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ABSTRACT. DNA methylation is a mammalian epigenetic mark that is involved in defining 

where and when genes are expressed, both in normal cells and in the context of diseases. Like 

other epigenetic marks, it is reversible and can be modulated by chemical agents. Because it plays 

an important role in cancer by silencing certain genes, such as tumor suppressor genes, and by 

reactivating other regions, such as repeated elements, it is a promising therapeutic target. Two 

compounds are already approved to treat hematological cancers. Many efforts have been carried 

out to discover new molecules that are able to efficiently inhibit DNA methylation in cancer cells. 

We will briefly overview the foremost of these efforts by focusing on what we have learned to this 

point on non-nucleoside inhibitors and on what we consider to be the features of an ideal inhibitor. 
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INTRODUCTION 

Epigenetic modifications play an essential role in the establishment and regulation of 

differentiation programs that define when and where genes and their products are expressed.1, 2 

Although these changes do not modify the DNA sequence, they regulate gene expression in 

response to environmental factors by altering the DNA methylation patterns of genes, expression 

profiles of microRNAs, post-translational modifications of histones and nucleosome positioning.3 

Epigenetic regulation plays a central role in all biological processes. It is also involved in many 

diseases, including cancer.4, 5, 6, 7 In particular, aberrant epigenetic patterns are clearly implicated in 

tumor formation and maintenance. Epigenetic modifications have a therapeutic advantage in that 

they are reversible. Over the last decade, a growing number of molecules (“epidrugs”) targeting 

epigenetic mechanisms (DNA methylation, histone deacetylation, methylation and demethylation, 

histone readers) have been developed to treat cancer.8, 9, 10, 11, 12, 13 

The main epigenetic factors are histone dynamics (i.e., position, composition and chemical 

modifications of the nucleosomes) and DNA methylation.1 In humans, DNA methylation is the 

most stable epigenetic mark;14 it occurs at position 5 of cytosine, predominantly in a CpG 

dinucleotide context, and it is catalyzed by C5-DNA methyltransferases (DNMTs), using S-

adenosyl-L-methionine (SAM) as a methyl group donor.15 Two families of DNMT have been 

identified that methylate DNA: (1) DNMT1, which is responsible for DNA methylation 

maintenance by methylating newly synthesized DNA strands; (2) DNMT3A and DNMT3B, which 

are responsible for de novo DNA methylation. It was later shown that DNMT1 can also participate 

in de novo methylation and that DNMT3A/B can methylate hemimethylated DNA.16 DNMT3L is 

a co-activator, and it is involved in crosstalk with chromatin actors.17 The CpG dinucleotides are 

not distributed arbitrarily in the human genome. Approximately 70-80% of all CpG dinucleotides 
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are methylated and occur in non-transcribed, repetitive DNA regions, such as retroelements and 

CpG-rich satellites. CpGs are clustered in regions called CpG islands. CpG islands are typically 

0.2-2 kb long and are located in the proximal promoter of more than half of all human genes.18 In 

normal tissues, these regions are commonly non-methylated.19, 20, 21 If promoter CpG islands are 

methylated, the corresponding gene is repressed because of poor recognition by transcription 

factors and the recruitment of proteins involved in chromatin remodeling, such as methyl-binding 

proteins MDB.22 The failure to maintain DNA methylation and the establishment of aberrant DNA 

methylation patterns are associated with the under- or over-expression of certain proteins and non-

coding RNAs, ultimately leading to cancer.23 In cancer, several specific genes are inactivated by 

promoter methylation within CpG islands. It is the case for example for tumor suppressor genes 

(P16INK4a, P14ARF, Rb) and DNA damage repair genes (hMLH1, MGMT).5 CpG island methylation 

patterns are associated with a poor outcome in multiple malignancies. In parallel, a global 

hypomethylation pattern is observed in cancers with consequent genomic instability and 

chromosomal aberrations. DNA methylation is thus also used as a biomarker for diagnosis and 

prognosis: methylation of GST-Pi is used to detect prostate cancer (Veridex test by LabCorp), 

MGMT methylation in glioblastoma patients is predictive of the response to temozolomide, and 

the presence of methylated SEPT9 in plasma is noted in the diagnosis of colon cancer 

(ColoVantage by Quest Diagnostics). The expression of DNMT1, DNMT3B or DNMT3A is 

increased in various tumors, including prostate, hepatocarcinoma, colorectal or breast cancers. 

Therefore, DNMTs represent attractive therapeutic targets.24, 25 In the last decade, several DNMT 

inhibitors (DNMTi) have been proposed to treat cancers. To date, two inhibitors, 1 (5-azacytidine, 

azacitidine, 5azaC, Vidaza®)24 and 2 (5-aza-2’-deoxycytidine, decitabine, 5azadC, Dacogen™),24 

have been approved by the FDA (U.S. Food and Drug Administration) and EMA (European 
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Medicines Agency) against myelodysplastic syndrome (MDS), acute myeloid leukemia (AML) 

and chronic myelomonocytic leukemia (CMML). Recently, the combination of a low-dose of 1 

and a benzamide histone deactetylase inhibitor (HDACi), entinostat, afforded promising results in 

non-small cell lung cancer patients.26 In addition, recent clinical results suggest that demethylating 

agents can reprogram cancer cells to overcome chemoresistance, resensitizing them to 

chemotherapy, as has been observed with chemoresistant diffuse large B-cell lymphomas 

reprogrammed by 2 to be sensitive to standard chemotherapy.27 Together with the HDACi, the two 

DNMTis are the only epidrugs that have been approved to date. However, these drugs are not 

selective for various DNMTs, and they are chemically unstable and non-specific. Therefore, there 

is a real need to identify novel, more specific and selective inhibitors.  

