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RESEARCH PAPER

Targeting EZH2-mediated methylation of histone 3 inhibits proliferation of pediatric 
acute monocytic leukemia cells in vitro
Abdulhameed Al-Ghabkari and Aru Narendran

Departments of Pediatrics, Oncology and Biochemistry and Molecular Biology, Cumming School of Medicine, University of Calgary, Calgary, AB, 
Canada

ABSTRACT
Enhancer of zeste homolog 2 (EZH2) is a histone methyltransferase and a catalytic subunit of the 
polycomb repressive complex 2 (PRC2) that catalyzes the mono-, di-, and tri-methylation of histone H3 
at Lys 27 (H3K27me3) to facilitate chromatin-remodeling and gene-silencing functions. Previous reports 
showed a significant association of EZH2 aberrations in pediatric cancers, such as soft tissue sarcomas and 
glioblastoma. Recent reports in human subjects and animal models have also suggested a central role of 
EZH2 in the induction and progression of acute myeloid leukemia. In this study, we aimed to investigate 
the molecular status of EZH in cell lines derived from distinct pediatric leukemia to assess the efficacy of 
targeting EZH2 to suppress cancer cell survival and proliferation. Our results showed that EZH2 protein is 
overexpressed in the pediatric monocytic cell-line THP-1, but not in other leukemia-derived cell lines 
MV4;11 and SEM. Screening a panel of methyltransferase inhibitors revealed that three inhibitors; GSK126, 
UNC1999 and EPZ-5687 are the most potent inhibitors that suppressed EZH2 activity selectively on lysine 
27 which resulted in increased apoptosis and inhibition of AKT and ERK protein phosphorylation in THP-1 
cells. Our data demonstrated a significant increase in apoptosis in cells treated with drug combination 
(EZH2i and selinexor) compared to EZH2i inhibitors alone. Taken together, our data provide initial 
evidence that targeting EZH2 is a promising therapeutic strategy for the treatment of subtypes of 
pediatric AML. Also, combining EZH2 inhibitors with selinexor may increase the treatment efficacy in 
these patients.
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INTRODUCTION

Leukemia is the most common childhood malignancy, and 
it represents about 30% of all cancers diagnosed in this 
age group. Most pediatric leukemias are acute and consist 
of two major types, acute lymphoblastic leukemia (ALL) 
and acute myeloid leukemia (AML). In the recent past, 
significant improvements have been achieved in ALL with 
current survival rates close to 85–90%. However, the prog
nosis of AML and certain other subgroups such as infant 
and adolescent leukemias, blasts with high risk molecular 
abnormalities and relapsed leukemia, still remains poor.1 

Among childhood leukemias, AML represents a clonal 
malignant transformation of early hematopoietic progeni
tor cells that leads to the production of nonfunctional 
myeloid blasts. Although the overall survival rate has 
increased during the past 25 years, children with AML 
continue to endure an unacceptable relapse rate of about 
30%. Hence, new treatment and therapeutic approaches 
are urgently needed to address this unmet need in pedia
tric oncology.2 Acute monocytic leukemia, AML-M5 in 
the French-American-British classification, is a subtype 
of AML.3 The complete remission rate of AML-M5 was 
reported to be 52% with a 26% three-year disease-free 
survival.4 Poorer outcomes in AML-M5 patients have 
been noted in children who are less than three years of 

age, who present with hyperleukocytosis and molecular 
alterations, such as MLL-R and FLT3-ITD.5 In patients 
with such high-risk characteristics conventional che
motherapy treatments remain highly inadequate.5 The 
THP-1 cell line was established by Tsuchiya and collea
gues from cells isolated from the peripheral blood of 
a one-year-old male child with AML-M5.6 These cells 
exhibit distinct monocytic markers and functional proper
ties and their molecular and cytogenetic characteristics 
have been described.7 The complete gene expression pro
file of activated THP-1 cells has been published and it has 
been considered to be an applicable experimental system 
to study immune-modulatory functions.8,9 Recently, 
a number of studies have used THP-1 cells as a model 
system to investigate epigenetically regulated pathways in 
various disease conditions.10–13

