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Abstract

Topologically Associating Domains (TADs) are conserved during evolution and play roles in 

guiding and constraining long-range regulation of gene expression. Disruption of TAD boundaries 

results in aberrant gene expression by exposing genes to inappropriate regulatory elements. Recent 

studies have shown that TAD disruption is often found in cancer cells and contributes to 

oncogenesis through two mechanisms. One mechanism locally disrupts domains by deleting or 

mutating a TAD boundary leading to fusion of the two adjacent TADs. The other mechanism 

involves genomic rearrangements that break up TADs and creates new ones without directly 

affecting TAD boundaries. Understanding the mechanisms by which TADs form and control long-

range chromatin interactions will therefore not only provide insights into the mechanism of gene 

regulation in general, but will also reveal how genomic rearrangements and mutations in cancer 

genomes can lead to misregulation of oncogenes and tumor suppressors.

Long-range gene regulation occurs within Topologically Associating 

Domains (TADs)

Each cell expresses a specific subset of all genes. Accurate regulation of gene expression is 

crucial for cell function and identity and is in large part determined by cell type specific 

gene regulatory elements such as enhancers and insulators. Dysregulation, e.g. as the result 

of inappropriate promoter-enhancer communication and genomic alterations, leads to altered 

gene expression patterns. Indeed, overexpression of oncogenes and downregulation of tumor 

suppressor genes can lead to cancer.

Promoters are regulated by enhancers that can sometimes be located hundreds of Kb from 

the start site of the gene. Enhancers act by first associating with a set of specific 

transcription factors that then engage through long-range interactions with target promoters. 

Why a given enhancer regulates one distal gene but not another has been puzzling for many 

years. Recent insights into the 3D folding of chromosomes are now providing new insights 
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into the mechanisms that determine promoter-enhancer communication and how alterations 

in chromosome structure, as recently detected in cancer cells, can lead to inappropriate gene 

expression including aberrant activation of oncogenes.

Early studies using 3C, 4C, 5C and ChIA-PET showed that enhancers can physically 

associate with their target genes, through a process that either involves 3D looping, or some 

sort of tracking to link the enhancer to the promoter [1–4]. Although these studies showed 

that physical contacts between regulatory elements that can be located hundreds of Kb apart 

play key roles in gene regulation, they did not reveal what guides or determines these 

associations, and whether there is any specificity to these looping contacts. Subsequent more 

comprehensive 5C and genome-wide Hi-C studies showed that mammalian chromosomes 

are composed of a series of self-associating domains, often referred to as Topologically 

Associating Domains (TADs) [5,6]. Recently very high resolution Hi-C maps have shown 

that TADs are, at least in part, looped domains with associations between pairs of 

convergently positioned CTCF sites located at their boundaries [7–12]. Further, TADs can be 

composites of multiple nested CTCF-bounded self-interacting domains. Finally, although on 

average the CTCF sites flanking such domains interact relatively frequently with each other, 

it has been proposed this is a side effect of dynamic and randomly positioned loop 

extrusions that occur within TADs, perhaps by cohesin complexes, and that are blocked in a 

directional manner by CTCF-bound sites [13–15].

Although the concept of self-interacting domains is now well established [16], and in some 

cases a process of loop extrusion that drives their formation is proposed, it is not clear yet 

whether all TADs are equal and thus it remains speculative to molecularly define a TAD. In 

this review, we will call a TAD every domain that has preferential self-interactions, e.g. as 

determined by Hi-C, and that is clearly insulated from adjacent domains by boundaries. We 

will call a TAD boundary the genomic locus that is in between two adjacent TADs. This 

boundary could be formed by two mechanisms. First, a boundary could be formed by the 

binding of specific factors, e.g. CTCF. This appears to be the case for many boundaries. 

Second, we anticipate that some boundaries may also be created indirectly, e.g. by the 

aggregation of loci located within a TAD through other mechanisms, without explicit 

imposition of a boundary by localized binding a protein complex.

