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Abstract 14 

The tridimensional (3D) organization of mammalian genomes combines structures from 15 

different length scales. Within this organization, Topologically Associating Domains (TADs) 16 

are visible in Hi-C heat maps at the sub-megabase scale. The integrity of TADs is important 17 

for correct gene expression, but in a context-dependent and variable manner. The correct 18 

structure and function of TADs require the binding of the CTCF protein at both borders, 19 

which appears to block an active and dynamic mechanism of ‘Cohesin-mediated loop 20 

extrusion’. As a result, mammalian TADs appear as so-called ‘loop domains’ in Hi-C data, 21 

which are the focus of this review. Moreover, we present a reanalysis of TADs from three 22 

“golden-standard” mammalian Hi-C data sets. Despite the prominent presence of TADs in 23 

Hi-C heat maps from all studies, we find consistently that regions within these domains are 24 

only moderately insulated from their surroundings. Moreover, single-cell Hi-C and super-25 

resolution microscopy have revealed that the structure of TADs and the position of their 26 

borders can vary from cell-to-cell. The function of TADs as units of gene regulation may thus 27 

require additional aspects, potentially incorporating the mechanism of loop extrusion as well. 28 

Recent developments in single-cell and multi-contact genomics and super-resolution 29 

microscopy assays will be instrumental to link TAD formation and structure to their function 30 

in transcriptional regulation.  31 
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TADs as functional units of gene regulation 32 

A major biophysical challenge for cells is to compact their large genome—up to 2 meters for 33 

a mammalian cell—into a nucleus that is only a few microns in diameter, all while ensuring 34 

both proper genome function and the programmable flexibility required for cellular 35 

differentiation [1]. The first order of DNA compaction, the wrapping of 147 bp of DNA 36 

around a histone octamer core to form the nucleosome (‘10 nm fiber’), is well agreed upon 37 

[2-4]. Subsequent higher-order chromatin organization is formed by more diverse 38 

combinations of DNA structures, ranging from chromatin loops and contact domains at the 39 

smallest scales to chromosome territories that occupy large volumes within interphase nuclei 40 

[5, 6]. 41 

The development of Chromosome Conformation Capture (3C) and genomics-based 42 

derivatives have greatly advanced our capacity to explore structural aspects of 3D genome 43 

architecture [7, 8]. Particularly Hi-C has proven to be instrumental in our understanding of 44 

3D genome organization, by providing information on all possible genome-wide interactions 45 

within a single experiment [9]. When analyzed at sufficient resolution (typically below 100 46 

kb), Hi-C experiments reveal the existence of distinct structural domains [10]. These domains, 47 

referred to as Topologically Associating Domains (TADs), are characterized by increased 48 

intra-domain interactions and insulation from their surroundings, and thus appear as 49 

‘pyramids’ in Hi-C heat maps [10, 11] (Fig. 1A). Whereas TADs in mammalian cells are 50 

generally identified with median sizes just below one megabase, in other organisms they may 51 

manifest themselves at considerably different sizes
 

[10-16]. Moreover, studies with 52 

increasingly higher resolution have suggested the presence of additional finer-scale levels of 53 

sub-domains (‘sub-TADs’), nested within mammalian TADs [17-20]. 54 

Initial correlative studies revealed enrichment within TADs of co-regulated gene 55 

clusters, enhancer-promoter pairs and replication domains [10, 11, 21, 22]. Moreover, a large 56 

fraction of the borders that surround mammalian TADs bind the CTCF protein (CCCTC-57 

binding factor), the only somatic insulator protein in somatic cells [10, 18] (Fig. 1A). Until 58 

now, CTCF binding at large subsets of TAD borders has only been reported in vertebrates 59 

(e.g. [10, 15]). Other TAD borders can be linked to (at least) two other biological phenomena. 60 

First, the presence of highly expressed genes can introduce a strong insulation between 61 

surrounding regions in the Hi-C heat map of a diverse range of organisms [10, 23-25]. 62 

Second, a sharp separation may be observed between regions bound by histone modifications 63 

associated with opposing transcriptional and regulatory output [12, 18, 26]. This latter 64 
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separation, in mammals usually at the smaller sub-domain levels, appears not to directly 65 

involve the borders though, but rather to be caused by the self-aggregation of regions that 66 

carry the same epigenetic marks due to phase separation, thereby forming so-called ‘contact 67 

domains’ or ‘compartmental domains’ ([5, 18, 27-29], see also [30] in this JMB issue for 68 

further discussion). Unless mentioned otherwise, in the remainder of this review we focus on 69 

