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ABSTRACT

Characterization of biologically relevant interactions and mutations in the human DNA

methyltransferase 3A (DNMT3A)

by

Jonathan E. Sandoval

De novo DNA methylation by DNMT3A is a fundamental epigenetic modification for
transcriptional regulation during cellular development and differentiation. The
establishment of appropriate DNA methylation patterns in the human genome involves a
crosstalk between DNMT3A, histone tails, regulatory proteins and RNAs. Mutations in
DNMT3A and disruptions to this crosstalk of DNMT3A have been reported in several
diseases, including Acute Myeloid Leukemia (AML). We sought to model how previously
uncharacterized mutations in DNMT3A contribute to the aberrant DNA methylation
observed in AML. We then sought to better understand the relative roles of histone tails,
regulatory proteins and RNAs in the simultaneous modulation of DNMT3A activity and
identified two molecules that inhibit protein interactions with DNTM3A.

Although 22% of all AML patients exhibit mutations throughout the DNMT3A gene, the
effect of many mutations on DNMT3A activity remain uncharacterized. Moreover, little is
known of the interactions between DNMT3A mutants and regulatory proteins, or
conversely, mutant regulatory proteins and wild type DNMT3A. We show that previously

unexplored DNMT3A mutations dramatically alter the enzyme’s ability to perform CpG and

vii



non-CpG methylation as well as the ability of partner proteins to modulate enzymatic
activity. Additionally, cell-based studies of one of these DNMT3A mutations (S714C)
replicated our findings in vitro showing a dramatic loss of genome-wide methylation. We
found that p53 decreases DNMT3A activity by forming a heterotetramer complex with
DNMT3A, and while p53 binds DNMT3A R882H, repression of DNMT3A activity is
blocked by this substitution. Using p53 as an example, we also show that cancer-related
substitutions to p53 are unable to disrupt DNMT3A heterotetramers, unlike that observed for
WT p53.

To provide insights into the crosstalk between DNMT3A and distinct epigenetic
mechanisms we initially assessed the relative of role of regulatory proteins and histone tails
in the simultaneous modulation of DNMT3A activity. Using radiochemical and binding
assays under distinct conditions and with biologically relevant substrates, we found that
regulatory proteins play dominant roles in the modulation of DNMT3A activity.
Furthermore, we provide evidence that the activity of DNMT3A is not limited to DNA that
is part of the initial DNMT3A—nucleosome complex. We then expanded on these findings
by carrying out similar studies that included non-coding RNAs. We show regulatory RNAs
play a dominant role over additional epigenetic mechanisms in the simultaneous modulation
of DNMT3A. Additionally, we present evidence that is inconsistent with a model for RNA
regulation of DNMT3A that relies on the formation of localized RNA/DNA structures.
Lastly, a screen of a diverse small molecule library identified two compounds that act as
inhibitors of protein-protein interactions (PPIs) with DNMT3A. Thus, presenting a basis for

manipulating the allosteric regulation of DNMT3A.
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Chapter I: Introduction
Epigenetic mechanisms in transcriptional regulation

Although all the cells within multicellular organisms contain the same DNA, these
organisms are composed of distinct cells that differentiate into specific types during
development in a spatiotemporally regulated manner. The control of gene expression is a
central component for this cellular specialization, which is largely driven by the cumulative
effects of epigenetic processes, such as DNA methylation, histone modification regulatory
proteins and non-coding RNAs (1). The appropriate propagation of these epigenetic marks
through successive cycles of cell division contributes to the establishment of cellular
memory and maintenance of cellular identity (2). Furthermore, studies show the interactions
of DNA methyltransferases (DNMTSs) with regulatory proteins, non-coding RNAs or histone
tails containing specific modifications are associated with fundamental biological functions,
like parental imprinting, memory formation and stem-cell differentiation (Fig. 1 A.) (3-5).
Given the importance of epigenetic mechanisms in transcriptional regulation and key
biological processes, it is not surprising that epigenetic aberrations have been documented in
human diseases, particularly cancer (Fig. 1 B.) (6).

Eukaryotic DNA is wrapped around histone octamers to generate higher order
chromatin structures (7). It has been proposed that epigenetic mechanisms contribute to
transcriptional regulation by influencing the accessibility of DNA to the transcriptional
machinery. That is, eukaryotic chromatin is malleable and undergoes structural changes in
response to specific epigenetic marks or ATP-dependent chromatin remodeling complexes
(8). In fact, the establishment of a histone code, through the catalysis of specific covalent
modifications to histone tails, correlates with alterations s to chromatin structure, and in

some cases, with DNA methylation (9). For instance, H3K36me2/3, H3K9me3, and



H3K4meO0 correlates with DNA methylation and transcriptional silencing (10-12). The
apparent interplay between DNA methylation and specific histone modifications may stem
from DNA methylation inhibiting the binding of histone modifying enzymes to specific
targets. This is observed for Lysine Demethylase 2A (KDM2A), which only binds
nucleosomes harboring H3K9me3 and unmethylated DNA (13). While there is a clear
association between specific histone modifications and DNA methylation, much less is
known about the relationship between non-coding RNAs and the establishment of DNA
methylation patterns due to the ongoing discovery of novel non-coding RNAs.
However, there is compelling evidence showing non-coding RNAs regulate DNMTSs,
histone modifying enzymes, and transcription factors (14-18). These observations support a
model in which the crosstalk between distinct components of the epigenetic machinery is
essential for transcriptional regulation, although how this crosstalk works remains unclear
(Fig. 2).
Human DNA methyltransferases

The human DNMT family of proteins, which is responsible for catalyzing DNA
methylation, consists of three enzymes DNMT1, DNMT3A and DNMT3B as well as an
inactive homolog DNMT3L (19-21). Although DNMTs have a similar domain
arrangement, with each protein consisting of a regulatory N-terminal domain and a C-
terminal catalytic domain (Fig. 3 A.), DNMT1 and the two DNMT3s have distinct roles in
the process of genomic DNA methylation (Fig. 3 B.) (22-24). For instance, DNMT3A and
DNMT3B establish de novo DNA methylation patterns in unmethylated DNA substrates,
which in some cases is modulated by DNMT3L (Fig. 3 B.) (20), (23). Once cellular DNA
methylation patterns are established, DNMT1 maintains these patterns in the next generation

by preferentially methylating hemimethylated DNA substrates (Fig. 3 B.) (24).



Interestingly, the structural differences between DNMT1 and DNMT3 provide insights into
how these enzymes carry out different forms of DNA methylation.

While the catalytic methyltransferase domain, consisting of motifs I-X, is highly
conserved across the three enzymes, the N-terminal domain of DNMT1 and DNMT3 is
highly variable (Fig. 3 A.) (22). The larger DNMT1 N-terminal domain harbors a DNA
methyltransferase associated protein 1 interacting domain (DMAPD), a PCNA binding
domain (PBD), a replication foci-targeting sequence (RFTS), a zinc-finger-like (CXXC)
motif and two bromo adjacent homology (BAH1 and BAH2) domains (Fig. 3 A.) (22); all of
which contribute to the localization and stabilization of DNMT1 on DNA substrates after
replication (22), (24). The DNMT3 N-terminal domain contains a PWWP and ADD (Atrx-
Dnmt3-Dnmt3l) domain. Whereas both domains associate with various proteins, including
histone tails, the PWWP domain only interacts with DNA and RNA (14) (25-29). While
there is an evident structural homology between DNMT3L, DNMT3A and DNMT3B, the
absence of key residues for DNA methylation (target recognition domain between motifs
VII-1X, motifs IX-X and the inability to bind the cofactor AdoMet) render DNMT3L
catalytically inactive (30). Even though DNMT3L is catalytically inactive, studies show
DNMT3L associates with DNMT3A and DNMT3B and is a key modulator of de novo DNA
methylation (21), (31). This modulatory role of DNMT3L is particularly observed during
parental imprinting in mammals; a stage of embryonic development when de novo DNA
methylation is essential (21), (32).

Studies aiming to investigate the role of DNMT3s during parental imprinting in
vivo show that although DNMT3A and DNMT3B share certain targets, the differences in
methylation of specific targets of DNMT3A or DNMT3B produces markedly distinct

phenotypes upon the removal of DNMT3A, DNMT3B or both (23), (32-34). In the context



of imprinted genes, DNMT3A targets dispersed repeats whereas DNMT3B acts on
pericentric satellite repeats (23), (33), (34). DNMT3A and DNMT3B knockout mice
(DNMT3A/DNMT3B") are hypomethylated and die mid-gestation (34). However, the
conditional knockout of DNMT3B (DNMT3A**/DNMT3B") produces no evident phenotype
while the effect by the conditional knockout DNMT3A (DNMT3A7/DNMT3B**) differs
between male or female mice (32). Interestingly, the phenotype of the DNMT3L
conditional knockout mutants (DNMT3A**/DNMT3B**) is indistinguishable from that of
DNMT3A (32). Compared to males, which display stunted spermatogenesis and
hypomethylation of paternally imprinted genes in these cells, disruption of DNMT3A
(DNMT3A/DNMT3B**) in female germ cells produces offspring that die at embryonic
stages and lack methylation of maternally imprinted genes (32). Although the role of
DNMT3s in parental imprinting is the most well characterized, the activity of DNMT3s has
been associated with additional biological processes such as X chromosome inactivation,
hematopoietic stem cell (HSC) differentiation, aging and DNA damage repair (6) (23), (32-
34) (35-37). Itis unclear what drives this biological diversity of DNMT3 activity. However,
given the spatiotemporal regulation and tissue specificity of DNMT3 activity in normal
biological function, it is likely that interactions with modulators, such as specific histone
modifications, regulatory proteins and RNAsS, contribute to this wide range of biological
functions (discussed in more detail in chapters IV and V).

A common feature of genomic regions that are targeted for DNA methylation,
despite the function associated with this epigenetic modification, is the overrepresentation of
CpG dinucleotides in gene regulatory elements (38). In humans, DNA methylation occurs
exclusively at cytosines and CpG dinucleotides are distributed throughout the entire genome

within variable surrounding sequences. However, DNA methylation is not restricted to CpG



islands and is also observed in non-CpG sites (CpA, CpT, and CpC), albeit to a much lesser
extent (39). In fact, 70-80% of cytosines at CpG sites in somatic cells are methylated while
non-CpG methylation accounts for approximately 0.02% of total methyl-cytosines in these
cells (39). While CpG and non-CpG cytosine methylation are observed throughout the
genome, including protein coding regions, regulatory elements (enhancers and promoters)
and repetitive elements, CpG is more ubiquitous and non-CpG methylation is primarily
found in specific cell types, like stem cells, oocytes, and neurons (39). The inverse
relationship between DNA methylation and inhibition of gene expression was initially
identified in the study of CpG islands in promoter regions, which are highly methylated in
inactive genes relative to those with active transcription (40). The current model for how
CpG methylation contributes to transcriptional silencing entails that, in addition to
methylated regions becoming heterochromatic, cytosine methylation directly interferes with
the binding of transcription activators or disrupts the binding affinity of these activators to
DNA (41-43). Interestingly, additional studies have shown that while hypermethylation at
regulatory elements (promoters and enhancers) is associated with transcriptional silencing,
hypermethylation of CpG sites in gene bodies increases expression (44). Mechanistically,
cytosine methylation involves DNMT binding to DNA and inserting the target recognition
domain (region between motifs VIII-1X, Fig. 3 A.) into the DNA, which flips the target
cytosine out of the double helix. A nucleophilic attack to the C6 of the target cytosine is
then carried out by the thiol side chain of a highly conserved cysteine (C710 in DNMT3A,
C651 in DNMT3B and C1225 in DNMT1) (Fig. 4 A.). The activation of the C5 position of
the target cytosine facilitates the transfer of a methyl group from the AdoMet cofactor, and

after the formation of a 5-methylcytosine, DNMT is released by B elimination (Fig. 4 A.).



The enzyme can then either continue to methylate nearby targets or dissociate from DNA
(45), (46).
De novo DNA methyltransferase 3A (DNMT3A)

The DNMT3A gene encodes two isoforms, the 130 kDa full-length DNMT3A and
the shorter DNMT3A2 which lacks the N-terminal 223 residues of full-length DNMT3A
(47). DNMT3A is highly expressed during the early stages of mammalian embryonic
development, including primordial germ cells. As cellular differentiation progresses, the
expression of DNMT3A reduces, but DNMT3A remains ubiquitously expressed and is
detected in most tissues. In contrast, DNMT3A2 expression is restricted to embryonic stem
cells and germ cells (47), (48). Despite the differences between DNMT3A and DNMT3A2,
recombinant DNMT3A and DNMT3AZ2 display similar levels of enzymatic activity on a
multiple site CpG substrate (kca: Of 4-6 ht) (49), (50). Although this level of activity is
comparable to that reported for DNMT3B under similar conditions (kcat of up to 2 h1), it is
much lower than that observed for DNMT1 (kcat of up to 200 ht) (51), (52). Interestingly,
human DNA methyltransferases display much lower levels of enzymatic activity compared
to prokaryotic DNA methyltransferases (M. Hhal Keat = 2 mint, M.Sssl keat = < 1 mint) (53),
(54). Another notable difference between human and prokaryotic DNA methyltransferases
is the lack of a cognate sequence that contributes to site selection of human enzymes.
Prokaryotic DNA methyltransferases rely on a 4-6 base pair substrate recognition sequence
(53), (54). In contrast, DNMT3A, like other human DNA methyltransferases, shows
minimal sequence preference in vitro (49-52). Some studies suggest the flanking sequence
of target CpG sites affects the catalytic activity of DNMT3A (55) ,(56). However, the
nucleotide composition of flanking sequences and distance from CpG targets identified in

these studies are at odds (55) ,(56). While one study found DNMT3A displays higher



activity in AT rich flanking sequences that are +/- 4 base pairs around the central CG site
(55), another study found similar results but with TC rich flanking sequences that are +/- 4
base pairs from the CG target site (56). Thus, there is more compelling evidence that
substrate CpG density and the oligomerization state directly influence processive de novo
DNA methylation by DNMT3A.

Oligomeric proteins, consisting of two or more subunits, carry out a wide range of
functions and comprise a large fraction of cellular proteins. Interestingly, factors like
protein concentration, post-translational modifications or environmental changes allow
proteins to exist in more than one oligomeric state with varied cellular activities (57).
Therefore, it has been proposed that the ability of proteins to form higher order complexes
may have evolved to bring about distinct functions or allosterically modulate enzymatic
activity, as appears to be the case in DNMT3A (57). Our understanding of the
oligomerization of DNMT3A stems from the crystal structures of DNMT3L in complex
with the DNMT3A catalytic domain or DNMT3A catalytic and ADD domains (58), (59).
These structures show that the DNMT3A-DNMT3L heterotetramers contains two outer
DNMT3A-DNMT3L interfaces (tetramer interface) and one central DNMT3A-DNMT3A
interface (dimer interface) where DNA binding occurs (58), (59). The crystal structure of a
DNMT3A-DNMT3L heterotetramer in complex with DNA containing two CpG sites
separated by 14 base pairs suggests DNMT3A monomers can simultaneously methylate two
CpG sites in a single binding event (Chapter 111, Fig. 2 A.) (58). While there is additional
data in support of this hypothesis, the precise mechanism for how DNMT3A-DNMT3L
heterotetramers simultaneously methylate substrates containing two CpG sites is not fully
understood (59). To date, the crystal structure of a DNMT3A homotetramers remains

unsolved. However, there is compelling evidence that DNMT3A self-oligomerizes in the



absence of DNA and exists as homotetramers in cells (60), (61). In fact, computational
modeling and mutational mapping indicate that DNMT3A monomers bind the same surface
as DNMT3L to form homotetramers (61). Interestingly, mutations to key residues of the
DNMT3A tetramer interface leads to distinct oligomeric states, and although catalytically
active, mutant DNMT3A lose the ability to carry out processive DNA methylation (61),
(62).

Processive catalysis, defined as the ability of an enzyme to perform multiple rounds
of catalysis before dissociating from its substrate, is observed in a wide range of human
enzymes, including those involved with DNA synthesis, repair, and modifications (63). It
has been proposed that the ability of processive enzymes to remain bound to their substrates
enhances the enzyme’s efficiency (63). In fact, many processive enzymes display a low Kw
and a high Vmax, which in some enzymes, like DNMT3A, is achieved through interactions
with partner proteins (61), (63). Initial evidence for DNMT3A being a processive enzyme
comes from data showing the methylation rate increases with the number of CpG sites in
DNA substrates and is unaffected by the size of these substrates (49). The processivity of
DNMT3A has since been shown in several substrates using a chase assay designed for
DNMT3A which tests the ability of DNMT3A to stay bound to its substrate after the
addition of excess non-CpG DNA (49), (61), (62). Using this assay, we have shown that
mutations in DNMT3A, including those identified in AML, mildly affect methylation
activity but drastically disrupt processive catalysis. Interestingly, DNMT3L restores the
processivity of DNMT3A mutants by decreasing KmPNA (61). Human DNMTs methylate
~70% of CpG sites in the genome over a short developmental period (64). It has been
proposed that the use of processive catalysis allows human DNMTSs, which are significantly

slower than prokaryotic DNMTSs, to carry out this task (49), (50), (53), (54), (62).



Furthermore, our work provides a mechanism for how mutations in DNMT3A identified in
AML patients may contribute to the aberrant DNA methylation observed in these patients
(65).
DNMT3A mutations in AML

Initial evidence that DNMT3A contributes to the development of AML came from
studies showing that DNMT3A is essential for differentiation of HSCs into distinct blood
cell lineages (Fig. 5 A.) (5), (65). In these studies, conditional knock out of DNMT3A in
HSCs was found to favor self-renewal and maintained most HSCs in a pluripotent state
rather than differentiating (5). The increased self-renewal of DNMT3A deficient HSCs
caused these cells to outcompete their wild type counterparts and resulted in fewer
terminally differentiated blood lineage cells (5). Consistent with the observed phenotype,
loss of DNMT3A led to global hypomethylation of genes associated with self-renewal in
stem cells, such as homeobox A9 (Hoxa9), Meis homeobox 1 (Meisl), and MDS1-EVI1
complex locus (Mecom) (5). Following these initial studies, whole genome sequencing
efforts identified that DNMT3A is recurrently mutated in AML patients (Fig. 5 B.) (66).
These sequencing studies showed DNMT3A is mutated in ~22% of all AML patients and is
associated with decreased survival (66). Although mutations were identified throughout
DNMT3A, mutations were more prevalent in the catalytic domain of DNMT3A with
substitutions to R882 accounting for >50% of all mutations (Fig. 5 B.) (66). Interestingly,
DNMT3A mutations in AML patients correlates with mutations to isocitrate dehydrogenase
1 (IDH1) and isocitrate dehydrogenase 2 (IDH2), Tet oncogene family member 2 (TET2)
and FMS-like tyrosine kinase 3 (FLT3) (66), (67).

Although the aberrant DNA methylation observed in AML patients provides insights

into how DNMT3A mutations may contribute to AML, the precise mechanisms remain



unclear. Analysis of DNA methylation in primary cells from AML patients harboring R882
and non-R882 substitutions revealed DNA heterogeneity is a feature of DNMT3A
mutations. While both R882 and non-R882 substitutions correlate with global
hypomethylation, DNMT3A mutants differed in DNA methylation levels at specific
genomic regions such as CpG islands, shores, promoters and non-CpG targets, with R882
mutants even displaying some promoter hypermethylation (60). Biochemical studies have
largely focused on the R882 substitution to DNMT3A and are limited to the impact of
mutations on the inherent enzymatic activity. Given that non-R882 substitutions remain
largely uncharacterized, | sought to explore how these substitutions, which are mapped to
distinct functional domains of DNMT3A, may contribute to the heterogeneity in DNA
methylation observed in clinical isolates. Based on this heterogeneity and the differences in
DNA methylation at specific genomic regions, | proposed that DNMT3A mutations disrupt
interactions with partner proteins, which modulate localization and enzymatic activity, and
contribute to these differences. As shown in chapter I1, we found that DNMT3A mutations
resulted in hypo- and hypermethylation as well as disruptions to interactions with partner
proteins. The latter motivated my research to explore how mutations in regulatory proteins
may affect interactions with DNMT3A. For this approach we relied on p53, which is
mutated in a wide range of cancers and has been shown to interact with DNMT3A.

While tumor suppressor p53 (p53) is mutated in over 50% of all human cancers,
there are some cancers, like AML, that exhibit lower frequencies of p53 mutations and the
activity of wild type p53 is altered via distinct mechanisms such as disruptions to protein-
protein interactions (PPIs) (68), (69). Altered p53 activity has been associated with
chemoresistance, increased risk of cancer relapse and decreased survival in AML patients

carrying wild type or mutant p53 alleles (70). However, p53 mutations are associated with
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worst outcomes of AML patients compared to AML patients carrying wild type p53 alleles
(70). Substitutions to p53 R248 and R273, which have been identified in AML, are
characterized as gain of function mutants due to the acquired ability to inappropriately
interact with partner proteins of p53 as well as exerting a dominant-negative effect over wild
type p53 (71), (72). The cellular impacts of these gain of function mutants include genomic
destabilization, suppression of apoptosis and loss of cell cycle regulation (70). DNMT3A
was previously shown to directly interact with p53 and inhibit p53-mediated transcription
(73). However, the surface on DNMT3A bound by p53, the effect of p53 on the enzymatic
activity of DNMT3A or the impact of p53 mutations on DNMT3A-p53 interactions
remained unexplored. As shown in chapter Il1, we show that p53 binds the tetramer
interface of wild type and R882H DNMT3A but only allosterically inhibits the enzymatic
activity of wild type DNMT3A. Furthermore, p53 mutations (R248W and 273H) were
unable to inhibit DNMT3A in DNMT3A-DNMT3L heterotetramers, unlike wild type p53.
After exploring PPIs with DNMT3A in the context of medically relevant mutations, | turned
my efforts to the relationship between partner proteins, histone tails and regulatory RNAs in
the simultaneous modulation of DNMT3A.
Allosteric modulation of DNMT3A

The crystal structure of DNMT3A in complex with histone H3 tail and DNMT3L
shows DNMT3A is simultaneously bound at distinct surfaces for modulation of enzymatic
activity (59). Insights into the combinatorial effect of regulatory proteins and histone H3
tails in the modulation of DNMT3A activity have focused solely on DNMT3L, which is
complicated by the fact that both DNMT3L and H3 tails activate DNMT3A activity (59),
(74), (75). Much less is known about the interactions between DNMT3A, H3 tails, non-

coding RNA and additional partner proteins even though there are several lines of evidence

11



for a crosstalk between these components of the epigenetic machinery (76-78). Therefore, I
sought to better model the cellular interactions of these epigenetic mechanisms and explore
the relative roles of H3 tails, regulatory proteins and RNAs in the simultaneous modulation
of DNMT3A activity (Fig. 2).

DNMT3A is predicted to interact with many proteins, which are associated with
distinct biological functions such as cell cycle regulation, transcription factors, DNA repair,
chromatin modifying and remodeling enzymes (27), (73), (79), (80). However, many of
these potential interactions have been identified through methods that are unable to
discriminate between direct or indirect PPIs, such as co-immunoprecipitation. To date, only
DNMT3L, Thymine DNA glycosylase (TDG) and p53 (identified in chapter 111) have been
shown to directly modulate the enzymatic activity of DNMT3A (79), (81), (82). In addition
to the fact that both DNMT3L and H3 tails activate DNMT3A activity, studies involving
these two modulators of DNMT3A are further complicated due to the ability of both
DNMT3A and DNMTS3L to bind H3 tails (75). Therefore, I relied on p53 and TDG, which
do not directly interact with H3 tails, to assess the relative roles of regulatory proteins and
H3 tails in the simultaneous regulation of DNMT3A activity. This key difference between
partner proteins of DNMT3A led me to propose a model that considers the relationship
between DNMT3A heterotetramers and nucleosome substrates (Chapter 1V). That is, (I)
DNMT3A may acts as a reader of histone marks with histone tails modulating enzymatic
activity or with histone tails primarily recruiting DNMT3A and partner proteins modulating
enzymatic activity. Alternatively, (I1) regulatory proteins in DNMT3A heterotetramers may
serve as readers of histone marks and the enzymatic activity of DNMT3A is modulated by

regulatory proteins or a combination of regulatory protein—histone tail interactions.
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Focusing on DNMT3A as reader of histone marks (I) and using p53 and TDG as examples
of partner proteins whose interactions and perturbations of DNMT3A are characterized, |
found that the modulation of DNMT3A activity by regulatory proteins is dominant over H3
tails (H3K4me0 or H3K4me3). Furthermore, we found that DNMT3A acts on DNA within
a single nucleosome (intranucleosomal DNA methylation) as well as DNA not associated
with the DNMT3A-nucleosome complex (internucleosomal DNA methylation). Our
findings have direct bearing on the contributions of regulatory proteins and the histone code
to the modulation of DNA methylation and how the crosstalk between these epigenetic
mechanisms may contribute to transcriptional regulation. These findings led me to consider
the role of non-coding RNA in the mechanisms of epigenetic crosstalk (Fig. 2).

Non-coding RNAs (ncRNAS) are divided into two categories based on size: long
non-coding RNAs (IncRNA; >200 nucleotides and short non-coding RNAs (sncRNA; <200
nucleotides) (78). Short non-coding RNAs are further classified based on genomic origin
and mechanism of action, which include extra coding RNAs (ecRNA), small interfering
RNA (siRNA), microRNAs (miRNAs) and Piwi-interacting RNA (piRNA) (78). While
studies show IncRNAs directly and indirectly contribute to epigenetic regulation by acting
as signals, decoys, guides, and scaffolds, the role of sncRNAs in epigenetics is less
understood (18). However, there is increasing evidence for SncRNAs directly interacting
with histone modifying complexes or DNA methyltransferases, thus | turned my efforts to
exploring the mechanisms for how sncRNAs engage into the epigenetic regulatory network
(Fig. 2). For instance, sncRNAs (~100 nucleotides) transcribed from the 5* end of
Polycomb Repressive Complex-2 (PRC2) target-genes directly bind PRC2 and enhance the
catalysis of histone H3 lysine-27 trimethylation (H3K27me3) by PRC2, which impacts the

differentiation of murine ES cells (83). Additionally, Fos Proto-Oncogene (Fos) extra-
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coding RNA (ecRNA), defined as non-polyadenylated RNAs originating from the sense
strand of regions outside gene boundaries (transcription start and end sties), directly inhibits
DNMT3A activity in neurons and is associated with long-term fear memory formation in
adult rats (4). In chapter V I relied on Fos ecRNA, DNMT3L and synthetic histone H3 tails
or reconstituted polynucleosomes to assess the roles of distinct epigenetic mechanisms in the
simultaneous modulation of DNMT3A activity and better model the cellular interactions of
the epigenetic regulatory network.

In chapter V | showed that Fos-1 ecRNA binds the tetramer interface of DNMT3A,
which relies on localized production of ecRNAs rather the formation of ecRNA/DNA
structures. | also found that ecRNAs play dominant roles in the modulation of DNMT3A
activity in DNMT3A- histone H3 tails-regulatory protein-ecRNA complexes. Although
there is a growing interest in understanding the dynamic interplay between distinct
epigenetic mechanism, few studies have characterized how the crosstalk between de novo
DNA methylation, histone modifications, regulatory proteins and ncRNAs translates into
meaningful biological outcomes (76-78), (84). Our work provides mechanistic insights into
how the interactions between distinct components of the epigenetic machinery may target
and modulate the activity of DNMT3A at specific genomic regions, which to date remains
largely uncharacterized.

Small molecule inhibitors of DNMT3A

The establishment of specific epigenetic modifications is achieved by the action and
modulation of writers, such as DNA methyltransferases, histone acetyltransferases and
histone methyltransferases (85). Modifications on DNA or histone tails may then recruit
proteins containing reader domains, which recognize specific marks, or eraser enzymes that

can remove modifications to DNA or histones (85). Given the reversible nature of
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epigenetic modifications, there is a growing interest in the development of therapeutics
targeting epigenetic enzymes, particularly allosteric modulators (86), (87). While some
success has been reported in the identification of allosteric inhibitors targeting histone
modifiers, DNMTs have proven challenging in this regard (88-90). In fact, the U.S. Food
and Drug Administration (FDA) has only approved two nucleoside inhibitors (Azacitidine
and Decitabine) of DNMTSs to date (91), (92). Azacytidine and Decitabine function as
prodrugs that are incorporated into DNA and inhibit DNMT activity through the formation
of a covalent irreversible DNMT-DNA suicide complex (Fig. 4 C.) (91), (92). In addition to
these nucleoside inhibitors of DNMTSs, small molecules that act as cofactor AdoMet
competitors to inhibit DNMT3A have been reported (93-97). However, the use of
competitive inhibitors of DNMT3A is not only highly cytotoxic but also presents several
disadvantages compared to allosteric inhibitors in terms of specificity within a family of
related proteins, non-related proteins with shared cofactor or inability to target surfaces
involved with modulation of enzymatic activity (98). Based on these observations | sought
to identify (chapter V1) and characterize (chapter V1) novel allosteric modulators of
DNMT3A.

Using a DNA methylation-based assay, we screened a library of chemically diverse
compounds (Medicines for Malaria Venture Pathogen Box) and identified two structurally
related pyrazolone (inhibitor 1) and pyridazine (inhibitor 2) inhibitors of DNMT3A with low
micromolar inhibition constants. Furthermore, inhibitors 1 and 2 do not display a
competitive mechanism with DNA or AdoMet and are selective for DNMT3A in
comparison to DNMT1 and bacterial CpG methyltransferases (chapter VI). Given that our
data is consistent with inhibitors 1 and 2 acting as allosteric inhibitors of DNMT3A, | sought

to characterize the precise mechanism of action and the surface on DNMT3A bound by
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these inhibitors. With the use of mutational mapping, radiochemical and binding assays
under various conditions, | found that inhibitors 1 and 2 selectively inhibit DNMT3A
activity by disrupting PPIs at the tetramer interface and that this mechanism of inhibition
persists even when DNMT3A is in complex with distinct partner proteins. These findings
present two novel compounds with the potential use for modulation of epigenetic pathways

through disruption of PPIs with DNMT3A (Fig. 2).
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Figure 1. Epigenetic mechanisms in transcriptional regulation
and disease. A. The combinatorial effects of distinct epigenetic
mechanisms on biological responses. B. Disruption of the crosstalk
between epigenetic mechanisms leads to inappropriate gene
expression and is associated with human diseases like cancer.
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Figure 3. Human DNMT family of proteins and types of DNA
methylation. A. Apart from the non-catalytic DNMT3L, DNMT
catalytic domains consist of conserved motifs (I-X), which are
catalytically active in the absence of the regulatory N-terminal
domains. B. DNMT3A (=), DNMT3B (=) and DNMT3L (=) are
associated with the establishment of new DNA methylation patterns in
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Figure 4. Mechanism of 5-methylcytosine methylation by DNMT
and exploitation of this mechanism by nucleoside inhibitors. A.
Methylation at the 5-position of a cytosine ring is initiated by the
nucleophilic attack of a highly conserved cysteine in the DNMT
catalytic domain. The methyl group is then transferred from the S-
adenosyl-L methionine (SAM) cofactor,  elimination releases the
enzyme and produce 5-methylcytosine. B. Structures of nucleoside
analog inhibitors of DNMT3A. Azacytidine and Decitabine have
been approved by the U.S. Food and Drug Administration (FDA). C.
Nucleoside analogs (B.) act as a pro-drug that is inserted into DNA
for inhibition of DNNTSs. The presence of a nitrogen atom at the 5-
position of these analogs prevents the transfer of a methyl group from
the cofactor after the nucleophilic attack by DNMTs. The inability to
release the enzyme by 3 elimination results in a covalent irreversible
DNMT-DNA complex.
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Figure 5. DNMT3A mutations in AML. A. (Top) DNMT3A
silences genes associated with self-renewal in Hematopoietic stem cells
(HSCs), which leads to the differentiation of distinct blood cell
lineages. (Bottom) HSCs acquire the ability to self-renew and form
pre-leukemic stem cells due to the mutations in DNMT3A and loss of
DNA methylation activity. Clonal expansion and the presence of
cooperating mutations leads to the establishment of leukemic stem cells
(65), (66). B. Data obtained from The Cancer Genome Atlas (TCGA)
of 280 patients with de novo AML reveal DNMT3A is recurrently
mutated in AML patients.
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Chapter I1: Mutations in the DNMT3A DNA methyltransferase in acute myeloid
leukemia patients cause both loss and gain of function and differential regulation by

protein partners

Abstract

Eukaryotic DNA methylation prevents genomic instability by regulating the
expression of oncogenes and tumor-suppressor genes. The negative effects of dysregulated
DNA methylation are highlighted by a strong correlation between mutations in the de novo
DNA methyltransferase gene DNA methyltransferase 3A (DNMT3A) and poor prognoses
among acute myeloid leukemia (AML) patients. We show here that clinically observed
DNMT3A mutations dramatically alter enzymatic activity, including mutations that lead to
6-fold hypermethylation and 3-fold hypomethylation of the human cyclin-dependent kinase
inhibitor 2B (CDKN2B or p15) gene promoter. Our results pro- vide insights into the
clinically observed heterogeneity of p15 methylation in AML. Cytogenetically normal AML
(CN-AML) constitutes 40 —50% of all AML cases and is the most epigenetically diverse
AML subtype with pronounced changes in non-CpG DNA methylation. We identified a
subset of DNMT3A mutations that enhance the enzyme’s ability to perform non-CpG
methylation by 2— 8 —fold. Many of these mutations mapped to DNMT3A regions known to
interact with proteins that themselves contribute to AML, such as thymine DNA glycosylase
(TDG). Using functional mapping of TDG-DNMT3A interactions, we provide evidence that
TDG and DNMT3-like (DNMT3L) bind distinct regions of DNMT3A. Furthermore,
DNMT3A mutations caused diverse changes in the ability of TDG and DNMT3L to affect
DNMT3A function. Cell-based studies of one of these DNMT3A mutations (S714C)

replicated the enzymatic studies and revealed that it causes dramatic losses of genome-wide
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methylation. In summary, mutations in DNMT3A lead to diverse levels of activity,
interactions with epigenetic machinery components and cellular changes.
Introduction

5-Methylcytosine (5-MC) is a naturally occurring epigenetic modification of
mammalian DNA associated with essential cellular processes such as transcriptional
regulation and cellular differentiation (1, 2). Like many cancers, acute myeloid leukemia
(AML) involves changes to gene expression arising from aberrant DNA methylation
patterning (3, 4). Yet unlike most cancers, and compared with genetic abnormalities,
epigenetic aberrations appear to be more prevalent in AML (5). In fact, AML is marked by
recurring mutations in genes of epigenetic modifiers including the de novo DNA
methyltransferase, DNMT3A, in which mutations throughout the DNMT3A gene are
observed in 22% of all AML patients (6, 7). Furthermore, DNA methylation profiles of
AML patients reveal that aberrant methylation is heterogenous and can occur as either
hyper- or hypomethylation (4). In addition to changes in DNA methylation, specific
mutations in DNMT3A sufficiently disrupt interactions with regulatory components, which
can be restored pharmacologically (7). The ability to rationally direct such changes will
require a fundamental biochemical understanding of mutations in DNMT3A.

DNMT3A forms homo- and heterotetrameric complexes, and prior structure—
function studies highlighted the importance of residues in the DNMT3A interfaces for
methylation activity, processive catalysis, and oligomerization (8). In addition, some
mutations, like R882H, coincided with those observed in AML patients, thereby
highlighting the contributions of specific residues to catalysis and regulation through
interactions that stabilize the homotetramer as well as complexes involving partner proteins

(8). Due to its striking prevalence in AML patients, R882H has been extensively studied
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and its biochemical characterization has provided possible mechanisms of how this
substitution may manifest itself in AML (8 —10). Therefore, establishing a fundamental
biochemical understanding of additional AML mutations in DNMT3A may broaden our
understanding of the role aberrant DNMT3A activity plays in AML.