Interestingly, there are now multiple lines of evidence that indicate that TADs represent 

functional domains. Genes located in the same TAD display correlated expression across 

differentiation [6]. In a completely independent approach, Symmons et al. used a regulatory 

enhancer sensor composed of a weak promoter and a reporter gene [17]. This regulatory 

sensor was randomly inserted along mouse chromosomes. Regulatory sensors inserted 

within the same TAD displayed the same pattern of gene expression in mouse embryos. 

However, when regulatory sensors were inserted in different TADs or even in two 

neighboring TADs the pattern of gene expression was very different [17]. This striking result 

shows that enhancer capacities are insulated by TAD boundaries. Further evidence for this 

proposal comes from detailed studies of a set of TADs around the CFTR locus which 

showed that the CFTR gene touches different sets of enhancers in different cell types, but all 

these enhancers are located inside the same tissue invariant TAD [18,19]. Possibly loop 

extrusions occurring within TADs transiently juxtapose each promoter to each enhancer, and 
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because CTCF sites at TAD boundaries block loop extrusion, promoters cannot become 

similarly juxtaposed to regulatory elements located outside the TAD [15]. Finally, the fact 

that TADs tend to be conserved between different species and throughout differentiation 

suggests a role for TADs in gene expression and not a role for gene expression in TAD 

formation [5]. Combined together these studies strongly suggest that TADs are chromosomal 

structural units that constrain, guide and facilitate enhancer-promoter interactions.

TAD disruption and altered gene expression

Given the important role of TADs in determining gene regulatory interactions, studying how 

TADs are formed and how their boundaries constrain looping interactions will give 

important insights into how genes are regulated in general, and how genes may become 

misregulated in disease. Several laboratories have deleted or relocated TAD boundaries and 

elements at or near TAD boundaries to assess the effect of these genetic manipulations on 

chromosome folding and gene expression. A first study in mouse embryos, has shown that 

deletion of a 35 Kb region in the hoxD locus increases chromatin interactions within a 

‘compartment’ and increases the transcription of the HoxD11 gene whereas a smaller 

deletion (25 Kb) in the same locus does not change the interaction profile or activate gene 

expression [20]. This study highlights the fact that specific genetic determinants can create 

structural domains that might be important for gene expression. In a subsequent study from 

the same laboratory, these authors showed that an inversion of a 2 Mb region in the HoxD 

locus in mouse embryos changes the pattern of interactions within the locus and that 

precisely positioned insulators within the inverted 2 Mb DNA region determine the position 

of chromatin domains along the chromosome [21]. In another study from the Spitz 

laboratory, it was shown that the chromosomal locus containing the Tfap2c and Bmp7 genes 

is split in two structural and functional domains, with each gene located inside a separate 

TAD containing its dedicated set of enhancers. Inversions around the TAD boundary that 

relocate a heart enhancer for the Bmp7 gene into the TAD containing Tfap2c activated the 

latter in heart while Bmp7 was no longer expressed [22]. Similarly, it was shown that 

deletion of a TAD boundary can lead to overexpression of Lamin B1, probably by enhancers 

normally located outside the Lamin B1 containing TAD, which causes a rare neurological 

disorder with progressive central nervous system demyelination [23]. Finally, in an elegant 

series of experiments, it was shown that inversion, duplication or deletion of TAD 

boundaries in between the EPHA4 and PAX3 genes and near the WNT6 and IHH genes 

leads to inappropriate enhancer – promoter interactions that are linked to human limb 

malformation [24,25]. Together, these important studies show that TAD boundaries can 

restrict and guide enhancer activity towards genes located within the same TAD (Table 1).

