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            Abstract
Enzymes that catalyse CpG methylation in DNA, including the DNA methyltransferases 1 (DNMT1), 3A (DNMT3A) and 3B (DNMT3B), are indispensable for mammalian tissue development and homeostasis1,2,3,4. They are also implicated in human developmental disorders and cancers5,6,7,8, supporting the critical role of DNA methylation in the specification and maintenance of cell fate. Previous studies have suggested that post-translational modifications of histones are involved in specifying patterns of DNA methyltransferase localization and DNA methylation at promoters and actively transcribed gene bodies9,10,11. However, the mechanisms that control the establishment and maintenance of intergenic DNA methylation remain poorly understood. Tattonâ€“Brownâ€“Rahman syndrome (TBRS) is a childhood overgrowth disorder that is defined by germline mutations in DNMT3A. TBRS shares clinical features with Sotos syndromeÂ (which is caused by haploinsufficiency of NSD1,Â a histone methyltransferase that catalyses the dimethylation of histone H3 at K36 (H3K36me2)8,12,13), which suggests that there is a mechanistic link between these two diseases. Here we report that NSD1-mediated H3K36me2 is required for the recruitment of DNMT3A and maintenance of DNA methylation at intergenic regions. Genome-wide analysis shows that the binding and activity of DNMT3A colocalize with H3K36me2 at non-coding regions of euchromatin. Genetic ablation of Nsd1 and its paralogue Nsd2 in mouse cells results in a redistribution of DNMT3A to H3K36me3-modified gene bodies and a reduction in the methylation of intergenic DNA. Blood samples from patients with Sotos syndrome andÂ NSD1-mutant tumours also exhibit hypomethylation of intergenic DNA. The PWWP domain of DNMT3A shows dual recognition of H3K36me2 and H3K36me3 in vitro, with a higher binding affinity towards H3K36me2 that is abrogated by TBRS-derived missense mutations. Together, our study reveals a trans-chromatin regulatory pathway that connects aberrant intergenic CpG methylation to human neoplastic and developmental overgrowth.
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                    Fig. 1: Genome-wide colocalization of DNMT3A, CpG methylation and H3K36me2.[image: ]


Fig. 2: NSD1-mediated H3K36me2 is required for intergenic DNMT3A localization and CpG methylation.[image: ]


Fig. 3: Preferential recognition of H3K36me2 and H3K36me3 by the PWWP domain of DNMT3A facilitates its localization.[image: ]


Fig. 4: Impaired intergenic DNMT3A localization and CpG methylation in neoplastic and developmental overgrowth.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 H3K36me2 and H3K36me3 mark transcriptionally active euchromatin.
a, ChIPâ€“seq normalized reads of H3K36me2 relative to the average percentage of CpG methylation in mouse MSCs for 100-kb non-overlapping bins (nÂ =Â 25,624). Pearsonâ€™s correlation coefficient is indicated. b, Quantification of ChIPâ€“seq normalized reads for averaged CpG methylation, DNMT3A1 and DNMT3B within H3K36me2 and H3K36me3 (nÂ =Â 591), H3K27me3 (nÂ =Â 283) or H3K9me3 (nÂ =Â 545) domains. P values were <2.2Â Ã—Â 10âˆ’16 for all pair-wise comparisons, as determined by Wilcoxonâ€™s rank-sum test (two-sided), except for DNMT3B (PÂ =Â 3.73Â Ã—Â 10âˆ’14) between H3K27me3 and H3K9me3 domains. For box plots, the centre lines represent the median, the box limits are the 25th and 75th percentiles, the whiskers are the minimum to maximum values and discrete points represent outliers. c, Quantification of ChIPâ€“seq normalized reads for gene expression, H3K4me1 and H3K27ac within H3K36me2 and H3K36me3 (nÂ =Â 591), H3K27me3 (nÂ =Â 283) or H3K9me3 (nÂ =Â 545) domains. P values were <2.2Â Ã—Â 10âˆ’16 for all pair-wise comparisons, as determined by Wilcoxonâ€™s rank-sum test (two-sided), except for gene expression (PÂ =Â 1.72Â Ã—Â 10âˆ’6) between H3K27me3 and H3K9me3 domains. Box plots as in b. d, Three-dimensional genome browser representation of Hi-C chromatin conformation capture data from mouse myoblasts compared to ChIPâ€“seq normalized reads for histone PTMs in mouse MSCs at Chr4: 52.2â€“99.1Â Mb. The levels of CpG methylation (CpGme) are depicted as a heat map (blue, low; white, intermediate; red, high). For H3K36me3 and H3K36me2, data are representative of two independent ChIPâ€“seq experiments; for H3K27me3 and H3K9me3, ChIPâ€“seq was performed once and an independent ChIP was performed in which genomic regions of selective enrichment and depletion were confirmed by qPCR. WGBS was performed once.


