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            Abstract
DNA methylation by de novo DNA methyltransferases 3A (DNMT3A) and 3B (DNMT3B) at cytosines is essential for genome regulation and development1,2. Dysregulation of this process is implicated in various diseases, notably cancer. However, the mechanisms underlying DNMT3 substrate recognition and enzymatic specificity remain elusive. Here we report a 2.65-Ã¥ngstrÃ¶m crystal structure of the DNMT3Aâ€“DNMT3Lâ€“DNA complex in which two DNMT3A monomers simultaneously attack two cytosineâ€“phosphateâ€“guanine (CpG) dinucleotides, with the target sites separated by 14 base pairs within the same DNA duplex. The DNMT3Aâ€“DNA interaction involves a target recognition domain, a catalytic loop, and DNMT3A homodimeric interface. Arg836 of the target recognition domain makes crucial contacts with CpG, ensuring DNMT3A enzymatic preference towards CpG sites in cells. Haematological cancer-associated somatic mutations of the substrate-binding residues decrease DNMT3A activity, induce CpG hypomethylation, and promote transformation of haematopoietic cells. Together, our study reveals the mechanistic basis for DNMT3A-mediated DNA methylation and establishes its aetiological link to human disease.
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                    Figure 1: Structure of the DNMT3Aâ€“DNMT3L tetramer in complex with a 25-mer DNA duplex containing two CpG sites.[image: ]


Figure 2: Structure comparison of free and DNA-bound DNMT3Aâ€“DNMT3L tetramer.[image: ]


Figure 3: DNMT3Aâ€“CpG interactions.[image: ]


Figure 4: Haematological cancer-associated mutations of the DNMT3Aâ€“DNA interaction residues.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Structures of the DNMT3Aâ€“DNMT3L tetramer in complex with the 10/11-mer DNA.
a, The sequence of the 10/11-mer DNA duplex used for structural study. b, Chemical formula of the covalent adduct of DNMT3A and 2â€²-deoxyzebularine. c, Data collection and refinement statistics. Each dataset was collected from a single crystal. d, Ribbon representations of the DNMT3Aâ€“DNMT3L tetramer in complex with the 10/11-mer DNA duplex and AdoHcy. DNMT3A, DNMT3L, and DNA are coloured in light blue, green, and wheat, respectively, and AdoHcy shown in sphere representation. The boxed areas show expanded views for the CpG sites (purple and yellow), the DNA-binding TRD and catalytic loops (left box), and the flipped out 2â€²-deoxyzebularine (dZ6â€²) surrounded by conserved catalytic residues (right box). The Fo âˆ’ Fc omit map of 2â€²-deoxyzebularine (pink) is contoured at the 3Ïƒ level. The hydrogen-bonding interactions are depicted as dashed lines.


Extended Data Figure 2 Intermolecular interactions between the DNMT3Aâ€“DNMT3L tetramer and DNA.
a, Structural overlay of free DNMT3Aâ€“DNMT3L (PDB 2QRV) with the 10/11-mer DNA and 25-mer DNA-bound states. b, Stick representation of the 25-mer DNA duplex bound to the DNMT3Aâ€“DNMT3L tetramer, with the 2Fo âˆ’ Fc omit map contoured at the 1Ïƒ level. c, The two helices of DNMT3A that interact with DNMT3L (shown in green) are coloured in pink (Î±4 and Î±5 in accordance with the numeration in Extended Data Fig. 3g) and preceded by two DNA contact loops, coloured in blue. The flipped out zebularine (Z5) is coloured in purple. The bound AdoHcy molecule is shown in sphere representation.


Extended Data Figure 3 Various intermolecular interactions between the two DNMT3A monomers and DNA.
aâ€“f, DNA binding by the first and second DNMT3A monomer (defined as 3A and 3Aâ€², respectively, in Fig. 1c) includes the intermolecular interactions between the TRD loop of DNMT3A and the DNA major groove (a, d), between the catalytic loop of DNMT3A and the DNA minor groove (b, e), and between the homodimeric interface of DNMT3A and the DNA backbone (c, f). The hydrogen-bonding interactions are shown as dashed lines. The water molecules are shown as purple spheres. g, Structure-based sequence alignment of DNMT3 proteins from human (hDNMT3A and hDNMT3B), mouse (mDnmt3a and mDnmt3b), and zebrafish (zDnmt3a and zDnmt3b). Completely conserved residues are coloured in white and highlighted in red. Partly conserved residues are coloured in red. Secondary structures are shown above the aligned sequences. The DNA-binding residues as revealed by this study are marked with black triangles.


