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            Abstract
The Xist long noncoding RNA (lncRNA) is essential for X-chromosome inactivation (XCI), the process by which mammals compensate for unequal numbers of sex chromosomes1,2,3. During XCI, Xist coats the future inactive X chromosome (Xi)4 and recruits Polycomb repressive complex 2 (PRC2) to the X-inactivation centre (Xic)5. How Xist spreads silencing on a 150-megabases scale is unclear. Here we generate high-resolution maps of Xist binding on the X chromosome across a developmental time course using CHART-seq. In female cells undergoing XCI de novo, Xist follows a two-step mechanism, initially targeting gene-rich islands before spreading to intervening gene-poor domains. Xist is depleted from genes that escape XCI but may concentrate near escapee boundaries. Xist binding is linearly proportional to PRC2 density and H3 lysine 27 trimethylation (H3K27me3), indicating co-migration of Xist and PRC2. Interestingly, when Xist is acutely stripped off from the Xi in post-XCI cells, Xist recovers quickly within both gene-rich and gene-poor domains on a timescale of hours instead of days, indicating a previously primed Xi chromatin state. We conclude that Xist spreading takes distinct stage-specific forms. During initial establishment, Xist follows a two-step mechanism, but during maintenance, Xist spreads rapidly to both gene-rich and gene-poor regions.
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                    Figure 1: CHART-seq reveals a two-step mechanism of Xist spreading during de novo XCI.[image: ]


Figure 2: Co-spreading of Xist RNA and PRC2.[image: ]


Figure 3: Xist knockoff uncovers a distinct spreading method during the maintenance phase.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Mapping genome-wide distribution of Xist RNA at different stages of XCI using CHART-seq.
a, Experimental scheme for allele-specific analysis of Xist localization by CHART-seq. CO and C-Oligo, capture oligonucleotide; SAV, streptavidin; cas, CAST/EiJ; mus, 129S1/SvJm; comp, composite tracks. b, Carets above Xist schematic indicate target sites of the capture oligonucleotides (labelled 1â€“9, A, C; see Extended Data Table 1 for sequences). Letters below indicate the location of repeat sequences. XCI activity defined previously12. c, Sites available for capture-oligonucleotide hybridization were determined by RNase H mapping candidate regions of Xist RNA. The RNase H sensitivity of Xist RNA in the presence of various short DNA oligonucleotides (see Extended Data Table 1) was measured by qRTâ€“PCR, compared to a no-oligonucleotide control and to other amplicons of Xist that are not expected to be affected by cleavage. Primers Xp1â€“6 are defined in Extended Data Table 2. Regions Xp1 and Xp6 demonstrated minimal sensitivity, but regions Xp2, Xp3 and Xp4 demonstrated broad sensitivity and were used to design capture oligonucleotides for CHART. d, Scheme for time-course allele-specific analysis in genetically marked cell lines. Approximate fractions of Xi-positive cells defined by Xist RNA-FISH or H3K27me3 staining9.


Extended Data Figure 2 Validation and analysis of Xist CHART-seq enrichment.
a, The genome-wide density of seven input-normalized CHART-seq data sets used in this study based on comp reads. b, Allele-specific enrichment on each chromosome based on raw aligned reads relative to input (MEF). c, Allele-specific enrichment of control Xist CHART-seq experiments in MEF, including SO (sense oligonucleotide control) and CO40 (CHART-seq performed with alternate mix of 40 capture oligonucleotides, see Methods and Extended Data Table 1), both presented in comparison to CO11 (Extended Data Table 1, capture oligonucleotides used throughout study). Data shown for the X chromosome and a representative autosome (chromosome 13). d, Linear correlation analyses of Xist CHART-seq data sets, including LNA-treated samples, using the comp track showing high reproducibility. Pearsonâ€™s r correlation coefficient indicated. Replicates were either biological (d0; d7; MEF) or based on replicate CHART experiments (ES d3; LNA-4978 3â€‰h; LNA-4978 8â€‰h; LNA-C1 3â€‰h). e, Two independent sub-mixtures of capture-oligonucleotides confirm Xist CHART-seq enrichment patterns by qPCR from an independent Xist CHART experiment in MEF cells. Sub-mixture 1 is composed of capture-oligonucleotides X.1, X.3, X.5, X.7, X.9, X.A; sub-mixture 2 is composed of capture-oligonucleotides X.2, X.4, X.6, X.8, X.C (for primer locations see Extended Data Fig. 4 and Extended Data Table 2). f, Allele-specific analysis of d0, d3, d7 and MEF similar to that presented in Fig. 2a. g, Allelic breakdown of enriched Xist segments with grey (n/d, not determined due to lack of SNPs), light blue and red (leaning towards Xa or Xi, respectively), and dark colours for significantly skewed towards Xa (blue) or Xi (red), as defined by cumulative binomial probability (Pâ€‰<â€‰0.05) after normal approximation from effective fragments. h, The locations of the enriched regions compared to the mouse genome (mm9) and the overlap determined for various genomic features. Below, table summarizing peak numbers and chromosomal origin and coverage (in bp, or per cent chromosome length).


