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            Abstact
Polycomb-mediated repression of gene expression is essential for development, with a pivotal role played by trimethylation of histone H3 lysine 27 (H3K27me3), which is deposited by Polycomb Repressive Complex 2 (PRC2). The mechanism by which PRC2 is recruited to target genes has remained largely elusive, particularly in vertebrates. Here we demonstrate that MTF2, one of the three vertebrate homologs of Drosophila melanogaster Polycomblike, is a DNA-binding, methylation-sensitive PRC2 recruiter in mouse embryonic stem cells. MTF2 directly binds to DNA and is essential for recruitment of PRC2 both in vitro and in vivo. Genome-wide recruitment of the PRC2 catalytic subunit EZH2 is abrogated in Mtf2 knockout cells, resulting in greatly reduced H3K27me3 deposition. MTF2 selectively binds regions with a high density of unmethylated CpGs in a context of reduced helix twist, which distinguishes target from non-target CpG islands. These results demonstrate instructive recruitment of PRC2 to genomic targets by MTF2.
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                    Fig. 1: PRC2 is recruited by short DNA sequences.[image: ]


Fig. 2: Functional domains of MTF2.[image: ]


Fig. 3: Mtf2 is required for PRC2 recruitment.[image: ]


Fig. 4: Primary and secondary MTF2 targets.[image: ]


Fig. 5: Role of DNA sequence and shape in MTF2 binding.[image: ]


Fig. 6: Model of MTF2-mediated PRC2 recruitment.[image: ]
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Integrated Supplementary Information

Supplementary Figure 1 TGCGCAAA k-mer-containing sequences bind PRC2 and recombinant MTF2.
a, DNA pulldown-mass spectrometry of 2i mESC nuclear extract using region 2 baits shows highly specific enrichment of PRC2 core subunits and associated proteins on the WT pulldown bait. Proteins on the right side of the plot are enriched in the wild type bait dataset. Highlighted proteins are enriched in both region 1 (Fig. 1b) and region 2 pulldowns. Each condition was measured in three independent experiments and the FDR was calculated from a two tailed t-test. b, DNA pulldown-western blot of 2i mESC nuclear extract with region 1 baits. Recruitment of PRC2 is inhibited by DNA methylation (mC) but not RNAse treatment. mC indicates methylated cytosines in the CG of the TGCGCAAA kmer on both strands. Similar results were obtained in two independent pulldowns. c, DNA pulldown-western blots of nuclear extract from mESC using baits containing the same kmer but different flanking regions (Supplementary Table 1), representing different genomic locations. Blots represent at least two independent pulldowns. d, DNA pulldown-western blot of recombinant myc-tagged MTF2, myc-tagged C17ORF96 and both recombinant proteins. Recombinant MTF2 binding is specific to the WT DNA bait and mirrors the EZH2 recruitment pattern. C17ORF96 does not show DNA binding properties in either presence or absence of MTF2. Input lane represents 1% of the starting material. Blots represent three independent pulldowns. e, Coomassie staining of purified GST-MTF2 (left), and EMSA showing direct binding of GST-Mtf2 to region 1 probes. Blots represent at least three independent pulldowns. Uncropped gels available as supplementary information.


