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Simple Summary: Acute myeloid leukemia (AML) is the abnormal growth of immature blood
cells characterized by a block in differentiation. The therapy options to treat AML have primarily
consisted of cytotoxic chemotherapy, until more recently, when small-molecule targeted therapy
emerged. Many of these targeted therapies are directed at agents that can cause abnormal cells to
differentiate. Herein, we discuss the role of a small molecule inhibitor of enhancer of zeste homolog 2
(EZH2), which can induce differentiation and promote survival in AML models.

Abstract: Background: Acute myeloid leukemia (AML) is the malignant proliferation of immature
myeloid cells characterized by a block in differentiation. As such, novel therapeutic strategies to
promote the differentiation of immature myeloid cells have been successful in AML, although these
agents are targeted to a specific mutation that is only present in a subset of AML patients. In the
current study, we show that targeting the epigenetic modifier enhancer of zeste homolog 2 (EZH2) can
induce the differentiation of immature blast cells into a more mature myeloid phenotype and promote
survival in AML murine models. Methods: The EZH2 inhibitor EPZ011989 (EPZ) was studied in
AML cell lines, primary in AML cells and normal CD34+ stem cells. A pharmacodynamic assessment
of H3K27me3; studies of differentiation, cell growth, and colony formation; and in vivo therapeutic
studies including the influence on primary AML cell engraftment were also conducted. Results:
EPZ inhibited H3K27me3 in AML cell lines and primary AML samples in vitro. EZH2 inhibition
reduced colony formation in multiple AML cell lines and primary AML samples, while exhibiting
no effect on colony formation in normal CD34+ stem cells. In AML cells, EPZ promoted phenotypic
evidence of differentiation. Finally, the pretreatment of primary AML cells with EPZ significantly
delayed engraftment and prolonged the overall survival when engrafted into immunodeficient mice.
Conclusions: Despite evidence that EZH2 silencing in MDS/MPN can promote AML pathogenesis,
our data demonstrate that the therapeutic inhibition of EZH2 in established AML has the potential to
improve survival.
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1. Introduction

Acute myeloid leukemia (AML) is the malignant proliferation of immature myeloid
cells due to a block in differentiation [1]. It is the most commonly diagnosed acute leukemia
in adults, and these patients have poor outcomes, with long-term cure rates of 30–40% in
younger patients treated with induction and consolidation chemotherapy [2]. In patients
over the age of 60, the results are even more unfavorable, as the chances of survival are be-
low 10–15% when treated with aggressive chemotherapy [3,4]. Outside of select favorable
genomic groups, AML is not curable in the absence of an allogeneic stem cell transplant
(ASCT). However, the median age of AML diagnosis is 67, which makes ASCT irrelevant
to most patients with this disease and provides a strong rationale for the application of
different types of therapies in this disease. Mutations in FLT3, IDH1, and IDH2 encompass
25% of elderly patients with AML, and therapies directed at these mutations (gilteritinib [5],
ivosidenib [6], and enasidenib [7], respectively) mediate differentiation as their primary
mechanism of action. These agents can promote durable remission, but relapse eventu-
ally occurs due to the expansion of pre-existing clones lacking these mutations or the
development of acquired resistance clones [8–10]. While these FDA-approved treatments
have improved survival, most patients still do not obtain long-term durable remission [2].
Accordingly, the need for novel targeted therapies with minimal side effects that do not
impact normal hematopoiesis are necessary.

The role of enhancer of zeste homolog 2 (EZH2) in blood cancers is not well understood.
EZH2 is the catalytic core subunit of the polycomb repressive complex 2 (PRC2) and
methylates lysine 27 on histone H3 (H3K27me3), resulting in transcriptional repression [11].
Recently, EZH2 inhibitors, such as tazemetostat, have been developed for clinical use
in relapsed/refractory follicular lymphoma where EZH2 mutations are typically gain-
of-function [12]. Preclinical data support the use of tazemetostat in both EZH2-mutant
and wild-type non-Hodgkin’s lymphoma, as tazemetostat can be cytotoxic and cytostatic,
respectively [13]. These data provided the basis of a phase 2 trial and the subsequent FDA
approval of tazemetostat in both EZH2-mutant and wild-type relapsed/refractory follicular
lymphoma [14]. The promising results with tazemetostat in EZH2 wild-type lymphoma
support the exploration of EZH2 inhibition in other hematological malignancies. Unlike
lymphoma, EZH2 mutations in AML tend to be loss-of-function mutations [15], and studies
indicate that loss-of-function EZH2 mutations in AML patients have poor prognoses and
are associated with a reduced overall survival [16,17]. However, the role of EZH2 in AML
can be context-dependent, as it has been shown to function as an oncogene during AML
development and a tumor suppressor during the AML maintenance phase [18]. Basheer
et al. demonstrated that EZH2 is regulating a different set of genes in normal murine
bone marrow hematopoietic stem and progenitor cells compared to AML1-ETO9a murine
leukemia cells [18]. We hypothesized that, in patients with EZH2 wild-type AML, the
inhibition of EZH2 may produce a phenotype that would allow for therapeutic targeting
without influencing normal hematopoiesis. To study this, we used EPZ011989 [19] to inhibit
EZH2 in AML cell lines as well as primary samples. It is important to understand the role
of EZH2 in AML blast cells in order develop rational combination therapies that will target
blasts without affecting normal hematopoiesis.

2. Materials and Methods
2.1. Chemical Compounds

EPZ011989 (EPZ) was purchased from Selleckchem (Houston, TX, USA, Cat# S7805).

2.2. Cell Lines and Culture Conditions

MOLM-13, OCI-AML3, and MV4-11 cells were purchased from the Leibniz Insti-
tute DSMZ-German Collection of Microorganisms and Cell Cultures GmbH. Our lab
previously isolated a TP53 wild-type MV4-11 subclone, which was used in subsequent
experiments [20]. The MOLM-13 luciferase-expressing cell line was a generous gift from
Dr. Ramiro Garzon [21]. Cells were cultured in Roswell Park Memorial Institute (RPMI)
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1640 with 10% fetal bovine serum, 2 mM of L-glutamine, 56 U/mL of penicillin, and
56 µg/mL of streptomycin (Thermo Fisher Scientific, Waltham, MA, USA). Cell lines were
routinely tested for mycoplasma and underwent short tandem repeat (STR) testing for
authentication. Cells were incubated at 37 ◦C and 5% CO2.

