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            Abstract
DNA methylation, a key epigenetic driver of transcriptional silencing, is universally dysregulated in cancer. Reversal of DNA methylation by hypomethylating agents, such as the cytidine analogs decitabine or azacytidine, has demonstrated clinical benefit in hematologic malignancies. These nucleoside analogs are incorporated into replicating DNA where they inhibit DNA cytosine methyltransferases DNMT1, DNMT3A and DNMT3B through irreversible covalent interactions. These agents induce notable toxicity to normal blood cells thus limiting their clinical doses. Herein we report the discovery of GSK3685032, a potent first-in-class DNMT1-selective inhibitor that was shown via crystallographic studies to compete with the active-site loop of DNMT1 for penetration into hemi-methylated DNA between two CpG base pairs. GSK3685032 induces robust loss of DNA methylation, transcriptional activation and cancer cell growth inhibition in vitro. Due to improved in vivo tolerability compared with decitabine, GSK3685032 yields superior tumor regression and survival mouse models of acute myeloid leukemia.
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                    Fig. 1: Biochemical and cellular engagement of DNMT1 by GSK3484862.[image: ]


Fig. 2: Biochemical and biophysical characterization of DNMT1-selective inhibitors.[image: ]


Fig. 3: Phenotypic response following treatment with DNMT inhibitors in hematologic cancer cell lines.[image: ]


Fig. 4: GSK3685032 induces changes in DNA methylation and gene expression in treated cells.[image: ]


Fig. 5: GSK3685032 activates immune response pathways.[image: ]


Fig. 6: Mechanistic evaluation of GSK3685032 and DAC in AML.[image: ]


Fig. 7: Comparison of nucleoside versus non-nucleoside DNMT inhibitors.[image: ]


Fig. 8: GSK3685032 reveals improved in vivo efficacy and tolerability in AML models compared with DAC.[image: ]
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                Data availability

              
              All data generated to support the findings of this study are available. The functional genomics data have been deposited in the NCBI Gene Expression Omnibus (GEO) and are accessible through the GEO SuperSeries accession number: GSE135207 (https://www.ncbi.nlm.nih.gov/geo). The atomic coordinates and structure factors of DNMT1â€“DNA (zebularine)â€“SAH (PDB 6X9I), DNMT1â€“DNAâ€“GSK3830052 (PDB 6X9J) and DNMT1â€“DNAâ€“GSK3685032 (PDB 6X9K) have been deposited in the Protein Data Bank (http://www.rcsb.org). Source data are provided with this paper. All other data are available from the corresponding authors upon reasonable request.

            

Code availability

              
              The code generated to analyze Infinium Methylation EPIC array, RNA-seq gene expression and hERV expression data (Figs. 4â€“6 and Extended Data Fig. 5) can be found at https://github.com/ShawnWFoley-GSK/Pappalardi_et_al_2021. A detailed list of software and package versions can be found in the Methods section.
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Extended data

Extended Data Fig. 1 Characterization of GSK3484862 and GSK3685032.
a, Stability of GSK3484862 (1,000â€‰nM) as determined by LC-MS/MS in media without or with cells (MV4-11) at 37â€‰Â°C versus decitabine (1,000â€‰nM). b, Thermal profile (Tm, 77.5â€‰Â°C, nâ€‰=â€‰2 biologically independent experiments with two technical replicates each) of the hemi-methylated hairpin oligonucleotide with DMSO or GSK3484862 (100 ÂµM). c, DNMT1 activity (average of technical replicates, data is representative of two biologically independent experiments) for uninhibited reaction (DMSO, nâ€‰=â€‰2) and recovery of inhibited enzyme activity following rapid dilution (100-fold) of pre-complexed DNMT1:GSK3484862 (nâ€‰=â€‰3) or DNMT1:SAH (nâ€‰=â€‰3). d, Dose-dependent increase in vimentin expression (nâ€‰=â€‰2 biologically independent experiments with two technical replicates each) following treatment of DNMT3B -/- HCT-116 cells with GSK3484862 or decitabine. e, Table summarizing up-regulation of vimentin expression in wild-type or DNMT3B -/- HCT-116 cells after treatment with GSK3484862 or decitabine (average Â± s.d.; nâ€‰=â€‰independently fitted EC50 values). f, IC50 values (bar represents average, nâ€‰=â€‰biologically independent determinations) following a 0-minute (nâ€‰=â€‰15), 60-minute DNMT1:Inhibitor (EI, nâ€‰=â€‰2), or 60-minute DNMT1:Inhibitor:hemi-methylated DNA (ESI, nâ€‰=â€‰2) preincubation. g, Intact protein mass spectrometry for mDNMT1 (731-1602) following incubation with hemi-methylated DNA in the absence or presence of GSK3685032 showed no covalent adduct. h, Inhibition of a kinase panel (nâ€‰=â€‰369) by 10â€‰ÂµM GSK3685032. i, Inhibition of a methyltransferase panel by 10 ÂµM GSK3685032. j, Isothermal dose-response curves for DNMT1 following treatment with GSK3685032 in a recombinant system (DNMT1 601-1600 in the presence of 40-mer hemi-methylated DNA) or in a cellular system (HepG2). k, Dose response curves (average Â± s.d., n = biologically independent samples) for full-length DNMT1 using a 40-mer hemi-methylated or poly(dIdC) DNA substrate in a radioactive SPA assay with GSK3685032 (nâ€‰=â€‰4 or 5, respectively) or SAH (nâ€‰=â€‰4 or 6), respectively).

