abdul-Aziz A, JohnsonML, Rai SN,
Byrd JC, Hertlein E. 2024. Inhibition of enhancer of zeste homolog 2 induces blast
differentiation, impairs engraftment and prolongs survival in murine models of acute
myeloid leukemia. Cancers 16(3):569 DOI 10.3390/cancers16030569.

Fujita S, Honma D, Adachi N, Araki K, Takamatsu E, Katsumoto T, Yamagata K,
Akashi K, Aoyama K, Iwama A, Kitabayashi I. 2018. Dual inhibition of EZH1/2
breaks the quiescence of leukemia stem cells in acute myeloid leukemia. Leukemia
32:855–864 DOI 10.1038/leu.2017.300.

Gambacorta V, Beretta S, Ciccimarra M, Zito L, Giannetti K, Andrisani A, Gnani D,
Zanotti L, Oliveira G, CarrabbaMG, Cittaro D, Merelli I, Ciceri F, Di Micco R,
Vago L. 2022. Integrated multiomic profiling identifies the epigenetic regulator
PRC2 as a therapeutic target to counteract leukemia immune escape and relapse.
Cancer Discovery 12:1449–1461 DOI 10.1158/2159-8290.CD-21-0980.

Gentles AJ, Plevritis SK, Majeti R, Alizadeh AA. 2010. Association of a leukemic stem
cell gene expression signature with clinical outcomes in acute myeloid leukemia.
JAMA 304:2706–2715 DOI 10.1001/jama.2010.1862.

Gollner S, Oellerich T, Agrawal-Singh S, Schenk T, Klein HU, Rohde C, Pabst C, Sauer
T, LerdrupM, Tavor S, Stolzel F, Herold S, Ehninger G, Kohler G, Pan KT, Urlaub
H, Serve H, Dugas M, Spiekermann K, Vick B, Jeremias I, Berdel WE, Hansen K,
Zelent A,Wickenhauser C, Muller LP, Thiede C, Muller-Tidow C. 2017. Loss of
the histone methyltransferase EZH2 induces resistance to multiple drugs in acute
myeloid leukemia. Nature Medicine 23:69–78 DOI 10.1038/nm.4247.

Guo D, Zhang A, SuoM,Wang P, Liang Y. 2023. ELK1-induced upregulation of long
non-coding TNK2-AS1 promotes the progression of acute myeloid leukemia
by EZH2-mediated epigenetic silencing of CELF2. Cell Cycle 22:117–130
DOI 10.1080/15384101.2022.2109898.

Hamed NAM, Ghandour AEl, Abo Elwafa RA, RezkMR, Ghallab O. 2023. Expression of
Enhancer of Zeste Homolog 2 (EZH2) gene in acute myeloid leukemia. Asian Pacific
Journal of Cancer Prevention 24:81–85 DOI 10.31557/APJCP.2023.24.1.81.

Han Z, Xing X, HuM, Zhang Y, Liu P, Chai J. 2007. Structural basis of EZH2 recogni-
tion by EED. Structure 15:1306–1315 DOI 10.1016/j.str.2007.08.007.

HonmaD, Kanno O,Watanabe J, Kinoshita J, HirasawaM, Nosaka E, Shiroishi M,
Takizawa T, Yasumatsu I, Horiuchi T, Nakao A, Suzuki K, Yamasaki T, Nakajima
K, HayakawaM, Yamazaki T, Yadav AS, Adachi N. 2017. Novel orally bioavailable

Fang et al. (2024), PeerJ, DOI 10.7717/peerj.18656 14/20

https://peerj.com
http://dx.doi.org/10.1038/s41419-020-03193-3
http://dx.doi.org/10.1182/blood-2009-03-213496
http://dx.doi.org/10.3390/cancers16030569
http://dx.doi.org/10.1038/leu.2017.300
http://dx.doi.org/10.1158/2159-8290.CD-21-0980
http://dx.doi.org/10.1001/jama.2010.1862
http://dx.doi.org/10.1038/nm.4247
http://dx.doi.org/10.1080/15384101.2022.2109898
http://dx.doi.org/10.31557/APJCP.2023.24.1.81
http://dx.doi.org/10.1016/j.str.2007.08.007
http://dx.doi.org/10.7717/peerj.18656


EZH1/2 dual inhibitors with greater antitumor efficacy than an EZH2 selective
inhibitor. Cancer Science 108:2069–2078 DOI 10.1111/cas.13326.