Extended Data Figure 4 The essential roles for the CpG-engaging residues of DNMT3A, R836, and V716 in DNMT3A-mediated CpG versus non-CpG methylations.
a, b, DNA methylation kinetics analysis of wild-type (DNMT3AWT, a) and R836A-mutated (DNMT3AR836A, b) DNMT3A using the CpG-, CpA-, or CpT-containing DNA substrates (nâ€‰=â€‰3 biological replicates). Purified DNMT3Aâ€“DNMT3L tetramer complex was used for measurements, followed by fitting with a first-order exponential equation. c, Ribbon representation of the crystal structure of DNMT3AR836Aâ€“DNMT3L tetramer in complex with the 25-mer DNA, with the CpG recognition by one of the DNMT3A monomers shown in expanded view. The 2Fo âˆ’ Fc omit map of DNA was contoured at the 0.8Ïƒ level, and coloured in light blue. d, Methylation assay using either DNMT3AWT or DNMT3AV716G on CG-, CA-, and CT-containing DNA (nâ€‰=â€‰3 biological replicates). e, Immunoblots detect reconstituted expression of the indicated DNMT3A among TKO mouse ES cells, either the pooled stable-expression cell population or single-cell-derived clonal lines. EV, empty vector. A representative blot of two independent experiments is shown. For gel Source Data, see Supplementary Fig. 1. f, LCâ€“MS analysis reveals the global 5-methyl-2â€²-deoxycytidine (5-mdC) levels (calculated as 5-mdC/2â€²-deoxyguanosine on the y axis) in the TKO ES cells after stable transduction of empty vector or the indicated DNMT3A (nâ€‰=â€‰3 biological replicates). Data are meanâ€‰Â±â€‰s.d.

                          Source data
                        


Extended Data Figure 5 eRRBS reveals distribution of cytosine methylations in each sequence context among TKO ES cells with reconstituted expression of either DNMT3AWT or DNMT3AR836A.
a, The rates of bisulfite conversion for the indicated sequence context in each sample as determined by the unmethylated lambda DNA spike-in control. CpN, all cytosines. b, c, Pie charts showing the percentage of methylated cytosines (total number n shown at the bottom of each plot) identified among the DNMT3AWT- or DNMT3AR836A-expressing TKO ES cells in each sequence context. The methylated cytosines were called using a stringent binomial distribution-based filter to eliminate false positives from incomplete bisulfite conversion, with an FDR of 1% and 0.1% set for b and c, respectively. d, Distribution of methylation levels (percentage on x axis) for the indicated sequence context. Inserts show a closed view of the distribution at sites with intermediate to high levels of cytosine methylation.


Extended Data Figure 6 CpG and non-CpG methylations induced by DNMT3AWT versus DNMT3AR836A in the TKO ES cells.
a, Overall methylation levels of cytosines at four different sequence contexts as detected by eRRBS. On the y axis, the averaged methylation level of all cytosines within the mouse genome is shown, as calculated by normalization of the detected methylation cytosines over total cytosine numbers in the TKO ES cells reconstituted with either DNMT3AWT (left) or DNMT3AR836A (right). b, Global levels of CpG and CpH (Hâ€‰=â€‰A, C, or T) methylation induced by DNMT3AWT (green) or DNMT3AR836A (red) across the mouse chromosomes of the TKO ES cells. Box and whisker plots of 10-kb-bin-averaged methylation levels of each mouse chromosome are shown. c, Global levels of CpG and CpH methylation induced by DNMT3AWT (green) versus DNMT3AR836 (red) across all annotated genes. Each gene was divided into 100 equally sized bins and the 10-kb flanking region was divided into 50 equally sized bins. Averaged methylation levels were plotted for each bin. TSS, transcription start site; TES, transcription end site. d, Global levels of CpG and CpH methylation induced by DNMT3AWT (green) versus DNMT3AR836A (red) on the two opposite DNA strands. Boxplots of 10-kb-bin-averaged CpG, CpA, CpC, and CpT methylation levels of each strand are shown. e, Representative gene-wide views of CpG and CpH methylations at Foxp1 and Dock1, which are grouped into either the forward (+) or reverse (âˆ’) DNA strand. Cytosines covered by at least 15 reads from eRRBS data are shown, with each site designated by a vertical line. Panels aâ€“e use the combined dataset of three biological replicates per group. Box plots depict the interquartile range, and whiskers depict 1.5 Ã— interquartile range.