2.3. Primary AML Samples and Culture Conditions

Primary AML samples (apheresis, bone marrow, and peripheral blood) were obtained
from the Ohio State University Comprehensive Cancer Center Leukemia Tissue Bank (LTB).
Samples were collected under an Institutional Review Board-approved protocol, and the
LTB acted as an honest broker. Samples were cultured in StemSpan (StemCell Technologies,
Cambridge, MA, USA) that was supplemented with Flt3-L, SCF, GM-CSF, IL-3, G-CSF, IL-6,
TPO, and EPO (PeproTech, Cranbury, NJ, USA). Cells were incubated at 37 ◦C and 5% CO2.

2.4. Antibodies

Anti-H3K27me3 (Cat# 9733), anti-Histone H3 (Cat# 3638), anti-EZH2 (Cat# 5246),
and anti-β-actin (Cat# 3700) antibodies were purchased from Cell Signaling Technology
(Danvers, MA, USA) for immunoblots. β-Actin was used as a loading control.

2.5. Cell Treatment and Immunoblots

For immunoblot assays, MOLM-13, OCI-AML3, and MV4-11 cells were cultured with
dimethyl sulfoxide (DMSO), 0.5 µM, or 1 µM EPZ for 96 h, and primary AML samples
were treated with DMSO or 1 µM EPZ for 7 days. Cells were washed with PBS and then
lysed in cell lysis buffer with protease inhibitor cocktail, serine/threonine phosphatase
inhibitor cocktail, tyrosine phosphatase inhibitor, and phenylmethanesulfonyl fluoride
solution (Millipore Sigma, Burlington, MA, USA). Samples were then sonicated to shear
the nucleus. Pierce BCA Protein Assay (Thermo Fisher Scientific) was used to quantify
protein lysate. An amount of 25 ug of protein lysate was loaded for the cell lines, and 20 ug
of protein lysate was loaded for the primary samples. The cell line samples were run on a
12% sodium dodecyl sulfate polyacrylamide gel, and the primary AML samples were run
on Mini-PROTEAN TGX Stain-Free Precast Gels (Bio-Rad, Hercules, CA, USA). Gels were
transferred to a nitrocellulose membrane. Gels with cell line lysates were blocked for 1 h in
Blocker BLOTTO in TBS (Thermo Fisher Scientific) and then incubated overnight at 4 ◦C
with primary antibody. Blots were washed and incubated with horseradish peroxidase-
conjugated secondary antibody for 1 h at room temperature and then developed with
chemiluminescent Pierce ECL Substrate (Thermo Fisher Scientific) on X-ray films. Primary
AML sample immunoblots were blocked for 1 h in Intercept (TBS) Blocking Buffer (Li-cor,
Lincoln, NE, USA) and incubated overnight at 4 ◦C with primary antibody diluted in
Intercept T20 (TBS) Antibody Diluent (Li-cor). Blots were washed and incubated with
secondary antibody diluted in Intercept T20 (TBS) Antibody Diluent (Li-cor) for 1 h at room
temperature. Proteins were detected with fluorescent imaging on the Odyssey M Imaging
System (Li-cor).

2.6. Proliferation Assay

MOLM-13, OCI-AML3, or MV4-11 (3125 cells per well) and primary AML (100,000 cells
per well) were plated in 96-well plates for 7 days. Plates were spun down, and the media
were refreshed on day 4. On day 7, Cell Titer 96 Aqueous MTS Reagent Powder (Promega)
and phenazine methosulfate (Millipore Sigma) were added. After a 3 h incubation period,
absorbance was measured at 490 nm on the Cytation 5 Cell Imaging Multi-Mode Reader
(Agilent, Santa Clara, CA, USA).

2.7. Colony Formation Unit (CFU) Assay

MOLM-13, OCI-AML3, or MV4-11 (156 cells per condition) were plated with DMSO or
1 µM EPZ in MethoCult H4035 Optimum Without EPO (StemCell Technologies, Cambridge,
MA, USA) and incubated at 37 ◦C with 5% CO2 for 7 days. Images were taken with the
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STEMVision Instrument, and the colonies were counted manually. For primary AML
samples, cells were plated at the appropriate density (5 × 104–2 × 105 cells/well) with
DMSO or 1 µM EPZ in MethoCult H4035 Optimum Without EPO and incubated at 37 ◦C
with 5% CO2 and 1% O2 for 14 days. Images were taken with the STEMVision Instrument,
and colonies were counted using the appropriate STEMVision algorithm or manually by
two counters blinded to experimental conditions on the Revolve Microscope (ECHO).
Samples that produced fewer than 20 colonies counted in the DMSO condition were
excluded. For the normal donor CD34+ CFU assays, normal bone marrow was obtained
from AllCells. The Human CD34 MicroBead Kit (Miltenyi Biotec, Gaithersburg, MD, USA)
was used to isolate CD34+ cells. A total of 1000 CD34+ cells/well were plated with DMSO
or 1 µM EPZ in MethoCult H4035 Optimum Without EPO and incubated at 37 ◦C with
5% CO2 and 1% O2 for 7–10 days. Colonies were counted by two counters blinded to the
experimental conditions using the Revolve Microscope (ECHO). Values are reported as
averages of the two separate counters.

