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G E N E T I C S

Principles of genome folding into topologically 
associating domains
Quentin Szabo, Frédéric Bantignies*, Giacomo Cavalli*

Understanding the mechanisms that underlie chromosome folding within cell nuclei is essential to determine the rela-
tionship between genome structure and function. The recent application of “chromosome conformation capture” 
techniques has revealed that the genome of many species is organized into domains of preferential internal chro-
matin interactions called “topo logically associating domains” (TADs). This chromosome chromosome folding 
has emerged as a key feature of higher-order genome organization and function through evolution. Although 
TADs have now been described in a wide range of organisms, they appear to have specific characteristics in terms 
of size, structure, and proteins involved in their formation. Here, we depict the main features of these domains across 
species and discuss the relation between chromatin structure, genome activity, and epigenome, highlighting mecha-
nistic principles of TAD formation. We also consider the potential influence of TADs in genome evolution.

INTRODUCTION
The three-dimensional (3D) folding of the eukaryotic genome in the 
nucleus is a highly organized process tightly linked to functional 
DNA-dependent processes, such as DNA replication and transcrip-
tion. The nuclear positioning of genes within nuclei can correlate 
with transcription, with active genes being located more often in the 
nuclear interior compared to repressed or heterochromatic regions, 
which are found closer to the periphery (1). Chromosomes occupy 
distinct subnuclear territories (2), with transcriptionally active loci 
positioned at their surface (3). In the last decade, key features of ge-
nome organization have been revealed by chromosome conformation 
capture methods (4, 5), in particular by their high-throughput version 
called Hi-C (6), which allows the genome-wide identification of chro-
matin contacts [for review, see (7)]. Hi-C uncovered general principles 
of chromosome folding, such as the decay of the frequency of chro-
mosomal contacts following a power law that has a scaling exponent 
close to −1 in many species (6, 8–12), but genome folding is far from 
being homogeneous (13). At large scales, chromosomes segregate 
into regions of preferential long-range interactions that form two 
mutually excluded types of chromatin, referred to as “A” and “B” 
compartments (6, 14, 15). A compartments correspond to gene-rich 
and active chromatin, while B compartments are mostly enriched in 
repressive chromatin (6, 14). At a scale of tens to hundreds of kilobases, 
chromosomes fold into domains with preferential intra domain inter-
actions compared to interdomain interactions with the neighboring 
cis chromatin domains, i.e., spanning domain borders (11, 16–18). 
These contact domains are now commonly referred to as topologically 
associating domains (TADs) (Fig. 1) (18). The presence of these do-
mains has been described in many species, indicating that they may 
represent a conserved feature of genome organization. TADs are archi-
tectural chromatin units that define regulatory landscapes, suggesting 
their fundamental implication in shaping functional chromosomal 
organization. TAD boundaries correspond to those of replication do-
mains (19), and genes tend to be coregulated during cell differentiation 

when they are located within the same TAD (18, 20–22). A reporter 
gene inserted within the genome is subjected to the influence of en-
hancers over large regulatory domains that correlate strongly with 
TADs (23), and contacts between enhancers and gene promoters are 
mainly restricted within TADs (24). This is consistent with TADs 
representing a functionally privileged scale of chromosome folding 
(22), and the constraint of functional contacts within TADs appears 
to be essential to ensure proper gene regulation. Disruption of TAD 
structures by altering their boundaries can lead to ectopic contacts 
between cis-regulating elements and gene promoters, and thus gene 
misexpression, which can contribute to developmental defects and 
cancer (25–30). Therefore, deciphering the structural and the func-
tional nature of TADs has become crucial to elucidate the rules of 
higher-order genome organization and regulation, and given their 
importance in pathology, understanding TADs has acquired medical 
relevance. However, even if genome folding into self-interacting do-
mains has been a widely adopted strategy in evolution, TADs or con-
tact domains can differ in size, chromatin features, and mechanisms 
underlying their formation. This suggests that TADs might be subdi-
vided in different subtypes, each of them characterized by specific 
structural and functional properties. Moreover, the identification of 
TADs strongly depends on the resolution of Hi-C data and the method 
of TAD annotation. Increasing sequencing depth and resolution re-
veals finer patterns of chromatin contacts as well as internal insulation 
regions (Fig. 1). Thus, the identification of TAD borders has proven 
to be difficult. Furthermore, to what extent these chromatin domains 
represent the same layer of genome organization in different species 
remains unclear. In this review, we will first present the main features 
of chromosome folding at the submegabase scale, highlighting simi-
larities and differences between TADs observed in various organisms. 
We will then consider their relationship with physical and functional 
organization of the chromatin fiber and their potential role in 
genome evolution.

