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Abstract

Mammalian genomes are methylated on carbon-5 of many cytosines, mostly in CpG dinucleotides. 

Methylation patterns are maintained during mitosis via DNMT1, and regulatory factors involved 

in processes that include histone modifications. Methylation in a sequence longer than CpG can 

influence the binding of sequence-specific transcription factors, thus affecting gene expression. 

5-Methylcytosine deamination results in C-to-T transition. While some mutations are beneficial, 

most are not; so boosting C-to-T transitions can be dangerous. Given the role of DNMT3A 

in establishing de novo DNA methylation during development, it is this CpG methylation and 

deamination that provide the major mutagenic impetus in the DNMT3A gene itself, including 

the R882H dominant-negative substitution associated with two diseases: germline mutations in 

DNMT3A overgrowth syndrome, and somatic mutations in clonal hematopoiesis that can initiate 

acute myeloid leukemia. We discuss recent developments in therapeutics targeting DNMT1, the 

role of noncatalytic isoform DNMT3B3 in regulating de novo methylation by DNMT3A, and 

structural characterization of DNMT3A in various configurations.

Introduction

Epigenetic modifications profoundly impact chromatin structure and gene expression, 

affecting inheritance, evolution, and human development and health [1]. S-adenosyl-L-

methionine (SAM)-dependent methylations occur on DNA, RNA, proteins and an array 

of other biological molecules [2]. Here, we focus on DNA cytosine-C5 methylation – one 

of the most studied epigenetic modifications in mammals, and a process associated with a 

range of human diseases, including cancer [3].
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There are three major human DNA cytosine methyltransferases (DNMTs), belonging to two 

structurally-and functionally-distinct families [4] (Figure 1). These DNMTs act primarily on 

CpG dinucleotides, generating 5-methylcytosine (5mC). DNMT3A and DNMT3B establish 

the initial methylation pattern de novo [5], in response to signals that are still not fully 

understood. DNMT1, in contrast, maintains this pattern during replication, by acting on 

the unmethylated strand in hemimethylated DNA [6]. Two additional proteins function 

in these processes: DNMT3L in de novo methylation [7], and UHRF1 in maintenance 

methylation [8,9], with both of them linking DNA methylation and histone modifications. 

DNMT3L connects unmethylated lysine 4 of histone H3 to de novo DNA methylation [10], 

whereas UHRF1 binds to both hemimethylated CpGs and to modified histone H3 tails ([11] 

and references therein) (Figure 1). In rodent genomes (but not in primates), Dnmt3c is a 

product of gene duplication of Dnmt3b, and is a catalytically-active DNA methyltransferase 

expressed in male germline cells [12,13]. Together with Dnmt3a, which broadly methylates 

the genome [14], DNMT3c methylates the promoters of young retrotransposons and is 

required for mouse fertility [12].

This review focuses on recent developments in cancer therapeutics targeting DNMT1, 

hotspot mutations of DNMT3A in clonal hematopoiesis, structural characterization of 

DNMT3A in various configurations, roles of DNMT3B variants in regulation of DNMT3A 

activity, and the deamination of 5mC within a CpG dinucleotide which can cause C-to-T 

mutations.

Dicyanopyridine-based DNMT1-selective, non-nucleoside inhibitors

The reversibility of epigenetic modifications makes them attractive therapeutic targets. 

Historically, inducing DNA hypomethylation in humans relied on the cytosine nucleoside 

analogs azacytidine and 5-aza-2′-deoxycytidine (decitabine) [15,16]. These FDA-approved 

prodrugs, after conversion to triphosphates, are incorporated into RNA or DNA, where they 

trap DNMTs in irreversible, covalently-bonded suicide complexes [17]. These complexes 

result in persistent nucleoprotein adducts throughout the genome (for example, see Ref. 

[18]), repair of which tends to be error-prone, contributing to the toxicity of these drugs.