Polycomb group proteins (PcGs) are key regulators of the 
epigenetic dynamics that play an important role in cell prolifera
tion, stem cell differentiation, and aberrant gene expression 
during tumorigenesis of several cancers.14,15 The PcG machinery 
contains two core complexes: Polycomb repressive complex 1 
and 2 (PRC1 and PRC2) .16 PRC1 catalyzes the mono- 
ubiquitination of the histone H2A at Lys 119 through RING1A 
and RING1B ubiquitin ligases, while PRC2 catalyzes the mono-, 
di-, and tri-methylation of histone H3 at Lys 27 (H3K27me3) to 
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modulate gene transcription.17 Enhancer of zeste homolog 2 
(EZH2), the catalytic subunit of PRC2 complex is frequently 
overexpressed and associates with high levels of H3K27me3 in 
various tumor types.18–20 Overexpression of EZH2 has been 
linked to various types of solid tumors including glioblastoma, 
soft tissue sarcoma, melanoma and breast and prostate 
cancers.21–23 Previous reports have shown that EZH2 is highly 
integrated into various signaling pathways in cancer, including 
and not limited to, cell proliferation, cell survival, invasion, 
migration, epithelial to mesenchymal transition and drug 
resistance.24–28 Current evidence suggests a central role of 
EZH2 in the development of pediatric soft tissue sarcomas and 
glioblastoma.29,30 Importantly, targeting EZH2 by small- 
molecule inhibitors resulted in a significant reduction of cancer 
cell viability and increased apoptosis, suggesting that targeting 
EZH2 is a potential therapeutic strategy for treating a number of 
malignancies.31 In addition, a comprehensive mutational analy
sis performed on a cohort of AML patients revealed that mutated 
EZH2 is associated with AML progression and it can be used as 
a potential prognostic marker and a possible target for therapeu
tic applications development.32 In this study, we aimed to inves
tigate the molecular status of EZH in cell lines derived from 
distinct pediatric leukemia to assess the efficacy of targeting 
EZH2 to suppress cancer cell survival and proliferation. Our 
data showed higher levels of EZH2 protein in the AML-M5 cell- 
line THP-1 which suggests a potential involvement of EZH2 in 
the development and progression of these cells. We further 
analyzed the ability to target EZH2 using specific pharmacolo
gical agents and drug combinations.

METHODS

Cell lines and cell culture

The pediatric monocyte cell-line THP-1 (ATCC, TIB-202), the 
childhood B-cell precursor leukemia cell line SEM, and pedia
tric AML cell line MV4;11 (ATCC, CRL-9591) were main
tained in Opti-MEM media (Gibco, Invitrogen Corporation, 
Burlington, ON) supplemented with 5% fetal bovine serum 
and 100 units/ml penicillin and 100 units/ml streptomycin 
(Gibco). Immortalized primary fibroblast cells (hTERT) 
(ATCC, CRL-2846) were used as a control in this study. All 
cell cultures were maintained at 37°C in a humidified incubator 
with 5% CO2. Inhibitors for EZH2 were purchased from 
Selleck (Cedarlane, Burlington, Ontario, Canada), selinxor 
was purchased from Karyopharm Therapeutics. Stock solu
tions were prepared in DMSO at 10 mM concentrations and 
stored in aliquots at −20°C.

Cytotoxicity assay

THP-1, hTERT and primary cells were cultured in 1 × 104 cells 
in 100 µl of Opti-MEM per well in 96 well plates. Cells were 
treated with each EZH2 inhibitor (EZH2i) to a final concentra
tion ranging from 1 nM to 100 µM. Cultured cells were incu
bated in the presence or absence of the tested drug for 96 hours. 
Total cell viability (% cytotoxicity) was measured using Alamar 
blue assay as described previously.33 Briefly, cells were incu
bated with 10% Alamar blue for 4 hours, then the absorbance at 

570–620 nm was measured (Opsys MR Plate Reader, Dynex 
Technologies, Chantilly, Virginia). Cell viability (%) for THP-1 
cells and control (hTERT) cells were calculated by normalizing 
the absorbance ratio of the treated cells to the vehicle control 
(DMSO). IC50 was calculated by GraphPad Prism 6.0 program 
(GraphPad Software, Inc; CA, USA).

Western blot analyses

Whole-cell extracts were prepared using radioimmunoprecipi
tation assay (RIPA) buffer (50 mM Tris-HCl (pH 8), 150 mM 
NaCl, 1% NP-40, 0.5% sodium deoxycholate; 0.1% sodium 
dodecyl sulfate (SDS)) supplemented with 1% phosphatase 
inhibitor (Sigma-Aldrich), 1% protease inhibitor (Sigma- 
Aldrich) and 1% sodium orthovanadate (Alfa Aesar, Ward 
Hill, Massachusetts). Cellular extracts were resolved by SDS- 
PAGE and transferred to nitrocellulose membranes in a Tris/ 
glycine transfer buffer containing 10% (v/v) methanol. 
Nonspecific binding sites were blocked with 5% (w/v) nonfat 
dry milk in Tris-buffered saline with Tween (TBST, 25 mM 
Tris-HCl, 137 mM NaCl, 3 mM KCl, and 0.05% (v/v) Tween- 
20). Membranes were washed and probed overnight with 
primary antibody at 1:1,000 dilution: histone 3, methylation- 
histone 3 [K4, K9, K27, K36, and K79], PARP, caspase3, 
caspase7, caspase9, ERK1/2, Anti-pERK1/2 (pThr202/ 
pTyr204), Akt, pS308-Akt, β-actin, P27, P21 (Cell Signaling, 
Danvers, MA), EZH2 and pS21-EZH2 (Abcam, Cambridge, 
United Kingdom). Membranes were then incubated for 50 min
utes with horseradish peroxidase (HRP)-conjugated secondary 
antibody (dilution 1:7500) in TBST and developed with 
enhanced chemiluminescence (Amersham Biosciences).