Extended Data Figure 3 Correlation analyses of CHART-seq data sets.
a, Scatter plots (below diagonal) of 40â€‰kb-binned Xist CHART-seq comp signals across all pair-wise comparisons. Pearsonâ€™s r correlation coefficients are shown in corresponding squares above the diagonal. b, Overview of Xist spreading during XCI. Comp tracks of Xist CHART-seq signals of d7 and d10 replicates (blue), MEF (black). c, Box plot of normalized Xist densities (40-kb bins) at early and late domains. Data were processed as in Fig. 3g and Extended Data Fig. 7c. Normalized median values for each sample are indicated above box. **Pâ€‰<â€‰10âˆ’4; ***Pâ€‰<â€‰10âˆ’6, one-side Wilcoxon test. The median Xist densities in late domains relative to early domains increase moderately from d7 to d10.


Extended Data Figure 4 The gene bodies of escapees are depleted of Xist, but are often near peaks of Xist enrichment.
aâ€“c, Xist distribution at Kdm5c, Ddx3x and Eif2s3x genes that escape X inactivation in MEF. cas (Xa), mus (Xi) and comp tracks of Xist and comp track of H3K27me3 ChIP-seq are shown. d, qPCR validation of Xist enrichment. All primer sequences are listed in Extended Data Table 2 and the locations of qPCR amplicons are indicated in aâ€“c. pro, promoter; coding, coding region; cas, cas (Xa)-specific; mus, mus (Xi)-specific. Allele-specific qPCR results shown in red/blue (mus/cas). Autosomal active and inactive genes were used as negative controls (Actb, Scn2a1, U2). Yields determined relative to input DNA. Consistent with CHART-seq results, promoter regions of Kdm5c and Ddx3x showed higher Xist signal than corresponding coding regions. Xi-specific enrichment of Xist was only observed at the 3â€² region of Eif2s3x, but not at the coding region of Kdm5c. e, Metagene analysis of Xist density across XCI-repressed and escapee genes. Normalized composite density from Xist CHART using post-XCI (MEF) cells was smoothed (2,000-bp windows, sampled every 50â€‰bp using SPP software29) and averaged across genes on the X that are either repressed (black, defined by those that are active on the Xa but not on the Xi in MEF cells) or escape XCI (red, excluding escapee genes at the Xic). Repressed and escapee genes were determined previously9. Profiles calculated using the CEAS software38 package with default settings.


Extended Data Figure 5 Xi-wide gene repression patterns in d7 and MEF cells, and the relationship of Xist establishment domains with various chromatin features of the X-chromosome.
a, RNA-seq reads aligned allele-specifically were tabulated over gene bodies of RefSeq genes (indicated below in grey). Skew in allele-specific reads (mus-cas/mus+cas) is plotted on a range of âˆ’1 (expression fully cas-linked) to +1 (expression fully mus-linked). Bar chart shows allelic skew (red >0, blue <0) values over gene bodies for all genes that were significantly skewed (cumulative binomial probability). Grey lines indicate midpoint (skew = 0) for balanced expression between alleles, and âˆ’0.5, signifying threefold depletion of the mus-allele and amounting to 67% inactivation. Two replicates each are shown for d7 and MEFs. Analysis here is similar to Fig. 1c. b, Chromosomal organization directs Xist enrichment. Correlation matrix at 200-kb resolution, featuring significantly enriched Xist segments across XCI time course (d0, d3, d7 and MEF Xist), major repeat classes (SINEs, LINEs, LTRs, simple repeats), active and inactive genes (based on calls in d7 cells), strong and moderate EZH2 binding sites, CpG islands, CG%, conservation (GERP), DNase hypersensitivity (DNase HS), early replication timing (in male (1) and female (2) MEF and male d0 cells), Lamin B1 association (in male ES d0 and MEF), and HiC interaction frequencies in male d0 with the Xist locus (Xic HiC) using two restriction digests (HindIII, NcoI). Colours for positive (magenta) and negative (blue) correspond to Pearsonâ€™s r values. See Methods for references to source data. c, Repetitive sequences including LINEs, SINEs and simple repeats are not significantly enriched or depleted from d7 Xist CHART DNA compared to input. Repetitively aligning reads excluded from the other analyses were re-aligned to the entire library of known repeat elements in the mouse genome (http://www.girinst.org/repbase/). Hits in Xist CHART in d7 cells were compared to their corresponding input samples. All repeat types (grey), LINEs (pink), SINEs (green) and simple (blue) repeats are shown. Dashed lines represent twofold enrichment or depletion. The results show no enrichment of LINEs in repetitively aligning reads in the Xist CHART relative to input.