2.8. MOLM-13 Luciferase Xenograft Murine Model

All animal experiments were conducted after approval of the University of Cincinnati
(UC) Institutional Animal Care and Use Committee (IACUC). The 1 × 104 MOLM-13 cells
that express luciferase [21] were injected into 8-week-old male NCG mice (Charles River
Laboratories, Wilmington, MA, USA) via the tail vein. On day 3 post-engraftment, mice
were randomized to receive either vehicle (0.5% methylcellulose, 0.1% Tween80, 99.4%
deionized water) or 82 mg/kg EPZ daily oral gavage. On day 10 post-treatment, mice in
the EPZ cohort had their dose increased to 300 mg/kg [19,22]. Early removal criteria (ERC)
were defined as 20% weight loss, partial or full hindlimb paralysis, dehydration, anorexia,
anemia, hunched posture, inactivity, lethargy, difficulty breathing, or rough hair coat.

2.9. Primary AML Differentiation

Primary AML cells were cultured for up to 14 days as described above. On day 14,
cells were immobilized on glass slides and subsequently stained with Wright-Giemsa stain
(Thermo Fisher Scientific). Images were taken on the Revolve Microscope.

2.10. Patient-Derived Xenograft (PDX) Murine Studies

Three human AML samples (previously expanded in immunocompromised mice)
were treated ex vivo for 14–21 days with DMSO or 1 µM EPZ as described above. We
histologically confirmed differentiation in two of the three samples and proceeded with
engraftment into immunocompromised NOD.Cg-Rag1tm1Mom Il2rgtm1Wjl Tg(CMV-
IL3,CSF2,KITLG)1Eav/J mice (referred to as NRGS mice) [23]. 1 × 106, 2 × 105, 1 × 105,
4 × 104, 2 × 104, or 4 × 103 cells were engrafted into 3–6-month-old NRGS mice via tail
vein. A total of 66 male and 63 female recipient mice were used and equally distributed
across groups. Twenty-two days post-engraftment, bone marrow aspirates were performed
to check for human CD45 (clone H130), human CD33 (clone WM53), and mouse CD45
(clone 30-F11) via flow cytometry (BD FACSCanto II). Mice were monitored for survival
until they reached humane endpoints as previously described. Mice that did not reach
ERC by 100 days were euthanized to establish if there was any measurable disease. The
PDX studies were performed at Cincinnati Children’s Hospital Medical Center under an
approved IACUC protocol.

2.11. Statistical Analysis

We fitted the ANOVA model for normalized counts about the group for each non-
survival dataset, and the parameter estimates and p-values are presented [24]. For survival
data where some animals remained alive at the study endpoint, we fitted the COX Pro-
portional Hazard model for the survival time of the group using a contrast statement to
examine the significance between any two groups [25]. For survival studies where all sub-
jects died by study endpoint, we fitted the ANOVA model for the logarithm of the survival
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time for the group using a contrast statement. The parameter estimates and p-values are
provided. All calculations were performed with SAS statistical software (SAS, 2003 Release
9.1 for windows) [26].

3. Results
3.1. EPZ011989 Is an Effective Inhibitor of EZH2 Function in AML Cell Lines In Vitro and
In Vivo

We first sought to determine if increasing the doses of EPZ011989 (EPZ) reduces
H3K27me3 in multiple AML cell lines (MOLM-13, OCI-AML3, and MV4-11). After 96 h
of continuous 0.5 or 1 µM EPZ treatment, we found that EPZ decreased H3K27me3 in
all three AML cell lines (Figure 1A). However, EPZ only modestly affected the metabolic
activity in the MOLM-13 (IC50 = 4.4 µM), OCI-AML3 (IC50 = not reached), and MV4-11
cells (IC50 = not reached). We next investigated the colony forming capabilities in a CFU
assay. We found that all cell lines treated for 7 days with 1 µM of EPZ had fewer colonies
than the DMSO control (MOLM-13: p = 0.001, OCI-AML3: p = 0.006, MV4-11: p < 0.001;
Figure 1B). Furthermore, representative images of the MOLM-13 CFU assay show a striking
reduction in the size of the colonies (Figure 1C).
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Figure 1. EPZ011989 (EPZ) inhibits H3K27me3 and prevents colony formation in the MOLM-13 cell
lines. (A) Immunoblot probing for H3K27me3, total H3, and β-actin in MOLM-13, OCI-AML3, and
MV4-11 cells after 96 h of treatment with 1 µM of EPZ. Representative image from three replicates.
(B) Normalized colony counts from a 7-day colony formation assay of MOLM-13, OCI-AML3, and
MV4-11 cells treated with 1 µM EPZ (n = 4). (C) Representative images from the MOLM-13 colony
formation assays shown in 1C. (D) Overall survival (in days) of NCG mice engrafted with MOLM-13
luciferase cells and treated with vehicle or 82 mg/kg EPZ and increasing dose to 300 mg/kg EPZ
during the study. The uncropped blots are shown in Supplementary File S1.

As the MOLM-13 cells had the best response to EZH2 inhibition in vitro, we next
wanted to see if the EPZ treatment correlated with improved survival in vivo. The
NCG mice were engrafted with MOLM-13 luciferase cells and started treatment 3 days
post-engraftment. Disease development was monitored through bioluminescent imaging
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(Supplemental Figure S1A,B). After 10 days of treatment, we did not see any difference
in the disease burden in the 82 mg/kg group, and we increased the dose to 300 mg/kg
daily [19,22]. The EPZ-treated mice had a slower development of leukemia, which corre-
lated with a modest improvement in overall survival (20.5 vs. 23 days, p = 0.02; Figure 1D).
We did not find differences in the weights or complete blood cell counts at ERC between
the two cohorts, suggesting that there is no obvious cytopenia or toxicities associated with
EPZ treatment (Supplemental Figure S1C–F). This murine model demonstrates that, while
EZH2 inhibition is not associated with a dramatic improvement in survival, it reduces
the disease burden, suggesting a stronger impact on differentiation rather than cell death.
However, cell line models are not optimal systems to investigate AML differentiation due
to their immortalized states, and we therefore expanded our studies to primary AML
patient samples.