TADs where CTCF is bound at the borders. 70 

Why CTCF is present at a large fraction of mammalian TAD borders, and if it is linked 71 

to transcriptional regulation, has been addressed in various pathologies and developmental 72 

contexts (see Table 1 for summary). The CTCF insulator protein was previously described as 73 

an ‘enhancer blocker’ that precludes transcriptional activation when bound in-between an 74 

enhancer-promoter pair [31]. Lupiáñez and colleagues showed that a group of congenital 75 

hand malformations could be traced to deletions, inversions and duplications around the 76 

EPHA4 gene that had in common that they created chromosomal configurations where 77 

CTCF-bound sites between the enhancers of the EPHA4 gene and neighboring inactive genes 78 

were removed [32]. In turn, ectopic enhancer-promoter interactions could be formed that 79 

activated these neighboring genes, which in turn caused the various hand malformations [32]. 80 

Similarly, in Cooks syndrome, a duplication that spanned parts of two TADs and CTCF-81 

bound border in between, resulted in the formation of a new TAD (‘neo-TAD’) where the 82 

genes encountered a reorganized regulatory landscape that imposed aberrant activation [33]. 83 

In further analogy, mutations or epi-mutations of CTCF sites at TAD borders resulted in 84 

ectopic enhancer-promoter interactions and inappropriate gene activation in cancer cells as 85 

well [34, 35]. Combined, these studies suggest that the enhancer blocking function of CTCF 86 

is achieved by positioning genes and non-relevant enhancers in separate TADs. 87 

More recent studies have provided nuance to the impact of perturbed CTCF binding at 88 

TAD borders. At the Shh locus, the limb-specific ZRS enhancer is located near the TAD 89 

border, where it is surrounded by multiple CTCF sites. Deletion of CTCF sites, either one or 90 

multiple, reduced Shh promoter-ZRS enhancer contacts but only had moderate influence on 91 

Shh gene activity. Removal of multiple CTCF sites increased interactions with neighboring 92 

sequences, which coincided with a mildly increased activity of a gene that is contained within 93 

this region [36, 37]. Similarly, at the Sox9 locus, a fusion with the neighboring TAD required 94 

the deletion of 8 CTCF sites at and near the border. Yet, upon this fusion, the effect on gene 95 

activity was relatively mild, with Sox9 activity moderately reduced and a twofold 96 

upregulation of the lowly expressed neighboring Kcnj2 gene [38]. Combined, these studies 97 

show that TAD borders can be composed of more complex ensembles of CTCF-bound sites. 98 
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Moreover, the effect of TAD-border perturbations on gene expression may be relatively 99 

moderate. Intriguingly, acute depletion of CTCF in embryonic stem cells resulted in similar 100 

moderate changes to transcriptional output. After two days of CTCF removal, insulation 101 

between TADs was strongly reduced, yet the transcriptional deregulation of only nine 102 

hundred genes could be assigned to TAD deregulation [39]. In a specific cell type, the 103 

contribution of individual TADs on gene expression may thus be relatively small. This effect 104 

may be related to the cell-type specificity of enhancers, which reduces the chance of 105 

inappropriate enhancer-promoter contacts within a given cell type [40, 41]. 106 

In conclusion, genes and their associated enhancers are clustered in TADs, which act as 107 

functional but variable and context-dependent units of gene regulation. Demarcation and 108 

insulation of TADs are primarily dependent on the correct location of their borders, which are 109 

strongly enriched for the binding of the CTCF insulator protein (see also Table 1). 110 

Cohesin-dependent loop extrusion and TAD formation 111 

TADs can be identified from a Hi-C heat map, where they appear as pyramid-shaped 112 

domains with increased intra-domain interactions (Fig. 1A). Initial TAD-calling algorithms 113 

used a ‘Directionality Index’ to identify bin-by-bin transitions in the asymmetry of contacts, 114 

thus indicating the switch from one insulated TAD to the next [10]. More recently, 115 

algorithms to determine ‘Insulation Scores’ have been developed, which determine localized 116 

minima in interaction frequency by looking at a more regional scale, thus being more robust 117 

to individual outlying bins ([42, 43]; see [30] for further considerations). 118 

How punctuated CTCF binding at TAD borders can result in increased intra-domain 119 

contacts, remains not fully established. An important mechanistic suggestion comes from the 120 