Extended Data Figure 6 Xist binding correlates with previously identified moderate EZH2 sites.
a, Normalized read densities of Xist, EZH2 and H3K27me3 on chromosome 13 in d7 cells shown as in Fig. 2a. b, c, Overview of the correlation of Xist RNA with PRC2 and H3K27me3 on the X chromosome and chromosome 13 in d0 (b) and MEF (c). Xa and Xi allele specific and composite (comp) tracks for Xist, EZH2 and H3K27me3 are displayed as in Fig. 2a. d, Strong EZH2 sites have above average ChIP-seq density compared to the broad EZH2 signals on the X in d7. Comp tracks are shown. Many of the strong EZH2 sites are present before XCI in d0 cells, therefore PRC2 can bind these sites independently of Xist9. eâ€“g, Meta-site analysis of the average EZH2, H3K27me3 and Xist signals around strong EZH2 sites identified in d7 (ref 9). The strong enrichment of H3K27me3 signals at strong EZH2 sites are in agreement with the strong correlation of EZH2 and H3K27me3. h, The density plot of moderate EZH2 enrichment sites (blue) is consistent with the broad distribution of EZH2 on the X, and correlates with Xist in d7. Comp tracks are shown.


Extended Data Figure 7 An independent LNA confirmed the chromosome-wide re-spreading of Xist.
a, Overview and zoom-in (bottom) of differential Xist density in MEF cells subjected to LNA-C1 treatment. Comp tracks of Xist CHART-seq signals on the chromosome X of indicated cells are shown in black. Differential regions showing >tenfold enrichment are displayed in purple or grey as in Fig. 3c, d. b, Genomic distribution of normalized Xist CHART densities in comparison with a maximum likelihood enrichment estimate of LNA-C1 8â€‰h over LNA-C1 1â€‰h CHART-seq signals (LNA-C1 8â€‰h > 1â€‰h, green), showing broad, chromosome-wide recovery of Xist on the X in comparison to an autosomal control. c, Significant increase of Xist density within late regions was observed in MEFs recovering from LNA treatment. Top, Xist density changes during XCI establishment in ES cells and in MEFs before and after LNA treatment. Boxplots of 40-kb-binned Xist CHART-seq signals of early and late domains. During ES differentiation, increased Xist density was observed within early domains where genes are enriched, but remained at low levels in late domains where gene densities are low. After LNA treatment, MEFs showed reduced Xist signals within both domains, indicating global loss of Xist coverage and partial recovery at later time points on chromosome X (LNA-4978 8â€‰h and LNA-C1 3â€‰h and 8â€‰h, compared to LNA-4978 1â€‰h and LNA-C1 1â€‰h, respectively). Bottom, Xist recovery in indicated samples, with 40-kb-binned Xist densities normalized to median levels of early domains of each sample to determine how early and late domains recover from LNA knockoff as compared to levels found during de novo XCI. Normalized median values for each sample indicated above box. *Pâ€‰<â€‰0.05; **Pâ€‰<â€‰0.005; ***Pâ€‰<â€‰0.0001, one-sided Wilcoxon test. Two independent LNAs consistently showed significant Xist recovery in late domains within hours post LNA treatment. d, Pattern of Xist recovery after LNA treatment with LNA-4978 and LNA-C1. Xist enriched segments (segs) in MEFs (grey, 16,760 total) were split into those common to both MEF and d7 cells (dark grey, 8,910 total) and those specific to MEFs (white, 7,850 total). Changes in Xist density over these sites are shown for d3â€‰âˆ’â€‰d0, d7â€‰âˆ’â€‰d0, MEFâ€‰âˆ’â€‰d7 and LNA samples (LNA-4978: 3â€‰h stripped, 8â€‰h recovery; LNA-C1 1â€‰h stripped, 3â€‰h, 8â€‰h, 24â€‰h recovery). Replicates indicated with #1/#2. Numerical fold-difference in median of changing Xist density between MEF-specific segs and common-segs indicated above box-plots. After LNA treatment, recovery of Xist density over MEF-specific enriched segs is close to that of common segs (only 1.2â€“1.3Ã— lower), whereas during XCI establishment Xist increase over these sites is 3.4Ã— and 2.3Ã— higher in d3â€‰âˆ’â€‰d0 and d7â€‰âˆ’â€‰d0, respectively. These values are highly reproducible between replicates. Width of notched box plots scaled to square root of total number of enriched segs in each group. Error bars indicate 1.5Ã— interquartile range without extending beyond min/max data points.


Extended Data Figure 8 Comparison of Xist distribution post-LNA treatment with establishment and maintenance stages of XCI.
aâ€“d, 40-kb-binned Xist CHART-seq data from comp tracks are plotted on a log2 scale. Bins with tenfold enrichment or depletion (median corrected) of one sample versus another are coloured in purple and green, respectively. These regions of difference between samples were mapped along the X chromosome by plotting the CHART-seq signal of the enriched sample. Complete CHART-seq tracks are shown in black. Comparisons are centred on maintenance (a), de novo establishment (b) and recovery from LNA treatment in post-XCI cells, with knockoffs using two independent LNAs showing similar results (c, d).
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