TADs ACROSS SPECIES
TADs in mammals
TAD features appear to be strongly conserved in mammals (16, 31). 
5C and Hi-C studies first showed the partitioning of the chromosomes 
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into domains of hundreds of kilobases (median size of 880 kb) 
(16, 18), occupying 91% of the mouse genome. Higher-resolution 
Hi-C map detected finer domains, also dubbed sub-TADs, with a 
median size of 185 kb and associated with enrichment of specific 
chromatin marks (14, 32). A notable feature of most mammalian 
TAD boundaries is the presence of the CCCTC-binding factor (CTCF) 
together with the structural maintenance of chromosomes (SMC) 
cohesin complex (14, 16, 31, 33). These borders are engaged in strong 
interactions, seen as “corner peaks” on Hi-C maps (Fig. 2), suggest-
ing the formation of loops between CTCF binding sites. Notably, 
these loop-anchored TADs almost always form between CTCF sites 
positioned in a convergent orientation, and the removal or change 
in orientation of a single CTCF site can be sufficient to abolish or 
shift the position of a TAD boundary (13, 28, 34, 35), demonstrating 
the crucial role of CTCF in defining mammalian TAD borders. The 
propensity of CTCF to form homodimers and to bind RNA molecules 
may be important for this function (36). A linear tracking mecha-
nism, which is referred to as the “loop extrusion model,” has been 
proposed for the formation of these TADs (13, 37, 38). According to 