3.2. EZH2 Inhibition Induces Differentiation in Primary AML Samples

Given the limitations of studying differentiation and stemness in a homogeneous
cell line model, we next performed studies with H3K27me3 inhibition in primary AML
samples (characteristics of all primary samples are provided in Supplemental Table S1).
We first confirmed that EPZ could reduce the H3K27me3 levels in primary AML samples
after 7 days of treatment (Figure 2A, N = 4 of 8 samples treated). However, this inhibition
did not impact the metabolic activity of primary AML cells via MTS assays after 7 days of
EPZ treatment (n = 5, Figure 2B). However, we noted a modest increase in differentiation
markers (CD11b, CD14, CD16, and CD38) on the cell surfaces of the primary AML samples
after 7 days of EZH2 inhibition (Supplemental Figure S2). Differentiation therapy has
been successful in AML because differentiated cells have decreased stemness and are more
susceptible to natural cell turnover and death; however, this is the most evident after
prolonged exposure to the drug. Thus, we performed 14-day CFU assays with primary
AML samples continuously treated with DMSO or 1 µM of EPZ. We found a significant
reduction in the total number of colonies formed (p < 0.001, Figure 3A) as well as a reduction
in the colony size (Figure 3B). In addition, 14 days of 1 µM of EPZ treatment in a liquid
culture resulted in morphological differentiation, as seen through the increased granularity
in the cytoplasm and the decreased nuclear size (Figure 3C, Supplemental Figure S3).
Interestingly, in the healthy donor bone marrow, we did not see the same reduction in
colony number (p = 0.67, Figure 3D). These data suggest that there is a therapeutic window
for targeting EZH2 in AML cells without impacting normal hematopoiesis.

3.3. Inhibition of EZH2 Prior to Engraftment Delays Expansion of Primary AML Cells

As EZH2 inhibition induces the differentiation of primary AML samples, we hypothe-
sized that treatment could impact stemness and therefore delay engraftment into NRGS
mice. To test this hypothesis, we used human AML samples that had been previously
expanded in an immunodeficient mouse and treated them with DMSO or 1 µM of EPZ for
2 weeks ex vivo. We screened three samples and confirmed our previous findings that EPZ
inhibits H3K27me3 and induces differentiation (Supplemental Figure S4A). We selected
sample AML-8 and engrafted 1 × 106 or 2 × 105 cells into NRGS mice after 2 weeks of
pretreatment with DMSO or 1 µM of EPZ (Figure 4A). After 22 days of engraftment, bone
marrow aspirates were performed to assess the disease burden. The mice engrafted with
EPZ-treated cells had a significantly lower disease burden compared to the DMSO-treated
cells regardless of the number of cells engrafted (Figure 4B,C; 1 × 106 engrafted cells:
p < 0.001; 2 × 105 engrafted cells: p = 0.002). Furthermore, engrafting mice with EPZ-
treated cells prolonged survival at both cell doses compared to the mice engrafted with
DMSO-treated cells (Figure 4D,E; median survival of 1 × 106 DMSO- vs. EPZ-treated cells:
35.5 vs. 44.5 days, p = 0.04; median survival of 2 × 105 DMSO- vs. EPZ-treated cells:
40.5 vs. 52 days, p = 0.07). We confirmed these results using a second AML donor (AML-7)
treated for 2 weeks prior to engraftment and saw a similar trend at higher cell doses
(Supplemental Figure S4B).
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Figure 3. EZH2 inhibition reduces colony formation in primary AML samples but not in normal
donor CD34+ cells. (A) Normalized colony counts from CFU assays where primary AML samples
were treated with DMSO or 1 µM of EPZ for 14 days (n = 6). (B) Representative images from the
primary AML samples’ CFU assays shown in Figure 3A. (C) Representative images of primary AML
cells after 14 days of in vitro treatment with DMSO or 1 µM of EPZ. (D) Normalized colony counts
from CFU assays of CD34+ normal donor cells treated with DMSO or 1 µM of EPZ for 14 days (n = 5);
ns—not significant.
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Figure 4. Pretreatment of AML blasts with EPZ delays engraftment into NRGS mice. (A) Schematic of
experimental design for 2 weeks of pretreatment. Percent of human CD45 (hCD45) detected in bone
marrow aspirates of mice engrafted with (B) 1 × 106 or (C) 2 × 105 DMSO cells or cells pretreated
with 1 µM of EPZ for 2 weeks on day 22 of engraftment (n = 10 mice per group). Overall survival of
mice engrafted with (D) 1 × 106 or (E) 2 × 105 DMSO or AML-8 cells pretreated with 1 µM of EPZ for
2 weeks (n = 10 mice per group). (F) Schematic of experimental design for 3 weeks of pretreatment.
(G) Overall survival of mice engrafted with 4 × 104 DMSO or AML-8 cells pretreated with 1 µM of
EPZ for 3 weeks (n = 10 mice per group).

Finally, we pretreated AML-8 cells with DMSO or 1 µM of EPZ for 3 weeks prior
to engrafting 4 × 104 cells (versus 2 weeks, as described above) to determine if a longer
treatment further impacted engraftment and survival (Figure 4F). All mice engrafted with
DMSO-treated cells met ERC by day 47, while only one of the mice engrafted with EPZ-
pretreated cells met ERC after 100 days of engraftment (Figure 4G, p < 0.001). Of the
remaining nine mice engrafted with EPZ-pretreated cells at day 100 post-engraftment, three
mice had measurable disease (98%, 28%, and 0.3% human CD45). These results suggest
that the inhibition of EZH2 promotes the differentiation of AML blasts and subsequently
delays engraftment and improves survival in vivo.

4. Discussion

The role of EZH2 in AML can be contradictory, as it can function as a tumor suppressor
prior to AML development and an oncogene after AML development [18]. Therefore, it is
important to contextualize the results of studies with EZH2 inhibitors based on whether
the AML is in the development or maintenance phase. While we were able to show
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that EPZ did not reduce colony formation in normal donor CD34+ cells, we have not
interrogated the effect of EZH2 inhibition on other hematopoietic cells. Previous studies
in lymphoma suggest that EZH2 inhibition can impact B cells regardless of the EZH2
mutational status. Furthermore, the loss of EZH2 in T cells is associated with decreased
anti-tumor immune surveillance [27]. While the relative contribution of B cells and T cells
in advanced AML is low, the impact of EZH2 inhibition on the tumor microenvironment
should be carefully considered.