Huang Y, Yu SH, ZhenWX, Cheng T,Wang D, Lin JB,Wu YH,Wang YF, Chen Y, Shu
LP,Wang Y, Sun XJ, Zhou Y, Yang F, Hsu CH, Xu PF. 2021. Tanshinone I, a new
EZH2 inhibitor restricts normal and malignant hematopoiesis through upregulation
of MMP9 and ABCG2. Theranostics 11:6891–6904 DOI 10.7150/thno.53170.

Ishikawa F, Yoshida S, Saito Y, Hijikata A, Kitamura H, Tanaka S, Nakamura R,
Tanaka T, Tomiyama H, Saito N, Fukata M, Miyamoto T, Lyons B, Ohshima
K, Uchida N, Taniguchi S, Ohara O, Akashi K, HaradaM, Shultz LD. 2007.
Chemotherapy-resistant human AML stem cells home to and engraft within
the bone-marrow endosteal region. Nature Biotechnology 25:1315–1321
DOI 10.1038/nbt1350.

Jiao L, Liu X. 2015. Structural basis of histone H3K27 trimethylation by an active
polycomb repressive complex 2. Science 350:aac4383 DOI 10.1126/science.aac4383.

Kamminga LM, Bystrykh LV, De Boer A, Houwer S, Douma J, Weersing E, Dontje B,
De Haan G. 2006. The Polycomb group gene Ezh2 prevents hematopoietic stem cell
exhaustion. Blood 107:2170–2179 DOI 10.1182/blood-2005-09-3585.

Kempf JM,Weser S, BartoschekMD,Metzeler KH, Vick B, Herold T, Volse K, Mattes
R, Scholz M,Wange LE, Festini M, Ugur E, Roas M,Weigert O, Bultmann S,
Leonhardt H, Schotta G, HiddemannW, Jeremias I, Spiekermann K. 2021. Loss-of-
function mutations in the histone methyltransferase EZH2 promote chemotherapy
resistance in AML. Scientific Reports 11:5838 DOI 10.1038/s41598-021-84708-6.

Kikushige Y, Miyamoto T, Kochi Y, Semba Y, Ohishi M, Irifune H, Hatakeyama K,
Kunisaki Y, Sugio T, Sakoda T, Miyawaki K, Kato K, Soga T, Akashi K. 2023.
Human acute leukemia uses branched-chain amino acid catabolism to main-
tain stemness through regulating PRC2 function. Blood Advances 7:3592–3603
DOI 10.1182/bloodadvances.2022008242.

KimW, Bird GH, Neff T, Guo G, Kerenyi MA,Walensky LD, Orkin SH. 2013. Targeted
disruption of the EZH2-EED complex inhibits EZH2-dependent cancer. Nature
Chemical Biology 9:643–650 DOI 10.1038/nchembio.1331.

Kreso A, Dick JE. 2014. Evolution of the cancer stem cell model. Cell Stem Cell
14:275–291 DOI 10.1016/j.stem.2014.02.006.

Long B, Shan Y, Sun Y,Wang T, Li X, Huang K, ZhangW, He Y,Wen R, Li Y,
Mai Y, Feng Y, Zhang T, Kang B, Zhang C, Zhu Y, Gu J, Liu J, Zhang X,
Pan G. 2022. Vitamin C promotes anti-leukemia of DZNep in acute myeloid
leukemia. Biochimica et Biophysica Acta: Molecular Basis of Disease 1868:166357
DOI 10.1016/j.bbadis.2022.166357.

Margueron R, Reinberg D. 2011. The Polycomb complex PRC2 and its mark in life.
Nature 469:343–349 DOI 10.1038/nature09784.

Mochizuki-KashioM,Mishima Y, Miyagi S, Negishi M, Saraya A, Konuma T,
Shinga J, Koseki H, Iwama A. 2011. Dependency on the polycomb gene Ezh2
distinguishes fetal from adult hematopoietic stem cells. Blood 118:6553–6561
DOI 10.1182/blood-2011-03-340554.