 

DISCUSSION 

1/ Update on the identified inhibitors. 

DNMT inhibitors can be divided into two families: nucleoside analogs (Figure 1) and non-

nucleoside compounds (Figure 2).  

Nucleoside analogs. Particularly active are the nucleoside analogs, such as 1 and 2 (Figure 1A), 

which, once incorporated into DNA in place of deoxycytidine, covalently block DNMTs on 

position C6 of the nucleotide (Figure 1B).28, 29, 30, 31 Despite their high efficiency, their incorporation 

into DNA can lead to undesired side effects such as dose-limiting neutropenia.32  Also their poor 

bioavailability and chemical and/or metabolic instability in physiologic media limit their use:8, 33 

under physiological temperature and pH conditions, 2 is degraded into multiple products resulting 

from hydrolytic opening of the triazine ring, deformylation and anomerization.19 Plasmatic half-

life for 1 following subcutaneous (SC) administration is as short as 41 minutes34, and 10 to 35 
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minutes for infusion of 2, depending on the administration schedule and the analytical method 

used.35 Moreover, 3 (zebularine) was designed to reduce the problems of 1 and 2 since it is a very 

stable inhibitor with minimal cytotoxicity in vitro and in vivo.36 However, the high concentrations 

of 3 necessary to obtain a level of demethylation in cells37 similar to that of other nucleosidic 

analogues hindered its clinics development. This explains why we and others38, 39 showed that 3 

does not form an irreversible covalent complex with DNMT, in contrast to 1 and 2, but a reversible 

complex with slow dissociation kinetics. Another strategy was developed in order to improve 

stability and bioavailability by synthetizing pro-drugs of 1 or 2. The most promising today is the 

CpG dinucleotide analog 4 (S110 then SGI-110, Figure 1A), an efficient pro-drug of 2.40 The main 

improvement consists of its resistance to cytidine deaminase (CDA), an enzyme responsible for 

the metabolic transformation of cytosine to uracil, resulting in the inactivation of 1 and 2. 

Compound 4 exhibits an aqueous solubility and cytotoxicity comparable to 2 together with 

improved cell penetration. In vivo DNA demethylation and tumor growth inhibition in human 

xenograft was demonstrated for 4 compared to 2.41 Currently 4 is undergoing phase II clinical 

evaluation for MDS, AML, and ovarian and liver cancers (www.clinicaltrials.gov, latest update 

August 2014).  

Oral formulations of both 1 and of 2 are also under clinical investigation, alone or in combination, 

in hematologic and solid tumors. More interestingly, oral 1 was shown to be bioavailable and 

active in a Phase I study in MDS and CML.42 Indeed, hypomethylating agents are administrated 

repeatedly even daily for long cycles and thus oral forms are a great improvement for the comfort 

of the patient. Oral 1 is being developed by Celgene Corporation under the code number CC-486, 

and a detailed investigation of its pharmacokinetic parameters has recently been published. Despite 

high inter- and intra-patient variability, 1 is rapidly absorbed and the dose of 300 mg daily for 2 or 
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3 weeks has been proposed for further studies.43 Another strategy to improve the activity of 

cytosine derivatives consists in combining them with CDA inhibitors such as 5 (tetrahydrouridine, 

THU).44 Efficacy has been demonstrated for 1 in preclinical mouse models but a lack of efficacy 

of THU was observed in higher species due to its poor bioavailability. Therefore, 6b (fluorinated 

THU derivatives) were designed and synthesized, exhibiting improved overall pharmacological 

and pharmacokinetic profile in monkeys compared to THU.44 Among these new compounds, E-

7727 (the exact chemical structure is not yet disclosed) was selected for Phase I-II clinical 

evaluation in combination with 2 [NCT02103478, lastest update July 2014]. The 2nd generation of 

nucleoside analogs is certainly the next generation of hypomethylated agents. However, these 

chemical agents suffer from lack of specificity vis-à-vis the DNMTs because of their mechanism 

of action.45 Therefore, during the last 10 years, a lot of effort has been concentrated on developing 

non-nucleoside inhibitors, the 3rd and 4th generation of DNMT inhibitors. 

The non-nucleoside analogs. Several non-nucleoside analogs targeting the catalytic activity of 

these enzymes have been described: 7 (SGI-1027)46, 8 (procainamide)47, 9 (tea polyphenol (-)-

epigallocatechin-3-gallate, EGCG)48, 10 (genistein)49, 11 (NSC401077, RG108)50, 12 

(hydralazine)51 among others (Figure 2). Although the first generation of compounds lacks 

specificity for DNMTs compared with other enzymes and exhibit weak activity (as observed with 

9, 10, and 12), a new generation of more potent compounds, such as 13 and 14 (SGI-1027 

analogs)52, 53, 54, has been identified. However, the potency of these compounds needs to be 

improved, in particular in cells. In addition, most are not selective for one DNMT isoform. Here 

we briefly summarize the strategies that have been developed over the last decade to discover new 

DNMT inhibitors and describe a few examples (Figure 2) and their biological activity (Table 1).  
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In parallel, several chemical strategies have been implemented for the discovery of non-

nucleoside analogs, starting with phenotypic observations of cellular DNA demethylation (as with 

8, 9 and 12, for example) and leading to specialized drug discovery programs based on rational 

design (as for 9) or virtual and enzymatic screening. 

