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ABSTRACT

Complete eradication of leukemic stem cells (LSCs) in patients with
acute myeloid leukemia (AML) is required for curative therapy.
Epigenetic alterations that involve gene-silencing by DNA methylation
by DNMT1, methylation of H3K27 by EZH2 histone methyltransferase
(HMT) and methylation of H3K9 by G9a HMT may play a major role
in the development of AML. The major action of these epigenetic
alterations is the silencing of the genes that program differentiation
of AML cells. Inhibitors of DNA and histone methylation have the
potential to reverse this block in differentiation. If tumor suppressor
genes (TSGs) contain two gene-silencing markers, such as DNA
methylation and H3K27me3, they may not be fully reactivated with
only an inhibitor of DNA methylation, such as 5-aza-2’-deoxycytidine
(5-AZA-CdR), but may also require an inhibitor of EZH2. In support of
this model is the synergistic antileukemic action as shown by a colony
assay on AML cells using 5-AZA-CdR in combination with 3-
deazaneplanocin A (DZNep), a potent inhibitor of EZH2. A similar type
of interaction can occur when TSGs are silenced by DNA methylation
and the G9a methylation of H3K9me2, a second gene-silencing
marker. Treatment of these AML cells with 5-AZA-CdR and BIX01294,
an inhibitor of G9a, also results in a synergistic antileukemic action.
Leukemic cells that contain 3 different gene-silencing markers: DNA
methylation, H3K27me3 and H3K9me2 may require 3 different
inhibitors for maximal antineoplastic activity. This result was observed
when the AML cells were treated in with 5-AZA-CdR, DZNep and
BIXO1294. The aim of this study was to demonstrate that epigenetic
agents that target DNA and histone methylation have remarkable
antineoplastic activity against myeloid leukemia cells. The second aim
was to propose a dose-schedule for these epigenetic agents that can
be evaluated in a clinical trial in patients with advanced AML for its
potential to eradicate LSCs. One of the most sensitive targets for
chemotherapeutic intervention in LSCs is the block in differentiation
due to gene-silencing by DNA and histone methylation. Epigenetic
agents that have the potential to reverse this block merit clinical
investigation with high priority.
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INTRODUCTION

Epigenetic alterations may play an
important role in the transformation of normal
hematopoietic stem cell (HSC) to leukemic stem cell
(LSC).1.2 Investigations in this area can provide
insight on the molecular mechanisms involved in
leukemogenesis and identify potential targets for
antileukemic therapy. DNA methylation is a major
mechanism that silences the genes that program
differentiation in LSCs.'2 The importance of DNA
methylation in leukemogenesis is shown by the
antileukemic action of the inhibitor of DNA
methylation, 5-aza-2’-deoxycytidine (5-AZA-CdR,
decitabine). 5-AZA-CdR can induce complete
remissions in patients with acute myeloid leukemia
(AML).34 The antileukemic action of 5-AZA-CdR is
due to its re-activation of tumor suppressor genes
(TSGs).5

Mutations in enzymes that lead to an
increase in DNA methylation give insight into the
molecular mechanisms involved in the transformation
of normal HSC to LSCs. Loss-of-function mutations of
TET2 are common in AML.6 TET2 catalyzes the
demethylation of DNA by converting methylcytosine
to hydroxymethyl-cytosine. Loss of TET2 function
leads to aberrant DNA hypermethylation and
progression of leukemogenesis.® Another important
epigenetic mechanism leading fo DNA
hypermethylation is mutations of isocitrate
dehydrogenase 1 and 2 (IDH1, IDH2) which alter
their enzymatic activity.” The result of this mutation
is the production from isocitrate of the
oncometabolite 2-hydroxyglutarate (2-HG).
Inhibition of TET enzymatic activity by 2-HG results
in DNA hypermethylation. Inhibitors of mutant IDH1
or IDH2 induce terminal differentiation of the
mutant leukemic blasts and provide durable clinical
responses in AML patients with the IDH mutations.”
This important observation indicates that aberrant
DNA methylation plays a major role in the
development of AML.

