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ABSTRACT: We previously identified two structurally related
pyrazolone (compound 1) and pyridazine (compound 2) allosteric
inhibitors of DNMT3A through screening of a small chemical
library. Here, we show that these compounds bind and disrupt
protein—protein interactions (PPIs) at the DNMT3A tetramer
interface. This disruption is observed with distinct partner proteins
and occurs even when the complexes are acting on DNA, which
better reflects the cellular context. Compound 2 induces differ-
entiation of distinct myeloid leukemia cell lines including cells with mutated DNMT3A R882. To date, small molecules targeting
DNMTS3A are limited to competitive inhibitors of AdoMet or DNA and display extreme toxicity. Our work is the first to identify
small molecules with a mechanism of inhibition involving the disruption of PPIs with DNMT3A. Ongoing optimization of
compounds 1 and 2 provides a promising basis to induce myeloid differentiation and treatment of diseases that display aberrant PPIs
with DNMT3A, such as acute myeloid leukemia.

[l Metrics & More ’ Q Supporting Information

Regulator M - LN
~®, \O

1 el o

B INTRODUCTION

The epigenetic machinery regulates a wide range of biological
processes including parental imprinting, cellular development,
and differentiation.' ™ Epigenetic regulation is a highly

selective inhibitor showed promising in vivo results.”’ The
inhibitor acts by an intercalation mechanism, which may have
off-target consequences. Our focus on DNMT3A is motivated
by its frequent mutation in multiple cancers including various
forms of leukemia and its limited expression within a subset of

dynamic process that is achieved by the action and modulation
of writers (DNMTs, HATs, and HMTs) that catalyze the
addition of specific modifications on DNA or histone tails,
erasers that remove specific marks, or readers that are recruited
to specific modifications.”® Given the reversibility of epigenetic
modifications, interest in the development of therapeutics
targeting epigenetic enzymes has increased in recent years,
especially allosteric modulators.”® While some success has
been realized for some epigenetic enzymes, such as histone
modifiers, others have proven challenging in this regard.””"
For instance, the FDA-approved nucleoside inhibitors
(azacytidine and decitabine), which function as prodrugs that
are incorporated into DNA to inhibit the human DNA
methyltransferases, are highly cytotoxic due to the formation of
irreversible suicide complexes.'””™"° In addition to these
competitive inhibitors of DNMTs, several molecules that act
as cofactor S-adenosyl-L-methionine (AdoMet) competitors to
inhibit DNMT3A and other DNMTs have been de-
scribed.'°™*° However, the use of competitive inhibitors of
DNMTs presents several disadvantages compared to allosteric
inhibitors in terms of specificity within a family of related
proteins, nonrelated proteins with shared cofactors, or inability
to target surfaces involved with modulation of enzymatic
activity. A recent report on a first-in-class reversible DNMT1-
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stem cells and tumors.””*

Epigenetic mechanisms are characterized by highly inte-
grated pathways involving extensive crosstalk mediated by
protein—protein interactions (PPIs).***° For instance,
DNMT3A interacts with the polycomb repressive complexes
2 (PRC2), a multimeric complex associated with transcrip-
tional silencing that is composed of various histone modifiers
and long noncoding RNAs.> 732 Through this interaction,
DNMT3A-mediated DNA methylation contributes to the
silencing of PRC2 target genes.27_29 Therefore, the disruption
of protein—protein complexes could be a route to develop
highly specific drugs targeting epigenetic pathways. The
development of small molecules targeting PPIs has proven
more challenging compared to molecules targeting active sites
due to the unique physicochemical properties of surfaces
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Figure 1. Surfaces involved with allosteric modulation of DNMT3A and models for disruption of modulation by compounds 1 and 2. (A) Front
and bottom view of a DNMT3A heterotetramer (pink M and violet M; a.a. 468—912) in complex with DNMT3L (green M; a.a. 171—379) and
histone H3 peptides (yellow B; 1—12) with surfaces involved with interactions (red B; <5 A) (adapted from PDB 4U7T). DNA (blue M) was
modeled using the structure of a DNA-bound DNMT3A-DNMT3L complex (PDB 5YX2). (B) Upon binding a target nucleosome, compounds 1
or 2 may disrupt the allosteric modulation of DNMT3A by H3 tails (I.) or PPIs at the tetramer interface (II and IIT). (C) Structure of related

pyrazolone (1) and pyridazine (2) inhibitors.

involved with PPIs.**™* However, recent successes have
identified small-molecule inhibitors of epigenetic PPlIs,
specifically in distinct types of histone reader proteins and
scaffolding proteins of epigenetic complexes.”>*> In addition
to being recurrently mutated in patients with acute myeloid
leukemia (AML), the biological importance of DNMT3A is
highlighted by the fact that DNMT3A interacts with a wide
range of proteins with distinct biological functions, some of
which share a binding surface with DNMT3L (Figure
1A).2#?336739 Thus, DNMT3A is a suitable target for the
potential use of small molecules to target PPIs in diseases such
as AML.

Recent work from our lab identified two compounds that do
not display a competitive mechanism with DNA or AdoMet,
and inhibition of enzymatic activity is due to binding an
allosteric region outside the active site (Figure 1A,C).* Given
that the ATRX-DNMT3-DNMT3L (ADD) domain or the
tetramer interface of DNMT3A presents two well-character-
ized surfaces for allosteric modulation of enzymatic activity
(Figure 1A, we assessed whether compounds 1 or 2 disrupt
interactions at these surfaces (Figure 1B).*"** With the use of
mutational mapping and radiochemical and binding assays
under various conditions, we show that compounds 1 or 2
selectively inhibit DNMT3A activity by disrupting interactions
at the tetramer interface and that this mechanism of inhibition
persists even when DNMT3A is in complex with distinct
partner proteins. This work presents the characterization of

two novel compounds with the potential use for modulation of
epigenetic pathways through disruption of PPIs, which are
likely to not display the toxicity commonly observed with
current therapeutics targeting DNMT3A."*™"