Indeed, numerous assays amenable to high-throughput screening (HTS) have been in use since 

2008, as reviewed by Eglen and Reisine.55 Several virtual screening programs have also been 

performed, which were not systematically followed by confirmation of inhibitory ability in 

biochemical assays. A few HTS campaigns selected among the most representative in the literature 

are reported here below. 

The first virtual screening against DNMT1 led to the identification of 11 and triazolopyridine 

derivative (NSC303530, Figure 2) from the NCI database with use of a 3-D model of human 

DNMT1 (Figure 2).56 Compound 11 was further studied and was shown to inhibit in vitro bacterial 

C5 DNA methyltransferase M.SssI and to demethylate certain promoters in several cancer cells 

(Table 1).57, 58 Subsequently, 15 (maleimide derivatives of 11),59 a benzoylpyrrolidine analog and 

a thionitropyridine analog50 were synthesized, conferring increased inhibitory properties in 

enzymatic assays (Figure 2). These studies highlighted that, depending on the experimental 

conditions of the enzymatic assay (the choice of the C5 DNA methyltransferase, the concentration 

of the cofactor, the concentration and nature of the DNA duplex and the method of detection), the 

inhibitory potency can vary greatly for the same compound. More importantly, we learned that the 

development of enzymatic assays is a critical issue in the field. 

By virtual screening, Kuck et al. identified several small molecules from the NCI database, 

which were then tested at 100 µM concentrations against DNMT1 and -3B. The greatest inhibition 

of DNMT3B was obtained with a salicylic acid dimer (NSC14778, Figure 2)60 exhibiting 60% 
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inhibition at 100 µM, resulting in a weak starting point for chemical modulation. Benzamide 

derivative (NSC319745, Figure 2)60 was the most potent and selective inhibitor of DNMT1 (36% 

inhibition at 100 µM). Twenty-nine analogs of this compound were synthesized and evaluated for 

their inhibitory activity against DNMT1 and DNMT3A by Kabro et al..61 Although the potencies 

were sometimes improved compared with the starting hit, only a weak inhibition was obtained (the 

best EC50 value, 36 µM, was the measured for the phenol derivative against DNMT3A, Figure 2). 

Other virtual HTS efforts have been performed, including one leading to the identification of  

“natural-like” hits,62 and one searching for DNMT1 inhibitors by using 7 as a reference 

compound.63 All these compounds await further biological confirmation. 

In parallel, several enzymatic HTS programs were developed for murine Dnmt3A, human 

DNMT1 and bacterial M.SssI. Compound 16 (3-chloro-3-nitroflavanones, Figure 2), active in the 

micromolar and submicromolar range (Table 1), was identified in a screen of 114 compounds 

against the murine Dnmt3A/3L catalytic complex.48 Some of these were specific for DNMTs and 

inactive against histone lysine methyltransferase (HKMT) G9a and they showed an azacitidine 

phenotype in zebrafish embryos. The same HTS effort was extended to a chemical library of 1120 

compounds, from which were identified 17 (diclone, Figure 2 and Table 1), and phenolic inhibitors 

that reactivated YFP (yellow fluorescent protein) gene expression under the control of a 

methylated CMV (cytomegalo virus) promoter by inducing its demethylation.64 

An HTS using truncated DNMT1 identified nine hits, including anthraquinone derivatives, such 

as 18 (laccaic acid, Figure 2).65, 66 This compound was shown to be a reversible DNA competitor 

and an inducer of specific tumor suppressor gene expression in breast cancer cells, MCF7 (Table 

1).  
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More recently, a library of 180,000 compounds was screened in a scintillation proximity assay 

(SPA) against murine Dnmt3A, followed by a series of filters to discard false positive compounds; 

they were then evaluated against human DNMT1.67 Twelve hits were identified, but a more precise 

evaluation indicated that these compounds generated H2O2. A re-examination of the whole series 

permitted the selection of an additional hit for DNMT1 (IC50 = 1.2 µM), 19 (SW155246, Figure 

2),67 which did not generate reactive oxygen species (ROS). Further experiments demonstrated 

that 19 was more potent against DNMT1 compared with Dnmt3A or DNMT3B/3L, inhibiting 

global methylation in HeLa cells and reactivating the RASSF1 tumor suppressor gene in A549 

cells (Table 1). However, very close analogs of 19, such as the non-phenolic or the methoxy- 

derivative (structures not disclosed), were found to be inactive. An explanation for this lack of 

activity implicates activity cliffs, as was recently revealed by docking studies.68 

In 2004, Cunningham et al.69 used a cell-based HTS to identify four acridine derivatives 

(structures not disclosed) that strongly increase the expression of reporter systems in eight different 

cancer models. In 2013, the same authors extended their findings by describing these well-known 

DNA intercalators as inducers of DNA demethylation of tumor suppressor genes and their 

reexpression in HCT116, RKO and MiaPaCa2 cell lines. Compound 20 (517328)70 was shown to 

be the most efficient (5 µM range) and depleted DNMT1 at the promoters of the re-expressed 

genes in treated cells (Figure 2 and Table 1).  