Despite their potential, the toxicity of, limited patient tolerance for, and ineffectiveness 

in treating solid tumors of nucleoside cytosine analogs [19] has stimulated development 

of non-nucleoside DNMT inhibitors. GlaxoSmithKline recently described a new class of 

reversible, DNMT1-selective inhibitors containing a dicyanopyridine moiety [20,21]. These 

inhibitors, including GSK3685032 (Figure 2a), are specific for DNMT1 with respect to 

>300 protein kinases and 30 other methyltransferases, significantly including DNMT3A and 

3B [20]. GSK3685032 inhibits cancer cell growth in vitro, and is superior to decitabine 

for tumor regression and mouse survival in models of acute myeloid leukemia (AML) 

[20]. This new class of DNMT1-specific inhibitors shows promising therapeutic potential. 

In a transgenic mouse model of sickle cell disease, oral GSK3482364 was well tolerated 

and boosted both fetal hemoglobin levels and the percentage of erythrocytes expressing 

fetal hemoglobin [22]. GSK3484862 (the purified R-enantiomer of GSK3482364) inhibits 

Dnmt1 in murine pre-implantation Dnmt3a/3b knockout embryos [23], and results in DNA 

hypomethylation nearly to the extent in Dnmt1 knockouts, with minimal toxicity [24].
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These dicyanopyridine compounds contain a planar dicyanopyridine that intercalates 

specifically into DNMT1-bound hemimethylated CpG dinucleotides, displacing the active-

site loop (Figure 2b). It is not yet understood how the inhibitor is recruited to the CpG site, 

but the active-site loop also intercalates into the same CpG site, suggesting that the inhibitor 

collaborates and/or competes with the active-site loop.

The DNMT1 active-site loop begins a catalytic cycle in an open conformation (Figure 

2c). Upon DNA binding, this loop intercalates into the DNA minor groove, flipping the 

target cytosine into the active-site pocket (Figure 2d). Once inside the active site, the 

Cys1226 nucleophile approaches cytosine C6, and the methyl-donor SAM approaches C5 

from the opposite face of the cytosine ring, allowing catalysis to proceed (Figure 2e). After 

methyltransfer, elimination of the C5 proton breaks the covalent bond between Cys and 

C6, releasing the reaction products (methylated DNA and SAH) prior to the next round of 

catalysis. The inhibitor appears to act just prior to the methyltransfer, competing with or 

displacing the active-site loop from the DNA minor groove, restoring the open conformation 

without releasing the DNA (Figure 2f).

The dicyanopyridine moiety intercalates into the DNA in the minor groove, between 

the adjacent C:G and G:C base pairs, and interacts with DNMT1 side chains on the 

major groove side (Figure 2g). A planar moiety inserting between adjacent bases is a 

well-known process for drug intercalation into DNA or RNA ([25] and references therein). 

However, in this case the intercalation takes place specifically between the DNMT1-bound 

hemimethylated CpG dinucleotides. Although Class I methyltransferases (to which DNMT1 

belongs) share a common seven-stranded Rossman-fold structure [26], the size and amino 

acid sequence of their active-site loops are not conserved (Figure 2h). Nevertheless, these 

results may also help in developing DNMT3A/3B-selective inhibitors.

Hotspot somatic mutations of DNMT3A in CpG dinucleotides

Clonal hematopoiesis (CH) is a prevalent age-related condition, associated with greatly 

increased risk of hematologic disease [27]. Somatic mutations in DNMT3A can 

initiate AML in some patients ([28,29] and references therein). Genome sequencing of 

hematopoietic cells from ~50,000 healthy individuals revealed that the top 10 most common 

single-nucleotide mutations all involve C-to-T alterations within CpG sites [30]. These 

mutations alter seven arginines and one proline in DNMT3A (Figure 3a). We note that 4/6 

arginine codons include a CpG. Ironically, the CpG methylation activity of DNMT3A itself 

provides the major mutagenic impetus: 5mC deaminates to thymine [31], yielding a T:G 

mismatch. If not repaired in time, a round of replication generates a C:G-to-T:A transition 

(see below).