Extended Data Fig. 2 Distinct enrichment patterns between H3K36me2 and H3K36me3 at euchromatin.
a, Genome browser representation of ChIPâ€“seq normalized reads for H3K36me3, H3K36me2, DNMT3A1 and DNMT3B in mouse MSCs at Chr8: 75.0â€“75.1 Mb. The levels of CpG methylation are depicted as a heat map (blue, low; white, intermediate; red, high) and RefSeq genes are annotated at the bottom. For H3K36me3, H3K36me2 and DNMT3A1, data are representative of two independent ChIPâ€“seq experiments; for DNMT3B, ChIPâ€“seq was performed once and an independent ChIP was performed in which genomic regions of selective enrichment and depletion were confirmed by qPCR. WGBS was performed once. b, Ratio of observed-to-expected ChIPâ€“seq reads for H3K36me2 and H3K36me3 in annotated genomic regions. Numbers of expected reads were generated assuming equivalent genomic distribution to input. c, Heat maps representing ChIPâ€“seq signal density for H3K36me2 and H3K36me3 in mouse MSCs across all gene bodies. Genes are ranked by the length of the first intron. Each gene is displayed as a row. d, Averaged ChIPâ€“seq normalized signal across gene bodies stratified by expression quartile, represented as log2(ChIP signal/input signal) over input for DNMT3A1 (top) and DNMT3B (bottom) in parental MSCs. Sample sizes (which are the same for DNMT3A1 and DNMT3B) are nÂ =Â 7,524, nÂ =Â 7,435, nÂ =Â 6,923 and nÂ =Â 8,550 for the first, second, third and fourth quartiles, respectively; and nÂ =Â 35,777 for the average. TES, transcription end site; TSS, transcription start site.


Extended Data Fig. 3 Genome-wide colocalization between H3K36me2 and DNMT3A2 in mouse ES cells.
a, Immunoblots of lysates generated from parental and sgDnmt3a mouse ES cells (termed mESCs in the Extended Data figures) that ectopically express HA-tagged DNMT3A2. Vinculin was used as a loading control. Endogenous expression of the long isoform (DNMT3A1) and the short isoform (DNMT3A2) of DNMT3A is indicated. Data are representative of two independent experiments. b, ChIPâ€“seq normalized reads of HA-tagged DNMT3A2 in sgDnmt3a relative to parental ES cells for 100-kb non-overlapping bins (nÂ =Â 26,181). Pearsonâ€™s correlation coefficient is indicated. c, Genome browser representation of ChIPâ€“seq normalized reads for H3K36me3, H3K36me2, DNMT3A2 and DNMT3B in ES cells at Chr12: 86.6â€“87.5 Mb. RefSeq genes are annotated at the bottom. The shaded areas indicate H3K36me2-enriched intergenic regions (orange) and H3K36me3-enriched genic regions (green) in parental cells. For H3K36me2 and DNMT3A2, ChIPâ€“seq was performed once and an independent ChIP was performed in which genomic regions of selective enrichment and depletion were confirmed by qPCR. H3K36me3 and DNMT3B ChIPâ€“seq were performed once. d, ChIPâ€“seq normalized reads per 10-kb bin for DNMT3A2 (yÂ axis) and DNMT3B (xÂ axis) in ES cells (nÂ =Â 246,285). Bins (dots) are colour-coded on the basis of differences between H3K36me3 and H3K36me2 ChIPâ€“seq reads, to show selective enrichment for H3K36me2 (orange) or H3K36me3 (green). e, De novo methylation per bin by DNMT3A2 (brown) or DNMT3B (grey) after reintroduction into Dnmt1, Dnmt3a and Dnmt3b triple-knockout ES cells relative to H3K36me3. To generate bins, 1-kb genomic tiles (nÂ =Â 2,462,755) were ranked by H3K36me3 enrichment in ES cells and grouped into 1,000 bins, ordered by rank (2,463 tiles per group). The dashed lines indicate H3K36me3 enrichment per bin. Goodness of fit was computed using a quadratic model (red lines). For gel source data, see Supplementary Fig. 1.


