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            Abstract
Histone methyltransferases of the nuclear receptor-binding SET domain protein (NSD) family, including NSD1, NSD2 and NSD3, have crucial roles in chromatin regulation and are implicated in oncogenesis1,2. NSD enzymes exhibit an autoinhibitory state that is relieved by binding to nucleosomes, enabling dimethylation of histone H3 at Lys36 (H3K36)3,4,5,6,7. However, the molecular basis that underlies this mechanism is largely unknown. Here we solve the cryo-electron microscopy structures of NSD2 and NSD3 bound to mononucleosomes. We find that binding of NSD2 and NSD3 to mononucleosomes causes DNA near the linker region to unwrap, which facilitates insertion of the catalytic core between the histone octamer and the unwrapped segment of DNA. A network of DNA- and histone-specific contacts between NSD2 or NSD3 and the nucleosome precisely defines the position of the enzyme on the nucleosome, explaining the specificity of methylation to H3K36. Intermolecular contacts between NSD proteins and nucleosomes are altered by several recurrent cancer-associated mutations in NSD2 and NSD3. NSDs that contain these mutations are catalytically hyperactive in vitro and in cells, and their ectopic expression promotes the proliferation of cancer cells and the growth of xenograft tumours. Together, our research provides molecular insights into the nucleosome-based recognition and histone-modification mechanisms of NSD2 and NSD3, which could lead to strategies for therapeutic targeting of proteins of the NSD family.
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                    Fig. 1: Biochemical analysis of NSD3 and the overall structure of the NSD3C(E1181K/T1232A)â€“NCP complex.[image: ]


Fig. 2: Details of intermolecular contacts between NSD3C(E1181K/T1232A) and the nucleosome.[image: ]


Fig. 3: Structural and biochemical analysis of NSD2 and NSD3 and their cancer-related mutations.[image: ]


Fig. 4: Regulation of cancer cell phenotypes by the catalytic activity of NSD2 and NSD3.[image: ]
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                Data availability

              
              The electron microscopy density maps have been deposited in the Electron Microscopy Data Bank (EMDB) with accession codes EMDB-30453, EMDB-30454, EMDB-30455, EMDB-30456 and EMDB-30457. The final models were submitted to the RCSB PDB with accession codes 7CRO, 7CRP, 7CRQ and 7CRR. Other PDB codes used in this study, including 1AOI, 3MVD, 3OOI and 5UPD, can also be accessed through their respective accession codes in the PDB. Data relating to the E1099K and T1150A mutations in NSD2 and the T1232A mutation in NSD3 can be accessed through the COSMIC database (http://cancer.sanger.ac.uk) under the genomic mutation identifiers COSV56386422, COSV56385908 and COSV57670291, respectively. Gel source data are provided as Supplementary Fig. 1 for cropped images shown in Figs. 1e, 3c, 4a, c, e and Extended Data Figs. 3a, 7a, c, d.Â Source data are provided with this paper.
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Extended data figures and tables

Extended Data Fig. 1 Cryo-EM structural analysis of wild-type NSD3C in complex with 187-bp NCPs.
a, Representative cryo-EM micrograph from a total of 2,511 micrographs of the NSD3Câ€“NCP complex (low-pass-filtered to 20Â Ã…). Scale bar, 100 nm. b, Selected 2D class averages of the NSD3Câ€“NCP complex. Scale bar, 10 nm. Box size 216, pixel size 1.08 Ã…. c, Workflow of the image processing procedures for the NSD3Câ€“NCP complex. It includes several rounds of 2D and 3D classification, refinement and masked refinement. The linker DNA is highly flexible, thus, it is invisible when the density map is shown in high resolution. d, Local-resolution map of the NSD3Câ€“NCP complex final density map. e, FSC curve of the NSD3Câ€“NCP complex final density map.


Extended Data Fig. 2 Cryo-EM structural analysis of NSD3C(E1181K/T1232A) in complex with 187-bp NCPs.
a, Representative cryo-EM micrograph from a total of 3,625 micrographs of the NSD3C(E1181K/T1232A)â€“NCP complex (low-pass-filtered to 20Â Ã…). Scale bar, 100 nm. b, Selected 2D class averages. Scale bar, 10 nm, box size 108, pixel size 2.16 Ã…. c, Workflow of the image processing procedures for the NSD3C(E1181K/T1232A)â€“NCP. It includes several rounds of 2D and 3D classification, refinement and masked refinement. As the linker DNA is highly flexible, it is invisible when the density map is shown at a high contour level. d, FSC curves of the NSD3C(E1181K/T1232A)â€“NCP complex in different binding states. e, Local-resolution map of the 1:2 (NCP:NSD3 ratio) NSD3C(E1181K/T1232A)â€“NCP complex final density map. f, Local-resolution map of the 1:1 NSD3C(E1181K/T1232A)â€“NCP complex final density map. gâ€“i, Local-density map of representative regions of the final cryo-EM density map, for the H3 tail (g), NSD3 AWS domain (h) and NSD3 SET domain (i).