DNA extraction and sequencing

DNA was extracted from THP-1, SEM, and MV4;11 cell lines 
using DNeasy Blood & Tissue extraction kit from Omega Bio- 
tek (GA, United States). DNA was amplified using the follow
ing primers; Forward: 5’- GAGAGTCAGTGAGATGCCCAG 
−3’ and Reverse: R: 5`-TTTGCCCCAGCTAAATCATC-3`. 
Sequences were confirmed by the University of Calgary’s 
Core DNA Services (www.sequencing.ucalgary.ca/) using an 
Applied Biosystems 3730xl (96 capillary) genetic analyzer.

Immunocytochemistry

THP-1 cells were plated at 5 × 103 in Opti-MEM media with 
5% (v/v) FBS at 37°C with 5% CO2. Cells were fixed for 30 min 
in 4% (v/v) paraformaldehyde in PBS and then permeabilized 
with 0.5% Tween-20 for 10 min. Cells were then incubated at 4° 
C overnight with primary antibody diluted 1:250 in blocking 
serum (0.3% BSA, 5% goat serum, 0.25% Triton X-100 in PBS, 
pH 7.4). Cells were washed three times with PBS before adding 
Alexa Fluor 568-conjugated secondary antibody (1:500) for 
one hour at room temperature. Cells were rinsed with PBS, 
counterstained with DAPI for 5 min to detect nuclei, and then 
visualized with an InCell 6000 Imaging System (GE 
Healthcare) .34
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Statistical analysis

Data are presented as the mean ± S.E.M from at least three 
independent experiments. Statistical significance was assessed 
using Student’s t-test, and P < .05 was considered to indicate 
statistical significance. All statistical analyses were performed 
using the GraphPad Prism 6.0 program.

RESULTS

EZH2 protein is upregulated in THP-1 cells

To study the molecular status of EZH2 in different types of 
pediatric leukemia, we examined the molecular status of EZH2 
in three different pediatric leukemia cells lines; THP-1, SEM 
and, MV4;11. Several earlier studies have shown that EZH2 
mutation in alanine 677 to a glycine (A677G) is implicated in 
pediatric refractory tumors such as follicular lymphoma, 35 and 
diffuse large B-cell lymphoma.36 To determine whether EHZ2 
is mutated in these cell lines, we completed mutational profil
ing analysis. DNA was extracted from the cells, amplified and 
visualized in agarose gels to confirm the size (~350 bp) of the 
band that corresponds to the size of the amplicon at exon 15 of 
EZH2. DNA sequencing chromatogram confirmed the 
sequence and showed no changes of the DNA sequence (no 
mutations) of the A677 codon in all three cell lines compared 
to the reference sequence (Figure 1a). We have further char
acterized the molecular status of EZH2 in these pediatric leu
kemia cell lines by assessing the protein expression levels 
compared to immortalized primary fibroblast cells (hTERT) 
(ATCC, CRL-2846) that were used as a control. Western blot 
analysis showed a significant increase of EZH2 protein levels in 
THP-1 cells, but not in SEM and MV4;11 (Figure 1b). EZH2 
protein signal was normalized to total β-actin protein levels.

Targeting EZH-2 activity by a panel of selective 
small-molecule inhibitors induces apoptosis in THP-1 cells

To assess if targeting EZH2 in THP-1 cells has a potential 
therapeutic value, we then profiled the cytotoxic activity of 
a panel of EZH2-selcetive inhibitors; GSK343, 37 DZNep, 38 