DNMT3A variants occur across the gene (Catalogue of somatic mutations in cancer; https://

cancer.sanger.ac.uk/cosmic). Three-quarters (74%) of 253 disease-associated DNMT3A 
mutations were loss-of-function mutations, some due to reduced protein stability, and were 

associated with greater clonal expansion and AML development [32]. Of these top ten 

mutations, three are truncations (R320*, R598* and R771*) that result in loss of the 

histone-binding PWWP and ADD domains, the C-terminal catalytic domain, or all three 
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domains (Figure 3b–d). Arg326 of the PWWP domain is far from the H3K36me3 binding 

surface, but the R326C mutant loses an Arg–Asp electrostatic interaction (Figure 3e), which 

might explain its instability. Arg729 and Arg736 are in the same helix, interacting with 

DNMT3L (Figure 3f), which increases DNMT3A stability [33]. R729W or R736C/H could 

disrupt DNMT3A-DNMT3L interactions, explaining their instability. Pro904, whose codon 

CCG also contains CpG, curves the last helix of the catalytic domain (Figure 3g). P904L 

introduces a larger hydrophobic residue, that might interfere with the close packing with 

neighboring residues (like Pro799 in Figure 3g).

The most studied DNMT3A mutant is R882H [28]. R882 is in the DNMT3A dimer 

interface, and also contacts a DNA phosphate [34] (Figure 3h). R882H should not alter 

the DNMT3A–DNMT3L tetramer structure: aligning the DNMT3A catalytic domains (wild 

type R882 and mutant H882), in complex with the same DNA, yields a root-mean-square-

deviation of <0.3Å over 875 aligned Cα atoms [34]. The mechanistic defects of R882H are 

unclear and reports seem inconsistent. In murine embryonic stem (mES) cells, the R882H 

equivalent mutant in mouse Dnmt3a exhibited dominant-negative effects [35]. In vitro, 

R882H did not have such effects in mixed DNMT3A/R882H complexes [36], but R882H 

inhibits wild-type DNMT3A by blocking formation of active tetramers [37], while R882H 

stabilizes the formation of large DNMT3A oligomers [38]. In the DNMT3A C-terminal 

catalytic domain, R882H acquires flanking sequence preference for G three nucleotides 

(+3) past the CpG [39], or prefers C there in another study from the same laboratory [40]. 

DNMT3AR882H-DNMT3L complexes have reduced activity on CpGs, but higher activity 

on CpAs [34]. Finally, the R882H-equivalent mutation of mouse Dnmt3a is a Dnmt3b-like 

enzyme – the corresponding R882H mutation in mouse Dnmt3a (tested in Dnmt3a/3b 

double knockout mouse embryonic stem cells) impairs methylation of Dnmt3a targets at 

major satellite DNA, but has no clear effect on methylation of Dnmt3b targets at minor 

satellite DNA [41] (these authors also analyzed flanking sequence preferences of DNMT3A, 

DNMT3B and their variants, as discussed below). R882H-dependent CH and AML cells are 

particularly susceptible to azacytidine [42]. This suggests that R882H is active, at least for 

the initial reaction step where the covalent adduct is formed, and possibly also reflecting the 

changed CpG vs. CpA substrate preference.

Germline pathogenic variants (including R882H) are also found in patients with 

DNMT3A Overgrowth Syndrome (DOS) [43]. The peripheral blood DNA of DOS 

patients is hypomethylated (particularly in differentially-methylated regions – DMRs). 