Altogether, the hit rate of the screening campaigns certainly remains low, and selective activity 

against DNMTs by most of the identified compounds warrants further validation in cellular 

models. The results overall appear insufficient to elaborate medicinal chemistry programs based 

on a solid rational approach. This relative lack of positive results suggests that DNMTs are poorly 

druggable, as evidenced by various techniques employed during the last decade. 
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What are the possible causes of failure? Are there specific troubles and difficulties due to the 

nature of the methyltransferases or enzymes using the SAM co-factor? Apart from the 

investigations of DNMTs, a considerable amount of work was undertaken in the search for 

inhibitors of histone methyltransferases. For example, the first G9a lysine methyltransferase 

inhibitor, 21 (BIX-01294, Figure 3), was identified early in 2007 among a chemical library of 

125,000 compounds.71 Subsequently, medicinal chemistry efforts afforded pyrolidinopropyl 

derivative UNC063872 and then difluoro derivative UNC0642 (Figure 3) for which the drug 

properties are improved (potency, selectivity, cellular activity and in vivo pharmacokinetic 

properties).73 However, the in vivo efficacy of these derivatives has not yet been published at this 

time (Q2 2014) and the proof of concept of their antitumor activity through the inhibition of G9a 

has not been demonstrated, despite extensive chemical and pharmacological research over these 

years. Many efforts are still underway, and more recently, a new scaffold was shown to efficiently 

and specifically inhibit G9a, both in vitro (IC50 of 3.3 nM for A-366, Figure 3) and in cancer cells, 

by competing with the peptide substrates.74 

In 2012, three independent HTS campaigns performed by three pharmaceutical companies 

(Epizyme, GSK and Novartis) aiming at identifying potential inhibitors of the HKMT EZH2 were 

reported. Several million compounds have been tested, but only one unique pharmacophore 22 (a 

substituted 2-pyridone nucleus, Figure 3) was identified.75, 76, 77 At this time, only one additional 

series of EZH2 inhibitors bearing a tetramethylpiperidine moiety distinct from 2-pyridone CPI413 

(Figure 3), has been described as a tool for in vitro evaluation.78,79 In addition, an unusually high 

number of false positives were observed during the EZH2 screening conducted by GSK, most 

likely due to non-UV active contaminants not detected by standard HPLC techniques, as 

highlighted by Diaz et al..80 
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A comparable situation was found in the search for inhibitors of protein arginine 

methyltransferases (PRMTs) of histone. Indeed, identification of molecules inhibiting PRMTs by 

means of HTS or rational design is still at an early stage, as described by Fontan et al. and 

references therein.81 The first HTS effort targeting PRMT was published in 2004,82 and the 

majority of the compounds identified over the last decade are still regarded as starting points by 

the authors themselves. Noteworthy, in contrast to lysine methyltransferases, most of the hits 

identified as potential PRMTs inhibitors are not SAM-competitive.  

All these facts, observations and failures reflecting the experimental reality, illustrate the 

particular difficulties in clearly identifying a bona fide methyltransferase inhibitor. Regarding 

DNMT, besides the above described nucleoside analogs that have been approved, and those 

currently in clinical trials, that are potent inhibitors, triggering DNA demethylation in cancer cells, 

the chemo-diversity explored until now appears not to be sufficient to offer more attractive starting 

points to medicinal chemists for the design of potent non-nucleoside inhibitors. Still, it is clear that 

aberrant DNA methylation plays a major role in cancer formation and maintenance,6 and the recent 

clinical results demonstrating the reprogramming by demethylating agents is quite promising for 

cancer treatment.26, 27, 83 The azanucleosides remain the most potent inhibitors, but they are not 

selective and specific for the DNMTs. Thus, there is still a great need to find new non-nucleoside 

DNMTi that strongly inhibit the catalytic activity of the DNMTs. 

 

2/ Advantage of the non-nucleoside analogs: potential selectivity towards one DNMT. 

The main advantage of non-nucleoside inhibitors, which do not need to be incorporated into 

DNA, is that it is possible to identify inhibitors selective towards each of the DNMT isoforms. 

Selectivity is an important issue to address because DNA methylation is also involved in normal 
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biological processes. Today, it is not clear which DNMT would be the “best” therapeutic target. 

Furthermore, outcomes may depend on the pathology: for example, in certain leukemias84 and 

melanomas,85, 86 mutations or overexpression of DNMT3A is observed, whereas in certain prostate, 

breast and colon cancers as well as in gliomas, it is DNMT3B that is overexpressed, and in others 

it is DNMT1.25 Selective inhibitors will allow researchers to address this question and perhaps 

identify which DNMT is the most relevant therapeutic target. These selective inhibitors would also 

increase our knowledge about the methylation process in cancers to gain useful information about 

protein interaction partners and signaling pathways and to better understand the differences in the 

catalytic pocket of the enzymes and their mechanism of action in cancer cells, all of which 

contributes to the identification of personalized treatments. Finally, selective inhibitors of DNMT1 

or DNMT3 should show decrease side effects. 

DNMTs are enzymes that bind two substrates: the cytosine moiety, flipped out of the DNA 

double helix for methylation, and the SAM that donates the methyl group. Both binding pockets 

could be targeted, either individually or together. Considering the DNA pocket and its targeting 

by nucleoside analogs, we have previously discussed that, because of their mechanism of action 

(incorporation into DNA, Figure 1B), 1 and 2 cannot be chemically selective for one isoform of 

DNMTs.31, 45 

Can this selectivity be achieved? 

Considering the SAM pocket, it should be kept in mind that the SAM cofactor is the main methyl 

donor in cells; it is used by all methyltransferases. Analogous to the kinases, it has been clearly 

demonstrated that it is possible to conceive ATP mimetics that selectively inhibit one tyrosine 

kinase among the others.87 Can the same be true for SAM and the DNA methyltransferases? Again, 

we can learn from the other epigenetic methyltransferases, in particular the widely studied 
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HKMTs. In the literature, some examples of selective inhibitors of HKMT already exist (Figure 

4). Compound 21 is a G9a/GLP inhibitor, inhibiting only these enzymes among the SET domain 

lysine methyltransferases because of its interaction with helix αZ, a domain present only in G9a 

and GLP.88 Compound 21 fits into the peptide binding site of the enzyme. Selective inhibitors of 

EZH2/1 were also described, such as dihydropyridinone (EPZ005687) in Figure 4.75, 77, 89 Yao et 

al. showed that the SAM pocket can also offer good selectivity in methyltransferase inhibition, 

exemplified by DOT1L,90 which has attracted interest because it is the only PKMT that does not 

contain the SET domain (the DOT1L inhibitor in clinical trials, EPZ004777, is depicted in Figure 

4). 