GSK126, 39 EI1, 40 EPZ-5687, 41 UNC1999, 42 EPZ-6438, 43 and 
GSK503.44 In vitro cell cytotoxicity of THP-1 and hTERT 
(control) cells were evaluated by treating the cells with an 
increased concentration [1 × 10−9 to 1 × 10−4, M] of each 
compound (Figure 2). Cell cytotoxicity assays demonstrated 
three compounds (GSK 126, UNC 1999, and EPZ-5687) to 
show IC50 values in the nanomolar range with a minimal 
cytotoxicity level in the control hTERT cells (Table 1). Other 
compounds, EI1, GSK 503, and DZNep induced similar cyto
toxicity effects in both THP-1 cells and the control hTERT cells 
at 0.9, 1.3, and 2.1 µM, respectively, while GSK343 and EPZ- 
6438 displayed poor inhibitory effects. We further character
ized the activity of this panel of EZH2-selective inhibitors by 
treating THP-1 cells with 1 µM of each inhibitor to profile the 
putative methylation site at histone 3 lysine 27 (Figure 3a). 
Western blot analysis showed a significant reduction of H3K27 
methylation of THP-1 upon treatment cells with GSK126, 
UNC1999, and EPZ-5687 (Figure 3b). However, no significant 
reduction of H3K27 methylation was observed when treated 
with other molecules within the selected panel (Figure 3b). The 
total methylation at H3K27 was normalized to total β-actin 
loading control. These findings suggest that GSK126, 
UNC1999, and EPZ-5687 hold the potential to be effective 
therapeutic agents to target specified AML-M5 cells via the 
suppression of histone methylation at lysine 27 residue.

GSK126, UNC1999, and EPZ-5687 selectively suppressed 
methylation of H3K27

Histone methylation has been shown to occur on different 
lysine residues.45 The most well-characterized histone 

Figure 1. Analysis of EZH molecular status in pediatric leukemia cell lines. (a) DNA was extracted from THP-1, SEM, and MV4;11 cell lines. Following PCR 
amplification, size of the DNA fragments was detected on agarose gel, then subjected for DNA sequencing to study to examine the presence of mutation at A677 for all 
cell lines as showed in the DNA chromatogram. (b) EZH2 protein levels were analyzed by western blot. Protein levels in THP-1, SEM, and MV4;11 cell lines were evaluated 
using a monoclonal antibody against EZH2. Bands were quantified by scanning densitometry and normalized to total β-actin (loading control). Values represent means 
± S.E.M. for n = 4 independent experiments. *Significantly different from the vehicle control (Student’s t test, p < .05).
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methylation sites include, H3K4, H3K9, H3K27, H3K36, and 
H3K79. We aimed to identify the lysine residue of histone 3 
that is selectively methylated by EZH2 and to study the 

potentials of suppressing histone 3 methylation using EZH2i 
We profiled the methylation levels of H3K4, H3K9, H3K27, 
H3K36, and H3K79 by western blots (Figure 4a). Our data 
demonstrated that GSK 126, UNC 1999, and EPZ-5687 are 
exclusively inhibit H3 at lysine 27 (Figure 4b). No significant 
changes on other methylation sites were observed following 
treatment with the EZH2i. Methylation levels of histone 3 was 
normalized to total histone protein levels to the β-actin loading 
control. To further confirm this observation, we performed 
immunocytochemical analysis to visualize any changes on his
tone methylation in THP-1 cells. In agreement with western 
blot analysis results, immunocytochemical analysis showed 
a significant reduction of H3K27 protein signal following treat
ment with 1 µM of GSK 126, UNC 1999, or EPZ-5687 com
pared with the vehicle control (DMSO) treatment (Figure 
5a,b).

Figure 2. GSK126, UNC1999, and EPZ-5687 induced cell cytotoxicity in THP-1 cells. THP-1 cells or hTERT cells were treated with increasing concentration [1 × 10−4 

to 100, μM] of GSK343, DZNep, GSK126, EI1, EPZ-5687, UNC1999, EPZ-6438, EPZ-5687, and GSK503 for 96 hours. Cellular viability was calculated as (%) by comparing the 
absorbance ratio (percentage) of the treated cells normalized to the control (DMSO) treated cells.

Table 1. List of all tested EZH-2 inhibitors with their calculated IC50s in THP-1 and 
control (hTERT) cell lines.