Hypomethylation is more severe in patients with R882 substitutions, though still present 

in patients with non-R882 mutations [44]. In a mouse model ± Dnmt3a equivalent 

R882H mutation, CpG methylation levels within DMRs were ~33% (Dnmt3a−/−), 

~50% (Dnmt3a+/R882H), and ~85% (Dnmt3a+/−) of the Dnmt3a+/+ control [44]. Since 

Dnmt3a+/R882H has lower methylation than Dnmt3a+/−, Dnmt3a R882H protein must have 

dominant–negative properties in vivo.
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The inactive DNMT3B3 isoform functions like DNMT3L in somatic cells and 

cancers

DNMT3L functions primarily in the germline [7], and the DNMT3L gene is quickly 

silenced upon differentiation [45,46], whereas DNMT3A and DNMT3B expression is 

retained. This raises a question about the molecular basis for DNMT3L-independent 

regulation of DNMT3A/3B. DNMT3B produces ~40 splice variants in tissue- and disease-

specific manners [47], and at least 11 transcripts have been reported in the National Center 

for Biotechnology Information (NCBI), some of which yield catalytically inactive proteins. 

The variant DNMT3B3 is expressed in normal somatic cells and cancers [48,49], and 

this variant has the same 63-residue deletion as in Dnmt3L (Figure 4a). In vitro and 

in mES cells, Dnmt3b3, like Dnmt3L, stimulates the activities of Dnmt3a and Dnmt3b 

[50]. Structural characterization revealed a 3B3–3A-3A-3B3 heterotetramer, very similar to 

3L-3A-3A-3L and 3L-3B-3B-3L (Figure 4b–d) [49,51,52]. One unexpected observation is 

that DNMT3B3 binds to the acidic patch of the nucleosome core and orients the binding of 

DNMT3A to the linker DNA where methylation occurs [49] (Figure 4b). The key accessory 

role for DNA methylation, played by DNMT3L in germ cells, may thus be played by 

DNMT3B3 and/or other inactive DNMT3B isoforms (e.g., DNMT3B6) in somatic or cancer 

cells.

Flanking sequence preferences of DNMTs

Using the method of “Deep Enzymology” [53], Jeltsch and his colleagues studied CpG 

flanking sequence preferences for DNMT1, DNMT3A and DNMT3B [54,55]. These in 
vitro studies complemented earlier ones (e.g., Ref. [41]), and used recombinant enzymes 

(or just their catalytic domains) and naked DNA. Nevertheless, the studies revealed distinct 

sequence preferences of DNMTs. For example, DNMT3A and DNMT3B strongly prefer 

T at the −2 flanking position (Figure 4e) [55]. Preference for a Tat −2 is present but less 

pronounced for DNMT1 [54]. Currently, there is no structural explanation for the preference 

of T at −2 for any of these DNMTs. DNMT1 strongly disfavors a C at −2 (Figure 4f) [54], 

while it is accepted there by DNMT3A and 3B (Figure 4e) [55]. On the 3′ side, DNMT3A 

prefers CpGs followed by C/T +at 1, while DNMT3B predominantly methylates CpGs 

followed by G/A at +1 [56], fitting structural observations [55]. DNMT1 has no (or limited) 

preference at the +1 position, which allows the maintenance enzyme to propagate without 

bias (on the 3′ side) the methylation generated by either DNMT3A or DNMT3B.

These observations raise questions about possible competing actions between de novo and 

maintenance DNMTs. For example, a C at −2, being strongly disfavored by DNMT1, 

could result in some CpGs preferentially losing methylation during each round of DNA 

replication. To avoid such bias, DNMT1 activity at replication foci is tightly regulated at 

multiple levels (Figure 1). Factors included in this regulation include PCNA [57], UHRF1 

[8,9], DNA ligase 1 [58], and protein (histone) lysine methyltransferases G9a/GLP [59], 

among others, which may override DNMT1’s intrinsic flanking sequence preferences. 

We note that methylation of E-box sequences (CACGTG with a C at −2) or of CCAAT/

enhancer sequences (TTGCGCAA with a T at −2) have profound effects on binding by 
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transcription factors of the bHLH (basic helix-loop-helix) and bZIP (basic leucine-zipper) 

families, respectively [60], so DNMT flanking sequence preferences can indirectly modulate 

transcription factor binding.