Fang et al. (2024), PeerJ, DOI 10.7717/peerj.18656 15/20

https://peerj.com
http://dx.doi.org/10.1111/cas.13326
http://dx.doi.org/10.7150/thno.53170
http://dx.doi.org/10.1038/nbt1350
http://dx.doi.org/10.1126/science.aac4383
http://dx.doi.org/10.1182/blood-2005-09-3585
http://dx.doi.org/10.1038/s41598-021-84708-6
http://dx.doi.org/10.1182/bloodadvances.2022008242
http://dx.doi.org/10.1038/nchembio.1331
http://dx.doi.org/10.1016/j.stem.2014.02.006
http://dx.doi.org/10.1016/j.bbadis.2022.166357
http://dx.doi.org/10.1038/nature09784
http://dx.doi.org/10.1182/blood-2011-03-340554
http://dx.doi.org/10.7717/peerj.18656


Momparler RL, Idaghdour Y, Marquez VE, Momparler LF. 2012. Synergistic an-
tileukemic action of a combination of inhibitors of DNA methylation and histone
methylation. Leukemia Research 36:1049–1054 DOI 10.1016/j.leukres.2012.03.001.

Morel KL, Sheahan AV, Burkhart DL, Baca SC, Boufaied N, Liu Y, Qiu X, Canadas I,
Roehle K, Heckler M, Calagua C, Ye H, Pantelidou C, Galbo P, Panja S, Mitro-
fanova A,Wilkinson S,Whitlock NC, Trostel SY, Hamid AA, Kibel AS, Barbie DA,
Choudhury AD, Pomerantz MM, Sweeney CJ, Long HW, Einstein DJ, Shapiro GI,
Dougan SK, Sowalsky AG, He HH, FreedmanML, Balk SP, LodaM, Labbe DP,
Olson BM, Ellis L. 2021. EZH2 inhibition activates a dsRNA-STING-interferon
stress axis that potentiates response to PD-1 checkpoint blockade in prostate cancer.
Nature Cancer 2:444–456 DOI 10.1038/s43018-021-00185.

Neff T, Sinha AU, KlukMJ, Zhu N, KhattabMH, Stein L, Xie H, Orkin SH, Armstrong
SA. 2012. Polycomb repressive complex 2 is required for MLL-AF9 leukemia.
Proceedings of the National Academy of Sciences of the United States of America
109:5028–5033 DOI 10.1073/pnas.1202258109.

Nikoloski G, Langemeijer SM, Kuiper RP, Knops R, MassopM, Tonnissen ER, Heijden
Avander, Scheele TN, Vandenberghe P, DeWitte T, Van der Reijden BA, Jansen
JH. 2010. Somatic mutations of the histone methyltransferase gene EZH2 in
myelodysplastic syndromes. Nature Genetics 42:665–667 DOI 10.1038/ng.620.

Ntziachristos P, Tsirigos A, Van Vlierberghe P, Nedjic J, Trimarchi T, Flaherty MS,
Ferres-Marco D, Da Ros V, Tang Z, Siegle J, Asp P, Hadler M, Rigo I, De Keers-
maecker K, Patel J, Huynh T, Utro F, Poglio S, Samon JB, Paietta E, Racevskis J,
Rowe JM, Rabadan R, Levine RL, Brown S, Pflumio F, DominguezM, Ferrando A,
Aifantis I. 2012. Genetic inactivation of the polycomb repressive complex 2 in T cell
acute lymphoblastic leukemia. Nature Medicine 18:298–301 DOI 10.1038/nm.2651.

Pang B, De Jong J, Qiao X,Wessels LF, Neefjes J. 2015. Chemical profiling of the
genome with anti-cancer drugs defines target specificities. Nature Chemical Biology
11:472–480 DOI 10.1038/nchembio.1811.

Pang B, Qiao X, Janssen L, Velds A, Groothuis T, Kerkhoven R, NieuwlandM, Ovaa
H, Rottenberg S, Van Tellingen O, Janssen J, Huijgens P, ZwartW, Neefjes
J. 2013. Drug-induced histone eviction from open chromatin contributes to
the chemotherapeutic effects of doxorubicin. Nature Communications 4:1908
DOI 10.1038/ncomms2921.