B RESULTS

Compounds 1 and 2 disrupt DNMT3A_WT homo- or
heterotetramers but not interactions with histone H3 tails.
While there have been several efforts to develop small-
molecule inhibitors of DNMTs, to date, the FDA has only
approved two nucleoside inhibitors (azacytidine and decita-
bine), which are highly cytotoxic.'»'® We recently reported the
discovery of two compounds (Figure 1C) that act as allosteric
inhibitors of DNMT3A (i.e., not competitive with S-
adenosylmethionine or DNA).* However, the precise
mechanism of action (Figure 1B) or the surface on
DNMT3A bound by these inhibitors remains unknown
(Figure 1A). Histone H3 tails and DNMT3L act as allosteric
activators of DNMT3A activity by binding the ADD domain or
the tetramer interface of DNMT3A, respectively."""** There-
fore, we assessed whether the allosteric inhibitors (compound
1 or 2) disrupt the modulation of DNMT?3A activity by histone
H3 tails or DNMT3L (Figure 2). We observed that when
DNMT3A_WT was preincubated with DNMT3L and
compound 1 (navy blue [l Figure 2B) or 2 (navy blue
red—blue [l Figure 2B), the activity of DNMT3A WT is
lower compared to similar reactions with DNMT3A WT
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Figure 2. Compounds 1 and 2 do not inhibit the activation of
DNMT3A_WT by H3 peptides but disrupt DNMT3A-DNMT3L
interactions at the DNMT3A tetramer interface. While compound 2
fails to disrupt the activation of full-length DNMT3A_WT by H3
peptides (A), compounds 1 and 2 inhibit the stimulation of
DNMT3A_WT activity by DNMT3L in reactions at equilibrium
(B,E.) and actively methylate DNMT3A_WT homotetramers (red H
(C); navy blue M DNMT3A WT, 8 DNMT3A_WT with compound
2) or DNMT3A_ WT—DNMT3L heterotetramers (red B (D); navy
blue @ DNMT3A_WT, green M DNMT3A_WT-DNMT3L).
Reactions in (A,B,E) consisted of 150 nM DNMT3A WT
preincubated for 1 h at 37 °C with H3 peptides (S uM; residues
1-21) (A) or DNMT3L [150 nM; (B,E)] in buffer containing
compound 1 (E) or 2 (A,B). While reactions in (C,D) consisted of S0
nM DNMT3A_WT, reactions in (D) consisted of DNMT3A_WT—
DNMT3L (1:1 at SO nM) that was preincubated for 1 h at 37 °C
prior to the start of the reaction. All reactions (A—E) were initiated by
the addition of poly dI-dC (S uM). Fold change (A—E) refers to the
data normalized to the activity of reactions consisting of
DNMT3A_WT only. All data reflect the mean and s.d. of three
independent experiments. A T-test (AB) or one-way analysis of
variance (E) was used to compare the values of reactions containing
compound 1 (E) or 2 (A,B) to those without compound 1 or 2 (ns, p
> 0.05; ***, p < 0.001).

incubated with DNMT3L (navy blue [l Figure 2B,E; ***, p <
0.001). In contrast, similar experiments with the activating H3
peptide (navy blue [l Figure 2A) show that compound 2 does
not alter DNMT3A_WT activity (orange Il Figure 2A) in the
presence of the H3 peptide (navy blue [l Figure 2A) (orange
B Figure 2A; ns, p > 0.05.)."" Although DNMT3A and
histone-modifying enzymes, such as lysine-specific demethylase

SA (KDMSA), are structurally unrelated and modify distinct
components of nucleosomes, both epigenetic enzymes act on
nucleosome substrates and are readers and writers of specific
epigenetic modifications.”” We sought to determine whether
compounds 1 and 2 affect the activity of KDMSA to assess the
specificity of these compounds for DNMT3A over an
unrelated epigenetic enzyme. We found that compounds 1
and 2 minimally affect the demethylase activity of KDMSA
relative to CPI-4SS, a well-established KDMS inhibitor (Figure
$2).** Based on the inhibition of DNMT3L-mediated
stimulation of DNMT3A_WT activity by compound 1 or 2
in reactions at equilibrium (Figure 2B,E), we tested whether
compound 2 disrupts DNMT3A_WT homo- or heterote-
tramers by carrying out DNA methylation (Figure 2C,D). The
addition of compound 2 decreases the activity of
DNMT3A WT homotetramers (red [l Figure 2C) or
DNMT3A_WT-DNMT3L heterotetramers (red Il Figure
2D) relative to similar reactions in which dimethyl sulfoxide
(DMSO) was added to catalytically active DNMT3A_WT
homotetramers (navy blue [ll Figure 2C) or DNMT3A_WT—
DNMT3L heterotetramers (green W Figure 2D). Thus,
compound 2 disrupts interactions at the tetramer interface of
DNMT3A in actively catalyzing protein complexes, which
better models the cellular dynamics between DNMT3A, DNA,
and distinct partner proteins.