AML patients harbor a wide-range of mutations dispersed throughout the DNMT3A
gene at varying frequencies with dis- tinct predicted consequences to enzymatic function
(Fig. 1) (11). Here we combine a detailed functional analysis of DNMT3A with mutations
identified in AML patients that remain largely unexplored at the level of activity and
regulation through interactions with partner proteins. Some DNMT3A mutants show
enhanced activity, whereas others show an attenuated ability to methylate the p15 promoter,
a genomic target that is linked to AML (12-15). The methylation of non-CpG sites is
altered in AML subtypes, and we show that this activity is enhanced in some DNMT3A
mutants (16, 17). Several mutants show differential regulation by thymine-DNA
glycosylase (TDG), a component of the base excision repair (BER) system (18, 19), and
DNMT3-like (DNMT3L), another partner protein (20, 21). Overall, we show how clinically
relevant DNMT3A mutations may contribute to the aberrant DNA methylation in these

patients.
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Figure 1. Mutations from AML patients in a DNMT3A
homotetramer model. A model of the DNMT3A homotetramer
(alternating purple and cyan monomers) bound to DNA was generated
by aligning DNMT3A monomers to DNMT3L in a DNMT3A-
DNMT3L heterotetramer crystal structure (PDB ID code 2QRV)
followed by a subsequent alignment of a DNMT3A monomer to a
M.Hhal-dsDNA co-crystal structure (PDB ID code 3EEQ). Arrows in
front view (A) and top view (B) indicate dimer and tetramer interfaces.
Mutated residues are categorized based on location as follows: surface,
orange; tetramer inter- face, yellow; and internal, green.
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Results
Mutations from AML patients in the DNMT3A catalytic domain lead to varying
degrees of DNA methylation

A common feature of AML patients carrying mutations in DNMT3A is the
heterogeneity in both patterns and levels of DNA methylation, including the promoter region
of the p15 tumor suppressor gene (12, 13). Furthermore, patients with mutations in
DNMT3A display hypermethylation of the p15 promoter and reduced levels of this tumor
suppressor (14, 15). Due to the diverse spatial distribution of the mutations throughout the
DNMT3A catalytic domain, we sought to determine whether individual mutations vary to
the extent and mechanism of DNMT3A functional changes, thereby contributing to the
heterogeneity in DNA methylation observed within the AML population. We studied the
ability of the WT and mutant DNMT3A (catalytic domain) to methylate the p15 promoter
by inserting the promoter into a vector lacking any CpG sites (pCpG') (21), referred to as
pl15- pCpGL. Due to the limited number of CpG sites, DNMT3A has reduced activity on the
p15 human promoter (compared with poly(dI-dC) (Table 1) (21). Poly(dl-dC) represents the
extreme of a high site-density substrate, whereas the p15- pCpG' represents a low-density
substrate, but being derived from a CpG island, is still higher density than is typical of the
human genome.

Relative to WT enzyme, R771P, S714C, and R635G, led to a 3-, 2.5-, and 1.5-
fold decrease in activity, respectively, on the p15-pCpG*substrate (Table 1).
Alternatively, we found that R736H, R771Q, R771G, W893S, and P904L displayed
varying levels of p15-pCpG*-hypermethylation compared with WT (Table 1). R771Q
showed the most robust hypermethylation with a 6-fold increase in activity, followed by

R736H and P904L with nearly a 4-fold increase, then R771G and W893S with roughly
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a 2-fold increase (Table 1). Our results suggest mutations in DNMT3A identified in
AML patients significantly vary in their ability to methylate p15-pCpG", which agrees
with the heterogeneity in both patterns and levels of DNA methylation observed in these
patients.

The keat for WT DNMT3A using poly(dI-dC) is 4.7 h't and is comparable with
previous findings using similar substrate and enzyme concentrations (Table 1) (21).
Like that observed in p15- pCpG", the impact on enzyme function observed in the
various AML mutants varied extensively with poly(dI-dC) as a substrate. However, in
contrast to our results using the p15- pCpG" substrate, most AML mutants displayed
hypomethylation of poly(dI-dC) relative to WT. Although R635G, W893S, and R771G
displayed minimal levels of DNA methylation, S714C, P904L, R771P, and R736H
resulted in at least a 2-fold decrease in activity relative to WT (Table 1). Of the
mutations studied here, including additional substitutions to the R771 codon, R771Q
was the only enzyme that exhibited an elevated rate of poly(dI-dC) methylation with a
2-fold increase relative to WT (Table 1). However, for several mutants we observed
enhanced activity on p15- pCpG* showing that the density of sites contributes to how
these mutations impact function. Although R771Q, S714C, and R771P displayed a
similar trend as WT, P904L, W893S, R771G, and R635G led to enhanced activity on
p15- pCpG*- (Fig. 2).

In summary, compared with the WT DNMT3A, five of the eight mutants show
differential changes when comparing the two substrates (poly(dI-dC) and p15- pCpG").
For example, R635G is significantly worse with the high-density substrate than p15-
pCpG*, whereas R771Q shows the opposite trend. Even more surprising, some mutants

actually reverse the trends compared with the WT enzyme; thus, W893S shows
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dramatically worse activity than the WT enzyme on poly(dI-dC) but shows improved
activity with the p15- pCpG" substrate. R736H and R771G show a similar trend. Thus,
the mutants may result in highly variable changes in their ability to methylate regions of

high- and low-density CpG sites.

Table 1. kcat values for wildtype and AML patient-derived
DNMT3A mutants using poly(dl-dC) and p15-pCpGL DNA
substrates. Mutations mapped to similar locations within the
DNMT3A catalytic domain display different levels of activity, such
as mutations at the tetramer interface, which display both loss- and
gain-of-function. All enzymes were at 150 nw tetramer,
corresponding to 27 nw active tetramer enzyme (24). DNA substrate
concentrations were: 5 uM bp for poly(dl-dC) and 10 uM bp for p15-
pCpG' plasmid. Product formation was measured after 1 h and the
data for each substrate were fit to a linear regression and Kcat values
were obtained by dividing Vmax by the amount of active enzyme.
Data reflect the results from at least 3 independent reactions.
Mutations are categorized based on their respective location within
the DNMT3A catalytic domain (red denotes hypomethylation and
green denotes hypermethylation).

kcat (hrl)

p15-pCpGr poly dI-dC

WT 0.71=0.08 4.7 =0.09
R635G 0.45+0.06 0.20 +0.04

Surface {
S714C 0.28+0.06 1.44 £0.51
W893S 1.44+0.27 0.59+0.05

Internal {
P904L 2.24+0.20 1.69+0.30
R736H 2.56+0.55 2.73+0.40
R771Q 4.76+0.20 10.97+1.78

Tetramer

Interface R771P 0.24+0.02 1.33+0.05
R771G 1.90+£0.10 0.57+0.19
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Keat (h1)

Figure 2. A subset of mutations display little change or enhanced
activity for p15-pCpGL relative to the multiple CpG site substrate
poly(dI-dC). WT DNMTS3A has significantly reduced activity on
p15-pCpGt (cyan, 20 uM bp) relative to poly(dl-dC) (black,5 uM bp)
due to the limited number of CpG sites on the human promoter
substrate (~10-fold less). R736H and P904L display minimal change
in activity across DNA substrates, whereas W893S, R771G, and
R635G lead to enhanced activity in p15-pCpGt. R771Q maintains
significantly higher activity for both DNA substrates. Enzyme
concentrations are 150 nym tetramer (27 nwm active tetramer) (24) and
keat (h1) values were deter- mined as described under “Experimental
procedures.”

A subset of AML mutations display enhanced ability to perform non-CpG methylation
In healthy cells, DNMT3A-mediated non-CpG methylation is associated with
maintaining pluripotency (16, 22). Alternatively, compared with healthy bone marrow
cells, non-CpG regions of cytogenetically normal AML (CN-AML) cells show the most
pronounced changes in DNA methylation. Mutations in DNMT3A may contribute to
this aberrant methylation and disease pathology (17). The pCpG"\ vector, lacking any
CpG sites and the p15 insert, provide an opportunity to measure cytosine methylation at
non-CpG sites (Fig. 3). Given that WT DNMT3A has minimal activity with pCpGt-

(Keat, 0.1- 0.2 h't) and the rate of product formation increases with the number of
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substrate CpG sites, the pattern observed for the rate of product formation by WT
DNMT3A is as follows: poly(dl-dC) > p15- pCpGt > pCpG‘ L (21). Unlike the WT
enzyme, R771G, R635G, and W893S show comparable activity on poly(dI-dC) and
pCpG" and the greatest activity with p15- pCpG"- (Fig. 4). Alternatively, R736H
displayed virtually equal levels of activity across poly(dI-dC), p15- pCpG"L, and pCpG" .
Along with distinct patterns of activity across the substrates tested, R771G, W893S, and
R736H displayed a 3-, 4-, and 9-fold increase in non-CpG methylation, respectively,

compared with the WT enzyme (Fig. 4).

Substrate  CpG sites  Size (bp) CpG spacing

poly dI-dC  ~500 ~1000 I l ‘

pl5 54 749 \ ’ ‘ ”

Figure 3. Substrate diagram and characteristics. Although
poly(dI-dC) contains an extensive number of CpG sites with virtually
no space between, p15- pCpG" consists of a limited number of sites
available for methylation that are heterogeneously spread. The
pCpG' vector, to which the p15 human promoter was inserted, is
3,872 bp in size and lacks any CpG sites for methylation
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Figure 4. Some mutations result in enhanced activity at non-CpG
sites. WT DNMT3A activity is affected by the availability of CpG
sites on the DNA substrate as noted by the drastic activity loss from
poly(dl-dC) (black,5 uM bp poly(dl-dC)) to p15-pCpG' (cyan, 20
KM bp) and limited activity on a non-CpG substrate (orange, 20 uM
bp pCpGl). In contrast to the WT enzyme, R771G, R635G, and
W893S display a similar pattern of activity across substrates with
enhancement on p15-pCpG" (cyan, 20 uM bp) and comparable levels
on poly(dI-dC) (black,5 uM bp poly(dl-dC)) and non-CpG substrate
(orange, 20 uM bp pCpGL). R736H activity on the non-CpG
substrate is significantly higher and virtually equal to substrates with
multiple CpG sites. Enzyme concentrations are 150 nM tetramer (27
nM active tetramer) (24). Data reflect the results from at least three
independent reactions.

Most AML mutations are unresponsive to modulation by TDG

TDG, a component of the BER system, is responsible for removing single T
bases in G-T mismatches that arise from spontaneous deamination of 5-methylcytosine
(23). Furthermore, there is in vivo and in vitro evidence suggesting the direct
DNMT3A-TDG interaction affects the activity of both enzymes in a reciprocal manner
(18). Given that components of the BER system are affected in AML, the regulatory
effect of TDG on the activity of AML-derived DNMT3A mutants was assessed (19). Li

et al. (18) show that TDG inhibits DNMT3A activity in a dose-dependent manner with
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2-fold excess TDG to DNMT3A having a greater inhibitory effect than equimolar
concentrations of both proteins. In our hands, increasing concentrations of TDG
relative to WT DNMT3A (1:1, 1:2, and 1:3, DNMT3A:TDG) did not further augment
the 3-fold TDG-mediated inhibition (Fig. S1) (24). Therefore, the inhibitory effect of
TDG on the various DNMT3A AML variants was tested at equimolar concentration of
both enzymes. Given that DNMT3A and TDG contribute to the normal methylation
and de-methylation of the p15 promoter, p15-pCpGL presents a biologically relevant
platform to assess the interactions among the two enzymes (25). Co-incubation of TDG
with WT DNMT3A and the p15-pCpGL human promoter substrate, led to
approximately a 2.5-fold decrease in methylation, which we also observed in all mutants
except for R771Q and R736H (Table 2). Interestingly, although the WT enzyme shows
a similar effect when using the high site-density substrate (poly(dl- dC), the TDG-

mediated inhibition for the R771Q mutant is ~15-fold with this substrate (Table 2).

32



Table 2. Fold inhibition by TDG for wildtype and AML patient-
derived DNMT3A mutants using poly(dl-dC) and p15-pCpGL
DNA substrates. Fold inhibition was determined by product formed
by DNMT3A alone divided by product formed by DNMT3A with
TDG. Except for R771Q, all other surface, tetramer interface, and
internal mutations lead to comparable levels of reduced sensitivity to
inhibition by TDG. All enzymes were at 150 nM tetramer (27 nM
active tetramer for DNMT3A) (24) and DNA substrate
concentrations were: 5 uM bp for poly(dl-dC) and 10 uM bp for p15-
pCpGt plasmid. Wildtype DNMT3A and mutant variants were
preincubated with TDG for 1 h at 37 °C prior to initiating the reaction
by the addition of substrate DNA. Mutations are categorized based
on their respective location within the DNMT3A catalytic domain
(red denotes greater inhibition, while green denotes lower inhibition,
relative to wildtype). Data reflect the results from at least three
independent DNMT3A-TDG co-incubation reactions.

TDG fold
inhibition

p15-pCpGL poly dI-dC

WT 2.67 +0.27 2.15+0.15
R635G 1.15+0.06 1.10+0.05

Surface {
S714C 1.651:0.24 1.77+0.48
W893S 1.18+0.02 1.10+0.02

Internal {
P904L 1.67+0.18 1.32+0.05
R736H 3.13+0.05 1.60 +0.24
R771Q 5.23+0.20 15.41£1.51

Tetramer i

TilesFice R771P 1.15+0.04 1.38+0.04
R771G 1.46+0.21 1.07+0.02

AML mutations are variably responsive to stimulation by DNMT3-like (DNMT3L)
Ultimately our interest is to better understand how protein— protein interactions

influence DNMT3A function, and how mutations might impact those interactions.

Although the number of proteins shown or implicated in interacting with DNMT3A is

extensive (26 —28), we know very little about the regions on the DNMT3A surface
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involved in these complexes and the functional consequences of these altered
interactions. The DNMT3A-DNMT3L co-crystal structure provides compelling
insights into such interactions (29). Ley et al. (9) showed that although primary tissue
samples from AML patients lack expression of the catalytically inactive member of the
DNMT family, DNMT3L, spliced variants of DNMT3L transcripts were detected in
various patients. Furthermore, DNMT3L provides an example of how an auxiliary
protein interacts with and modulates DNMT3A function, and how mutations may
impact on that function. A 1-h preincubation of DNMT3L with DNMT3A at a 1:1 ratio
activates WT DNMT3A activity by ~5-fold on p15-pCpG', which we also observed in
P904L and R771Q (Table 3). Alternatively, the rest of the mutants assessed in this
study appeared to be desensitized to DNMT3L and displayed approximately half the
extent of DNMTS3L activation (Table 3). Under identical conditions and comparable
with previous findings, DNMTS3L activation was ~7-fold for WT DNMT3A using
poly(dl-dC) as a substrate (Table 3) (20). With the same high site-density substrate
(poly(dl- dC)), R736H was the only substitution with comparable levels of DNMT3L
stimulation as WT (Table 3). Although R771Q resulted in a 2-fold increase in
DNMT3L activation, the remaining mutants assessed in this study displayed reduced
modulation of DNA methylation activity by DNMT3L (Table 3). In summary, our
results imply that in addition to direct changes in DNMT3A activity, AML patient-
derived mutations in DNMT3A additionally disrupt modulation of DNMT3A by partner

proteins.
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Table 3. Fold stimulation by DNMT3L for wildtype and AML
patient-derived DNMT3A mutants using poly(dI-dC) and p15-
pCpGL DNA substrates. Fold stimulation was determined by the
sum of product formed by DNMT3A with DNMT3L divided by
product formed by DNMT3A without DNMT3L. DNMT3L, known
to interact at the tetramer interface of DNMT3A, leads to varying
levels of responsiveness for tetramer interface and internal mutations,
but comparable reduced stimulation in surface mutations. All
DNMT3As were at 150 nM tetramer, corresponding to 27 nM active
tetramer enzyme (24). DNA substrate concentrations were: 5 uM bp
for poly(dl-dC) and 10 uM bp for p15-pCpG" plasmid. Wildtype and
DNMT3A mutants were preincubated with DNMT3L (1:1) forl h at
37 °C prior to initiating the reaction by the addition of substrate
DNA. Mutations are categorized based on their respective location
within the DNMT3A catalytic domain (red corresponds to decreased
stimulation and green corresponds to increased stimulation, compared
to wildtype). Data reflect the results from at least three independent
DNMT3A-DNMT3L co-incubation reactions.

DNMT3L fold
stimulation

pl5-pCpGt poly dI-dC

WT 5.30+0.61 6.82+0.50
Surface { R635G 2.33+0.20 3.91+0.48
S714C 2.93+0.60 3.64 £1.04
> Lg S 9 J 1 2
nfernal { W893S 2.10=0.05 2.06+0.02
P904L 5.03+0.18 4.52+0.98
R736H 3.95+0.18 5.82+1.61
R771Q 5.44+0.14 12.92+0.20

Tetramer
Interface R771P 2.20+0.12 2.23+0.10
R771G 2.38+0.07 2.32+0.34

P904L and R736H display distinct alterations to processive catalysis that are sensitive

to substrate CpG density
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WT DNMTS3A is highly processive on both biological and synthetic DNA
substrates (20, 21). Furthermore, mutational analyses suggest residues at the dimer
interface are essential for DNMT3A to perform processive catalysis (8). The ability of
WT DNMTS3A, and the two mutants P904L and R736H to processively methylate
poly(dI-dC) or p15-pCpG" was assessed using the chase processivity assay (21).
Comparable with previous findings, WT DNMT3A continually methylates the initially
bound substrate for multiple rounds of methylation as noted by the same degree of
poly(dl-dC) methylation observed in both the substrate only and chase conditions for
100 min following the addition of chase DNA (pCpG", Fig. 5A). Alternatively, addition
of chase DNA led to a considerable decrease in the ability of P904L to methylate
poly(dl-dC), indicating this mutant rapidly dissociates from the poly(dl-dC) substrate
during catalysis (Fig. 5B). As a control, the addition of a mixture of both substrate and
chase DNA at the start of the reaction virtually eliminates all methylation activity with
the WT enzyme (Fig. 5A). However, R736H appears to treat chase DNA (which lacks
CpG sites) as a substrate in the presence of poly(dI-dC) because we observe nearly
identical levels of methylation under all conditions tested (Fig. 5C). As in the case of
the high site-density substrate (poly(dI-dC)), addition of chase DNA (pCpG') to the WT
enzyme failed to disrupt processive catalysis in the presence of p15-pCpG" indicating a
high degree of processivity. In contrast P904L displayed substantial disruptions of
processivity on both substrates (Fig. 6B); the fact that the R736H mutant shows such
strikingly different responses to the type of substrate being tested (Fig. 6B) suggests that
the mutations have distinctive consequences on the ability of DNMT3A to carry out

repeated catalysis on the same DNA molecule.
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Figure 5. AML mutants display unique alterations to processive
catalysis on the poly(dI-dC) substrate. A. WT DNMT3A; B.
P904L; and C. R736H at 50 nM tetramer. Substrates were added at
time 0 to start the reaction and chase assay conditions were as
follows: black circle, substrate only (2 uM bp poly(dl dC)); red
square, substrate and then 20 min chase (40 uM bp pCpGL); blue
triangle, substrate (2 uM bp poly(di-dC)) and chase (40 uM bp
pCpGl) at the start of the reaction. Data reflect the results from at
least three independent experiments.
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Figure 6. AML mutations display loss of processive catalysis on
the p15- pCpGL human promoter substrate. A. WT DNMT3A
retains the ability to perform processive catalysis when tested with
the p15-pCpG' substrate, whereas B. R736H and C. P904L resulted
in a loss of processivity. All enzyme concentrations were 50 nM
tetramer. Substrates were added at time O to start the reaction and
chase assay conditions were as follows: black circle, substrate only
(10 uM bp p15-pCpGY); red square, substrate and then 20 min chase
(200 uM bp pCpGh); blue triangle, substrate (10 uM bp p15-pCpG‘)
and chase (200 UM bp pCpGh) at the start of the reaction. Data
reflect the results from at least three independent experiments.
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TDG does not compete with DNMT3L for binding on the DNMT3A tetramer interface
The DNMT3A-DNMT3L co-crystal structure implicates the DNMT3A tetramer
interface as a region for binding by DNMT3L (29). Although DNMT3A interacts with
a wide range of partner proteins, the specific region on the DNMT3A surface (e.g.
tetramer interface or elsewhere) involved in formation of heterotetrameric complexes
remains unknown (26 —28). Functional assays can be used to define a protein—protein
interface; for example, Doherty et al. (30) mapped regions on the Werner syndrome
helicase important for replication protein A binding. Using a nonfunctional approach
(size-exclusion chromatography), Chen et al. (31) showed SKI proto-oncogene (SKI)
and CREB-binding protein compete for the same binding region on SMAD3. To
elucidate the region on DNMT3A for TDG binding, we determined whether TDG and
DNMT3L compete for binding to the DNMT3A tetramer interface. We first deter-
mined the relative binding affinities of each for DNMT3A. DNMT3A co-incubations
with DNMT3L resulted in a Kp,app 0f 80 £ 12 nm (Fig. 7A), whereas a Kp app 0f 223 + 74
nv was determined from DNMT3A co-incubations with TDG (Fig. 7B). To assess
whether DNMT3L or TDG binding to DNMT3A are mutually exclusive, all three
proteins were preincubated for 1 h prior to starting the reaction by the addition of
substrate DNA and DNMT3A activity measured at 30, 60, and 90 min. The combined
results (Fig. 8, light grey) are distinct from the results when DNMT3A is incubated with
DNMT3L (Fig. 8, medium grey) or TDG (Fig. 8, dark grey) alone. Instead, WT
DNMT3A, DNMT3L, and TDG preparations (Fig. 8, light grey) reflected virtually the
same level of activity as WT DNMT3A alone (Fig. 8, black). The results obtained from
WT DNMT3A- DNMT3L-TDG co-incubations suggest: 1) TDG does not bind the

DNMT3A tetramer interface and the activity of a WT DNMT3A-DNMT3L-TDG
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complex equals that of WT DNMT3A alone, or 2) co-incubation results in formation of
a subset of DNMT3A-DNMT3L and DNMT3A-TDG complexes that yield the same
level of activity as WT DNMT3A alone, or 3) DNMT3L and TDG interact with one
another leaving WT DNMT3A alone.

To further assess whether DNMT3L or TDG binding to the DNMT3A tetramer
interface are mutually exclusive events, active DNMT3A-DNMT3L (or DNMT3A-
TDG) heterotetramers were challenged by the addition of TDG (or DNMT3L). In
reactions where WT DNMT3A-DNMT3L co-incubations ran for 30 min, the addition
of TDG did not disrupt active WT DNMT3A-DNMT3L heterotetramers (Fig. 9A,
green) and displayed comparable activity as WT DNMT3A-DNMT3L co-incubations
(Fig. 9A, black). However, the addition of DNMT3L to active WT DNMT3A-TDG
heterotetramers (Fig. 9B, green) led to a rapid increase in product formation that was
greater than WT DNMT3A-TDG co-incubations (Fig. 9B, black). Taken together, the
results suggest: 1) TDG does not compete with DNMT3L for binding to the DNMT3A
tetramer interface, 2) the DNMT3A tetramer interface is accessible for DNMT3L
binding in the presence of TDG, and 3) the location for TDG binding on DNMT3A is

inaccessible to TDG in the presence of DNMT3L.
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Figure 7. DNMT3L has a higher affinity for binding DNMT3A
compared with TDG. In A. and B., DNMT3A (10 nM) was
preincubated in reaction buffer for 1 h at 37 °C with varying
concentrations of TDG or DNMT3L (0 —300 nM). Reactions were
initiated by the addition of 5 uM bp poly(dI-dC) and run for 1 h.
Fold stimulation was determined by the sum of product formed by
DNMT3A with DNMT3L divided by product formed by DNMT3A
without DNMT3L A. Fold inhibition was determined by product
formed by DNMT3A alone divided by product formed by DNMT3A
with TDG B. Data reflect the results from at least three independent
co-incubation reactions.
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Figure 8. DNMT3L or TDG binding on DNMT3A tetramer
interface are not mutually exclusive. WT DNMT3A, DNMT3L,
and TDG co-incubations did not reflect the modulatory effect
observed when either DNMT3L or TDG are pre- incubated with
DNMT3A. Enzyme concentrations for all the reactions performed
were 150 nM and at 1:1 for co-incubations. Prior to initiating the
reaction by the addition of 5 uM bp poly(dI-dC); light grey, WT
DNMT3A, DNMT3L, and TDG were preincubated for 1 h at 37 °C.
Under similar conditions, the following reactions were performed as
controls: black, WT DNMT3A; medium grey, WT DNMT3A and
DNMT3L,; dark grey, WT DNMT3A and TDG. Data reflect the
results from at least three independent competitive co-incubation
experiments.
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Figure 9. TDG does not compete with DNMT3L for binding to
DNMT3A. The addition of TDG does not disrupt the activity of a
functional DNMT3A- DNMT3L heterotetramer, but the addition of
DNMT3L increases the activity of a functional DNMT3A-TDG
heterotetramer. In all experiments performed, enzyme concentrations
were 150 nM (1:1 for co-incubations or binding competitions) and
reaction were initiated by the addition of 5 uM bp poly(dI-dC). A.,
green, WT DNMT3A was preincubated with DNMT3L forlh at 37
°C and the reaction run for 30 min prior to the addition of TDG. B.
green, WT DNMT3A was preincubated with TDG forlh at 37 °C and
the reaction run for 30 min prior to the addition of DNMT3L. The
following reactions were also tested as controls: A. black, WT
DNMT3A and DNMT3L; B. black, WT DNMT3A and TDG; A. and
B. blue, WT DNMT3A; A. and B. red, WT DNMT3A, DNMT3L,
and TDG preincubated at the start of the reaction (A. and B.). Data
reflect the results from three independent experiments.
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Whereas R771Q leads to a modest decrease in methylation, S714C appears to be
catalytically inactive in murine embryonic stem cells

To determine the cell-based activity of the DNMT3A mutants, we utilized a system
allowing the induction of full- length doxycycline-inducible DNMT3A-GFP fusion
expression in methylation-deficient murine embryonic stem cells (DNMT3A/3B double
knock-out mESCs; DKO mESCs). DNMT3A mutant-expressing cells were sorted by flow
cytometry after doxycycline induction for 2 weeks (Fig. 2, A-D). The mean fluorescence
intensity between mutant and control samples was similar (Fig. S2E), suggesting that protein
expression level of DNMT3AWT, DNMT3AS4C, and DNMT3AR71Q was comparable. The
methylation level of DKO mESCs was undetectable using a dot-blot assay to measure 5-mC
(Fig. 10). Re- expressing DNMT3AWT significantly increases overall DNA methylation. In
addition, DNMT3AR"71Q showed a slight decrease of DNA methyltransferase activity
compared with the cells expressing DNMT3AWT, whereas the DNMT3AS14C mutant
seemed to be a catalytic inactive mutation with negligible DNA methylation detectable after

introduction into the ES cells (Fig. 10).
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Figure 10. S714C reduces DNA methylation in mESCs. The
images show the methylation level as determined by a dot-blot assay
in doxycycline-inducible DNMT3A mutant-expressing DKO mESCs
after doxycycline induction for 2 weeks. The upper blot represents
serial dilution of DNA derived from the indicated cells in the dot-
blot, probed with an antibody against 5-mC. The lower blot
represents serial dilution of standard methylated DNA as a control.
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Discussion

Our motivation for this study is based on several intertwined observations.
Mutations in DNMT3A have emerged as very important drivers of disease in various
hematological disorders including AML (9, 32—35). Our prior work suggests that the
functional consequences from such mutations involve changes in methylation
efficiency, the enzyme’s oligomeric State, and ability to carry out processive catalysis
(8, 20). Finally, DNMTS3A directly and indirectly interacts with a large number of
partner proteins; in many cases such interactions are known to directly influence the
enzyme’s specificity, subcellular localization, and overall activity (26, 27, 36, 37).

Our focus on the subset of clinically relevant DNMT3A mutants (Table 1) was
determined by their relative frequency in AML patients, a lack of any previous
biochemical characterization, and our prior work demonstrating that mutations at the
dimer and tetramer DNMT3A-DNMT3A interfaces disrupt the oligomeric state of the
tetramer (8). Multiple regions of DNMT3A form minor mutational hot spots, and the
frequency and position of these hot spots vary significantly in a cancer- specific fashion;
for example, in AML, Arg-882 is mutated in 58% of patients and mutations to Arg-736
are observed in 2%. The fact that patient-identified mutations appear across the entire
DNMT3A protein suggests that they may result in distinctive molecular phenotypes. A
working hypothesis is that some of these regions and mutations alter protein—protein
interactions between DNMT3A and its partner proteins.

The most striking feature of our study is the range of functional consequences
resulting from the different DNMT3A mutations, in some cases involving the same
position (e.g. R771Q, -P, and -G), or spatially related residues like W893S and P904L.

Thus, compared with the WT enzyme, we observe dramatic increases (~7-fold, R771Q
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on p15-pCpGL) and decreases (24-fold, R635G on poly(dI-dC)) in activity (Table 1).
This is also revealed in how the different mutations impact the ability of DNMT3A to
act processively in carrying out methylation of spatially proximal sites. For example,
P904L is dramatically decreased in this activity, whereas R736H is not impacted at all
(Fig. 5). Changes in this activity are anticipated to impact the ability of the enzyme to
efficiently methylate regions of the genome undergoing rapid methylation (38).
Furthermore, R736H, unlike the WT enzyme, is fully capable of methylating cytosines
at non-CpG positions (Figs. 3 and 5). This feature of R736H is not unique, as W893S
and R771G both show enhanced non-CpG activity relative to the WT enzyme. Non-
CpG methylation, associated with maintaining pluripotency, is accomplished by
DNMT3A in mammalian stem cells (16, 28). CN-AML account for 40 —50% of all
AML cases observed (39). CN-AML cells show pronounced changes in non-CpG
methylation when compared with healthy CD34+ bone marrow cells (17). Therefore,
mutations in DNMT3A with altered non-CpG methylation activity may have
detrimental consequences in vivo.

The functional consequences of methylating the p15-pCpGL substrate are
particularly relevant because a hallmark of AML patients with mutations in DNMT3A
is the heterogeneity in both patterns and levels of DNA methylation in the promoter
region of the p15 tumor suppressor gene (12, 13). The range of changes relative to the
WT enzyme, 3-fold reduction in R771P to 7-fold enhancement in R771Q (Table 1),
suggest that these mutations will profoundly differ in their impact on DNA methylation
in vivo. Studies have additionally shown that AML patients carrying mutations in

DNMT3A display reduced p15 levels and hypermethylation of the p15 promoter (14,
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15). Our results show that most mutations led to hypermethylation of the p15-pCpGL
substrate, which is in agreement with that observed in AML patients.

Perhaps surprisingly, the positions of particular changes (e.g. Fig. 1, orange, surface,
yellow, tetramer, or green, internal) are not uniformly correlated with any particular
functional consequence. The four changes at the tetramer interface (three at Arg-771
and R736H) result in decreases (R771P) and increases (R736H, R771Q, and R771G) in
activity with p15-pCpGL (Table 1). However, the two tetramer interface mutations
R771G and R736H both result in dramatic enhancement of non-CpG methylation (Fig.
4). Also, the two internal substitutions (W893S and P904L.) both result in decreased
activity with p15-pCpGL, and the two surface substitutions (R635G and S714C) both
show increases in this activity relative to the WT enzyme (Table 1). Although the effect
of some mutants may be predicted by their location on DNMT3A, our results highlight
the importance of functional characterization given that mutations on the same location
on DNMT3A can lead to pronounced changes in activity.

Proteins that direct epigenetic changes in distinct pathways (e.g. DNA methylation,
histone modification, RNA) are now understood to rely on extensive cross-talk, largely
mediated through protein—protein interactions (40, 41). Because many proteins have
been identified to interact with DNMT3A, we sought to determine how the mutations
studied here impact some of these interactions, and how those interactions alter
DNMT3A function. The DNMT3A-DNMT3L co-crystal structure implicates the
DNMTS3A tetramer interface as a region for binding and regulation of DNMT3A by a
partner protein. Therefore, if the DNMT3A tetramer interface region is the only surface
occupied by partner proteins, mutations at the tetramer interface would be predicted to

have similar responses to TDG and DNMT3L modulation. However, tetramer interface
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mutants were differentially responsive to TDG inhibition (Table 2) and DNMT3L
stimulation (Table 3), and overall, most mutations were desensitized to modulation by
TDG or DNMT3L. Given that the region on DNMT3A for DNMT3L binding is well-
defined, we then sought to explore whether TDG competes with DNMT3L for binding
on the DNMTS3A tetramer interface, or alternatively, TDG binds a different surface on
DNMT3A. Our results from DNMT3L/TDG competitions for binding to DNMT3A
suggest TDG does not compete with DNMT3L for binding to DNMT3A. Furthermore,
the DNMT3A tetramer interface is accessible to DNMT3L in the presence of TDG and
the surface for TDG binding on DNMT3A is inaccessible to TDG in the presence of
DNMT3L (Figs. 8 and 9). DNMT3A has been shown to directly interact with a wide
range of partner proteins that can impact enzymatic activity (25, 27, 28). The
functional mapping used in this study by competitive binding using a well-defined
regulatory protein, like DNMT3L, provides a rapid approach to explore the location of
additional partner proteins of DNMT3A.

Our goal is to understand how mutations in DNMT3A derived from AML patients
alter DNMTS3A activity, either directly, or through interactions with other cellular
components. Prior work has focused largely on R882H, which displays substantial
hypomethylation in focal regions of the genome, although global methylation levels are
comparable with WT DNMT3A (42, 43). In addition, the changes in methylation
patterns observed in R882H appear to be dependent on the cell context and factors
therein (42). Both enzyme- and cell-based studies show that R882H disrupts the
oligomeric state of the protein and alters its ability to act on DNA (8, 10, 42). Here we
show that S714C results in undetectable cellular levels of global methylation, whereas

R771Q showed a slight decrease in methylation compared with WT (Fig. 10). For
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S714C, the enzyme and cell-based data are in accordance, suggesting that this
substitution disrupts intrinsic enzymatic activity, which cannot be restored by additional
regulatory components found in cells.

On the other hand, whereas the R771Q displayed increased DNA methylation
activity in vitro, this hypermethylation activity was not observed in the ES cell-based
assay; instead, a moderate decrease in activity was observed. These discordant results
with R771Q could be explained by a number of factors. In the enzyme studies, we are
using a specific substrate, poly(dI-dC), that is routinely used to measure DNMT3A
activity (44), and the plasmid bearing the p15 promoter. In contrast, the cell-based
assay measures the aggregate effect of methylation changes over the whole genome,
including many different types of targets. Thus, the enhanced activity seen with
specific substrates and R771Q may simply result from composition of the DNA
substrates, and the enzyme activity across the whole genome is, on aggregate, largely
unchanged from the WT DNMT3A.

Another likely possibility is that cellular factors modulate the activity of particular
mutants directly or indirectly. Of note, the ex vivo methylation assays were performed
with the catalytic domain of DNMT3A, whereas the cell-based assays were performed
with the full-length version of DNMT3A. The N-terminal regulatory domains (45, 46)
of DNMT3A, including the ATX-DNMT3A-DNMT3L (ADD) and PWWP domains,
may modulate the enzyme’s activities. These and other DNMT3A sequences are known
to interact with numerous partner proteins. Thus, cellular factors may regulate the
ultimate outcomes of particular DNMT3A mutations. Indirect support for this
explanation comes from the observation that a Tatten-Brown-Rahman syndrome patient

with the R882H mutation had modest changes in methylation patterns of blood cells
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(peripheral blood polymorphonuclear cells, monocytes, and T cells), whereas more
substantial changes are observed in R882H expressing primary AML samples (42).
Thus, implying cellular factors appear to ultimately dictate the cellular outcomes of a
particular DNMT3A mutation throughout AML progression.

In conclusion, mutations in DNMT3A can directly alter DNMT3A function as well
as indirectly through changing the enzyme’s interaction with partner proteins. Diseases
that show evidence of changes in DNA methylation, including cancer and in particular
AML, are likely to result from a blend of these direct and indirect mechanisms.
Interestingly, for those mutations studied here, the indirect mechanisms involving
partner proteins do not restore the enzyme’s WT activity. The latter changes may well
be approachable therapeutically, because small molecules that interfere with protein—
protein interactions, whereas challenging to design, have achieved some success.
Methods
Expression constructs

The catalytic domain of DNMT3A (residues 634-912) was used for all
DNMT3A experiments, given the catalytic domain and full-length enzyme have
comparable kinetic parameters (Kca, KmPNA, KmAdoMet processivity, and DNMT3L
stimulation) (47, 48). The codon-optimized plasmids used for recombinant protein
expression include pET28a—hDNMT3A CD (A1-611) for the DNMT3A catalytic
domain (24), pTYB1-3L for full-length DNMT3L (49), and pET28a-hTDG (A1-175)
for the TDG construct (50). The catalytic domain mutants in the pET28a—
hDNMT3A CD (A1-611) expression construct were generated using a QuikChange
Lightning Site-directed Mutagenesis kit (Agilent).