Papaemmanuil E, GerstungM, Bullinger L, Gaidzik VI, Paschka P, Roberts ND, Potter
NE, Heuser M, Thol F, Bolli N, GundemG, Van Loo P, Martincorena I, Ganly
P, Mudie L, McLaren S, O’Meara S, Raine K, Jones DR, Teague JW, Butler AP,
Greaves MF, Ganser A, Dohner K, Schlenk RF, Dohner H, Campbell PJ. 2016.
Genomic classification and prognosis in acute myeloid leukemia. The New England
Journal of Medicine 374:2209–2221 DOI 10.1056/NEJMoa1516192.

Pastore F, Levine RL. 2016. Epigenetic regulators and their impact on therapy in acute
myeloid leukemia. Haematologica 101:269–278 DOI 10.3324/haematol.2015.140822.

Petruk S, Cai J, Sussman R, Sun G, Kovermann SK, Mariani SA, Calabretta B,
McMahon SB, Brock HW, Iacovitti L, Mazo A. 2017a. Delayed accumulation

Fang et al. (2024), PeerJ, DOI 10.7717/peerj.18656 16/20

https://peerj.com
http://dx.doi.org/10.1016/j.leukres.2012.03.001
http://dx.doi.org/10.1038/s43018-021-00185
http://dx.doi.org/10.1073/pnas.1202258109
http://dx.doi.org/10.1038/ng.620
http://dx.doi.org/10.1038/nm.2651
http://dx.doi.org/10.1038/nchembio.1811
http://dx.doi.org/10.1038/ncomms2921
http://dx.doi.org/10.1056/NEJMoa1516192
http://dx.doi.org/10.3324/haematol.2015.140822
http://dx.doi.org/10.7717/peerj.18656


of H3K27me3 on nascent DNA is essential for recruitment of transcription fac-
tors at early stages of stem cell differentiation.Molecular Cell 66:247–257 e245
DOI 10.1016/j.molcel.2017.03.006.

Petruk S, Mariani SA, De Dominici M, Porazzi P, Minieri V, Cai J, Iacovitti L,
Flomenberg N, Calabretta B, Mazo A. 2017b. Structure of nascent chromatin
is essential for hematopoietic lineage specification. Cell Reports 19:295–306
DOI 10.1016/j.celrep.2017.03.035.

Porazzi P, Petruk S, Pagliaroli L, De Dominici M, Deming 2nd D, Puccetti MV,
Kushinsky S, Kumar G, Minieri V, Barbieri E, Deliard S, Grande A, TrizzinoM,
Gardini A, Canaani E, Palmisiano N, Porcu P, Ertel A, Fortina P, Eischen CM,
Mazo A, Calabretta B. 2022. Targeting chemotherapy to decondensed H3K27me3-
marked chromatin of AML cells enhances leukemia suppression. Cancer Research
82:458–471 DOI 10.1158/0008-5472.CAN-21-1297.

Rathert P, RothM, Neumann T, Muerdter F, Roe JS, MuharM, Deswal S, Cerny-
Reiterer S, Peter B, Jude J, Hoffmann T, Boryn LM, Axelsson E, Schweifer N,
Tontsch-Grunt U, Dow LE, Gianni D, PearsonM, Valent P, Stark A, Kraut N,
Vakoc CR, Zuber J. 2015. Transcriptional plasticity promotes primary and acquired
resistance to BET inhibition. Nature 525:543–547 DOI 10.1038/nature14898.

Ren Z, Kim A, Huang YT, PiWC, GongW, Yu X, Qi J, Jin J, Cai L, Roeder RG, Chen
WY,Wang GG. 2022. A PRC2-Kdm5b axis sustains tumorigenicity of acute myeloid
leukemia. Proceedings of the National Academy of Sciences of the United States of
America 119(9):e2122940119 DOI 10.1073/pnas.2122940119.

Sbirkov Y, Schenk T, Kwok C, Stengel S, Brown R, Brown G, Chesler L, Zelent
A, Fuchter MJ, Petrie K. 2023. Dual inhibition of EZH2 and G9A/GLP his-
tone methyltransferases by HKMTI-1-005 promotes differentiation of acute
myeloid leukemia cells. Frontiers in Cell and Developmental Biology 11:1076458
DOI 10.3389/fcell.2023.1076458.