In addition to DNMT3L, the activity of DNMT3A is
modulated by distinct partner proteins through direct
interactions with the tetramer interface of
DNMT3A*>?336739 (Figure 1A). Given that compounds 1
and 2 disrupt the activation of DNMT3A activity by DNMT3L
(Figure 2), we monitored the oligomeric state of
DNMT3A_WT homo- or heterotetramers in the presence of
these compounds (Figure 1B, II. or III). For this approach, we
measured the fluorescence anisotropy of a fluorescein (5'/6-
FAM)-labeled 27-mer (GCbox30 duplex) in complex with
DNMT3A_WT homo- or heterotetramers in the presence of
compounds 1 and 2 (Figure 3).* S We relied on the use of
pS3 or TDG to explore the effects of compound 1 or 2 on
DNMT3A WT heterotetramers, given that the interactions
between DNMT3A and p53 or TDG have been previously
characterized and are implicated in AML.*>*”*> We found that
the addition of compound 1 (red Ml Figure 3A) or 2 (red
Figure 3B) decreases the fluorescence anisotropy of DNA-
bound DNMT3A_WT homotetramers compared to similar
reactions with DMSO (I Figure 3A,B). Furthermore,
increasing the concentrations of DNMT3A_WT results in a
lower change in the initial fluorescence anisotropy of FAM-
DNA in reaction with compound 1 (red [l Figure 3C) or 2
(red I Figure 3D) relative to those with DMSO (Il Figure
3C,D). Similarly, increasing concentrations of compound 1
(navy blue WM Figure 3EF) or 2 (red WM Figure 3EF)
drastically decreases the initial fluorescence anisotropy of
DNMT3A WT-pS3 (Figure 3E) or DNMT3A WT-TDG
(Figure 3F) heterotetramers bound to FAM-DNA compared
to similar reactions consisting of DNMT3A_WT homote-
tramers (green [l Figure 3E,F) or heterotetramers with pS3
(M Figure 3E) or TDG (M Figure 3F) challenged by the
addition of DMSO. In fact, we observed that increasing levels
of compound 1 (navy blue [l Figure 3E,F) or 2 (red Ml Figure
3E,F) to DNMT3A_ WT-p53 (Figure 3E) or DNMT3A WT-
TDG (Figure 3F) heterotetramers on FAM-DNA led to a final
anisotropy value comparable to reactions with DNMT3A WT
dimers and compound 2 (600 uM) at the start of the reaction
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Figure 3. Compounds 1 and 2 disrupt DNA-bound DNMT3A_WT
in complex with distinct partner proteins. While the addition of
DMSO (A,B) does not disrupt DNA-bound (50 nM S’ FAM-6-
labeled GCbox30 duplex) DNMT3A_WT homotetramers (1 uM),
increasing concentrations of compound 1 (B) or 2 (A) decrease the
fluorescence anisotropy (millianisotropy units (mA)) of
DNMT3A_WT complexes on DNA. The addition of DNMT3A_ WT
to reactions consisting of compound 1 (D) or 2 (C) leads to a lower
change in the fluorescence anisotropy of FAM-labeled substrate DNA
relative to similar reactions with DMSO (C,D). Increasing
concentrations of compound 1 (navy blue B E,F) or 2 (red M E;F)
decrease the fluorescence anisotropy of DNMT3A_ WT-pS3 (E) or
DNMT3A WT-TDG (F) complexes on DNA (GCbox30 duplex).
The following reactions were performed as controls in (EJF):
DNMT3A_WT with DMSO [green W; (E,F)], DNMT3A WT-ps3
with DMSO (M E), DNMT3A_WT-TDG with DMSO (M F) and
DNMT3A_WT with compound 2 at the beginning of the reaction
[pink B; (E,F)]. Data reflect the mean and s.d. of three independent
experiments.

(pink WM Figure 3EF). In sum, our observation that the
addition of compounds 1 and 2 under distinct conditions
decreases the background-subtracted (FAM-DNA only) initial
fluorescence anisotropy of DNMT3A_WT homotetramers—
FAM-DNA complexes (Figure 3) is consistent with the
inhibition of enzymatic activity by these compounds involving
disruptions of the oligomeric state of DNMT3A (Figure 1B
I).

Oligomerization of DNMT3A_ R771A with DNMT3L
Restores Inhibition by Compound 2. In previous work, we
show that substitutions to specific residues at the tetramer
interface of DNMT3A disrupt the oligomeric state, processive
catalysis, and modulation by partner proteins.”~** Given that
compounds 1 and 2 disrupt interactions between
DNMT3A WT and distinct partner proteins that bind the
tetramer interface (Figures 2 and 3), we carried out molecular
docking and dynamics simulations to predict critical residues
for interactions with compounds 1 or 2 and assess the stability
of these interactions in silico (Figure $3)."*~** This approach

has been previously carried out for other human DNMTs and
was validated by docking the S-adenosyl-L-homocysteine
(SAH) ligand into the active-site pocket to within 2.0 A of
its crystal structure pose (submitted for publication).***~>'
Following docking of compounds 1 or 2 to the tetramer
interface of DNMT3A monomers (Figure S3A,C), the root-
mean-squared deviation (rmsd) for each compound with
respect to the protein backbone during a 10 ns simulation was
plotted (Figure S3D). As indicated by the change in the rmsd
values for compounds 1 or 2 over the course of the simulation
(Figure S3D), our in silico analysis shows that these
compounds adopt a stable conformation on the tetramer
interface of DNMT3A. Interestingly, calculations of the free
energy and energetic contributions of the individual residues to
the interaction between the DNMT3A tetramer interface and
compounds 1 or 2 identified several key residues for
oligomerization and PPIs as the largest contributors to this
interaction [molecular mechanics (MM)/GBSA calculations;
see the Experimental Section; Figure S3A,C].*~** Based on
these observations and data showing that compounds 1 and 2
interfere with interactions at the tetramer interface of
DNMT3A (Figures 1B and 2), we assessed the effect of
compound 2 on the DNMT3A tetramer interface alanine
substitutions (R729, E733, R736, and R771; Figure S1).
Initially, we assessed the effect of compound 1 or 2 on the
activity of DNMT3A tetramer interface mutants in reactions
initiated by the addition of substrate DNA following a short
preincubation (10 min) with compound 2 (Figure 4A,B).
While all the DNMT3A tetramer interface mutants (R729,
E733, R736, and R771) displayed reduced inhibition to
compound 2 relative to DNMT3A_WT (Figure 44; *** p <
0.001), we found that DNMT3A R771A (red Il Figure 4B)
was the only mutant that was not inhibited by compound 2
(ns, p > 0.05; *, p < 0.01). We then carried out similar
reactions consisting of DNMT3A tetramer interface mutants
that were preincubated with DNMT3L and compound 2 prior
to being initiated (Figure 4C,D). We found that in these
reactions, inhibition of DNMT3A tetramer interface mutants
(R729, E733, R736, and R771) in complex with DNMT3L was
comparable to that observed for DNMT3A_ WT-DNMT3L
heterotetramers (Figure 4C; ns, p > 0.0S), unlike reactions
without DNMT3L where inhibition by compound 2 was
reduced (Figure 4A,B). Furthermore, compound 2 inhibited
the activity of DNMT3A R771A in DNMT3A R771A-
DNMT3L heterotetramers (red Wl Figure 4D), which was
not observed in reactions without DNMT3L (red Il Figure
4B). To further examine the inhibition of DNMT3L-mediated
activation of DNMT3A tetramer interface mutants (red
Figure 4D), we then assessed the effect of compound 2 on the
fluorescence anisotropy of tetramer interface mutant
DNMT3A-DNMT3L heterotetramers bound to FAM-DNA
(Figure 4E). We initially monitored changes in the
fluorescence anisotropy of dimeric DNMT3A tetramer inter-
face mutants bound to FAM-DNA by the addition of
DNMT3L to confirm the formation of tetramer interface
mutant DNMT3A—DNMT3L heterotetramers. The increase
in the fluorescence anisotropy of FAM-DNA bound by
DNMT3A_R771A (red [l Figure 4E) or DNMT3A R729A
(navy blue W Figure 4E) observed by the addition of
DNMT3L was comparable to the fluorescence anisotropy
values of DNMT3A WT-DNMT3L heterotetramers in
complex with FAM-DNA (Il Figure 4E). While the addition
of DMSO did not alter the fluorescence anisotropy of these
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Figure 4. Compound 2 inhibits DNMT3A_ R771A-DNMT3L
heterotetramers but not DNMT3A_ R771A homodimers. (A,B.)
DNMT?3A tetramer interface mutants are differentially responsive to
modulation by compound 2 relative to WT with R771A unresponsive
to inhibition (B). (C,D.) Formation of mutant DNMT3A
heterotetramers with DNMT3L leads to comparable levels of
inhibition by compound 2 as WT—=DNMT3L complexes and restores
inhibition of R771A (D). (E) The addition of compound 2 decreases
the fluorescence anisotropy of DNMT3L heterotetramers with
DNMT3A WT (M), R771A (red O), or R729A (navy blue O)
bound to FAM-labeled DNA (GCbox30 duplex). Similar reactions
consisting of DNMT3L in complex with DNMT3A WT (M), R771A
(red W), or R729A (navy blue M) to which DMSO was added were
performed as controls. (A—D) consisted of 150 nM WT or mutant
DNMT3A, 150 nM DNMT3L (C,D.; preincubated for 1 h at 37 °C)
and were initiated by the addition of poly dI-dC (5 uM). In (C,D),
fold inhibition was calculated as follows: 1—(product formed with
compound 2/product formed without compound 2). A one-way
analysis of variance (A,C) was used to compare the values of reactions
with DNMT3A mutants to those with WT. A T-test (B,D) was
performed to compare the values of reactions containing compound 2
to those without compound 2 (ns, p > 0.05; ***, p < 0.001; *, p <
0.01). All data reflect the mean and s.d. of three independent
experiments. Compounds 1 and 2 disrupt interactions at the tetramer
interface of DNMT3A_R882H.