Protein expression and purification
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DNMT3A (WT and mutants), DNMT3L, and TDG were expressed in NiCo21
(DE3) competent Escherichia coli cells (New England Biolabs). Cell cultures were
grown in LB medium at 37 °C to an Asoo nm Of 0.7 (WT and mutant DNMT3A), 0.5
(DNMT3L), and 0.8 (TDG). Expression was induced by the addition of 1 mm isopropyl
pb-p-thiogalactopyranoside (Gold Biotechnology) at 28 °C. Induction times were 6 h for
DNMT3A (WT and mutants), overnight for DNMT3L, and 4 h for TDG. Cells were
then collected by centrifugation and stored frozen at —80 °C. All proteins were
purified from cells lysed by sonication in 50 mM HEPES, 350 mM NacCl, 50 mM
imidazole, 10% glycerol, and 1% phenylmethylsulfonyl fluoride, pH 7.8, which were
then clarified by centrifugation. Lysates were loaded onto a AKTA start FPLC system
(GE Healthcare) for purification using a nickel-nitrilotriacetic acid column (GE
Healthcare). Columns were equilibrated with 50 mM HEPES, 350 mM NaCl, 50 mM
imidazole, 10% glycerol, and 1% phenyl- methylsulfonyl fluoride, pH 7.8, and washed
with identical buffer but 70 mM imidazole. WT DNMT3A, along with all mutant
variants, were eluted with 162.5 mM imidazole, 200 mM imidazole for DNMT3L, and
250 mM imidazole for TDG, and stored at -80 °C in storage buffer (50 mM
KH2PO4/K2HPO4, 20% glycerol, pH 7.8).
Methylation assays

Assays were carried out to measure total methyl groups transferred from the
AdoMet cofactor to substrate DNA by DNMT3A. Reactions took place at 37 °C ina
buffer composed of 50 MM KH2PO4/K2HPO4, 1 mM EDTA, 1 mM DTT, 0.2 mg/ml of
BSA, 20 mM NaCl, and 5 uM AdoMet (from a 50 uM stock composed of 45 pM
unlabeled and 5 uM 3H-methyl labeled) at pH 7.8. 15-ul Aliquots were taken from a

larger reaction and quenched by mixing with 0.1% SDS (1:1). Samples were spotted
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onto Hybond-XL membranes (GE Healthcare), washed, and dried as previously
established (51).
Catalysis (kcat)

WT DNMT3A and AML mutants (150 nM tetramer) correspond to 27 nM active
tetramer, as previously determined (24). Reactions were initiated by the addition of
substrate DNA (5 uM bp poly(dI-dC), 10 pM bp p15-pCpGL or 20 uM) at saturation,
run forlh at 37 °C, and quenched as stated above. Values were determined as described
in Holz-Schietinger et al. (20). In brief, data were fit to a linear regression and Kcat
values were obtained by dividing Vmax by the amount of active enzyme (Prism version
6.01). Data reflect the results from at least three independent reactions.

DNMT3L and TDG assays

DNMT3A was preincubated in reaction buffer with either DNMT3L or TDG
forlh at 37 °C prior to initiating the reaction by the addition of DNA (5 uM bp poly(dI-
dC) or 10 uM bp p15-pCpGL). Reactions were quenched as stated above after 1 h at 37
°C. DNMTS3L yields maximum activation of DNMT3A when preincubated at a ratio of
1:1 (21); therefore, equal concentrations of 150 nM of both enzymes were used for all
DNMT3L assays. TDG inhibition of DNMT3A was tested at 1:1, 1:2, and 1:3 ratios of
DNMT3A to TDG concentration. Given that no significant changes were observed on
DNMT3A inhibition with varying TDG concentrations, equal concentrations of 150 nM
DNMT3A and TDG were used for TDG assays. DNMT3L stimulation was calculated
by the sum of product formed by DNMT3A with DNMTS3L divided by product formed
by DNMTS3A in the absence of DNMT3L as previously described in Holz-Schietinger

et al. (21). TDG- fold inhibition was calculated by product formed by DNMT3A alone
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divided by product formed by DNMT3A with TDG. Data reflect the results from at
least three independent co-incubation reactions.
Processivity assays

Processivity assays were performed to assess the fidelity of enzymes to
methylate a multiple CG site DNA substrate when presented with an excess
concentration of additional DNA lacking CG-methylation sites. Assays were performed
as previ- ously established (21) with enzyme concentrations of 50 nM tetramer, and
substrate DNA concentrations of 2 uM bp poly(dI-dC) or 40 uM bp pCpGL. Following
a 3-min preincuba- tion at 37 °C, the reaction was initiated by the addition of 2 uM bp
poly(dl-dC) and the enzyme was allowed to carry out 1-2 turnovers on poly(dl-dC) (20
min). 40 uM bp pCpGL (20-fold excess) was then added at 20 min to generate the
chase condi- tion. A reaction with a mixture of 2 uM bp poly(dI-dC) and 40 uM bp
pCpGL at the start of the reaction was used as a control. The data were fit to a
nonlinear regression (one phase decay) using Prism (version 6.01) as described in Holz-
Schietinger et al. (8). Data reflect the results from at least three independent
experiments.
Functional competitive binding assay

The DNMT3A-DNMT3L co-crystal structure provides a defined region on
DNMT3A for DNMT3L binding and formation of a heterotetrameric complex.
Although this tetramer interface region is well-defined, the surface on DNMT3A for
TDG binding remains unknown. Therefore, a functional methylation assay was
employed to assess whether TDG and DNMT3L compete for the same surface on
DNMT3A. DNMT3A, DNMT3L, and TDG were preincubated at 1:1:1 (150 nM) in

reaction buffer forlh at 37 °C prior to initiating the reaction by the addition of DNA (5

54



1M bp poly(dI-dC)). To further challenge whether TDG also binds DNMT3A at the
tetramer interface, DNMT3A and DNMT3L (1:1 at 150 nM) were preincubated forlh at
37 °C, the reaction was initiated by the addition of 5 uM bp poly(dl-dC) and 150 nM
TDG was added to the active heterotetramer at 30 min. Using similar conditions, a
reciprocal reaction in which a preformed TDG-DNMT3A complex was challenged by
the addition of DNMT3L was performed. As controls, reactions involving DNMT3A
only, DNMT3A with either DNMT3L or TDG, and all three proteins together at the
beginning of the reaction were performed. Data reflect the results from at least three
independent co-incubation reactions.
Binding affinity of TDG or DNMT3L to DNMT3A

To assess the binding affinities of TDG or DNMT3L to DNMT3A, the effect of
increasing concentrations of TDG or DNMT3L (10 —300 nM) were tested on a fixed
concentration of DNMT3A (10 nM). DNMT3A was preincubated in reaction buffer for
1 h at 37 °C with varying concentrations of TDG or DNMT3L, reactions were initiated
by the addition of 5 uM bp poly(dI-dC) and run for 1 h. Apparent affinity (Kp,app) Were
determined from a one-site specific binding model using Prism (version 6.01). Data
reflect the results from at least three inde- pendent co-incubation reactions.
DNA sequences

DNA used for substrates include poly(dl-dC) (Sigma) and p15-pCpGL and
pCpGL (non-CpG substrate) plasmids that were prepared as described in Holz-
Schietinger et al. (21). Concentrations for DNA substrates are given in bp and were
calculated from absorbance at 260 nm using the following extinction coefficients as
previously determined: 6.9 mM—! cm— for poly(dI-dC) and 6.8 mM—! cm— for p15-

pCpGL and pCpGL plasmids (21). The p15-pCpGL extinction coefficient considers
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both p15 promoter and pCpGL plasmid sequences to define the p15-pCpGL substrate
concentration in number of base pairs.
Generation of doxycycline-inducible DNMT3A expressing cell line

Generation of doxycycline-inducible DNMT3A constructs was previously
reported (52). In brief, full-length DNMT3A cDNA, which fused with a GFP sequence,
was cloned into pPDONR223 using a Gateway cloning BP clonase Il enzyme mix. Two
DNMT3A mutations, S714C and R771Q, were generated in pPDONR-DNMT3A-GFP
vectors using a QuikChange 11 site-directed mutagenesis kit. DNMT3AWT,
DNMT3AS4C and DNMT3AR1Q GFP fusion cDNA were then Gateway- cloned into
a pinducer20-BSD vector using Gateway LR clonase Il enzyme mix.

DNMT3A/3B DKO mESCs were previously described (53). Lentiviral particles
of DNMT3A/S714C/R771Q fusion GFP were generated using a previous published
protocol (54) and then infected into DKO mESCs for 48 h. Lentivirus-infected DKO
MESCs were treated with 4 pg/ml of blasticidin for 72 h and then recovered after 1
week and treated with 4 pg/ml of blasticidin for 1 week. DNMT3A-GFP expressing
cells were then sorted using a FACSArrial 11 sorter after 2 weeks of doxycycline
induction and DNA was then extracted using a Purelink DNA extraction Kit.

Dot-blot assay

A 5-mC dot-blot assay was previously described (55). In short, 500 ng of DNA
was serially diluted and then treated with 1 M NaOH, 25 mM EDTA at 95 °C for 10
min. lce-cold 2 M ammonium acetate was added to NaOH-treated DNA and incubated
on ice for 10 min. Membranes of the dot-blot apparatus (Bio-Rad) were washed with
200 — 400 pl of TE buffer, loaded with denatured DNA, and then washed with 200 —

400 pl of 2x SSC and air-dried for 20 min. Membranes were baked in 80 °C for 2 h,
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blocked using 5% nonfat milk TBST for 1 h, and incubated with 1:1000 anti-5-mC
antibody at 4 °C overnight. The next day, membranes were washed with TBST for 10
min four times and then incubated with horseradish peroxidase- conjugated anti-rabbit
secondary antibody at room temperature for 1 h. Membranes were washed with TBST
for 10 min four times and reacted with ECL.

Supplementary Material
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Figure S1. Equal concertation of TDG to active DNMT3A
tetramer maximally inhibits methylation by DNMT3A. A. Wild
type DNMT3A and B. R771Q at 150 nM tetramer were pre-
incubated for 1 hour with increasing concentrations of TDG prior to
starting the reaction by the addition of 5 uM bp poly dI-dC. Product
formation was measured after the reaction was run for 1 hour. 1:1,
1:2 and 1:3 concentrations of DNMT3A to TDG led to comparable
levels of inhibition for wild type and R771Q.
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Figure S2. Cell sorting by flow cytometry following a two-week
doxycycline induction. The graphs depict the GFP expression
percentage as determined by flow cytometry in DNMT3A mutant
expressing DKO mESCs after doxycycline induction for two weeks
(a-d). The graph depicts the mean fluorescence intensity of the
DNMT3A mutant expressing DKO mESCs after induction as
determined by flow cytometry (e).
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Chapter I11: The R882H substitution in the human de novo DNA methyltransferase

DNMT3A disrupts allosteric regulation by the tumor suppressor p53

Abstract

A myriad of protein partners modulate the activity of the human DNA
methyltransferase 3A (DNMT3A), whose interactions with these other proteins are
frequently altered during oncogenesis. We show here that the tumor suppressor p53
decreases DNMT3A activity by forming a heterotetramer complex with DNMT3A.
Mutational and modeling experiments suggested that p53 interacts with the same region in
DNMT3A as does the structurally characterized DNMT3L. We observed that the p53-
mediated repression of DNMT3A activity is blocked by amino acid substitutions within this
interface, but surprisingly, also by a distal DNMT3A residue, R882H. DNMT3A R882H
occurs frequently in various cancers, including acute myeloid leukemia, and our results
suggest that the effects of R882H and other DNMT3A mutations may go beyond changes in
DNMT3A methylation activity. To further understand the dynamics of how protein—protein
interactions modulate DNMT3A activity, we determined that p53 has a greater affinity for
DNMT3A than for DNMT3L and that p53 readily displaces DNMT3L from the
DNMT3A:DNMT3L heterotetramer. Interestingly, this occurred even when the preformed
DNMT3A:DNMT3L complex was actively methylating DNA. The frequently identified
p53 substitutions (R248W and R273H), while able to regulate DNMT3A function when
forming the DNMT3A:p53 heterotetramer, no longer displaced DNMT3L from the
DNMT3A:DNMT3L heterotetramer. The results of our work highlight the complex
interplay between DNMT3A, p53, and DNMT3L and how these interactions are further

modulated by clinically derived mutations in each of the interacting partners.
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Introduction

Transcriptional regulation, genomic imprinting and cellular differentiation, including
5-methylcytosine patterning on DNA (1-7), relies on diverse protein-protein and protein-
nucleic acid interactions. In the crowded intracellular environment, formation of
biologically significant complexes relies on the Kinetic accessibility to specific protein
surfaces and the thermodynamic stability of the resultant complexes (8-11). For example, de
novo DNA methylation by the DNA methyltransferase 3A (DNMT3A) involves the
formation of complexes which include a wide-range of regulatory partners, such as histones,
histone-modifying enzymes, transcription factors and RNA (2), (4), (12), (13). Such
interactions are frequently altered during oncogenesis, resulting in the disruption to
DNMT3A genomic localization and/or regulation of enzyme activity (14). The tumor
suppressor p53 is well-known to interact with components of the epigenetic machinery,
including DNMT3A,; however, a functional understanding of p53-DNMT3A interactions
remains largely unknown (15), (16).

In addition to directly activating transcription of genes essential for cell cycle arrest
and apoptosis in response to genotoxic stress, the interactions between p53 and histone
modifying enzymes are a key driver of gene activation (17), (18). The progressive
accumulation of p53 mutations leads to the recruitment of histone modifying enzymes (19-
21). Several studies suggest a link between p53 and DNA methylation. For example, while
DNMT1 (the maintenance DNA methyltransferase) represses expression of the p53 gene
(22), p53 binding to DNMT1 stimulates DNMT1-mediated methylation (23). In addition,
p53 represses the expression of DNMT3A and DNMT3B while DNMT3A has been shown to
repress the transcriptional activity of p53 (24), (25). However, definitive evidence of the

functional consequences of a DNMT3A-p53 complex on DNMT3A activity remains elusive.
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Our interest lies in exploring whether p53 binding to DNMT3A alters DNMT3A activity,
and if well studied DNMT3A and p53 mutants, such as R882H (DNMT3A) and p53 mutants
R248W and R273H, alter this regulation.

Located at the dimer interface, the major DNA binding site, the R882H substitution
in DNMT3A disrupts tetramerization and processive catalysis, both of which can be restored
by DNA-methyltransferase 3-like (DNMT3L) (26), (27), (28). Additionally, R882H
displays altered interactions with components of the Polycomb Repressive Complex 1
(PRC1) compared to wild type DNMT3A, thereby leading to transcriptional silencing in a
DNA methylation-independent manner (29). These observations suggest that compared to
WT DNMTS3A, the R882H substitution may lead to altered binding and/or regulation by
partner proteins. Given that the p53 gene is a recurring target for mutations in a wide-range
of human cancers, there is growing interest in understanding how mutations in p53
contribute to disease onset and progression (30), (31). In addition to a high mutation
frequency, p53 R273H and R248W form aberrant protein complexes that affect the activity
of interacting partner proteins (32), (33), (34). Our goal is to understand the dynamics and
functional consequences of complex assembly involving the WT catalytic domain of
DNMT3A (DNMT3AWT) and the R882H substitution (DNMT3ARE2H) ynder a variety of
conditions. Furthermore, we seek to better understand the functional consequences of
protein complexes involving two or more proteins to better understand the cellular basis of

enzyme function.
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Results
Wild type (p53WT) and mutant p53 inhibit the DNA methylation activity of full length
and catalytic domain DNMT3AWT

Previous cell-based evidence implicates direct and indirect DNMT3A and p53
interactions (24), (25). In mouse embryonic stem cells, p53 indirectly regulates DNMT3A-
mediated methylation by restricting the expression of DNMT3A (24). Alternatively, direct
binding of DNMT3A to p53 suppresses p53-mediated transcription of p21 in a DNA
methylation-independent manner, implying that DNMT3A may allosterically regulate p53
activity (25). Based on this evidence, we sought to determine whether p53 has any effect on
the DNA methylation activity of DNMT3A. Given that the DNMT3A catalytic domain and
full-length enzyme have comparable kinetic parameters (Kcat, KmPNA, KnA%Met processivity
and DNMT3L stimulation), the catalytic domain of DNMT3A has proven to be a suitable
model for in vitro studies and is commonly employed (35), (36). However, the N-terminal
domains in full-length DNMT3A, including the ATX-DNMT3A-DNMT3L (ADD) and
PWWP domains, are known to interact with numerous partner proteins that may modulate
the enzymatic activities of DNMT3A (37), (38). Therefore, we compared the effect of
p53WT on the methylation activity of DNMT3A catalytic domain and full-length enzymes by
pre-incubating p53 with equimolar concentrations of DNMT3A for 1 hour prior to initiating
the reaction by the addition of poly dI-dC. We observed comparable levels of p53WT-
mediated DNMT3A inhibition with the catalytic domain (Figure 1 A. and B.) or the full-
length DNMT3A (Figure 1 A. and C.). The comparable inhibition indicates that the N-
terminal portion of DNMT3A is not essential for p53WT-DNMT3A interactions and does not
perturb p53WT acting on the catalytic domain of DNMT3A. The consensus DNA binding

sequence of p53 (5-RRRC(A/T) (A/T)GYYY o-14bases RRRC(A/T)(AIT)GYYY-3'; R=A,G
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and Y=C/T) differs from that of DNMT3A, which displays a strong preference towards CpG
sites (39). However, it is possible that p53WT inhibition of DNMT3A (full-length and
catalytic domain) enzymatic activity is attributable to the DNA binding ability of p53. To
assess whether the inhibitory effect of p53"¥T on DNA methylation is specific to DNMT3A,
the activity of the bacterial methyltransferase M.Hhal, which recognizes 5°GCGC3’ sites in
double stranded DNA, was challenged with increasing concentrations of p53WT. Although
p53WT led to roughly a 50% decrease in DNMT3A (full-length and catalytic domain)
activity (Figure 1), DNA methylation by M.Hhal was unaltered in similar reactions
involving p53 at 1:1 and 3:1 relative to M.Hhal (Figure 1 A. and D.). Like DNMT3A,
M.Hhal is a C-5 cytosine-specific methyltransferase which possesses a remarkably similar
structure to that of the DNMT3A catalytic domain (40). Despite the shared similarities of
DNMT3A and M.Hhal, here we show that p53 inhibition is specific to DNMT3A.

To further characterize the interactions between DNMT3AWT and p53, the apparent
binding affinities (Kp?P) of p53WT and p53R248W for DNMT3AWT were determined. For
comparison, we also determined the Kp*? of DNMT3L for DNMT3AWT which has a well
characterized interaction. Kp2P was assessed by measuring the activity of DNMT3AWT with
increasing levels of DNMT3L (Supplementary Figure 1 A.) or p53 (Supplementary Figure 1
B.), and subsequently determining the fold stimulation or inhibition by DNMT3L or p53WT
and R248W regpectively. While DNMT3L resulted in a Kp?P of 80 12 nM, p53WT displayed a
nearly 5-fold stronger binding affinity for DNMT3AWT with a Kp?® of 17 + 3 nM, followed
by p53R248W which resulted in a Kp?? of 41 + 6 nM (calculated from Supplementary Figure
1 A.and B.). Thus, compared to the DNMT3AWT-DNMT3L complex, DNMT3AWT- p53WT

and R248W complexes are more energetically favorable.
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Figure 1. p53WT-dependent inhibition of DNA methylation is
specific to DNMT3A. A. Fold inhibition calculated by product
formed by WT DNMT3A (full length or catalytic domain enzymes)
or M. Hhal divided by product formed by DNMT3A (full length or
catalytic domain enzymes) or M. Hhal without p53WT from reactions
in (B.-D.). Co-incubation of DNMT3A full length (A. m calculated
from B.) and catalytic domain (A. = calculated from C.) enzymes
with p53WT (1:1 at 150 nM) leads to comparable levels of inhibition.
Similar reactions involving the bacterial methyltransferase M. Hhal
(A. m calculated from D.) with excess p53WT (1:3) failed to inhibit
DNA methylation. In all co-incubations, proteins were held at 37 °C
for 1 hour prior to the start of the reaction by the addition of DNA (5
MM bp poly dI-dC). Data reflect the mean and standard deviation of
3 experiments; one-way analysis of variance was used to compare
values of all three reactions; ***, p < 0.001; ns, p > 0.05.
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Mutational mapping suggests p53WT interacts with the tetramer interface DNMT3A
Previous work by Wang et al. suggests that DNMT3A interacts with the C-terminal
tetramerization domain of p53 (amino acids 319-393, Supplementary Figure 3) (25). No
such information is available for the region on DNMT3A that associates with. We
previously used alanine scanning to identify residues on the DNMT3A tetramer interface
that largely contribute to tetramer stability and alter the ability of DNMT3A to form higher
order complexes (41). In a similar manner, we employed docking-based modeling of
protein-protein interfaces using monomeric forms of DNMT3A (PDB: 5Y X2; residues 628-
914) and p53 (PDB: 3TS8; 94-356) to predict a surface on DNMT3A for interactions with
p53. Computational models generated in ZDOCK and RosettaDock servers were used to
predict the DNMT3A tetramer interface as a likely surface for DNMT3A-p53 interactions
(Supplementary Figure 2) (42), (43). Based on this rationale, p53WT inhibition of DNMT3A
catalytic activity was assessed in a subset of alanine mutations on the DNMT3A tetramer
interface (R729A, E733A, R736A, R771A) which are also commonly observed in AML
(26) (Figure 2 A.). The extent of p53WT inhibition varied across the mutations examined in
this study: the fold inhibition of DNMT3AR"1A (Figure 2 B. and C. =) and DNMT3AE’33A
(Figure 2 B. and C. m) was greater than wild type, whereas the fold inhibition of
DNMT3AR29A (Figure 2 B. and C. m) was less than wild type and DNMT3AR3A (Figure 2
B. and C. m) displayed no inhibition. The results obtained implicate the DNMT3A tetramer
interface as a potential surface on DNMT3A for interactions with p53 and suggest that
residue R736 on the DNMT3A tetramer interface contributes to the necessary contacts for

p53 inhibition of DNMT3A.
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Figure 2. DNMT3AWT tetramer interface mutants show highly variable
response to p53WT inhibition. Crystal structure of a DNMT3AWT-
DNMT3L complex (Adapted from PDB: 5Y X2) denoting critical residues
for DNMT3AWT oligomerization (A.) (36), (50). While the extent of p53WT
inhibition varies across DNMT3AWT mutants harboring a single alanine
substitution within the tetramer interface, the DNMT3AR36A was
unresponsive to p53"T inhibition (B. and C.). All reactions consisted of 150
nM DNMT3AWT and were initiated by the addition of 5 uM bp poly dI-dC.
For co-incubations, DNMT3AWT and p53WT (1:1) were pre-incubated for 1
hour at 37 °C prior to starting the reaction by the addition of substrate DNA.
Fold inhibition was calculated by product formed by DNMT3A (WT and
mutants) divided by product formed by DNMT3A (WT and mutants)
without p53WT. All reactions were performed in duplicates. In (B.), a
Student’s unpaired t test was used to compare values within each set of
reactions; **, p < 0.01; ns, p > 0.05. For (C.), a one-way analysis of
variance was used to compare the values of each mutant to wild type (****,
p < 0.001) and across all samples (****, p < 0.001). Data reflect the mean
and standard deviation of 3 experiments.
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The regulation of DNMT3AWT by p53WT is dominant to that of DNMT3L

Given that DNMT3A exists in several multiprotein complexes associated with
transcriptional regulation, we sought to assess the extent of DNMT3A modulation in the
presence of multiple regulatory partner proteins (5), (44), (45). Our mutational mapping and
modeling results suggest that the DNMT3A tetramer interface (Figure 2 and Supplementary
Figure 2) interacts with both DNMT3L and p53. Given that the DNMT3A-DNMT3L co-
crystal structure (46) presents the DNMT3A tetramer interface as an established surface for
regulation of DNMT3A activity by an additional partner protein, we assessed whether
DNMT3L and p53WT regulation of DNMT3AWT is mutually exclusive using poly dI-dC as a
substrate. After demonstrating DNMT3AWT is responsive to DNMT3L (Figure 3 A. =) and
p53WT (Figure 3 A. m), we observed that p53"WT modulation of DNMT3AWT is dominant
over that of DNMT3L in DNMT3AWT-DNMT3L- p53WT co-incubations (Figure 3 A. m).
We previously showed that p53WT inhibition of DNMT3AWT does not rely on DNA binding
by p53 (Figure 1). Therefore, the use of poly dI-dC as a substrate allowed us to investigate
the isolated effects of p53-mediated inhibition of DNMT3A activity. Inspired by our
previous studies using human promoters, we also studied the Cyclin Dependent Kinase
Inhibitor 1A/P21 promoter, which is a common target for DNMT3A and p53 (102), (25).
As we observed for poly dI-dC, p53"T-dependent inhibition of DNMT3AWT activity is
dominant over DNMT3L stimulation as DNMT3AWT-p53WT-DNMT3L co-incubations
(Figure 3 B. ) displayed comparable levels of activity as reactions consisting of
DNMT3AWT-p53WT (Figure 3 B. m) with the Cyclin Dependent Kinase Inhibitor 1A/P21
promoter as a DNA substrate. Furthermore, equimolar concentrations of all proteins were
used in DNMT3AWT-DNMT3L- p53"T co-incubations (Figure 3 A. and B.), suggesting that

the dominant modulation of DNMT3AWT activity by p53WT over DNMT3L was not due to
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stoichiometric differences. The stability of the DNMT3AWT- p53WT complex is greater than
the DNMT3AWT-DNMT3L complex (Supplementary Figure 1) and DNMT3L and p53
likely share a binding interface on DNMT3A (Figure 2). To further investigate the
dynamics of DNMT3AWT-DNMT3L- p53WT interactions, we next assessed the effect of
adding regulatory proteins to actively catalyzing heterotetrameric complexes, which is
arguably a better representation of what occurs within the cell. We observed that addition
p53WT disrupts the DNMT3AYWT-DNMT3L complex during catalysis (Figure 3 C. m). This
not only supports our observation that the DNMT3AWT-p53WT complex is more stable, but
that it can access the DNMT3AWT-DNMT3L complex and displace DNMT3L during
catalysis. In contrast, adding DNMT3L to an actively methylating DNMT3AWT-p53WT
complex failed to disrupt the modulatory effect of p53WT (Figure 3 E. m). In fact,
comparable levels of DNMT3AWT-dependent methylation activity were observed in
reactions consisting of DNMT3AWT-p53WT (Figure 3 E. m) and functional DNMT3AWT-
p53WT complexes to which DNMT3L was added (Figure 3 E. m). In sum, our results
consistently suggest the regulatory effect of p53"T on DNMT3AWT is dominant compared to
DNTM3L regulation and provides insights into the dynamics of p53WT and DNMT3L
binding on DNMT3AWT,
p53WT fails to inhibit the methylation activity of DNMT3AR882H

Identified as the most common mutation in DNMT3A in AML patients, in vitro
evidence suggests the R882H substitution leads to altered binding and/or regulation by
partner proteins (26). Although R882H is unable to form homotetramers, the addition of
DNMT3L leads to the formation of heterotetramers and restores processive catalysis (28).
In addition, immunoprecipitation experiments using HEK293T cells reveal R882H displays

increased binding to components of the PRC1 complex compared to wild type DNMT3A
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(29). These observations suggest that while R882H is located at the dimer interface (Figure
2 A.), which is distal from the tetramer interface and proximal to the DNA interface (Figure
2 A.), R882H appears to allosterically affect the ability of DNMT3A to interact with partner
proteins. While DNMT3AR88H js responsive to DNMT3L activation (Figure 3 A. m), it is
unresponsive to the modulatory effect of p53WT in DNMT3AR2H-p53WT (Figure 3 A. m)
and mixed DNMT3AR82H.n53WT_DNMT3L co-incubations (Figure 3 A. m). In fact,
DNMT3AR8H_n53WT (Figure 3 A. m) co-incubations led to comparable levels of product
formed as DNMT3ARE2H only (Figure 4 A. m) and mixed DNMT3AR82H-p53WT_DNMT3L
co-incubations (Figure 3 A. m) reflected similar levels of activity as DNMT3AR882H.
DNMT3L co-incubations (Figure 3 A. m). Thus, the R882H substitution appears to disrupt
the modulatory effect of p53"T on DNA methylation. To additionally challenge this notion,
we evaluated the effect of adding DNMT3L or p53WT to actively methylating
DNMT3AR88H_n53WT or DNMT3AREZH.DNMT3L co-incubations. Consistent with the
hypothesis that p53"T fails to modulate DNMT3AR8H activity, the addition of p53WT failed
to disrupt functional DNMT3ARE2H-DNMT3L heterotetramers (Figure 3 D. m) unlike that
observed in similar reactions involving DNMT3AWT (Figure 3 C. m). However, the addition
of DNMT3L failed to stimulate DNMT3AR88H jn actively catalyzing DNMT3AR882H_n53WT

co-incubations (Figure 3 F. m).
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Figure 3. DNMT3AWT and DNMT3ARS82H gre differentially responsive to modulation by
p53WT. p53WT-dependent inhibition of DNMT3AWT activity is dominant in DNMT3AWT-
p53WT-DNMT3L co-incubations (A. m) while p53WT fails to inhibit DNMT3ARS2H jn
DNMT3AREEHn53WT (A m) and DNMT3ARE2H-p53WT_DNMT3L co-incubations (A. m)
using poly dI-dC (5 uM bp) as a substrate. B. p53"T-dependent inhibition of DNMT3AWT
activity is dominant in DNMT3AWT-p53WT-DNMT3L co-incubations () with p21-pCpG' (10
UM) as a substrate. p53WT (C. m) disrupts DNMT3L stimulation of DNMT3AWT in
catalytically active DNMT3AWT-DNMT3L complexes (C. =), while catalytically active
DNMT3ARZH.DNMT3L (D. m) are unaltered by the addition of p53VT (D. m). Reactions
consisting of catalyzing p53VWT-DNMT3AWT (E. m) or DNMT3AR2H. n53WT (E m) were
unaltered by the addition of DNMT3L (E. and F. m). The following reactions were also
performed as controls: DNMT3AWT (A., C., and E. m), DNMT3ARH (A 'D. and F. m),
DNMT3AWT-DNMTS3L co-incubations (A. and C. =), DNMT3AR82H.DNMT3L co-
incubations (A. and D. =), DNMT3AWT-p53WT co-incubations (A. and E. m) and
DNMT3AR88H. n53WT co-incubations (A. and F. m). In all reactions performed, protein
concentrations were 150 nM and were initiated by the addition of substrate DNA. For co-
incubations, proteins were placed at 37 °C for 1 hour prior to the addition of substrate DNA.
All reactions were performed in triplicates. Values,in (A. =, m, m) were compared to either
DNMT3AYT (A. m) or DNMT3AR8EH (A m) using a one-way analysis of variance; ****, p <
0.001. Data reflect the mean and standard deviation of 3 experiments.



p53R248W and p53R273H display altered regulation of DNMT3AWT in the presence of
DNMT3L

Mutated in over half of all human cancers, the majority of p53 mutations are
missense mutations throughout the p53 DNA-binding domain (47-50). Two of these “hot
spot” substitutions, p53 R248W and R273H, display altered interactions and regulation of
several partner proteins compared to WT p53 (32), (33), (34). Although p53 R248W and
R273H are outside of the region on p53 known to interact with DNMT3A (Figure S3), we
compared the effect of p53WT with p53R248W and p53R273H substitutions on the enzymatic
activity of DNMT3AWT based on their recurrence in a wide range of cancers. While p53WT
(Figure 3 A. m), p53R?W (Figure 4 A. m) and p53R%73H (Figure 4 A. m) displayed
comparable levels of DNMT3AWT inhibition, p53R?48W and p53R?73H failed to reverse the
stimulatory effect of DNMT3L in DNMT3AWT-p53R?4-DNMT3L co-incubations (Figure 4
A. ) orin DNMT3AWT-p53R273H-DNMT3L co-incubations (Figure 4 A. =) as previously
observed in similar reactions involving DNMT3AWT and p53WT (Figure 3 A. m). In fact,
DNMT3AWT-DNMT3L co-incubations with p53R?48W (Figure 4 A. m) or p53R?73H (Figure 4
A. m) displayed comparable levels of product formation as DNMT3AYT-DNMT3L co-
incubations (Figure 4 A. m). To further challenge the dominant regulatory effect of
DNMT3L over p53R%8W and p53R?7*H on DNMT3AWT observed, we then assessed the
outcome of adding DNMT3L to DNMT3AWT-p53R248W (or -p53R273H) co-incubations.as well
as the addition of p53R?48W (or p53R?73H) to catalyzing DNMT3AWT-DNMT3L complexes.
In contrast to similar experiments involving p53WT (Figure 3 C. and E. m), the addition of
p53R248W (Figure 4 B. m) or p53R?73H (Figure 4 C. m) to a catalyzing DNMT3AWT-DNMT3L
complexes did not disrupt DNMT3L-mediated stimulation, whereas the addition of
DNMTS3L to functional DNMT3AWT-p53R248W (Figure 4 D. ) or DNMT3AWT-p53R273H

(Figure 4 E. m) assembles led to an increase in DNMT3AWT activity. These findings support
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the notion that the regulatory effect of DNMT3L on DNMT3AWT activity is dominant over
that of p53R248W or p53R273H, Here we show that while p53WT, p53R248W and p53R?73H display
comparable levels of DNMT3AWT inhibition, p53R?*#W and p53R273H displayed altered
regulation of DNMT3AWT in the presence of DNMT3L compared to p53"T. This presents
an example in which p53R?48W and p53R?73H display altered protein-protein interactions
compared to p53WT in the context of DNA methylation and in addition to those previously

reported (32), (33), (34).
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Figure 4. p53R248W and p53R273H fail to disrupt stimulation of DNMT3AWT by
DNMT3L. The stimulatory effect of DNMT3AWT activity by DNMT3L is dominant in
DNMT3AWT-p53R248.DNMT3L (A. m) or DNMT3AWT-p53R273H-DNMT3L co-incubations
(A. m). Catalytically active DNMT3AWT-DNMTS3L heterotetramers are unaffected by the
addition of p53R248W (B, m) or p53R?73H (D. m), while the addition of DNMT3L leads to an
increase in DNMT3AWT-p53R248W (C, ) or DNMT3AWT-p53R?73H (C. =) co-incubations.
The following reactions were also performed as controls: DNMT3AWT (A.-E. m),
DNMT3AWT-DNMTS3L co-incubations (A., B., and D. =), DNMT3AWT- p53R248W ¢q-
incubations (A. and C. m) and DNMT3AWT-p53R273H co-incubations (A. and C. m).
Protein concentrations were 150 nM for all reactions and were initiated by the addition of
5 UM bp poly dI-dC as a substrate. For co-incubations, proteins were preincubated at 37
°C for 1 hour prior to the addition of DNA. All reactions were performed in triplicates
and all values in (A.) were compared to wild type (A. m) using a one-way analysis of
variance; **** p < 0.001. Data reflect the mean and standard deviation of 3 experiments.

74



p53 binds DNMT3AWT and DNMT3AR882H to form of heterotetramers

The ability of partner proteins to impact DNMT3A function is dependent on the
formation of a complex, although this may not be sufficient. Anisotropy measurements are
widely employed to assess protein-DNA, protein-protein interactions and estimate the
oligomeric state of proteins (51-58). We previously used a 30-base pair 5’ 6-FAM-labeled
duplex DNA (GCbox30), which contains a single recognition site for DNMT3A, to resolve
the oligomeric state of DNMT3A (28), (41). We relied on this approach and fluorescence
anisotropy to assess the dynamics of DNMT3AWT-p53WT interactions on DNA (GChox30).
Increasing concentrations of p53"T or DNMT3L (Figure 5 A. m) to a fixed concentration of
DNA-bound DNMT3AR2H (Figure 5 A. V) resulted in a corresponding increase to the
initial anisotropy value, thereby suggesting the formation of higher order complexes on
DNA. Under identical conditions, we observed that increasing concentrations of DNMT3L
(Figure 5 A. @), p53WT (Figure 5 A. A) or p53R?*8W (Figure 5 A. ¢) did not result in a
detectable change to the initial anisotropy value of DNMT3AWT, DNMT3AR82H hinds
DNA as a homodimer and forms heterotetramers with DNMT3L on DNA (28), (36). The
titration of p53WT to DNMT3ARE2H Jed to similar final anisotropy values as those observed
for DNMT3AWT in the absence and presence of DNMT3L, p53WT and p53R248W
(approximately 0.19; Figure 7 A.). To confirm whether the increased anisotropy observed
with DNMT3ARE2H (Figure 5 A. V) is due to formation of a higher order structure (likely a
tetramer), we performed gel shift assays of DNMT3AR2H with varying concentrations of
p53WT using GChox30 as a substrate. Consistent with the results of the fluorescence
anisotropy assays, an increase in the concentration of p53WT to a fixed concentration of
DNMT3AR88H (Figure 5 B. and C., lanes 3-5) led to a super-shift and disappearance of the

band corresponding to DNA-bound DNMT3AR2H (Figure 5 B., lane 1). In sum, our results
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indicate that p53 interacts with DNMT3A to form heterotetramers and that inhibition does

not arise from disrupting the ability of DNMT3A to bind DNA.
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Figure 5. p53 heterodimerizes with WT and R882H DNMT3A. A. Increasing
concentrations of DNMT3L (m) or p53WT (V) to a fixed concentration of
DNMT3AR8H |ed to a robust increase in Anisotropy, whereas DNMT3AWT did not
display a significant change in anisotropy by the titration of DNMT3L (), p53"T (A)
or p53R%48W (#). B. EMSA and C. EMSA band densitometry (lanes 1 and 5) show
increasing concentrations of p53WT (lanes 3-5) to a constant concentration of
DNMT3AREEH Jeads to disappearance of the DNMT3ARE2H hand and formation of a
higher order structure (see arrows, lanes 3-5). In A., DNMT3AWYT and DNMT3AR88H
concentrations were 2.5 uM. Single point anisotropy measurements were taken after
increasing concentrations of DNMT3L (e), p53WT (A) and p53R248W (¢) were added to
DNA bound (250 nM 5’ 6-FAM-labeled GChox30) DNMT3AWT and DNMT3AR882H
and allowed to incubate at room temperature for 5 minutes. Measurements were taken
using a fluorometer equipped with polarizing filters (excitation: 485 nm, emission 520
nm). In B., gel shift assays were carried out as described in Holz-Schietinger et al. (28)
other than samples were run on native 4.5% polyacrylamide gels and binding reactions
were performed at 37 °C (lane 1). For p53WT super shifting, varying concentrations of
p53WT were preincubated for 30 minutes at 37 °C with DNMT3AR882H pefore the
addition of DNA. A. and C. reflect the results (mean and standard deviation ) of 2
independent experiments.
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Discussion

Although p53 has been extensively investigated, much less is known about whether
or how this protein influences epigenetic pathways, particularly DNA methylation (17),
(18), (30), (47-50). Reports on the crosstalk between p53 and members of the DNA
methyltransferase (DNMT) family include the loss of global methylation by 5-aza-2'-
deoxycytidine treatment induces a p53 DNA damage response pathway (59), deletion of the
DNMT1 gene activates p53-mediated apoptosis (60) and p53 directly stimulates DNMT1-
mediated methylation (23). In the context of the de novo DNA methyltransferases, p53
transcriptionally represses DNMT3A and DNMT3B while DNMT3A inhibits p53-mediated
transcription (24). Based on this evidence and the association of DNMT3A and p53 in
various human cancers (26), (47-50), we sought to characterize the dynamics and regulation
of DNMT3A activity by p53 under various conditions. We show that p53 and the well-
characterized DNMT3L bind to the same region on DNMT3A, resulting in roughly a 2-fold
inhibition of DNMT3A activity. The DNMT3A-p53 interaction is modulated by well-known
mutations in DNMT3A and p53. Our results provide insights into the complexity of
mutation-specific variation in the regulation of protein function and elucidates a molecular
basis for the distinguishing DNA methylation phenotypes associated with the R882H
substitution in DNMT3A (61), (62).

