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Characterization of constitutive CTCF/Cohesin loci: a possible role in establishing topological domains in mammalian genomes
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1. The association between CTCF and Rad21, Smc3 or Znf143 is strongest when all are constitutive 
The ENCODE consortium provides 114 ChIP-seq datasets for CTCF in 56 cell lines, 15 for Rad21 in 6 cell lines, 4 for Smc3 in 4 cell lines, and 4 for Znf143 in 4 cell lines. We conceptualized each chromosome as segmented into bins of equal size. For each data set, we counted a protein as present in a bin if the center of its ChIP-seq peak occurred within that bin (operationally, we divided the location of the center by the bin width, the integer part then gave the bin number).  If we had multiple data sets for a single protein from a given cell line, we created a summary for that protein in that cell line by counting a bin as containing a peak if it contained a peak in at least one of the replicate datasets. Then, for each protein, we summed the counts in each bin across cell lines. To avoid potential false positives, for each protein separately, we declared bins with fewer than two peak centers (0 or 1) as empty for that protein. Although we carried out analyses with four different bin sizes (100, 200, 300, and 400bp), we only show the results for the bin size of 200bp as the results for all four bin sizes are consistent. 

Analogous to the definition in the main text, we referred to a bin that contains peak centers from more than 90% of the cell lines for a protein as a “constitutive” bin for that protein. All the remaining bins were referred to as “non-constitutive”. Using this binning approach, we counted the number of bins containing each protein (CTCF and Rad21, Smc3, or Znf143) dichotomized by the constitutive versus non-constitutive designation. The total number of bins in which any protein was present was largest for CTCF and smaller for the other proteins, for which many few data sets were available (Table S1).

Using this binning approach, we also counted the number of bins containing both constitutive CTCF and Rad21, Smc3, or Znf143 and conversely, the number of bins containing both non-constitutive CTCF and Rad21, Smc3, or Znf143. The pairwise overlap between CTCF and each of the other three proteins (that is, the number of bins containing ChIP-seq peaks for both proteins as a fraction of bins containing ChIP-seq peaks for at least one of them) was larger when both proteins were constitutive than when both were non-constitutive (Figure S1 and Table S2). A similar relationship was evident when we considered the overlap of CTCF with two of the other proteins simultaneously (Figure S2 and Table S3).

In summary, we showed that the association between CTCF and cohesin (Rad21/Smc3) and between CTCF and Rad21/Smc3/Znf143 was strongest when all are constitutive.

2. cCTCF/cCohesin loci have distinct histone modification profiles
To compare the epigenetic environments between the cCTCF/cCohesin and the cCTCF-Cohesin sites, we computed the density of 12 histone marks (Supplemental Figure S4) in those loci in the four cell lines (Gm12878, Helas3, Hepg2, and K562 cell lines) for which both Rad21 and Smc3 ChIP-seq data were available.  CTCF sites are surrounded by 10 well-positioned nucleosomes at each side in individual cell line [1-3]. Here we showed that this relationship is also true for both the cCTCF/cCohesin and the cCTCF-Cohesin loci. Those two profiles almost completely overlapped with each other and match the previous published results [1-3].

The nucleosomes with the H3k4me1 mark in the cCTCF/cCohesin loci were well-positioned—in a startling contrast to the fuzzy H3k4me1 nucleosome in the cCTCF-Cohesin loci (Figure S4). Conversely, the cCTCF/cCohesin loci had low H3k4me3 mark whereas the same mark for the cCTCF-Cohesin loci was high. Moreover, the cCTCF-Cohesin loci were also enriched with other transcriptionally active marks such as H3k4me2, H3k9ac, H3k27ac, and H3k79me2 compared to the cCTCF/cCohesin loci.

3. cCTCF/cCohesin loci are associated with cZnf143 loci
We found that about 37% of 12,014 cCTCF/cCohesin sites overlapped with constitutive Znf143 peaks in four cell lines. Moreover, 56% of 8,038 constitutive CTCF sites in Znf143 peaks (cZnf143 sites) overlapped with cCTCF/cCohesin sites. In comparison, only 2.9% (27) of them overlapped with the 925 cCTCF-cohesin sites. This result indicates that the cZnf143 loci were associated with the cCTCF/cCohesin loci (p-value<10-16, binomial test). 

A genome-wide Znf143 occupancy study revealed that Znf143 binding sites are enriched in bidirectional promoters (a pair of promoters arranged in a head-to-head orientation) and are largely located near the TSS [4]. In contrast, ~85% of the cZnf143 sites in our analysis are greater than 5kb from the TSS and lacked CpG islands (data not shown).

We refer to the 4,481 cZnf143 sites that overlapped with the cCTCF/cCohesin sites as the cCTCF/cCohesin/cZnf143 sites. Gene ontology (GO) analysis showed that the genes associated with the cCTCF/cCohesin/cZnf143 loci were significantly enriched with GO terms such as cell adhesion (multiple testing adjusted p-value=1.7×10-7), anatomical structure development (p-value=1.3×10-5), multicellular organismal development (p-value=3.7×10-5), and cellular developmental process (p-value=4.2×10-4). 

Supplementary methods
Gene Ontology
Gene ontology was carried out on DAVID (http://david.abcc.ncifcrf.gov/) [5]. A CTCF site was assigned to a gene if it was located between the transcription start and end sites or within 5k upstream from the transcription start site of the gene using the UCSC refGenes model. The unique gene symbols for the set of CTCF sites were subjected to DAVID for gene ontology analysis.

Epigenetic profile analysis of CTCF flanking regions
For each subset of CTCF binding sites, e.g., cCTCF/cCohesin or cCTCF-cohesin, we generated an enrichment profile for each of the 11 histone modifications: H3k27ac, H3k9ac, H3k79me2, H3k27me3, H3k9me3, H3k36me3, H4k20me1, H3k4me1, H3k4me2, and H3k4me3. In addition, we analysed the location profiles for Ezh2, p300, H2A.z, and nucleosome. All ChIP-seq BAM data files were downloaded from the ENCODE portal at the UCSC genome browser http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encodeDCC/. Specifically, the histone modification, nucleosome, and p300 ChIP-seq data were from wgEncodeBroadHistone, wgEncodeSydhNsome, and wgEncodeHaibTfbs and wgEncodeSydhTfbs, respectively. For each analysis, we calculated the total depth of read coverage surrounding each CTCF site (-2kb to +2kb). We normalized the total depth of read coverage by the number of CTCF sites in the group to obtain the average depth of read coverage per CTCF site.
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