complexes (Figure 4E, DNMT3L with ll DNMT3A_WT, red
Il DNMT3A_R771A or navy blue [ll DNMT3A_R729A), the
addition of compound 2 reduced the fluorescence anisotropy

of FAM-DNA bound by DNMT3A WT ([J; Figure 4E),
DNMT3A_R771A (red [J; Figure 4E), or DNMT3A_R729A
(navy blue [] Figure 4E) in complex with DNMT3L to
comparable levels as that observed prior to the addition of
DNMT3L. Therefore, our data show that the formation of
DNMT3A R771A-DNMT3L heterotetramers restores the
ability of compound 2 to inhibit DNMT3A R771A activity
by disrupting interactions at the tetramer interface (Figure
1B).

The DNMT3A R882H-substitution is the most frequently
detected DNMT3A mutation in AML patients.”>”**” Although
located at the DNA binding surface of DNMT3A (Figure S1),
the R882H-substitution appears to alter the interactions
between DNMT3A and distinct partner proteins, including
those that bind the DNMT3A tetramer interface.***>* Given
the biological impact of R882H substitutions and the effect of
R882H on PPIs involving DNMT3A, we explored the
consequences of compounds 1 or 2 on DNMT3A R882H-
DNMT3L heterotetramers (Figure 5). Like that observed in
reactions with DNMT3A_WT (Figure 2B), we found that a 1
hour preincubation of DNMT3A R882H, DNMT3L, and
compound 1 (navy blue |ll, red Il Figure SB) or 2 (navy blue
B, red M Figure SA) decreases the activation of
DNMT3A R882H by DNMT3L relative to similar reactions
consisting of DNMT3A_R882H, DNMT3L, and DMSO (red
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Figure S. Compounds 1 and 2 inhibit the activation of
DNMT3A_R882H by DNMT3L. (A,B) Compounds 1 and 2 disrupt
the activation of DNMT3A_R882H enzymatic activity by DNMT3L
in reactions at equilibrium (A,B), as well as actively methylating
DNMT3A R882H-DNMT3L complexes [red B (C)]. Reactions in
(A,B) consisted of 150 nM DNMT3A_R882H preincubated for 1 h
at 37 °C with DNMT3L (150 nM; B,E) in buffer containing
compound 1 (E) or 2 (A,B). Reactions in (C) consisted of S0 nM
DNMT3A_ R882H (navy blue @) and DNMT3A R882H-DNMT3L
(green M; 1:1 at SO nM and preincubated for 1 h at 37 °C). All
reactions (A—C) were initiated by the addition of poly dI-dC (S uM).
Fold change (AB) refers to data normalized to the activity of
reactions consisting of DNMT3A_R882H only. A one-way analysis of
variance (A,B) was carried out to compare the averages of reactions
with DNMT3A_R882H—-DNMT3L complexes under various con-
ditions.

https://doi.org/10.1021/acs.jmedchem.2c00725
J. Med. Chem. 2022, 65, 10554—10566


https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.2c00725/suppl_file/jm2c00725_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c00725?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c00725?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c00725?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c00725?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c00725?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c00725?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c00725?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.2c00725?fig=fig5&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.2c00725?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

I Figure SA,B; *#* p < 0.001). Furthermore, the addition of
compound 2 (yellow W Figure SC; 120 pM) decreases
product formation (nM methylated DNA) in catalytically
active DNMT3A_R882H-DNMT3L heterotetramers relative
to reactions with DNMT3A R882H-DNMT3L heterote-
tramers challenged with the addition of DMSO (green W
Figure SC). Therefore, our data are consistent with
compounds 1 and 2, disrupting the interactions between
DNMT3A R882H and DNMT3L at the tetramer interface of
DNMT3A_R882H, including catalytically active protein
complexes.