Histone methylation is another important
epigenetic mechanism of gene-silencing. One
example is the key role of EZH2 histone
methyltransferase for the conversion of H3K27 to
H3K27me3, a gene-silencing marker.8 Importance
of H3K27 methylation in leukemogenesis is shown
by the antileukemic action of 3-deazaneplanocin A
(DZNep), a potent inhibitor of EZH2.9 DZNep was
also shown to induce the differentiation of AML
cells.? Gain of function mutations in EZH2 have been
shown to favor malignant transformation.8 An
additional histone mechanism for gene silencing is
the methylation of H3K9 to H3K9me2 by G9a
histone methyltransferase.'© This action leads to a
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reduction in the expression of genes that program
differentiation. Human AML cells are sensitive to the
inhibition of G9a."" The Inhibitor of G9aq,
BIX01294, was shown to inhibit the proliferation
and induce differentiation of HL-60 myeloid
leukemia cells.!!

Therapy of AML using only 5-AZA-CdR can
induce complete remisisons, but most patients will
relapse.3 One possible explanation why the 5-AZA-
CdR did not cure the AML patients is that the target
LSCs contain two different epigenetic gene-
silencing mechanisms, such as DNA methylation and
H3K27me3. In order to eradicate these LSC, two
different drugs are required: an inhibitor of DNA
methylation and an inhibitor of EZH2.'2 We
reported previously that 5-AZA-CdR in combination
with DZNep exhibited a synergistic action against
the HL60 myeloid leukemia cells.'3'4 The
combination of an inhibitor of DNA methylation and
an inhibitor of EZH2 also exhibits synergistic
antineoplastic activity against tumors.!3

The curative potential of AML by
combination of 5-AZA-CdR and DZNep may also
be limited by the presence of a third epigenetic
gene-silencing marker, such as H3K9me2.10
Inhibition of the methylation of H3K? by G9a was
reported to enhance the antitumor action of 5-AZA-
CdR.7 In this report we demonstrate that the
addition of BIX01294 (BIX), an inhibitor of G9a,'!
can increase further the antileukemic action of 5-
AZA-CdR and DZNep. This novel epigenetic
therapy using three different agents that target
three different gene-silencing mechanism merits
investigation for the therapy of AML.

METHODS

Cells: HL-60 human myeloid leukemia cells
were obtained from ATCC and maintained in RPMI-
1640-HEPES medium (Invitrogen) with 10% fetal
bovine serum (FBS). The doubling time of the HL-60
cells was about 20 h.

Preparation of drugs: 5-AZA-CdR was
provided by Dr Alois Piskala, Czechoslovak
Academy of Sciences, Prague. DZNep was
provided by Dr Victor E. Marquez, Chemical
Biology Laboratory NIH (Frederick, MD). BIXO1294
was obtained from Sigma-Aldrich. The drugs were
dissolved in 0.5 PBS, pH6.8 and sterilized by 0.22
micron filtration. 5-AZA-CdR was stored at -70C.
DZNep and BIX were stored at -20C.

Preparation of culture media: RPMI-1640
powdered media containing glutamine and HEPES
buffer, 1 L size (GIBCO) was dissolved in a bottle
containing 800 ml sterile water; 220 mg sodium
pyruvate and 2.2 g sodium bicarbonate were
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added and the media filtered 0.22 micron. Fetal
bovine serum (FBS) 20 ml was added to 80 of
media to give a final concentration of 20%.

Preparation of tubes for colony assay:
Place 0.1 ml containing 1,000 cells/ml (100 cells
total) in Falcon screw cap tube 13 x 100 mm
(#2027).

Preparation of 0.3% agarose RPMI
medium: Place 180 mg SeaPlaque Low Melting
Agarose in 100 ml bottle with screw cap, add 10
ml sterile water, heat mixture in microwave at
medium power for about 1 min until first sign of
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boiling to dissolve agarose. Add immediately 4 ml
of hot agarose media to 20 ml RPMI media + 20
% FBS (room temperature). Pipet 2 ml agarose-
RPMI media in tubes containing cells and place in
ice water for 2 min. Flush tubes with 5% CO2 and
place in CO2 incubator at 37C for 16-18 days.
Count colonies using indirect illumination. The cloning
efficiency of the HL-60 leukemia cells was in the
range of 60—70%. Statistical analysis of the data
was performed using Prism GraphPad software
and Tukey’s multiple comparison test.