this model, chromatin would be extruded by an engaged cohesin 
SMC complex until the complex is dissociated or until it encounters two 
convergent and bound CTCF sites at TAD borders [for review, see 
(39)]. In line with this, cohesin subunit chromatin immunoprecipitation– 
sequencing (ChIP-seq) peaks tend to be more interior to the loop 
relative to CTCF peaks (13, 37). This model has been supported by 
recent molecular genetic studies. The depletion of CTCF, cohesin, or 
the cohesin-loading factor Nipbl leads to the disruption of loop do-
mains (40–43). Conversely, the removal of the cohesin release factor 
Wapl reinforces the strength of the loops at TAD borders (44). The 
CTCF/cohesin association forming the loop-anchored TADs thus 
appears to come from an equilibrium between loading and removal of 
the cohesin complex, with corner peak loops reflecting an increased 
residence time of the complex at TAD boundaries (45). In agree-
ment, loops disappear when the cohesin complex is not loaded on 
chromatin or when it does not stop at CTCF borders, while they are 
stabilized when cohesin stays on chromatin (40–45). Cohesin restora-
tion rapidly reverses these effects, consistent with a model where 
loop extrusion is a dynamic process (41). Another SMC protein 
complex, condensin II, together with TFIIIC, has been found en-
riched at TAD borders (46). Consistent with a potential role of con-
densin, loop extrusion has been observed in vitro by live imaging, 
where naked DNA can be extruded (1500 base pairs per second) by 
this complex (47). This demonstrates the existence of such a mech-
anism and calls for an analysis of the interplay between condensin and 
cohesin in TAD formation. However, super-resolution microscopy 
data suggest that cohesin (and, most likely, CTCF) is required to posi-
tion TAD boundaries coherently in different cells rather than for 
TAD formation. Chromatin tracing with sequential fluorescence 
in situ hybridization (FISH) labeling showed TAD-like structural units 
in individual cells, in both wild-type and cohesin-depleted condi-
tions, but the position of the boundaries lies at CTCF sites in wild-
type cells, whereas it is randomized in cohesin-depleted cells (48). 
These data suggest that other loop extruding mechanisms might 
exist in the absence of cohesin or that TADs can form by sponta-
neous chromatin contact features. In addition to defining boundaries, 
CTCF is also present at enhancer-promoter pairs within TADs, form-
ing smaller loop domains (14) involving Mediator and cohesin (33), 
and another protein, YY1, may also contribute to enhancer-promoter 
interactions, together with cohesin, in a more cell type–specific 
manner (49). Furthermore, modeling of chromatin fibers suggests 
that transcription-associated supercoiling could also be involved in 
the process of loop extrusion (50). Consistently, type II DNA 
topoisomerase is often found positioned with CTCF and cohesin 
at domain borders, which may help to solve topological problems 
(51). If loop-associated domains represent a key feature of TADs in 
mammals, with approximately 75 to 95% of boundaries being asso-
ciated with CTCF depending on the cell type (16, 24), then some 
boundaries are CTCF independent, consistent with approximately 
20% of TAD boundaries being resistant to CTCF loss (40). These 
boundaries are associated with transcription (16, 24) or correspond 
to a demarcation between active and repressed chromatin regions, 
i.e., between A and B chromatin type (14, 32). For example, Hi-C 
profiling of embryonic mouse stem cells and differentiated neuronal 
progenitor cells revealed the appearance of boundaries at promoters 
of newly transcribed genes during differentiation in the absence 
of CTCF binding (24). Mammalian TADs seem therefore not to be 
always the result of CTCF/cohesin loops and could sometimes rather 
be defined by chromatin state and transcription (32). However, 
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Fig. 1. Hierarchical folding of the eukaryotic genome. (A) Schematic view of 
chromosome folding inside the nucleus. The finest layer of chromatin folding is at 
the DNA-histone association level, forming nucleosomes organized into the ~11-nm 
chromatin fiber (133). Chromatin is packed at different nucleosome densities de-
pending on gene regulation and folds at the submegabase scale into higher-order 
domains of preferential internal interactions, referred to as TADs. At the chromo-
somal scale, chromatin is segregated into active “A” and repressed “B” compartments 
of interactions, reflecting preferential contacts between chromatin regions of the 
same epigenetic features. Individual chromosomes occupy their own space within 
the nucleus, forming chromosome territories. (B) Schematic representation of Hi-C 
maps at different genomic scales, reflecting the different layers of higher-order 
chromosome folding. Genomic coordinates are indicated on both axes, and the 
contact frequency between regions is represented by a color code. At the sub-
megabase scale, TADs appear as squares along the diagonal enriched in interac-
tions, separated by contact depletion zones delimited by TAD boundaries. At the 
chromosomal scale, chromatin long-range interactions form a characteristic plaid 
pattern of two mutually excluded A and B compartments. Last, intrachromosomal 
interactions are overrepresented compared to interchromosomal contacts, consistent 
with the formation of individual chromosome territories.
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CRISPR-dCas9–mediated transcriptional activation does not create 
a new boundary (24). Hi-C analysis in mouse sperm, which is tran-
scriptionally silent, but has bound RNA polymerase II (RNAPII) 
and active or silent histone modifications, shows similar interaction 
domains as embryonic stem cells (52). These data suggest that tran-
scription per se is not sufficient and that transcription factors are 
likely involved in insulating CTCF-independent TAD borders. Last, 
TADs appear gradually during early mouse embryogenesis (53, 54) 
and they are still observed after the inhibition of the transcription 
with -amanitin (53, 54), whereas blocking of DNA replication with 
aphidicolin inhibits TAD establishment (54), suggesting a potential 
role of replication in the primary establishment of TADs.