To further examine the effect of compounds 1 or 2 on PPIs
involving DNMT3A_R882H, we monitored the fluorescence
anisotropy of DNA-bound DNMT3A_R882H in complex with
distinct partner proteins and under various conditions (Figure
6). As observed in tetramer interface mutants (R729A and
R771A, Figure 4 E), the addition of DNMT3L increases the
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Figure 6. Compounds disrupt DNMT3A_R882H heterotetramers
with distinct partner proteins. The addition of compound 1 (B) or 2
(A) decreases the fluorescence anisotropy (millianisotropy units
(mA)) of DNA-bound (50 nM 5’ FAM-6-labeled GCbox30 duplex)
DNMT3A_R882H—DNMT3L complexes relative to similar reactions
to which DMSO was added (A,B). While the addition of DNMT3L
increases the fluorescence anisotropy of DNMT3A_R882H in
complex with DNA in DMSO (C,D), increasing levels of DNMT3L
do not change the fluorescence anisotropy of DNA-bound (GCbox30
duplex) DNMT3A_R882H in the presence of compound 1 (D) or 2
(C). Increasing amounts of compound 1 (navy blue B; E,F) or 2 (red
W; EF) decrease the fluorescence anisotropy of DNMT3A R882H-
pS3 (E) or DNMT3A R882H-TDG (F) complexes on DNA
(GCbox30 duplex). (E,F.) The following reactions were performed
as controls: DNMT3A_R882H—DNMT3L with DMSO (green H;
EJF), DNMT3A_R882H-pS3 (M; E), or -TDG (M; F) with DMSO
and DNMT3A_R882H-DNMT3L with compound 2 at the
beginning of the reaction (pink M; E;F). All data reflect the mean
and s.d. of three independent experiments. Compound 2 induces
myeloid differentiation and decreases global levels of 5-methylcyto-
sine in distinct AML cell lines.

initial fluorescence anisotropy of DNMT3A_R882H dimers on
FAM-DNA (red I, ll Figure 6A,B). Compared to reactions
with DNMT3A_R882H-DNMT3L heterotetramers to which
DMSO was added (I Figure 6A,B), the addition of
compound 1 (red [ Figure 6B) or 2 (red M Figure 6A)
reduces the fluorescence anisotropy of DNA-bound
DNMT3A_R882H-DNMT3L to similar levels as that
observed prior to the addition of DNMT3L. Moreover, the
addition of DNMT3L does not appear to change the initial
fluorescence anisotropy of DNMT3A R882H complexes on
FAM-DNA in reactions with compound 1 (red [l Figure 6D)
or 2 (red Il Figure 6C) compared to similar reactions with
DMSO (M Figure 6CD). To assess whether this effect
(Figure 6A—D) is also observed in DNMT3A R882H
heterotetramers, we monitored the fluorescence anisotropy of
DNA-bound DNMT3A_ R882H in complex with pS3 (Figure
6E) or TDG (Figure 6F) challenged with increasing
concentrations of compound 1 or 2. P53 or TDG were used
for these assays as their interactions with DNMT3A have been
previously characterized.’*”** The addition of DMSO
minimally reduces the fluorescence anisotropy of DNA-
bound DNMT3A_R882H heterotetramers with DNMT3L
(green W Figure 6E,F), pS3 (M Figure 6E), or TDG (M
Figure 6F). However, increasing concentrations of compound
1 (navy blue W, Figure 6E,F) or 2 (red W, Figure 6EF)
decreased the fluorescence anisotropy of DNA-bound
DNMT3A_R882H-p53 (E) or DNMT3A R882H-TDG (F)
heterotetramers to similar levels as that observed in reactions
consisting of DNMT3A_R882H, DNMT3L and compound 2
from the start of the reaction (pink ll, Figure 6E,F). Here, we
show that compounds 1 and 2 disrupt PPIs involving the
biomedically relevant R882H-substitution in DNMT3A and
partner proteins with distinct biological functions.

Given the novel mechanism of inhibition by compound 2 as
a disrupter of PPIs with DNMT3A, we sought to investigate
the antileukemic potential of compound 2 by assessing
apoptosis and differentiation in a panel of human AML cell
lines after treatment with compound 2. Cell viability assays,
using annexin V staining to detect apoptotic cells, performed
following a 72 h treatment of compound 2 showed a dose—
response effect with a marked increase in apoptosis in the 7—
12 uM range (Figure SS). The resulting ICs, values for the
AML cell lines assessed (Figure SS) are comparable to what
has been reported for azacytidine under similar experimental
conditions.”**® CD11b, an integrin family member respon-
sible for leukocyte adhesion and migration during an
inflammatory response, is often used as a marker of myeloid
differentiation and to detect the therapeutic potential of
modulators of DNMTs.”” ™" Therefore, we then monitored
CD11b levels in live cells to determine whether modulation of
DNMT3A by compound 2 impacted the differentiation status
of leukemia cells. For this, AML cell lines were stained with
markers for CD11b and propidium iodide (PI) following a 72
h treatment of DMSO or increasing concentrations of
compound 2, and CD11b levels were monitored in PI negative
cells only (Figures 7 and S4). Relative to DMSO-treated cell
populations, we observed that compound 2 led to a
concentration-dependent increase in the myeloid differ-
entiation marker, CD11b, in multiple PI-negative AML cell
lines: MV411 (biphenotypic B myelomonocytic leukemia),
MOLMI13 (acute monocytic leukemia), THP-1 (acute
monocytic leukemia), OCI-AML3 (DNMT3A R882 mutant,
AML), KASUMI (acute myeloblastic leukemia), HL60 (acute
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Figure 7. Compound 2 induces expression of the CDI11b differentiation marker in a panel of distinct live AML cell lines in a concentration-
dependent manner. Increasing concentrations of compound 2 increased CD11b expression in (A) MV411 (M), (B) MOLM13 (teal blue M), (C)
THP1 (dark red W), (D) OCI-AML3 (green W), (E) KASUMI (blue M), (F) HL60 (green M), and (G) K562 (violet M) cell populations.
Histograms in (A—G) display the changes in the percentage of CD11b positive cells as evaluated by flow cytometric analysis (Figure S4). Cells
were harvested and stained with markers for CD11b following a 72 h treatment of DMSO or varying concentrations of compound 2. Data reflect

the mean and s.d. of three independent experiments.

promyelocytic leukemia), and KS62 (chronic myelogenous
leukemia) (Figures 7 and S4).

DNA methylation plays a critical role in leukemogenesis.
Decreases in cellular DNA methylation levels result from
treatment with demethylating agents such as azacytidine and
decitabine, resulting in AML transformation by promoting
differentiation.”””* Since DNMT3A inhibition by compound
2 may likely result in changes in DNA methylation, we used an
ELISA to assay for changes in global DNA methylation (Figure
8). We observed that a S uM treatment of compound 2 led to a
time-dependent decrease in DNA methylation across three
leukemia cell lines (HL60, OCI-AML3, and K$62).