Inhibitor
IC50 

THP-1 Cells

IC50 

Normal cells

GSK343 > 10 µM > 10 µM
GSK126 0.3 µM 2.3 µM
GSK503 1.3 µM 1.5 µM
DZNep 2.1 µM 4.1 µM
EI1 0.9 µM 1.15 µM
UNC1999 0.845 µM > 10 µM
EPZ-6438 > 10 µM > 10 µM
EPZ-5687 0.6 µM > 10 µM

Figure 3. GSK126, UNC1999, and EPZ-5687 suppressed H3K27 methylation in THP-1 cells. (a) western blot analysis of H3K27 methylation in THP-1 cells treated 
with 1 µM of GSK343, DZNep, GSK126, EI1, EPZ-5687, UNC1999, EPZ-6438, EPZ-5687, and GSK503 compounds. H3K27 methylation signal was normalized to total β-actin 
loading control. Bands were quantified by scanning densitometry and normalized to total β-actin (loading control) (b). Values represent means ± S.E.M. for n = 4 
independent experiments. *Significantly different from the vehicle control (Student’s t test, p < .05).
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Figure 4. H3K27 methylation was exclusively targeted by GSK126, UNC1999, and EPZ-5687 in THP-1 cells. (a) western blot analysis of H3K27, H3K4, H3K9, H3K36, 
and H3K79 methylation in THP-1 cells treated with 1 µM of GSK126, UNC1999, and EPZ-5687. Methylation signal was normalized to total β-actin loading control. Bands 
were quantified by scanning densitometry and normalized to total β-actin protein (loading control) (b). Values represent means ± S.E.M. for n = 3 independent 
experiments. *Significantly different from the vehicle control (Student’s t test, p < .05). ns; no significant difference.

Figure 5. Immunocytochemistry of THP-1 cells for H3K27 methylation following treatment with GSK126, UNC1999, and EPZ-5687. THP-1 cells fixed and 
stained with anti-H3K27 (red channel) and nuclear DAPI staining (blue channel) to examine methylation levels of H3 at lysine residue number 27 following vehicle 
control (DMSO) and 1 μM of GSK126, UNC1999, and EPZ-5687 (a). For each independent plate of cells, five random visual fields were acquired from each whole-well 
scan, and cells in eight images were quantified from each field. Scale bars = 30 μm. (b) the total cellular immunofluorescence was calculated and then normalized to the 
DAPI nuclear stain. Values represent means ± S.E.M. for n = 3 independent experiments. *Significantly different from the vehicle control (Student’s t test, p < .05).
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H3K27 methylation is attenuated by GSK 126, UNC 1999, 
and EPZ-5687 in a time-dependent manner

To evaluate the efficacy of GSK 126, UNC 1999, and EPZ-5687 
in suppressing histone 3 methylation at Lysine 27 residue, 
THP-1 cells were treated with 1 µM of each compound for 0, 
30, 60, 90, and 120 hours. Western blot analysis showed a gra
dual decrease of lysine 27 methylation of histone 3 over time 
increase (Figure 6a). Total H3K27 methylation level (%) was 
quantified following treatment with GSK 126, UNC 1999, and 
EPZ-5687 at all selected time points (Figure 6b).

Activation of pro-apoptotic protein markers in THP-1 cells 
following GSK 126, UNC 1999, and EPZ-5687 treatments

Previous reports showed the activation of pro-apoptotic 
(PARP-1) signals in different types of cancer cell lines follow
ing treatment with GSK 12646,47 and UNC1999.48 We showed 
earlier that THP-1 cells exhibited cytotoxic effects when treated 
with different EZH2i. To confirm the cytotoxic activity of the 
EZH2i, we examined for the activation of pro-apoptotic signals 
upon treating THP-1 cells with these compounds. It was noted 
that exposure to 1 µM of GSK 126, UNC 1999, or EPZ-5687 
induced THP-1 cell apoptosis via the activation of PARP-1 
cleavage compared to vehicle treatment (Figure 7).

Suppression of EZH2 protein phosphorylation (T350) in 
THP-1 cells following GSK126, UNC 1999, and EPZ-5687 
treatment

The activity of EZH2 is regulated by key phosphorylation 
events that have been linked to modulation of its enzyme 
activity. Previous studies indicated that the catalytic activity 
of EZH2 was regulated by phosphorylation at threonine-350 

(T350) that has been linked to an increase in EZH2 activity. We 
therefore examined the phosphorylation status of EZH2 in 
THP-1 cells. Western blot analysis revealed that EZH2 is phos
phorylated at T350 compared to vehicle control; however, this 
phosphorylation was significantly suppressed upon treatment 
of TPH-1 cells with EZH2i; GSK126, UNC1999, and EPZ-5687 
(Figure 8). These data suggest that EZH2 phosphorylation at 
T350 is a key regulatory mechanism of EZH2 function.