In addition, the complex genetic background in AML is a significant factor impacting
the response to therapy. A recent study found that EZH2 inhibition in FLT3-mutant
AML further enhanced the differentiation effect [28]. Similarly, another study found that
the inhibition of the MEK/ERK and PI3K/AKT pathways reduce the total EZH2 and
H3K27me3 levels, resulting in a reduced transformation to AML [29]. Nevertheless, our
data provided herein support the use of EZH2 inhibitors only in patients with established
AML disease, regardless of FLT3 or other mutations. This is even the case in patients with
established EZH2-inactivating mutations. While none of the samples in our current series
included EZH2 mutations, these patients might also benefit from EZH2 inhibition based on
a recent study that describes that cell death pathways are upregulated in AML patient cells
with mutant EZH2 [30].

We have shown that EPZ011989 can induce differentiation in AML cell lines and
primary AML samples. EPZ treatment reduces the colony formation capabilities of MOLM-
13, OCI-AML3, and MV4-11 cells in CFU assays, which correlates with an improved
survival and a reduced disease burden in a MOLM-13 luciferase xenograft model. While
EZH2 inhibition is not cytotoxic to primary AML cells in vitro, it induces differentiation,
as seen by histologic changes and reduced colony formation capabilities. This induction
of differentiation results in a delayed engraftment into NRGS mice after 2 or 3 weeks of
pretreatment with an EZH2 inhibitor in a cell in a dose-dependent manner. A previous study
similarly found that EPZ011989 (prepared in a nanoformulation) has a similar efficacious
role in AML; however, this study focused on the mechanistic impact of proteasomal
degradation rather than the differentiation aspect [31].

There is still more to uncover regarding how EZH2 functions in AML and which
specific genes are altered by EZH2 dysregulation. Some studies suggest that EZH2 mu-
tations or loss of function is a poor prognostic factor in AML and promote resistance to
therapy [16,17]. Our studies show that EZH2 inhibition in AML has little cytotoxic impact
but effectively induces differentiation. In the PDX studies where cells were treated for
2 weeks prior to transplant into recipient mice, some mice in the EPZ-treated arms still met
ERC, suggesting that either 1 µM of EPZ was not sufficient to induce terminal differentia-
tion in all cells or that the treatment did not induce a durable differentiated state. Future
studies should interrogate potential combination therapies to overcome these limitations.
Combination therapy with EZH2 inhibition might be able to reduce the disease burden so
that more definitive treatments could be used, such as stem cell transplant. Porazzi et al.
recently published that EZH2 inhibition, in combination with cytotoxic agents, enhanced
the cell killing of AML cells, which would potentially allow for lower chemotherapeutic
doses to be used [32]. In addition, as EZH2 inhibition increases cell surface markers associ-
ated with differentiation, such as CD38, there is a space to study combination therapies
with immunotherapies and monoclonal antibodies (i.e., daratumumab). Combination
approaches with other histone-modifying agents is also a possibility, as shown with the
EZH2 inhibitor EPZ6438 (tazemetostat) combined with an LSD1 inhibitor [33]. A recent
study using a multi-omics approach identified a transcriptional network driven by both
gain-of-function and loss-of-function mutations in EZH2, including the identification of po-
tential targets that could provide better combination approaches with EZH2 inhibitors [34].
These combination strategies would provide the potential to induce a more durable re-
mission with fewer treatment side effects. Additional studies like these will be needed
to rationally design successful therapeutic combinations. We found one study actively
recruiting for the combination of the EZH2 inhibitor tazemetostat in combination with
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CPX-351 in relapsed and refractory AML (NCT05627232). There is still much research
needed to undercover EZH2’s complex role in AML; nevertheless, our data support the
additional clinical translation of these inhibitors as single agents or in combination.

5. Conclusions

In summary, we have shown that EPZ011989 can inhibit the function of EZH2, as
evidenced by reduced levels of H3K27me3, and promote the differentiation of AML cells.
The differentiation of AML blasts due to EZH2 inhibition prior to engraftment prolongs
survival in NRGS mice. Our study demonstrates the importance of understanding the
mechanism of EZH2 in AML to develop effective future therapeutics in AML.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/cancers16030569/s1, Table S1: AML primary patient sample char-
acteristics. Figure S1: EPZ-treated mice did not have any therapy-related anemia or thrombocytopenia.
Figure S2. EPZ011989 induces surface markers of differentiation in primary AML samples. Figure
S3. EZH2 inhibition induces phenotypic differentiation in primary AML cells. Figure S4. EZH2
inhibition in primary AML samples induces differentiation, which delays engraftment into NRGS
mice. Files S1 and S2. Quantification of immunoblots. Additional supplemental data.

Author Contributions: Conceptualization, S.F., J.C.B. and E.H.; methodology, S.F.; formal analysis,
J.P., J.R. and S.N.R.; investigation (in vitro), S.F., O.A.E., E.S., A.M., J.R.L. and T.M.S.; investigation
(in vivo), M.W. and C.F.; resources, J.C.B. and E.H.; data curation, S.F.; writing—original draft
preparation, S.F., J.C.B. and E.H.; writing—review and editing, S.F., O.A.E., M.W., E.S., A.M., C.F.,
J.R.L., T.M.S., J.P., J.R., M.E.J., A.A.-A., M.L.J., S.N.R., J.C.B. and E.H.; supervision, J.C.B. and E.H.;
project administration, M.E.J., J.C.B. and E.H.; funding acquisition, J.C.B. All authors have read and
agreed to the published version of the manuscript.

Funding: This study was funded by NCI R35CA198183 (to J.C.B.), NCI P30CA016058 (the Ohio State
University Comprehensive Cancer Center core grant supporting the Leukemia Tissue Bank (LTB))
and NCI R50CA211404 (to M.W.).