Hi-C data itself, where many TADs with CTCF at their borders display strongly enriched 121 

signal on the top of the pyramid [18]. This punctuated signal indicates that the borders of 122 

these domains loop together, which is particularly frequently observed when CTCF is bound 123 

at both sides. These TADs, with both increased intra-domain interactions and looping of the 124 

borders, are therefore also referred to as ‘loop domains’ [18, 44] (Fig. 1B). This feature 125 

distinguishes these domains from conventional chromatin loops, which are often associated 126 

with enhancer-promoter contacts, and ‘contact / compartmental domains’, which are 127 

associated with the aggregation of domains carrying identical histone modifications [5, 12, 18, 128 

26, 45] (Fig. 1B). 129 

CTCF binds non-symmetric DNA motifs in the genome, where it often co-localizes 130 

with the ring shaped Cohesin complex [46-48]. Intriguingly, up to 90% of CTCF motifs that 131 
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are at the base of TAD-spanning loops are in a convergent orientation [18, 49, 50]. The 132 

importance of the correct orientation of CTCF motifs has been experimentally confirmed by 133 

artificial inversions, which result in reduced TAD insulation [49, 51]. 134 

How CTCF motif orientation guides TAD formation may be explained through the co-135 

localization with the Cohesin complex. Based on this link, a ‘Cohesin-dependent loop 136 

extrusion’ model has been developed, which reproduces Hi-C data in silico with high degrees 137 

of similarity to experimentally obtained data [52-55]. In this model, the Cohesin complex 138 

randomly associates with the chromatin fiber, where it starts the progressive formation of a 139 

DNA loop through bi-directional extrusion (Fig. 1C). Loop extrusion is blocked, on one side 140 

only, when a CTCF molecule is encountered that is bound in the correct orientation. When 141 

Cohesin has encountered CTCF on both borders of the TAD, the loop is stabilized, as 142 

reflected by a visible loop in the Hi-C map (Fig. 1C). The visible enrichment of intra-domain 143 

interactions indicates that this process is simultaneously accompanied by more transient DNA 144 

contacts within the extruded loop, suggesting it adopts a more crumbled configuration. 145 

Together, these two patterns of 3D interactions are reflected as a loop domain in the Hi-C 146 

heat map (Fig. 1B). 147 

Importantly, to reconstruct TADs in silico, the loop extrusion in the model needs to be 148 

a dynamic process. This implies that the Cohesin complex does not only continuously 149 

associate with the DNA at random positions in the genome, but also dissociates from the 150 

DNA after a certain amount of time [54]. In practice, this dissociation will mostly occur after 151 

Cohesin has co-occupied a CTCF-bound site for a certain period of time. Various 152 

experimental studies have dissected how the combined action of the Cohesin complex and 153 

CTCF influences TAD structure, thereby confirming key aspects of the Cohesin-dependent 154 

loop extrusion model. Rapid elimination of the Cohesin component Rad21/Ssc1, or of its 155 

loading factor Nipbl, results in elimination of all TADs that appear as loop domains. In 156 

contrast, contact domains appear mostly untouched or even increased in structure [44, 56-58]. 157 

These studies therefore uncouple the process of loop domain formation from that of contact 158 

domains. Loss of TADs upon mutations in the ATPase domains of Smc3, another Cohesin 159 

complex member, further confirms that loop extrusion is energy consuming, and thus an 160 

active mechanism [59]. In the same study, a subset of TADs was identified where one or both 161 

borders showed contiguous enriched contacts within the entire domain, visible as 162 

“architectural stripes”. These stripes are mostly found at TAD borders that combine strong 163 

insulation and multiple instances of CTCF binding with a nearby Cohesin loading area [59]. 164 