EZH2 inhibitors affect the key regulatory cancer signaling 
pathways PI3K/AKT and MAPK/ERK in a p53-independent 
manner

The PI3K/AKT and ERK/MAPK signaling pathways are key 
regulatory mechanisms of various cellular processes involved 
in cell growth, proliferation, differentiation, migration, and 
apoptosis.49,50 To test if treating THP-1 cells with EZH2i, 
GSK126, UNC1999, and EPZ-5687 would influence PI3K/ 
AKT and MAPK/ERK pathways, inhibitor treated TPH-1 
cells were tested for alterations in AKT and ERK1/2 phosphor
ylation. Western blot analyses showed that phosphorylation of 
AKT and ERK 1/2 was reduced following treatment with 
GSK126, UNC1999, and EPZ-5687(Figure 9). THP-1 cells are 
characterized by a deletion mutation at codon174 of the p53 
coding sequence.51 We have profiled the changes of p53 and 
p21 proteins following the application of EZH2i to THP-1 cells 
(Figure 10). Remarkably, our data showed that EZH2i did not 
alter p53 protein levels that might be attributed to mutational 
status of p53. However, p21 protein levels were increased after 
treating THP-1 cells with the EZH2i (Figure 10), our data 
imply that the efficacy of EZH2 activity is not affected by the 
p53 status of the cells.

Figure 6. GSK126, UNC1999, and EPZ-5687 attenuated H3K27 methylation in a time-dependent manner in THP-1 cells. (a) western blot analysis of H3K27 
methylation in THP-1 cells treated with 1 µM of GSK126, UNC1999, and EPZ-5687. Methylation signal was analyzed in a time course [0–120 hours] and normalized to 
total H3 protein. Total methylation was calculated as (%) and quantified by scanning densitometry and normalized to total β-actin (loading control) (b). Values represent 
means ± S.E.M. for n = 3 independent experiments.
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Combination of EZH2 inhibitors and selinexor resulted in 
upregulation of cellular apoptotic markers

Drug combination is a highly advantageous therapeutic strat
egy which helps to increase cellular sensitivity to certain drugs 
while minimizing the generation of resistant clones by alter
native pathways for survival.52,53 For this purpose, we studied 
the effects of drug combination of EZH2i with selinexor, a drug 
which has been known to shut down the nuclear export 
machinery by inhibiting the nuclear export protein XPO1.54 

This compound has been evaluated in multiple preclinical and 
clinical trials for patients with non-Hodgkin lymphoma, 55 

bone and soft tissue sarcoma, 56 multiple myeloma,57 and 
AML.58 Firstly, we performed a cytotoxicity assays to evaluate 
the efficacy of selinexor on THP-1 cells as a single agent. Our 
data show that selinexor has a very potent IC50, 900 nM with 
minimal toxicity in control cells (hTERT) (Figure 11a). Then, 
we combined the IC50 concentration of each EZH2i with IC25 
of selinexor to investigate if the combination of EZH2i and 
selinexor could increase the cytotoxic effects and induce apop
tosis markers in treated cells. Western blot analysis revealed 

that combination of selinexor with either GSK126, UNC1999, 
or EPZ-5687 increased the cleavage signals of the pro-caspases 
3,7, and 9 (Figure 11b) which is potentially associated with 
elevated levels of cancer cell apoptosis.

DISCUSSION

Molecular aberrations such as overexpression and gain-of- 
function mutations of EZH2 have been linked extensively to 
cancer. Elevated levels of EZH2 have been observed in various 
types of malignancies including breast cancer, bladder cancer, 
endometrial cancer, and melanoma.59 In addition, EZH2 point 
mutations have been identified in non-Hodgkin lymphomas 
(NHL).60 An increased catalytic activity of EZH2 has been 
shown to lead to hyper-methylation of lysine 27 on histone 3 
(H3K27) which promotes global cellular modulation of gene 
expression and potentially assists cancer cell proliferation 
through regulation of essential signaling machineries such as 
cell cycle progression, proliferation, and apoptosis.59 This his
tone methylation can lead to upregulation of cellular oncogenic 
signals and down-regulation of tumor suppressor genes.61 

Accumulative evidence suggests that EZH2 is a key player in 
the development and progression of various cancers and has 
been associated with poor prognosis of the disease.62 This 
critical role(s) of EZH2 in cancer biology has intensified the 
development of small molecules to effectively target its enzy
matic activity. In the recent past, a number of EZH2 small- 
molecule inhibitors have been generated and investigated for 
activity in different cancer models. Effectiveness of these com
pounds have been noted to vary depending on factors such as 
the EZH status (mutation and/or protein expression), type of 
the tumor, and the status of other disease markers.63 Targeting 
EZH2 by small-molecule inhibitors has also been thought to be 
an attractive strategy in new therapeutics development for 
refractory pediatric tumors. In this study, we examined the 
molecular status of EZH2 in three distinct pediatric leukemia 
populations using a panel of EZH2i.

