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            Abstract
The Polycomb repressive complex 2 (PRC2) mainly mediates transcriptional repression1,2 and has essential roles in various biological processes including the maintenance of cell identity and proper differentiation. Polycomb-like (PCL) proteins, such as PHF1, MTF2 and PHF19, are PRC2-associated factors that form sub-complexes with PRC2 core components3, and have been proposed to modulate the enzymatic activity of PRC2 or the recruitment of PRC2 to specific genomic loci4,5,6,7,8,9,10,11,12,13. Mammalian PRC2-binding sites are enriched in CG content, which correlates with CpG islands that display a low level of DNA methylation14. However, the mechanism of PRC2 recruitment to CpG islands is not fully understood. Here we solve the crystal structures of the N-terminal domains of PHF1 and MTF2 with bound CpG-containing DNAs in the presence of H3K36me3-containing histone peptides. We show that the extended homologous regions of both proteins fold into a winged-helix structure, which specifically binds to the unmethylated CpG motif but in a completely different manner from the canonical winged-helix DNA recognition motif. We also show that the PCL extended homologous domains are required for efficient recruitment of PRC2 to CpG island-containing promoters in mouse embryonic stem cells. Our research provides the first, to our knowledge, direct evidence to demonstrate that PCL proteins are crucial for PRC2 recruitment to CpG islands, and further clarifies the roles of these proteins in transcriptional regulation in vivo.
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                    Figure 1: PHF1 domain architecture, its free form structure and the binding analysis with various double-stranded DNAs.[image: ]


Figure 2: Structural details of PHF1 with bound DNA, mutational analysis of the PCL cassettes, and identification of DNA motifs recognized by PHF1 and MTF2 through protein-binding microarrays.[image: ]


Figure 3: Binding analysis of the PHF1 and MTF2 cassettes with various histone peptides and structural details of PHF1/MTF2 cassetteâ€“H3K36me3â€“DNA ternary complexes.[image: ]


Figure 4: The MTF2 EH domain is essential for PRC2 recruitment in mouse ES cells.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Sequence alignment of human PCL proteins, or the EH/WH regions from various species.
a, Sequence alignment of the N-terminal domains of human PCL proteins. Residues with high similarity are coloured in red. Key residues mentioned in the text are highlighted yellow and indicated with blue triangles at the bottom. b, Sequence alignment of the EH domains from various species of PCL proteins and two typical winged-helix motifs. Conserved IKK(K/R)K motifs within the W1 loop of various PCL proteins are indicated in a blue box. Species abbreviations: h, Homo sapiens; m, Mus musculus; dr, Danio rerio; xl, Xenopus laevis; dm, Drosophila melanogaster.


Extended Data Figure 2 Binding analysis of PCL proteins with different CpG-motif substitutions or with CpG-containing DNAs varying in their flanking sequences.
a, EMSA results of the PHF1(26â€“360) fragment with different DNA duplexes bearing base substitutions in the CpG motif. b, c, EMSA results of PHF1(165â€“360) (b) or MTF2(180â€“378) (c) with various NCpGN-containing DNA motifs; N denotes any DNA base. The protein-to-DNA molar ratio is shown at the top. Data are representative of at least three independent experiments. Uncropped gels are shown in Supplementary Fig. 1.


Extended Data Figure 3 Comparisons of DNA-bound PHF1 or MTF2 EH domains with two DNA-bound winged-helix motifs and a CXXC domain.
a, Electrostatic surface of the PHF1 cassette, with basic regions shown in blue and acidic regions in red. Bound DNA is shown in a cartoon representation. b, Superimposition of the PHF1-bound DNA (coloured in orange) with a canonical B-form DNA (coloured in blue; PDB code 1HQ7). câ€“e, Comparison of the DNA-recognizing details of the PHF1 EH domain (c) with the winged-helix motifs of HNF-3Î³ (d; PDB code 1VTN) and hRFX1 (e; PDB code 1DP7) when all three domains were structurally aligned. fâ€“h, Comparison of the CpG-recognition details of the MTF2 EH domain (f) and the PHF1 EH domain (g) with that of the CFP1 CXXC (h; PDB code 3QMC). Of note, both cytosine residues of the CpG duplex form hydrogen bonds with the main-chain carbonyl oxygens, while both guanines of the CpG duplex were also recognized by forming hydrogen bonds with the side chains.