The role of CTCF

Detailed Hi-C analyses and genetic perturbation studies have revealed that CTCF plays a 

critical role at TAD boundaries. First, a high resolution Hi-C study showed that TAD 

boundaries contain CTCF binding sites in convergent orientation and that these sites 

frequently interact to form self-interacting domains [7]. Earlier locus-specific 3C, 4C and 5C 

studies, e.g. at the beta-globin locus had also shown that CTCF sites often interact with each 

other [1,26,27]. The fact that CTCF interactions are mostly limited between pairs that are in 
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a convergent orientation [7–12] has been one of the observations that led to the dynamic 

loop extrusion model for TADs [13–15].

CTCF is essential during development and it had long been suspected to play an important 

role in genome structure. Moreover, CTCF knock-down experiments showed that CTCF 

plays a role in genome organization [28–31]. A first pioneer study showed that the 

disruption of a CTCF binding site by changing four conserved nucleotides in the core CTCF 

binding site of the mouse β-globin locus prevents the binding of CTCF in vivo and 

destabilizes the large chromatin loop containing the globin genes [26]. Following this study, 

many other laboratories have disrupted CTCF binding sites [8,10,32,33]. Deletions of CTCF 

sites at TAD boundaries in embryonic stem cells affected the expression of neighboring 

genes and changed the interaction frequency between loci located in adjacent TADs [32]. 

Several other studies have shown that deletion or changing the orientation of CTCF binding 

sites at boundaries affect the frequency and direction of interaction with distal sites [8,10]. 

Together these studies show that CTCF binding, and site orientation plays a critical role in 

TAD boundary activity.

TAD disruption and cancer

Inappropriate activation of oncogenes, or repression of tumor suppressors can lead to cell 

proliferation, cellular transformation and cancer. Although oncogene activation can be 

caused by mutation or epigenetic modification that affect the gene itself or its regulatory 

elements [34,35], it is also possible that epigenetic or genetic alterations lead to 

inappropriate communication between otherwise unaltered genes and distal regulatory 

elements. For instance, as outlined in the examples above, deletion or inactivation of a TAD 

boundary can lead to inappropriate oncogene expression.

There are now several important studies that show that oncogene activation can be the result 

of TAD disruption. There are at least two mechanisms of TAD disruption. First, individual 

TAD boundaries could be mutated or epigenetically inactivated, affecting gene regulation in 

the two flanking TADs. Second, genomic rearrangements, with breakpoints within TADs, 

can lead to breakage and fusion of TADs without affecting the boundaries themselves, 

creating new regulatory domains where oncogenes can be activated by new sets of 

regulatory elements.

Local TAD boundary disruption

Gliomas can be caused by gain of function mutations in the IDH gene. Mutant IDH cells 

accumulate 2-hydroxyglutarate, which in turn represses TET proteins. As a result, these cells 

display elevated CpG methylation. How this causes cancer has remained unclear. A recent 

study found that the increased methylation of CTCF sites in mutant IDH cells leads to partial 

inactivation of TAD boundaries, and the concomitant activation of key cancer drivers such as 

PDGFRA by enhancers located outside the normal PDGFRA TAD. This study also showed 

that the inactivation of the TAD boundary is indeed DNA methylation dependent and leads 

to long-range interactions between the PDGFRA gene and a constitutive enhancer outside 

the TAD [36] (Figure 1).
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In a separate study Ji et al. found that many diseases the associated single nucleotide 

polymorphisms are often at or near gene regulatory elements, but rarely at TAD boundaries. 

In contrast, in cancer cells, TAD boundaries and especially CTCF DNA binding motifs at 

these boundaries are among the most altered factor binding sequences [37]. Further, they 

found that CTCF sites mutated in cancers are often adjacent to oncogenes and other genes 

known to be altered in expression in cancer. For example, in ovarian cancer, mutations in the 

CTCF motif at the boundary of the TAD that contains the NOTCH1 gene, lead to NOTCH1 

misregulation, most likely through inappropriate enhancer action that is caused by TAD 

disruption [37].

A third example is provided by a very comprehensive mutation analysis in colorectal cancers 

[38]. These authors found that CTCF binding sites, especially those that also bind cohesin, 

are the most frequently mutated factor binding sites in these tumors. Although not shown 

directly in this study, it seems likely that many of these mutations lead to TAD disruption 

and associated miscommunication between genes and distal regulatory elements.