Figure 7. GSK126, EPZ-5687, and UNC1999 induced cell death in THP-1 cells. 
western blot analysis of apoptotic markers; PARP and caspase proteins in THP-1 
cells treated with 1 µM of GSK126, UNC1999, and EPZ-5687. PARP and cleaved 
PARP signals were detected using anti-PARP antibody, caspase 7 and cleaved 
form of caspase 7 were detected suing anti caspase 7 antibody. Bands were 
normalized to total β-actin (loading control). N = 3 independent experiments.

Figure 8. Phosphorylation of EZH2 was suppressed by GSK126, EPZ-5687, and UNC1999 in THP-1 cells. Western blot analysis of EZH phosphorylation levels in 
THP-1 cells treated with 1 µM of GSK126, UNC1999, and EPZ-5687. Phosphorylation signal was normalized to total EZH2 protein level. Bands were detected by scanning 
densitometry and normalized to total β-actin (loading control). N = 3 independent experiments.
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EZH2 is highly dysregulated by genetic mutations 
(A677) as in lymphomas, 64 or by protein overexpression 
found in prostate and ovarian cancers.63 In the present 
study, we profiled the mutational status of A677 residue 
of EZH2 using DNA sequencing. Our data confirm a wild 
type EZH2 sequence in all of the three cell lines compared 
to the human database reference sequence. However, THP- 
1 cells showed high levels of EZH2 protein expression 
compared to MV4;11 and SEM cells with normalization to 
normal control. High levels of EZH2 protein suggest 
a possible role of EZH2 in THP-1 cancer cell signaling 
which makes EZH2 a promising druggable target in 
selected subtypes of AML. We have selected a panel of 

previously tested EZH2 small-molecule inhibitors to assess 
their efficacy in THP-1 cells. Our data revealed that 
GSK343 and EPZ-6438 are characterized by poor efficacy 
(IC50 > 10 µM) [Table 1] to decrease the methyltransferase 
activity in THP-1 cells. This might be attributed to the 
EZH2 status in these cells as it has been reported before 
that GSK343 and EPZ-6438 have pronounced activity 
against mutant and not wild-type EZH2 containing 
cells.65 On the other hand, EI1, GSK503, and DZNep had 
anti-proliferative effects on THP-1 cells at very low micro
molar ranges. However, these compounds displayed strong 
off-target effects on the control hTERT cells under similar 
conditions. Thus, these inhibitors may not be of significant 

Figure 9. GSK126, EPZ-5687, and UNC1999 attenuated cell proliferation signals in THP-1 cells. Western blot analysis of cell proliferation protein signals, FLT-3, ERK 
1/2, and Akt proteins. Phosphorylation levels were detected in THP-I cells treated with 1 µM of GSK126, UNC1999, and EPZ-5687. Phosphorylation signals were 
normalized to total protein levels. Bands were detected by scanning densitometry and normalized to total β-actin (loading control). N = 3 independent experiments.

Figure 10. GSK126, EPZ-5687, and UNC1999 reduced P21 protein levels, but not P53. Western blot analysis of EZH phosphorylation levels in THP-1 cells treated 
with 1 µM of GSK126, UNC1999, and EPZ-5687. Protein signals for P53, P27, and P21 were detected and normalized to total β-actin (loading control).

340 A. AL-GHABKARI AND A. NARENDRAN



potential to target in THP-1 like cells. We also noted that 
GSK126, UNC1999, and EPZ-5687 are very promising with 
very minimal effects on normal (hTERT) cells [Table 1]. 
Our data suggest that screening of a panel of candidate 
compounds is important to identify highly active com
pounds and their desired concentrations in preclinical stu
dies. Variable sensitivity of THP-1 cells to these 
compounds might be attributed to molecular status (wild 
type vs mutant) of EZH2 and the status of other essential 
components involved in tumorigenic activities of these cell 
lines. We have profiled the activity of EZH2 in THP-1 cells 
by detecting the methylation of lysine 27 on histone 3 
(H3K27) following the application of our group of inhibi
tors. As a proof-of-concept, western blot data and immu
nostaining analyses showed that GSK126, UNC1999, and 
EPZ-5687 are selectively attenuated histone 3 methylation 
at K27, but not other putative lysine residues. Consistent 
with previous data described by Bradley and colleagues, 66 

our data demonstrated that the kinetics of K27 demethyla
tion by GSK126, UNC1999, and EPZ-5687 is slow and 
requires prolonged treatment (pronounced effects 
observed after 60 hours) with inhibitors to suppress EZH2 
activity and to detect changes in gene expression profile.