TADs in Drosophila
In Drosophila, the presence of TADs has first been identified using 
Hi-C in whole embryos (11), revealing the presence of discrete in-
teraction domains along chromosomes (Fig. 2). Drosophila TADs 
appear well correlated with epigenetic states and were classified 
in four main classes according to their specific chromatin signatures: 
transcriptionally active TADs, associated with active histone 
modifications such as trimethylation of histone H3 lysine 4 and 36 
(H3K4me3 and H3K36me3) (active TADs); Polycomb-repressed 
TADs enriched in H3K27me3 and Polycomb group (PcG) proteins 
(PcG TADs); TADs devoid of known specific marks (null or void 
TADs); and classical heterochromatin enriched in H3K9me2, HP1, 
and Su(var)3-9 (heterochromatin TADs) (11). Originally, Hi-Cs in 
Drosophila revealed approximately 1300 TADs with an average 
size of nearly 100 kb (11, 17), but recent studies using higher map 
resolution showed a finer partitioning into >2000 (21, 55) or >4000 
TADs (56), where TADs and inter-TAD regions can be subdivid-
ed into smaller domains with a median size of few tens of kilobases 
(56). The calling and the annotation of TADs depend on the com-
putational method and the algorithm used (57), which can explain 
such variability in the number of identified TADs despite similar 
Hi-C resolution. Independently on the number of identified TADs, 
the transcriptionally silent TADs (PcG, null/void, and HP1, i.e., 
B-type chromatin) occupy the largest portion of the genome and are 
larger in genomic size than the active ones (11, 17, 21, 56). The large 
majority of TAD boundaries are present in gene-dense, chromatin- 
accessible, transcribed regions enriched in active chromatin marks 
(17, 58–60), most of them occurring at active gene promoters (21). 
Various insulator proteins have been found enriched at boundaries, 

including BEAF-32, Chromator, CP190, or M1BP (11, 17, 21, 59, 60), 
and combination of these proteins such as BEAF-32/Chromator or 
BEAF-32/CP190 is a good predictor of boundaries (56). Cohesin and 
condensin II subunits, as well as TFIIIC, were also found enriched at 
TAD borders (61). However, in contrast to mammals, there is little en-
richment of CTCF nor interaction loops at TAD borders. This is a 
startling observation, because Drosophila CTCF has a conserved Zn 
finger domain that binds to the same sequence as the mammalian 
counterpart. The reason why fly CTCF is not a major TAD bound-
ary definition protein and, instead, is rather involved in Hox gene 
regulation (62) remains to be studied. Despite their enrichment, the 
role of insulator proteins in Drosophila TAD formation is still unclear, 
for example, small interfering RNA (siRNA)–mediated depletion of 
BEAF-32 does not abolish boundaries (21). Whether a total degrada-
tion of the protein or whether the depletion of a combination of 
these factors is required to see clear effects remains to be investi-
gated. Of importance, the description of boundary features largely 
depends on the calling of the TADs and therefore on the resolution of 
Hi-C. Using high-resolution Hi-C, it was recently proposed that TAD 
organization in Drosophila reflects the switch between active and 
inactive chromatin and that many of the previously identified bound-
aries actually correspond to small active domains (32, 56). TAD pattern-
ing mirrors the transcriptional state, with large inactive regions forming 
prominent repressed TADs separated by transcribed genes that are 
often clustered in the genome (32, 60). The size and the degree of 
transcriptional activity of these active regions correlate with the lo-
cal strength of compartmentalization, with broader and more active 
TADs forming the most pronounced A compartment domains (63). 
To decipher mechanisms driving TAD formation, chromatin inter-
action profiling has been performed during Drosophila embryogene-
sis (59, 64). At early stages, before zygotic genome activation (ZGA)—a 
wave of zygotic transcriptional activation occurring during embry-
onic development—the genome is mostly unstructured but contains 
few boundary-like regions enriched in housekeeping genes and asso-
ciated with RNAPII occupancy. During ZGA, TAD boundaries pro-
gressively appear at housekeeping genes concomitantly with de 
novo recruitment of RNAPII, reaching a plateau after these acti-
vation waves. Consistent with the link between transcription and 
boundaries, -amanitin or triptolide-induced inhibition of transcrip-
tion leads to a decrease of TAD insulation, although boundaries do 
not completely disappear (32, 59), indicating that the reduction of 
RNAPII and transcription is not sufficient to abolish TAD formation. 
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Fig. 2. Examples of Hi-C profiles from different species. Hi-C maps [visualized with Juicebox (134)] of different species (24, 67, 75, 90, 135) showing more or less pro-
nounced 3D partitioning of the genome. TADs are not obvious in Arabidopsis genome, but boundary-like regions and insulated genome units are discernible. In Drosophila, 
TADs are well demarcated and correlate well with the epigenetic landscape. A specific feature of mammalian TADs is the presence of “corner peaks,” i.e., peaks of interac-
tions at the edges of TADs (indicated by black circles), revealing the presence of chromatin loops.
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A role for the Zelda transcription factor was uncovered in establish-
ing insulation at TAD boundaries (59). Zelda may cooperate with 
other factors, such as BEAF-32 and GAGA factor (GAF), found at 
TAD borders. Moreover, Zelda at RNAPII-bound sites is also im-
plicated in the formation of active long-range chromatin loops, 
often spanning multiple TADs. This first wave of active chromatin 
loops depending on Zelda might correspond to the onset of genome 
folding in Drosophila. These loops are located close to strong TAD 
boundaries, a situation reminiscent to CTCF in mammalian nuclei 
(64). Whether this organization necessitates cohesin or cohesin-like 
activity remains to be addressed. Later during embryogenesis, TADs 
and TAD insulation become more and more pronounced, and the 
formation of chromatin loops in repressive PcG domains, which 
involves GAF, represents another specific feature of Drosophila 
TADs (55, 64). However, these loops do not occur between TAD 
boundaries but are present at the interior of PcG TADs and corre-
spond to contacts between PcG protein binding sites. Given these 
specificities, these loops do not seem to be a general feature of TAD 
formation in Drosophila but rather a mechanism involved in PcG 
gene silencing (64). Of note, no Zelda or GAF homologs have been 
found in vertebrates, indicating that some of these looping mecha-
nisms maybe peculiar to Drosophila.