Finally, deletions found near the TAL1 and LMO2 oncogenes in T-cell acute lymphoblastic 

leukemia (T-ALL) eliminate TAD boundaries. The boundary deletions result in the 

activation of the oncogenes by creating new interactions between distal enhancers and 

oncogenes [39].

Global rearrangements of TADs

TAD organization is remarkably conserved between species [5,11]. This is probably at least 

in part related to the observation that CTCF binding sites, and their orientation, are highly 

conserved across syntenic regions. Interesting, when blocks do change genomic position 

across species, TADs are often maintained, indicating that large-scale domains are kept 

intact during genome evolution. This indicates that there is evolutionary pressure to conserve 

TAD related domains, as one would expect when these domains represent domains of gene 

regulation. Importantly, there is increasing evidence that in cancer genomes, that often are 

characterized by major intra- and inter-chromosomal rearrangements, TAD organization is 

often disrupted. In leukemia, genomic breakpoints tend to be in introns and in genomic 

regions containing open chromatin [40]. Another study showed that open chromatin 

associated histone marks can facilitate DNA breakage and thus translocations [41]. These 

studies highlight the fact that rearrangements happen at nonrandom positions and that TAD 

rearrangements in cancer genome might occur at these specific locations. In one study, 

Groschel and co-workers found that an inversion on chromosome 3 that is a cause of AML 

disrupts two TADs at the two inversion breakpoints [42]. One of these TADs contains the 

GATA2 gene, and the other contains the EVI oncogene. As a result of the inversion, an 

enhancer that normally is located in the GATA2 TAD and activates that gene, is now located 

in the EVI TAD and inappropriately activates this oncogene (Figure 2).

Similar TAD rearrangements may explain how genomic rearrangements that involve the 

MYC gene and the IGH locus can bring together this oncogene with strong immunoglobulin 

enhancers within the same TAD [43].
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GFI1B has been identified as a medulloblastoma oncogene. Genomic rearrangements that 

juxtapose DNA elements that are normally located at 400 Kb from the GFI1B gene near its 

location might be responsible for its activation. At the rearrangement breakpoint near the 

GFI1B oncogene, increased enhancer signal has been detected and these elements show 

enhancer activity in luciferase reporter assays. These experiments suggest that through 

rearrangements, putative enhancers are placed near GFI1B and these can be responsible for 

its activation [44]. Another study in Chronic Lymphocytic Leukaemia (CLL) showed that an 

increased interaction frequency between the PAX locus and a potential enhancer located in 

the telomere region 330 Kb away is responsible for the overexpression of PAX5. Mutations 

in the enhancer region decrease the PAX5 expression restoring the wild-type phenotype [45]. 

However, these two last studies do not rule out that the identified enhancers and the activated 

oncogenes are already in the same TAD in normal cells.

Finally, another technique that simultaneously maps enhancer activity and proximal 

rearrangements (PEAR-ChIP) showed that in lymphoma cell lines, rearrangements drive 

activation of oncogenes by bringing together far away enhancers and oncogenes. The 

potential interactions were confirmed with 3C [46], suggesting that rearrangements have 

created new TADs where these enhancers activate the oncogenes.

Future perspective

TADs are emerging as a major feature of chromosome organization and gene regulation. 