Extended Data Fig. 4 Genetic ablation of Nsd1 and Nsd2 in mouse MSCs and Nsd1 in mouse ES cells.
a, Immunoblots of lysates from parental and H3K36-methyltransferase-knockout mouse MSC clonal lines for NSD1, NSD2 and SETD2. Vinculin was used as a loading control. b, Immunoblots of lysates from parental and sgNsd1 mouse ES cells that express HA-tagged DNMT3A. sgNsd1 cells were rescued with ectopic expression of wild-type NSD1 or the C2023A catalytic mutant. Vinculin was used as a loading control. c, Immunoblots of lysates generated from parental, sgSetd2 and sgNsd1/2 MSCs for H3K36me3 and H3K36me2. Total H3 was used as a loading control. d, Ratios of ChIPâ€“seq reads for H3K36me2 and H3K36me3 in mouse MSCs between target chromatin (mouse) and reference spike-in chromatin (Drosophila). Data are representative of two independent experiments. e, Quantitative mass spectrometry measurement of the abundance of histone PTMs in acid-extracted histones derived from the indicated MSC lines. Data are from one experiment. f, Ratios of ChIPâ€“seq reads for H3K36me2 and H3K36me3 in ES cells between target chromatin (mouse) and reference spike-in chromatin (Drosophila). Data are from one experiment. g, Density plots of H3K36me2 levels at intergenic (nÂ =Â 1,165), exonic (nÂ =Â 13,601) and intronic (nÂ =Â 12,364) regions for parental (grey) and sgNsd1/2 (orange) MSCs. PÂ values were determined by Wilcoxonâ€™s rank-sum test (two-sided). h, Density plots of H3K36me2 levels at intergenic (nÂ =Â 1,165), exonic (nÂ =Â 13,601) and intronic (nÂ =Â 12,364) regions for parental (grey) and sgNsd1 (orange) ES cells. PÂ values were determined by Wilcoxonâ€™s rank-sum test (two-sided). The immunoblot experiments in aâ€“c were independently repeated twice with similar results. For gel source data, see Supplementary Fig. 1.

                          Source data
                        


Extended Data Fig. 5 H3K36me2 depletion impairs genomic targeting of DNMT3A and reduces intergenic CpG methylation.
a, Immunoblots of lysates from parental, sgSetd2 and sgNsd1/2 mouse MSCs that ectopically express HA-tagged DNMT3A1 or DNMT3B. Î²-tubulin was used as a loading control. b, Immunoblots of lysates from sgDnmt3a, parental and sgNsd1 mouse ES cells that ectopically express HA-tagged DNMT3A2 or DNMT3B. Vinculin was used as a loading control. c, Genome browser representation of ChIPâ€“seq normalized reads for H3K36me3, H3K36me2 and DNMT3A1 in parental and sgNsd1/2 MSCs at Chr17: 87.9â€“88.7 Mb. The levels of CpG methylation (CpGme) are depicted as a heat map (blue, low; white, intermediate; red, high) and RefSeq genes are annotated at the bottom. The shaded area indicates H3K36me2-enriched intergenic region in parental cells. For H3K36me2, H3K36me3 and DNMT3A1 in parental cells, data are representative of two independent ChIPâ€“seq experiments. DNMT3A1 ChIPâ€“seq in sgNsd1/2 cells and WGBS in both lines were performed once. d, Genome browser representation of ChIPâ€“seq normalized reads for H3K36me3, H3K36me2 and DNMT3A2 in parental and sgNsd1 ES cells at Chr17: 87.9-88.7 Mb. The levels of CpG methylation are depicted as a heat map (blue, low; white, intermediate; red, high) and RefSeq genes are annotated at the bottom. The shaded area indicates the H3K36me2-enriched intergenic region in parental cells. For H3K36me2 and DNMT3A2, ChIPâ€“seq was performed once and an independent ChIP was performed in which genomic regions of selective enrichment and depletion were confirmed by qPCR. WGBS and H3K36me3 ChIPâ€“seq were performed once. e, Per cent change in averaged CpG methylation between parental and sgNsd1/2 MSCs relative to changes in ChIPâ€“seq normalized reads of H3K36me2 for 100-kb non-overlapping bins (nÂ =Â 25,611). Pearsonâ€™s correlation coefficient is indicated. f, Per cent change in averaged CpG methylation between parental and sgNsd1 ES cells relative to changes in ChIPâ€“seq normalized reads of H3K36me2 for 100-kb non-overlapping bins (nÂ =Â 26,044). Pearsonâ€™s correlation coefficient is indicated. g, The enrichment (per cent input) of H3K36me2 at various intergenic regions in parental (black) and sgNsd1 (orange) ES cells rescued with ectopic expression of wild-type NSD1 or the C2023A catalytic mutant was measured by ChIPâ€“qPCR. Each data point represents a genomic locus (nÂ =Â 10 for H3K36me2-enriched regions, nÂ =Â 4 for H3K36me2-depleted regions). Data are meanÂ Â±Â s.d. PÂ values were determined by one-way ANOVA. The immunoblot experiments in a, b were independently repeated twice with similar results. For gel source data, see Supplementary Fig. 1.