At such borders, the Cohesin complex will be blocked instantly on one side. According to 165 
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loop extrusion model, such unidirectional loop formation is indeed predicted to manifest 166 

itself as horizontal and vertical stripes in the Hi-C matrix. Similar to Cohesin removal, the 167 

rapid removal of CTCF from TAD borders reduced the insulated nature of loop domains, 168 

whereas contact domains remained intact as well [39]. Interestingly though, the elimination 169 

of Cohesin and CTCF differentially affected genome compaction: whereas overall 170 

compaction was not affected by CTCF elimination, the loss of Cohesin association caused a 171 

global decompaction of the genome [39, 57]. This supports the model that Cohesin can create 172 

loops in the absence of CTCF, but that it needs to be blocked at specific sites in the genome 173 

to create noticeable loop domains. 174 

An intriguing addition to the model of loop formation has been identified upon the 175 

deletion of Wapl, the protein that is required for the release of Cohesin from the DNA [58, 176 

60]. As expected from reinforced residence of the Cohesin complex at TAD borders, intra-177 

TAD interactions become stronger. Unexpectedly though, TADs increased in size as well, 178 

which was visible as multiple TADs fusing into a single loop domain [60]. Prolonged 179 

blocking of Cohesin at a TAD borders may therefore result in a ‘read through’ of loop 180 

extrusion towards the next site occupied by CTCF in the correct orientation. This 181 

phenomenon may be due to a ‘traffic jam’ effect, whereby multiple TAD borders cluster 182 

together [61]. In turn, this may be caused by the dynamics of CTCF binding to the DNA, 183 

whose dissociation is considerably more dynamic than that of the Cohesin complex (~1-2 184 

minutes vs. ~20 minutes residence time) [62]. Cohesin-dependent loop extrusion may 185 

therefore not only depend on dynamic association and dissociation of the Cohesin complex, 186 

but may also involve a dynamic CTCF-binding component. 187 

Combined, the results from in silico modeling and experimental studies provide 188 

accumulating evidence that TADs, as visible as loop domains in Hi-C heat maps, are shaped 189 

by a dynamic and active process that consists of a constant and energy-consuming bi-190 

directional extrusion of DNA loops by the Cohesin complex. Within this process, CTCF 191 

functions to temporarily fix extruded chromatin loops at defined sites in the genome, which 192 

in turn creates specific insulated TADs. 193 

TADs as structural units of genome organization: consistency or 194 

heterogeneity? 195 

How TADs are structured and how they are involved in context-depending transcriptional 196 

regulation is increasingly understood. In contrast, important questions remain on how stable 197 

TADs are over time, if they are consistent between different cells, and what is the nature of 198 
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their internal structure. Most insights on TAD organization have been obtained from Hi-C 199 

studies on large cell populations, whose averaged interaction data preclude the interpretation 200 

of truly dynamic aspects. 201 

Nonetheless, a more detailed appraisal of population-based Hi-C heat maps does 202 

provide valuable insights on how the chromatin is organized within and between TADs. 203 

Whereas pairing of CTCF-bound borders in a loop domain is represented by the strong signal 204 

at the top of the triangle in the Hi-C heat map, the internal organization of a TAD is described 205 

by the signal within the triangle itself. Moreover, the degree of insulation between 206 

neighboring TADs is measured by the depletion of signal between two TADs (Fig. 1A; 207 

absence of signal in the ‘inversed’ pyramid between TADs). Similarly, the strength of 208 

borders between TADs influences insulation as well. Strong borders, visible as sharp valleys 209 

in the Hi-C heat map, are indicative of a separation between highly discrete TADs. In 210 

contrast, the presence of a more gradual valley between two TADs indicates a border that is 211 

more transitional and dynamic in nature (Fig. 2A). Inspection of high-resolution Hi-C data 212 

reveals that many TADs are separated by zones of transition that can span a considerable 213 

distance (Fig. 2B, see below for additional characterization). TAD-calling algorithms will 214 

call discrete borders within such zones of transition, yet the actual insulation at these zones is 215 

more gradual (Fig. 2B; dashed versus solid line in Hi-C heat map). In turn, according to the 216 

population-based Hi-C data, sequences near the borders do not strictly localize within one 217 