Institutional Review Board Statement: The primary AML samples were obtained from the Ohio
State University Comprehensive Cancer Center Leukemia Tissue Bank (LTB; IRB# 1997C0194). The
LTB collected samples under an Institutional Review Board-approved protocol and acts as an honest
broker. All animal experiments were conducted after the approval of the University of Cincinnati
and the Cincinnati Children’s Hospital Medical Center Institutional Animal Care and Use Committee
IACUC protocol (#21-09-15-02).

Informed Consent Statement: Patient consent was waived in this study. The informed consent
was obtained by the Ohio State University Comprehensive Cancer Center Leukemia Tissue Bank
(LTB), which serves as an honest broker for the samples and supplies specimens to investigators in a
deidentified manner.

Data Availability Statement: All data are contained within the article or Supplementary Materials or
are available from the corresponding author upon request.

Acknowledgments: We would like to acknowledge Christopher Manring from the LTB for providing
the primary AML samples. We would like to thank Ramiro Garzon for providing the MOLM-13-
luciferase cells as a generous gift. We would also like to acknowledge Lisa Lemen and the UC
Preclinical Imaging Core for their help with the bioluminescent imaging.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. De Kouchkovsky, I.; Abdul-Hay, M. Acute myeloid leukemia: A comprehensive review and 2016 update. Blood Cancer J. 2016, 6, e441.

[CrossRef] [PubMed]
2. Kantarjian, H.; Kadia, T.; DiNardo, C.; Daver, N.; Borthakur, G.; Jabbour, E.; Garcia-Manero, G.; Konopleva, M.; Ravandi, F. Acute

myeloid leukemia: Current progress and future directions. Blood Cancer J. 2021, 11, 41. [CrossRef] [PubMed]
3. Fernandez, H.F.; Sun, Z.; Yao, X.; Litzow, M.R.; Luger, S.M.; Paietta, E.M.; Racevskis, J.; Dewald, G.W.; Ketterling, R.P.;

Bennett, J.M.; et al. Anthracycline dose intensification in acute myeloid leukemia. N. Engl. J. Med. 2009, 361, 1249–1259. [CrossRef]
[PubMed]

https://www.mdpi.com/article/10.3390/cancers16030569/s1
https://www.mdpi.com/article/10.3390/cancers16030569/s1
https://doi.org/10.1038/bcj.2016.50
https://www.ncbi.nlm.nih.gov/pubmed/27367478
https://doi.org/10.1038/s41408-021-00425-3
https://www.ncbi.nlm.nih.gov/pubmed/33619261
https://doi.org/10.1056/NEJMoa0904544
https://www.ncbi.nlm.nih.gov/pubmed/19776406


Cancers 2024, 16, 569 11 of 12

4. Lowenberg, B.; Ossenkoppele, G.J.; van Putten, W.; Schouten, H.C.; Graux, C.; Ferrant, A.; Sonneveld, P.; Maertens, J.;
Jongen-Lavrencic, M.; von Lilienfeld-Toal, M.; et al. High-dose daunorubicin in older patients with acute myeloid leukemia. N.
Engl. J. Med. 2009, 361, 1235–1248. [CrossRef] [PubMed]

5. McMahon, C.M.; Canaani, J.; Rea, B.; Sargent, R.L.; Qualtieri, J.N.; Watt, C.D.; Morrissette, J.J.D.; Carroll, M.; Perl, A.E. Gilteritinib
induces differentiation in relapsed and refractory FLT3-mutated acute myeloid leukemia. Blood Adv. 2019, 3, 1581–1585. [CrossRef]

6. Norsworthy, K.J.; Mulkey, F.; Scott, E.C.; Ward, A.F.; Przepiorka, D.; Charlab, R.; Dorff, S.E.; Deisseroth, A.; Kazandjian, D.;
Sridhara, R.; et al. Differentiation Syndrome with Ivosidenib and Enasidenib Treatment in Patients with Relapsed or Refractory
IDH-Mutated AML: A U.S. Food and Drug Administration Systematic Analysis. Clin. Cancer Res. 2020, 26, 4280–4288. [CrossRef]
[PubMed]

7. Fathi, A.T.; DiNardo, C.D.; Kline, I.; Kenvin, L.; Gupta, I.; Attar, E.C.; Stein, E.M.; de Botton, S.; Investigators, A.C.S. Differentiation
Syndrome Associated With Enasidenib, a Selective Inhibitor of Mutant Isocitrate Dehydrogenase 2: Analysis of a Phase 1/2 Study.
JAMA Oncol. 2018, 4, 1106–1110. [CrossRef] [PubMed]

8. McMahon, C.M.; Ferng, T.; Canaani, J.; Wang, E.S.; Morrissette, J.J.D.; Eastburn, D.J.; Pellegrino, M.; Durruthy-Durruthy, R.;
Watt, C.D.; Asthana, S.; et al. Clonal Selection with RAS Pathway Activation Mediates Secondary Clinical Resistance to Selective
FLT3 Inhibition in Acute Myeloid Leukemia. Cancer Discov. 2019, 9, 1050–1063. [CrossRef]

9. Intlekofer, A.M.; Shih, A.H.; Wang, B.; Nazir, A.; Rustenburg, A.S.; Albanese, S.K.; Patel, M.; Famulare, C.; Correa, F.M.;
Takemoto, N.; et al. Acquired resistance to IDH inhibition through trans or cis dimer-interface mutations. Nature 2018, 559,
125–129. [CrossRef]

10. Quek, L.; David, M.D.; Kennedy, A.; Metzner, M.; Amatangelo, M.; Shih, A.; Stoilova, B.; Quivoron, C.; Heiblig, M.;
Willekens, C.; et al. Clonal heterogeneity of acute myeloid leukemia treated with the IDH2 inhibitor enasidenib. Nat. Med. 2018,
24, 1167–1177. [CrossRef]

11. Margueron, R.; Reinberg, D. The Polycomb complex PRC2 and its mark in life. Nature 2011, 469, 343–349. [CrossRef] [PubMed]
12. Yap, D.B.; Chu, J.; Berg, T.; Schapira, M.; Cheng, S.W.; Moradian, A.; Morin, R.D.; Mungall, A.J.; Meissner, B.; Boyle, M.; et al.