Our investigations showed that inhibition of EZH2 was 
associated with a decrease in EZH2 phosphorylation at 
Threonine 350. It has been shown previously that the 
phosphorylation at this site by cyclin-dependent kinase 1 
(CDK1) and cyclin-dependent kinase 2 (CDK2) is impor
tant to mediate EZH2 activity and to promote recruitment 
of chromatin.67,68 Our results indicated that phosphoryla
tion of EZH2 at T350 was attenuated following the 
treatment of THP-1 cells with GSK126, UNC1999, and 
EPZ-5687. A possible scenario of T350 phosphorylation 
suppression following treatment with EZH2i might be 
caused by changes in the EZH2 protein conformation 

triggered by EZH2i that render this residue inaccessible 
by protein kinases. Alternatively, inhibition of EZH2 
might cause alteration of CDK1 and CDK2 gene expres
sion and consequently lessening their activity to suppress 
EZH2 at T350. Our results also show that the inhibition of 
EZH2 was associated with modulation of key signaling 
pathways involved in cell proliferation, survival and apop
tosis. Western blot analyses revealed that EZH2-inhibited 
cells exhibited increased expression of apoptosis markers 
in addition to a remarkable reduction in AKT and ERK 1/ 
2 phosphorylation. This indicates that the anti-cancer 
activity of EZH2i in THP-1 cells may be associated with 
a reduction in cell survival and proliferation by decreasing 
the activity of MAPK/ERK and PI3K/AKT pathways. P53 
and p21 are tumor suppressors and they are important 
players in essential cellular functions such as DNA damage 
repair and cell cycle regulation. It has been reported pre
viously that both genes are targets of aberrant DNA 
methylation which results in their inactivation in various 
types of cancers.69–72 In this study, we profiled changes in 
p53 and p21 in THP-1 cells following exposure to EZH2i. 
Our data showed that no pronounced change in p53 
protein levels was detectable following treatment with 
these drugs. Western blot analyses showed that p53 was 
insensitive to EZH2i in THP-1 cells. In agreements with 
a previous report that showed treating human cancer cell 
xenografts with DNA methylation inhibitors lead to 
a reduction in the growth of tumors harboring p53- 
mutantions not those with wild-type p53.73 Previous 
reports also showed that the expression of p21/CDKN1A 
was increased following EZH2 depletion in human mela
noma cells.74 In this study, we found that p21 protein 
levels were decreased in a p53-independent manner. One 
major discrepancy between these two observations is that 
the molecular status of p53 of the cells studied; human 

Figure 11. Combining selinexor with GSK126, EPZ-5687, and UNC1999 increased cell apoptosis signals in THP-1 cells. (a) THP-1 cells or hTERT cells (control) 
were treated with increasing concentration [1 × 10−4 to 100, μM] of selinexor for 96 hours. (b) Western blot analysis of caspase3, caspase7, and caspase 9 in THP-1 cells 
treated with 1 µM of GSK126, EPZ-5687, and UNC1999 in the absence or presence of selinexor. Levels of caspase3, 7, and 9 and their cleaved forms were detected and 
normalized to total β-actin protein (loading control).
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melanoma cells have a wild type p53 status, but THP-1 
cells are p53 mutant. Further analysis is required to exam
ine the p53-dependent and the p53-independent regula
tory pathways of p21 in cancer cells.

Selinexor, a first-generation selective inhibitor of nuclear 
export, is a promising anti-leukemic and pro-apoptotic com
pound which has been known to interfere with the nuclear 
export machinery by inhibiting the nuclear export protein 
XPO1.75 A previous study by Kojima and colleagues showed 
that an increase of XPO1 expression is significantly associated 
with a higher risk AML and poor overall survival (OS).57 In 
addition, it has been shown that increased XPO1 expression in 
AML is highly associated with FMS-like tyrosine kinase 3 
(FLT3) mutations, a key feature of cellular aberrations found 
in pediatric leukemias.58 In this study, we evaluated the cyto
toxic effects of combined treatment of EZH2i (GSK126, 
UNC1999, or EPZ-5687) with selinexor. We found that com
bining EZH2i with selinexor resulted in the upregulation of the 
pro-apoptotic caspases making this drug combination an 
attractive therapeutic approach.

Conclusion

In summary, the information presented here demonstrate the 
utility of examining a diverse panel of EZH2-selective small- 
molecule inhibitors using a cell line such as THP-1 that repre
sents a distinct molecular subtype in pediatric leukemia. Based 
on these initial findings, future expanded investigations with 
a larger panel of leukemia cell lines with well-defined molecular 
aberrations will provide critical data for future targeted treat
ment strategies. We believe that with such studies and subse
quent validation in tumor xenograft models will provide the 
preclinical data for the formulation of an early phase clinical 
trial for a challenging subgroup of pediatric leukemia patients 
in the future.
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