10560

Importantly, changes in DNA methylation occur concom-
itantly with our observations of increased differentiation after 3
days at a lower concentration of compound 2 (Figure 8). Here,
we show that compound 2 achieves similar phenotypic
outputs, like differentiation and apoptosis, as the FDA-
approved nucleoside inhibitors. However, modulation of
DNMT3A by compound 2 presents an improvement in
these nucleoside inhibitors due to the distinct mechanism of
inhibition and capacity for the generation of analogues with

. 66
improved features.
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Figure 8. Compound 2 leads to a time-dependent decrease of global
S-methylcytosine. Global genomic DNA methylation was measured in
a panel of AML cell lines [(A) HL60, (B) OCI-AML3, and (C)
KS62] on indicated days after the addition of S M compound 2
(antibody detection by ELISA). Data reflect the percentage of S-
methylcytosine (S-mc %) and changes to S-mc % over the course of
the experiment were compared to day 0. Data reflect the mean and
s.d. of three independent experiments.

B DISCUSSION AND CONCLUSIONS

There is expanding experimental evidence that epigenetic
mechanisms are interdependent and comprise a regulatory
network, whose crosstalk contributes to transcriptional
regulation.”*™® Given that this crosstalk involves the
interactions of distinct multimeric protein complexes, ther-
apeutics targeting PPIs of epigenetic writers, readers, and
erasers are of keen interest.”> Small-molecule therapeutics
targeting DNMTs are limited to nucleoside inhibitors
(azacytidine and decitabine) and molecules that act as
competitive inhibitors of substrate DNA or cofactor AdoMet,
which have been reported as being cytotoxic.">~>' These
observations led us to screen a diverse chemical library in
which we identified two structurally related pyrazolone
(compound 1) and pyridazine (compound 2) allosteric
inhibitors of DNMT3A."" Here, we present evidence that
inhibition of enzymatic activity by compound 1 or 2 is
achieved through disruption of PPIs at the tetramer interface
of DNMT3A in DNMT3A homo- or heterotetramers (Figure
1B). Compounds 1 and 2 are the only reported small-molecule
inhibitors of PPIs with DNMT3A to date. Therefore, our
findings present the potential use of these compounds to
chemically manipulate the modulation of DNMT3A and the
treatment of malignancies associated with aberrant modulation
of DNMT3A activity, such as AML,*>>%%#4748

Previously, we reported two allosteric inhibitors that inhibit
enzymatic activity by binding outside the active site (Figure
1A). Subsequently, we assessed whether compounds 1 and 2
disrupt interactions at the allosteric surfaces known to
modulate DNMT3A (red W, Figure 1A) to help define their

mechanism of action. Given that compounds 1 and 2 disrupt
interactions at the tetramer interface of DNMT3A (Figure
2B—E), but not at the ADD domain (Figure 2A), our data are
consistent with these compounds acting as inhibitors of PPIs
without impacting DNMT3A-H3 tail interactions (Figure 1B
ILIII). Furthermore, we show that this inhibition of PPIs
persists in catalytically active DNMT3A WT homo- or
heterotetramers (Figure 2C,D), as well as DNMT3A R882H
heterotetramers (Figure SC), which better models the cellular
interactions of DNMT3A and highlights the therapeutic
potential of these compounds. Our anisotropy results show
that the addition of compounds 1 or 2 results in the formation
of a smaller DNMT3A_WT—FAM-DNA complex, suggesting
that both compounds disrupt interactions between DNMT3A
and partner proteins (Figure 1B III). Furthermore, this
mechanism of action is not specific to WI DNMT3A—
DNMT3A interactions at the tetramer interface as we obtained
similar results for two partner proteins with a shared binding
surface on DNMT3A but are associated with distinct biological
functions (Figure 3E,F).*%*7*5% The direct association and
functional cooperation between DNMT3A and partner
proteins with distinct biological functions is well docu-
mented.”’ 236374948 1 fact, it has been shown that
DNMT3A may act as a scaffold for epigenetic regulatory
complexes in addition to directly influencing the activity of
distinct partner proteins.”’ >****” Thus, the use of small
molecules targeting binding partners of DNMT3A, like
compounds 1 and 2, may serve to manipulate the DNA
methylation-independent activities of DNMT3A.

Specific residues at the dimer (R882) and tetramer interface
(R729, E733, R736, and R771) of DNMT3A are often
mutated in AML patients and have been identified as major
contributors to the oligomeric state, processive catalysis, and
modulation by partner proteins.”>*”*>*"** We show that
compounds 1 and 2 inhibit the activity of homodimer mutants
(R729A, E733A, and R882H) located at both the dimer
(R882H, Figure SA—C) and tetramer (R729A and E733A,
Figure 4A,B) interfaces (Figure S1). Thus, inhibition of
DNMT3A activity by compounds 1 and 2 does not come
entirely from disruptions of PPIs at the tetramer interface, and
once bound, these compounds further inhibit the catalytic
activity of DNMT3A (Figure 1BIII). We also identified a
dimer mutant located at the tetramer interface (R771A)
(Figure S1) that was only responsive to inhibition of enzymatic
activity (Figure 4A—D) through disruption of PPIs by
compound 2 in heterotetrameric complexes with DNMT3L
(Figure 4E). The molecular dynamics simulations suggest that
compounds 1 and 2 stably bind the tetramer interface (Figure
S3) and provide insights into the amino acid residues
responsible for binding compounds 1 or 2. Thus, our work
could serve as a guide for future structure—activity relationship
(SAR) studies for the development of more efficacious
analogues of compounds 1 and 2. Mutation of DNMT3A
(R882H) contributes to leukemogenesis by silencing differ-
entiation-associated genes in hematopoietic stem cells (HSCs)
in a DNA methylation-independent manner through the
aberrant recruitment of the PRC1 complex.”> Here, we show
that compounds 1 and 2 disrupt the activation of DNMT3A
R882H through PPIs at the tetramer interface (Figure SA—C),
and perhaps, more notably, these compounds disrupt
DNMT3A R882H complexes with distinct partner proteins
(Figure 6A—F). Given that the R882H substitutions impact
distal interactions at the tetramer interface (Figure S1), future
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SAR studies starting from compounds 1 and 2 may additionally
lead to the development of small molecules that specifically
target DNMT3A R882H and the aberrant PPIs associated with
this substitution, like that observed with PRC1 in leukemo-
genesis.“s’47