Shallis RM,Wang R, Davidoff A, Ma X, Zeidan AM. 2019. Epidemiology of acute
myeloid leukemia: Recent progress and enduring challenges. Blood Reviews 36:70–87
DOI 10.1016/j.blre.2019.04.005.

Shen X, Liu Y, Hsu YJ, Fujiwara Y, Kim J, Mao X, Yuan GC, Orkin SH. 2008. EZH1
mediates methylation on histone H3 lysine 27 and complements EZH2 in main-
taining stem cell identity and executing pluripotency.Molecular Cell 32:491–502
DOI 10.1016/j.molcel.2008.10.016.

Shi J, Wang E, Zuber J, Rappaport A, Taylor M, Johns C, Lowe SW, Vakoc CR.
2013. The polycomb complex PRC2 supports aberrant self-renewal in a mouse
model of MLL-AF9; Nras(G12D) acute myeloid leukemia. Oncogene 32:930–938
DOI 10.1038/onc.2012.110.

Shih AH, Abdel-Wahab O, Patel JP, Levine RL. 2012. The role of mutations in epi-
genetic regulators in myeloid malignancies. Nature Reviews Cancer 12:599–612
DOI 10.1038/nrc3343.

Simon JA, Lange CA. 2008. Roles of the EZH2 histone methyltransferase in cancer
epigenetics.Mutation Research 647:21–29 DOI 10.1016/j.mrfmmm.2008.07.010.

Fang et al. (2024), PeerJ, DOI 10.7717/peerj.18656 17/20

https://peerj.com
http://dx.doi.org/10.1016/j.molcel.2017.03.006
http://dx.doi.org/10.1016/j.celrep.2017.03.035
http://dx.doi.org/10.1158/0008-5472.CAN-21-1297
http://dx.doi.org/10.1038/nature14898
http://dx.doi.org/10.1073/pnas.2122940119
http://dx.doi.org/10.3389/fcell.2023.1076458
http://dx.doi.org/10.1016/j.blre.2019.04.005
http://dx.doi.org/10.1016/j.molcel.2008.10.016
http://dx.doi.org/10.1038/onc.2012.110
http://dx.doi.org/10.1038/nrc3343
http://dx.doi.org/10.1016/j.mrfmmm.2008.07.010
http://dx.doi.org/10.7717/peerj.18656


Sinha S, Thomas D, Yu L, Gentles AJ, Jung N, Corces-ZimmermanMR, Chan SM,
Reinisch A, Feinberg AP, Dill DL, Majeti R. 2015.Mutant WT1 is associated with
DNA hypermethylation of PRC2 targets in AML and responds to EZH2 inhibition.
Blood 125:316–326 DOI 10.1182/blood-2014-03-566018.

Song X, Peng Y,Wang X, Chen Y, Jin L, Yang T, QianM, NiW, Tong X, Lan J. 2018.
Incidence, survival, risk factors for adults with acute myeloid leukemia not otherwise
specified and acute myeloid leukemia with recurrent genetic abnormalities: analysis
of the surveillance, epidemiology, and end results (SEER) database, 2001-2013. Acta
Haematologica 139:115–127 DOI 10.1159/000486228.

Srinivasan Rajsri K, Roy N, Chakraborty S. 2023. Acute myeloid leukemia stem
cells in minimal/measurable residual disease detection. Cancers 15(10):2866
DOI 10.3390/cancers15102866.

Stavast CJ, Van Zuijen I, Karkoulia E, Ozcelik A, Van Hoven-Beijen A, Leon LG, Voer-
man JSA, Janssen GMC, Van Veelen PA, BurocziovaM, Brouwer RWW, Van IWFJ,
Maas A, Bindels EM, Velden VHJvander, Schliehe C, Katsikis PD, Alberich-Jorda
M, Erkeland SJ. 2022. The tumor suppressor MIR139 is silenced by POLR2M to pro-
mote AML oncogenesis. Leukemia 36:687–700 DOI 10.1038/s41375-021-01461-5.

