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            Abstract
Chromatin remodelling complexes evict, slide, insert or replace nucleosomes, which represent an intrinsic barrier for access to DNA. These remodellers function in most aspects of genome utilization including transcription-factor binding, DNA replication and repair1,2. Although they are frequently mutated in cancer3, it remains largely unclear how the four mammalian remodeller families (SWI/SNF, ISWI, CHD and INO80) orchestrate the global organization of nucleosomes. Here we generated viable embryonic stem cells that lack SNF2H, the ATPase of ISWI complexes, enabling study of SNF2H cellular function, and contrast it to BRG1, the ATPase of SWI/SNF. Loss of SNF2H decreases nucleosomal phasing and increases linker lengths, providing in vivo evidence for an ISWI function in ruling nucleosomal spacing in mammals. Systematic analysis of transcription-factor binding reveals that these remodelling activities have specific effects on binding of different transcription factors. One group critically depends on BRG1 and contains the transcriptional repressor REST, whereas a non-overlapping set of transcription factors, including the insulator protein CTCF, relies on SNF2H. This selectivity readily explains why chromosomal folding and insulation of topologically associated domains requires SNF2H, but not BRG1. Collectively, this study shows that mammalian ISWI is critical for nucleosomal periodicity and nuclear organization and that transcription factors rely on specific remodelling pathways for correct genomic binding.
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                    Fig. 1: Deletion of SNF2H in mES stem cells causes genome-wide reduction in nucleosome phasing.[image: ]


Fig. 2: Loss of SNF2H increases nucleosome repeat length.[image: ]


Fig. 3: Selective dependence on SNF2H or BRG1 defines subsets of mammalian transcription factors.[image: ]


Fig. 4: Loss of SNF2H but not of BRG1 affects chromosome conformation.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Phenotype description of SNF2H KO mouse ES cells.
a, Generation of SNF2H KO mouse embryonic cell lines. b, Images of wild-type and SNF2H KO cell cultures grown on gelatin-coated plates. c, Cell-cycle-phase composition, measured by fluorescence-activated cell sorting (DNA content and BrdU incorporation). d, Cell-cycle duration estimated by exponential loss of fluorescent dye. Doubling time was estimated from the slope of a linear fit to the data and is indicated (95% confidence intervals in parentheses). e, Images of wild-type and SNF2H KO cells during embryoid body formation. f, Differentially expressed genes between SNF2H KO and wild-type cells. Pluripotency marker genes are unchanged (labelled as 1 to 5). g, Gene ontology (GO) terms enriched in the set of differentially expressed genes between SNF2H KO and wild-type ES cells. The bars are the observed/expected ratios for the 30-most-significant terms from the ‘biological process’ section, with the number of differentially expressed genes associated to a term shown on the right. All reported GO terms have P values of 5.84 × 10−6 or smaller. All genes with an FDR < 0.05 and an absolute fold change >2.0 were used (n = 1,996), and terms with less than 5 or more than 1,000 associated genes were filtered out. h, Correlation-based clustering of RNA-seq profiles, illustrating that the transcriptome of wild-type add-back cells closely resembles the one of wild-type cells, whereas mutant add-back cells are still grouped with SNF2H KO cells.


Extended Data Fig. 2 Local quantification of nucleosome phasing using MNase-seq data.
a, Locus on chromosome 2 showing MNase-seq read densities, amplitudes for different frequencies (periods of 764, 382, 255, 191, 153, 127 and 109 bp) and reconstructed signal using only the nucleosome frequency (191-bp period). b, Bioanalyzer traces of MNase digests used for MNase-seq experiments.


Extended Data Fig. 3 MNase read densities around TSS and DHS.
a, Average MNase read densities around TSS. b, Average MNase read densities around TSS. Genes with high, medium or low RNA levels or for which RNA is not detected in SNF2H KO nor wild-type cells are indicated. c, MNase read densities around TSS as in b. Genes, the RNA levels of which increase, remain unchanged or decrease in SNF2H KO compared to wild-type cells or for which RNA is not detected are indicated. d, MNase-seq alignment densities in a 2-kb window around strong distal DHS. The 5,000 regions with the highest 95th percentile values in wild type were selected from 55,201 regions in total, and aligned at the centre of the DHS (indicated by the arrows at the bottom).