Supplementary Figure 2 MTF2 is required for PRC2 recruitment.
a, Whole-proteome mass spectrometry quantification (nâ€‰=â€‰2) in 2i vs. serum of PRC2 components enriched in 2i DNA pulldown. MTF2 and PRC2 core components show higher expression in 2i. Dotted lines represent two-fold change (FC). Dashed lines represent log2 FC of 1. The vertical line between the dots indicates the mean FC. b,c, DNA pulldown-mass spectrometry of serum-grown wild type mESC nuclear extract using region 1 (b) and region 2 (c) baits showing specific enrichment of PRC2 core proteins and associated proteins on the WT pulldown bait. Proteins on the right side of the plot are enriched in the wild type bait dataset. Each condition was measured in three independent experiments. FDR from two tailed t-test. d, Stoichiometry of protein present in DNA-pulldown from serum grown mESC. MTF2 is the only non-core protein consistently enriched with a stoichiometric ratio to EZH2 in serum grown cells. Error bars represent standard deviation. Each condition was measured in three independent experiments. Dots represent means, error bars standard deviation e, DNA pulldown-western blot of serum mESC nuclear extract from the indicated cell lines using region 1 baits, confirming loss of PRC2 recruitment in Mtf2GT/GT mESC. This experiment was reproduced multiple times, three times by mass spectrometry (cf. panel b) and two times by western blot. f, Whole-proteome mass spectrometry quantification of PRC2 components in (b, c) in wild type and Mtf2GT/GT mESC (nâ€‰=â€‰2). Absence of MTF2 does not affect PRC2 abundance, but only its recruitment to DNA. Dashed lines represent log2 FC of 1. The vertical line between the dots indicates the mean FC. N.D.â€‰=â€‰not detected in Mtf2 GT.


Supplementary Figure 3 MTF2 domains C-terminal to PHD2 are dispensable for PRC2 recruitment and not sufficient for MTF2â€“PRC2 interaction.
a DNA pulldown of E14 (wild type), Mtf2GT/GT and Mtf2Î”/Î” mESC with region1 bait. PRC2 recruitment is lost in Mtf2GT/GT cells while EZH2 from Mtf2Î”/Î” mESC show normal recruitment. The blots is representative of three independent pulldowns experiments. Uncropped gels available as Supplementary Information. b, c Interaction proteomics of rescue constructs in Mtf2GT/GT background. MTF2 isoform 2 (b) binds PRC2 while the construct only encoding the two PHD domains (c) does not. Each condition was measured in three independent experiments. FDR from two tailed t-test.


Supplementary Figure 4 Reliability of MTF2 antibody and reproducibility of ChIP-seq experiments.
a, ChIP qPCR of MTF2 in wild type and Mtf2GT/GT mESC showing MTF2 antibody specificity. This ChIP was confirmed in 2i grown cells. b, Scatterplot of RPKM values for high-confidence peaks for ChIP-seq replicates, showing high reproducibility of ChIPseq samples.


Supplementary Figure 5 Extended characterization of ChIP-seq data.
a, b, Heatmap (left) and boxplot quantification (right) of RPKM-normalized ChIP-seq signal on EZH2 (a) or H3K27me3 (b) high confidence peaks (resp. nâ€‰=â€‰7213 and nâ€‰=â€‰6294). MTF2 is required for PRC2 recruitment to the majority of its targets. c, RPKM quantification of ChIP-seq signal on repetitive elements, as defined by UCSC genome browser Repeat Masker track (nâ€‰=â€‰4,048,423 regions). d, Additional examples of ChIP-seq signal (reads per million) on peaks belonging to each of the clusters shown in Fig. 4a. Boxplots represent the interquartile range (IQR, box), the median (central bar), and 1.5 IQR (whiskers). The ChIP-seq experiments were performed in duplicate, except MTF2 in Eed-/- where the second replicate was excluded because of low recovery and library quality.


Supplementary Figure 6 Comparison of ChIP-seq signal from this study and from Li et al.24.
Data were mapped in the same way and RPKM normalized. a, Heatmaps are centered on the high-confidence MTF2 peaks identified in this study. Li et al. reported an analysis based on transcription start sites instead of peaks, and showed the Hoxd cluster as track example (cf. panel b). b, Genome browser view showing an example of the tracks (ChIP signal as reads per million) on the Hoxd locus.