Extended Data Figure 7 Sanger bisulfite sequencing to validate the cytosine methylation levels mediated by DNMT3A, either wild type or defective in recognizing the CpG substrate, among the TKO mouse ES cells.
a, Sequence of the examined major satellite DNA region. Primers used for bisulfite PCR are denoted with 5â€² and 3â€² primer pairing. The counts for cytosines, highlighted in colour, are 9 for the CG dinucleotide, 33 for CA, 14 for CT, and 13 for CC. b, A representative result for bisulfite sequencing analysis of the major satellite repeat region described above in the TKO cells expressing empty vector, wild-type DNMT3A, or the indicated mutant. Each row represents one DNA clone and each column represents one site of cytosine, either methylated (filled) or unmethylated (open). c, d, Percentage of methylation mediated by DNMT3A or the indicated mutant at CpG (c) and non-CG (d) sites within the examined major satellite DNA region in the TKO ES cells. Data are meanâ€‰Â±â€‰s.d.; nâ€‰=â€‰4 independent bisulfite sequencing experiments as shown in b. eâ€“h, Average cytosine methylation levels at each individual site grouped by the CpG (e), CpA (f), CpT (g), or CpC (h) context in the examined major satellite DNA among the TKO ES cells reconstituted with DNMT3AWT versus DNMT3AR836A (nâ€‰=â€‰4 biological replicates; meanâ€‰Â±â€‰s.d., with the labelled P values). Statistical analysis used a two-tailed Studentâ€™s t-test; NS, not significant.

                          Source data
                        


Extended Data Figure 8 Effect of haematological cancer-associated mutations of DNMT3A on DNA methylation in vitro and in mouse TKO ES cells.
a, Methylation kinetics of DNMT3A with mutations located at the catalytic loop, compared with DNMT3AWT. b, Methylation kinetics of DNMT3A with an active site mutation, R792H. c, Methylation kinetics of DNMT3A with mutations located at the TRD loop. d, Methylation kinetics of DNMT3A with the hotspot mutation R882H. For aâ€“d, DNMT3Aâ€“DNMT3L complex was used for the measurements (nâ€‰=â€‰3 biological replicates), followed by fitting with a first-order exponential equation. These data were measured independently from those shown in Fig. 4c. e, Immunoblot detects stable reconstitution of DNMT3AWT or the indicated DNMT3A mutant in the TKO ES cells. A representative blot of two independent experiments is shown. For gel Source Data, see Supplementary Fig. 1. f, LCâ€“MS analysis reveals the global 5-methyl-2â€²- deoxycytidine (5-mdC) levels (calculated as 5-mdC/2â€²-deoxyguanosine) in the TKO ES cells after stable transduction of empty vector or the indicated DNMT3A. The methylation levels relative to TKO cells expressing DNMT3AWT are plotted. Data are meanâ€‰Â±â€‰s.d.; nâ€‰=â€‰4 biological replicates. g, Individual bisulfate sequencing detects the methylation level of cytosines in each sequence context within a major satellite DNA site at chromosome 2 in the TKO cells reconstituted with DNMT3AR836W (right), compared with DNMT3AWT (left) or DNMT3AR836A (middle; as determined in Fig. 3g) (nâ€‰=â€‰4; meanâ€‰Â±â€‰s.d.). Statistical analysis used a two-tailed Studentâ€™s t-test. h, In vitro methylation of CG-, CA-, or CT-containing DNA using DNMT3AWT (left) or DNMT3AR836W (right) in complex with DNMT3L, reacted for 40 min (nâ€‰=â€‰3 biological replicates). The methylation levels relative to CG-containing DNA substrates are plotted. Data are meanâ€‰Â±â€‰s.d.