The catalytic pockets of the DNA methyltransferases (ten catalytic motifs) are highly 

conserved.15 The motifs contain two pockets: (i) one that will host the deoxycytidine to be 

methylated, which is flipped out of the DNA double helix and inside the active pocket of the 

enzyme, where the catalytic cysteine of the proline-cysteine motif establishes a covalent bond at 

position 6; and (ii) the SAM pocket. In Figure 5, we superimposed the catalytic pockets of the 

crystal structures of murine Dnmt1 (PDB: 4DA4) and murine catalytic DNMT3a (PDB: 2QRV). 

Although the peptide sequence of the catalytic pocket is highly conserved and the two pockets are 

very similar in their 3D structure, the comparison of the catalytic pockets of Dnmt3A and Dnmt1 

as revealed by these crystal structures suggests that it should be possible to design selective 

inhibitors of each enzyme. 

The position of the S-adenosyl-L-homocysteine (SAH, depicted in pink in Dnmt1 and in yellow 

in Dnmt3A), a natural product of the methylation reaction, is well conserved in the two isoforms, 

and hydrogen bonds strongly stabilize it. Although the deoxycytidine unit is not resolved in the 

Dnmt3A structure as it is in the Dnmt1 structure (in pink), we can observe that the DNA pockets 
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occupy similar interaction spaces in both enzymes. However, some amino acids are different, as 

highlighted in Figure 5. Trp1173 in Dnmt1 is replaced by Cys662 in Dnmt3A, Asn1580 by Arg887 

and Val1582 by Trp889. These replacements induce different interaction features, suggesting that 

it is possible to design selective compounds addressing these differences. As one example, 

tryptophan is an aromatic amino acid offering a π-stacking interaction,91 which is impossible with 

cysteine; similarly, arginine is well-known for its ability to provide multiple hydrogen bonds 

differently from the other amino acids.60 

In agreement with these observations, some inhibitors were described to be specific for DNMT1 

or DNMT3. Compound 8 was the first DNMT inhibitor that exhibited some selectivity for 

DNMT1, owing to its greater affinity for hemi-methylated DNA.47 Wahhab et al. were able to 

confer DNMT3B or DNMT1 selectivity to adenine derivatives.92 More recently, 23 (nanaomycin 

A), a natural compound, was shown to be a specific inhibitor of DNMT3B (Table 1).93 However, 

these drugs are not very potent (0.1-1 M range), thus necessitating improvement, and none were 

described to be selective for the 3A isoform. Nevertheless, selectivity seems possible and is 

certainly of interest both for understanding the methylation cascade in cancer cells vs. normal ones 

and for developing more specific anti-cancer drugs. 

A better knowledge of the X-ray crystal structures of the DNMT machinery in the presence of 

the inhibitors that have been identified would be of great help to engage more rational design of 

selective inhibitors. 

 

3/ Are there alternative ways to modulate and to inhibit DNMTs? 

Figure 6 shows schematically the different options that can be developed to inhibit DNA 

methylation. On one hand, as described above, it will be interesting to develop SAM analogs for 
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DNMTs, as it has been done for HKMTs. This search has not been systematically reported for 

DNMTs. Most of the screening assays were not designed for this purpose, and were carried out at 

a high concentration of cofactor, which were needed for better enzymatic activity in vitro. Indeed, 

in the screening assay we developed against catalytic Dnmt3A/3L,94 a high concentration of SAM, 

20 µM, was used, with the result that only very potent and optimized SAM competitors could be 

identified. Radioactive assays based on the incorporation of tritiated methyl groups are more 

suitable to discover inhibitors that compete with SAM because micromolar or submicromolar 

amounts of SAM are used.67, 95 Interestingly, Rotili et al. have shown that it is possible to start from 

an inhibitor of lysine methyltransferase, the G9a/GLP inhibitor BIX-01294, to design a specific 

inhibitor of DNMTs by chemical modifications (quinazoline derivative, Figure 2).96 

On the other hand, DNA binders can also function as inhibitors of DNMTs by preventing the 

enzyme from binding and executing its catalytic activity. Strong, well-known DNA ligands, such 

as minor groove binders that are used for microscopy (e.g. Hoechst 33342) and common DNA 

intercalators, such as 20 (Figure 2 and Table 1), are frequent hits found in DNMT screens (66, 67 and 

data not shown).70 To develop DNA ligands as inhibitors of DNA methylation, it is important to 

keep in mind the need for selectivity towards CpG islands and, ideally, tumor suppressor promoters 

that are hypermethylated in cancer. Compound 7 (Figure 2) was rationally designed from a family 

of minor groove binders.46 It is the most promising non-nucleoside inhibitor, with micromolar 

inhibitory potency in enzymatic assays, specifically demethylating tumor suppressor genes in 

cancer cells and reactivating them (Table 1). It was subsequently chemically modulated to obtain 

new derivatives 13 and 14 of equal potency52, 53 or to achieve more potent inhibitors in vitro 