The interaction interface between proteins relies on well-defined single residue
interactions within flat surfaces (63), (64). Factors like kinetic accessibility to specific
protein surfaces, thermodynamic stability of the resultant complexes, along with structural
properties of protein complexes, contribute to the formation of biologically significant

assembles (8-11), (65). Complexes with partner proteins regulate DNMT3A activity (12),
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(13), (37), (38), (46), thereby contributing to normal and aberrant tissue-specific methylation
patterns (2-5). Given that DNMT3A binds the C-terminal tetramerization domain of p53
(residues 319-393, Supplementary Figure 3) (25), we sought to identify the surface on
DNMT3A that binds p53 and whether p53 directly impacts DNMT3A activity. Like
DNMT3L (36), our results suggest that surfaces on the catalytic domain of DNMT3A are
sufficient for p53-mediated inhibition of DNMT3A (Figure 1). Using docking-based
computational models of DNMT3A (PDB: 5YX2; residues 628-914) and p53 (PDB: 3TS8;
94-356) monomers, we identified the tetramer interface on DNMT3A as a likely surface for
DNMT3A-p53 interactions (Supplementary Figure 2). We challenged this finding by
determining if mutations at this interface (Figure 2 A. and Figure 8 B.) (41) interfered with
p53 interactions (Figure 2 B. and C.). Our results suggest an overlap between DNMT3L and
p53 for binding and allosteric regulation of DNMT3A activity (Tetramer interface) (Figure 2
and Supplementary Figure 2) through the formation of heterotetramers with DNMT3AWT
(Figure 5). Our proposed complex for DNMT3AWT-p53WT is consistent with previously
resolved p53 co-crystal structures (PDB 1KZY and 5ECG) which consist of p53 dimers
bound to interacting partner proteins (66), (67). The structure and functional studies on
DNMT3A interactions with another protein, DNMT3L provides a reliable “metric” to
investigate a common surface on DNMT3A that facilitates allosteric regulation of enzymatic
activity. We show that DNMT3AWT-p53WT complexes (KpP of 17 + 3 nM) are more
thermodynamically stable than DNMT3AWT-DNMT3L complexes (Kp?P of 80 +12 nM).
Consistent with these relative stabilities, DNMT3AWT-p53WT complexes appear to be more
kinetically stable when all three proteins are combined (DNMT3A, DNMT3L and p53).
Moreover, p53WT can displace DNMT3L from the DNMT3A-DNMT3L heterotetrameric

complex under catalytic conditions, which is arguably more relevant (Figure 3). We propose
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that p53"T replaces the outer pair of DNMT3AWT monomers (Figure 6 A., I11.) or DNMT3L
(Figure 6 A., V.) monomers to allosterically inhibit the enzymatic activity of DNMT3AWT,
Due to the energetic contributions of specific residues to protein-protein interactions
(63), (64), (69), it is not surprising that mutations which alter protein complex formation
have been linked to various human disorders and are over-represented amongst disease-
causing mutations (70), (71). The R882H substitution in DNMT3A is the most common
recurrent mutation in AML patients (26) and DNMT3AR82H may be disruptive to protein-
protein interactions (29), (72), (73). While DNMT3ARE2H js mildly impacted in function
(28), it seems reasonable that altered interactions with partner proteins contribute to the
aberrant methylation patterns observed in AML (61), (62). Previous work from our lab has
shown that although R882H is a functional dimer on DNA, the addition of DNMT3L
restores the formation of heterotetramers, and near-normal levels of catalysis (Figure 6 A.,
I1.) (28). The comparable increase in anisotropy observed by the addition of DNMT3L or
p53 to DNA-bound DNMT3AR82H (Figure 5) supports the notion that p53WT binds
DNMT3AREEH (Figure 5) to form heteroteramers but is unable to allosterically inhibit
DNMT3AR88H activity (Figure 3) (Figure 6 A., IV.). Furthermore, p53"T fails to displace
DNMT3L monomers in DNMT3ARE2H.DNMT3L heterotetramers (Figure 3) (Figure 6 A.,
V.). Like DNMT3AR8E2H certain mutations in p53 are disruptive to protein-protein
interactions and alter regulation of partner proteins relative to wild type p53 (32-34), (74),
(75). In addition, several observations suggest an interplay between components of the
epigenetic machinery and mutations in p53 (76), (77). Although located outside of the
DNMT3AWT- p53WT interface (residues 319-393, Supplementary Figure 3) (25), we
investigated how p53R?48W and p53R?73H mutations alter interactions with DNMT3AWT based

on our previous findings on DNMT3AWT- p53WT interactions and high incidence in human
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cancers (47-50). In spite of the greater stability of the DNMT3AWT- p53R248W
heteroteramers (Figure 5) (Kp?® of 41 + 6 nM) compared to the DNMT3AWT-DNMT3L
complexes (Kp®P of 80 £12 nM), DNMT3L modulation of DNMT3AWT activity is dominant
over that of p53R24W and p53R273H (Figure 4). We propose that p53 mutations do not
compromise modulation of DNMT3AWT (Figure 6 A., I11.). These mutations may
allosterically affect the DNMT3A-interacting interface (p53 residues 319-393,
Supplementary Figure 3) (25) such that the affinity of mutant p53 in DNMT3AWT-mutant
p53 complexes is compromised when presented with DNMT3L (Figure 6 A., V.).

The ongoing discovery of “hot spots” in protein-protein interfaces, discrete regions
that confer most of the binding energy, has sparked an interest in the pharmacological
intervention of protein-protein interactions (78-82). In fact, successful modulation of
protein—protein interactions by small molecules has been reported in p53 (83-89). We
describe how, in the context of DNMT3A interactions with partner proteins, mutations at
protein-protein interfaces may lead to diverse changes in protein interactions and modulation
of protein activity. In addition, we provide examples in two important cancer-related
proteins of how mutations located distally from protein-protein interfaces may affect
modulation of enzymatic activity, thereby contributing to the diverse phenotypic
consequences of mutations in epigenetic enzymes like DNMT3A (61), (62). The findings in
this study broaden our understanding of regulation of DNMT3A activity and emphasize the
potential use of small molecules to target protein—protein interactions in diseases, like acute

myeloid leukemia (AML), where DNMT3A and p53 are implicated (26) (90).
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Figure 6. Mutations in DNMT3A lead to diverse interactions with p53. A. the
addition of DNMT3L (yellow square) to DNMT3A homotetramers or homodimers
(red square tetramer interface depicted in yellow) leads to the formation of
DNMT3A (red square)-DNMT3L (yellow square) heterotetramers (1 and 11).
Similarly, p53 (blue square) interacts with DNMT3A homotetramers or
homodimers (red square) to form DNMT3A (red square)-p53 (blue square)
heterotetramers (I11 and 1V). Furthermore, the addition of p53 (blue square) to
DNMT3A (red square)-DNMT3L (yellow square) heterotetramers displaces
monomers at the tetramer interface and leads to the formation of DNMT3A- P53
(blue square) heterotetramers (V). B. summary of the oligomeric states of
DNMT3A mutants in complex with DNMT3L (28, 36) and p53 as well as the
effects on the catalytic function of DNMT3A. DNMT3A mutants display no change
(+) or decreased (2) activity (kcat) relative to WT. Although all the DNMT3A
mutants are responsive to DNMT3L stimulation (1), DNMT3A mutants display
varying p53 inhibition (2). Although DNMT3A R736A and R882H are
unresponsive to p53 inhibition (-), p53 binds R882H to form heterotetramer.
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Methods
Expression constructs

The plasmids used for expression of recombinant DNMT3A full length and catalytic
domain (WT and R882H) proteins include pET28a-hDNMT3ACopt and pET28a-
hDNMT3A catalytic domain (A1-611) (37). pTYB1-3L was used to express full length
human DNMT3L (38). pET15b-human p53 (1-393) (Addgene) was used for expression of
recombinant full length human p53 as a template to generate R248W and R273H
substitutions by site-directed mutagenesis (91).

Protein Expression

DNMT3A full length and catalytic domain (WT and R882H), DNMT3L and P53 (WT,
R248W and R273H) were expressed in NiCo21(DE3) Competent E. coli cells (New
England Biolabs). Cells were grown in LB media at 37 °C to an Agoonm 0f 0.9 (DNMT3A
full length), 0.7 (DNMT3A catalytic domain [WT and R882H]), 0.4 (DNMT3L), and 0.6
(P53 [WT, R248W and R273H]). Protein expression was induced by the addition of 1 mM
isopropyl-p-D-thiogalactopyranoside (GoldBio) after lowering the temperature to 28 °C.
Induction was 5 hours for DNMT3A full length and catalytic domain (WT and R882H) and
16 hours for DNMT3L and P53 (WT, R248W and R273H). Cells pellets were harvested by
centrifugation at 5,000g for 15 minutes and stored at —80 °C.

Protein Purification

Cell pellets from 1 L of bacterial culture were resuspended in 30 mL lysis buffer (50
mM HEPES pH 7.8, 500 mM NacCl, 50 mM imidazole, 10% glycerol and PMSF) and lysed
by sonication. Following sonication, lysates were centrifuged at 11,000g for 1 hour and the
supernatant was retained for affinity chromatography. Recombinant proteins were purified

using AKTA Fast Protein Liquid Chromatography (FPLC) system (GE healthcare)
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containing a 5 mL HisTrap HP nickel-charged IMAC column (GE healthcare). Columns
were preequilibrated with 50 mL of loading buffer (50 mM HEPES pH 7.8, 500 mM NacCl,
50 mM imidazole, 10% glycerol). After flowing the supernatant through the column, resins
were washed using 47.5 mL of wash buffer (50 mM HEPES pH 7.8, 500 mM NaCl, 75 mM
imidazole, 10% glycerol). 0.5 mL fractions were eluted with elution buffer (50 mM HEPES
pH 7.8, 500 mM NaCl, 500 mM imidazole, 10% glycerol) using a linear imidazole gradient
(0-100%) over 15 mL. The eluate containing the proteins of interest was desalted and
concentrated into storage buffer (50 mM Tris-Cl, 200 mM NaCl, 1 mM EDTA, 20% (v/v)
glycerol, pH 7.8, with 0.5 mM DTT) using a 0.5 mL Centrifugal Filter (10K device)
supplied by Millipore. Proteins were stored at —80°C for later use.

Computational Modeling

Using a DNMT3A (PDB: 5Y X2, chain A) (92) and a P53 monomer (PDB: 3TS8, chain
B) (93), the protein docking server ZDOCK was initially used to predict the interface on
DNMT3A involved with DNMT3A-P53 interactions (42). In addition, identical modeling
was performed using a DNMT3A monomer (PDB: 5Y X2, chain A) (92) and a DNMT3L
monomer (PDB: 2QRYV, chain B) (47) for comparison as the interface on DNMT3A for
DNMT3A-DNMT3L interactions has been previously resolved (92), (47). ZDOCK
performs a rigid-body search of possible docking orientations between the proteins of
interest (42). This docking server relies on the Fast Fourier Transform algorithm to perform
a global docking search and explores all possible binding modalities by combining
translation and rotation of the ligand. To rank each possible docking pose, ZDOCK applies
a combination of shape complementarity, electrostatics and statistical potential terms (94),
(95). To predict the interface on DNMT3A involved with DNMT3A-P53 interactions,

known contacting residues on P53 were considered (residues 319-393) (25). The local
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refinement on the RosettaDock server was then employed to perform rigid-body
minimization and side-chain conformation optimization (43). The local refinement function
involves side chain repacking to improve rotameric side-chain conformations and a Monte
Carlo-based recovery of near-native protein structures (43). RosettaDock employs an
energy-based scoring function that calculates the energy of interactions by amino acids (43).
Methylation Assays

Assays were carried out to measure the ability of DNMT3A to incorporate tritiated
methyl groups transferred from cofactor AdoMet onto DNA substrate under various
experimental conditions. Reactions were carried out at 37 °C in a buffer consisting of 50
mM KH2PO4/KoHPO4, 1 mM EDTA, 1mM DTT, 0.2 mg/mL BSA, 20 mM NaCl with
saturating AdoMet (15 uM) at pH 7.8. 50 uM ([*H]methyl-labeled: unlabeled) AdoMet
stocks were made using 32 mM unlabeled AdoMet (NEB) and [*H]methyl-labeled AdoMet
(X Ci/mmol) supplied by PerkinElmer in 10 mM HS Oa. In all assays, 15 pL aliquots were
taken from a larger reaction and quenched by mixing with 0.1% SDS (1:1). Samples were
spotted onto Hybond-XL membranes (GE healthcare), washed, dried and methylation was
using a Beckman LS 6000 liquid scintillation Counter as previously established (96). Due to
the large number of potential methylation sites, poly dI-dC is commonly used as a DNA
substrate to study the enzymatic activity of DNA modifying enzymes (97-101). In addition,
the use of poly dI-dC as a DNA substrate allowed us to investigate the isolated modulatory
effect of p53 on DNMT3A activity. On this basis, 5 uM poly dI-dC (Sigma-Aldrich) was
used as a DNA substrate. Previous work from our lab has provided insights into the
mechanism of DNMT3A activity on human promoters (102). Given that Cyclin Dependent
Kinase Inhibitor 1A/P21 is a common target for DNMT3A and p53 (102), (25), we

additionally employed Cyclin Dependent Kinase Inhibitor 1A/P21-pCpG' as a substrate.
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All radiochemical assays were performed in triplicates from a single purification and
statistical analysis was performed using Prism v7 (GraphPad).
P53 assays

To test modulation of DNMT3A (full length, catalytic domain and mutant enzymes) or
M. Hhal methylation activity by P53WT, proteins were preincubated in reaction buffer with
AdoMet for 1 hour at 37 °C before initiating the reaction by the addition of substrate DNA.
Reactions were then run for 1 hour, stopped as stated above and methylation was counted.
All proteins (DNMT3A, M. Hhal or P53"T) were at a ratio of 1:1 (150 nM) in the 1-hour
preincubation. Fold inhibition was calculated by product formed by DNMT3A variants (or
M. Hhal) divided by product formed by DNMT3A variants (or M. Hhal) without P53"T,
Statistical analysis was performed using Graphpad software (\ersion 6.0).
DNMT3L and P53 assays

To evaluate regulation of DNMT3A activity by DNMT3L or P53 under a binary (protein
pairs) approach, proteins (1:1:1 at 150 nM) were preincubated in reaction buffer with
AdoMet for 1 hour at 37 °C before starting the reaction by the addition of substrate DNA.
To assess modulation of DNMT3A activity under a co-complex (groups of proteins)
approach, DNMT3A was preincubated with DNMT3L (or P53) (1:1 at 150 nM) for 1 hour
at 37 °C prior to initiating the reaction by the addition of substrate DNA and enzyme were
allowed to carry out catalysis for 30 minutes before the addition of P53 (or DNMT3L) (150
nM). Reactions were then monitored for an additional hour, stopped and methylation was
counted as stated above.
Apparent binding affinities (Kp2Pp)

Modulation of DNMT3A activity by varying DNMT3L, P53WT, or P53R248W

concentrations from 10 to 300 nM with 10 nM DNMT3A was tested to determine apparent
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affinities (Kp®P). DNMT3AWT was preincubated with varying concentrations of DNMT3L,
P53WT, or P53R?48Win reaction buffer with AdoMet for 1 hour at 37 °C prior initiating the
reaction by the addition of substrate DNA. Following the addition of DNA, reactions were
run for 1 hour at 37 °C, stopped and methylation was counted as stated above. Fold
stimulation was calculated by product formed by DNMT3AWT with DNMT3L divided by
product formed by DNMT3AWT without DNMT3L. Fold inhibition was by P53WT or
P53R248W \as calculated as stated above. The data were fit to a one site-specific binding
equation using Graphpad software (\ersion 6.0).
Fluorescence Anisotropy

Fluorescence anisotropy measurements were performed using a Horiba Fluoromax
fluorescence spectrophotometer equipped with excitation and emission polarizers
(excitation: 485 nm, emission 520 nm). Fluorescence anisotropy measurements of DNA-
bound DNMT3AWT or DNMT3ARE8H (hoth at 2.5 uM) were taken following the titration of
DNMT3L (DNMT3AWT and DNMT3AR882H reactions), P53WT (DNMT3AWT and
DNMT3AR88H reactions) or P53R28W (DNMT3AWT reactions). Anisotropy values were
obtained following a 5-minute preincubation at room temperature. The substrate DNA
(Gcbox30) consisted of a fluorescein (6-FAM) label on the 5’ end of the top strand of the
duplex (5'/6-FAM/TGGATATCTAGGGGCGCTATGATATCT-3') and was supplied by
Integrated DNA Technologies; the recognition site for DNMT3A is underlined.
Electrophoretic mobility shift assay (EMSA)

Experiments were carried out as described in Holz-Schietinger et al. (28). In brief,
DNMT3AR88H (150 nM) was incubated at 37 °C for 15 min with 200 nM duplex 5’ 6-FAM
GCbox30 in reaction buffer with 50 uM Sinefungin (Sigma-Aldrich) and 10% glycerol. For

P53WT super shifting, varying concentrations of P53WT were preincubated with
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DNMT3AR8EH ynder identical conditions for 30 minutes at 37 °C before the addition of
GCbox30. Samples were run on a native 4.5% (75:1) polyacrylamide gel in 0.25x Tris-
Boric acid EDTA, pH 7.8, at 250 V for 50 minutes. Gels were visualized for fluorescein
using a Typhoon scanner and data were analyzed using ImageJ.

Supplementary Material
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Figure S1. p53WT and p53R248W display stronger affinity for DNMT3AWT
binding than DNMT3L. A. Titration curves of 10 nM DNMT3AWT co-
incubated for 1 hour at 37 °C with increasing concentrations of DNMT3L (A. m),
p53WT (B. m) or p53R%48W (C. m) prior to the start of the reaction by the addition

of DNA were used to determine apparent affinities (KD2PP). Fold stimulation
(A.) was defined as the product formed by DNMT3AWT with DNMT3L divided
by product formed by DNMT3AWT without DNMT3L. Fold inhibition (B. and
C.) was determined by product formed by DNMT3AWT alone divided by product
formed by DNMT3AWT with p53WT or p53R?#W,_Reactions were carried out at
37 °C for 1 hour following the addition of DNA (5 uM bp poly dI-dC). Data
reflect the results of 3 experiments.
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Figure S2. Models to identify p53 binding surface on DNMT3A. ZDOCK

(A. and B.) and RosettaDock (C. and D.) models of DNMT3AWT (PDB: 5Y X2)-

p53WT (PDB: 3TS8) complexes to identify a potential p53 binding surface on
DNMT3A. In all models (A.-D.), DNMT3A (m; m Tetramer interface) was
defined as the receptor and either DNMT3L (A.; no transparency on identified

binding surface) or p53 (B.; no transparency on identified binding surface) were

defined as the ligand. DNMT3L (m)-DNMT3A (m) model 1 generated using
ZDOCK was submitted to RosettaDock Q DNMT3A (m; m Tetramer interface-
p53 models 1-4 generated using ZDOCK were submitted to RosettaDock (D.).
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Figure S3. Depiction of p53WT mutations and region on p53WT for binding
by DNMT3A. A. p53WT homotetramer (adapted from PDB: 3TS8). B. p53WT
monomer (adapted from PDB: 3TS8) displaying residues assessed in this study
(R248 and R273) as well as the region on p53"T for DNMT3A binding (25). C.
Domains in full-length p53WT: transactivation domain (TAD) (1-44), proline-rich
domain (PRD) (58-101), DNA-binding domain (DBD) (102-292) and
tetramerization domain (TET) (325-356) (80). DNMT3A has been shown to
bind residues 319-393 (25).
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Chapter 1V: p53 and TDG are dominant in regulating the activity of the human de

novo DNA methyltransferase DNMT3A on nucleosome

Abstract

DNA methylation and histone tail modifications are interrelated mechanisms
involved in a wide range of biological processes, and disruption of this crosstalk is linked to
diseases like acute myeloid leukemia (AML). In addition, DNMT3A activity is modulated
by several regulatory proteins, including p53 and TDG. However, the relative role of
histone tails and regulatory proteins in the simultaneous coordination of DNMT3A activity
remains obscure. We observed that DNMT3A binds H3 tails and p53 or TDG at distinct
allosteric sites to form DNMT3A-H3 tail-p53 or -TDG multiprotein complexes. Functional
characterization of DNMT3A-H3 tail-p53 or -TDG complexes on human-derived synthetic
histone H3 tails, mono- or polynucleosomes shows p53 and TDG play dominant roles in the
modulation of DNMT3A activity. Intriguingly, this dominance occurs even when
DNMT3A is actively methylating nucleosome substrates. The activity of histone-modifiers
is influenced by their ability to sense modifications on histone tails within the same
nucleosome or histone tails on neighboring nucleosomes. In contrast, we show here that
DNMT3A acts on DNA within a single nucleosome, on nucleosomal DNA within adjacent
nucleosomes, and DNA not associated with the DNMT3A-nucleosome complex. Our
findings have direct bearing on how the histone code drives changes in DNA methylation
and highlight the complex interplay between histone tails, epigenetic enzymes and
modulators of enzymatic activity.

Introduction
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Carried out by DNA methyltransferase 3A (DNMT3A), de novo 5-methylcytosine
patterning of mammalian DNA is a major epigenetic modification frequently associated with
transcriptional repression (1), (2). The plethora of post-translational modifications to
specific residues within the amino-terminal tails of core histones (H2A, H2B, H3, and H4)
forms another epigenetic process leading to the activation or repression of genes (3).
Mammalian transcriptional regulation relies on the extensive crosstalk between histone
modifications and DNA methylation, and changes in this interplay are a major contributor to
human cancers. For example, genome-wide epigenetic profiling reveals that genomic loci
with H3K36me2/3, H3K9me3 and H3K4meO correlate with enrichment of de novo DNA
methylation (4-6); more specifically, DNMT3A-mediated methylation follows H3K9me3
and H3K36me3 patterning (7), (8). Furthermore, alterations to the interplay between DNA
methylation and modifications to H3K4/K27 contribute to the altered expression of the
cyclin-dependent kinase inhibitor 2B (CDKN2B or p15) gene observed in AML (9).
However, the mechanisms that underpin these correlations between changes in histone
modifications and DNA methylation remain obscure, as is the contribution of regulatory
proteins in this context. We envision two plausible situations (Figure 1 B.), starting with the
physical recruitment of DNMT3A (Figure 1 B., .), or DNMT3A in complex with distinct
regulatory proteins (Figure 1 B., Il and V.), through its well-known interactions with histone
tails. In this model DNMT3A acts as a reader of histone marks (Figure 1 B., I, Il., and V.)
with histone tails modulating enzymatic activity (Figure 1 B., I, I1l. And V), or alternatively
with histone tails primarily recruiting DNMT3A and regulatory proteins playing a dominant
role in the modulation of enzymatic activity (Figure 1 B., Il., and V.). An additional
scenario derives not from a physical association of DNMT3A and particular histone marks,

but rather the regulatory proteins associated with DNMT3A serving as a reader of histone
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marks (Figure 1 B., V1.), and the enzymatic activity of DNMT3A modulated by regulatory
proteins, or a combination of regulatory protein-histone tail interactions (Figure 1 B., VI.).
Clearly, these mechanisms are not mutually distinctive.

The crystal structure of a DNMT3A- DNA Methyltransferase 3 Like (DNMT3L)
heterotetramer in complex with a histone H3 peptide (residues 1-21) reveals that DNMT3A
binds histone tails via its conserved ATRX-DNMT3-DNMT3L (ADD) domain while
simultaneously accommodating DNMT3L at the tetramer interface (Figure 1 A.) (10). To
date, insights on the combinatorial effect of regulatory proteins and histone H3 tails in the
modulation of DNMT3A activity have focused solely on DNMT3L, which is complicated
by the fact that both DNMT3A and DNMT3L bind H3 tails via the ADD domain (Figure 1
B., V. and V1.) (10-12). The interactions between DNMT3A and nucleosomes and
regulatory proteins like DNMT3L is further modulated by other regulatory proteins such as
tumor suppressor p53 (p53) or Thymine DNA Glycosylase (TDG), which involve DNMT3A
surface regions that are shared with DNMT3L (13), (14). While there is no evidence for the
direct interactions of p53 or TDG with histone tails, their genomic locations are associated
with specific histone modifications and indirectly mediating changes to the modifications of
histone tails (15), (16). Thus, these proteins clearly contribute to the modulation of
epigenetic mechanisms. Although the related interactions between DNMT3A and
nucleosomes remains largely uncharacterized, several studies have investigated this
relationship in histone modifying enzymes. For example, the chromodomain helicase DNA-
binding protein 4 (CHDA4) associates with histone H3 tails within a single nucleosome (intra-
nucleosomal interactions) while heterochromatin protein 1a (HP1a) binds individual histone
H3 tails in adjacent nucleosomes (inter-nucleosomal interactions) (17), (18). The

relationship between DNMT3A and histone H3 tails is inherently intricate as DNMT3A
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plays a dual role as a reader of histone H3 tails and a writer on nucleosomal DNA (10).
Furthermore, when the possible combinations of biologically significant complexes
involving regulatory proteins are considered (Figure 1 B.), the complexity of the dynamics
associated with epigenetic control is evident. Our current understanding of the allosteric
modulation of DNMT3A activity is limited to studies focusing on the individual roles of
histone H3 tails, regulatory proteins, or the interplay between DNMT3L and histone H3
tails. (7), (10-14), (19).

Our interest here is to explore the relative role (dominant or passive) of histone H3
tails and regulatory proteins in the modulation of DNMT3A activity to better understand the
potential crosstalk between histone H3 tails and regulatory proteins, and how this translates
into meaningful biological outcomes. Our approaches rely on human-derived synthetic
histone H3 tails, mono- or polynucleosomes, the regulatory proteins p53 and TDG, and a
modified pulse-chase assay along with florescence anisotropy assays. Our work provides
novel insights into the dynamic interplay between distinct epigenetic mechanisms as well as
a better understanding of the regulation of enzyme activity in protein complexes consisting

of modulators that bind distinct allosteric sites.
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Figure 1. DNMT3L and H3 tails bind distinct surfaces on DNMT3A for
modulation of enzymatic activity. A. Surface model of a DNMT3A
heterotetramer (= and m) (residues 468-912) bound by DNMT3L () (residues
171-379) and Histone H3 N-terminal peptide (' ) (residues 1-12) (adapted from
PDB 4U7T) (10). The DNA (blue) binding interface on PDB 4U7T was modelled
based on the structural similarity to a DNA-bound DNMT3A-DNMTS3L crystal
structure (PDB 5YX2) (48). (m) denote Interacting surfaces on DNMT3A for
DNMT3L or H3 peptide interactions (< 5 A). B. Depiction of proposed
interactions associated with the targeting of DNMT3A homotetramers (1.) or
heterotetramers (I1.-1V.) to nucleosome substrates. The yellow panel encompasses
complexes in which DNMT3A is acting as the reader of histone marks (I., 11., and
V.), whereas the purple panel represents complexes in which regulatory proteins
associated with DNMT3A serve as the reader of histone marks (VI.). Pink
represents DNMT3A, blue denotes regulatory proteins that lack a histone reading
domain and green represents regulatory proteins of DNMT3A that additionally act
as readers of histone marks.
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Results
Regulation of full-length DNMT3A activity by p53 or TDG is dominant in DNMT3A-
p53-H3 tail or DNMT3A-TDG-H3 tail complexes

DNMT3A simultaneously accommodates DNMT3L and histone H3 tails through
interactions at distinct surfaces (Figure 1 A.) (10). In conjunction with a distinct co-crystal
structure of DNMT3L bound to H3K4me0 peptide (PDB 2PVC) (11), functional studies of
the interactions between DNMT3A, DNMT3L and H3 peptide have led to a model in which
recognition of H3K4me0 by DNMT3L leads to the recruitment of DNMT3A (10-12).
However, this model does not entirely explain the relationship between DNMT3L and
histone Ha3 tails in the simultaneous regulation of DNMT3A activity in DNMT3A-
DNMT3L-H3 complexes as the same activation is observed in the absence of DNMT3L
(19). Furthermore, this model leaves unanswered whether histone tails primarily recruit
DNMT3A, while DNMT3L plays a dominant role in the modulation of DNMT3A activity
(Figure 1 B., V.), or DNMTS3L primarily recruits DNMT3A and the activity of DNMT3Ais
modulated by DNMT3L, or a combination of DNMT3L-histone H3 peptide interactions
(Figure 1 B., VI.). To elucidate the role of histone H3 tails and regulatory proteins in the
coordination of DNMT3A activity, we assessed the dynamics and functional consequences
of complexes involving DNMT3A, histone H3 peptides (H3K4me0 and H3K4me3) and two
previously characterized regulatory proteins of DNMT3A (p53 or TDG) whose cellular
functions have been associated with the presence of specific histone modifications (13-16).

We previously used fluorescence anisotropy to characterize the interactions between
the catalytic domain of DNMT3A and p53 on a fluorophore-labeled oligonucleotide (5’ 6-
FAM-labeled duplex DNA [GCbox30]) containing a single recognition site for DNMT3A

(14). We relied on this approach to assess the dynamics between H3K4me0O and DNMT3A-
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p53 or DNMT3A TDG on DNA. Importantly, the modulation of DNMT3A activity on
DNA by p53 and TDG does not occur with other DNA cytosine methyltransferases, which
argues against these effects deriving from competition by these regulatory proteins resulting
from DNA binding (13), (14). Consistent with previous findings (10), increasing
concentrations of unlabeled H3K4me0 peptide to a fixed concentration of DNA-bound
DNMT3A (Figure 2 A. m) increases the fluorescence anisotropy signal, reflecting the
formation of DNA-bound DNMT3A-H3K4me0 complexes. Similarly, pre-formed
DNMT3A-p53 (Figure 2 A. m) or DNMT3A-TDG (Figure 2 A. m) complexes on DNA
displayed an increase to the initial anisotropy signal with a corresponding increase in
H3K4meO0 peptide concentration, suggesting the formation of higher order DNMT3A
heterotetramers in complex with H3K4meO peptide on DNA. Given that DNA-bound
DNMT3A heterotetramers with p53 (Figure 2 A. m) or TDG (Figure 2 A. m) can
accommodate H3K4meO0 peptide, we sought to assess the relative role of H3K4 and
regulatory proteins (p53 or TDG) in the simultaneous modulation of DNMT3A enzymatic
activity.

As previously observed (19), pre-incubation of DNMT3A with H3K4meO0 peptide
results in activation of enzymatic activity (Figure 2 B. m) while pre-incubation of DNMT3A
with H3K4me3 peptide (Figure 2 A. m) results in comparable levels of activity as reactions
without H3 peptides (Figure 2 B. m), although DNMT3A binds both peptides in vitro (10).
Additionally, we observed a roughly 50% decrease in DNMT3A activity in control reactions
consisting of DNMT3A-p53 (Figure 2 B. =) or DNMT3A-TDG (Figure 2 B. u) pre-
incubations as previously reported (13), (20). In equilibrium reactions where DNMT3A and
H3K4meO0 peptide were pre-incubated with individual regulatory proteins, we observed that

inhibition of DNMT3A activity by p53 (Figure 2 B. m) or TDG (Figure 2 B. m) is dominant
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over H3K4me0 peptide activation of DNMT3A (Figure 2 A. m). Under similar experimental
conditions, the presence of H3K4me3 peptide does not disrupt modulation of DNMT3A
methylation activity by p53 (Figure 2 B. m) or TDG (Figure 2 B. ). In fact, pre-incubation
of DNMT3A with p53 or TDG in the presence of H3K4me0 or H3K4me3 peptides led to
comparable levels of DNMT3A-dependent methylation as reactions consisting of DNMT3A
with only p53 (Figure 2 B. m) or TDG (Figure 2 B. =). To further challenge the dominant
modulatory effect of p53 or TDG over H3K4me0 or H3K4meO0 peptides on DNMT3A
observed, we then evaluated the functional outcome of adding equimolar concentrations of
individual regulatory proteins (ratio of 1:1 regulatory protein to 150 nM tetramer DNMT3A)
to DNMT3A- H3K4me0 or DNMT3A- H3K4me3 complexes that are actively methylating
DNA. Like reactions at equilibrium (Figure 2 B), the addition of p53 (Figure 2 C. =) or
TDG (Figure 2 D. m) to actively methylating DNMT3A- H3K4me0 complexes disrupted
H3K4meO0 peptide-mediated stimulation of DNMT3A activity (Figure 2 C. and D. m).
Furthermore, actively catalyzing DNMT3A- H3K4me3 peptide complexes (Figure 2 E. and
F. m) are responsive to the addition of p53 (Figure 2 E. m) or TDG (Figure 2 F. ). While
H3K4me0 is associated with gene silencing, trimethylated histone H3K4 (H3K4me3) sites
are associated with active gene promoters (21). These results do not derive from direct p53
or TDG competition with DNMT3A binding to the DNA (Figure S6) (13), (14). Our results
indicate that in DNMT3A-H3 tail-regulatory protein complexes (Figure 2 A.), regulatory
proteins play a dominant role in the simultaneous coordination of DNMT3A activity despite

the methylation state H3K4 (Figure 2 B.-F.).
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Figure 2. Modulation of DNMT3A activity by regulatory proteins is dominant in the
presence of H3K4me0 or H3K4me3 peptides. A. The addition of H3K4me0 peptide
(unlabeled) increases the FA of DNA-bound DNMT3A (=), DNMT3A-p53 (m) or DNMT3A-
TDG (m) complexes. In A., 50 nM DNA (5’ 6-FAM-labeled GChox30; see methods for
sequence) was pre-incubated with DNMT3A or DNMT3A with individual regulatory proteins
(1 pM at 1:1 to DNMT3A tetramer). Data A. are normalized to FA values in the absence of
H3K4me0. (B.) The presence of H3K4me0 or H3K4me3 does not disrupt inhibition of
DNMT3A enzymatic activity by p53 or TDG in equilibrium reactions. In B., data were
normalized to the DNA methylation activity observed in DNMT3A on poly dI-dC as a
substrate and are representative of reactions carried out for 1 hour. The addition of p53 (C. =,
E.m) or TDG (D. m, F. ) disrupts actively catalyzing DNMT3A- H3K4me0 (C. and D. m) or
DNMT3A- H3K4me3 (E. and F. m) complexes. Reactions consisting of DNMT3A only (C.
and D. m), DNMT3A-p53 (B. and E. m) or -TDG (B. and E. =) co-incubations were performed
as controls. For co-incubations, proteins were placed at 37 °C for 1 hour prior to the addition
of substrate DNA. Except for E. and F. with proteins at 50 nM (1:1 to DNMT3A tetramer),
DNA methylation reactions consisted of proteins at 150 nM (1:1 to DNMT3A tetramer), H3K4
peptides were at 4 uM and were initiated by the addition of 5 uM bp poly dI-dC. Data reflect
the mean = S.D. of 3 experiments; B. one-way analysis of variance was used to compare the
values of p53 or TDG with DNMT3A to similar reactions but in the presence of H3K4me0 or
H3K4me3; *** p < 0.001; ns, p > 0.05.

