
Supplementary Text T1 

In Hi-C [1], chromatin is cross linked and then digested into fragments with a restriction enzyme of choice. The fragments 

are ligated back and marked for detection. Consequently, the cutting preference of the enzyme determines the fragments 

population. The restriction enzyme can be thought of as a sampler with a sampling rate that depends on the sequence 

composition (the distribution of recognition sites). Thus, GC composition is likely to play some role in Hi-C coverage. 

Indeed, a recent analysis [2] showed that GC as well as the fragment length and the uniqueness of the sequence 

(mappability) are the main sources for bias in Hi-C data. However, this analysis addressed GC in close proximity to 

restriction sites. Here, we have hypothesized that GC heterogeneity at different scales leads to a multi-scaled bias in Hi-C 

coverage. 

In order to test our hypothesis we have analyzed Hi-C coverage and GC, both at the level of 1 Megabase pairs (Mb) 

windows and at the level of isochores – long homogenous GC domains [3-5], providing enough data for a comprehensive 

statistical analysis. We have first analysed HindIII and NcoI Hi-C replicates (see Data Preparation section below), at 1Mb 

windows, generated for GM06990 (lymphoblastoids) cell line [1]. For this analysis we have calculated the following 

properties (depicted in Fig. T1.1) for 1Mb regions in the human genome (reference genome hg18):  

1. Contained Restriction Fragments (CRF). The number of restriction fragments that are contained within the given 

region. 

2. Total Interaction Frequency (TIF). The total number of contacts observed for the region within itself (self  TIF), 

with other regions in the same chromosome (cis TIF) and with other regions in other chromosomes (trans TIF). 

The overall TIF refers to the sum of the 3 TIF properties. 

3. GC Percentage (GCP). The percentage of GC in a given region. 

 

Since the coverage of Hi-C is limited by the mappability of the fragments and by the ability to determine their sequence, 

some regions are completely unrepresented in all replicates (i.e. regions with zero overall TIF). These regions were 

discarded here from downstream analysis (see Data Preparation section below). 
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Fig T1.1. Properties calculated for 1 Mb genomic regions. A region (bounded with bold lines) may contain zero or more 

restriction sites (dashed lines). The CRF is the number of restriction fragments that are fully contained within the region. 

Based on its genomic content, the GCP is the ratio between the GC content and the total content of the region. The TIF is the 

sum of total interaction frequencies observed for a given region, within itself (self), with other regions on the same 

chromosomes (cis) and with other regions in other chromosomes (trans). CRF, Contained Restriction Fragments; GCP, 

Guanine-Cytosine Percentage; TIF, Total Interaction Frequency. 

We have first tested the correlation between coverage (TIF) and fragment occupancy (CRF) and found that CRF of 1Mb 

regions is strongly positively (Spearman) correlated with TIF for both enzymes, in cis and in trans (cis - HindIII: ρ = 0.72, 

NcoI: ρ = 0.83; trans - HindIII: ρ = 0.81, NcoI: ρ = 0.88; p < 2.2e-16 in both cases), and across chromosomes for overall TIF 

(average ρ > 0.83, for both enzymes, HindIII: maximal p < 3.8e-07, NcoI: maximal p < 3.3e-14, across all chromosomes). 

We have used here the Spearman correlation as the relationship are not expected to be strictly linear; however, the Pearson 

correlation also provided evidences for a strong correlation (cis -  HindIII: r = 0.73, NcoI: r = 0.77; trans - HindIII: r = 0.51, 

NcoI: r = 0.38; p < 2.2e-16 in all cases). We have next tested whether the cutting preference of the enzymes (represented by 

the CRF) is correlated with the GC percentage (GCP). We found that the GCP is positively correlated (Spearman) with the 

CRF for NcoI (ρ = 0.60, p < 2.2e-16) and negatively correlated with the CRF for HindIII (ρ = -0.55, p < 2.2e-16), consistent 

with the GCP of their recognition sites (67% versus 33% for NcoI and HindIII correspondingly). These results suggest that 

at the 1Mb level, Hi-C coverage is dependent on the cutting preference of the restriction enzyme, which is dependent on the 

GC content. In order to test whether this trend is multi-scaled we have next analysed the data at the level of isochores. 

Isochores were first identified through DNA ultracentrifugation  [3-5]  and were defined as “very long stretches (>300kb) of 

DNA that are homogeneous in base composition” [5]. These regions were shown to be divided into families of high and low 

GC content suggesting a model of a mosaic genome [5]. Isochores were later shown to correlate with various biological 

properties such as recombination rates [6], replication timing [7], localization in interphase nucleus [8] and gene density [9-

11] where GC rich isochores are replicated earlier, predominantly occupy the nucleus interior and present higher gene 

density and higher recombination rates. As the genome draft became available, isochores definition was extended to long 



regions (not necessarily >300kb) that are fairly homogenous in GC, identified through genome segmentation algorithms, and 

shown to be consistent with the properties of traditional isochores [12].  

For our analysis, we have followed a GC based segmentation (applied to the human genome, reference genome hg18), 

generated with IsoFinder [12], a popular algorithm for isochore detection. We have compared Hi-C coverage of GC rich and 

GC poor isochores, across replicates and different cell types, using 5 publicly available Hi-C data sets of 4 human cell lines 

(Table T1.1): lymphoblastoids (GM06990) - HindIII and NcoI replicates (used for the 1Mb analysis), fibroblasts (IMR90), 

embryonic stem cells (ES) and myelogenous leukemia cells (K562).  