Supplementary Figure 7 Identification of additional bound k-mers and characterization of DNA shape within MTF2 peaks.
a, Performance of kmer-SVM algorithm for the identification of MTF2 peaks compared to H3K27me3-negative unmethylated DNA, quantified as Receiver Operator Characteristic Area Under the Curve (ROC-AUC, perfect prediction AUCâ€‰=â€‰1, random AUCâ€‰=â€‰0.5). Gâ€‰+â€‰C percentage and CpG richness (kâ€‰=â€‰1, kâ€‰=â€‰2) have decent predictive power. The algorithm performance, however, steeply increases with longer kmers, with trinucleotide-based prediction closely approaching the performance obtained with kâ€‰=â€‰6 or kâ€‰=â€‰7 (nâ€‰=â€‰8092 regions). b, Sequence logo of positive-scoring kmers (kmer-SVM of MTF2 peak summits, kâ€‰=â€‰8, weightâ€‰>â€‰1.5) containing four bases to the left of the CpG dinucleotide, aligned on the CpG. There is a preference for G or C in front of the CpG. c, Enrichment of high- and low-scoring kmers containing the GCG motif in MTF2 peak summits compared to unmethylated BioCap regions. d, DNA pulldown of EZH2 and MTF2 with bait region 5 containing the CGCCCGG and TGCGCGCG kmers (cf. panel c) that are also found in the MRE3-4 element of the Mt1 gene14. Blots are representative of three independent pulldowns. Uncropped gels are available as Supplementary information. e, DNA shape parameter distribution of MTF2 and BioCap regions (resp. nâ€‰=â€‰6,357 and nâ€‰=â€‰48,247) aligned on the 5â€™ border of the peaks. Predicted DNA shape of MTF2 bound regions differs from the genomic context more than non Polycomb-targeted CpG islands. f, CpG density of MTF2 peak summits (100â€‰bp) and unmethylated (BioCap) or genomic regions (nâ€‰=â€‰24309). Boxplots represent IQR, central bar the median, whiskers are 1.5 IQR.


Supplementary Figure 8 Prediction of bound GCGs using DNA shape information.
a, Performance of shape based prediction of MTF2 binding, using Random Forest-based machine learning algorithm (Methods). The ROC-AUC values (â€‰>â€‰0.7 for all parameters) show that it is possible to identify bound GCGs using the predicted DNA shape only (nâ€‰=â€‰58,903 GCGs). b, DNA shape value distribution of all the GCG trinucleotides occurring in MTF2 peak summits (colored areas) compared with sequence composition matched control regions obtained by randomly shuffling the sequences in the positive set while keeping constant both number and position of GCGs (grey areas). Dark shades represent 10 percentiles around the median, lighter shade the interquartile range (IQR). The shape of MTF2-bound GCGs (nâ€‰=â€‰58,903) is highly specific and depends on flanking regions. c-d, Prediction of the DNA shape of the Region 6 containing TGAGCGCG kmer (c) and region 7 containing CCCGGGCG kmer (d) used for pulldown in Fig. 5d. Bandplots represent IQR of DNA shape parameters of top scoring GCG-containing kmers shown in Fig. 5a (nâ€‰=â€‰2017). Points represent DNA shape values of non-qualifying GCG contained in the kmers and of the qualifying GCG in the flanking regions. For clarity only the most relevant positions are shown. Number and position of GCG trinucleotides along the 30â€‰bp baits are shown above the panels. Only positions with GCGs are shown for clarity. e, Comparison of the predicted shape of region 1, region 6, region 7 with the original and reverse-complemented sequence used for the MTF2-DNA co-crystal24. Bandplots represent IQR of DNA shape parameters of top scoring GCG-containing kmers shown in Fig. 5a. Points represent DNA shape values of qualifying GCGs shown in panels c-d, contained in region 1 and in the DNA crystallized with MTF2. For clarity only the most relevant positions are shown. Number and position of GCG trinucleotides along the 30â€‰bp baits are shown above the panels. Only position with GCGs are shown for clarity. f, GCG density of MTF2 peak summits (100â€‰bp) and unmethylated (BioCap) or genomic regions (all groups nâ€‰=â€‰8092 regions). Boxplots represent IQR, central bar the median, whiskers are 1.5 IQR. g, Quantification of shape qualifying GCGs for each shape parameter, showing a higher occurrence of properly shaped GCGs in MTF2-bound regions (all groups nâ€‰=â€‰8092 regions). Qualifying GCGs were defined as matching the IQR of the shape parameter from position âˆ’2 to positionâ€‰+â€‰1 of the GCG.
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