Now that we are starting to understand how these domains are formed and how they regulate 

enhancer-promoter communication, we are starting to appreciate how 3D folding defects can 

lead to altered gene expression in disease. Given the increased genome instability of cancer 

genomes, we can expect TAD disruption to occur frequently in cancer, leading to major 

changes in gene expression that possibly even drive tumorigenesis. Further evidence that 

TAD formation and regulation is important in cancer is the fact that mutations in cohesin 

subunits, critical for TAD formation [28,31], are often associated with various cancers 

[47,48]. Molecular insights in the unique patterns of TADs in cancer cells may therefore 

contribute to a better understanding of the genetic basis of cancer cell gene expression, and 

possibly provide specific targets for treatment. We can imagine that in the future, genome 

editing with CRISPR-Cas9 in patient tumor cells could be employed to insert TAD 

boundaries in between the enhancer and the oncogene that drives the cancer. This insertion 

would result in the inactivation of the oncogene. The inserted TAD boundaries could be 

several CTCF binding sites in opposite directions. Obviously, there many hurdles, both 

experimental and ethical that need to be addressed before any such TAD engineering could 

be considered, but insights into the mechanism of TAD formation and disruption no doubt 

will lead to new ideas to treat disease.
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Figure 1. Oncogene activation through local TAD boundary disruption
In 5C/Hi-C interaction matrices TADs stand out as triangles along the diagonal of the 

interaction map. Here we show schematic TADs as triangles along the horizontal axis that 

represents the genome. Left: Before TAD boundary disruption, one TAD expresses a gene 

and the other TAD does not express the oncogene. Right: After TAD boundary disruption, a 

new fused TAD is formed that allows the activation of the oncogene by the enhancer that is 

now located in the same functional TAD. Enhancer is represented by a red dot. Genes are 

represented by green rectangles. Boundaries with CTCF sites in opposite directions are 

represented by black arrows and the chromatin loop formed by the CTCF sites is represented 

by a red rectangle at the corner of the TAD.
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Figure 2. Oncogene activation through global rearrangements of TADs
Two TADs that are located several megabases away are represented as triangles (as in Figure 

1). The first TAD possesses an enhancer and an expressed gene. The second TAD does not 

express the proto-oncogene. Global rearrangements that occur at breakpoints (dashed black 

line) fuse the two far away TADs by inverting the sequence in between the two TADs and 

create two chimeric TADs. The gene in the first TAD is no longer expressed and the 

oncogene in the second TAD is now expressed by activation of the relocated enhancer. 

Enhancer is represented by a red dot and genes by green rectangles.
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Table 1

TAD boundary disruptions and their effects.

Study Size of the deletion/
inversion

Mentioned CTCF sites? Effect Reference

Mouse embryos, Hox locus
4C

25 Kb and 35 Kb 
deletions

no Increase interactions within a TAD
Increase transcription of HoxD

[20]

Mouse embryos
Hox locus
4C

2 Mb inversion no TAD boundary is moved. [21]

Mouse embryos
Tfap2c and Bmp7 locus
4C

0.3 Mb inversions no TAD boundary is moved
Tfap2c is activated.
Bmp7 is no longer expressed.

[22]

Mouse ESC
5C

58 Kb deletion no Initial boundary is disrupted
New boundary formed

[6]

Human cells, Lamin B1
FISH, 4C

660 Kb deletion no Neurological disorder [23]

Human and mouse cells
Wnt6, Ihh, Epha4, Pax3
4C

Several deletion and 
inversions

no Limb development malformation [24]

Mouse β-globin locus
3C

Mutation in the CTCF 
binding site

yes Disruption of the chromatin loop of the 
β-globin gene

[26]

Human ESC
ChIA-PET

Deletion of CTCF site yes Dysregulation of genes [32]

Human ESC and motor 
neurons
4C

Deletion of CTCF site yes TAD boundary is moved [33]

Human cells
4C

Inversion of CTCF site yes Interactions are changed [10]

Human cells
4C

Deletion of CTCF site yes Interactions are changed [8]

Human cells
Capture-C

Deletion of CTCF sites yes Chromatin loops are disrupted [14]

Human cells
PDGFRA
3C

Deletion of CTCF site yes Oncogene expression, disruption of a 
loop

[36]

Human cells
Tal1 and Lmo2
5C

Tal1 locus 400 bp
Lmo2 locus 27 Kb

yes Oncogene expression
New enhancer-promoter interactions

[39]
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