89.4

Figure 1. The antileukemic action of 5-AZA-CdR, DZNep and BIX01294 (BIX), alone and in combination on HL-60
myeloid leukemia cells. The leukemia cells were treated for 24h with 0.1 UM 5-AZA-CdR (5-Aza), 0.5 UM DZNep (DZN)
and/or 2.0 UM BIX. Cell counts were made at the end of the treatment and cells were placed in soft-agar medium to
determine cell survival using a colony assay. The values shown are the inhibition of colony formation (mean £ S.E. n =
3). Statistical analysis: 5-Aza+DZN > 5-Aza or DZN p < 0.01; 5-Aza+BIX > 5-Aza or BIX p < 0.05; DZN+BIX > DZN
p < 0.01; DZN+BIX > BIX n.s.; 5-Aza+DZN+BIX > 5-Aza+BIX p < 0.05; 5-Aza+DZN+BIX > DZN+BIX p < 0.01. 5-

Aza+DZN+BIX > 5Aza + DZN n.s.

RESULTS

The antineoplastic action on HL-60 myeloid
leukemia cells of 5-AZA-CdR, DZNep, and/or BIX
was evaluated by a colony assay. The leukemic cells
were treated with these inhibitors for 24 h and the
cells were then placed in drug-free soft agar
medium. After 18-20 days incubation the number of
colonies were counted. The results of this assay are
shown in Figure 1. 5-AZA-CdR (5Aza) at 0.1 UM
inhibited colony formation by 60.4 + 2.3% (mean
t SE). DZNep (DZN) at 0.5 PM inhibited colony
formation of the leukemic cells by 42.0 t 4.8%. BIX.
at 2 UM inhibited colony formation by 57.5% * 5.3
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%. The reduction in colony formation was greater
when these agents were used in combination. The
inhibition of colony formation for: 5Aza + DZN was
82.8 + 0.9%; 5Aza + BIX was 76.8 * 3.6 %; DZN
+ BIX was 68.6 * 3.1 %; 5Aza + DZN + BIX was
89.4 + 2.8%. The method of Valeriote and Lin was
used to evaluate the drug interactions.'” The
interaction of 5-AZA-CdR and DZNep and the
interaction of 5-AZA-CdR and BIX were synergistic.
The synergistic antileukemic action of 5AZA-CdR
and DZNep is in accord with our results published
previously.’314 The interaction of DZNep and BIX
was additive. The interaction between 5-AZA-CdR,
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DZNep and BIX was also additive. A summary of
the action of the three gene-silencing mechanisms
and their reversal by specific inhibitors of the target
enzymes: DNMT1, EZH2, and G%a is shown in

Eradication of leukemia stem cells by inhibitors of DNA methyltransferase, EZH2 and G%a histone
methyltransferases

Figure 2. A good understanding of these
interactions can lead to the development of more
effective therapy of leukemia.
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Figure 2. Epigenetic gene-silencing by DNA methylation by DNMT, methylation of H3K27 by EZH2 histone
methyltransferase (HMT) and methylation of H3K9 by G9a HMT. Reversal of gene-silencing by DNA methylation by
5-aza-2'-deoxycytidine (5AZA-CdR), by H3K27me3 by 3-deazaplanocin A (DZNep) and by H3K9me2 by BIX01294
(BIX). C, cytosine; Cme, 5-methylcytosine; ON, transcription of mRNA; OFF, no transcription of mRNA; DNMT, DNA

methyltransferase.