Somatic mutations at EZH2 Y641 act dominantly through a mechanism of selectively altered PRC2 catalytic activity, to increase
H3K27 trimethylation. Blood 2011, 117, 2451–2459. [CrossRef] [PubMed]

13. Knutson, S.K.; Kawano, S.; Minoshima, Y.; Warholic, N.M.; Huang, K.C.; Xiao, Y.; Kadowaki, T.; Uesugi, M.; Kuznetsov, G.;
Kumar, N.; et al. Selective inhibition of EZH2 by EPZ-6438 leads to potent antitumor activity in EZH2-mutant non-Hodgkin
lymphoma. Mol. Cancer Ther. 2014, 13, 842–854. [CrossRef] [PubMed]

14. Morschhauser, F.; Tilly, H.; Chaidos, A.; McKay, P.; Phillips, T.; Assouline, S.; Batlevi, C.L.; Campbell, P.; Ribrag, V.; Damaj, G.L.;
et al. Tazemetostat for patients with relapsed or refractory follicular lymphoma: An open-label, single-arm, multicentre, phase 2
trial. Lancet Oncol. 2020, 21, 1433–1442. [CrossRef] [PubMed]

15. Ernst, T.; Chase, A.J.; Score, J.; Hidalgo-Curtis, C.E.; Bryant, C.; Jones, A.V.; Waghorn, K.; Zoi, K.; Ross, F.M.; Reiter, A.; et al.
Inactivating mutations of the histone methyltransferase gene EZH2 in myeloid disorders. Nat. Genet. 2010, 42, 722–726. [CrossRef]
[PubMed]

16. Kempf, J.M.; Weser, S.; Bartoschek, M.D.; Metzeler, K.H.; Vick, B.; Herold, T.; Volse, K.; Mattes, R.; Scholz, M.; Wange, L.E.; et al.
Loss-of-function mutations in the histone methyltransferase EZH2 promote chemotherapy resistance in AML. Sci. Rep. 2021, 11,
5838. [CrossRef] [PubMed]

17. Stomper, J.; Meier, R.; Ma, T.; Pfeifer, D.; Ihorst, G.; Blagitko-Dorfs, N.; Greve, G.; Zimmer, D.; Platzbecker, U.;
Hagemeijer, A.; et al. Integrative study of EZH2 mutational status, copy number, protein expression and H3K27 trimethylation
in AML/MDS patients. Clin. Epigenet. 2021, 13, 77. [CrossRef]

18. Basheer, F.; Giotopoulos, G.; Meduri, E.; Yun, H.; Mazan, M.; Sasca, D.; Gallipoli, P.; Marando, L.; Gozdecka, M.; Asby, R.; et al.
Contrasting requirements during disease evolution identify EZH2 as a therapeutic target in AML. J. Exp. Med. 2019, 216, 966–981.
[CrossRef]

19. Campbell, J.E.; Kuntz, K.W.; Knutson, S.K.; Warholic, N.M.; Keilhack, H.; Wigle, T.J.; Raimondi, A.; Klaus, C.R.; Rioux, N.;
Yokoi, A.; et al. EPZ011989, A Potent, Orally-Available EZH2 Inhibitor with Robust in Vivo Activity. ACS Med. Chem. Lett. 2015,
6, 491–495. [CrossRef]

20. Eisenmann, E.D.; Stromatt, J.C.; Fobare, S.; Huang, K.M.; Buelow, D.R.; Orwick, S.; Jeon, J.Y.; Weber, R.H.; Larsen, B.;
Mims, A.S.; et al. TP-0903 Is Active in Preclinical Models of Acute Myeloid Leukemia with TP53 Mutation/Deletion. Can-
cers 2022, 15, 29. [CrossRef]

21. Chen, Y.; Jacamo, R.; Konopleva, M.; Garzon, R.; Croce, C.; Andreeff, M. CXCR4 downregulation of let-7a drives chemoresistance
in acute myeloid leukemia. J. Clin. Investig. 2013, 123, 2395–2407. [CrossRef]

22. Stacchiotti, S.; Zuco, V.; Tortoreto, M.; Cominetti, D.; Frezza, A.M.; Percio, S.; Indio, V.; Barisella, M.; Monti, V.; Brich, S.; et al.
Comparative Assessment of Antitumor Effects and Autophagy Induction as a Resistance Mechanism by Cytotoxics and EZH2
Inhibition in INI1-Negative Epithelioid Sarcoma Patient-Derived Xenograft. Cancers 2019, 11, 1015. [CrossRef] [PubMed]

23. Nicolini, F.E.; Cashman, J.D.; Hogge, D.E.; Humphries, R.K.; Eaves, C.J. NOD/SCID mice engineered to express human IL-3,
GM-CSF and Steel factor constitutively mobilize engrafted human progenitors and compromise human stem cell regeneration.
Leukemia 2004, 18, 341–347. [CrossRef]

24. Thompson, H.W.; Mera, R.; Prasad, C. The Analysis of Variance (ANOVA). Nutr. Neurosci. 1999, 2, 43–55. [CrossRef] [PubMed]
25. Kleinbaum, D.G.; Klein, M. A Self-Learning Text. In Survival Analysis, 3rd ed.; Springer: New York, NY, USA, 2012.