TAD (Fig. 2B; virtual 4C tracks). Although the presence of zones of transition may be due to 218 

artifacts in the Hi-C assay, similar interaction patterns are observed in the crosslink- and 219 

ligation-free DamC assay as well [63]. A more biological explanation for the appearance of 220 

these zones of transition may be that TAD borders can be dynamic, linked both to the 221 

discontinuous nature of CTCF binding and the observed clustering of CTCF binding sites at 222 

the majority of TAD borders [62, 64, 65]. In line with the model of Cohesin-dependent loop 223 

extrusion, the actual position of a TAD border may therefore not be fixed but vary within 224 

these defined zones of transition over time and between cells. 225 

More recently developed single-cell Hi-C methods have started to shed light into the 226 

structural organization within and between TADs [56, 66-68]. Compared to population-based 227 

Hi-C, chromatin interactions within individual cells tend to be more stochastic and to often 228 

span multiple TADs. Yet, combination of single-cell Hi-C data from multiple individual cells 229 

tends to faithfully reproduce TAD structure as observed in population-based Hi-C data [67, 230 

68]. TADs in population-based Hi-C data may thus represent the statistically most prominent 231 
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average 3D configuration, which is built up from a variety of structures that is present within 232 

the cell population. 233 

To get a more detailed and quantitative insight into the structural organization of TADs, 234 

we reanalyzed currently highest resolution mouse and human Hi-C data sets, both of which 235 

are commonly used as reference contact maps [13, 18]. Whereas TADs appear as (relatively) 236 

discrete pyramids in the Hi-C heat map of both data sets, a comparison of interaction 237 

frequencies between equally distant loci that are located either within or between TADs 238 

reveals only a maximum twofold degree of insulation (Fig. 2C). A similar moderate 239 

difference was previously reported for lower resolution mouse Hi-C data as well [10, 69]. A 240 

comparison of TAD structure and borders between the both mouse embryonic stem cell data 241 

sets confirms their similarities (Fig. S1A-D). The calling of these structural aspects of TAD 242 

organization is therefore highly robust, despite considerable experimental and analytical 243 

differences. Interestingly, the maximum difference between intra- and inter-TAD interaction 244 

frequencies is only observed at a considerable distance from the borders between the TADs 245 

(Fig. 2C; dashed lines at 290 and 785 kb). This distance for maximum insulation exceeds the 246 

span of many TADs and appears not reduced at smaller TADs (Fig. 2C and Fig S1E). The 247 

zones of transition that separate TADs therefore encompass both the borders and (at least 248 

partially) the domains themselves. In turn, these results suggest that the insulating capacity of 249 

TADs is relatively weak, yet this capacity scales with the size of the TAD. 250 

Importantly though, a low level of insulation is not incompatible with the model of loop 251 

extrusion, as the extrusion process does not prevent the resulting loops in different domains 252 

from crossing borders and intermingling with each other. In contrast, it may suggest that the 253 

creation of regulatory units within TADs is not determined by the insulated nature of these 254 

domains alone. Rather, it may be that the ongoing loop extrusion that structures TADs is 255 

involved in guiding enhancer-promoter contacts as well. Indirect support for this hypothesis 256 

may be found at architectural stripes, where active (super-)enhancer elements that are in close 257 

proximity to stripe anchors have considerably elevated contacts with other regulatory 258 

elements [59]. Prevalent promoter-enhancer contacts between chromosomes in dipteran 259 

insects (including transvection) and an artificial mammalian system using an ectopic super-260 

enhancer and its endogenous target gene have ruled out though that the formation of 261 

regulatory contacts depend on loop extrusion alone [70, 71]. 262 

Recent developments in super-resolution microscopy, particularly the combination of 263 

STORM (STochastic Optical Reconstruction Microscopy) with Oligopaint labeling [72], 264 

constitute an alternative approach to characterize TAD structure and insulation in individual 265 
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cells. Multiple studies in Drosophila cells were able to confirm the presence of TADs, albeit 266 

with a certain degree of heterogeneity and intermingling [73-75]. The small size of these 267 

domains and their overlap with specific histone modifications suggest they are more 268 

associated with contact domains, rather than the process of Cohesin-dependent loop extrusion. 269 

In mammals, larger spatially segregated nano-compartments that correspond to TADs could 270 

also be visualized in individual cells [76]. Similar to Hi-C data, an enrichment of intra-TAD 271 

interactions could be detected, yet with relatively little specificity. Moreover, frequent 272 

contacts between TADs were detected as well, but with a reduced consistency between cells. 273 