Extended Data Fig. 4 Characterization of genome-wide DNA methylation in SNF2H KO and wild-type cells.
a, Distributions of CpG-read coverage in whole-genome bisulfite sequencing DNA-methylation analysis. b, Distribution of CpA methylation (chromosome 10). c, Two-dimensional densities comparing CpG methylation in wild-type and SNF2H KO cells across different domains of the genome. d, RNA levels and changes relative to wild type of genes involved in DNA methylation.


Extended Data Fig. 5 NRL estimation in BRG1 conditional-knockout cells.
a, Scheme illustrating transposase insertion in chromatin. b, Mono-, di- and tri-nucleosomal fragment lengths estimated from smoothed and de-trended ATAC-seq fragment sizes (here showing wild-type replicate 1 as an example). The three estimates are averaged to obtain a single value per biological replicate. c, Estimated changes in nucleosome-repeat lengths based on ATAC-seq data from previous studies6,7 (as indicated) in BRG1 KO compared to controls. None of the datasets shows a significant increase in values (all P > 0.05, one-sided Welch two-sample t-test). d, e, MNase-based estimation of nucleosome repeat length upon BRG1 deletion using data from a previous study6. e, Counts of distances between same-strand MNase-seq alignments (phase) in Brg1fl/fl and BRG1 KO cells. e, Linear fits to the phase peaks from d and resulting nucleosome-repeat lengths with 95% confidence intervals. f, Genotyping PCR for floxed (2,507-bp product) and deleted (313-bp) BRG1 cells.


Extended Data Fig. 6 NRL estimation in SNF2H KO and wild-type cells using MNase data.
a, Counts of opposite-strand MNase-seq alignment distances illustrating the average fragment-length characteristic of a mono-nucleosome particle. b, Counts of same-strand MNase-seq alignment distances (phases). c, For each replicate MNase-seq dataset, counts of same-strand alignment distances (phases, left) with low- and high-span locally estimated scatterplot smoothing (LOESS) fits (red and blue, respectively), peak detection in residual phase counts (difference between low- and high-span fits, middle), and linear fits to the peak positions with nucleosome phase and 95% CI (right).


Extended Data Fig. 7 Chromatin accessibility in SNF2H KO, BRG1 KO and control cells.
a, Scatter plots of absolute ATAC signal in promoter and non-promoter peaks (shown in black and red, respectively) of wild-type and SNF2H KO (left), wild-type and mutant add-back (middle), and corresponding changes of ATAC signal (right). R, Pearson’s correlation coefficient. b, Pairwise correlation heat maps for absolute ATAC signal in all (left), promoter (middle) and non-promoter (right) peaks between wild-type, SNF2H KO and add-back samples (two replicates each). c, d, Same as in a and b for wild-type (Brg1fl/fl) and BRG1 KO samples (three replicates each).


Extended Data Fig. 8 Characterization of Snf2h- and Brg1-dependent transcription factors.
a, b, Enrichments of predicted transcription-factor sites in ATAC-seq peak bins compared to all other bins were calculated using HOMER and shown as Pearson residuals (a, (\({\rm{(Observed}}-{\rm{Expected)}}/\sqrt{{\rm{Expected}}}\)) or significance (b, −log(FDR)) for known motifs (rows) and bins of ATAC-seq peaks (columns). Peaks were binned into unchanged accessibility (change of less than 1.5-fold, grey), and bins of 1,500 peaks, each with increasing or decreasing fold changes (orange and purple). The colour bars on the left indicate the dependency of the transcription factor on chromatin remodellers (SNF2H and BRG1, SNF2H, BRG1 or unknown). c, Significance (−log(FDR)) of motif enrichment in the bin of peaks with the strongest decrease of accessibility, compared between SNF2H KO and BRG1 KO. Dashed lines indicate the significance thresholds used to classify transcription factors that depend on a given chromatin remodeller. d, RNA log2(fold changes) for transcription factor genes with different dependency on chromatin remodellers. The ‘independent’ class refers to transcription factors with motifs that are enriched in the bin with ATAC-seq peaks of unchanged accessibility. Two-sided Wilcoxon rank-sum test with continuity correction. e, f, ATAC profiles around binding sites for transcription factors CTCF (e) and REST (f) with differing dependency on SNF2H or BRG1. g, Western blot showing CTCF protein levels in wild-type and SNF2H KO cells (lamin B is shown as a loading control). For gel source data, see Supplementary Fig. 1. h, i, Average CpG methylation around bound CTCF motifs (h) and REST motifs (i) in wild-type and SNF2H KO cells. j, Profiles of MNase and de-trended methylation data downstream of REST motifs, with indicated nucleosome positions and offsets between wild-type and SNF2H KO. Profiles illustrate high MNase signal at phased nucleosomes, and high methylation values in the respective linker regions. The shift between wild-type and SNF2H KO maximal signals in the third peak is indicated by black lines.