Transcription factor binding of a 5mC deamination product increases C-to-

T mutations

Mutations in CpG-containing Arg codons correlates with genetic disease risk [61], and 

Arg→His mutations constitute about half of cancer-associated mutations across a range of 

tissues [62]. Besides the DNMT3A R882 mutations discussed here, other recurrent hotspot 

mutations are observed in the gene for tumor repressor p53, at R175, R213, R248, R273 

and R282 [63], and in the genes for isocitrate dehydrogenase at R132 of IDH1 and R140 

of IDH2 [64,65]. While spontaneous oxidative deamination of 5mC to T (or C to U) has 

been documented in organisms ranging from bacteria [66] to humans [67], our focus here 

is on the effects of 5mC methylation on the binding of specific proteins, and on how the 

5mC-binding proteins modulate the mutation rate.

Deamination of 5mC-to-T generates a T:G mismatch (Figure 4g) [68]. There are two 

mammalian thymine DNA glycosylases, TDG [69] and MBD4 [70]. MBD4 guards against 

methylation-mediated deamination damage seen in CH and early-onset AML [71]. MBD4-

deficient AMLs display a >30-fold higher mutation burden than AMLs generally, with 

nearly all (>95%) being C→T in a CpG dinucleotide [71]. In pan-cancer analysis of whole 

genomes, patients with rare germline MBD4 truncations exhibited increased rates of somatic 

C→T mutation at CpG dinucleotide [72]. If the T:G mismatch is inaccessible to MBD4 

and is not repaired in time, replication generates a C:G to T:A transition (Figure 4g). Two 

transcription factors, CEBPβ and ETS1, whose binding motifs contain CpG, restrict access 

by MBD4 to the mismatch and boost C→T mutation rates within their respective binding 

sites [73–75]. ETS1 binding both increases generation of UV-induced cyclopyrimidine 

dimers (CPDs), and blocks repair of cytosine-deaminated CPDs [75–77].

Summary and perspective

Growth of population sequencing data is now explosive, revealing the spectrum of human 

mutations. One example we reviewed here is DNMT3A mutations in DOS (germline) and 

CH (somatic). Similarly, p53 tumor suppressor gene (TP53) has germline mutations causing 

Li-Fraumeni syndrome, and the vast majority of mutations in diverse cancers involve CpG-

containing Arg codons [78]. These observations underscore the importance of endogenous 

mutational mechanisms in the genesis of genetic diseases and cancer.

Knowledge on targeting p53 Arg-substitution proteins for treating cancer might be 

applicable to DNMT3A. Eprenetapopt (APR-246) is a thiol-reactive small molecule that 

covalently binds cysteines [79], stabilizing mutant p53 and restoring wild-type function in 

TP53-mutant cells [80]. The same approach might be usable in DNMT3A-mutant cells. 

The U.S. Food and Drug Administration has authorized clinical studies of a combination of 

APR-246 with azacitidine in the treatment of myelodysplastic syndrome (MDS) and AML, 

where a susceptible TP53 mutation is present [81,82].
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The new non-nucleoside and DNMT1-selective inhibitors should overcome many limitations 

of nucleoside analogs. Dicyanopyridine derivatives might be developed for DNMT3A/3B-

specific and/or pan-DNMT inhibitors. The current use of DNA hypomethylating agents 

in treating the hypomethylation phenotype of patients with DNMT3A mutations seems 

counterproductive. Regions affected by hypomethylating agents are broader than the DMRs 

hypomethylated due to DNMT3A inactivation, so in some cases (such as hematopoietic stem 

cells) treatment with broad hypomethylating agents can have beneficial effects. It should be 

a high priority to identify regions of mismethylation associated with specific diseases such 

as AML.
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Figure 1. Schematic diagram of de novo and maintenance DNA methylation at CpG dinucleotide.
DNMT3A and DNMT3B establish the initial cytosine methylation pattern de novo, together 

with DNMT3L in germline and DNMT3B3 (or DNMT3B6, not shown) in somatic cells. 