Similar patterns of moderately enriched, 2- to 3-fold, intra-TAD interactions were reported in 274 

a study that mapped large number of pair-wise interactions at a genome-wide scale [77]. 275 

Interestingly, the depletion of Cohesin in these single-cell microscopy studies did not 276 

result in a loss of TAD-like structures in individual cells, which contradicts published 277 

population-based Hi-C data [44, 57, 76]. In contrast, the preferential positioning of 278 

boundaries at CTCF bound sites was lost, which is more in line with single-cell Hi-C studies 279 

[67, 68]. The overall 3D organization of TADs may therefore be shaped by additional nested 280 

structures, including smaller loop domains that are linked to epigenetic state. 281 

Conclusions and Perspectives 282 

In this review, we have discussed the current evidence for the existence of TADs, how they 283 

are structured and how they are involved in transcriptional regulation. Whereas their presence 284 

can be unambiguously detected in population-based Hi-C heat maps, both quantitative 285 

interpretation of Hi-C data and the comparison of single-cell Hi-C and microscopy data 286 

suggest a certain degree of heterogeneity in TAD structure. As such, these data imply that 287 

TADs are dynamic structures, both regarding their internal structure and the position of their 288 

borders, with a relatively low degree of insulation from their surroundings. How this lack of 289 

structural consistency can be reconciled with their function as regulatory units in the genome 290 

remains to be determined. Here, we hypothesize that the setting of transcriptional programs 291 

may incorporate the process of TAD formation through loop extrusion as well. 292 

To unambiguously link TAD formation and structure to transcriptional regulation, we 293 

will need to comprehensively address these aspects at highest precision in individual cells. 294 

Particularly instrumental will be the recent developments in super-resolution microscopy, 295 

including the combined visualization of DNA conformation and RNA [78, 79], and the 296 

development of genomics-based approaches that can identify and quantify ensembles of 297 

chromatin contacts. Recently, several technologies have emerged that either allow genome-298 
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wide non-targeted characterization of chromatin hubs (C-walks [80], GAM (Genome 299 

Architecture Mapping) [81], SPRITE [82], and ChIA-Drop [83]) or the quantitative 300 

measurement of three-way interactions at defined sites (Multi-Contact 4C [61] and Tri-C 301 

[84]). The use of these technologies, and potential further developments, together with 302 

advanced modeling approaches and cellular models with modified aspects of TAD structure, 303 

will provide the tools to comprehensively unravel the dynamic nature of TADs.  304 
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Methods 305 

Reanalysis of published Hi-C data 306 

Unprocessed sequencing data from published Hi-C studies was obtained from the GEO data 307 

repository: human GM12878 B-lymphoblastoid cells: GSE63525 [18] and mouse embryonic 308 

stem cells: GSE96107 [13]. Data was processed at 5 kb resolution using the HiC-Pro tool, 309 

using standard settings and ICE-normalization of the resulting matrices [85]. TADs and their 310 

borders were called using the TADtool from the 5 kb Hi-C matrices based on insulation score 311 

[43]. Lower resolution Hi-C data [10], including normalized matrices and positions of TADs, 312 

were downloaded from http://chromosome.sdsc.edu/mouse/hi-c/download.html. For the 313 

comparison of TAD borders in mouse embryonic stem cell Hi-C data (Fig. S1C), data from 314 

[10] was converted to mm10 using the LiftOver tool (http://genome.ucsc.edu). 315 

Autosomal read pairs spanning 5 kb – 2 Mb were filtered for presence within TADs, 316 

followed by sorting for being within the same TAD or in different TADs. Median interaction 317 

signal for all read pairs was calculated based on category and distance. 318 
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Figure and table legends 560 

Figure 1. TADs and loop extrusion. 561 

A. Schematic of two TADs in a Hi-C heat map, with the arrow indicating the border 562 

between the TADs. Simulated CTCF binding is depicted below, with convergently 563 

oriented CTCF peaks at the borders of both TADs (orientation of CTCF sites shown as 564 

blue and red triangles). 565 

B. Appearance of different types of chromatin structures in a Hi-C heat map. Left: cartoon 566 

of 3D chromatin structure; right: corresponding simplified Hi-C heat maps. 567 

C. Model for Cohesin-dependent loop extrusion. After random association of the Cohesin 568 

complex with the chromosome (1, 2), a loop will start to bi-directionally extrude (2, 3). 569 