DISCUSSSION

Curative therapy of AML requires the
complete eradication of the LSC. A major hallmark
of the LSC is the block in their differentiation.! One
key mechanism responsible for this block is
epigenetic gene-silencing by DNA methylation.2 The
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LSC genome display a large increase in the number
of 5-methylcytosine molecules as compared to the
genome of normal white blood cells.20 The major
role of DNA methylation is the silencing of genes
that program differentiation. The importance of
DNA methylation is shown by the induction of
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complete remissions in AML patients by the potent
and specific inhibitor of DNA methylation, 5-AZA-
CdR. However, most patients induced into complete
remission with 5-AZA-CdR will relapse.3 Possible
explanations for this observation are that the LSC
that survive treatment are drug resistant, the dose-
schedule used for 5-AZA-CdR was suboptimal or the
LSC contained TSGs that were silenced by
epigenetic mechanisms different than DNA
methylation. These latter mechanisms could be
gene-silencing by histone methylation. EZH2 is the
HMT that methylates H3K27 to H3K27me3, a gene-
silencing marker.8 LSC that contain both DNA
methylation and H3K27me3 may escape therapy
with only 5-AZA-CdR."® One approach to overcome
this impediment is to use a combination of inhibitors
target DNA methylation and the methylation of
H3K27. The results shown in Figure 1 support this
hypothesis since the combination of 5-AZA-CdR and
DZNep exhibit a synergistic interaction to suppress
colony formation of the HL60 myeloid leukemia
cells. This latter result confirms our previous
reports.13.14

Epigenetic gene-silencing can also occur by
methylation of H3K9 to H3K9me2 by G9a HMT.10
This third histone gene-silencing mechanism may
also limit the potential of 5-AZA-CdR for curative
therapy. Inhibition of G9a by BIX and DNMT by 5-
AZA-CdR also results in a synergistic antileukemic
action (Figure 1). The most potent epigenetic
therapy against myeloid leukemia cells may be the
combination of 5-AZA-CdR, DZNep and BIX which
target all three epigenetic gene-silencing
mechanisms. This triple combination of epigenetic
agents exhibited the greatest reduction in colony
formation by the leukemic cells and merits clinical
investigation in patients with AML. Preclinical studies
in mice with AML should be done to confirm that the
in vitro results on the antineoplastic activity are also
observed in vivo.

A pilot clinical trial on patients with
advanced AML is suggested using a continuous 60 h
i.v. infusion of 5-AZA-CdR and DZNep at a dosage
of these agents that gives a steady-state plasma
concentration of 1 UM for both drugs. Depending
on the response and adverse events, the duration of
the continuous infusion can be increased in a step
wise manner. We performed a pilot clinical trial in
patients with advanced AML using an i.v. infusion
with a duration of 60 h with acceptable
hematopoietic toxicity.'® The duration of the infusion
of 5-AZA-CdR needs to be optimized.’? 5-AZA-CdR
was selected because it is the most potent inhibitor
of DNA methylation and is a more potent
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methyltransferases

antileukemic agent than cytosine arabinoside (ARA-
C)2!, the most active drug for the treatment of AML.
The major adverse event induced by 5-AZA-CdR is
hematopoietic toxicity.3

DZNep was chosen because it is the most
potent inhibitor of EZH2, much more effective than
tazemetostat which is used clinical therapy.?2 In
addition, the combination of DZNep and 5-AZA-
CdR exhibits a synergistic antineoplastic action
against myeloid leukemia cells (Figure 1).
However, DZNep requires FDA approval for clinical
use. For initial studies it is possible to replace
DZNep with another inhibitor of EH2, such as
tazemetostat, which is approved for clinical use, but
is not as potent as DZNep.22

If a combination of inhibitors that target
DNMT1 and EZH2 cannot induce complete
remissions of long duration or curative therapy in
AML patients, consideration should be given to
investigate if the addition of a third epigenetic drug
can achieve this objective. A drug that targets G%a
is a good choice for this option. The addition of BIX,
an inhibitor of G9%a,"" enhanced the antileukemic
action of the combination of inhibitors that target
DNMT1 and EZH2 (Figure 1). Novel inhibitors of
G9a are under development, some of which may
be more effective than BIX and should also become
available for clinical use.