100



Full-length DNMT3A methylates inter-nucleosomal DNA

Elucidating the spatial relationship between epigenetic enzymes and their substrates
(intra- or inter-nucleosomal action, Figure 3 A.) is essential to truly understand nucleosome-
protein interactions and the structural basis of epigenetic gene regulation. Several studies
have characterized this relationship in the context of histone-modifying enzymes (17), (18).
However, the molecular arrangement between DNMT3A and nucleosome substrates
remains less well characterized (Figure 3 A.). The primary focus has been on whether the
enzyme methylates linker DNA or the DNA wrapped to form the nucleosome, which at this
point remains unclear. To provide insights into the orientation of DNMT3A relative to
nucleosome substrates, we assessed the accessibility of exogenous (non-nucleosomal
substrate) H3K4meO peptide or DNA to DNMT3A-mononucleosome complexes (Figure 3
B.-F.). We initially assessed whether the N-terminus of DNMT3A contributes to
DNMT3A-mononucleosome interactions. Consistent with previous findings, the catalytic
domain of DNMT3A (A1-611) (Figure S1 =) and the prokaryotic CpG DNA
methyltransferase M. Sssl (Figure S1 =) displayed reduced activity on unmodified
mononucleosomal substrates relative to full length DNMT3A (Figure S1 m) (12), (22). We
then assessed the effect of increasing concentrations of H3K4me0 peptide on the activity of
DNMT3A using mononucleosomes as a substrate (Figure 3 B.). Unlike reactions consisting
of free DNA (Figure 2), an increase in the concentration of H3K4meO peptide did not alter
the enzymatic activity of DNMT3A on mononucleosomal DNA (Figure 3 B.). Thus, the
association of DNMT3A to intrinsic (mononucleosomal) H3 tails appears to perturb the
activation of DNMT3A by H3K4meO0 peptide. To additionally challenge this notion, we
then monitored changes in the fluorescence anisotropy of FAM-labelled H3K4me0 (1-21)-

DNMT3A complexes by the addition unlabeled mononucleosomes (Figure 3 C.). The
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addition of DNMT3A (150 nM tetramers) to 2 uM FAM-labelled H3K4me0 peptide leads to
saturating anisotropy (Figure S5). Under these conditions, we observed that the addition of
unlabeled mononucleosomes (0-2 M) led to a robust decrease to the initial fluorescence
anisotropy of FAM-labelled H3K4me0 peptide bound by DNMT3A (Figure 3 C.). The
results obtained are consistent with H3 tails in mononucleosomes displacing FAM-
H3K4meO0 peptide in DNMT3A- H3K4me0 peptide complexes.

To evaluate the accessibility of extrinsic DNA (non-nucleosome) to DNMT3A, we
monitored DNMT3A-mediated methylation following the addition of a twenty-fold excess
of pCpG* (a plasmid with ~3,800 base pairs and no CpG sites) or Poly dI-dC (a synthetic
DNA substrate with ~2,000 base pairs and 800 CpG sites) to DNMT3A acting on
mononucleosomal DNA (1 uM) (Figure 3 D. and E.). The robust activity of DNMT3A on
Poly dI-dC, and poor activity on pCpG", allow for effective monitoring of any changes to
DNMT3A activity on mononucleosomal DNA. Initial controls were performed in which
reactions were initiated by the addition of a mixture of excess (twenty-fold) pCpGLto
mononucleosomes (Figure 3 D. m) or a mixture of excess (twenty-fold) Poly dI-dC to
mononucleosomes (Figure 3 E. m). We found that reactions initiated by the addition of a
mixture of pCpG"and mononucleosomes (Figure 3 D. m) or Poly dI-dC and
mononucleosomes (Figure 3 E. m) resulted in comparable levels of activity as reactions
initiated by the addition of only pCpG" (Figure 3 D. m) or Poly dI-dC (Figure 3 E. m). The
addition of pCpG" (Figure 3 D. m) or Poly dI-dC (Figure 3 E. m) 60 minutes into the reaction
resulted in a respective decrease (Figure 3 D. m) or increase (Figure 3 E. m) to the activity of
DNMT3A catalyzing on mononucleosomal DNA (Figure 3 D. and E. m). Thus, DNMT3A
appears to act on extrinsic DNA (pCpG' or Poly dI-dC) while bound and acting on

mononucleosomes. We then challenged this notion by tracking the fluorescence anisotropy
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of FAM-labeled Gcbox30 DNA after the addition of pre-formed DNMT3A-
mononucleosome to assess the ability of DNMT3A-mononucleosome complexes to bind
non-nucleosomal DNA (Gcbox30). An increase in the concentration of pre-formed
DNMT3A-mononucleosome complexes (Figure 3 F. m) led to a greater increase to the initial
fluorescence anisotropy of FAM-labeled Gcbox30 DNA relative to the addition of
DNMT3A only (Figure 3 F. m), indicating the formation of a higher order complex
composed of pre-formed DNMT3A-mononucleosome complexes bound to DNA (Gcbox30).
Thus, our combined results are most consistent with an inter-nucleosomal mechanism
(Figure 3 A., I.) in which DNMT3A that is already bound to a nucleosome can act on

another DNA molecule, which is not part of the initial DNMT3A-nucleosome complex.
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Figure 3. DNMT3A remains bound to histone tails in mononucleosomes when
acting on free DNA. A. Proposed interactions for DNMT3A, or DNMT3A in complex
with regulatory proteins, with nucleosomes: I. inter-nucleosomal and Il. Intra-
nucleosomal. B. Increasing the concentration of H3K4me0 peptide does not disrupt the
enzymatic activity of DNMT3A in equilibrium reactions. In B., data were normalized
to the DNA methylation activity of DNMT3A in the absence of H3K4me0 and are
representative of reactions carried out for 1 hour. C. The addition of unlabeled
mononucleosomes disrupts DNMT3A (150 nM tetramer) bound to FAM-labelled
H3K4me0 (2 uM); data are normalized to FA values in the absence of
mononucleosomes. Catalytically active DNMT3A on mononucleosomal DNA as a
substrate (D. and E. m) is responsive to the addition of excess (20X) endogenous
pCpG' (D. m) or Poly dI-dC (E. m). In (D. and E.) reactions consisted of DNMT3A at
150 nM tetramer and mononucleosomes at 1 uM (B.-E.) and the following reactions
were also performed as controls: pCpG-only (D. =), mixture of pCpG-and
mononucleosomes (D. m), Poly dI-dC only (E. m) and mixture of Poly dI-dC and
mononucleosomes (E. m). Increasing concentrations of pre-formed DNMT3A-
mononucleosome complexes to FAM-labeled DNA (15 nM; see methods for sequence)
(F. m) led to a greater change in FA relative to similar binding reactions in the absence
of mononucleosomes (F. m). Data reflect the results of 2 independent experiments.
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Modulation of Full-length DNMT3A activity by p53 or TDG is not impeded by
nucleosomes

Studies of the EZH2 (Enhancer of Zeste 2 Polycomb Repressive Complex 2 Subunit)
histone H3 methyltransferase reveal that EZH2 exhibits a 5-fold increase in histone
methylation activity on polynucleosomes (>10) relative to mononucleosomes (23). MNase
digestion of native chromatin isolated from mouse embryonic stem cell nuclei shows that
DNMT3A primarily binds mono- or poly-nucleosomes (< 7), and higher-order
polynucleosomes (>12) to a lesser extent (24). Based on these observations and previous
work on p53 and TDG along with their links to the regulation of distinct epigenetic
mechanisms, we assessed the catalytic activity of DNMT3A as well as the ability of p53 or
TDG to modulate DNMT3A using mononucleosome or polynucleosome substrates (Figure
4) (13-16). We initially relied on DNA methylation assays across a range of
mononucleosome or polynucleosome concentrations to generate saturation curves for
DNMT3A on each substrate (Figure S2). DNMT3A displayed an increased Km on
polynucleosome (336 +51 nM; Figure S2 m) relative to mononucleosomes (86.9 + 14 nM;
Figure S2 m). DNMT3A had comparable maximal velocity (approximately 0.8 nM
product/min) at saturating mononucleosome or polynucleosome concentrations (Figure S2).
Thus, DNMT3A requires saturating polynucleosome concentrations to overcome the
hindered accessibility to DNA, which likely stems from the structural complexity of
polynucleosomes.

DNMT3A moves along DNA substrates carrying out multiple cycles of methylation
on the same piece of DNA prior to dissociating and the DNA-bound DNMT3A is accessible
for modulation by distinct regulatory proteins (13), (14), (25), (26). Given that DNMT3A

acts on nucleosomal DNA without dissociating from histone N-Terminal tails (Figure 3. B.-
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F.; Figure S1), we assessed whether mononucleosomal or polynucleosomal DNA-bound
DNMT3A is accessible for modulation by p53 or TDG (Figure 4). In equilibrium reactions
using mononucleosomal DNA, the presence of p53 (Figure 4 A. =) or TDG (Figure 4 A. =)
results in decreased DNMT3A-mediated methylation relative to reactions consisting of
DNMT3A only (Figure 4 A. m). Moreover, we observed that the modulatory effect on
DNMT3A activity by p53 (Figure 4 A. =) or TDG (Figure 4 A. =) observed in equilibrium
reactions persisted in reactions with actively catalyzing DNMT3A on mononucleosomal
DNA (B. and C. m) challenged by the addition of p53 (Figure 4 B. =) or TDG (Figure 4 C.

) at equimolar concentrations relative to DNMT3A (150 nM tetramer). Therefore, the
association of DNMT3A to histone tails while catalyzing mononucleosomal DNA does not
occlude the accessibility of p53 or TDG to DNMT3A. Polynucleosomes challenge the
ability of DNMT3A to access DNA compared to mononucleosomes (Figure S2).
Therefore, we also examined the ability of p53 or TDG to access and modulate DNMT3A
activity on polynucleosome substrates. Like reactions with mononucleosomes (Figure 4 A.),
equimolar concentrations of p53 (Figure 4 A. m) or TDG (Figure 4 A. ) relative to
DNMT3A (150 nM tetramer) inhibit DNMT3A acting on polynucleosomal DNA (Figure 4
A. m) in equilibrium reactions. Surprisingly, the addition of equimolar amounts of p53
(Figure 4 D. m) or TDG (Figure 4 E. ) relative to DNMT3A (150 nM tetramer) methylating
polymononucleosomal DNA (Figure 4 D. and E. m) did not disrupt DNMT3A activity.
Modulation of DNMTS3A in transient reactions was only observed by the addition of excess
(500 nM tetramer) p53 (Figure 4 D. m) or TDG (500 nM dimer) (Figure 4 E. m) compared to
DNMT3A (150 nM tetramer). Our results show that although the structural complexity of
polynucleosomes challenges the accessibility of p53 or TDG to actively catalyzing

DNMT3A, p53 or TDG bind and modulate the enzymatic activity of DNMT3A in a
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concentration-dependent manner under catalytic conditions. In sum, our findings indicate
that in DNMT3A-histone tail- regulatory protein (p53 or TDG) complexes, histone tails
primarily sequester DNMT3A to nucleosomes and p53 or TDG play a dominant role in the

modulation of DNMT3A activity (Figure 1 B., Il. and 111.).
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Figure 4. Modulation of DNMT3A activity by p53 or TDG using human mono- or
polynucleosomes. B. Modulation of DNMT3A activity by p53 or TDG is unaffected in
equilibrium reactions with mono- or polynucleosomal DNA as a substrate (1 pM). The
modulatory effect on DNMT3A activity observed in equilibrium reactions A. persists in actively
catalyzing DNMT3A on mononucleosomal DNA (B. and C. m) challenged by the addition of p53
(B. =) or TDG (C. =). The addition of p53 or TDG disrupts actively catalyzing DNMT3A on
polynucleosomal DNA at excess concentrations p53 (D. m) or TDG (E. m) but not at equimolar
amounts p53 (D. m) or TDG (E. ). DNA methylation reactions consisted of proteins at 150 nM
(2:1 to 150 nM tetramer DNMT3A) or excess regulatory proteins at 500 nM (see methods) (D. m
and E. m). In (A)), reactions consisting of mononucleosomes or polynucleosomes (1 M) and
individual regulatory proteins (p53 or TDG, 1:1 at 150 nM) were initiated by the addition of
DNMT3A. In (B.), actively catalyzing DNMT3A with mononucleosomes or polynucleosomes (1
M) as a substrate was challenged by the addition of p53 or TDG (1:1 at 150 nM) after 1 hour.
Data from reactions in (A.) were normalized to the DNA methylation activity observed in
DNMT3A on mono- or polynucleosomes and are representative of reactions carried out for 1
hour. Data reflect the mean £ S.D. of 3 experiments; A. one-way analysis of variance was used to
compare the values of p53 or TDG to those of DNMT3A for each substrate; ***, p < 0.001; ns, p
> 0.05.
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Discussion

Studies aiming to characterize the mammalian epigenetic landscape show DNA
methylation and histone tail modifications are highly interrelated mechanisms that regulate
gene expression. Evidence of the crosstalk between DNA methylation and histone tail
modifications include the positive correlation of DNA methylation with H3K36me2,
H3K9me3 and H3K4me0 along with the altered expression of tumor-suppressor genes from
changes to this crosstalk observed in AML (4-9). While histone marks evidently provide
cues for DNA methylations, the mechanisms underlying these correlations along with the
role of regulatory proteins in the interplay between DNA methylation and histone marks
remain unclear. The ADD domains of DNMT3A, DNMT3B and DNMT3L bind H3K4me0
with comparable specificity while carrying out distinct biological functions, thereby
suggesting ADD domain-H3 tail interactions are not entirely responsible for the individual
differences in cellular activity (7), (8), (11), (12), (27), (28). Given that DNMT3A activity
is modulated by a wide range of protein partners, interactions with regulatory proteins
provide an additional mechanism to alter DNMT3A function (13), (14), (20), (29).
Although studies of histone-modifying enzymes have included interactions with respect to
nucleosomes (intra- or inter-nucleosomal interactions; Figure 3 A.), the mechanism of
substrate engagement by DNMT3A remains obscure (17), (18). Based on this evidence and
the previously characterized activities of p53 and TDG in the modulation of DNA
methylation and histone tail modifications (13-16), we sought to characterize the dynamics
and simultaneous coordination of DNMT3A activity by p53 or TDG in the presence of H3
tails. Furthermore, we provide insights into the spatial relationship between DNMT3A and
nucleosome substrates to better understand the interactions associated with DNMT3A acting
as a reader of histone marks and how these interactions influence the modulation of its

enzymatic activity. We show that modulation of DNMT3A methylation activity by p53 or
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TDG is dominant in the presence of histone H3 peptides or with the use of mono- or
polynucleosome substrates. Furthermore, we provide evidence for DNMT3A methylating
inter-nucleosomal DNA. Our findings provide insights into the intricate interactions of key
epigenetic players and provide a molecular basis for how these interactions contribute to
epigenetic transcriptional regulation.

Previous work from our lab has shown DNMT3L, p53 and TDG bind a common
surface on DNMT3A (tetramer interface, Figure 1A.), which differs from the surface H3 tail
binds on DNMT3A (ADD domain, Figure 1A.) (13), (14). Given that p53 and TDG lack a
structural domain that directly associates with histone H3 tails, we propose that the crosstalk
between p53 or TDG and histone H3 tails in the simultaneous modulation of DNMT3A
activity (Figure 1B., I.) is fundamentally different than DNMT3L in DNMT3A-DNMT3L-
H3 tail complexes as DNMT3A and DNMT3L bind H3 tails (Figure 1B., V. or VI.) (11-16).
We initially challenged this notion by assessing whether DNMT3A-p53 or DNMT3A-TDG
heterotetramers can bind H3K4meO peptide. The increase in anisotropy observed following
the addition of H3K4meO peptide to FAM-labelled DNA bound by DNMT3A-p53 or -TDG
complexes shows that binding of H3 tails and these regulatory proteins is not mutually
exclusive (Figure 2 A.) and that DNMT3A-H3 tail-p53 or -TDG complexes remain bound to
DNA. Based on findings from distinct studies, p53 or TDG appear to display a stronger
affinity for DNMT3A relative to H3 peptides (10), (13), (14), (19). Consistent with this
notion, we found that inhibition of DNMT3A activity by p53 or TDG in DNMT3A-H3 tail-
p53 or -TDG complexes is dominant in the presence of H3K4me0 or H3K4me3 peptide
(Figure 2 B.) in reactions at equilibrium. Moreover, the dominant modulatory effect on
DNMT3A activity by p53 or TDG persists in actively methylating DNMT3A- H3K4me0

(Figure 2 C. and D.) or -H3K4me3 (Figure 2 E. and F.) complexes. The results of transient
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reactions (Figure 2 C.-F.) better model the cellular interactions of these epigenetic
mechanisms and show that binding of H3 to its allosteric site does not induce
conformational changes of DNMT3A that hinder the modulation of DNMT3A activity by
p53 or TDG. Furthermore, equimolar concentrations of p53 and TDG relative to DNMT3A
(150 nM tetramer) were used in all reactions (Figure 2 B.-F.), suggesting that the dominant
modulation of DNMT3A activity by p53 and TDG over H3 peptides was not due to
stoichiometric differences. We propose that DNMT3A simultaneously accommodates H3
tails and p53 or TDG to form complexes that are similar to the DNMT3A-DNMT3L-H3 tail
co-crystal structure (Figure 1 A.) and in which the primary role of p53 or TDG is to
modulate DNMT3A activity.

The spatial relationship between nucleosomes and nucleosome-interacting proteins
(intra- or inter-nucleosomal, Figure 3 A.) provides a greater understanding of the
interactions associated with readers, writers and erasers within chromatin. Compared to the
interactions of histone-modifying enzymes and tails within a single nucleosome, the
interactions of histone-modifying enzymes and histone tails on adjacent nucleosomes have
proven more challenging to study due to the difficulty in generating suitable substrates that
distinguish the two types of interactions. However, some studies have successfully
characterized these two types of interactions in histone-modifying enzymes (17), (18).
Structural analysis of DNMT3A and nucleosomes suggests steric hindrance from the
comparable sizes (length, diameter and height) of the DNMT3A homotetramer and
nucleosomes may pose a challenge for DNMT3A to act on intra-nucleosomal DNA (Figure
S3). We sought to explore the spatial relationship between DNMT3A and nucleosome
substrates (intra- or inter-nucleosomal, Figure 3 A.) in more detail prior to assessing the

ability of p53 or TDG to modulate the enzymatic activity of DNMT3A on nucleosomes. We
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initially assessed the extent to which the N-terminus of DNMT3A contributes to DNMT3A-
mononucleosome interactions by comparing the enzymatic activity of full length DNMT3A
(residues 1-912) on nucleosomes to that of the catalytic domain of DNMT3A (residues 634-
912) and the prokaryotic DNA methyltransferase M. Sssl. We show the N-terminal domains
of DNMT3A (ADD and PWWP) enhance the enzymatic activity of DNMT3A on
nucleosomes, likely by retaining DNMT3A on nucleosome substrates (Figure S1) (10), (12),
(22). The H3K4meO peptide allosterically activates the enzymatic activity of DNMT3A on
a variety of oligonucleotide substrates (Figure 2) (10), (19). We therefore examined whether
extrinsic H3K4me0 peptide (non-nucleosomal) stimulates the activity of DNMT3A on
mononucleosomal DNA, or if binding of DNMT3A to intrinsic (nucleosomal) H3 tails
perturbs the activation of DNMT3A by H3K4meO peptide (Figure 3 B.). We show binding
of histone tails within nucleosomes and the short H3 peptide to DNMT3A are mutually
exclusive and nucleosome bound DNMT3A is not accessible to H3 peptides (Figure 3 B.
and C.). To further distinguish between intra- or inter-nucleosomal interactions (Figure 3
A.), we then assessed the interactions of DNMT3A bound to nucleosomes with extrinsic
DNA (non-nucleosomal). We show DNMT3A-nucleosome complexes can bind (Figure 3
F.) and act on distinct extrinsic DNA substrates (Figure 3 D. and E.) as the changes in
DNMT3A activity observed by the addition of pCpG" or Poly dI-dC (Figure 3 D. and E.)
may only be achieved by DNMT3A employing an inter-nucleosomal mechanism (Figure 3
A., 1.). Taken together, nucleosome bound DNMT3A is not limited to methylating intra-
nucleosomal DNA and can act on inter-nucleosomal substrates (Figure 3 A., I.). These
results suggest that cues provided by particular histone modifications may result in
DNMT3A-mediated methylation of nucleosomal DNA in a particular region, encompassing

DNA not directly associated with the nucleosome to which the enzyme is bound.
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Functional characterization of DNMT3A-H3 tail-regulatory protein complexes
indicates that regulatory proteins play a dominant role over histone H3 peptide in the
regulation of DNMT3A activity (Figure 2). To better approximate the simultaneous
modulation of DNMT3A activity within cells, we then assessed the relative role (dominant
or passive) of histone H3 tails and regulatory proteins using human-derived mono- or
polynucleosome substrates. Like histone-modifying enzymes, which are differentially
regulated on nucleosomes compared to peptide substrates and whose enzymatic activity is
influenced by nucleosome number (mono- or polynucleosome), we found that a higher
concentration of polynucleosomes compared to mononucleosomes is required for DNMT3A
to reach comparable maximal velocities on either substrate (Figure S2). This may result
from the greater challenge for DNMT3A to access DNA in polynucleosome due to the
structural complexity of this substrate. We show that equimolar concentrations of p53 or
TDG relative to DNMT3A (150 nM tetramer) sufficiently modulate the enzymatic activity
of DNMT3A in equilibrium (Figure 4 A.) or transient (Figure 4 B. and C.) reactions with
mononucleosome substrates. In contrast, we found that the activity of DNMT3A on
polynucleosomes is modulated by equimolar concentrations of p53 or TDG (1:1 relative to
150 nM tetramer DNMT3A) only in equilibrium reactions (Figure 4 A.) and that transient
reactions require the addition of excess p53 (500 nM tetramer) or TDG (500 nM dimer)
(Figure 4 D. and E.). P53 and TDG complexes with DNMT3A are more stable than
DNMT3A-nucleosome complexes (Figure S2) (13), (14). Therefore, the results of reactions
with polynucleosomes in which equimolar concentration of p53 or TDG to DNMT3A
modulate the enzymatic activity of DNMT3A could be attributed to the thermodynamic
regulation of the interactions between DNMT3A, regulatory proteins and mononucleosomes

(Figure 4 A., B. and C.) or polynucleosomes (Figure 4 A.). Interactions between the N-
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terminal domains of DNMT3A (ADD and PWWP) and histone H3 tails not only promote
the retention of DNMT3A to polynucleosomes (Figure S1), but present additional
interactions that may pose a challenge for allosteric regulators of DNMT3A to access
DNMT3A under catalytic conditions. We show that an excess concentration of p53 or TDG
to DNMT3A is necessary to overcome this challenge and modulate the enzymatic activity of
DNMT3A (Figure 4 D. and E.), which is likely an appropriate representation of what occurs
within cells as the expression of p53 or TDG is highly dynamic (30), (31). We propose that
the histone code represents a network of specific modifications which creates a focal point
for recruitment of DNMT3A (Figure 1 B.). Thus, DNMT3A-H3 tail interactions in
DNMT3A-H3 tail-p53 or -TDG complexes increase the local concentration of DNMT3A at
specific regions while the primary role of p53 or TDG is to modulate DNMT3A activity
(Figure 1 B., Il. And IIL.).

Genome-wide epigenetic profiling has provided unprecedented information about the
links between specific histone marks and DNA methylation (4-9). However, these
associations do not consider the role of regulatory proteins and their dynamics with
epigenetic enzymes in transcriptional regulation, though many aspects of epigenetic
transcriptional regulation stem from the direct modulation of epigenetic enzymes by protein
partners (13-16). Most histone modifications do not work in isolation but rather form a
histone code, with the combination of all modifications influencing the recognition and
activity of readers, writers or erasers (32). When the role of proteins that modulate readers,
writers or erasers is considered in addition to cues presented by the histone code, the
complexity of the dynamics associated with epigenetic transcriptional regulation becomes
clear. To date, biochemical work aiming to explore the interactions between DNMT3A,

regulatory proteins and histone tails have solely focused on DNMT3L (10-12). We provide
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insights into two important cancer-related proteins that directly (DNA methylation) and
indirectly (histone modifications) affect key epigenetic mechanisms of how the
simultaneous binding of regulatory proteins and H3 tails at distinct surfaces may affect
enzymatic activity, thereby providing insights into the interactions that contribute to
mammalian DNA methylation (13-16). The expression of DNMTS3L is limited to germ cells
and early developmental stages, whereas the expression of p53 and TDG, like DNMT3A, is
not only highly dynamic, but p53, TDG and DNMT3A are active in a wide range of cellular
contexts (15), (16), (30), (31), (33-37). Furthermore, disruptions to the cellular activity of
DNMT3A, p53 or TDG have been implicated in human cancers such as AML and we have
shown in previous work that clinically identified mutations in p53 disrupt the interactions of
DNMT3A with additional partner proteins (3), (38-40). Future studies will be required to
explore whether mutations in allosteric regulators of DNMT3A, like p53 and TDG, disrupt
the interactions of DNMT3A with histone H3 tails and lead to differential functional
outcomes. Thus, the findings in this study expand our understanding of the interactions
associated with the modulation of readers and writers of epigenetic marks by regulatory
proteins with broad biological implications.
Methods
Expression constructs

The following plasmids were used for expression of recombinant human proteins:
pET28a-hDNMT3ACopt for DNMT3A full length (41), pET28a-
hDNMT3A _catalytic_domain for DNMT3A catalytic domain (A1-611) pET28a-
hDNMT3A catalytic domain (A1-611) (26), pET15b-human p53 (1-393) for p53 (42) and
pET28a-hTDG for TDG (43).

Protein Expression
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DNMT3A full length and catalytic domain, p53 and TDG were expressed in
NiCo021(DE3) Competent E. coli cells (New England Biolabs). Cells were grown in LB
media at 37 °C to an Asoonm 0f 0.9 (DNMT3A full length), 0.7 (DNMT3A catalytic domain),
0.6 (p53) and 0.8 (TDG). Protein expression was induced by the addition of 1 mM
isopropyl-p-D-thiogalactopyranoside (GoldBio) after lowering the temperature to 28 °C.
Induction times were 5 hours for DNMT3A full length and catalytic domain and 16 hours
for p53. Cell pellets were harvested by centrifugation at 5,000g for 15 minutes and stored at
—80 °C.

Protein Purification

Cell pellets from 1 L of bacterial culture were resuspended in 30 mL lysis buffer
(50 mM HEPES pH 7.8, 500 mM NaCl, 50 mM imidazole, 10% glycerol and 1 mM PMSF)
and lysed by sonication. Following sonication, lysates were centrifuged at 11,0009 for 1
hour and the supernatant was retained for affinity chromatography. Recombinant proteins
were purified using AKTA Fast Protein Liquid Chromatography (FPLC) system (GE
healthcare) containing a 5 mL HisTrap HP nickel-charged IMAC column (GE healthcare).
Columns were equilibrated with 50 mL of loading buffer (50 mM HEPES pH 7.8, 500 mM
NaCl, 50 mM imidazole, 10% glycerol). After flowing the supernatant through the column,
resins were washed using 47.5 mL of wash buffer (50 mM HEPES pH 7.8, 500 mM NacCl,
75 mM imidazole, 10% glycerol). 0.5 mL fractions were eluted with increasing amounts of
imidazole (50 mM HEPES pH 7.8, 500 mM NacCl, 75-500 mM imidazole, 10% glycerol)
over 15 mL. The fractions containing the proteins of interest was desalted and concentrated
into storage buffer (50 mM Tris-Cl, 200 MM NaCl, 1 mM EDTA, 20% (v/v) glycerol, pH
7.8, with 0.5 mM DTT) using a 0.5 mL Centrifugal Filter (Millipore 10K device) supplied

by Millipore and were stored at —80°C for later use. Protein concentrations were determined
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using 280 nm extinction coefficients (142,010 M-t cm™ for full length DNMT3A, 38,180 M-
L cm? for the catalytic domain of DNMT3A, 36,035 M- cm-! for p53 and 33,725 Mt cm™!
for TDG) and reflect the oligomeric state in all experimental conditions (nM of tetramers for
full length DNMT3A, the catalytic domain of DNMT3A and p53; nM of dimers for TDG).

A summary gel of the purified recombinant proteins used in this study is in Figure S4.

Methylation Assays

Radiochemical assays were carried out to measure the ability of DNMT3A to
incorporate tritiated methyl groups transferred from cofactor AdoMet onto distinct DNA
substrates and under varying experimental conditions. In this study DNMT3A refers to the
full-length protein (912 amino acids), unless noted otherwise. Reactions were carried out at
37 °C in a buffer consisting of 50 mM KH2PO4/K2HPO4, 1 mM EDTA, 1mM DTT, 0.2
mg/mL BSA, 20 mM NaCl with saturating AdoMet (15 pM) at pH 7.8. For the
Radiochemical assays, 50 uM ([®*H] methyl-labeled: unlabeled, 1:10) AdoMet stocks were
made using 32 mM unlabeled AdoMet (NEB) and [*H] methyl-labeled AdoMet (80
Ci/mmol) supplied by PerkinElmer in 10 mM H2S O4. 15 pL aliquots were taken from a
larger reaction, quenched by mixing with 0.1% SDS (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 previously established (44).
Methylation Assays with H3K4me0 or H3K4me3 peptides in combination with p53 and
TDG

Synthetic peptides (N-ARTKQTARKSTGGKAPRKQLA-C) derived from human
Histone H3.1 were supplied by Active Motif (45). In equilibrium reactions containing
H3K4me0 or H3K4me3 peptides, 4 UM of either peptide was pre-incubated with DNMT3A

and individual regulatory proteins (p53 tetramers or TDG dimers, 1:1 at 150 nM) in reaction
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buffer with AdoMet for 1 hour at 37 °C before initiating the reaction by the addition of
saturating substrate DNA (5 uM poly dI-dC). In transient reactions, DNMT3A was pre-
incubated with individual peptides (4 uM of H3K4me0 or H3K4me3) in reaction buffer with
AdoMet for 1 hour at 37 °C, reactions were initiated by the addition of DNA (5 uM poly dlI-
dC) and allowed to carry out catalysis for 30 minutes prior to the addition of p53 or TDG.
Methylation Assays with human mono- or polynucleosomal DNA

Unmodified recombinant human mononucleosomes consisting of two molecules of each
of the four core histones (H2A, H2B, H3.1 and H4) bound by the Widom 601 positioning
sequence (147 base pairs and 13 CpG sites) were supplied by Active Motif (46). Human
polynucleosomes were generated from HeLa cell nuclear extracts subjected to micrococcal
nuclease digestion. Purified HeLa polynucleosomes consisting of predominantly trimers of
the histone octamer (two each of the four core histones, H2A, H2B, H3 and H4) wrapped by
147 base pairs of human genomic DNA were supplied by EpiCypher (47). The
concentrations of mono- or polynucleosomes were determined by the absorbance at 280 nm,
using the molecular weight of histone octamer (108 kDa). Equilibrium reactions consisting
of reaction buffer with AdoMet, mononucleosomes or polynucleosomes (1 uM) and
individual regulatory proteins (p53 or TDG, 1:1 at 150 nM) were initiated by the addition of
DNMT3A. In transient reactions, p53 or TDG (1:1 at 150 nM) were added to actively
catalyzing DNMT3A on mononucleosomes or polynucleosomes (1 uM) after 1 hour. To
assess the accessibility of exogenous peptides to DNMT3A acting on mononucleosomes,
additional equilibrium and transient experiments were performed. Equilibrium reactions
consisting of reaction buffer with AdoMet, mononucleosomes (1 uM) and increasing levels
of H3K4meO were initiated by the addition of DNMT3A (150 nM). In transient reactions,

increasing levels of H3K4me0 were added to actively catalyzing DNMT3A on
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mononucleosomes (1 uM) after 1 hour. The accessibility of exogenous DNA was also
assessed by the addition of excess Poly dI-dC or pCpG" (20X) to actively catalyzing
DNMT3A (150 nM) on mononucleosomes (1 pM). The concentrations of Poly dI-dC or
pCpGlare given in base pairs and were determined by the absorbance at 260 nm using the
following molar absorptive coefficients: 6.9 mM-* cm for Poly dI-dC and 6.6 mM* cm-!
for pCpG".
Fluorescence Anisotropy

Fluorescence anisotropy measurements were obtained using a Horiba Fluoromax
fluorescence spectrophotometer equipped with excitation and emission polarizers
(excitation: 485 nm, emission 520 nm). The DNA substrate (Gcbox30) consisted of a
fluorescein (6-FAM) label on the 5’ end of the top strand of the duplex (5'/6-
FAM/TGGATATCTAGGGGCGCTATGATATCT-3’) was supplied by Integrated DNA
Technologies. The recognition site for DNMT3A is underlined. In DNA binding
experiments of homo- or heterotetrameric complexes, unlabeled H3K4me0 peptide was
titrated to pre-formed DNMT3A or DNMT3A-regulatory protein (p53 and TDG) complexes
(1 uM). Anisotropy values were obtained following the addition of unlabeled H3K4meO.
To assess the ability of nucleosome-bound DNMT3A to bind non-nucleosomal DNA,
increasing concentrations of pre-formed DNMT3A-mononucleosome complexes (or
DNMT3A only) were added to 15 nM Gcbox30. For peptide binding experiments,
H3K4meO0 peptides were labelled with FAM-NHS on the N-terminus. Unlabeled
mononucleosomes were then added to FAM-labelled H3K4me0 (2 uM) bound by DNMT3A
(150 nM). Anisotropy values were obtained following a 5-minute incubation at room
temperature for all experiments.

Supplementary Material
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Figure S1. Interactions between the N-terminus of DNMT3A and
nucleosomes increase catalytic activity on nucleosomal DNA.
Compared to full length DNMT3A (150 nM) (m), the catalytic
domain of DNMT3A (150 nM) () and the bacterial CpG DNA
methyltransferase M. Sssl (0.2 units/uL) (m) are less catalytically
active on mononucleosomal DNA (1 uM) as a substrate. Data were
normalized to the DNA methylation activity observed in full length
DNMT3A and reflect the results of 2 independent experiments.
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Figure S2. Binding curve of DNMT3A with mono- or poly-
nucleosomal DNA as a substrate. Titration of (m) mono- or (=)
poly-nucleosomes to DNMT3A (150 nM tetramer). Dashed line
indicates equal concentration of mono- or poly-nucleosomes (150
nM) relative to DNMT3A. Data are representative of reactions
carried out for 60 minutes and reflect the results of 2 independent

experiments.
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Figure S3. Distances in DNMT3A-Nucleosome interactions. A. Distances on a
DNMT3A-DNMT3L heterotetramer in complex with Histone H3 N-terminal peptide
(adapted from PDB 4U7T) (10). Distance between B. intra and C. inter -nucleosomal
H3 N-terminal tails as well as nucleosome diameter and height of H3 N-terminal tail
B.. To generate a model of a di-nucleosome containing H3 N-terminal tails B., H3
(chain A) from PDB 1KX5 (49) was superimposed to H3 (chains A, E, K, O; A1-40)
from PDB 5GSE (RMSD < 0.4 A) (50). Modelling and distances were generated in
UCSF Chimera.
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Figure S4. 10% SDS-PAGE gel of the purified proteins. Bio-rad
Precision Plus Protein Dual Color was used as a size standard. The
estimated molecular weight of purified proteins are as follows: 130
kDa for full length DNMT3A, 53 kDa for p53 and 55 kDa for TDG.
Two lanes were loaded from pooled fractions of each purified
protein.
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Figure S5. Binding curve DNMT3A to FAM-labeled H3K4me0
peptides. Increasing concentrations of full-length DNMT3A (0-170
nM) leads to a concomitant increase in the fluorescence anisotropy of
FAM-labelled H3K4meO0 (2 uM) (residues 1-21). Data are
normalized to fluorescence anisotropy values in the absence of
DNMT3A.
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Figure S6. p53 and TDG specifically inhibit the DNA methylation activity of
DNMT3A. The activity of bacterial CpG methyltransferase M.Hhal and

adenine methyltransferase CcrM was assessed in the presence of p53 or TDG to
assess the specificity of the modulation of DNMT3A activity by p53 and TDG. In
all reactions, DNA methyltransferase (DNMT3A, M.Hhal and CcrM) were at 150
nM while p53 and TDG were at 500 nM. For co-incubations with p53 or TDG,
proteins were placed at 37 °C for 1 hour prior to the addition of substrate DNA (Poly
dl-dC at 5 uM for M.Hhal and DNMT3A; dsDNA 29 mer 5’
TCACTGTACTCTGACTCGCCTGACATGAC 3’ for CcrM. Data were normalized to
the DNA methylation activity observed in the absence of p53 or TDG and are
representative of reactions carried out for 1 hour. Data reflect the mean + S.D. of 3
experiments; one-way analysis of variance was used to compare the values of
reactions with p53 or TDG to those with DNA methyltransferases only; *** p <
0.001; ns, p > 0.05. Data were normalized to the DNA methylation activity
observed in the absence of p53 or TDG and are representative of reactions carried
out for 1 hour. Data reflect the mean £ S.D. of 3 experiments; one-way analysis of
variance was used to compare the values of reactions with p53 or TDG to those with
DNA methyltransferases only; ***, p < 0.001; ns, p > 0.05.
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Chapter V: Mechanism of non-coding RNA regulation of DNMT3A and its relation to

histones, regulatory proteins, and clinically relevant mutations

Abstract

De novo DNA methylation by DNMT3A is a fundamental epigenetic modification for
transcriptional regulation during cellular development and differentiation. Histone tails and
regulatory proteins regulate DNMT3A, and the crosstalk between these epigenetic
mechanisms ensures appropriate DNA methylation patterning. Based on findings showing
that Fos Proto-Oncogene (Fos) extra-coding RNA (ecRNA) inhibits DNMT3A activity in
neurons, we sought to characterize Fos ecRNA-DNMT3A interactions and provide insights
into the relationship of histone tails, regulatory proteins and RNAs in the simultaneous
regulation of DNMT3A. We show that Fos ecRNA and mRNA strongly correlate in
primary cortical neurons on a single cell level and provide evidence that Fos ecRNA
modulation of DNMT3A at these actively transcribed sites occurs in a sequence-independent
manner. Our results are consistent with a model for RNA regulation of DNMT3A that relies
on localized production of short RNAs binding to a nonspecific site on the protein, rather
than models invoking formation of localized RNA/DNA structures. Through computational
modeling and mutational mapping, we show that DNMT3A-Fos-1 ecRNA occur at the
DNMT3A tetramer interface. While substitutions to clinically relevant residues on the
DNMT3A tetramer interface disrupt ecRNA-mediated regulation, formation of
heterotetramers with DNMTS3L restores inhibition of activity. Using DNMT3L and Fos
ecRNA in the presence of synthetic histone H3 tails or reconstituted polynucleosomes, we

show regulatory RNAs play dominant roles in the modulation of DNMT3A activity. Our
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results expand on the modulation of DNMT3A and present a mechanism by which non-
coding RNAs regulate DNMTs to contribute to neuronal function and memory formation.
Introduction

The establishment of mammalian de novo DNA methylation patterns by the DNA
methyltransferase 3A (DNMT3A) involves the modulation of DNMT3A activity by a wide
range of biological molecules, including histone tails, regulatory proteins, and RNA (1-8).
Although there is a growing interest in understanding these regulatory mechanisms, few
studies have identified specific interactions by which the crosstalk between de novo DNA
methylation, histone modifications, regulatory proteins, and RNA translates into meaningful
biological outcomes (9-11). For instance, the loss of H3K4me2, H4 acetylation, and gain of
H3K27me3 on one X chromosome attenuate the biallelic expression of Tsix RNA
(antisense) and activate Xist expression (sense) at the onset of X chromosome inactivation
(12). The presence of H3K4me2, H4 acetylation and continual Tsix RNA expression on the
other X chromosome sequester DNMT3A and activate DNMT3A activity to silence Xist
expression (12). In addition to playing a critical role in mammalian development, DNMT3A
activity is linked to many aspects of neuronal function as well as memory formation and
maintenance (13-16). Furthermore, there is growing evidence that this role of DNMT3A in
neurons, along with other epigenetic mechanisms, is influenced by regulatory RNAs in the
central nervous system (17). Savell et al. showed that extra-coding RNAs (ecCRNAS),
defined as non-polyadenylated RNAs originating from the sense strand of regions outside
gene boundaries (transcription start and end sties), are critical modulators of DNMT3A
activity in neurons (1). More specifically, this occurs with FOS proto-oncogene ecRNA (Fos
ecRNA), whose protein counterpart serves as a marker for neuronal activation (1), (18).