Open lollipops represent unmethylated C, while filled ones represent 5mC. DNMT1 activity 

at replication foci is regulated at multiple levels to assure the faithful inheritance of genomic 

methylation patterns. Factors included in this regulation include PCNA, UHRF1, DNA 

ligase 1 (LIG1), protein lysine methyltransferases G9a/GLP, among others.
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Figure 2. DNMT1-selective, non-nucleoside, dicyanopyridine containing inhibitors.
(a) The chemical structure of GSK3685032. The inhibitors all share a 3,5-dicyanopyridine 

core but vary in their chemical architecture at positions C2 and C6 of the pyridine ring. (b) 

Surface representation of inhibitor-bound DNMT1-DNA structure with the inhibitor shown 

in yellow and the DNMT1 active-site loop shown in magenta. (c) The open conformation 

of the DNMT1 active-site loop (magenta) in the absence of DNA. Sinefungin is shown in 

stick model, M, Met1232 and C, Cys1226. (d) The closed conformation of the DNMT1 

active-site loop bound to DNA (in orange ribbon; the DNA helical axis is perpendicular to 

the page). The flipped-out cytosine analog zebularine and SAM are shown in stick model. 

(e) The active-site Cys1226 and SAM approach the zebularine [83] ring carbon atoms C6 

and C5 from opposite directions, respectively. (f) The inhibitor-induced open conformation 

of the DNMT1 active-site loop bound to DNA. The intra-helical cytosine analog zebularine 

(cyan) and inhibitor (colored yellow) are shown in stick model. (g) The inhibitor penetrates 

deeply into the DNA and interacts with DNMT1 located on the major groove side. (h) 

Sequence alignment of active-site loops among DNMT1, DNMT3A and DNTM3B. The 

cysteine in the third position (C1226 in DNMT1) is the active site nucleophile.
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Figure 3. The top 10 most commonly-observed single-nucleotide mutations in DNMT3A
(derived from a study from ~50,000 healthy individuals [30]). (a) The C-to-T alterations (in 

red letters) within CpG sites are indicated for mutated codons. The affected amino acids 

are depicted in the domain structures of DNMT3A. (b) R320 and R326 are located within 

the PWWP (Pro-Trp-Trp-Pro) domain. (c) R598 is located in the ADD Zn-binding domain 

conserved in ATRX, DNMT3A and DNMT3L. Three Zn atoms are shown in silver balls. (d) 

The catalytic domain of DNMT3A (R882H)-DNMT3L tetramer in complex with DNA. (e) 

R326 forms a salt bridge with D286. (f) Viewing from the point of DNMT3L: R729, R736 

and R771 of DNMT3A are located in the interface with DNMT3L. (g) P904 of DNMT3A is 

part of a curved helix. (h) R882H is located in the DNMT3A dimer interface and interacts 

with a DNA phosphate.
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Figure 4. Structures of DNMT3A in various configurations.
(a) Representatives of catalytically-active members of the DNMT3 family (3A1, 3A2, 3B1 

and 3B2) and inactive members (3L, 3B3 and 3B6). For a sequence comparison see figure 

S1B of [50]. (b) Structure of DNMT3B3–3A-3A-3B3 in complex with nucleosome core 

particle. DNA is in green, and histones are in gray. (c) DNMT3L-3A-3A-3L in complex 

with naked DNA. (d) DNMT3L-3B-3B-3L in complex with naked DNA. We note that 

the structural examples shown here are only for the C-terminal catalytic domain of 3A 

and 3B, or the equivalent domains of 3L and 3B3. (e) Flanking sequence preferences of 

DNMT3A and DNMT3B catalytic domains alone. (f) Examples of favored and disfavored 

DNMT1 methylation sites. (g) Methylation at an Arg codon. The deamination product of 

5mC creates a G:T mismatch. Binding of the mismatch by transcription factors limits access 

to the damaged site and, if not repaired in time, a round of DNA replication converts a CpG 

dinucleotide to CpA/TpG.
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