                          Source data
                        


Extended Data Fig. 2 DNMT1 residues important for compound binding and inhibition.
a, Analogues containing a photoreactive benzophenone or diazerine moiety. b, c, Murine DNMT1 (731-1602) spectra in the absence or presence of a 45-minute photolysis step with 14-mer hemi-methylated DNA and GSK3844831 (b) or GSK3901839 (c). d, Dose response curves for HEK293 cells expressing either wild-type or site-directed alanine mutant DNMT1 (nâ€‰=â€‰2; technical replicates) treated for 6 days with decitabine or GSK3685032. Dashed line represents starting cell number (T0). e, Dose response curves (nâ€‰=â€‰4 biologically independent samples; average Â± s.d.) for full-length wild-type or H1507Y DNMT1 activity in a radioactive SPA assay.

                          Source data
                        


Extended Data Fig. 3 Sequence alignment of the methyltransferase domains of human DNMT1, DNMT3A, and DNMT3B.
Identical residues are shaded blue while similar residues are shaded yellow. The boxes indicate the target recognition domain of DNMT1 (dashed, black) and the active-site loop (solid, red). Residues that were photoaffinity labeled*, residues that conferred resistance to GSK3685032 upon mutation to alanine (gIC50 > 10 ÂµM)â€  and are reported to be involved in recognition of the methylated cytosineâ€¡, or the catalytic cysteine (C1226)â™¯ are marked within the DNMT1 sequence.


Extended Data Fig. 4 Crystal structure of DNMT1-DNA in complex with DNMT1 inhibitor.
a, View of the active-site loop bound in the space left by the flipped-out zebularine in the DNMT1-DNA complex. b, The omit electron density map in mesh for GSK3685032 contoured at 4Ïƒ above the mean. c, d, Orthogonal views of DNMT1-DNA in the presence of GSK3685032. The active-site loop is colored brown and adopts an open conformation. e, The omit electron density map in mesh for GSK3830052 contoured at 4Ïƒ above the mean. f, Superimposition of inhibitor (pink) and the active-site loop in the native complex (cyan). g, The inhibitor intercalates into DNA between two G:C base pairs. h, Two hydrogen bonds formed between G1 and zebularine. i, Inhibitor interacts with 5-methylcytosine (5mC) of the parent DNA strand and Trp1510 of DNMT1. j, The end of the inhibitor N-methyl-N-phenylmethanesulfonamide moiety is close to the DNMT1 active-site Cys1226.