Extended Data Fig. 3 EMSA and structural analysis of NSD3C in complex with 187-bp NCPs.
a, EMSA analysis of NSD3C with native or Nle-labelled 187-bp NCPs. The concentrations of added NSD3C are indicated above the lanes. The results were repeated in at least three independent experiments. For gel source data, see Supplementary Fig. 1. b, Superimposition of the 1:1 NSD3Câ€“NCP complex with an apo NCP (PDB code 1AOI). Histone proteins and the wrapped DNA in the apo NCP are coloured in yellow and blue, respectively. Histone proteins and the nucleosomal DNA in the NSD3C-binding NCP are coloured in grey and orange, respectively. NSD3C is coloured in green. c, Top (left) and side (right) views of the sharpened cryo-EM density map of the 1:2 (NCP:NSD3 ratio) NSD3C(E1181K/T1232A)â€“NCP complex (contoured at 3Ïƒ). NSD3C(E1181K/T1232A) is coloured in green. NCP DNA and histone proteins are coloured in orange and grey, respectively. d, Top (left) and side (right) views of the inactive state of the NSD3Câ€“NCP complex. The 146-bp NCP structure (PDB code 1AOI) was docked into the density of the 187-bp NCP. The cryo-EM density map is coloured in grey and contoured at 1.5Ïƒ. Additional densities that lie on the top of the nucleosome disk are densities of NSD3C.


Extended Data Fig. 4 MST-based analysis of wild-type and mutant NSD3C in complex with 187-bp NCPs.
Left, MST binding curves of wild-type NSD3C and NSD3C mutants with 187-bp NCPs. Right, dissociation constants (Kd) derived from the left curves. Data are represented as meanÂ Â±Â s.d. from nÂ =Â 3 biologically independent samples.


Extended Data Fig. 5 Cryo-EM structural analysis of NSD2C(E1099K/T1150A) in complex with 187-bp NCPs.
a, Representative cryo-EM micrograph from a total of 1,388 micrographs of the NSD2C(E1099K/T1150A)â€“NCP complex (low-pass-filtered to 20 Ã…). Scale bar, 100 nm. b, Selected 2D class averages. Scale bar, 10 nm, box size 216, pixel size 1.08 Ã…. c, Workflow of the image processing procedures for the NSD2C(E1099K/T1150A)â€“NCP complex. d, Local-resolution map of the NSD2C(E1099K/T1150A)â€“NCP complex final density map. e, FSC curve of the NSD2C(E1099K/T1150A)â€“NCP complex.


Extended Data Fig. 6 Glu1181 and Thr1232 sites of NSD3 in the structure of the NSD3C(E1181K/T1232A)â€“NCP complex.
a, Comparisons of the structural differences between the superimposed NCP-bound wild-type NSD3C (grey) and E1181K/T1232A-mutated (coloured as described above) NSD3C. b, The side chain of Thr1232 in wild-type NSD3C is inserted into a hydrophobic pocket composed of hydrophobic residues from both NSD3C and histone H3.


Extended Data Fig. 7 Proliferation of UD-SCC-2 cells is dependent on NSD3.
a, Western blot analysis with indicated antibodies of whole-cell lysates from wild-type or NSD3-depleted UD-SCC-2 cells as indicated. All data were reproduced in three independent experiments. b, Cell proliferation rates of UD-SCC-2 cells expressing CRISPRâ€“Cas9 and two independent NSD3 sgRNAs or a control sgRNA. Data are represented as meanÂ Â±Â s.d. from nÂ =Â 3 biologically independent samples. **PÂ <Â 0.01, n.s., not significant, two-tailed unpaired Studentâ€™s t-test. Cell lines were numbered as follows: (1) sgControl, (2) sgNSD3-1, (3) sgNSD3-2. P values between the cells are as follows: P (1 versus 2)Â =Â 0.0046, P (1 versus 3)Â =Â 0.0029, P (2 versus 3)Â =Â 0.3249. c, Western blot analysis of NSD3-depleted UD-SCC-2 cells complemented with structure-guided NSD3 derivatives. All data were reproduced in three independent experiments. d, Validation of NSD3 antibody specificity. Left, transient expression of either vector alone or Flag-tagged NSD3 in HEK 293T cells. Right, CRISPRâ€“Cas9-mediated knockdown of either control or NSD3 in MDA-MB-231 cells. Whole-cell lysates were blotted with indicated antibodies. *, non-specific band. All data were reproduced in three independent experiments. For gel source data, see Supplementary Fig. 1.
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Extended Data Table 2 Cryo-EM data collection, refinement and validation statisticsFull size table
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