Extended Data Fig. 9 Genome-wide binding of CTCF and REST in SNF2H KO, add-back clones, BRG1 KO and wild-type cells.
a, b, Unsupervised clustering of ChIP enrichments (log2(Immunoprecipitated/Input)) in motif-containing CTCF peaks (a, n = 49,678) and REST peaks (b, n = 2,703) for individual biological replicates from cells with different SNF2H and BRG1 genotypes. The colours between white and green indicate Pearson’s correlation coefficient between pairs of samples. c, CTCF ChIP enrichments (log2(Immunoprecipitated/Input)) for motif-containing CTCF peaks. The panels compare transcription-factor binding in wild-type and SNF2 KO (left), wild-type and mutant add-backs (middle) and Brg1fl/fl to BRG1 KO cells (right). R, Pearson’s correlation coefficient. d, Same as in c for REST. e, f, ChIP–seq alignment density in SNF2H add-back cells ±1 kb around random sets of 2,000 ChIP peaks for CTCF (e) and REST (f). The arrows at the bottom indicate the location of the predicted transcription-factor binding site.


Extended Data Fig. 10 Comparison of CTCF and REST binding sites with variable dependencies on specific chromatin remodellers.
a, Wild-type CTCF binding (x axis) and change of binding between SNF2H KO and wild-type (y axis) at predicted CTCF motifs. Strongly bound motifs can be subdivided into sites with strong and weak dependence on SNF2H, on the basis of their loss of CTCF binding upon SNF2H KO. b, Comparison of strongly and weakly dependent sites in terms of wild-type CTCF enrichment, accessibility in the neighbourhood measured by DNase I, frequency of sites that are part of cohesin chromatin loops34, CTCF motif score, distance to nearest TSS, accessibility in the close neighbourhood measured by ATAC and isolation score (fraction of DNase I or ATAC signal in central 200 bp versus 2 kb). c, d, Same as in a, b for REST. e, f, Two exemplary loci with CTCF (e) and REST (f) ChIP tracks in cells of different SNF2H and BRG1 genotypes (reads per kilobase of transcript per million mapped reads in 5-bp bins). Weakly and strongly dependent binding sites are indicated.


Extended Data Fig. 11 Measurements of chromatin conformation by Hi-C in individual replicates.
a, b, Normalized Hi-C contact maps at 20-kb resolution for individual replicates for a representative 4-Mb region on chromosome 16 (25–29 Mb), from cells with different SNF2H (a) or BRG1 (b) genotypes. Insulation scores for 200-kb squares are shown at the bottom as a heat map. c, Insulation scores (200-kb squares) for TAD boundaries with CTCF binding sites detected in individual replicates of SNF2H and BRG1-deleted cells with corresponding wild-type controls. d, e, log interaction frequency as a function of log distance for individual Hi-C replicates in Snf2h wild-type and KO cells (d) and Brg1fl/fl and BRG1 KO cells (e). The decay exponents have been estimated for short (50–200 kb) and long (0.5–2 Mb in c and 0.3–1 Mb in d) genomic distances, omitting the nonlinear part at the bottom.


Extended Data Fig. 12 CTCF-cohesin loops and A/B compartments in individual replicates.
a, Interaction frequencies at SMC1A HiChip loops, aggregated over loops separated by 280 to 380 kb (n = 701). b, Interaction Z scores at SMC1A HiChip loops, aggregated over loops separated by 60 to 500 kb (n = 4,375) and averaged over two biological replicates. c, Same as in b for individual replicates. d, Changes of interaction Z scores at SMC1A HiChip loops from c in individual replicate pairs. e, Changes of interaction Z scores at SMC1A HiChip loops, separated by CTCF motif orientation (+−, convergent; ++/−−/−+, other) and dependency on SNF2H (strong or weak). f, Normalized Hi-C contact maps at 150-kb resolution for entire chromosome 2 showing individual replicates. A/B compartments are indicated below the plots in green and red, respectively. g, cis-Eigenvector 1 values (multiplied by 100) across entire chromosome 2.
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