Apoptosis and differentiation of human AML cell lines are
routinely assessed to determine the antileukemic potential of
novel demethylating agents.””~*” Based on our findings that
compound 2 allosterically inhibits DNMT3A activity by
disrupting PPIs (Figures 2 and 3), we assessed the ability of
compound 2 to induce apoptosis and differentiation in a panel
of distinct human AML cell lines. Using cell-based assays,
previous studies report IC50 values for azacytidine in the
concentration range of 12—20 yM. We found that compound 2
led to a dose-dependent increase in apoptosis with an ICS0 in
the 7—12 uM range for the cell lines assessed, which is
comparable to that observed for azacytidine (Figure SS).
Interestingly, we also observed a dose-dependent increase of
CD11b in live AML cell lines, which robustly increases above $
uM (Figure 7). Taken together, our results suggest that the
increase in apoptosis likely comes from the loss of self-renewal
due to the increase in differentiation. Furthermore, we found
that the ability of compound 2 to induce apoptosis and
differentiation was comparable in cell lines carrying wild-type
DNMT3A alleles (MV411, MOLM13, KASUMI, HL60, K562,
and THP1) or with an R882 substitution (OCI-AML3). These
findings are in line with our enzymatic studies showing
comparable responsiveness to compound 2 in reactions with
WT (Figures 2 and 3) or R882H (Figures S and 6) DNMT3A.
The complex network and crosstalk between distinct
epigenetic mechanisms contribute to HSC differentiation.”’
In fact, the interplay between DNA methylation and histone
modifications appears to largely contribute to the differ-
entiation and regulation of HSCs.”” DNMT3A directly
interacts with distinct histone modifiers, including components
of the PRC2 repressive complex.”’ > Given that compound 2
disrupts PPIs with DNMT3A, future studies could evaluate the
impact of compound 2 on the DNA methylation-independent
activities of DNMT3A including changes to histone
modifications. Here, we present evidence that compound 2
leads to similar phenotypic outputs as the FDA-approved
nucleoside inhibitors. However, given the distinct mechanisms
of action (formation of a suicide complex compared to
inhibition of PPIs), it is likely that the pathway to these
outputs differs between compound 2 and nucleoside analogues.
Furthermore, the mechanism of action by compound 2 is more
suitable for improvement, unlike nucleoside analogues.

In summary, our study characterized the inhibition of
DNMT3A activity by the recently described compounds 1 and
2 and revealed that the mechanism of inhibition involves
disruption of PPIs at the tetramer interface. The ability to
allosterically manipulate the DNA methylation activity and
interactions involving DNMT3A provide a basis for improved
toxicity, which is dose-limiting for currently used drugs
targeting DNA methylation.'”~*° Further optimization of
these compounds and the discovery of novel PPI inhibitors
provide a promising approach for the treatment of diseases that
cause disruption of the PPIs associated with DNMT3A, such
as AML.>>>

B EXPERIMENTAL SECTION

Purity Statement. All the compounds used in our study were
>95% pure, as determined by high-performance liquid chromatog-
raphy (HPLC) analysis (Figure S6).

Expression Constructs. The plasmids used for the expression of
recombinant human proteins were as follows: pET28a-hDNMT3A-
Copt for DNMT3A full length,”" pET28a-hDNMT3A_catalytic_do-
main for wild-type or mutants of the DNMT3A catalytic domain
(A1-633),”” pTYB1-3L was used to express full-length human
DNMT3L,*® pET15b-human p33 for the expression of fulllength
(1-393) human p53”* and pET28a-hTDG for full-length TDG (1—
410).”* DNMT3A mutants were generated using pET28a-
hDNMT3A_catalytic_domain as a template and are described in
ref 47.

Protein Expression and Purification. DNMT3A full-length and
catalytic domain (WT and mutants), DNMT3L, p53, and TDG were
expressed in NiCo21(DE3) competent Escherichia coli cells (New
England Biolabs). Cells were grown in the Luria—Bertani medium at
37 °C to an A600 nm of 0.9 (DNMT3A full length), 0.7 (DNMT3A
catalytic domain WT and mutants), 0.7 (DNMT3L), 0.6 (pS3), and
0.8 (TDG). Protein expression was induced by the addition of 1 mM
isopropyl-f-p-thiogalactopyranoside (GoldBio) after lowering the
temperature to 28 °C. The induction times were 5 h for DNMT3A
full-length and catalytic domain (WT and mutants), S h for
DNMT3L, 5 h for TDG, and 16 h for pS53. Cell pellets were
harvested by centrifugation at 5000g for 15 min and stored at —80 °C.

DNA Methylation Assays. DNA methylation reactions were
carried out to monitor the ability of DNMT3A to incorporate tritiated
methyl groups from AdoMet onto DNA substrates in the absence or
presence of compounds 1 and 2 under distinct experimental
conditions involving biological modulators of DNMT3A (histone
tails and partner proteins). Assays were performed at 37 °C in a
methylation reaction buffer consisting of 50 mM KH,PO,/K,HPO,
(pH 7.8), 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM
dithiothreitol (DTT), 0.2 mg/mL bovine serum albumin (BSA), 20
mM NaCl, and with saturating AdoMet (15 uM). For these reactions,
50 uM ([*H] methyl-labeled: unlabeled, 1:10) AdoMet stocks were
prepared from 32 mM unlabeled AdoMet (NEB) and [*H] methyl-
labeled AdoMet (80 Ci/mmol; supplied by PerkinElmer) in 10 mM
H,S0,. Poly dI-dC (SuM) was used as a substrate due to the
increased activity of DNMT3A in this substrate, which allows a higher
level of detection of changes in enzymatic activity. Reactions were
quenched by mixing aliquots taken from a larger reaction with 0.1%
sodium dodecyl sulfate (1:1) and spotted onto Hybond-XL
membranes (GE Healthcare). Samples were then washed, dried,
and counted using a Beckman LS 6000 liquid scintillation Counter as
described in ref 75. In reactions assessing the disruption of PPIs with
DNMT3A at equilibrium, DNMT3A was incubated for 1 h at 37 °C
in methylation reaction buffer containing compounds 1, 2, or DMSO
prior to initiating the reaction by the addition of poly dI-dC.