Stelmach P, Trumpp A. 2023. Leukemic stem cells and therapy resistance in acute
myeloid leukemia. Haematologica 108:353–366 DOI 10.3324/haematol.2022.280800.

Sung PJ, SelvamM, Riedel SS, Xie HM, Bryant K, Manning B,Wertheim GB, Kulej
K, Pham L, Bowman RL, Peresie J, NemethMJ, Levine RL, Garcia BA, Meyer
SE, Sidoli S, Bernt KM, Carroll M. 2024. FLT3 tyrosine kinase inhibition mod-
ulates PRC2 and promotes differentiation in acute myeloid leukemia. Leukemia
38:291–301 DOI 10.1038/s41375-023-02131-4.

Tanaka S, Miyagi S, Sashida G, Chiba T, Yuan J, Mochizuki-KashioM, Suzuki Y,
Sugano S, Nakaseko C, Yokote K, Koseki H, Iwama A. 2012. Ezh2 augments
leukemogenicity by reinforcing differentiation blockage in acute myeloid leukemia.
Blood 120:1107–1117 DOI 10.1182/blood-2011-11-394932.

Thiel AT, Feng Z, Pant DK, Chodosh LA, Hua X. 2013. The trithorax protein partner
menin acts in tandem with EZH2 to suppress C/EBPalpha and differentiation in
MLL-AF9 leukemia. Haematologica 98:918–927 DOI 10.3324/haematol.2012.074195.

Toffalori C, Zito L, Gambacorta V, RibaM, Oliveira G, Bucci G, Barcella M, Spinelli
O, Greco R, Crucitti L, Cieri N, Noviello M, Manfredi F, Montaldo E, Ostuni R,
Naldini MM, Gentner B,Waterhouse M, Zeiser R, Finke J, HanounM, Beelen DW,
Gojo I, Luznik L, OnozawaM, Teshima T, Devillier R, Blaise D, Halkes CJM, Grif-
fioenM, CarrabbaMG, Bernardi M, Peccatori J, Barlassina C, Stupka E, Lazarevic
D, Tonon G, Rambaldi A, Cittaro D, Bonini C, Fleischhauer K, Ciceri F, Vago L.
2019. Immune signature drives leukemia escape and relapse after hematopoietic cell
transplantation. Nature Medicine 25:603–611 DOI 10.1038/s41591-019-0400-z.

Tsai CT, So CW. 2017. Epigenetic therapies by targeting aberrant histone methylome
in AML: molecular mechanisms, current preclinical and clinical development.
Oncogene 36:1753–1759 DOI 10.1038/onc.2016.315.

Fang et al. (2024), PeerJ, DOI 10.7717/peerj.18656 18/20

https://peerj.com
http://dx.doi.org/10.1182/blood-2014-03-566018
http://dx.doi.org/10.1159/000486228
http://dx.doi.org/10.3390/cancers15102866
http://dx.doi.org/10.1038/s41375-021-01461-5
http://dx.doi.org/10.3324/haematol.2022.280800
http://dx.doi.org/10.1038/s41375-023-02131-4
http://dx.doi.org/10.1182/blood-2011-11-394932
http://dx.doi.org/10.3324/haematol.2012.074195
http://dx.doi.org/10.1038/s41591-019-0400-z
http://dx.doi.org/10.1038/onc.2016.315
http://dx.doi.org/10.7717/peerj.18656


Tulkens D, Boelens M, Naert T, CarronM, Demuynck S, Dewaele S, Van Isterdael
G, Creytens D, Pieters T, Goossens S, Van Vlierberghe P, Vleminckx K. 2023.
Mutations in the histone methyltransferase Ezh2 drive context-dependent leukemia
in Xenopus tropicalis. Leukemia 37:2404–2413 DOI 10.1038/s41375-023-02052-2.

Ueda K, Yoshimi A, Kagoya Y, Nishikawa S, Marquez VE, NakagawaM, KurokawaM.
2014. Inhibition of histone methyltransferase EZH2 depletes leukemia stem cell of
mixed lineage leukemia fusion leukemia through upregulation of p16. Cancer Science
105:512–519 DOI 10.1111/cas.12386.