TADs in Caenorhabditis elegans
In Caenorhabditis elegans, self-interacting domains of ~1 Mb size 
are present on the X chromosome but are not a clear feature of 
autosomal chromosome organization (65). While some boundary- 
like regions are found in autosomes, they are stronger and more 
abundant on the X chromosome. The hermaphrodite X chromosome 
is specifically bound by the dosage compensation complex (DCC), 
a condensin complex. High-affinity DCC binding sites overlap with 
X TAD boundaries, and DCC depletion strongly reduces insulation 
at these boundaries, consistent with a pivotal role of the DCC. More-
over, CRISPR-Cas9–mediated deletion of a binding site of the DCC 
complex was sufficient to remove its cognate boundary. Intriguingly, 
these DCC-bound boundaries are also engaged in long-range inter-
actions and it would be important to understand whether these features 
can be separated or whether they are interdependent.

TADs in plants
Genome compartmentalization into TADs, in the sense of a complete 
partitioning into adjacent self-interacting domains, was not obvious in 
the model plant Arabidopsis thaliana (Fig. 2). However, the Arabidopsis 
genome harbors compacted domains of interactions enriched with 
repressed chromatin marks such as H3K27me3 or H3K9me2 (9, 66, 67). 
More than 1000 “boundary-like regions,” defined as starting or ending 
points of interacting domains, were identified (67). These regions 
are composed of transcriptionally active and open chromatin that 
separate inactive genomic regions (32, 67). If TADs are not a clear 
feature of Arabidopsis genome, then they have been distinctly ob-
served in rice and cotton (68–70), where chromatin at TAD bound-
aries is highly expressed and enriched in active chromatin marks. 
Another study described the presence of TAD-like domains in var-
ious plant species, including maize, tomato, sorghum, foxtail millet, 
and rice (71). Similar to Drosophila TADs (11), they can be classified 
into four chromatin types according to their epigenetic signatures: 
active domains, repressive domains enriched in DNA methylation, 
Polycomb domains enriched in H3K27me3, and domains devoid of 
specific marks. Thus, the link between transcription, epigenetic status, 