Epigenetic alterations that involve gene-
silencing by DNA methylation by DNMTI,
methylation of H3K27 by EZH2 histone
methyltransferase (HMT) and methylation of H3K?9
by G%9a HMT may play a major role in the
development of AML. The major action of these
epigenetic alterations is the silencing of the genes
that program differentiation of AML cells. Inhibitors
of DNA and histone methylation have the potential
to reverse this block in differentiation. If tumor
suppressor genes (TSGs) contain two gene-silencing
markers, such as DNA methylation and H3K27me3,
they may not be fully reactivated with only an
inhibitor of DNA methylation, such as 5-aza-2’-
deoxycytidine (5-AZA-CdR), but may also require
an inhibitor of EZH2. In support of this model is the
synergistic antileukemic action as shown by a colony
assays on AML cells using 5-AZA-CdR in
combination with DZNep, a potent inhibitor of EZH2.
A similar type of interaction can occur when TSGs
are silenced by DNA methylation and the G%a
methylation of H3K9me2, a second gene-silencing
marker. Treatment of these AML cells with 5-AZA-
CdR and BIX01294, an inhibitor of G9q, also results
in a synergistic antileukemic action. Leukemic cells
that contain 3 different gene-silencing markers:
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DNA methylation, H3K27me3 and H3K9me2 may
require 3 different inhibitors for maximal
antineoplastic activity. This result was observed
when the AML cells were treated in with 5-AZA-
CdR, DZNep and BIX01294. The aim of this study
was to demonstrate that epigenetic agents that
target DNA and histone methylation have
remarkable antineoplastic activity against myeloid
leukemia cells. The second aim was to propose a
dose-schedule for these epigenetic agents that can
be evaluated in a clinical trial in patients with
advanced AML for its potential to eradicate LSCs.
One of the most sensitive targets for
chemotherapeutic intervention in LSCs is the block in
differentiation due to gene-silencing by DNA and
histone methylation. Epigenetic agents that have the
potential to reverse this block merit clinical
investigation with high priority. These epigenetic
alterations may be one of the most sensitive targets
for intervention using epigenetic chemotherapy and
merit intensive investigation.

A natural mechanism exists in cells that has
the potential to prevent or reverse neoplastic
transformation.23 The ten eleven translocation (TET)
pathway of DNA hydrolases can remove 5-
methylcytosine from DNA and reverse epigenetic
gene-silencing. Loss of function mutations of TET
were observed in some patients with AML indicating
an important role of TET in the suppression of
leukemogenesis.® The importance of this natural
mechanism in leukemogenesis remains to be
determined.

Nutritional agents, such as Vitamin C, have
the potential to increase the effectiveness of the
proposed epigenetic therapy.® We reported
previously that vitamin C increases the
antineoplastic activity of 5-AZA-CdR and DZNep
against myeloid leukemia cells.24 The mechanism
responsible for this action of vitamin C is due to its
function as a cofactor of alpha-ketoglutarate-
dependent dioxygenases (KGDD). The

Eradication of leukemia stem cells by inhibitors of DNA methyltransferase, EZH2 and G9a histone
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enhancement by Vitamin C of the catalytic activity
of KGDD of the TET pathway, as well as of the
Jumoniji C histone demethylases (JHDM:s), was shown
to result in demethylation of DNA and histones,
leading to reactivation of tumor suppressor genes
and an enhancement of its antineoplastic effect.

CONCLUSION

Curative therapy of leukemia can be
facilitated by identifying the most sensitive targets
for chemotherapeutic intervention. During the
process of development, HSCs have to activate the
specific program of differentiation that leads to
white blood formation. This task is accomplished by
activation of the expression of the developmental
genes responsible for white blood cell formation by
enzymatic DNA and histone demethylation. In
premature HSCs the hematopoietic development
genes are silenced by DNA methylation and histone
methylation by the presence of H3K27me3.252¢
When HSCs cannot reverse this epigenetic gene-
silencing, they are transformed to LSCs. Reversal of
this process provides one of the most sensitive
targets for chemotherapeutic intervention in
leukemia cells using epigenetic agents. A good
example of this interaction is the synergistic
antineoplastic and gene-activation action on AML
cells induced by 5-AZA-CdR, an inhibitor of DNA
methylation, and DZNep, an inhibitor of EZH2. This
observation provides support of the hypothesis that
gene-silencing by DNA and histone methylation
plays a major role in the transformation of HSCs to
LSCs and merits clinical investigation with high
priority in patients with AML using epigenetic agents
that reverse gene-silencing.

Funding: This research was funded by a grant from
the Faculty of Medicine, University of Montreal.
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