Extended Data Figure 4 Creation of MTF2-knockout mouse ES cells and qPCR experiments.
a, Representative western blot of endogenous MTF2 in mouse ES cells. Three distinct isoforms are indicated. b, Schematic overview of the three MTF2 isoforms and their corresponding translational start sites. Positions of four test CRISPR gRNA targets are shown. c, Western blot of mouse ES cells expressing a control of CRISPR construct or CRISPR constructs targeting the Mtf2 gene as depicted in b. CRISPR 4 (in red) was used to obtain single cell clones. d, Sequence validation of two single cell clones. e, Western blotting of nucleoplasm and chromatin fractions from two MTF2-knockout clones and control cells. Data are representative of two independent experiments. f, g, RTâ€“qPCR of control cells and two MTF2-knockout clones (f) or control, knockout, or MTF2-knockout cells rescued with wild-type or MTF2(Lys339Ala) (g). Data are mean Â± s.d. of three biological replicates. h, ChIPâ€“qPCR experiments in control, MTF2-knockout, and rescued cells with the antibodies shown. Data are mean Â± s.d. of two biological replicates. Uncropped blots are shown in Supplementary Fig. 1.


Extended Data Figure 5 Analysis of the ChIPâ€“seq experiments and PHF19-knockdown ChIPâ€“seq data.
a, Comparison of normalized ChIPâ€“seq promoter reads (as in Fig. 4f) of three biological replicates for MTF2, SUZ12 and H3K27me3. The whisker-box plots represent the lower quartile, median and upper quartile of the data with 5% and 95% whiskers. b, Comparison of MTF2 ChIPâ€“seq data in control and MTF2-knockout cells (replicate 3) at the three promoter groups described in Fig. 4a. c, Promoter profiles of SUZ12 and H3K27me3 in control and PHF19-knockdown cells using publically available data10.


Extended Data Figure 6 EMSA and HMTase experiments with purified MTF2â€“PRC2 complex.
a, Silver staining of purified wild-type or Lys339Ala mutant human MTF2â€“PRC2 complexes (and mock control) from HeLa-S cells. F/H, Flagâ€“HA-tagged. b, Western blotting of the eluates from a. c, EMSA experiment with equal volumes (0, 0.5, 1, 2, 3â€‰Î¼l) of the eluates using the 12-mer-CpG sequence. Data are representative of two independent experiments. d, Histone methyltransferase (HMTase) experiment using equal volumes (15â€‰Î¼l) of the eluates from a. Two technical replicates are shown. H3K27me3 levels were investigated by western blotting. Uncropped blots are shown in Supplementary Fig. 1.


Extended Data Table 1 X-ray statistics of the PHF1 and MTF2 Tudorâ€“PHD1â€“PHD2â€“EH cassettes in the free or DNA- and/or histone-bound statesFull size table


Extended Data Table 2 ITC-based binding affinity measurements for the PCL cassettes or their mutants with DNAs or histonesFull size table


Extended Data Table 3 Names and sequences of the double-stranded DNAs usedFull size table


Extended Data Table 4 Primers used for ChIPâ€“qPCR and RTâ€“qPCRFull size table
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        Editorial Summary
Binding powers of Polycomb-like proteins
The Polycomb repressive complex 2 (PRC2) is a multi-subunit protein complex that mediates transcriptional repression, but how it is recruited to DNA is not fully understood. Here, Zhanxin Wang and colleagues determine the crystal structures of domains of the PRC2-associated Polycomb-like (PCL) factors PHF1 and MTF2 with DNA and histone peptides. They find that the extended homologous regions of the two PCL proteins fold into a winged-helix structure, which has an unexpected mechanism of binding to an unmethylated CpG-containing DNA motif. They find a critical function of these extended homologous regions of the PCL proteins for the recruitment of PRC2 to chromatin.
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