We have assigned each of the 39,383 regions in the IsoFinder segmentation with a class: low (L) or high (H) according to its 

mean GC content (as provided by the segmentation algorithm). The threshold value (44%) was set according to the mean GC 

content of isochores in human [14] with close agreement with the threshold separating high and low isochore families (42%) 

[5]. The relative proportions of classes were similar across chromosomes and overall, with 59% (on average) L regions. L 

regions were longer on average than H regions with a mean length of 93.7Kb and 41.6Kb correspondingly. Since length 

differences may act as a biasing factor, we have used the ratio between the total interaction frequency for each chromosome 

pair (in cis and in trans) and the region’s length, denoted here as the Total Interaction Density (TID).  

Table T1.1. Hi-C data sets used in the analysis of GC and Hi-C coverage at the level of isochores. 5 Hi-C data sets of 4 

human cell lines were considered: lymphoblastoids (GM06990-HindIII and GM06990-NcoI), fibroblasts (IMR90), 

Embryonic Stem cells (ES) and myelogenous leukemia cells (K562). 

 

 

 

 

 

 

 

 

In order to test whether the Hi-C coverage of L and H regions is consistent with our previous findings at the 1Mb level, we 

have checked whether L regions have a significantly higher coverage (TID) than H regions, and vice versa, depending on the 

restriction enzyme and regardless of cell type (a difference was considered significant for Kolmogorov-Smirnov (KS) tests 

Cell line Restriction Enzyme Reference 

GM06990 HindIII [1] 

GM06990 NcoI [1] 

IMR90 HindIII [13] 

ES HindIII [13] 

K562 HindIII [1] 



that achieved p < 0.05 for the 2-sided test and p <0.01 for the 1-sided test for the relevant hypothesis and p > 0.05 for the 1-

sided test for the opposite hypothesis). 1-sided KS tests showed that L regions present a significantly larger TID than H 

regions in the (healthy) HindIII data sets (Fig. 3).  98.61% (cis) and 89.13% (trans) of chromosome pairs, on average over 

the 3 data sets (IMR90, ES and GM06990-HindIII), presented this significant difference (p < 0.01). As expected, an opposite 

trend was observed for the GM06990-NcoI data set (Fig. T1.2), where the TID of H regions was significantly larger than of 

L regions (100% and 97.83% of chromosome pairs in cis and trans correspondingly; p < 0.01). For the K562 data set the 

majority of chromosome pairs in trans (80.07%) showed a significantly higher TID for L regions (consistent with the 

HindIII cutting preference), while a mixed signal was observed in cis (Fig. T1.2), which can be attributed to an aberrant 

genome. 

We have further verified that the observed relationship between isochores and Hi-C coverage is not a result of a confounding 

effect of unequal proportions between H and L regions. We have repeated the analysis with a random assignment of classes 

to regions (while retaining the classification proportions). Under this randomization the described patterns disappeared, even 

with a less stringent significance threshold (p < 0.05). Specifically, only 8.33% (3.48%) of the chromosomes pairs in cis 

(trans), presented a significant difference between the TID of L and H regions (on average over the 5 data sets under 

consideration). Similar (and smaller) percentages were obtained when testing each of the 1-sided hypotheses.  

The findings of our analysis can be summarized as follows: (1) The occupancy of restriction sites in a given region is a 

proxy for its expected Hi-C coverage (2) This occupancy depends on the GC composition of the region (3) The 

heterogeneity of GC composition at the level of 1 Mb and at the level of isochores leads to a multi-scaled bias in Hi-C data.  

 

 

  

 

 

 

Fig. T1.2. Percentage of chromosome pairs in cis (a) and in trans (b) in which L regions presented significantly larger (blue) 

or smaller (red) TID than H regions.  

 



Data preparation 

Hi-C replicates (mapped contact positions; accession: GSE18199) generated for a GM06990 cell line [1] were downloaded 

from the Gene Expression Omnibus (GEO) [15] and transformed to corresponding contact maps (a contact map is a matrix, 

where the cell M[i,j] in a given contact map M takes the values of the contact frequency between 2 regions i and j, derived 

from a given segmentation of the genome). The contact maps were combined according to the restriction enzyme used, 

resulting in 2 contact maps - one for each enzyme. We have then removed all uncovered regions (i.e. those with zero  row 

and column sums). Next, TIF (self, cis and trans) properties were calculated for each region from the contact maps. In order 

to calculate the CRF property, we have first generated the expected restriction fragments of each enzyme for the hg18 

reference genome. Fragments were then matched to regions and the number of contained fragments was calculated. The 

GCP property was calculated for each domain according to its genome sequence (reference genome hg18).  

Isochores boundaries generated by IsoFinder for the human reference genome hg18 were downloaded from: 

http://bioinfo2.ugr.es/isochores1/. Processed Hi-C data sets (mapped position pairs) generated for 4 human cell lines (Table 

T1.1) were downloaded from GEO [15]. Given the data sets and the IsoFinder segmentation file we have generated contact 

maps for each replicate following by addition of contact maps (replicates) for each cell line (unless the replicates were 

generated by different restriction enzymes as done for the GM06990 data set). The total contact frequency of each region 

was calculated for each chromosomal pair in cis and in trans (sum of rows and columns for the contact map of each 

chromosomal pair).  
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