KDM5A Enzymatic Assays. Time-resolved fluorescence reso-
nance energy transfer (TR-FRET) assays were carried out using
KDMSA, 5, enzymes in 384-well white opaque OptiPlate (Perki-
nElmer). Halflog serial dilutions of CPI-4SS (Axon MedChem),
compound 1 and compound 2 in DMSO were added to the assay
buffer [SO mM N-(2-hydroxyethyl)piperazine-N’-ethane sulfonic acid,
pH 7.0, 0.01 v/v % Tween-20, 0.01 m/v % BSA] supplemented with §
uM iron(II) ammonium sulfate hexahydrate (Sigma), 3 uM a-KG
(Sigma), 300 nM 2l-mer biotinylated H3K4me3 peptide (Gen-
Script), and 100 uM ascorbic acid (Fisher Scientific). The reaction
was started by the addition of 30 nM KDMSA, o, in the assay buffer
and then incubated for 40 min at room temperature. The final
concentration of DMSO was 2%. The demethylation reaction was
quenched by the addition of a detection mix containing 2 nM
europium-conjugated anti-H3K4(mel-2) antibody (PerkinElmer),
100 nM Ulight—streptavidin conjugate (PerkinElmer), 2 mM
EDTA, pH 8.0, and 1X LANCE detection buffer (PerkinElmer) in
water. The quenched reaction mixture was covered and incubated for
1 h at room temperature and then analyzed using a SpectraMax MSe
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plate reader (Molecular Devices) using the TR-FRET mode with an
excitation wavelength of 320 nm, emission wavelengths of 665 and
615 nm, S0 ps delay, 100 ps integration, and 100 reads per well. The
signal was calculated as E665/E615. Values were plotted in GraphPad
Prism and fit by nonlinear regression to calculate ICS0 values.

Fluorescence Anisotropy. Changes to fluorescence anisotropy
were monitored using a Tecan microplate reader equipped with
excitation and emission polarizers (excitation: 485 nm, emission 535
nm) at room temperature. Reactions involving DNMT3A (or distinct
DNMT3A heterotetramers) complexes with FAM-labeled DNA were
carried out in the following buffer: 50 mM KH,PO,/K,HPO, (pH
7.8), 1 mM EDTA, 1 mM DTT, 0.2 mg/mL BSA, and 20 mM NaCl
with S0 uM sinefungin. The DNA substrate (Gcbox30) for binding
reactions consisted of a duplex with a fluorescein (6-FAM) label on
the 5’ end of the top strand (5'/6 FAM/TGGATATC-
TAGGGGCGCTATGATATCT-3'; the recognition site for
DNMT3A is underlined).* In brief, fluorescence anisotropy
measurements of DNA-bound DNMT3A homo- or heterotetramers
were taken following a 5 min incubation after the addition of
compound 1, 2, or DMSO. Alternatively, compounds were added to
DNMT3A 40 min following the addition of poly dI-dC to assess
whether these compounds inhibit catalytically active DNMT3A.

Computational Docking. Using SWISS-MODEL a model of a
single monomer of the catalytic domain (res 629—912) of DNMT3A
was constructed using the solved crystal structure 4U7T as a
template.”® This structure was then prepared for docking using
AutoDock Tools.”” The structures of the small molecules were
prepared using Gypsum-DL.”® The small molecules were docked to
the protein surface using AutoDock Vina.”” To validate this initial
setup, the native ligand SAH was docked into the active-site pocket.
Its rmsd from the crystal structure is less than 2.0 A** (work
submitted for publication).

Computational Dynamics. The docked protein—ligand com-
plexes were evaluated using the GROMACS 2020.04 molecular
dynamics software package.”””®' The CHARMM36m force field was
used to parameterize the protein structure,*”*> and the small
molecules were parameterized with the CGenFF tool.®* The
assembled complex was solvated with TIP3P water molecules and
neutralized with chloride counterions. This system was subsequently
minimized and simulated for 100 ps first at constant volume and
temperature (NVT ) and then at constant pressure and temperature
(NPT). Restraints were applied to the heavy atoms in the complex
during these steps. This resulted in a protein—ligand system
equilibrated at 300 K. The complexes were subjected to an
unrestrained 10 ns dynamics simulation, and the rmsd of the ligand
with respect to the protein backbone was computed using
GROMACS.

Computational Affinity Calculations. Using the trajectory file
containing the positions, velocities, and forces for the atoms in the 10
ns protein—ligand simulation, molecular mechanics-generalized Born
surface area (MM/GBSA) calculations were performed. This method
approximates binding affinity using five distinct energy terms
examining the difference between the bound and unbound forms
(eq 1). These calculations were handled by the program gmx
MMPBSA (63).

AGyg = (AEyqy + AVy + AV + (AG,,, + AG

polar non-polar)

The five energy terms can be divided into two groups. The van der
Waals’, Coulombic, and internal energies were computed using
standard MM methods, while the changes in polar and nonpolar
energy were determined using the generalized Born (GB) method and
changes in solvent-accessible surface area, respectively.

Cell Culture. HL60, K562, MV411, OCI-AML3, KASUMI, THP-
1, and MOLM13 cells were cultured in RPMI 1460 supplemented
with 10% fetal bovine serum, 5% penicillin/streptomycin, and 5% L-
glutamine at 37 °C with 5% CO,. All cell lines were obtained from
ATCC and negative for mycoplasma contamination.

Flow Cytometry Analysis of AML Cells. Leukemia cell lines
were seeded at 1 X 10° cells/mL, and various concentrations of

10563

DMSO or DNMT3A inhibitor were added. To assess differentiation,
cells were harvested at 72 h and stained with markers for CD11b PE
(Biolegend, cat. no. 101208, 1:100) and PI (Sigma, cat. no. P4864-
10ML, 1:100). PI negative cells were selected to evaluate the
differentiation status of live cells. Apoptosis levels were measured in
human AML cells treated with DMSO or the DNMT3A inhibitor at
indicated concentrations after staining with annexinV PE (Biolegend,
cat. no. 640908). Data were analyzed using LSRII (BD) instruments.

Global Levels of 5-Methylcytosine. DNA was harvested from
leukemia cell lines using Invitrogen’s PureLink Genomic DNA Mini
Kit (cat no. K182002) and used to quantify the global levels of S-
methylcytosine (S-mc) using Epigentek’s MethylFlash Global DNA
Methylation (S-mC) ELISA Easy Kit (cat no. P-1030-48). 100 ng of
DNA was used, and the protocol was followed as described in the
manufacturer’s instructions.
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