Extended Data Fig. 5 Biochemical, phenotypic, and mechanistic activity of DNMT inhibitors.
a, Table reporting GSK3685032 activity in a panel of AML cell lines (day 6, average Â± s.d., nâ€‰=â€‰biologically independent experiments). b, Heatmap showing induction of caspase-glo 3/7 activity (Promega, average log2 fold change, nâ€‰=â€‰2 biologically independent experiments) in MV4-11 cells following treatment with GSK3510477, GSK3484862 (with 2 technical replicates), or GSK3685032 at days 1, 2, 4 & 6 (0.06-7,340â€‰nM). c, Compound structures for reported DNMT inhibitors. d, Table containing output parameters (average Â± SEM, nâ€‰=â€‰biologically independent experiments) following biochemical, phenotypic (MV4-11, day 6) or mechanistic (MV4-11, day 4) assessment using a panel of DNMT inhibitors. NA, not applicable to assay format. 5mC, 5-methylcytosine. e, Top, Venn diagram for significantly increased genes in MV4-11 (RNA-seq, FDRâ€‰<â€‰0.05, |log2 fold-change|â€‰>â€‰1, day 4, 400â€‰nM) following treatment with GSK3685032 or decitabine. Bottom, Heatmap of log2 fold change differential expression (RNA-seq, day 4) following treatment with GSK3685032 or decitabine (3.2-10,000â€‰nM) for overlapping genes (nâ€‰=â€‰1,542) from the Venn diagram.

                          Source data
                        


Extended Data Fig. 6 Pharmacokinetic evaluation of GSK3685032.
a, Summary of mouse pharmacokinetic parameters for GSK3685032. NA, not applicable to dosing route. ND, value not determined. IV, intravenous. SC, subcutaneous. b, Blood concentration of GSK3685032 at multiple timepoints following a single dose of 2 mg/kg IV (male CD-1 mice), 2 mg/kg SC (male C57/BL6 mice), or 30 mg/kg SC (female Nu/Nu mice). Individual data shown (nâ€‰=â€‰3 animals/group). c, Dose proportional blood concentration of GSK3685032 following twice daily subcutaneous dosing for 8.5 days in a SKM-1 subcutaneous xenograft model (NOD-scid) collected 6 hours post last dose. Individual concentrations (nâ€‰=â€‰3 animals/group) with linear regression (R square = 0.9780) fit to the mean concentration for each group. d, Simulated profile of GSK3685032 over a 24 hour time frame adjusted for unbound fraction (2.5%) in the blood following twice daily subcutaneous dosing. 5-mC, 5-methylcytosine.

                          Source data
                        


Extended Data Fig. 7 Compound effect in subcutaneous MV4-11 and SKM-1 xenograft models.
a, b, Animal body weight measurements for MV4-11 (a) or SKM-1 (b) xenograft models spanning the dosing duration of the study (average Â± s.d.; nâ€‰=â€‰10 animals/group, # represents day first animal came off study due to tumor volume). c-f, Individual tumor volume measurements for MV4-11 (c, day 35) or SKM-1 (d, day 20). Solid line represents the median for each group (nâ€‰=â€‰10 animals unless noted). Dotted line represents the median tumor volume for vehicle. Statistical significance* of treatment versus vehicle was calculated using one-way ANOVA, Dunnettâ€™s multiple comparisons test. Table summarizes adjusted P values to account for multiple comparisons and corresponding tumor growth inhibition (TGI) values for each group within the MV4-11 (e) or SKM-1 (f) xenograft models. g, h, Individual tumor volume measurements for the 45 mg/kg GSK3685032 group in MV4-11 (g) or SKM-1 (h) xenograft models during the dosing segment (orange bar) and continuing for â‰¥ 27 days off drug (blue bar) to monitor durability (nâ€‰=â€‰10 animals unless noted). The minimum measurable tumor volume was set to 10â€‰mm3.

                          Source data
                        


Extended Data Fig. 8 Effects of GSK3685032 and decitabine on complete blood cell counts.
a, b, Complete blood cell count (a) at day 28 across all dose groups (nâ€‰=â€‰5 animals/group; mean Â± s.d.). Statistical significance* of treatment versus vehicle was calculated using one-way ANOVA, Dunnettâ€™s multiple comparisons test. Each P value was adjusted to account for multiple comparisons. Table (b) showing output parameters following statistical analysis. ^Used log10 transformed values due to unequal variance between groups. Ratio represents treatment group normalized to vehicle. c, Complete blood cell count (mean Â± s.d.) at day 28 on treatment (nâ€‰=â€‰5 animals/group) followed by 27 days off treatment (nâ€‰=â€‰5 animals/group for 15 and 45 mg/kg or nâ€‰=â€‰8 animals for 30 mg/kg group) with GSK3685032.

                          Source data
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