Extrusion on either side will continue until a correctly oriented CTCF-bound site is 570 

encountered (left blue triangle; 4). A complete block is only achieved when both sides 571 

have encountered convergently orientated CTCFs (blue and red triangles; 5). 572 

Figure 2. The insulated nature of TADs and their borders. 573 

A. Schematic of strong and weak TAD borders. Weak TAD borders are separated by a 574 

‘zone of transition’ that appears as a gradual valley between two TADs. 575 

B. Reanalyzed Hi-C data showing a nearly 100 kb ‘zone of transition’ between two TADs 576 

in mouse embryonic stem cells [13]. Top: Hi-C heat map with the algorithmically called 577 

TAD border indicated with dotted lines, and the more gradual transition between the 578 

TADs with a solid line. Middle: virtual 4C signal for two bins at either side of the zone 579 

of transition
 
[12]. Bottom: published CTCF ChIP-seq signal in mouse embryonic stem 580 

cells [22]. 581 

C. Genome-wide assessment of TAD insulation in human GM12878 B-lymphoblastoid 582 

cells [18] (red) and mouse embryonic stem cells
 
[13] (blue) using reanalyzed Hi-C data 583 

at 5 kb resolution. Left: median genome-wide interaction counts for intra-TAD (solid 584 

lines) and inter-TAD (dashed lines) read-pairs at distances from 5 kb to 2 Mb. Right: 585 

enrichment of intra-TAD signal at different distance scales. Vertical dotted lines indicate 586 

the distance between read pairs with maximum signal enrichment (human B-587 

lymphoblastoid cells: 290 kb – mouse embryonic stem cells: 785 kb). 588 

Table 1. Key studies showing the influence of TAD borders on gene expression 589 

[86, 87]  590 
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Supplemental figure legend 591 

Figure S1. Comparison of reanalyzed Hi-C data in mouse embryonic stem cells  592 

A. Example of published and reanalyzed Hi-C data from two different studies in mouse 593 

embryonic stem cells. Top: 40 kb resolution Hi-C data from Dixon et al. [10]; bottom: 10 594 

kb resolution Hi-C data from Bonev et al. [13]. Despite biological, experimental and 595 

analytical differences (left), an overall similar framework of TADs is called. Differences 596 

between both data sets are indicated above (see also panel B.). 10 Mb region was 597 

selected for the presence of multiple types of differences between data sets. 598 

B. Differences in TAD calling between two different studies in mouse embryonic stem cells. 599 

Except for a minor fraction of TADs (category “Disagreement spanning multiple TADs”, 600 

making up 2% of TADs in Dixon et al.), differences can be traced back to TADs or 601 

individual borders that are called in only one of two data sets (see panel A. for examples 602 

of categories). 603 

C. Differences in TAD border calling between two different studies in mouse embryonic 604 

stem cells. Two-thirds of TAD borders that can be unambiguously linked between data 605 

sets map within 80 kb, despite the initial difference in resolution (40 kb vs. 5 kb 606 

resolution) and mapping to different versions of the mouse genome (mm10 vs. mm9) for 607 

both data sets. 608 

D.  Genome-wide assessment of TAD insulation between two different studies in mouse 609 

embryonic stem cells. In both data sets, a comparably moderate degree of insulation and 610 

a maximum insulation at a considerable distance from the borders is observed. Left: 611 

median genome-wide interaction counts for intra-TAD (solid lines) and inter-TAD 612 

(dashed lines) read-pairs. Right: enrichment of intra-TAD signal at different distance 613 

scales. Notice that data from Dixon et al. is visualized at a 40 kb resolution. 614 

E. Genome-wide assessment of differences in insulation between TADs in mouse 615 

embryonic stem with spans below or above median size (median = 615 kb) [13]. Smaller 616 

TADs attain higher intra-TAD signal enrichment, yet this maximum occurs at a larger 617 

distance from the borders as compared to large TADs. Left: median genome-wide 618 

interaction counts. Right: enrichment of intra-TAD signal at different distance scales. 619 

TADs with sizes below median are limited to their maximum span, with signal becoming 620 

highly variable in the last bins due to scarcity of the signal (dotted line). 621 