(structures not disclosed), inhibiting cancer stem cells’ growth.54 The main limiting factor with this 

approach is the specificity towards certain DNA sequences, the CpG islands and, in particular, the 
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promoters of tumor suppressor genes, without affecting other proteins that recognize and bind 

DNA. The use of sequence-specific DNA ligands is a promising option. Minor groove binders, 

such as hairpin pyrrole-imidazole polyamides (structure not disclosed) binding specifically to 5’-

CGCG-3’ sites, were reported to strongly inhibit in vitro M.SssI DNA methylation (IC50 in the 

nanomolar range).97 It would be particularly interesting to develop inhibitors that are competitors 

of the DNA substrate, i.e., deoxycytidine, without binding to DNA. Certainly, these molecules 

would be more specific because fewer proteins recognize flipped cytosines.98 99 

Finally, the most specific approach would be to combine the two substrates, SAM and 

cytosine/deoxycytidine, in a single molecule. It is a common approach, called the “multisubstrate 

adduct” approach (i.e., the covalent attachment of two substrates of an enzyme to form a single 

molecule), applied to enzymes binding two substrates such as the DNA methyltransferases. This 

method has been shown to increase the binding affinity and specificity for the target enzyme. Such 

an approach was used, for example, for a bacterial adenine DNA methyltransferase.100 

 Another approach involves directly targeting interactions of DNMTs with its protein partners, 

rather than directly targeting it and its catalytic pocket. As other epigenetic actors, DNMTs are 

involved in multiprotein complexes that crosstalk to regulate chromatin status. Examples of such 

interactions are the DNMT3A/3L interface that was discovered in 2007 in a crystallographic 

study17, constituting a potential target,101 as well as the UHRF1/DNMT1 interaction, which is 

important for the recruitment of DNMT1 to hemimethylated DNA.102, 103 To the best of our 

knowledge, this strategy has not yet delivered a validated DNMT inhibitor, but preliminary results 

appeared very recently in the literature. Peptides were found that are able to disrupt the interactions 

of DNMT with its protein partners CFP1.104 In addition, several successful approaches that used 

this strategy have been described, and at least two examples relating to epigenetics were reported. 
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Again, the approach encompasses the inhibition of histone methyltransferases. Stapled peptide 

inhibitors of the interaction between EZH2 and EED, a feature of the PRC2 complex, have been 

synthesized and proven to reduce EZH2 protein levels in leukemia cells.105 More recently, Cao et 

al.106 described the disruption of interactions between MLL1, a lysine methyltransferase, and 

WDR5, a protein partner critical for the integrity of the core complex, by using macrocyclic 

peptidomimetics, leading to the inhibition of MLL1 methyltransferase activity. This pioneering 

work has delivered proof of concept in dedicated cellular assays. The validation of the approach 

in in vivo models will represent a landmark actualization of this strategy for protein-protein 

interaction inhibition.  

  

4/ Thoughts about the inhibition of DNA methylation in cells  

All non-nucleoside inhibitors, even the most potent, induced only weak DNA demethylation in 

cells (Table 1). Several reasons might explain this lack of cellular activity: drug solubility, weak 

cell or nuclear penetration, and so forth. However, some of the compounds are cytotoxic in the 

micromolar or submicromolar range, suggesting that these compounds have a biological effect in 

cells and thus appear to enter cells. Another issue is the potency that is required in the in vitro 

enzymatic assays to observe a cellular effect on DNA methylation: nM or 0.1 µM? It is difficult 

to answer this question because first the enzymatic assays exhibit different features, thus, 

differences in IC50 are observed, making it impossible to define a value common to all assays. 

Second, there is no reference catalytic (or allosteric) inhibitor that is sufficiently potent to calibrate 

these tests in cells, and last, the azanucleoside inhibitors cannot be used to calibrate the in vitro 

enzymatic assays because they need to be incorporated into DNA to be active, forming a suicide 

complex. In fact, the irreversible covalent complex formed by 1 and 2 is further processed by the 
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cell, and the DNMT is degraded.45, 107 Thus, these inhibitors induce a loss of methylation by 

trapping and degrading the DNMTs.  

How do catalytic inhibitors of DNMT function in cells and demethylate DNA? Active DNA 

demethylation has been deeply studied, and no DNA demethylase had been clearly identified until 

2009, when 5-hydroxymethylcytosine and the TET1,2 enzymes were found108, 109 to be involved, 

via the DNA repair machinery, in active DNA demethylation.110 Nevertheless, the catalytic 

inhibitors of DNMTs are expected to inhibit the methylation reaction performed by the DNMTs 

and thus act via a passive loss of methylation. During replication, the methylation pattern of the 

parent strand is copied on the newly synthetized strand by DNMT1 but also by DNMT3A and 

DNMT3B.15 If, during this process, the DNMTs are 100% inhibited, 50% of DNA methylation is 

lost per replication cycle (Figure 7, open circles). Theoretically, 3 to 4 doubling times are needed 

for 90% inhibition of DNA methylation, strictly assuming a process of passive DNA 

demethylation during replication (Figure 7). This is similar to what observed upon use of 1 and 2, 

forming suicide complexes with the enzyme. Commonly, low doses of the two drugs are added to 

the cells repetitively, for example, daily over 72 h.111 However, we do not expect 100% inhibitory 

potency with the catalytic inhibitors. If the compound induces 50% inhibition, 8 to 9 doubling 

times are needed to obtain a 90% loss of DNA methylation (Figure 7, closed rhombus), and more 

doubling times are needed for less potent inhibitors. This calculation does not consider any de 

novo methylation that may take place or its inhibition. Thus, if the inhibitors act only by passive 

loss of methylation, long treatment times are needed, and demethylation must be evaluated several 

weeks after treatment, depending on the doubling time of the cell line. Most studies were carried 

out between 24 h and 72 h, with the exception of those on 1157 and 746, which were extended to 15 

days. However, this is a theoretical calculation based only on passive loss of DNA methylation 
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during the maintenance of DNA methylation; it must not be excluded that these compounds may 

trigger active demethylation mechanisms that are not yet identified. 