                          Source data
                        


Extended Data Fig. 6 The PWWP domain of DNMT3A preferentially binds to H3K36me2.
a, The dCypher approach for interrogating chromatin readers (Methods). Biotinylated nucleosomes are immobilized on streptavidin donor beads and GST-tagged DNMT3APWWP on glutathione AlphaLISA acceptor beads. Laser excitation of the donor generates singlet oxygen, which diffuses to activate emission from the acceptor. Fluorescence counts are directly proportional to the amount of donorâ€“acceptor complex bridged by the nucleosome-reader interaction. b, Quantification of AlphaLISA counts for isolated GST-tagged DNMT3APWWP interaction, titrated against H3K36-modified nucleosomes. Data are the mean of two replicates. c, ITC titration and fitting curves of human DNMT3APWWP with H3.3(1â€“42) K36-modified peptides. d, ITC titration and fitting curves of human DNMT3APWWP with H3.1(1â€“42) K36-modified peptides.

                          Source data
                        


Extended Data Fig. 7 Redistribution of DNMT3A to H3K36me3-marked gene bodies after loss of H3K36me2.
a, Averaged ChIPâ€“seq normalized signal across all gene bodies, represented as log2(ChIP signal/input signal) for DNMT3A1 (grey, nÂ =Â 14,959) and DNMT3B (green, nÂ =Â 14,959) in parental mouse MSCs, and for DNMT3A1 (orange, nÂ =Â 14,311) in sgNsd1/2 MSCs. b, Quantification of ChIPâ€“seq normalized reads of DNMT3A1 in parental, sgNsd1/2 and triple-knockout (TKO) MSCs at 10-kb non-overlapping bins enriched for H3K36me3 in parental cells (top 20% of bins, nÂ =Â 54,624). Reads were normalized by read depth. PÂ values were <2.2Â Ã—Â 10âˆ’16 for all pair-wise comparisons, as determined by Wilcoxonâ€™s rank-sum test (two-sided). For box plots, the centre lines represent the median, the box limits are the 25th and 75th percentiles, the whiskers are the minimum to maximum values and discrete points represent outliers. c, Genome browser representation of ChIPâ€“seq normalized reads for H3K36me2, H3K36me3 and DNMT3A1 in parental, sgNsd1/2 and triple-knockout MSCs at Chr10: 74.8â€“77.8 Mb. RefSeq genes are annotated at the bottom. The shaded areas indicate H3K36me3-enriched genic regions in parental cells. For H3K36me2 and H3K36me3, data in parental and sgNsd1/2 cells are representative of two independent ChIPâ€“seq experiments. ChIPâ€“seq in triple-knockout cells for H3K36me2 and H3K36me3 was performed once. For DNMT3A1, data in parental cells are representative of two independent ChIPâ€“seq experiments. ChIPâ€“seq in sgNsd1/2 and triple-knockout cells for DNMT3A1 was performed once. d, Immunoblots of lysates from parental, sgNsd1/2 and triple-knockout MSCs that ectopically express HA-tagged wild-type or D333A-mutant DNMT3A1. Î²-actin was used as a loading control. Data are representative of two independent experiments. e, Fold enrichment of wild-type or PWWP-mutant (D333A) DNMT3A1 at gene-body versus intergenic regions in parental (black) and sgNsd1/2 (orange) MSCs was measured by ChIPâ€“qPCR. Each data point represents a genomic locus (nÂ =Â 10). Data are meanÂ Â±Â s.d. PÂ values were determined by one-way ANOVA. For gel source data, see Supplementary Fig. 1.