Van Kemenade FJ, Raaphorst FM, Blokzijl T, Fieret E, Hamer KM, Satijn DP, Otte
AP, Meijer CJ. 2001. Coexpression of BMI-1 and EZH2 polycomb-group proteins
is associated with cycling cells and degree of malignancy in B-cell non-Hodgkin
lymphoma. Blood 97:3896–3901 DOI 10.1182/blood.v97.12.3896.

Velez J, Dale B, Park KS, Kaniskan HU, Yu X, Jin J. 2024. Discovery of a novel,
highly potent EZH2 PROTAC degrader for targeting non-canonical onco-
genic functions of EZH2. European Journal of Medicinal Chemistry 267:116154
DOI 10.1016/j.ejmech.2024.116154.

Villa R, Pasini D, Gutierrez A, Morey L, Occhionorelli M, Vire E, Nomdedeu JF,
Jenuwein T, Pelicci PG, Minucci S, Fuks F, Helin K, Croce LDi. 2007. Role of
the polycomb repressive complex 2 in acute promyelocytic leukemia. Cancer Cell
11:513–525 DOI 10.1016/j.ccr.2007.04.009.

Wang X, Dai H,Wang Q,Wang Q, Xu Y,Wang Y, Sun A, Ruan J, Chen S,Wu
D. 2013. EZH2 mutations are related to low blast percentage in bone mar-
row and -7/del(7q) in de novo acute myeloid leukemia. PLOS ONE 8:e61341
DOI 10.1371/journal.pone.0061341.

Wang B, Liu Y, Liao Z,WuH, Zhang B, Zhang L. 2023a. EZH2 in hepatocellular
carcinoma: progression, immunity, and potential targeting therapies. Experimental
Hematology & Oncology 12:52 DOI 10.1186/s40164-023-00405-2.

Wang D,Wang F, Zhang H, Chen P, YangM. 2023b. Circadian clock protein
Bmal1 accelerates acute myeloid leukemia by inhibiting ferroptosis through the
EBF3/ALOX15 axis. Cancer Science 114:3446–3460 DOI 10.1111/cas.15875.

Wang J, Yu X, GongW, Liu X, Park KS, Ma A, Tsai YH, Shen Y, Onikubo T, PiWC,
Allison DF, Liu J, ChenWY, Cai L, Roeder RG, Jin J, Wang GG. 2022. EZH2
noncanonically binds cMyc and p300 through a cryptic transactivation domain to
mediate gene activation and promote oncogenesis. Nature Cell Biology 24:384–399
DOI 10.1038/s41556-022-00850-x.

Wouters BJ, Delwel R. 2016. Epigenetics and approaches to targeted epigenetic therapy
in acute myeloid leukemia. Blood 127:42–52 DOI 10.1182/blood-2015-07-604512.

Xia ZB, AndersonM, Diaz MO, Zeleznik-Le NJ. 2003.MLL repression domain interacts
with histone deacetylases, the polycomb group proteins HPC2 and BMI-1, and the
corepressor C-terminal-binding protein. Proceedings of the National Academy of Sci-
ences of the United States of America 100:8342–8347 DOI 10.1073/pnas.1436338100.

Fang et al. (2024), PeerJ, DOI 10.7717/peerj.18656 19/20

https://peerj.com
http://dx.doi.org/10.1038/s41375-023-02052-2
http://dx.doi.org/10.1111/cas.12386
http://dx.doi.org/10.1182/blood.v97.12.3896
http://dx.doi.org/10.1016/j.ejmech.2024.116154
http://dx.doi.org/10.1016/j.ccr.2007.04.009
http://dx.doi.org/10.1371/journal.pone.0061341
http://dx.doi.org/10.1186/s40164-023-00405-2
http://dx.doi.org/10.1111/cas.15875
http://dx.doi.org/10.1038/s41556-022-00850-x
http://dx.doi.org/10.1182/blood-2015-07-604512
http://dx.doi.org/10.1073/pnas.1436338100
http://dx.doi.org/10.7717/peerj.18656


Xie H, Peng C, Huang J, Li BE, KimW, Smith EC, Fujiwara Y, Qi J, Cheloni G, Das PP,
NguyenM, Li S, Bradner JE, Orkin SH. 2016. Chronic myelogenous leukemia- ini-
tiating cells require polycomb group protein EZH2. Cancer Discovery 6:1237–1247
DOI 10.1158/2159-8290.CD-15-1439.