Nevertheless, it is worth considering longer treatment schedules and increasing the inhibitory 

potency of the compounds as well as studying the design of inhibitors that form covalent bonds 

once bound to the enzyme, as observed with neratinib, a tyrosine kinase inhibitor.87. 

 

5/ What are the expected features of the new generation of DNMT inhibitors? 

Indeed, both available approved drugs 1 and 2, together with 4, which is currently in advanced 

clinical trials, are covalent inhibitors of DNMTs. A covalent inhibitor can be considered the most 

powerful type of compound, as the target enzyme is consequently 100% inactivated. Thus non-

nucleoside inhibitors that form covalent bonds with the enzymes could be an ideal option. 

In addition, selectivity among the DNMT isoforms could be achieved because of differences in 

the amino acid sequence in the SAM binding pocket and in the deoxycytidine pocket, as discussed 

above. Medicinal chemistry efforts should be able to achieve this goal. Still unanswered is the 

problem of which isoform to target, even though several reports have addressed this issue by using 

knock-downs112, 113, 114 or knock-out strategies.115 Selective chemical probes will be of great use to 

explore this point for an in vitro evaluation in cells and an in vivo study of the anti-tumor activity 

of the targeted DNMT. However, an inconvenience of covalent inhibitors is that the active 

chemical agents appended to the inhibitors (such as Michael acceptors) to form a covalent bond 

may cause some toxicity.  

Allosteric DNMT inhibitors have not been identified to date but represent an interesting category 

of molecules, even if we do not know, in the absence of such a reference compound, the degree of 

potency that is needed to obtain DNA demethylation in cells.  
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Because it is difficult to target the catalytic pocket of DNMTs, an alternative and promising 

option is to disrupt the interaction of the DNMTs with their protein partners by using small 

molecules. In particular, this could result in increased specificity for cancer treatment because it is 

possible that different forms of regulation are involved in normal cells vs. cancer cells. In the latter, 

aberrant epigenomes are observed, and many genetic mutations have occurred, altering normal 

signaling pathways.7 

Prolonged cellular treatments should be considered, in particular for non-covalent inhibitors, or, 

at the least, the analysis of cellular effects should be followed for several doubling times. We 

cannot yet predict the manner in which the cells will adapt to these modifications during this 

period. The results with 1 and 2 are encouraging for this hypothesis.111 

Finally, as mentioned in the Introduction, combinations with other epidrugs, chemical agents 

and immunotherapies open the road to new ways of managing cancer (Figure 6). The actors in 

epigenetic regulation are tightly interconnected. For certain promoters, DNA demethylation is not 

sufficient to reactivate the expression of the corresponding genes. Combining with HDAC 

inhibitors further opens the promoter to the transcriptional machinery. Combinations with 

inhibitors of other gene silencing actors (such as G9a, EZH2 or lysine histone demethylases) are 

worth exploring. In addition, DNA demethylation induces cell reprogramming, favoring several 

phenotypes,10 such as the reactivation of pathways involved in the response to standard 

chemotherapeutic agents (such as doxorubicin)27 or in the immunoresponse.83 

 

In conclusion, DNA methylation and DNMTs constitute a very promising but challenging anti-

cancer target. Aside from the azanucleoside inhibitors (oral formulations, drug combinations and 

pro-drug strategy) for which extensive clinical trials are ongoing and represent the next generation 
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of DNMTs inhibitors, all the results reported in the literature related to the search for non-

nucleosidic inhibitors suggest that these enzymes are poorly druggable with respect to the 

identified compounds until now. Therefore, the future challenge is to discover potent and selective 

non-nucleoside inhibitors able to induce DNA demethylatation in cancer cells. 
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FIGURES  

 
 

Figure 1 – A) Chemical structures of the main nucleoside inhibitors of DNMT. 6 is the general 

chemical formula for THU derivatives. B) Schematic representation of the formation of an 

irreversible covalent complex between the enzyme and DNA at the 5-azacytosine site. 
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Figure 2 – Chemical structures of the most studied non-nucleoside inhibitors regrouped by 

chemical family. 
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Figure 3 – Main inhibitors of the histone lysine methyltransferases G9a and EZH2. 22 represents 

the general chemical formula for EZH2 inhibitors. 
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Figure 4 – Examples of selective inhibitors of histone lysine methyltransferases. The HKMT tree 

was created on the SGC website (www.thesgc.org). The selective inhibitors of DOT1L, EZH2 and 

G9a/GLP are depicted in green, blue and red, respectively. The size of the circles is representative 

of the potency of the inhibitor. 
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Figure 5 – The catalytic pocket in the crystal structure of Dnmt3A (PDB: 2QRV, the enzyme is 

depicted in cyan) was superposed on the one in the crystal structure of Dnmt1 (PDB: 4DA4, the 

enzyme is in red). The natural ligands of Dnmt1 (SAH and deoxycytidine) are shown in purple, 

and the SAH in Dnmt3A is in yellow. Deoxycytidine was not resolved in the Dnmt3A/Dnmt3L 

crystal structure at the difference of the Dnmt1 structure. The main differences in amino acids are 

highlighted in white boxes. 
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Figure 6 – Schematic representation of the different inhibition strategies to target DNMT. 
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Figure 7 – Passive loss of DNA methylation in cells due to the inhibitors, according to their 

inhibitory efficacy. The graphs were obtained by using the following equation:  

DNA methylation  

where the maximum of DNA methylation is 1, is the inhibitory efficacy ( ) and n the 

doubling time. 