                          Source data
                        


Extended Data Fig. 8 Assessment of binding affinity between DNMT3B and H3K36me2 in vitro and in cells.
a, Immunoblots of Hisâ€“MBP-tagged recombinant DNMT3A and DNMT3B PWWP domains. b, Immunoblots of recombinant Hisâ€“MBP-tagged wild-type DNMT3A and DNMT3B PWWP domains bound to H3K36-modified recombinant nucleosomes following the in vitro pull-down assay. c, ChIPâ€“seq normalized reads per bin for DNMT3A1 (grey) and DNMT3B (blue) in parental mouse MSCs and DNMT3B (red) in sgSetd2 MSCs relative to H3K36me2. To generate bins, 1-kb genomic tiles were ranked by H3K36me2 enrichment in parental MSCs and grouped into 1,000 bins, ordered by rank. The dashed line indicates H3K36me2 enrichment per bin. d, Genome browser representation of ChIPâ€“seq normalized reads for H3K36me2, H3K36me3 and DNMT3B in parental and sgSetd2 MSCs at Chr10: 83.4â€“84.3 Mb. RefSeq genes are annotated at the bottom. The shaded areas indicate H3K36me2-enriched intergenic regions (orange) and H3K36me3-enriched genic regions (green) in parental cells. For H3K36me2 and H3K36me3, data are representative of two independent ChIPâ€“seq experiments; for DNMT3B, ChIPâ€“seq was performed once and an independent ChIP was performed in which genomic regions of selective enrichment and depletion were confirmed by qPCR. The immunoblot experiments in a, b were independently repeated twice with similar results. For gel source data, see Supplementary Fig. 1.


Extended Data Fig. 9 TBRS-associated mutations in DNMT3A are loss-of-function and result in DNA hypomethylation similar to that observed in Sotos syndrome.
a, Immunoblots of the recombinant Hisâ€“MBP-tagged DNMT3A PWWP domain containing TBRS-associated mutations. MBP alone was used as a control. b, Immunoblots of soluble or chromatin-associated lysates generated from cells that ectopically express HA-tagged wild-type or mutant (W297del or I310N) DNMT3A. Î²-tubulin and lamin B1 were used as loading controls for the soluble and chromatin-associated fractions, respectively. c, Immunoblots of lysates from parental mouse MSCs that ectopically express HA-tagged wild-type or TBRS-associated mutant (W297del, I310N or Y365C) DNMT3A. Data are from one experiment. Î²-tubulin was used as a loading control. d, Immunoblots of nucleosomes bound to HA-tagged wild-type or mutant (W297del, I310N or Y365C) DNMT3A after ChIP with anti-HA-tag antibodies. Total H3 was used as a loading control and to normalize for differences in protein expression and nucleosome pull-down efficiency between samples. e, Genome browser representation of ChIPâ€“seq normalized reads for H3K36me2, wild-type DNMT3A1 and I310N-mutant DNMT3A1 in mouse MSCs at Chr13: 62.2â€“66.8 Mb. The levels of CpG methylation (CpGme) are depicted as a heat map (blue, low; white, intermediate; red, high) and RefSeq genes are annotated at the bottom. f, ChIPâ€“seq normalized reads of wild-type or PWWP-mutant (I310N) DNMT3A1 relative to that of H3K36me2 for 100-kb non-overlapping bins (wild type: nÂ =Â 25,694; I310N: nÂ =Â 25,757). Pearsonâ€™s correlation coefficient is indicated. For H3K36me2 and wild-type DNMT3A1, data are representative of two independent ChIPâ€“seq experiments; for I310N-mutant DNMT3A1, ChIPâ€“seq was performed once and an independent ChIP was performed in which genomic regions of selective enrichment and depletion were confirmed by qPCR. WGBS was performed once. g, Unsupervised hierarchical clustering of publicly available Infinium Human Methylation 450K array profiles of blood samples from patients with TBRS, Sotos syndrome and Weaver syndrome and healthy control individuals, based on the top 1,000 most-variable probes. h, Model depicting the changes in chromatin landscape in human developmental overgrowth syndromes (Sotos syndrome and TBRS). In normal development, DNMT3A and DNMT3B act in parallel to methylate CpG dinucleotides at H3K36me2-enriched intergenic and H3K36me3-enriched genic regions, respectively. Haploinsufficiency of NSD1 and depletion of intergenic H3K36me2 levels in Sotos syndrome abrogate PWWP-mediated intergenic recruitment of DNMT3A, which leads to hypomethylation of intergenic DNA and the redistribution of DNMT3A to H3K36me3-enriched gene bodies. Mutations within the PWWP domain of DNMT3A in TBRS impair chromatin occupancy and reduce cellular levels of the proteinâ€”thereby also causing hypomethylation of intergenic DNA. The immunoblot experiments in a, c, d were independently repeated twice with similar results. For gel source data, see Supplementary Fig. 1.
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