Xu B, On DM,Ma A, Parton T, Konze KD, Pattenden SG, Allison DF, Cai L,
Rockowitz S, Liu S, Liu Y, Li F, Vedadi M, Frye SV, Garcia BA, Zheng D, Jin
J, Wang GG. 2015. Selective inhibition of EZH2 and EZH1 enzymatic activity
by a small molecule suppresses MLL-rearranged leukemia. Blood 125:346–357
DOI 10.1182/blood-2014-06-581082.

Xu L,Wang Y,Wang G, Guo S, Yu D, Feng Q, Hu K, Chen G, Li B, Xu Z, Jia X, Lu Y,
Zhang H, Gao X, Chang S, Wang H,Wu X, Song D, Yang G, Zhu H, Zhou J, Zhan
F, ZhuW, Shi J. 2023. Aberrant activation of TRIP13-EZH2 signaling axis promotes
stemness and therapy resistance in multiple myeloma. Leukemia 37:1576–1579
DOI 10.1038/s41375-023-01925-w.

Yan J, Ng SB, Tay JL, Lin B, Koh TL, Tan J, Selvarajan V, Liu SC, Bi C,Wang S, Choo
SN, Shimizu N, Huang G, Yu Q, ChngWJ. 2013. EZH2 overexpression in natural
killer/T-cell lymphoma confers growth advantage independently of histone methyl-
transferase activity. Blood 121:4512–4520 DOI 10.1182/blood-2012-08-450494.

Yang C, Gu Y, Ge Z, Song C. 2022. Targeting EZH2 promotes chemosensitivity
of BCL-2 inhibitor through suppressing PI3K and c-KIT signaling in acute
myeloid leukemia. International Journal of Molecular Sciences 23(19):11393
DOI 10.3390/ijms231911393.

Yang X,WanM, Yu F,Wu X. 2021.Histone methyltransferase EZH2 epigenetically
affects CCNA1 expression in acute myeloid leukemia. Cell Signal 87:110144
DOI 10.1016/j.cellsig.2021.110144.

YuanW,Wu T, Fu H, Dai C,WuH, Liu N, Li X, XuM, Zhang Z, Niu T, Han Z,
Chai J, Zhou XJ, Gao S, Zhu B. 2012. Dense chromatin activates Polycomb re-
pressive complex 2 to regulate H3 lysine 27 methylation. Science 337:971–975
DOI 10.1126/science.1225237.

Zeiser R, Vago L. 2019.Mechanisms of immune escape after allogeneic hematopoietic
cell transplantation. Blood 133:1290–1297 DOI 10.1182/blood-2018-10-846824.

Zhao A, Zhou H, Yang J, Li M, Niu T. 2023. Epigenetic regulation in hematopoiesis
and its implications in the targeted therapy of hematologic malignancies. Signal
Transduction and Targeted Therapy 8:71 DOI 10.1038/s41392-023-01342-6.

Zhou J, Bi C, Cheong LL, Mahara S, Liu SC, Tay KG, Koh TL, Yu Q, ChngWJ. 2011.
The histone methyltransferase inhibitor, DZNep, up-regulates TXNIP, increases
ROS production, and targets leukemia cells in AML. Blood 118:2830–2839
DOI 10.1182/blood-2010-07-294827.

Fang et al. (2024), PeerJ, DOI 10.7717/peerj.18656 20/20

https://peerj.com
http://dx.doi.org/10.1158/2159-8290.CD-15-1439
http://dx.doi.org/10.1182/blood-2014-06-581082
http://dx.doi.org/10.1038/s41375-023-01925-w
http://dx.doi.org/10.1182/blood-2012-08-450494
http://dx.doi.org/10.3390/ijms231911393
http://dx.doi.org/10.1016/j.cellsig.2021.110144
http://dx.doi.org/10.1126/science.1225237
http://dx.doi.org/10.1182/blood-2018-10-846824
http://dx.doi.org/10.1038/s41392-023-01342-6
http://dx.doi.org/10.1182/blood-2010-07-294827
http://dx.doi.org/10.7717/peerj.18656