and chromatin topology appears as a main feature of chromosome 
organization in these species. In plants, no protein with insulator 
function such as CTCF has been identified. However, DNA GC-rich 
motifs similar to sequences bound by plant-specific transcrip-
tion factors belonging to the TCP family have been identified 
at rice TAD boundaries (69). Studies focusing on the function of 
these proteins found at boundaries would be required to characterize 
their potential role in shaping plant TADs.

Self-interacting domains in yeast
Self-interacting domains, called globules, have been identified in 
Schizosaccharomyces pombe (10). These globules (50 to 100 kb in 
size) are separated by boundaries enriched in cohesin binding. The 
partial loss of function of rad21, a cohesin subunit, is associated with 
a disruption of globules, seen as a loss of insulation at cohesin peaks. 
The presence of globules and the role of cohesin in their formation 
are conserved in G1 cells, indicating a different role for cohesin than 
in sister chromatid cohesion. In Saccharomyces cerevisiae, TAD-like 
structures were not initially observed using a derivative of the 4C 
method (72). More recently, a method similar to Hi-C called Micro-C, 
in which micrococcal nuclease is used instead of restriction enzymes 
to produce small chromatin fragments to be ligated when close in 
3D, allowed the generation of contact maps at single-nucleosome 
resolution, which revealed the presence of small self-interacting do-
mains (73). These domains generally contain one to five genes and 
are approximately 5 kb in size. The boundaries between these small 
domains are enriched for highly expressed gene promoters—although 
not all promoters form boundaries—transcription-associated marks, 
the remodeling the structure of chromatin (RSC) adenosine tri-
phosphate (ATP)–dependent chromatin remodeling complex, 
and the cohesin loading factor ssc2. A recent model proposes that 
transcription-induced supercoiling, together with the action of 
topoisomerases at TAD borders, can explain the formation of self- 
interacting chromatin domains in S. pombe (74).

TAD-like domains in bacteria
Hi-C performed in Caulobacter crescentus revealed the presence of 
discrete chromosomal interaction domains (CIDs) resembling eu-
karyote TADs (Fig. 2), ranging from 30 to 420 kb in size (75), with 
boundaries enriched in highly expressed genes. Inhibition of tran-
scription elongation disrupted CID boundaries, and moving highly 
expressed genes in a different genomic location led to neo boundaries. 
This study suggests that regions enriched in plectonemes form CIDs, 
while boundaries are established by highly expressed genes and the 
formation of plectoneme-free regions. CIDs of similar genomic sizes 
have also been identified in Bacillus subtilis (76, 77), and macrodomain- 
like regions have been reported for the Escherichia coli chromosome 
(78). Even in Mycoplasma pneumoniae, a model organism with a small 
genome size and a simplified gene regulatory network, CIDs have 
been observed. In this case, CIDs range from 15 to 33 kb in size, 
smaller than those reported for C. crescentus and B. subtilis. Genes 
within the same domain tend to be coregulated, suggesting that, even 
in such a small genome, chromosome organization may influence 
transcriptional regulation (79). A common theme in C. crescentus and 
M. pneumoniae is that the sharpness of CIDs depends on supercoiling. 
Moreover, prokaryotic model organisms have provided crucial infor-
mation on the role of SMC complexes in genome organization. Studies 
in B. subtilis and C. crescentus revealed that SMC rings are able to 
encircle DNA and tether chromosome arms, forming processive loops 
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(77, 80, 81) that depend on the adenosine triphosphatase (ATPase) 
activity of the complex (82). These data thus provide strong evi-
dence that an active loop extrusion mechanism is involved in shaping 
bacterial chromosome organization. However, SMC- mediated 
extrusion does not seem to be necessary for CID formation, because 
SMC depletion in C. crescentus leads to a decrease of inter-arm chro-
mosomal contacts but CID boundaries remain unchanged (75).