= (1− x / 2)n

x 0 ≤ x ≤1
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 Table 1. Summary of the foremost inhibitors and their biological properties. 

Compounds 

in-vitro enzymatic 
inhibition (IC50, µM) a Cellular activity 

Mechanism Refs 
DNMT

1 
DNMT

3a 
DNMT

3b 
DNA 

demethylation 
TSG b 

reactivation 

NUCLEOSIDE ANALOGS 

1 (azacitidine) and 2 
(decitabine) NAc Observed in all tested cell lines 

DNA 
incorporation 
and enzyme 

trapping, 
suicide 

complex 
formation 

28, 29, 

30, 31, 

37, 38, 

41, 45, 

111, 

116, 

117, 

118, 

119, 

120, 

121, 

122, 

123, 

124, 

125, 

126, 

127, 

128, 

129, 

130, 131 

3 (Zebularine) NA Observed in most of the tested cell 
lines. 

4 (SGI-110) NA 
P16 in T24, 
HCT116 and 

EJ6 cells 

P16 in T24, 
HCT116 and 

EJ6 cells 

DNA 
incorporation 

and irreversible 
enzyme 
trapping 

NON-NUCLEOSIDE ANALOGS 

SGI1027 
derivatives 

7 (SGI1027) 6 8 7.5 
P16, MLH1, and 

TIMP3 in 
HCT116 cells 

P16, MLH1, 
and TIMP3 in 
HCT116 cells 

SAM 
competitor 

46 

14 9 2.8 NDd ND ND DNA 
competitive 

52, 53, 

54 

Procainamide 
derivatives  

8 
(Procainamide) >500 >300e ND 

Weak Global 
DNA 

demethylation in 
MCF7, HL60 and 

HCT116 cells. 

LINE-1 in T24 
cells. 

RARβ2 in 
MCF7 cells 

DNA ligand 

47, 132, 

133, 

134, 135 
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TIMP-3 in 
HCT116 cellsf 

oxazoline  and 
izoxazoline  150 ND 

Weak global 
DNA 

demethylation in 
HL60 cells 

ND SAM 
Competitor 

procainamide-
RG108 
hybride 

4 21e ND ND SAM and DNA 
competitor 

Flavonoids 

9 (EGCG)  0.5 ND 

Cyclin D2, 
RAR-β, RAR-β2 

and TMS1 in 
MDA-MB-231 

cells 

RARβ2 in 
KYSE 510, 

KYSE 150 cells. 

RARβ2 and P16 
in MCF7 cells f 

Global DNA 
demethylation 

in A431and 
SCC13 cells 

P16, MGMT 
and RARβ2 in 
KYSE 510, 

HT29 and PC3 
cells. 

P16 and P21 in 
A431 cells 

COMT 
substrate 

48, 49, 

136, 

137, 

138, 139 

 

10 (genistein)  30 >100e ND 

Global DNA 
demethylation 
in MCF-7 and 
MDA-MB-231 

cells 

CyclinD2 and 
MGMT in 

MDA-MB-231 
cells. 

RARβ2 in 
KYSE 510, 
KYSE 150, 

LNCaP, PC3 
cells. P16 and 

MGMT in 
KYSE 510 cells. 

ATM, APC and 
PTEN in MCF7 
and MDA-MB-

231 cells. 

ND 

16 (chloro-
nitroflavanone)  ND 0.37e ND ND 

Acridine 20 (517328)  ND 
CDH13, CDH1 
and SFRP1 in 

MiaPaCa2 cells 

CDH13, 
CDH1 and 
SFRP1 in 

DNA 
intercalator 

70 
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athe IC50 value is reported for the most active compounds; the test conditions are not homogenous. 

b TSG= tumor suppressor gene 

c NA= Not Applicable 

d ND= Not Described 

e Dnmt3A/3Lcomplex 

fcontroversial results 

 

  

and SFRP1 in 
RKO cells 

MiaPaCa2 
cells 

P16, SFRP1 
and SFRP5 in 

RKO cells 

RG-108 
derivatives 

11 (RG-108)  390 315e 
ND 

SFRP1, TIMP-3, 
andP16 in 

HCT116; global 
demethylation in 

NALM-6, LNCaP 
and 22Rv1 

SFRP1, TIMP-
3, andP16 in 

HCT116. 
CDH1 in 

HL60 cells, 
GSTP1, APC 
and RARβ2 in 

LNCaP 

SAM 
competitor 

48, 50, 

58, 133, 

140, 

141, 142 

15 (RG-108 
analog)  20 ND ND ND SAM and DNA 

competitor 

17 (diclone)  1.6 0.5e ND CMVpromoter in 
HEK293 cells 

CMV-GFP in 
HEK293 cells ND 64 

23 (nanaomycin A)  in-
active ND 0.5 RASSF1A in 

A549 cells 
RASSF1A in 
A549 cells ND 93 

18 (laccaic acid)  19 50 ND ND VGF and MAL 
in MCF7 cells 

DNA 
competitor 

65 

19 (SW155246)  12 38 ND 

Weak 
demethylation at 

RASSF1A 
promoter in A549 

cells 

RASSF1A in 
A549 cells ND 67 
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