                          Source data
                        


Extended Data Figure 9 Effect of haematological cancer-associated mutations of DNMT3A on genomic DNA methylation in the TF-1 leukaemia cells.
a, Immunoblot of the TF-1 cells stably transduced with Myc-tagged DNMT3A, either wild type or the indicated cancer-associated mutants. EV, empty MSCV vector. A representative blot of two independent experiments is shown. For gel Source Data, see Supplementary Fig. 1. b, Profiling of the indicated DNMT3A-expressing TF-1 cell lines with the HumanMethylation_450K BeadChip array reveals the mean methylation Î² values for all examined CpGs. Each dot represents a biological replicate: that is, an independently derived stable-expression cell line (nâ€‰=â€‰3â€“8 biological replicates per group; meanâ€‰Â±â€‰s.d.). Statistical analysis used a two-tailed Studentâ€™s t-test. c, Density plot of methylation Î² values for all examined CpGs in the indicated DNMT3A-expressing TF-1 cell lines. The inserted box shows a zoom-in view for densities for highly methylated DNA sites among the indicated samples. Data are meanâ€‰Â±â€‰s.d., with the labelled P values. Statistical analysis used two-tailed Studentâ€™s t-test. d, Sanger bisulfite sequencing of the indicated regions from TF-1 cell lines stably transduced with empty vector, DNMT3AWT or the indicated cancer-associated mutant. Individual CpG sites (circles) are filled with black (methylated) or white (unmethylated). Red circles denote the CpG sites covered by the Illumina Infinium 450K DNA methylation array. Data are meanâ€‰Â±â€‰s.d.; nâ€‰=â€‰3 biological replicates. e, Methylation values of the indicated CpG sites (labelled by red circles in d) based on the measurements with the Infinium 450K DNA methylation arrays (nâ€‰=â€‰3â€“8 biological replicates; meanâ€‰Â±â€‰s.d.).

                          Source data
                        


Extended Data Figure 10 Effect of haematological cancer-associated DNMT3A mutations on DNA hypomethylation and cytokine-independent growth of the TF-1 leukaemia cells.
a, Venn diagram of CpG sites with hypomethylation induced by either one of the three indicated strong DNA-binding-defective mutants of DNMT3A, V716D, K841E, and R792H. b, c, Bar plots (b) and scatter plots (c) showing methylation difference at the 605 commonly hypomethylated CpG sites identified in a among the TF-1 cells with stable transduction of either DNMT3AWT or the indicated mutant, compared with empty MSCV vector. A black line in b indicates empty vector control (nâ€‰=â€‰3â€“8 biological replicates per group; meanâ€‰Â±â€‰s.d.). In c, mean methylation Î² values are plotted of each individual CpG in the indicated DNMT3A experimental group (x axis) and control empty vector group (y axis; nâ€‰=â€‰3â€“8 biological replicates per group). d, e, Comparable occupancy of DNMT3A and its mutant forms at the indicated genomic loci with affected DNA methylation, as measured by ChIP analysis of the Myc-tagged DNMT3AWT or mutants in TF-1 stable-expression cell lines. Tested sites by ChIPâ€“qPCR in d (nâ€‰=â€‰3 biological replicates; meanâ€‰Â±â€‰s.d.) included three CpG sites showing hypomethylation due to expression of mutant DNMT3A (left; also see Extended Data Fig. 9e), three sites showing hypermethylation due to expression of DNMT3AWT (middle; also see e, which shows mean methylation Î² values from measurements with the Infinium 450K DNA methylation arrays, nâ€‰=â€‰3â€“8 biological replicates; meanâ€‰Â±â€‰s.d.), and a negative control locus (right; the GAPDH transcription start site). The anti-Myc antibody was used for ChIP and the empty-vector-expressing TF-1 cells used as cell control for unspecific binding. f, Proliferation of the indicated DNMT3A stable-expression TF-1 cells in the presence of a supporting cytokine, GM-CSF (nâ€‰=â€‰2 biological replicates; meanâ€‰Â±â€‰s.d.). g, Proliferation of the indicated DNMT3A-expressing TF-1 cells after GM-CSF withdrawal (nâ€‰=â€‰3 biological replicates; meanâ€‰Â±â€‰s.d.).
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