https://doi.org/10.1056/NEJMoa0901409
https://www.ncbi.nlm.nih.gov/pubmed/19776405
https://doi.org/10.1182/bloodadvances.2018029496
https://doi.org/10.1158/1078-0432.CCR-20-0834
https://www.ncbi.nlm.nih.gov/pubmed/32393603
https://doi.org/10.1001/jamaoncol.2017.4695
https://www.ncbi.nlm.nih.gov/pubmed/29346478
https://doi.org/10.1158/2159-8290.CD-18-1453
https://doi.org/10.1038/s41586-018-0251-7
https://doi.org/10.1038/s41591-018-0115-6
https://doi.org/10.1038/nature09784
https://www.ncbi.nlm.nih.gov/pubmed/21248841
https://doi.org/10.1182/blood-2010-11-321208
https://www.ncbi.nlm.nih.gov/pubmed/21190999
https://doi.org/10.1158/1535-7163.MCT-13-0773
https://www.ncbi.nlm.nih.gov/pubmed/24563539
https://doi.org/10.1016/S1470-2045(20)30441-1
https://www.ncbi.nlm.nih.gov/pubmed/33035457
https://doi.org/10.1038/ng.621
https://www.ncbi.nlm.nih.gov/pubmed/20601953
https://doi.org/10.1038/s41598-021-84708-6
https://www.ncbi.nlm.nih.gov/pubmed/33712646
https://doi.org/10.1186/s13148-021-01052-2
https://doi.org/10.1084/jem.20181276
https://doi.org/10.1021/acsmedchemlett.5b00037
https://doi.org/10.3390/cancers15010029
https://doi.org/10.1172/JCI66553
https://doi.org/10.3390/cancers11071015
https://www.ncbi.nlm.nih.gov/pubmed/31331120
https://doi.org/10.1038/sj.leu.2403222
https://doi.org/10.1080/1028415X.1999.11747262
https://www.ncbi.nlm.nih.gov/pubmed/27406694


Cancers 2024, 16, 569 12 of 12

26. SAS. Statistical Analysis System, SAS Release 9.1 for Windows; SAS Institute Inc.: Cary, NC, USA, 2003.
27. He, S.; Liu, Y.; Meng, L.; Sun, H.; Wang, Y.; Ji, Y.; Purushe, J.; Chen, P.; Li, C.; Madzo, J.; et al. Ezh2 phosphorylation state

determines its capacity to maintain CD8+ T memory precursors for antitumor immunity. Nat. Commun. 2017, 8, 2125. [CrossRef]
[PubMed]

28. Sung, P.J.; Selvam, M.; Riedel, S.S.; Xie, H.M.; Bryant, K.; Manning, B.; Wertheim, G.B.; Kulej, K.; Pham, L.; Bowman, R.L.;
et al. FLT3 tyrosine kinase inhibition modulates PRC2 and promotes differentiation in acute myeloid leukemia. Leukemia 2024.
[CrossRef] [PubMed]

29. Zheng, Z.; Chen, X.; Zhang, Y.; Ren, F.; Ma, Y. MEK/ERK and PI3K/AKT pathway inhibitors affect the transformation of myelodys-
plastic syndrome into acute myeloid leukemia via H3K27me3 methylases and de-methylases. Int. J. Oncol. 2023, 63, 1–15. [CrossRef]
[PubMed]

30. Alqazzaz, M.A.; Luciani, G.M.; Vu, V.; Machado, R.A.C.; Szewczyk, M.M.; Adamson, E.C.; Cheon, S.; Li, F.; Arrowsmith, C.H.;
Minden, M.D.; et al. Epigenetic vulnerabilities of leukemia harboring inactivating EZH2 mutations. Exp. Hematol. 2023, 104135.
[CrossRef]

31. Kaundal, B.; Srivastava, A.K.; Dev, A.; Mohanbhai, S.J.; Karmakar, S.; Roy Choudhury, S. Nanoformulation of EPZ011989 Attenuates
EZH2-c-Myb Epigenetic Interaction by Proteasomal Degradation in Acute Myeloid Leukemia. Mol. Pharm. 2020, 17, 604–621.
[CrossRef]

32. Porazzi, P.; Petruk, S.; Pagliaroli, L.; De Dominici, M.; Deming, D., 2nd; Puccetti, M.V.; Kushinsky, S.; Kumar, G.; Minieri, V.;
Barbieri, E.; et al. Targeting Chemotherapy to Decondensed H3K27me3-Marked Chromatin of AML Cells Enhances Leukemia
Suppression. Cancer Res. 2022, 82, 458–471. [CrossRef]

33. Wen, S.; Wang, J.; Liu, P.; Li, Y.; Lu, W.; Hu, Y.; Liu, J.; He, Z.; Huang, P. Novel combination of histone methylation modulators
with therapeutic synergy against acute myeloid leukemia in vitro and in vivo. Cancer Lett. 2018, 413, 35–45. [CrossRef]

34. Aldana, J.; Gardner, M.L.; Freitas, M.A. Integrative Multi-Omics Analysis of Oncogenic EZH2 Mutants: From Epigenetic
Reprogramming to Molecular Signatures. Int. J. Mol. Sci. 2023, 24, 11378. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41467-017-02187-8
https://www.ncbi.nlm.nih.gov/pubmed/29242551
https://doi.org/10.1038/s41375-023-02131-4
https://www.ncbi.nlm.nih.gov/pubmed/38182819
https://doi.org/10.3892/ijo.2023.5588
https://www.ncbi.nlm.nih.gov/pubmed/37921060
https://doi.org/10.1016/j.exphem.2023.11.009
https://doi.org/10.1021/acs.molpharmaceut.9b01071
https://doi.org/10.1158/0008-5472.CAN-21-1297
https://doi.org/10.1016/j.canlet.2017.10.015
https://doi.org/10.3390/ijms241411378

	Introduction 
	Materials and Methods 
	Chemical Compounds 
	Cell Lines and Culture Conditions 
	Primary AML Samples and Culture Conditions 
	Antibodies 
	Cell Treatment and Immunoblots 
	Proliferation Assay 
	Colony Formation Unit (CFU) Assay 
	MOLM-13 Luciferase Xenograft Murine Model 
	Primary AML Differentiation 
	Patient-Derived Xenograft (PDX) Murine Studies 
	Statistical Analysis 

	Results 
	EPZ011989 Is an Effective Inhibitor of EZH2 Function in AML Cell Lines In Vitro andIn Vivo 
	EZH2 Inhibition Induces Differentiation in Primary AML Samples 
	Inhibition of EZH2 Prior to Engraftment Delays Expansion of Primary AML Cells 

	Discussion 
	Conclusions 
	References