Furthermore, Fos ecCRNA synthesis is increased by neuronal activation, leads to
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hypomethylation of the Fos gene through the direct inhibition of DNMT3A, and contributes
to long-term fear memory formation in adult rats (1). However, the underlying mechanism
and extent of the modulation of DNMT3A activity by RNA generally, and Fos ecRNA in
the presence of additional epigenetic mechanisms, like histone tails and regulatory proteins,
remains unexplored.

Previous studies have demonstrated that distinct classes of regulatory RNAs, such as
non-coding RNAs and microRNAs, play essential roles in the modulation of DNA
methylation by directly associating with DNA methyltransferases (DNMTS) (2), (19), (20).
Furthermore, mechanistic studies of this modulation show that antisense CCAAT/enhancer-
binding protein a (asCEBPA) RNA is a mixed inhibitor of DNMT1 and antisense E-
cadherin (CHD) RNA is a non-competitive or mixed inhibitor of DNMT3A (2), (19). While
these studies on short regulatory RNAs (< 25 nucleotides) provide compelling evidence that
RNA and DNA substrates bind to the same form of the enzyme, in addition to enzyme-DNA
complexes, these findings are inconsistent with RNA binding to the active site of the
enzyme and leave the surface on DNMT3A that binds regulatory RNAs uncharacterized.
Furthermore, while the precise mechanism of RNA-induced inhibition of DNMTs in cells
remains unknown, current models for the direct inhibition of DNMTs by RNAs in cells
predict RNAs target DNMTSs to specific genomic regions in a sequence specific manner (1)
(21). For example, the restricted expression observed in specific types of regulatory RNAS
with short half-lives and expressed from enhancer regions suggests that regulatory RNAs
may limit the modulation of DNMTSs to local genomic microenvironments (21). An
alternative possibility, which stems from the prevalence of R-loops in DNA regulatory
elements, is that regulatory RNAs form triplex structures by annealing to duplex DNA,

provide a binding site for DNMTs and anchor DNMTSs to specific loci (20), (22), (23). The
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characterization of protein-RNA interactions has proven challenging due to the inherent
flexibility of RNAs and the diversity of local RNA-binding surfaces on proteins (24).
However, structural analysis of the surfaces of proteins that bind both DNA and RNA reveal
nucleic acid-specific differences in features like surface topology, solvent accessibility, and
distribution of secondary structures (25). For example, while the core domain of p53
(residues 98-292) binds DNA in a sequence-specific manner, regulatory RNAs bind the C-
terminal tetramerization domain (residues 300-393) with no known sequence specificity
(26). Intriguingly, the tetramerization domain of p53 enables the formation of p53
homotetramers and p53-DNMT3A heterotetramers (3), (27), thus suggesting that surfaces
associated with protein-protein interactions may also be involved in protein-RNA
interactions, which excludes the need for DNA-RNA sequence complementarity in RNA-
mediated modulation of proteins that bind both DNA and RNA.

Given the emerging role of regulatory RNAs in diseases like Acute Myeloid
Leukemia (AML) and Uterine corpus endometrial carcinoma (UCEC) (28), (29), two
diseases that also display aberrant DNA methylation (30), (31), there is a growing interest in
understanding the crosstalk among distinct epigenetic mechanisms. Previous work from our
lab has shown that some proteins that regulate DNMT3A play a dominant role over histone
N-terminal tails (32). We sought to expand on these findings by providing insights into how
RNA modulates DNMT3A, and the dynamics and functional consequences of the
simultaneous modulation of DNMT3A activity by histone tails, regulatory proteins, and
RNA. For the latter, we relied on DNMT3L as an example of a partner protein whose
physical interaction and functional perturbations of DNMT3A are well known (6), (33).
With the use of mutational mapping and biochemical assays consisting of DNMT3A, Fos-

1/-2 ecRNA, CHD RNA, DNMT3L and reconstituted polynucleosomes under various
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conditions, we show that Fos-1 and CHD RNAs bind to the tetramer interface of DNMT3A
and that these regulatory RNAs play a dominant role in modulating the enzymatic activity of
DNMT3A in DNMT3A-Histone tail-DNMT3L- Fos-1 or CHD RNA complexes. We also
show Fos ecRNA accumulates at actively transcribed genomic regions of primary neurons
and provide evidence that the modulation of DNMT3A activity by RNA transcripts does not
rely entirely on sequence specificity, and contrary to the current models, inhibition of
DNMTs by RNAs may involve transcripts that are nonspecific to the target gene (1), (20).
Lastly, we found that DNMT3L restores Fos-1 ecRNA inhibition of substitutions in
DNMT3A to residues that are correlated with AML and UCEC (R729, R736 and R771) and
are differentially responsive to Fos-1 ecCRNA.
Results
Single molecule fluorescent in situ hybridization (smFISH) reveals correlation between
Fos ecRNA and mRNA on a single cell level

Previous studies show that the direct binding of Fos-1 ecRNA to DNMT3A inhibits
DNA methylation activity, results in hypomethylation of the Fos gene, and is required for
the formation of long-term fear memories in rats (1). To further understand how Fos
ecRNA modulates de novo DNA methylation, we sought to gain insights into the
distribution of ecRNAs and their response to stimulation by performing single molecule
fluorescent in situ hybridization (smFISH), a technique that allows visualization of
individual ecRNA and mRNA transcripts on a single cell level. Using this tool, we
investigated whether the number of RNA transcripts of interest changed in response to
neuronal activation. Additionally, we investigated whether ecRNA and mRNA expression
are correlated across individual neurons. Primary cortical neurons were depolarized with

potassium chloride (KCI, 25mM) for 1 hr prior to fixation, permeabilization, and
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hybridization with fluorescently labeled smFISH probes. We designed custom probe sets to
selectively target and mark individual Fos mRNA transcripts, as well as Fos ecRNA (Fig. 1
A.-B.). To determine whether ecRNA and mRNA levels are correlated at the single-cell
level, we multiplexed probe sets targeting Fos mMRNA and Fos ecRNA. These experiments
revealed a significant correlation of Fos ecRNA and Fos mRNA transcript numbers on a
single cell level (Fig. 1 C.), with higher mRNA levels found in cells with more ecRNA foci.
As shown in Fig. 1 D.-F., the number of Fos ecRNA transcripts increased in
response to KCI-mediated neuronal depolarization. It is possible that this effect is stronger
than represented in our analysis due to overlapping signal in neurons with high transcript
abundance (which would potentially cause overlapping or nearby spots to be counted
together). Interestingly, we detected only a few, but very discrete puncta per cell with the
ecRNA probe set. Larger high-intensity foci are typically associated with active
transcription sites as they indicate an accumulation of transcripts. We observed this
phenomenon frequently in the quantification of Fos mRNA signal, where active
transcription is expected in response to depolarization. However, for ecRNAs, we found
such high-intensity puncta to occur much more frequently in both treatment groups,
suggesting an accumulation of transcripts at these sites. Notably, we also observed that KCI
treatment only increased Fos mMRNA counts in cells where Fos ecRNA was present, and
neurons with ecRNA signal exhibited more Fos mRNA puncta in both vehicle and KCI-
stimulated neurons. Taken together, these findings indicate that ecRNAs contribute to
transcriptional regulation of their target genes not only on a cell population level but also on

a single cell level.
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Figure 1. Cellular localization of Fos ecRNA and mRNA. A. lllustration of sSmFISH probe
sets indicating number of probes, dye, and LUT. B. Representative smFISH images for Fos
ecRNA (Quasar® 570) and Fos mRNA (Quasar® 670) transcripts. Cell nuclei are stained with
DAPI (blue), RNA transcripts are marked by smFISH probes (red, green). Scale bar =5 um. C.
Comparison and correlation of detected Fos mMRNA, and Fos ecRNA spots per cell reveal a
significant positive correlation on a single cell level (Pearson correlation, R>=0.1869,
p<0.0001). D. Experimental design for neuronal depolarization experiments. E. Representative
images of Fos ecRNA (Quasar® 570) and Fos mRNA (Quasar® 670) transcripts with or
without neuronal depolarization. Cell nuclei are stained with DAPI (blue), RNA transcripts are
marked by smFISH probes (red, green). Scale bar = 5 um. F. Summary data of ecRNA (left
panel) and mRNA (tight panel) after 1 hr of Veh or 25mM KCI treatment demonstrate eCRNA
levels increase in response to stimulation (unpaired t-test with Welch’s correction n(Veh) =
158, n(KCI) =178, t = 3.725, p = 0.0002). Cells that express ecRNA express more Fos mMRNA
transcripts at baseline and in response to KCI (Multiple t-tests with fewer assumptions and
Holm-Si-dak correction n(Veh) = 179, t = 3.35662, p = 0.000966, n(KCI) = 161, t = 5.58467, p
< 0.000001). Data expressed as mean £ s.e.m. Multiple comparisons, *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001.
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DNMT3A_CD tetramer interface mutants are differentially responsive to inhibition of
enzymatic activity by Fos-1 and CHD RNAs and inhibition does not require a DNA-
Fos ecRNA complex

Work from our lab has provided insights into the mechanisms of RNA-mediated
inhibition of DNMT3A using a wide-range of biologically significant RNA sequences (2).
However, the surface on DNMT3A that binds regulatory RNAs and how regulatory RNAs
restrict DNMT3A function to a specific locus remain uncharacterized. To probe whether
inhibition of DNMT3A by Fos ecRNA requires the formation of an ecRNA-DNA complex,
we monitored the fluorescence anisotropy of a 5’ 6-FAM-labeled Fos-1 ecRNA (5’-
GGGGACACGCCCUCUGUUCCCUUAU-3’) as well as a 5’ 6-FAM-labeled 18-mer RNA
designed to form a complex with the human Fos gene (NCBI Gene ID 2353, 3’- 500
nucleotide duplex) (SI appendix, Fig. S1 A.) (Fig. 2 A.). We employed this segment of the
Fos gene due to its proximity to the sites of Fos ecRNA synthesis (1). Increasing
concentrations of Fos DNA (10 or 30 nM) increases the fluorescence anisotropy of the 5’ 6-
FAM-labeled 18-mer RNA (Fig. 2 A. m) but not of 5’ 6-FAM-labeled Fos-1 ecRNA (Fig. 2
A. m), indicating that Fos-1 ecRNA does not form a complex with this portion of the Fos
gene. We previously used computational modeling and mutational mapping to implicate the
tetramer interface of DNMT3A as a potential surface on DNMT3A for interactions with p53
(3), and in a similar manner, we employed a hybrid docking algorithm of template-based
modeling and free docking to predict a surface on DNMT3A for interactions with Fos-1
ecRNA (34). We initially sought to confirm that the previously reported inhibition by Fos-1
ecRNA is specific to DNMT3A, and consistent with previous findings, we found that
reactions initiated by a mixture of Fos-1 eCRNA (5°-

GGGGACACGCCCUCUGUUCCCUUAU-3’) and Poly dI-dC as a DNA substrate (Fig. 2
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B. m) displayed roughly a 50% decrease in DNMT3A_CD activity compared to reactions
consisting of Poly dI-dC only (Fig. 2 B. m) (1). Additionally, this decrease in DNA
methylation by Fos-1 ecRNA was observed in reactions consisting of DNMT3A_CD (Sl
appendix, Fig. S1 B. ~) and DNMT1 (Sl appendix, Fig. S1 B. =) but not M. Hhal (SI
appendix, Fig. S1 B. m), a bacterial CpG methyltransferase. No inhibition to DNMT3A
activity was observed in similar reactions involving a mixture of Fos-1 ecRNA and Poly dI-
dC that was treated with RNase prior to assaying for methylation activity (Fig. 2 B. m) or a
mixture of Poly dI-dC and a non-specific RNA (5’-CGACCGCCUACUGAAAGAGGGC-
3”) previously employed as a material for nanoparticle construction (Fig. 2 B. m) (35).
Furthermore, we observed that Fos-2 ecCRNA (5°-
GUCUGUGCACCGUGUGCAUAUACAG-3’) (Sl appendix, Fig. S1 C. m) is a more potent
inhibitor of DNMT3A_CD activity compared to Fos-1 ecRNA (Sl appendix, Fig. S1 C. m)
and leads to nearly the same degree of inhibition as the previously characterized CHD RNA
(5’-GGGGUGACGGGGACAGGCGGGGCUG-3”) (Sl appendix, Fig. S2 B. m). Given
previous work by Savell et al. showing that modulation of DNMT3A activity by Fos-1
ecRNA is essential for neuronal DNA methylation dynamics and work from our lab
characterizing DNMT3A-CHD RNA interactions, we focused on these RNA molecules for
further biochemical characterization (1), (2).

We previously used alanine scanning to identify residues on the DNMT3A tetramer
interface that largely contribute to the formation of higher order complexes and docking-
based modeling of protein-protein interfaces to predict a surface on DNMT3A for
interactions with p53 (3), (36). In a similar manner, previous studies have relied on a hybrid
docking algorithm of template-based modeling and free docking (HDOCK server) to predict

protein surfaces for protein-RNA interactions (34), (37-39). Using the monomeric form of
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DNMT3A (PDB: 5YX2; residues 628-914) and the Fos-1 ecRNA sequence, we relied on
this approach to predict a surface on DNMT3A for interactions with Fos-1 ecRNA (34),
(40). Computational models generated in the HDOCK server were used to predict the
DNMT3A tetramer interface as a likely surface for DNMT3A- Fos-1 ecRNA interactions
(SI appendix, Fig. S2). Based on these predictions, we assessed Fos-1 ecRNA or CHD
RNA inhibition of DNMT3A activity in a subset of alanine substitutions to residues at the
DNMT3A tetramer interface (R729A, E733A, R736A, R771A) that are frequently mutated
in AML or UCEC patients (TCGA) (41). We observed that the extent of Fos-1 ecRNA
inhibition varied across the mutations examined relative to DNMT3A_CDWT (Fig. 2 B. m)
with DNMT3A_CDR"36A (Fig. 2 B. m), DNMT3A_CDR72°A (Fig. 2 B. m) and
DNMT3A_CDE"3%A (Fig. 2 B. =) displaying a greater inhibition than wild type, while
DNMT3A_CDR'"'A(Fig. 2 B. =) displayed no inhibition. Interestingly, we observed that a
subset of the DNMT3A_CD tetramer interface mutants were differentially responsive to
CHD RNA (Fig. 2 C.) or Fos-1 ecRNA (Fig. 2 C.) and compared to DNMT3A_CDYT. In
reactions with Fos-1 ecRNA (Fig. 2 B.) or CHD RNA (Fig. 2 C.), DNMT3A_CDR""Awas
not inhibited (Fig. 2 B. =) and DNMT3A_CDR"3¢A displayed increased inhibition compared
to wild type (Fig. 2 B. m). In contrast, in the presence of CHD RNA only (Fig. 2 C.),
DNMT3A_CDE"3*Awas minimally responsive (Fig. 2 C. m) and DNMT3A_CDR"2%A
displayed comparable levels of inhibition as wild type (Fig. 2 C. m). We then sought to
assess whether the lack of Fos-1 ecRNA inhibition of DNMT3A_CDR’71Ajs due to the
inability of DNMT3A_CDR"*Ato bind Fos-1 ecRNA (Fig. 2 D.) by monitoring the
fluorescence anisotropy of DNMT3A complexes on DNA, an approach previously
employed to monitor interactions at the DNMT3A tetramer interface (3). The addition of

Fos-1 ecRNA resulted in a corresponding increase to the initial anisotropy of DNA-bound
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DNMT3A_CDYT (Fig. 2 D. m), DNMT3A_CDR"3A (Fig. 2 B. m), DNMT3A_CDR72%A (Fig.
2 B. m) but not of DNMT3A_CDR'"'A(Fig. 2 D. =). Thus, the addition of Fos-1 ecRNA to
DNA-bound DNMT3A_CDR"Adoes not lead to the formation of higher order complexes
on DNA (Fig. 2 D. =). The tetramer interface of DNMT3A is well characterized as is the
regulation of DNMT3A activity by a wide range of regulatory proteins with distinct
functional outcomes (3-5). Our results suggest that modulation of DNMT3A activity by
RNA also occurs through direct interactions with the tetramer interface of DNMT3A and

does not rely on the formation of a DNA-Fos ecRNA complex (Fig. 6 A.).
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Figure 2. Mutations at the DNMT3A_CD tetramer interface disrupt RNA-
mediated inhibition. A. The addition of Fos DNA (NCBI Gene ID 2353, 3’- 500
nucleotide duplex DNA) increases the fluorescence anisotropy a 5' FAM-6-labeled 18-
mer positive control RNA (m) but not that of 5’ 6-FAM-labeled Fos-1 ecRNA (m). B.
Reactions consisting of (m) no RNA, (m) RNase treatment of Fos-1 ecRNA prior to the
start of the reaction, (m) Fos-1 RNA and (m) a non-specific RNA show that Fos-1
ecRNA specifically inhibits DNMT3A_CDWT activity. DNMT3A_CD tetramer
interface mutants are differentially responsive to modulation of enzymatic activity by
C. CHD and D. Fos-1 RNAs. E. The addition of Fos-1 ecRNA increases the
fluorescence anisotropy of DNA-bound (10 nM of 5" FAM-6-labeled GCbox30 duplex)
(m) WT, (m) R736A and (m) R729A but not (=) R771A DNMT3A_CD enzymes (1
MM). Reactions in A. consisted of 500 nM of each FAM-labelled RNA. Except for B.
(50 nM enzyme), all other DNA methylation reactions consisted of 150 nM DNMT3A
and were initiated by the addition of Poly dI-dC (5 uM) only or a pre-mixture of RNA
(1 uM) and Poly dI-dC (5 uM). Data reflect the mean and standard deviation of 3
experiments. A one-way analysis of variance was used to compare values to a control
B. or of each mutant to wild type (C. and D.) (****, p < 0.001; ***, p <0.001; ns, p >
0.05).
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The oligomeric state of DNMT3A_CD affects the mechanism of allosteric inhibition by
Fos-1 ecRNA

Studies aiming to probe the mechanism of DNMT1 inhibition by asCEBPA suggest
that this short non-coding RNA (23 nucleotides) is a mixed inhibitor of DNMT1,; thus,
inhibition may occur through the direct binding of asCEBPA to DNMT1 or to the DNMT1-
hemimethylated DNA complex (19). Similarly, mechanism of inhibition studies involving
DNMT3A and CHD RNA support non-competitive or mixed type models (2). We
previously showed that the oligomeric state of DNMT3A tetramer interface mutants affects
processive catalysis and modulation by distinct partner proteins (3), (4), (42). Given that
DNMT3A_CD tetramer interface mutants are differentially responsive to Fos-1 ecCRNA
inhibition relative to DNMT3A_CDWT (Fig. 2 B.), we sought to assess whether the altered
oligomeric state of DNMT3A_CD tetramer interface mutants influences the mechanism of
inhibition by Fos-1 ecRNA. In addition, we sought to examine whether Fos-1 ecCRNA-
mediated inhibition of DNMT3A_CD derives from direct Fos-1 ecRNA competition with
substrate DNA binding to DNMT3A_CD. For this approach, we carried out methylation
assays with varying DNA concentrations and saturating RNA (Sl appendix, Fig. S1 C.)
using a dimeric DNMT3A_CD tetramer interface mutant (R729A) that is responsive to Fos-
1 ecRNA inhibition (Fig. 2 B.). While the addition of Fos-1 ecRNA to DNMT3A_CDWT
led to a reduced Vmax but did not affect Kwv (Fig. 3 A. and B.), the addition of Fos-1 ecRNA
led to reduced Km and Vmax in reactions consisting of DNMT3A_CDR’?%A (Fig. 3 C. and
D.). Thus, the inhibition data for DNMT3A_CDWT (Fig. 3 A. and B.) best fits a
noncompetitive model while the results for DNMT3A_CDR?2%A (Fig. 3 C. and D.) are more
consistent with an uncompetitive model. While our results show the oligomeric state of

DNMT3A affects inhibition by Fos-1 ecRNA, our data exclude any mechanism that invokes
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competition with substrate DNA and supports an allosteric mechanism of inhibition (Figure

3).
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Figure 3. The oligomeric state of DNMT3A_CD affects modulation of enzymatic
activity by Fos-1 RNA. Velocity curves of A. DNMT3A_CDWT homotetramers or C.
DNMT3A_CDR"2%A homodimers in the presence of excess Fos-1 ecRNA (1 uM) with increasing
concentration of Poly dI-dC as a DNA substrate. B. and D. double reciprocal plots for A. and C.,
respectively. In A. and C., reactions consisting of 30 nM enzymes were initiated by the addition
of a pre-mixture of Fos-1 ecRNA (1 uM) and Poly dI-dC (5 uM). Data reflect the mean and
standard deviation of 3 experiments.
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DNMTS3L restores inhibition of DNMT3A_CDR71A by Fos-1 ecRNA

DNMT3L, the inactive homolog of DNMT3A, serves as a stimulatory factor of de
novo methylation by DNMT3A and is essential for the establishment of appropriate
methylation patterns of maternally imprinted genes (33). Furthermore, tetramerization of
DNMT3A dimer mutants with DNMT3L restores processive catalysis (36), (42). Based on
this evidence, we sought to examine whether formation of DNMT3A_CDR’7?A-DNMT3L
heterotetramers restores inhibition of enzymatic activity by Fos-1 ecRNA as DNMT3L
provides a well-studied model system for how partner proteins regulate the activity of
DNMT3A mutants with altered oligomeric states (Fig. 2 C. and E.). Initial reactions show
Fos-1 ecRNA decreases the DNA methylation activity of DNMT3A_CDWT-DNMT3L
heterotetramers (SI appendix, Fig. S3 =) compared to similar reactions that did not include
Fos-1 ecRNA (Sl appendix, Fig. S3 m). Surprisingly, although DNMT3A_CD R771A
homodimers are unresponsive to the modulatory effect of Fos-1 ecRNA (Fig. 4 A. m and m),
we found that Fos-1 ecRNA inhibits the activity of DNMT3A_CDR’"?A-DNMT3L
heterotetramers (Fig. 4 A. m and m). We then assessed whether the observed inhibition (Fig.
4 A. m and m) is due to DNMT3A_CDR'?A-DNMT3L heterotetramers binding Fos-1
ecRNA by monitoring the fluorescence anisotropy of DNA-bound (GCbox30)
DNMT3A_CDR'"A homodimers or DNMT3A_CDR'"'A-DNMT3L heterotetramers with
increasing levels of Fos-1 ecRNA (Fig. 4 B.). While the addition of Fos-1 ecRNA
consistently did not result in a detectable change to the initial anisotropy value of
DNMT3A_CDR"'A homodimers (Fig. 2 E. = and Fig. 4 B. m), the titration of Fos-1 ecRNA
led to a corresponding increase to the initial anisotropy value of DNA-bound of
DNMT3A_CDR'A-DNMT3L heterotetramers (Fig. 4 B. m). To better model the cellular

dynamics between DNMT3A mutants, regulatory proteins and RNAs, we examined whether
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Fos-1 ecRNA inhibition of DNMT3A_CDR/"*A-DNMTS3L heterotetramers in equilibrium
reactions (Fig. 4 A.) persists in actively catalyzing protein complexes (Fig. 4 C. and D.).

We show that the addition of Fos-1 ecRNA (Fig. 4 C. m) disrupts the activity of
DNMT3A_CDR!A-DNMT3L on DNA (Fig. 4 C. m). We also found that when challenged
by the addition of DNMTS3L, reactions consisting of DNMT3A_CDR'"!A initiated by the
addition of a pre-mixture of Fos-1 ecRNA and Poly dI-dC (Fig. 4 D. =) are less catalytically
active than similar reactions lacking Fos-1 ecRNA (Fig. 4 D. m). In sum, our findings
indicate that the formation of DNMT3A_CDR/"!A heterotetramers with DNMT3L restores

the ability of Fos-1 ecRNA to inhibit the methylation activity of DNMT3A_CDR/71A,
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Figure 4. Formation of DNMT3A_CDR/71A heterotetramers with DNMT3L
restores inhibition of enzymatic activity by Fos-1 ecRNA. A. Although Fos-1
ecRNA does not inhibit DNMT3A_CD R771A homodimers (m), the addition of Fos-
1 ecRNA leads to the dominant inhibition of DNMT3A_CDR/"!A-DNMT3L
heterotetramers (m). All reactions in A. consisted of proteinss at 150 nM (1:1 to
DNMT3A tetramer) and were initiated by the addition of Poly dI-dC (5 uM) or a
pre-mixture of Fos-1 ecRNA (1 uM) with Poly dI-dC (5 uM). B. The addition of
Fos-1 ecRNA leads to an increase in the fluorescence anisotropy of DNA-bound
(10 nM of 5’ FAM-6-labeled GCbox30 duplex) DNMT3A_CDR77'A.DNMT3L
heterotetramers (m) but not DNMT3A_CDR71A homodimers (m). C. Fos-1 ecRNA
disrupts actively catalyzing DNMT3A_CDR!A-DNMT3L heterotetramers (m). D.
Reactions with DNMT3A_CDR'"A initiated by the addition of a pre-mixture of
Fos-1 ecRNA and Poly dI-dC challenged with the addition of DNMT3L (m)
display reduced activity relative to similar reactions but in the absence of Fos-1
ecRNA (m). The following reactions were performed as controls:
DNMT3A_CDR'A-DNMT3L with Poly dI-dC only (C. m), DNMT3A_CDR'7A-
DNMT3L with Fos-1 ecRNA and Poly dI-dC at the start of the reaction (C. m), or
DNMT3A_CDR'"'A with Poly dI-dC only (D. m). Data reflect the mean and
standard deviation of 3 experiments. In A., a one-way analysis of variance was
used to compare values to DNMT3A_CDR'7A (m) (***, p < 0.001; ns, p > 0.05).
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Modulation of DNMT3A_FLWT activity by Fos-1 ecRNA is dominant in the presence of
histone H3 tails and DNMT3L

In addition to modulating cellular activity of DNMT3A (1), (2), distinct classes of
non-coding RNAs contribute to epigenetic gene regulation by directly and indirectly
modulating the enzymatic activities of histone modifying enzymes (43-45) (46). Based on
this evidence, there is growing interest in understanding the role regulatory non-coding
RNAs play in epigenetic control (11), (47). However, much less is known about the
crosstalk between non-coding RNAS, regulatory proteins and histone tails in the modulation
of epigenetic enzymes. In the context of this crosstalk, we have shown that some regulatory
proteins play a dominant role over histone N-terminal tails in the simultaneous modulation
of DNMT3A (32). Given that DNMT3A activity is modulated through the direct
interactions with non-coding RNAs, histone N-Terminal tails, and a wide range of
regulatory proteins, we sought to expand on our findings by assessing the modulation of
DNMT3A activity by Fos-1 ecRNA in the presence of histone tails and DNMT3L (1-8).
We relied on the use of DNMT3L as it provides a suitable model to study the simultaneous
modulation of DNMT3A due to its well-characterized interactions with DNMT3A and
predicted shared binding surface with Fos-1 ecRNA (Fig. 2), (SI appendix, Fig. S2) (6),
(33), (36), (42). Although our results indicate that Fos-1 ecRNA and histone N-
Terminal tails bind a distinct surface on DNMT3A (Fig. 2 and S| appendix, Fig. S2) (6-8),
we initially assessed whether DNMT3A simultaneously accommodates Fos-1 ecRNA and
histone H3 tails by monitoring the fluorescence anisotropy of DNMT3A bound to FAM-
labeled H3K4meO peptide (residues 1-21; Sl appendix, Fig. S4). While the addition of non-
specific RNA did not lead to detectable changes in anisotropy of DNMT3A_FLWT- FAM-

labeled H3K4me0 peptide at maximum anisotropy (S| appendix, Fig. S4; Fig. 5 A. m), the
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addition of Fos-1 ecRNA led to an increase to the initial anisotropy values of
DNMT3A_FLWT- FAM-labeled H3K4me0 peptide (Fig. 5 A. m). Thus, Fos-1 ecRNA can
access DNMT3A in complex with histone H3 tails. Based on this finding, we then
determined the functional consequences of a DNMT3A_FLWT-H3K4me0 peptide- Fos-1
ecRNA or -CHD RNA complex on DNMT3A_FLWT activity (Fig. 5 B.). Initial controls
show that while the presence of Fos-1 ecRNA (Fig. 5 B. =) or -CHD RNA (Fig. 5B. =)
reduces the activity of a DNMT3A_FLWT on of p15 (nucleosome free) as a DNA substrate,
formation of DNMT3A_FLWT-H3K4me0 peptide complexes activates the enzymatic activity
of DNMT3A (Fig. 5 B. m), as previously reported (48). Interestingly, the activation of
DNMT3A_FLWT activity by H3K4meO0 peptide (Fig. 5 B. m) was disrupted in reactions
initiated by a pre-mixture of Fos-1 ecRNA (Fig. 5 B. m) or -CHD RNA (Fig. 5 B. ) with
p15 (Nucleosome free). Thus, modulation of DNMT3A_FLWT methylation activity by Fos-
1 ecRNA or CHD RNA is dominant in DNMT3A_FLWT-Fos-1 ecRNA -H3 tail or
DNMT3A_FLWT-CHD RNA-H3 tail complexes. To better approximate the simultaneous
modulation of DNMT3A activity within cells, we then assessed the functional outcomes of
DNMT3A_FLWT-Fos-1 ecRNA -H3 tail or DNMT3A_FLWT-CHD RNA-H3 tail complexes
using p15 assembled into polynucleosomes consisting of histone core proteins extracted
from HeLa cells (Fig. 5 C.). We show that while 1 uM of Fos-1 or CHD RNA sufficiently
inhibits the enzymatic activity of DNMT3A_FLWT on p15 DNA (14 uM; Nucleosome free)
(Fig. 5 B.; Sl appendix, Fig. S5 A.), inhibition of DNMT3A_FLWT with p15 assembled into
polynucleosomes (14 uM) as a substrate requires an excess concentration of Fos-1 (Fig. 5 C.
) or CHD RNAs (Fig. 5 C. =) (Sl appendix, Fig. S5 A. and B.). Furthermore, reactions
initiated by a pre-mixture of 30 uM Fos-1 ecRNA (Fig. 5 C. m) or -CHD RNA (Fig. 5C. )

with p15 assembled into polynucleosomes resulted in decreased activity compared to that of
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DNMT3A_FLWT-DNMT3L complexes using a similar substrate and protein concentrations
(Fig. 5 C. m). However, the enzymatic activity of DNMT3A_FLWT-DNMT3L
heterotetramers in the presence of Fos-1 ecRNA (Fig. 5 C. m) or -CHD RNA (Fig.5C. )
was higher than that of similar reactions consisting of DNMT3A_FLWT homotetramers and
Fos-1 ecRNA (Fig. 5 C. m) or -CHD RNA (Fig. 5 C. ») with p15 assembled into
polynucleosomes as a substrate. Using a biologically significant substrate, we show that
modulation of DNMT3A methylation activity by regulatory RNAS is dominant in

DNMT3A- histone H3 tails-regulatory protein-RNA complexes (Fig. 6 B.).
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Figure 5. Modulation of DNMT3A enzymatic activity by RNA is dominant in
DNMT3A_FLWT - DNMT3L- H3 tail- RNA complexes. A. The fluorescence
anisotropy of DNMT3A_FLWT (1 uM) in complex with FAM-labeled H3K4me0
(residues 1-21; 10 nM) increases with the addition of Fos-1 ecRNA (m) but not of non-
specific RNA (m). B. Fos-1 (m) or CHD ( ) RNAs (1 uM) in the presence of H3K4me0
peptide (5 uM) disrupt stimulation of DNMT3A_FLWT (50 nM) activity by H3K4me0
peptide (m) with nucleosome-free p15 as a DNA substrate (14 uM). Similar reactions
consisting of Fos-1 (=) or CHD (=) RNAs but in the absence of H3K4me0 peptide were
performed as controls. C. Excess Fos-1 (m) or CHD (m) RNASs (30 uM; see Sl
appendix, Fig. S5) inhibit DNMT3A_FLWT (150 nM) activity using p15 assembled into
polynucleosomes (HeLa core histones) as a DNA substrate (14 uM). Furthermore,
inhibition of DNMT3A_FLWT activity by Fos-1 (m) or CHD ( ) RNAs is dominant in
similar reactions containing DNMT3L 150 nM (1:1 to DNMT3A_FLWT tetramer).
DNA methylation reactions (B. and C.) were initiated by the addition of p15
(Nucleosome free or polynucleosomes) or a pre-mixture of RNA (Fos-1 or CHD) with
p15 (Nucleosome free or polynucleosomes). Data reflect the mean and standard
deviation of 3 experiments. In B. and C., a one-way analysis of variance was used to
compare values the values of reactions with Fos-1 or CHD RNAs to those of DNMT3A
only or DNMT3A with H3K4me0 B. or DNMT3L C. (***, p < 0.001; ns, p > 0.05).
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Discussion

The modulation of DNMT3A activity in the establishment of appropriate genomic
DNA methylation patterns calls for the simultaneous association with a wide range of
biological molecules, yet few examples exist of the crosstalk between DNMT3A, histone
modifications, regulatory proteins and RNAs as studies have largely focused on the
individual effects of these modulators of DNMT3A (1-11). While the interactions between
DNMT3A and its modulators play a multifaceted role in embryonic development,
oncogenesis, and neuronal function (49), (13-16), recent work linking Fos ecRNA-mediated
inhibition of DNMT3A activity in neurons to fear memory formation further highlight the
role of regulatory RNAs in the control of epigenetic mechanisms involved in cognitive
function (1), (9), (12), (27), (33). Based on these observations, along with the emerging role
of regulatory RNAs as key modulators of the epigenetic machinery in a wide range of
biological processes (1), (2), (11), (17), (28), (29), (43-45), (47), we sought to characterize
the dynamics and relative role of histone tails, regulatory proteins, and RNA in the
simultaneous coordination of DNMT3A activity. To further explore the cellular and
structural basis of Fos-1 ecRNA-DNMT3A interactions, we also assessed the distribution of
ecRNA in primary neurons in response to stimuli on a single-cell level and aimed to
determine the surface on DNMT3A for interactions with Fos-1 ecRNA. We show that
DNMT3A simultaneously accommodates H3 tails, regulatory proteins, and RNAs, and that
regulatory RNAs play a dominant role in the modulation of DNMT3A methylation activity
in these multiprotein-RNA complexes. We also show Fos ecCRNA synthesis correlates with
active transcription sites in primary neurons and provide evidence that the modulation of
DNMT3A activity by ecRNA is not restricted to these sites through the formation of DNA-
ecRNA complexes. Furthermore, we found that Fos-1 ecRNA binds to the tetramer

interface of DNMT3A. Although substitutions to clinically relevant residues at this
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interface, such as R771A homodimers, are differentially responsive to Fos-1 ecCRNA,
formation of hetero-tetramers between DNMT3A and partner proteins such as DNMT3L
restores the inhibition of enzymatic activity by Fos-1 ecRNA. These findings provide
insights into the respective roles and interplay between RNA- and protein-based regulatory
mechanisms of DNMT3A and elucidate a molecular basis for how these interactions
contribute to the epigenetic control of gene expression.

RNA-binding proteins comprise as much as 13% of the eukaryotic proteome and are
involved in a wide-range of biological processes including DNA repair, transcriptional and
translational regulation (50-52). Despite the obvious biological importance of RNA-binding
proteins, the mechanisms that underpin protein-RNA interactions remain obscure largely
due to the challenges associated with the characterization of protein-RNA complexes, such
as the conformational flexibility of RNA and structural diversity of RNA-binding surfaces
on proteins (24), (53), (54). However, previous work from our lab has provided insights into
how distinct classes of regulatory RNAs modulate DNMT3A and suggests these RNAs may
bind a surface on DNMT3A outside the active site, although the precise surface on
DNMT3A that binds regulatory RNAs and how DNMT3A function is restricted to a specific
locus remain uncharacterized (2). Based on previous findings in distinct biological contexts,
it has been previously proposed that the gene-specific modulation of DNMT3A by Fos
ecRNA occurs in a DNA-RNA complex dependent or independent manner (Fig. 6 A., 111 or
IV) (1), (20), (23). We show Fos ecRNA synthesis correlates with sites with active Fos
transcription on a single-cell level (Fig. 1) and provide evidence that interactions between
Fos ecRNA and DNA do not contribute to the modulation of DNMT3A by Fos ecRNA at a
specific locus (Fig. 2 A.) (Fig. 6 A., I11). In addition to our oligonucleotide binding assay

(Fig. 2 A.), the fact that the regulatory RNAs and DNA substrate sequences employed in our
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methylation assays are unrelated further suggests that the synthesis of regulatory RNAs in
actively transcribed regions is a main contributor to the site-specific modulation of
DNMT3A (Fig. 6 A). We then sought to characterize the surface on DNMT3A that binds
Fos-1 ecRNA to better understand the interactions between DNMT3A and Fos ecRNA
following the synthesis of ecRNA. Using a hybrid docking algorithm to generate
computational models of DNMT3A monomers (PDB 4U7T; residues 468-912) and Fos-1
ecRNA, we identified the tetramer interface on DNMT3A as a potential surface on
DNMT3A involved with DNMT3A-Fos-1 ecRNA interactions (Sl appendix, Fig. S2) (6),
(34), (37-39). We found that mutations at the tetramer interface disrupt binding and
inhibition of DNA methylation activity by Fos-1 ecRNA, indicating that interactions
between Fos-1 ecRNA and key residues at this interface, such as R771, are essential for the
formation of a DNMT3A- Fos-1 ecRNA complex on DNA and modulation of DNMT3A
activity (Fig. 2 C. and E.).

The tetramer interface of DNMT3A is a well-characterized surface on DNTM3A for
the direct binding of distinct regulatory proteins to modulate essential biological functions of
DNMT3A, such as kinetic parameters and cellular localization (3-5), (32), (36), (55). Our
findings highlight the importance and versatility of the tetramer interface of DNMT3A by
identifying a novel interacting partner of this surface of DNMT3A, which suggests that Fos-
1 ecRNA does not inhibit DNMT3A through direct competition with substrate DNA. We
challenged this notion by probing the mechanism of inhibition by Fos-1 ecRNA and
additionally examined whether changes to the oligomeric state of DNMT3A, stemming from
mutations at the tetramer interface, affect inhibition (Fig. 3) (42). We found that while Fos-
1 ecRNA does not compete with substrate DNA in DNMT3A homotetramers (Fig. 3 A. and

B.) or homodimers (Fig. 3 C. and D.), the oligomeric state of DNMT3A affects the
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mechanism of allosteric inhibition. Previous work from our lab shows that disruption of the
oligomeric state of DNMT3A, due to mutations at the tetramer interface, additionally disrupt
processive catalysis and that heterotetramerization of DNMT3A dimers with DNMT3L
restores processivity (36), (42). Based on this observation and the apparent importance of
the DNMT3A tetramer interface for interactions with Fos-1 ecRNA (Fig. 2 B.-E. and Fig.
3), we assessed whether DNMT3L rescues modulation of DNMT3A_CDR’7*A by Fos-1
ecRNA (Fig. 2 C. and E.). Like that observed in the context of processivity (36), (42), we
show that heterotetramerization of DNMT3A_CDR71A with DNMT3L restores Fos-1
ecRNA binding (Fig. 4 B.) and inhibition of DNMT3A_CDR’7*Aunder distinct catalytic
conditions (Fig. 4 A., C., and D.). We propose a model for a DNMT3A- Fos-1 ecRNA
complex that is consistent with previous findings showing p53 binds regulatory RNAs at a
surface associated with protein-protein interactions (3), (26), (27), (56). Although H3 tails
and p53 or TDG bind distinct allosteric sites on DNMT3A, we have previously shown that
these regulatory proteins are dominant in the simultaneous modulation of DNMT3A activity
(32). We show here that while Fos-1 ecRNA binding to the DNMT3A tetramer interface
does not perturb interactions between H3 tails and DNMT3A (Fig. 5 A.), Fos-1 ecRNA
disrupts activation of DNMT3A activity H3K4me0 (residues 1-21) (Fig. 5 B.) or DNMT3L
in reactions with polynucleosome substrates (Fig. 5 C.). In sum, our results are inconsistent
with models of RNA-mediated regulation of DNA methylation that requires some type of
RNA-DNA hybridization and strongly supports a model in which DNA methylation changes
result from allosteric binding of locally synthesized ecRNA to DNMT3A (Fig. 2 A.) (1),
(20-23). What remains intriguing is that while the disruption of Fos ecRNA secondary
structure does not disrupt binding to DNMT3A (1), a non-specific RNA of 22 nucleotides in

length does not regulate DNMT3A activity (Fig. 2 B). This could be reconciled by the site
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on DNMT3A that binds short RNA is largely non-specific, but the functional perturbation
requires a particular sequence and length, both of which Fos ecCRNA must contain but
remains uncharacterized. The number of RNAs cells produce far exceeds the number of
proteins that interact with these RNAs. In fact, a particular RNA may interact with multiple
proteins and likewise proteins may interact with multiple RNA (68). Therefore, it has been
proposed that this promiscuity and malleability of RNA-protein interactions contributes to
the complex network of these interactions in cells (68). We propose that this is likely the
case for DNMT3A-RNA interactions as it binds distinct RNA species in various biological
contexts (1), (2), (12), (69-70).

Our work complements the extensive cell biological studies that reveal complex
crosstalk between DNA methylation, histone modification, and non-coding RNA(1-8), (11).
Clearly, our finding that non-coding RNA is a dominant form of DNMT3A regulation has
implications on the extent to which distinct components of the epigenetic machinery
contribute to the establishment of DNA methylation patterns. Furthermore, a major finding
reported here is a model for RNA-mediated DNMT3A regulation in which RNA is produced
locally (e.g., ecRNA, Fig. 6 A., I.-1V.) resulting in regulation of proximal DNMT3A
enzymes through a non-specific binding site at the DNMT3A tetramer interface, coupled
with the well-known rapid degradation of RNA (21), (57). The relevance of this proposed
mechanism to DNMT3B and DNMT1 remains to be determined. Short non-coding RNAS
have been shown to inhibit DNMT1 activity by directly binding a distinct surface as DNA
substrates (19). Although our proposed mechanism for DNMT3A (Fig. 6 A.) is consistent
with these findings, how the production of short non-coding RNAs contributes to the
regulation of other DNMTSs remains uncertain. Furthermore, while mechanisms to explain

how long non-coding RNA regulates DNMTSs, histone modifying enzymes, and transcription
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factors appear better supported by compelling data, how small non-coding RNA act in this
capacity remains challenging (58), (59). This derives in part because many models invoke
mechanisms (R-loop or RNA-DNA triplex) that have yet to be demonstrated to directly
regulate the target protein (20), (22), (23). Finally, our implication of the tetramer interface
as the site of RNA regulation, along with our prior identification of this interface in protein-
protein interactions, highlights its potential for therapeutic intervention (3), (4), (36).
Methods

Single Molecule RNA FISH

smFISH Probe Design. To quantify and localize Fos ecRNA and mRNA transcripts in
situ, we designed Stellaris® probe sets for fluorescent detection of Fos ecCRNA (12 probes,
conjugated to Quasar® 570) and mRNA (30 probes, conjugated to Quasar® 670). Probe sets
consisted of multiple 14-20mer oligonucleotides targeting the same RNA molecule to
optimize signal strength while minimizing background fluorescence. Target sequences of
each probe set are provided in SI appendix, Table 1.

Sample Preparation and Hybridization. Day 1: Primary neuronal cultures (~250,000
neurons per coverslip/well) were treated with KCI (25mM) or vehicle treated for 1h. After
treatment cells were cross-linked with 3.7% formaldehyde (paraformaldehyde in 1X PBS)
for 10 min at room temperature (21°C) on a rocking platform. Wells were washed twice
with PBS and permeabilized in 70% ethanol for at least 3h at 4°C. Wells were washed in
Stellaris® Wash Buffer A for 5 min at room temperature. Coverslips were transferred to a
humidifying chamber and incubated with hybridization buffer (0.5 nM mRNA probe, 0.5
nM ecRNA probe) for 14 hours at 37°C. Day 2: Coverslips were washed twice in Stellaris®
Wash Buffer A for 60min at 37°C. After a 5 min wash in Stellaris® Wash Buffer B at room

temperature coverslips were mounted using ProLong™ antifade with DAPI for imaging.
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Quantification of Expression. SmRNA FISH results were quantified using StarSearch
(http://rajlab.seas.upenn.edu/StarSearch/launch.html), which was developed by Marshall J.
Levesque and Arjun Raj at the University of Pennsylvania to automatically count individual
RNAs. mRNA and ecRNA detection involved two major steps. First, images for each probe
set as well as a DAPI image were merged, and cells were outlined. Next, punctae detection
was carried out and additional adjustment of thresholds was performed. The same threshold
range was used for all images, and this analysis was performed blind to treatment group.
Expression constructs

The plasmids used for expression of recombinant human proteins were as follows:
pET28a-hDNMT3ACopt for DNMT3A full length (60), pET28a-
hDNMT3A _catalytic_domain for wild type or mutants of DNMT3A catalytic domain (A1—
633) (61), pTYB1-3L was used to express full-length human DNMT3L (62). Mutations to
the DNMT3A catalytic domain pET28a-hDNMT3A _catalytic_domain as a template) were
generated as described in (4) and (36).

Protein Expression

DNMT3A (human full length and catalytic domain) and DNMT3L (human full length)
were expressed in NiCo21(DE3) Competent E. coli cells (New England Biolabs).
Following growth in LB media at 37 °C to an Asoonm 0f 0.9 (DNMT3A full length) and 0.7
(DNMT3A catalytic domain and DNMT3L), induction occurred at room temperate (5 hours
for DNMT3A full length and catalytic domain, and 16 hours for DNMT3L) with 1
mM IPTG (GoldBio). Cell pellets were harvested by centrifugation at 5,000g for 15 minutes
and stored at —80 °C.

Protein Purification
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Proteins were purified as stated in (3) and (32). Briefly, bacterial cell pellets were
resuspended in lysis buffer (50 mM HEPES pH 7.8, 500 mM NaCl, 50 mM imidazole, 10%
glycerol and 1 mM PMSF) and lysed by sonication. Cleared lysates (11,000g for 1 hour)
were purified using AKTA Fast Protein Liquid Chromatography (FPLC) system with a 5
mL HisTrap HP nickel charged IMAC column (GE healthcare), which was previously
equilibrated with loading buffer (50 mM HEPES pH 7.8, 500 mM NaCl, 50 mM imidazole,
10% glycerol). Resins were washed (50 mM HEPES pH 7.8, 500 mM NaCl, 75 mM
imidazole, 10% glycerol) and an imidazole gradient was used to elute bound proteins (50
mM HEPES pH 7.8, 500 mM NacCl, 75-500 mM imidazole, 10% glycerol). Pooled fractions
were desalted, concentrated into storage buffer (50 mM Tris-Cl, 200 mM NaCl, 1 mM
EDTA, 20% (v/v) glycerol, pH 7.8, with 0.5 mM DTT) using a 15 mL Centrifugal Filter
with a 10K MWCO supplied by MilliporeSigma™, and stored at —80°C for later use.
Protein concentrations were determined using 280 nm extinction coefficients (142,010 M
cm-t for full length DNMT3A, 38,180 M- cm-! for the catalytic domain of DNMT3A,
68380 M cm-! for full length DNMT3L) and reflect the oligomeric state in all experimental
conditions (nM of tetramers for the full length and the catalytic domain of DNMT3A). A
summary gel of the purified recombinant proteins used in this study is in SI appendix, Fig.
S6.

Computational Modeling

The HDOCK docking server was employed to predict the surface on DNMT3A
that interacts with Fos-1 ecRNA using a DNMT3A (PDB: 4U7T, chain A) monomer and the
Fos-1 ecRNA sequence (34). In the absence of any structures for Fos-1 ecRNA or
DNMT3A-RNA co-complexes, we relied on this approach as the HDOCK server utilizes a

hybrid of global docking and a template-based modeling, which incorporates binding
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interface information from protein-RNA complexes in the PDB and has been previously
employed for similar purposes (34), (37-39). In the absence of a sequence, like in the case
of Fos-1 ecRNA, the server initially searches the PDB to generate a template based on the
highest sequence similarity, coverage, and resolution. To generate models, HDOCK relies
on a Fast Fourier Transform (FFT)-based docking algorithm to perform a global docking
search to explore all possible binding modalities, which are then refined and scored by a
knowledge-based scoring function as well as backbone flexibility (63).
Methylation Assays

In this study DNMT3A_FL refers to the full-length protein (912 amino acids) and
DNMT3A_CD refers to the catalytic domain of DNMT3A (residues 634-912). DNA
methylation reactions were carried out to assess the ability of DNMT3A to incorporate
tritiated methyl groups from AdoMet onto distinct DNA substrates and experimental
conditions. Assays were performed at 37 °C in a buffer consisting of 50 mM
KH2PO4/K2HPO4 (pH 7.8), 1 mM EDTA, 1mM DTT, 0.2 mg/mL BSA, 20 mM NaCl with
saturating AdoMet (15 uM). For the radiochemical assays, 50 UM ([*H] methyl-labeled:
unlabeled, 1:10) AdoMet stocks were prepared from 32 mM unlabeled AdoMet (NEB) and
[3H] methyl-labeled AdoMet (80 Ci/mmol; supplied by PerkinElmer) in 10 mM H2SOa.
Reactions were quenched by mixing aliquots taken from a larger reaction with 0.1% SDS
(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 (64). Reactions with RNAs Fos-1 (5’
GGGGACACGCCCUCUGUUCCCUUAU-3"), Fos-2 (5°-
GUCUGUGCACCGUGUGCAUAUACAG-3"), CHD (5

GGGGUGACGGGGACAGGCGGGGCUG-3’) or non-specific (5°-
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CGACCGCCUACUGAAAGAGGGC-37) were initiated by the addition of RNA pre-mixed
with distinct DNA substrates (Poly dI-dC, nucleosomal or non-nucleosomal p15) as
previously described in (2). The RNAs used in this study were purchased from IDT and
HPLC purified. Where indicated, fold inhibition refers to 1 — (product formed with
RNA/product formed without RNA) whereas fold change refers to data normalized to the
activity of reactions consisting of DNMT3A only. In reactions consisting of additional
modulators of DNMT3A activity (synthetic H3K4meO peptide or DNMT3L), DNMT3A
was pre-incubated with H3K4me0 or DNMT3L in reaction buffer for 1 hour at 37 °C prior
to being initiated. Synthetic peptides derived from human Histone H3.1 (N-
ARTKQTARKSTGGKAPRKQLA-C) were supplied by Active Motif (65). In vitro
reconstitution of nucleosome core particles extracted from HeLa cells onto p15-pCpG*-
DNA was performed with a salt gradient (61), (66), (67). For the high-salt histone
extraction, HeLa cells (107) were harvested (300g for 10 minutes) and re-suspended in
hypotonic lysis buffer (10 mM Tris—CI pH 8.0, 1 mM KCI, 1.5 mM MgCl; and 1 mM DTT).
The nuclei were pelleted (10,0009 for 10 minutes at 4 °C), re-suspended in extraction buffer
(10 mM HEPES pH 7.9, 10 mM KClI, 1.5 mM MgCl, 0.34 M sucrose, 10% glycerol) and
lysed in no-salt buffer (3 mM EDTA, 0.2 mM EGTA) by vortexing for 1 minute (10 seconds
on and off). The chromatin was pelleted (6,500g for 5 minutes), re-suspended in high-salt
solubilization buffer (50 mM Tris—Cl pH 8.0, 2.5 M NaCl) by vortexing for 2 minutes.

DNA was pelleted (16,0009 for 10 minutes) and the supernatant was transferred to a dialysis
cassette (3,500 MWCO) against a no-salt dialysis buffer (10 mM Tris—CI pH 8.0) for 2
hours at at 4 °C and stored at -80 °C (66). Nucleosome core particles were reconstituted by
salt gradient deposition, in which DNA and histone extracts were mixed in 2 M NaCl (30

minutes at 4 °C) followed by the addition of dilution buffer (10 mM Tris-HCI, pH 7.6;
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1 hour at at 4 °C). Dilution buffer was then added (1 hour incubation at 4 °C per dilution) to
obtain the following concentrations of NaCl (M): 0.8, 0.6, 0.2 and 0.1 (67).
Fluorescence Anisotropy

Fluorescence anisotropy measurements were obtained using a Horiba Fluoromax
fluorescence spectrophotometer equipped with excitation and emission polarizers
(excitation: 485 nm, emission 535 nm) following a 5-minute incubation at room
temperature. Reactions involving DNMT3A (or DNMT3A-DNMT3L) complexes with
FAM-labelled DNA or H3K4me0 peptide binding to Fos-1 ecRNA were carried out in the
following buffer: 50 mM KH2PO4/K>HPO4 (pH 7.8), 1 mM EDTA, 1 mM DTT, 0.2 mg/mi
BSA, 20 mM NaCl with 50 um Sinefungin. The DNA substrate (Gcbox30) consisted of a
duplex with a fluorescein (6-FAM) label on the 5" end of the top strand (5'/6
FAM/TGGATATCTAGGGGCGCTATGATATCT-3'; the recognition site for DNMT3A is
underlined) (36). Peptide binding experiments consisted of H3K4meO (residues 1-21) with a
FAM-NHS label on the N-terminus (32). Reactions involving a segment of the human Fos
gene (NCBI Gene ID 2353, 3’- 500 nucleotide duplex DNA) and 5' FAM-6-labeled RNA
were carried out in triplex buffer (20 mM Tris-HCI pH 7.4, 5 mM EDTA, 25 mM NaCl, 10
mM MgCI2, 200 uM DTT) and incubated for 30 minutes at 37°C for 30 minutes prior to
measuring the fluorescence anisotropy. The 5’ 6-FAM-labeled RNAs employed were an 18-
mer positive control RNA designed to complex with the Fos gene (NCBI Gene ID 2353, 3°-
500 nucleotide duplex DNA) or Fos-1 ecRNA.

Supplementary Material
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Figure S1. Functional characterization of RNA-mediated inhibition of
DNMT3A_CDWT activity and selectivity of Fos-1 ecRNA for human DNMTs. A.
sequences for oligonucleotide binding assays. The design relies on canonical principles
for RNA-DNA triplex formation with Polypurine (bottom strand) and Polypyrimidine
(top strand) DNA strands found within the Fos gene (NCBI Gene ID 2353, 3’- 500
nucleotide duplex DNA). B. The addition of a pre-mixture of Poly dI-dC (5 uM) and
increasing concentrations of Fos-1 ecRNA inhibits reactions consisting of
DNMT3A_CD (+, 150 nM) and DNMT1 (=, 133 U/mL) but not M. Hhal (m, 150 nM).
B. Inhibition curves for CHD (m), Fos-2 (m) and Fos-1 (m) RNAs with
DNMT3A_CDYT'. Data in B. and C. reflect the mean and standard deviation of 3
experiments; In C., a one-way analysis of variance was used to compare the values of
each sample with increasing Fos-1 ecRNA (***, p < 0.001; ns, p > 0.05).
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Figure S2. Computational models predict Fos-1 ecRNA binds at the tetramer
interface of DNMT3A. (l.) Crystal structure of a DNMT3A (= and m; residues 468-
912) in complex with DNMT3L (- ; residues 171-379) and H3 tail peptides ( ; 1-21)
(adapted from PDB 4U7T). (I1.-VIIl.) computational models of DNMT3A monomers in
complex with Fos-1 ecRNA.
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Figure S3. Modulation of DNMT3A_CDWT enzymatic activity by Fos-1 ecRNA is
dominant in the presence of DNMT3L. Fos-1 ecRNA inhibits enzymatic activity in
reactions consisting of DNMT3A_CDWT homotetramers (m) or DNMT3A_CDW'-
DNMT3L heterotetramers (m). Reactions consisted of proteins at 150 nM (1:1 to
DNMT3A_CDYT-tetramer) and were initiated by the addition of a pre-mixture of Fos-1

ecRNA (1 uM) and Poly dI-dC (5 uM).
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Figure S4. Binding of Full-length DNMT3AWT to FAM-labeled H3K4me0 peptides.
Increasing amounts of full-length DNMT3AWT |eads to a concomitant increase in the
fluorescence anisotropy of 10 nM of 5' FAM-labeled H3K4me0 (residues 1-21).
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Figure S5. Excess Fos-1 and CHD RNAs inhibit Full-length DNMT3AWT activity
with polynucleosomes as substrates. Fos-1 or CHD RNA (1 uM) inhibit the
enzymatic activity of full-length DNMT3AWT (150 nM) with nucleosome-free p15 as a
substrate but not with the use of p15 assembled into polynucleosomes A.. Reactions
consisted of 14 uM p15 substrate (Nucleosome free or polynucleosomes) and were
initiated by the addition of p15 substrate (Nucleosome free or polynucleosomes) or a
pre-mixture of RNA (Fos-1 or CHD) with p15 (Nucleosome free or polynucleosomes).
B. Excess concentration of Fos-1 or CHD inhibits full-length DNMT3AWT (150 nM)
with p15 polynucleosomes (14 uM) as substrates.
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Figure S6. Summary gel of proteins used in this study. Proteins were run (150 Volts)
on a 12% SDS-PAGE gel in 1X SDS electrophoresis buffer. Precision Plus Protein
Dual Color (BIO-RAD) was used as a standard.
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Chapter VI: A Novel Class of Selective Non-Nucleoside Inhibitors of Human DNA

Methyltransferase 3A

Abstract

Screening of a small chemical library (Pathogen Box (MMV)) identified two
structurally related pyrazolone [1] and pyridazine [2] DNMT3A inhibitors with low
micromolar inhibition constants. The uncompetitive and mixed type inhibition patterns with
DNA and AdoMet suggest these molecules act through an allosteric mechanism, and thus
are unlikely to bind to the enzyme’s active site. Unlike the clinically used mechanism based
DNMT inhibitors such as Decitabine or other candidates that act via the enzyme active site,
the inhibitors described here could lead to the development of more selective drugs. Both
inhibitors show promising selectivity for DNMT3A in comparison to DNMT1 and bacterial
DNA cytosine methyltransferases.
Introduction

Epigenetic modifications of proteins and nucleic acids are crucial for normal
development.(1), (2) Human DNA undergoes methylation largely at CpG dinucleotides, and
the patterns are developmentally regulated and tissue-specific; these patterns contribute to
the epigenetic code which is essential for viability.(3),(4) Aberrant methylation patterns can
result in hypermethylation of gene promoters, leading to the silencing of critical tumor
suppressor genes, resulting in tumorigenesis(4).

DNA methylation patterns are maintained by a class of DNA cytidine
methyltransferases (DNMTSs) in combination with TET enzymes engaged in removal of
methyl moieties (5), (6) DNMTSs rely on the methyl donor S-adenosyl methionine (AdoMet)

and display both random and ordered kinetic mechanisms (7-11) DNA methylation patterns
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are maintained by a housekeeping protein DNMT1, which primarily acts on hemimethylated
DNA, and a family of de novo methyltransferases including DNMT3A and DNMT3B.(12)
The DNMT3s, which also include a catalytically inactive regulatory protein DNMT3L, are
mostly expressed during the early development phase of mammalian germ cells.(1), (3), (12)
DNMT1, meanwhile, is expressed throughout the lifetime of mammalian somatic cells and
is localized near replication forks.

All DNMTs share the same domain architecture with an N-terminal domain which
contains the regulatory domains including the replication fork binding RFD domain in
DNMT1 and the H3 binding ADD domain in DNMT3s.(1), (3) The C-terminal, or catalytic
domain has the highly conserved methyltransferase motifs (I-X) that are found in both
prokaryotic and eukaryotic methyltransferases (see Figure 1). These motifs are responsible
for cofactor binding and catalysis.(3) DNMT3A forms tetramers with DNA binding
occurring along the seam of the dimerization domain (see Figure 2).(13) Mutations that
disrupt the oligomeric state of DNMT3A occur in diverse cancer patients, and in particular,
acute myeloid leukemia patients.(4), (14-17) Both catalytically active DNMTs, and in
particular, DNMT3A, interact with diverse partners and these interactions alter the function
of DNMT3A and contribute to tumor-specific changes in methylation patterns.(4), (14)

The last twenty years have witnessed increasing interest in developing drugs that
target epigenetic pathways, in particular histone and DNA modifying enzymes.(18-20) An
obvious feature of these pathways is their inherent reversibility, unlike mutational changes
which frequently demand therapeutic strategies leading to cytotoxic interventions.
Interestingly, the FDA approved DNMT nucleoside inhibitors, azacytidine and Decitabine
are highly cytotoxic. These prodrugs are converted to the triphosphates, incorporated into

DNA and inhibit DNMTs through the formation of an irreversible suicide complex.(19) A
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third variant, guadecitabine (SGI-110), a Decitabine dinucleotide, is in phase 111 clinical
trials.(4), (19) The dose-limiting toxicity manifested by these drugs has led to the search for
non-nucleoside inhibitors; interestingly, many of these act by binding the enzyme active site
or act by unknown mechanisms (18), (19).

Our interest is to determine if new mechanistic classes of DNMT inhibitors can be
identified with the long term goal of developing therapeutic approaches not hampered by the
toxicity and related issues associated with currently used and recently described DNMT
inhibitors.(18), (19) For example, DNMT3A has over 60 known biomolecular interacting
partners,(21) which in many cases are implicated in directing DNMT3A to inappropriately
methylate and regulate tumor suppressor genes (17), (22), could be the basis of tumor-
specific protein-protein inhibitors (PPIs) (19), (23). Certainly, the recent progress in
developing PPIs for diverse therapeutic targets forms a strong basis for such a strategy (24).
Moreover, the clinically identified DNMT3A mutations in diverse cancers are known to
alter the stability and functional outcomes of the complexes formed between DNMT3A and
its partner proteins (17), (22), (25); thus, mutant and tumor-specific PPI’s, which have been
identified for other cancer targets may be possible. (26) Finally, allosteric enzyme
modulators can provide a basis for enhanced selectivity and potentially, decreased
toxicity.(27-29)

Here we describe our initial compound screening effort, relying on open source
chemical library constructed from the Medicines for Malaria Venture (MMV) Pathogen
Box. It consisted of 400 drug-like molecules with known activities against targets for
neglected tropical diseases. The relative merits of using a library of well-established
molecules that show good bio-activity versus other approaches have been well described.

(30) Using 50 compounds of the library, we first determined that a compound concentration
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of 60 UM resulted in 5% of the molecules showing 90% or more inhibition. We then relied
on a modified version of our standard radiochemical assay using tritiated AdoMet,(17)
which measures DNA methylation (see Methods, Supplementary). The assay uses poly didC
which is an excellent DNMT3A substrate, and the conditions allow for multiple catalytic
turnovers with an excess of DNA.(17), (22) Importantly, many literature reports describing
DNMT screens are actually done under conditions of excess enzyme over DNA, or less than
a single catalytic cycle which compromise interpretation of any inhibition effects.(31-33)

Results and Discussion

Regulation of full-length DNMT3A activity by p53 or TDG is dominant in DNMT3A-
p53-H3 tail or DNMT3A-TDG-H3 tail complexes

The screen of the 400 compounds in the library generated 12 compounds that
showed at least 90% inhibition. A secondary assay was used to verify that these were
actually positive results and only two compounds passed this second analysis (compounds 1
and 2, Figure 3). These compounds were previously identified as potential inhibitors of
TbrPDEs, a class of phosphodiesterases found in T. brucei involved in trypanosomiasis
(African sleeping sickness). (34) Compounds 1 and 2 both show potent inhibition of
TbhrPDE, good antitrypanosomal effects, and are part of an extensive study of TorPDE
inhibitors involving numerous analogs. (35)

The inhibition of DNMT3A by both compounds, against DNA or AdoMet, is
inconsistent with a competitive mechanism. The best fit to the inhibition data is consistent
with Mixed Type or Uncompetitive mechanisms. Importantly, both mechanisms require that
compounds 1 and 2 bind allosterically, away from the active of the enzyme. The Mixed
Type mechanism allows for scenarios in which the inhibitor binds the same form of the
enzyme bound by either substrate, as well as the form of the enzyme already bound by one

of the substrates. In contrast, the single Uncompetitive mechanism (Figure 3, Table 1,
168



Compound 2, using DNA (poly dIdC)) implicates a mechanism wherein the inhibitor only
binds to the form of the enzyme already bound by the DNA. The mechanisms of other
DNMT inhibitors, when reported, often display competitive mechanisms with DNA,
AdoMet or both.(19), (32), (36) The simplest interpretation of these forms of inhibition is
that the inhibitor binds the same site as DNA or AdoMet, or minimally, binds the same form
of the enzyme bound by these substrates. (37)

The potencies (K, values) of compounds 1 and 2 against DNMT3A range from 2.5 to
7.1 uM (AdoMet) and 11 to 41 uM (poly dI-dC), which compare favorably to numerous
published efforts. (18), (19) The extensive SAR studies done against TorPDEs, provide an
opportunity to identify more potent DNMT3A inhibitors, develop a limited SAR, and
determine if the selectivity of these compounds can be improved. The mechanisms and
potencies of compounds 1 and 2 need to be considered in the context of the extensive
screening, synthetic and computational efforts to develop DNMT3A inhibitors. (32), (38—
41)

While the inhibition mechanisms of many of DNMT inhibitors are not reported, the
majority of the assigned mechanisms appear to be competitive with DNA and in some cases
AdoMet. (18), (19) Although many clinically used drugs act competitively with the
endogenous substrates of the target enzyme, the widespread cellular reliance on AdoMet-
dependent methyltransferases suggest that the development of drugs specific for DNA
methyltransferases or drugs that distinguish between DNMT1 and DNMT3A will be
challenging. The majority of DNA methyltransferase inhibitors are poorly selective for
DNMT3A (refs). This likely contributes to the limiting toxicity displayed by these
compounds. The inappropriate DNA methylation detected in patients with diverse cancers

presumably results from the action of DNMT3A (and DNMT3B). DNMT3A is largely
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missing in adult somatic cells, and is expressed in tumor cells, whereas DNMT1 is
expressed in most somatic tissue. We tested the selectivity of both compounds (Figure 4)
and found both show some selectivity, with inhibitor 2 being the more selective. Neither
compound shows inhibition of the bacterial DNA cytosine methyltransferase M.Sssl, even at
60 uM. Both compounds show little inhibition of DNMT1 at 6 uM, and compound 2 retains
this selectivity even at 60 pM. It is intriguing that both inhibitors show greater inhibition of
the catalytic domain of DNMT3A (residues 628 to 912, see Figure 1) than the full length
DNMT3A, suggesting that the large N-terminal segment interferes with the inhibition.

Inhibitors that act allosterically can potentially display lowered off target toxicity.
(42), (43) The non-competitive and uncompetitive mechanisms displayed by compounds 1
and 2 (Figure 3) are not consistent with either of these binding to the enzyme active site,
which is normally occupied by DNA and AdoMet. Thus, these molecules most likely bind
allosterically, regulating the enzyme’s function form a distal site. Small molecules that act in
this way have, using standard SAR optimization methods, can lead to highly selective drugs.
(43)

In summary, the screening of a small chemical library of known drugs against
human DNMT3A identified two non-nucleoside molecules of low micromolar potency.
Both molecules inhibit the enzyme by binding outside the active site, and not only
selectively inhibit human over bacterial DNMTs, but also shows some promising
preferential targeting of de novo over maintenance DNA methyltransferases. This highlights
the potential use of these molecules for the treatment of malignancies associated with
disruptions to DNMT3A activity. The large number of analogs of these two inhibitors which

have been described provides a promising basis for further optimization of this new group of

170



DNMT3A inhibitors, with reasonable prospects of showing improved toxicity over known

DNA methyltransferase drugs. (46)

DMAPD PBD RFTS CXXC BAHI BAH2 I IV VIVII IX X
DNMT1
1 120 351 600 651 697 728 900 906 1100 1139 1616
PWWP ADD 1 IV VIVIL IXX
DNMT3A
1 278 427 476 614 628 912
PWWP ADD 1 IV VIVII IXX
DNMT3B
1 206 355 423 555 569 853
ADD [ IV VIVII
DNMT3L
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1 309 441 462 740
— T~ — \K'J
N-terminal domain C-terminal domain

Figure 1. Comparison of the primary structures of human DNMTs. The C-
terminal domain contains conserved motifs (I-X) and is active in the absence of the
N-terminal domain. The N terminal domain has several conserved segments known
to interact with regulatory proteins and histones. The abbreviations used are:
DMAPD — DNA methyltransferase associated protein 1 interacting domain, PDB —
PCNA binding domain, RFTS — Replication foci targeting domain, BAH — bromo-
adjacent homology domain, ADD — ATRX-DNMT3-DNMT3L domain.
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Figure 2. Comparison of the primary structures of human DNMTSs. The C-
terminal domain contains conserved motifs (I-X) and is active in the absence of the
N-terminal domain. The N terminal domain has several conserved segments known
to interact with regulatory proteins and histones. The abbreviations used are:
DMAPD — DNA methyltransferase associated protein 1 interacting domain, PDB —
PCNA binding domain, RFTS — Replication foci targeting domain, BAH — bromo-
adjacent homology domain, ADD — ATRX-DNMT3-DNMT3L domain.
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Figure 3. Best fit plots of the inhibition with respect to both substrates, poly dl-
dC. A, B. and AdoMet C., D. Assays were performed with 150 nM DNMT3A with
an excess of the substrate being held constant. Radiolabeled *H-AdoMet was used to
determine prod uct formation. All reactions were assayed for 30 min, then quenched
with 0.1% SDS and spotted onto charged nylon membranes for detection. Extracted
Ki values are boxed, while corresponding reciprocal plot with best-fit lines are shown
in top right. Structures of inhibitors are shown (left).
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Table 1. Values for the various fits of inhibitors with respect to both substrates.
Fits were determined using the Noncompetitive and Uncompetitive nonlinear
regression models in Prism 8.4.3. The reported bounds define the 95% confidence

interval of the Kj value.

Inhibitor 1 2
Substrate AdoMet poly dI-dC AdoMet poly dI-dC
Best fit K; (uM) 3.70-7.06 12.64 — 40.56 2.53-5.09 11.37-23.34
Best fit Mechanism Mixed Mixed Mixed Uncompetitive
Goodness of fit (R?) 0.957 0.831 0.945 0.891
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Figure 4. Inhibitors 1 (A) and 2 (B) modulate the activity of human

DNMT3A _CD (m), DNMT3A _FL (=) and DNMT1 (=) DNA methyltransferases
but not of the bacterial DNA methyltransferase M.Sssl (m). To test the
specificity of inhibitor 1 and 2 for these distinct types of enzymes, assays were
performed with 150 nM DNMT3A_CD (m), DNMT3A_FL (=), 133 U/mL DNMT1
(=) and 266 U/mL M.Sssl (A and B). Inhibitors 1 (A) and 2 (B) were tested at 6 and
60 uM with poly dIdC and AdoMet at a fixed concentration of 1.8 ng/uL and 5 uM,
respectively. In all reactions (A and B), enzymes and inhibitor 1 or 2 were pre-
incubated for 15 minutes at 37 °C in methylation reaction buffer (see methods) prior
to initiating the reaction by the addition of DNA. Methylation reactions were
assayed for 30 min, quenched with 0.1% SDS and spotted onto charged nylon
membranes for detection of radiolabeled *H-AdoMet DNA. Data reflect the mean
and standard deviation of at least 3 independent experiments.
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Methods

Protein expression and purification

The isolated catalytic domain (CD) of DNMT3A (residues 634-912), which was
used in all DNMT3A assays, has comparable kinetic parameters (Kcat, Kmpna, Kmadomet) and
similar regulatory responses to DNMT3L to the full length protein.2? The protein was
expressed using codon optimized plasmids pET28a-hDNMT3A CD (A1-611).3

All proteins were expressed in NiCo21 (DE3) competent E. coli cells (New England
Biolabs). Using LB medium, cell cultures were grown at 37 °C until an Agoo nm Of 0.6 was
reached. Following growth, expression was induced at 28 °C using 1 mM isopropyl B-D-
thiogalactopyranoside (Gold Biotechnology). This addition marked the beginning of a 6 h
induction time that ended with centrifugation and collection of the resulting cell pellet for
storage at -80 °C. Further purification began with cell lysis via sonication in 50 mM HEPES,
500 mM NaCl, 50 mM imidazole, 10% glycerol and 1% phenylmethylsulfonyl fluoride
(PMSF) at pH 7.8. The solution was clarified by centrifugation and then loaded into an
AKTA start FPLC (GE Healthcare) for purification. This was performed using a nickel-
nitrilotriacetic acid column (GE Healthcare), a 50 mM HEPES, 500 mM NaCl, 50 mM
imidazole, 10% glycerol and 1% PMSF at pH 7.8 buffer for equilibration and a similar 70
mM imidazole buffer for washing. Elution of column bound protein was triggered with a
500 mM imidazole buffer equivalent. The storage of all collected proteins was done at -80
°C in 50 mM KH2PO4/ KoHPO4, 20% glycerol buffer at pH 7.8. The activity of obtained
DNMT3A was determined by methylation assay (described below).

Methylation Assays

In vitro methylation assays were used to determine the total amount of product
(methylated poly dI-dC DNA) generated through the catalytic cycle of active DNMT3A.
Reactions with 150 nM DNMT3A tetramer were carried out at 37 °C, pH 7.8 in 50 mM
KH2PO4/K2HPOs , 1 mM DTT, 0.2 mg/mL BSA, 20 mM NaCl and 5 puM AdoMet
(composed of 4.5 uM unlabeled and 0.5 pM 3H-methyl labeled cofactor). 20 pL assays
were preincubated for 20 min at 37 °C followed by the addition of 1.8 ng/uL poly dI-dC
DNA. After the specified assay time, the reactions were quenched with 0.1% SDS and
spotted onto Hybond-XL membranes (GE Healthcare). The membranes were washed with
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both 50 mM KH>PO4/ K>HPO4 and ethanol. Following a drying period, samples were
analyzed using a Beckmann LS6000 liquid scintillation counter.

Library screening

Screening was done in 96 conical well plates (Costar). The average maximum
turnover rate from 8 wells with 150 nM DNMT3A WT served as control groups. A master
mix contained reaction buffer (50 mM KH2PO4/K2HPO4, 1 mM EDTA, 1 mM DTT, 0.2
mg/ml of BSA, 20 mM NaCl), and 5 uM AdoMet (from a 50 uM stock composed of 45 uM
unlabeled and 5 pM 3H-methyl labeled at pH 7.8) and 150 nM 3A were mixed and then
aliquoted into each well. Chemical library compounds (Pathogen box) were added into each
well at 60 uM and incubated at 37 °C for 60 mins after addition of 5 uM poly dI-dC. All
wells were quenched with 0.1% SDS (1:1) after 1-hour. Samples (15uL) were spotted onto
Hybond-XL membranes (GE Healthcare), washed, and dried.

Kinetic studies

To determine the dependence of inhibition on the individual cofactors, methylation
assays (described above) were performed with inhibitor at three different concentrations (0
uM, ~ICsg, Excess), one cofactor held constant (5 uM AdoMet or 12.0 ng/uL poly dI-dC),
and the other varied. For the variation of AdoMet, concentrations of 10, 4, 1, 0.5, 0.2, 0.16,
and 0.08 uM were used, while for the variation of DNA, 0.15, 0.25, 0.3, 0.5, 1, 1.5, +3.0 and
12.0 ng/uL poly dI-dC DNA were used.

Data Analysis

Using Prism 8.4.3. all data was fit both to non-linear models and converted to
double-reciprocal format and fitted to linear-models. Using the tabulated Goodness of Fit
(R?) values, the most statistically likely mechanism of inhibition was chosen (Table 1S).

Specificity of inhibitors to human DNA methyltransferases

To assess the specificity of inhibitor 1 and 2 for DNMT3A, DNA methylation assays
(described above) were performed with each inhibitor at two distinct concentrations (6 or 60
uM) with both poly dI-dC DNA (1.8 ng/uL) and AdoMet (5 uM) held at a constant
concentration. The distinct types of DNA methyltransferases and their concentrations were
as follows: 150 nM full-length (DNMT3A_FL) or catalytic domain DNMT3A
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(DNMT3A_CD), 133 U/mL DNMT1 (purchased form NEB) and 266 U/mL M.Sssl
(purchased form NEB).

Supplementary Material

Table S1. R? values for the non-linear fits of the available inhibition data with

respect to three generalized inhibition mechanisms: competitive, uncompetitive and
noncompetitive (mixed type).

Inhibitor ]_

2
Cofactor ‘ AdaMet poly dIdC AdoMet ‘ poly dIdC. ‘
Competitive Fit 0.8927 0.7690 0.9507 0.5304
Uncompetitive Fit ‘ 0.9467 0.8124 | 0.9833 0.8909 ‘
Noncompetitive Fit 0.9571 0.8312 0.9804 0.8572

177



| AF07

©\)L©[Qc} EoL

Secondary Screen Results d'\t;) o, 003

100+

o
b

Relative activity (%)}

SHI PR RO NA PSP D
SEECFIFSFF LS
Compound

Figure S1. Results from the secondary screen. Compounds that exhibited more than
90% inhibition in the primary screen of the Pathogen Box library were subjected to
duplicate (n=2) repetition of the inhibition. Actvity assays were performed as
described in the Methods. The compounds are designated by their location in the
library and reference structures are provided below. Compound 1 is designated AC05
while compound 2 is BC02.
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Chapter VI1: Small molecule inhibition of DNMT3A regulation by partner proteins

Abstract

In a previous screening of a small chemical library (Medicines for Malaria Venture
Pathogen Box) we identified two structurally related pyrazolone (inhibitor 1) and pyridazine
(inhibitor 2) that act as allosteric inhibitors of DNMT3A and display low micromolar
inhibition constants. With the use of mutational mapping, computational modeling,
radiochemical and binding assays under various conditions, we show that these compounds
bind and disrupt protein-protein interactions at the DNMT3A tetramer interface. This
disruption is observed in tetrameric complexes involving DNMT3A and distinct partner
proteins, like DNMT3L, p53 and TDG. To date, small molecules targeting DNMT3A are
limited to competitive inhibitors of AdoMet or DNA as well as the highly cytotoxic
nucleoside inhibitors. Our work is the first to identify small molecules with a mechanism of
inhibition involving disruption of PPIs with DNMT3A. Future structure-activity
relationship (SAR) studies and optimization of these compounds provides a promising basis
for the treatment of diseases that display aberrant PPIs with DNMT3A, such as AML.
Introduction

The epigenetic machinery regulates a wide range of biological processes including
parental imprinting, cellular development, and differentiation (1-4). Epigenetic regulation is
a highly dynamic process that is achieved by the action and modulation of writers (DNMTSs,
HATs and HMTSs) 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 (5), (6). Given the reversibility of epigenetic modifications, interest in the

development of therapeutics targeting epigenetic enzymes has increased in recent years,
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especially allosteric modulators (7), (8). While some success has been realized for some
epigenetic enzymes, like histone modifiers, others have proven challenging in this regard (9-
12). For instance, the FDA approved nucleoside inhibitors (azacytidine and decitabine ),
which function as prodrugs that are incorporated into DNA to inhibit the human de novo
DNA methyltransferase 3A (DNMT3A), are highly cytotoxic due to formation of an
irreversible DNMT3A-DNA suicide complex (13-15). In addition to these substrate DNA
competitive inhibitors of DNMTSs, several molecules that act as cofactor S-adenosyl-I-
methionine (AdoMet) competitors to inhibit DNMT3A have been described (16-20).
However, the use of competitive inhibitors of DNMTSs presents several disadvantages
compared to allosteric inhibitors in terms of specificity within a family of related proteins,
non-related proteins with shared cofactor or inability to target surfaces involved with

modulation of enzymatic activity.

Epigenetic mechanisms are characterized by highly integrated pathways involving
extensive crosstalk, and this crosstalk is often mediated by protein-protein interactions
(PPIs) (21-23). For instance, DNMT3A interacts with the Polycomb repressive complexes 2
(PRC2), a multimeric complex associated with transcriptional silencing that is composed of
various histone modifiers and long noncoding RNAs (24-30). Through this interaction,
DNMT3A-mediated DNA methylation contributes to the silencing of PRC2 target genes
(24-26). Therefore, the disruption of protein-protein complexes could be a route to develop
highly specific drugs targeting epigenetic pathways. However, based on the unique
physicochemical properties of surfaces involved with PPIs, small molecules targeting PPIs
have proven more challenging to predict compared to molecules targeting a binding pocket.
Therefore, studies targeting PPIs largely rely on high-throughput screens of many

chemically diverse compounds (31), (32). Based on this approach, there has been some
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success in efforts aiming to identify small molecule inhibitors of epigenetic protein-protein
interactions, specifically in distinct types of histone reader proteins and scaffolding proteins
of epigenetic complexes (33). In addition to being recurrently mutated in patients with
Acute Myeloid leukemia (AML), the biological importance of DNMT3A is highlighted by
the fact DNMT3A interacts with a wide range of proteins with distinct biological functions,
some of which share a binding surface with DNMT3L (Figure 1 A.) (34-39). Thus,
DNMT3A is a suitable target for the potential use of small molecules to target PPIs in

diseases like 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 (Supplementary Figure 1 A. and B.)
(Figure 1 A.) (40). Given that the ATRX-DNMT3-DNMT3L (ADD) domain or the tetramer
interface of DNMT3A present two well-characterized surfaces for allosteric modulation of
enzymatic activity (Figure 1 A.), we assessed whether compounds 1 or 2 disrupt interactions
at these surfaces (Figure 1 B.) (36), (41), (42). With the use of mutational mapping,
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 (13-15).
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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 (= and m; a.a. 468-
912) in complex with DNMT3L (- ; a.a. 171-379) and Histone H3 peptides
(' ;1-12) with surfaces involved with interactions (m; < 5 A) (adapted from
PDB 4U7T). DNA (=) was modelled 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 protein-protein interactions at the tetramer
interface (I1. and I1.).

Results

Compounds 1 and 2 disrupt DNMT3A_WT homo- or heterotetramers but not Histone
H3 tails- DNMT3A_WT interactions

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
decitabine), which are highly cytotoxic (13), (15). We recently reported the discovery of
two compounds (Supplementary Figure 1 A. and B.) that act as allosteric inhibitors of
DNMTS3A (i.e. not competitive with SAM or DNA) (40). However, the precise mechanism
of action (Figure 1 B.) or the surface on DNMT3A bound by these inhibitors remain

unknown (Figure 1 A.). Histone H3 tails and DNMT3L act as allosteric activators of
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DNMT3A activity by binding the ADD domain or the tetramer interface of DNMT3A,
respectively (36), (41), (42). Therefore, we assessed whether the allosteric inhibitors
(Compound 1 or 2) disrupt the modulation of DNMT3A activity by Histone H3 tails or
DNMT3L (Figure 2). We observed that the activity of DNMT3A_WT in reactions where
DNMT3A_WT was pre-incubated with DNMT3L and Compound 1 (m Figure 2 B.) or 2 (m,
m Figure 2 B.) was lower compared to similar reactions with DNMT3A_WT, DNMT3L and
DMSO (= Figure 2 B. and E.; ***, p<0.001). We found that under identical conditions
other than pre-incubating DNMT3A_WT with Histone H3 tails and Compound 2 (m Figure
2 A)), the activity of DNMT3A_WT in reactions with Compound 2 (m Figure 2 A.) was not
significantly different to that observed in reactions with DMSO (= Figure 2 A.; ns, p>0.05).
Although DNMT3A and histone-modifying enzymes, like Lysine-specific demethylase 5A
(KDM5A), modify distinct components of nucleosomes, both epigenetic enzymes are
readers and writers of nucleosome substrates. We sought to determine whether Compounds
1 and 2 affect the activity of KDM5A to assess the specificity of these compounds for
DNMT3A over an unrelated epigenetic enzymes and potential off-target effects in cells from
non-specific interactions with other epigenetic readers and writers. We found that
Compounds 1 and 2 minimally affect the demethylase activity of KDM5A relative to CPI-
455, a well-established KDMS5 inhibitor (Supplementary Figure 2). Based on the inhibition
of DNMT3L-mediated stimulation of DNMT3A_WT activity by Compound 1 or 2 in
reactions at equilibrium (Figure 2 B. and E.), we tested whether Compound 2 disrupts
DNMT3A_WT homo- or heterotetramers carrying out DNA methylation (Figure 2 C. and
D.). The addition of Compound 2 decreases the activity of DNMT3A_WT homotetramers
(m Figure 2 C.) or DNMT3A_WT-DNMT3L heterotetramers (m Figure 2 D.) relative to

similar reactions in which DMSO was added to catalytically active DNMT3A WT
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homotetramers (m Figure 2 C.) or DNMT3A_WT-DNMT3L heterotetramers (= Figure 2

D.).

In addition to DNMT3L, the activity of DNMT3A is modulated by distinct partner
proteins through direct interactions with the tetramer interface of DNMT3A (7-11) (Figure 1
A.). 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 1 B, 1l. or I11.). For this
approach, we measured the fluorescence anisotropy of a fluorescein (5°/6-FAM)-labelled
27-mer (GCbox30 duplex) in complex with DNMT3A_WT homo- or heterotetramers in the
presence of Compounds 1 and 2 (Figure 3) (43), (44). We found that the addition of
Compound 1 (m Figure 3 A.) or 2 (m Figure 3 B.) decreases the fluorescence anisotropy of
DNA-bound DNMT3A_WT homotetramers compared to similar reactions with DMSO (m
Figure 3 A. and B.). Furthermore, increasing concentrations of DNMT3A_WT results in a
lower change to the initial fluorescence anisotropy of FAM-DNA in reactions with
Compound 1 (m Figure 3 C.) or 2 (m Figure 3 D.) relative to those with DMSO (m Figure 3
C.and D.). Similarly, increasing concentrations of Compound 1 (m Figure 3 E. and F.) or 2
(m Figure 3 E. and F.) drastically decreases the initial fluorescence anisotropy of
DNMT3A_WT-p53 (E.) or DNMT3A_WT-TDG (F.) heterotetramers bound to FAM-DNA
compared to similar reactions consisting of DNMT3A_WT homotetramers (= Figure 3 E.
and F.) or heterotetramers with p53 (m Figure 3 E.) or TDG (m Figure 3 F.) challenged by
the addition of DMSO. In fact, we observed that increasing levels of Compound 1 (m Figure
3E.andF.) or 2 (m Figure 3 E. and F.) to DNMT3A_WT-p53 (Figure 3 E.) or
DNMT3A_WT-TDG (Figure 3 F.) heterotetramers on FAM-DNA led to a final anisotropy

value comparable to reactions with DNMT3A_WT homotetramers and Compound 2 (600
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M) at the start of the reaction (= Figure 3 E. and F.). 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 to the oligomeric state of

DNMT3A (Figure 1 B. Il1).
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Figure 2. Compounds 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 A., Compounds 1 and 2 inhibit the stimulation of
DNMT3A_WT activity by DNMT3L in reactions at equilibrium (B. and E.) and
actively methylating DNMT3A_WT homotetramers (m C.; s DNMT3A WT, m
DNMT3A_WT with Comp. 2, ) or DNMT3A_WT-DNMTS3L heterotetramers (=
D.; m DNMT3A_WT, s DNMT3A_WT-DNMT3L). Reactions in (A.), (B.) and
(E.) consisted of 150 nM DNMT3A_WT pre-incubated for 1 hour at 37°C with
H3 peptides (5 uM; residues 1-21) (A.) or DNMT3L (150 nM; B. and E.) in
buffer containing compound 1 (E.) or 2 (A. and B.). While reactions in (C.) and
(D.) consisted of 50 nM DNMT3A_WT, reactions in (D.) consisted of
DNMT3A_WT-DNMT3L (1:1 at 50 nM) that was pre-incubated for 1 hour at
37°C prior to the start of the reaction. All reactions (A.-E.) were initiated by the
addition of Poly dI-dC (5 uM). Fold change (A.-E.) refers to data normalized to
the activity of reactions consisting of DNMT3A_WT only. All data reflect the
mean and s.d. of 3 independent experiments. A T-test (A. and B.) or one-way
analysis of variance (E.) was used to compare the values of reactions containing
compound 1 (E.) or 2 (A. and B.) to those without compound 1 or 2 (ns, p>0.05;
*** p<0.001).
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Figure 3. Compounds disrupt to DNA-bound DNMT3A_WT in complex
with distinct partner proteins. While the addition of DMSO (A. and B.)
does not disrupt DNA-bound (50 nM of 5’ FAM-6-labeled GCbox30 duplex)
DNMT3A_WT homotetramers (1 M), 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 to the fluorescence anisotropy of FAM-labeled
substrate DNA relative to similar reactions with DMSO (C. and D.).
Increasing concentrations of Compound 1 (m E.and F.) or 2 (m E. and F.)
decreases the fluorescence anisotropy of DNMT3A_WT-p53 (E.) or
DNMT3A_WT-TDG (F.) complexes on DNA (GCbox30 duplex). The
following reactions were performed as controls in (E.) and (F.):
DNMT3A_WT with DMSO (=; E. and F.), DNMT3A_WT-p53 with DMSO
(w E.), DNMT3A_WT-TDG with DMSO (m F.) and DNMT3A_WT with
Compound 2 at the beginning of the reaction (=; E. and F.). Data reflect the
mean and s.d. of 3 independent experiments.
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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 (43), (45-47). Interestingly, inspection of the binding pose of Compound 2
to the DNMT3A tetramer interface predicted that Compound 2 stably interact with key
residues involved in these processes (Supplementary Figure 3). Based on these observations
and data showing Compounds 1 and 2 interfere with interactions at the tetramer interface of
DNMT3A (Figure 1 B. and Figure 2), we assessed the effect of Compound 2 on DNMT3A
tetramer interface Alanine substitutions (R729, E733, R736 and R771; Supplementary
Figure 1 C.). 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 pre-incubation (10 minutes) with Compound 2 (Figure 4 A. and B.).
While all the DNMT3A tetramer interface mutants (R729, E733, R736 and R771) were
differentially responsive to Compound 2 relative to DNMT3A_WT (Figure 4 A.; ***,
p<0.001), we found that DNMT3A_R771A (m Figure 4 B.) 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 pre-incubated with DNMT3L
and Compound 2 prior to being initiated (Figure 4 C. and D.). Unlike reactions without
DNMT3L (Figure 4 A. and B.), 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 4 C.; ns, p>0.05). Furthermore,
Compound 2 inhibited the activity of DNMT3A_R771A in DNMT3A_R771A-DNMT3L
heterotetramers (m Figure 4 D.), which was not observed in reactions without DNMT3L (m

Figure 4 B.). To further examine the inhibition of DNMT3L-mediated activation of
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DNMT3A tetramer interface mutants (m Figure 4 D.), we then assessed the effect of
Compound 2 on the fluorescence anisotropy of tetramer interface mutant DNMT3A-
DNMTS3L heterotetramers bound to FAM-DNA (Figure 4 E.). We initially monitored
changes to the fluorescence anisotropy of dimeric DNMT3A tetramer interface mutants
bound to FAM-DNA by the addition of DNMT3L to confirm the formation of tetramer
interface mutant DNMT3A-DNMT3L heterotetramers. The increase to the fluorescence
anisotropy of FAM-DNA bound by DNMT3A_R771A (m Figure 4 E.) or DNMT3A_R729A
(m Figure 4 E.) observed by the addition of DNMT3L was comparable to fluorescence
anisotropy values of DNMT3A_WT-DNMT3L heterotetramers in complex with FAM-DNA
(m Figure 4 E.). While the addition of DMSO did not alter the fluorescence anisotropy of
these complexes (Figure 4 E., DNMT3L with s DNMT3A_WT, s DNMT3A_R771A or m
DNMT3A_R729A), the addition of Compound 2 reduced the fluorescence anisotropy of
FAM-DNA bound by DNMT3A WT (m Figure 4 E.), DNMT3A_R771A (m Figure 4 E.) or
DNMT3A_R729A (m Figure 4 E.) in complex with DNMT3L to comparable levels as that
observed prior to the addition of DNMT3L. Therefore, our data show 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 1 B.).

189



1.0
= 0.8

=] £
2 os g
c z
= 04 2
= g
S 0.2

Fold inhibition

300

s " .

200

- °
100 g 8
0 4
%
) oo

puM Comp. 2

Figure 4. Compound 2 inhibits DNMT3A_R771A-DNMT3L heterotetramers but
not DNMT3A _R771A homodimers. (A. and B.) DNMT3A tetramer interface
mutants are differentially responsive to modulation by Comp. 2 relative to WT with
R771A unresponsive to inhibition (B.). (C. and D.) Formation of mutant DNMT3A
heterotetramers with DNMT3L leads to comparable levels of inhibition by Comp. 2 as
WT-DNMT3L complexes and restores inhibition of R771A (D.). (E.) The addition of
Comp. 2 decreases the fluorescence anisotropy of DNMT3L heterotetramers with
DNMT3A WT (m), R771A (m) or R729A (m) bound to FAM-labeled DNA (GCbox30
duplex). Similar reactions consisting of DNMT3L in complex with DNMT3A WT (m),
R771A (m) or R729A (m) to which DMSO was added were performed as controls. (A.-
D.) consisted of 150 nM WT or mutant DNMT3A, 150 nM DNMT3L (C. and D.; pre-
incubated for 1 hour at 37°C) and were initiated by the addition of Poly dI-dC (5 uM).
Fold inhibition (C. and D.) refers to 1 — (product formed with Comp. 2/product formed
without Comp. 2). A one-way analysis of variance (A. and C.) was used to compare
the values of reactions with DNMT3A mutants to those with WT. A T-test (B. and D.)
was performed to compare the values of reactions containing comp. 2 to those without
comp. 2 (ns, p>0.05; ***, p<0.001; *, p<0.01). All data reflect the mean and s.d. of 3
independent experiments.
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Compounds 1 and 2 disrupt interactions at the tetramer interface of DNMT3A_R882H
The DNMT3A R882H substitution is the most frequently detected DNMT3A
mutation in AML patients (37-39). Although located at the major surface of DNMT3A for

DNA binding (Supplementary Figure 1), the R882H substitution appears to alter the
interactions between DNMT3A and distinct partner proteins, including those that bind the
DNMT3A tetramer interface (42),(47), (48), Given the biological impact of R882H
substitutions and the effect of R882H on protein-protein interactions 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 2
B.), we found that a one-hour pre-incubation of DNMT3A_R882H, DNMT3L and
Compound 1 (m, m Figure 5 B.) or 2 (m, m Figure 5 A.) decreases the activation of
DNMT3A_R882H by DNMT3L relative to similar reactions consisting of
DNMT3A_R882H, DNMT3L and DMSO (= Figure A.and B.; ***, p<0.001).
Furthermore, the addition of Compound 2 (m Figure 5 C.; 120 uM) decreases product
formation (nM methylated DNA) in catalytically active DNMT3A_R882H-DNMT3L
heterotetramers relative to reactions with DNMT3A_R882H-DNMT3L heterotetramers
challenged with the addition of DMSO (= Figure 5 C.). To further examine the effect of
Compounds 1 or 2 on protein-protein interactions involving DNMT3A_R882H, and like that
performed in reactions with DNMT3A_WT (Figure 3) and tetramer interface mutants
(Figure 4), 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 initial fluorescence anisotropy of DNMT3A_R882H dimers on FAM-DNA (m,

m Figure 6 A. and B.). Compared to reactions with DNMT3A_R882H-DNMT3L
191



heterotetramers to which DMSO was added (m Figure 6 A. and B.), the addition of
Compound 1 (m Figure 6 B.) or 2 (m Figure 6 A.) 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 (m Figure 6 D.) or 2 (m Figure 6 C.) compared to similar reactions with
DMSO (m Figure 6 C. and D.). To assess whether this effect (Figure 6 A.-D.) is also
observed in DNMT3A_R882H heterotetramers, we monitored the fluorescence anisotropy
of DNA-bound DNMT3A_R882H in complex with p53 (Figure 6 E.) or TDG (Figure 6 F.)
challenged with increasing concentrations of Compound 1 or 2. The addition of DMSO
minimally reduces the fluorescence anisotropy of DNA-bound DNMT3A_R882H
heterotetramers with DNMT3L (= Figure 6 E. and F.), p53 (m Figure 6 E.) or TDG (m
Figure 6 F.). However, increasing concentrations of Compound 1 (m, Figure 6 E. and F.) or
2 (m, Figure 6 E. and F.) decreased the fluorescence anisotropy of DNA-bound
DNMT3A_R882H-p53 (E.) or DNMT3A_R882H-TDG (F.) heterotetramers to similar
levels as that observed in controls consisting of DNMT3A_R882H, DNMT3L and
Compound 2 from the start of the reaction (=, Figure 6 E. and F.). Here we show that
Compounds 1 and 2 disrupt protein-protein interactions involving the biomedically relevant

R882H substitution in DNMT3A and partner proteins with distinct biological functions.
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Figure 5. Compounds 1 and 2 inhibit the activation of DNMT3A_R882H by
DNMT3L. (A.and B.) Compounds 1 and 2 disrupt the activation of
DNMT3A_R882H enzymatic activity by DNMT3L in reactions at equilibrium (A. and
B.) as well as actively methylating DNMT3A_R882H-DNMT3L complexes (m C.).
Reactions in (A. and B.) consisted of 150 nM DNMT3A_R882H pre-incubated for 1
hour at 37°C with DNMT3L (150 nM; B. and E.) in buffer containing compound 1 (E.)
or 2 (A. and B.). Reactions in (C.) consisted of 50 nM DNMT3A _R882H (m) and
DNMT3A_R882H-DNMT3L(=; 1:1 at 50 nM and pre-incubated for 1 hour at 37°C).
All reactions (A.-C.) were initiated by the addition of Poly dI-dC (5 uM). Fold change
(A. and B.) refers to data normalized to the activity of reactions consisting of
DNMT3A_R882H only. A one-way analysis of variance (A. and B.) was carried out to
compare the averages of reactions with DNMT3A_R882H-DNMT3L complexes under

various conditions.
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Figure 6. Compounds disrupt DNA-bound 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 of 5’
FAM-6-labeled GCbox30 duplex) DNMT3A_R882H-DNMT3L complexes relative to
similar reactions to which DMSO was added (A. and B.). While the addition of
DNMT3L increases the fluorescence anisotropy of DNMT3A_R882H in complex with
DNA in DMSO (C. and D.), increasing levels of DNMT3L do not change the
fluorescence anisotropy of DNA-bound (GCbhox30 duplex) DNMT3A R882H in the
presence of Compound 1 (D.) or 2 (C.). Increasing amounts of Compound 1 (m; E. and
F.) or 2 (m; E. and F.) decrease the fluorescence anisotropy of DNMT3A_R882H-p53
(E.) or DNMT3A_R882H-TDG (F.) complexes on DNA (GCbox30 duplex). (E. and
F.) The following reactions were performed as controls: DNMT3A_R882H-DNMT3L
with DMSO (=; E. and F.), DNMT3A_R882H-p53 (m; E.) or -TDG (m; F.) with DMSO
and DNMT3A_R882H-DNMT3L with Compound 2 at the beginning of the reaction
(=; E. and F.). All data reflect the mean and s.d. of 3 independent experiments.
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Discussion

There is expanding experimental evidence that epigenetic mechanisms are
interdependent and comprise a regulatory network whose crosstalk contributes to
transcriptional regulation (21-23). Given that this crosstalk involves the interactions of
distinct multimeric protein complexes, therapeutics targeting PPIs of epigenetic writers,
readers, and erasers are of keen interest (33). 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 (13-20). 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 (40). 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 1 B.).
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, like AML (37-39), (43), (46), (47).

Previously we reported two allosteric inhibitors that inhibit enzymatic activity by
binding outside the active site (Figure 1 A.). Subsequently we assessed whether Compounds
1 and 2 disrupt interactions at the allosteric surfaces known to modulate DNMT3A (m,
Figure 1 A.) to help define their mechanism of action. Given that Compounds 1 and 2
disrupt interactions at the tetramer interface of DNMT3A (Figure 2 B.-E.), but not at the
ADD domain (Figure 2 A.), our data are consistent with these compounds acting as PPIs
without impacting DNMT3A-H3 tail interactions (Figure 1 B., 1. and I11.). Our anisotropy

results show that the addition of Compounds 1 or 2 results in the formation of a smaller
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DNMT3A_WT-FAM-DNA complex, suggesting that both compounds disrupt interactions
between DNMT3A and partner proteins (Figure 1 B. Ill.). Furthermore, this mechanism of
action is not specific to WT DNMT3A-DNMT3A interactions at the tetramer interface
because we obtain similar results for two partner proteins with a shared binding surface on
DNMT3A but are associated with distinct biological functions (Figure 3 E. and F.) (33),
(34), (42), (46). The direct association and functional cooperation between DNMT3A and
partner proteins with distinct biological functions is well documented (24-26), (33), (34),
(42), (46). In fact, it has been shown that DNMT3A may act as a scaffold for epigenetic
regulatory complexes (24-26) in addition to directly influencing the activity of distinct
partner proteins (33), (34). 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
(36), (43), (45-47). We show Compounds 1 and 2 inhibit the activity of homodimer mutants
(R729A, E733A and R882H) located at both the dimer (R882H, Figure 5 A.-C.) and
tetramer (R729A and E733A, Figure 4 A. and B.) interfaces (Supplementary Figure 1 C.).
Thus, inhibition of DNMT3A activity by Compounds 1 and 2 does not come entirely from
disruptions of PPIs at the tetramer interface, and that once bound, these compounds further
inhibit the catalytic activity of DNMT3A (Figure 1 B. 111.). We also identified a dimer
mutant located at the tetramer interface (R771A) (Supplementary Figure 1 C.) that was only
responsive to inhibition of enzymatic activity (Figure 4 A.-D.) through disruption of PPIs by

compound 2 in heterotetrameric complexes with DNMT3L (Figure 4 E.). These findings
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provide insights into the amino acid side chain interactions that are essential for inhibition
and provide a basis for future structure-activity relationship (SAR) studies to determine the
precise molecular interactions involved with inhibition of DNMT3A activity by Compounds
1 and 2. Studies have shown that DNMT3A R882H contributes to leukemogenesis by
silencing differentiation-associated genes in hematopoietic stem cell (HSC) in a DNA
methylation-independent manner through the aberrant recruitment of the PRC1 complex
(47). Here we show that Compounds 1 and 2 disrupt the activation of DNMT3A R882H
through PPlIs at the tetramer interface (Figure 5 A.-C.), and perhaps more notably, these
compounds disrupt DNMT3A R882H complexes with distinct partner proteins (Figure 6 A.-
F.). Given that the R882H substitutions impacts distal interactions at the tetramer interface
(Supplementary Figure 1 C.) (42), (45), future SAR studies using 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 leukemogenesis (47).

In summary, our study aiming to characterize the inhibition of DNMT3A activity by
the recently described Compounds 1 and 2 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 provides a basis for
improved toxicity, which is dose limiting for currently used drugs targeting DNA
methylation (13-20). Further optimization of these compounds and the discovery of novel
PPI inhibitors provides a promising approach for the treatment of diseases that display
disruptions to the PPIs associated with DNMT3A, such as AML (47).

Methods

Expression constructs
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The plasmids used for expression of recombinant human proteins were as follows:
pET28a-hDNMT3ACopt for DNMT3A full length (49), pET28a-
hDNMT3A catalytic domain for wild type or mutants of DNMT3A catalytic domain (Al—
633) (50), pTYB1-3L was used to express full-length human DNMT3L (35), pET15b-
human p53 for expression of full-length (1-393) human p53 (51) and pET28a-hTDG for
full-length TDG (1-410) (52). DNMT3A mutants were generated using pET28a-

hDNMT3A _catalytic_domain as a template and described in (45).

Protein expression and purification

DNMT3A full length and catalytic domain (WT and mutants), DNMT3L, p53, and
TDG were expressed in NiCo21(DE3) Competent E. coli cells (New England Biolabs).
Cells were grown in LB media 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 (p53), and 0.8 (TDG).
Protein expression was induced by the addition of 1 mM isopropyl-p-D-
thiogalactopyranoside (GoldBio) after lowering the temperature to 28 °C. Induction times
were 5 h for DNMT3A full length and catalytic domain (WT and mutants), 5 h for
DNMT3L, 5 h for TDG, 16 h for p53. 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 KH2PO4/K>HPO4 (pH 7.8), 1 mM
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EDTA, 1ImM DTT, 0.2 mg/mL BSA, 20 mM NaCl and with saturating AdoMet (15 puM).
For these reactions, 50 uM ([3*H] methyl-labeled: unlabeled, 1:10) AdoMet stocks were
prepared from 32 mM unlabeled AdoMet (NEB) and [3H] methyl-labeled AdoMet (80
Ci/mmol; supplied by PerkinElmer) in 10 mM H;SO4. Poly dI-dC (5 uM) was used as a
substrate due to the increased activity of DNMT3A in this substrate, which allows a higher
level of detection to changes in enzymatic activity. Reactions were quenched by mixing
aliquots taken from a larger reaction with 0.1% SDS (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 (53). In reactions assessing
disruption of PPIs with DNMT3A at equilibrium, DNMT3A was incubated for 1 hour 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.
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-labelled DNA were carried out in the following buffer: 50 mM
KH2PO4/K2HPO4 (pH 7.8), 1 mM EDTA, 1 mM DTT, 0.2 mg/ml BSA, 20 mM NaCl with
50 pm Sinefungin. The DNA substrate (Gebox30) for binding reactions consisted of a
duplex with a fluorescein (6-FAM) label on the 5" end of the top strand (5'/6
FAM/TGGATATCTAGGGGCGCTATGATATCT-3'; the recognition site for DNMT3A is
underlined) (44). Briefly, fluorescence anisotropy measurements of DNA-bound DNMT3A
homo- or heterotetramers were taken following a 5-minute incubation after the addition of

Compound 1, 2 or DMSO. Alternatively, Compounds were added to DNMT3A 40 minutes
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following the addition of Poly dI-dC to assess whether these compounds inhibit catalytically

active DNMT3A.
Computational docking

Using SWISS-MODEL a model of the catalytic domain (res 629-912) of DNMT3A
was constructed using the solved crystal structure 4u7t as a template (54). This structure
was then prepared for docking using AutoDock Tools (55). The structures of the small
molecules were prepared using Gypsum-DL (56). The small molecules were docked to the

protein surface using AutoDock Vina (56).
Computational dynamics

With the GROMACS 2020.04 molecular dynamics software package, the docked
protein ligand complexes could be further evaluated (57-59). The CHARMM36m force
field was used to parameterize the protein structure (60), (61). In order to parameterize the
small molecules the CGenFF tool was used (62), (63). 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.
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
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five distinct energy terms examining the difference between bound and unbound (eql).

These calculations were handled by the program gmx_MMPBSA (63).

‘E‘Gbind = (ﬂEVdW + ﬂVeI + ﬂth) + (‘E‘Gpoiar' + E‘Gnon—poiar‘)

The five energy terms can be divided into two groups. The Van der Waals’, Coulombic and
Internal energies are computed using standard molecule mechanics (MM) methods, while
the changes in polar and non-polar energy are determined using the generalized-Born (GB)

method and changes in solvent accessible surface area (SASA) respectively.

Supplementary Material
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Figure S1. Structure of Compounds 1 or 2 as well as DNMT3A
mutants explored in this study. (A. and B.) Structure of related
pyrazolone (1) and pyridazine (2) inhibitors. (C.) Crystal structure of
a DNA-bound DNMT3A-DNMTS3L heterotetramer (adapted from
PDB 5YX2) depicting tetramer interface (R729, E733, R736 and
R771) and dimer interface (R882H) substitutions assayed in this
study.
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Figure S2. Compounds 1 and 2 do not inhibit the activity of the
H3K4 histone demethylase KDM5.
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Figure S3. Inspection of the binding pose of Compound 2 on the
tetramer interface. The position of the allosteric molecule
Compound 2 in the tetramer interface of DNMT3A following a 10 ns
simulation of Compound 2 with a single catalytic monomer is shown
with its trajectory. A monomer (pink) is shown with the position of
this interface (blue) shown relative to the entire crystal structure
(PDB: 4u7t) with DNA modeled in (PDB: 6kda). The top contacts
defined by their contribution to the MM/GBSA calculation are shown
in pink and labeled. Conserved residues are in grey. (Note currently
Arg742 and Arg771 are both conserved and top contacts). The
Compound 2 scaffold lies over the conserved residues with strong
coulombic contributions from surrounding PPI residues (mainly Arg
and Glu).
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