General and specific features of TADs
Although TADs or interaction domains emerge as a fundamental 
component of genome organization, their features are not universally 
conserved (Fig. 2). Contact domains can be more or less pronounced, 
and their boundaries can be more or less sharp. In addition, the 
molecular mechanisms underlying their formation can be diverse, 
consistent with the existence of different types of TADs. It is there-
fore unclear whether TADs are the universal unit of higher-order 
genome organization or whether they emerged repeatedly during 
evolution as a consequence of the interplay between different mo-
lecular engines acting on chromatin. Nevertheless, one notable fea-
ture conserved across species is the relationship between gene activity 
and genome folding. Boundary regions are often found to be highly en-
riched in active chromatin in Drosophila (11, 17, 21, 58–60), mammals 
(16, 24), zebrafish (in which TADs are similar to those of mammals) 
(83), plants (67, 69), S. cerevisiae (73), and Plasmodium falciparum, 
which also shows domain-like structures of 5 to 10 kb (32, 84). In 
the bacteria C. crescentus, boundaries are also found at transcribed 
gene promoters (75). In the fungus Neurospora crassa, the genome is 
compartmentalized into heterochromatic and euchromatic regions, 
where gene-rich regions form domains <100 kb in genomic size that 
are comparable to metazoan TADs or yeast globules and separated 
by heterochromatic islands enriched in H3K9me3 (8). By comparing 
different species, including Drosophila, Arabidopsis, N. crassa, 
C. elegans, and the protozoan P. falciparum, Rowley and colleagues 
(32) suggested that the transcriptional activity partitions the genome 
into Hi-C domains, with active genes interacting more frequently 
with other active genes and forming active domains when they cluster 
on the genome. Contact domain boundaries would then correspond 
to the switches between transcribed and inactive genomic regions 
(32). The distribution and the transcriptional output of transcribed 
gene clusters along the genome of various species might therefore 
define the strength of local insulation of their TADs, as recently ob-
served in Drosophila (63). However, transcription per se does not 
appear to be sufficient to create boundaries (24), and not all tran-
scribed sites make boundaries, indicating that other factors, perhaps 
DNA binding of transcription factors, insulator/architectural proteins, 
or a combination of both, are required. Mammalian Hi-C maps dis-
play an additional TAD feature, which is the presence of CTCF/
cohesin chromatin loops between CTCF convergent sites (14). Enrich-
ment of inverted CTCF sites at TAD boundaries was also observed in 
zebrafish (83), suggesting that this characteristic is conserved through 
vertebrate lineage. However, CTCF has not been found in other 
organisms such as plants, yeast, or C. elegans (85), and consistently, 
loop-anchored domains are not found in these species. Conversely, 
other insulator proteins may play a similar role in defining TAD 
boundaries at transcribed domains in other species, such as BEAF-32 
and CP190 in Drosophila (56), or TCP proteins in plants (69). The 
localization of cohesin depends on transcription in mammals (86), 
and cohesin-mediated boundaries may form at transcribed sites even 
in the absence of CTCF-like proteins. For instance, cohesin and its 

loader Nipped-B are associated with transcriptionally active regions 
in Drosophila (87, 88). Depletion of cohesin and associated factors 
in other species than mammals would be interesting to decipher its 
role in TAD formation, and it would help elucidate whether self- 
interacting domains emerge from a conserved mechanism regulating 
DNA-dependent processes during evolution. Alternatively, in some 
species, TADs could arise from the differential folding of chromatin 
regions with different epigenomic states and thus rather reflect dif-
ferential chromatin contacts in regions of different gene expression 
output.

PHYSICAL NATURE OF TADs
TADs and compartments
The relation between epigenome and genome organization raises the 
question of how the physical properties of chromatin shape chro-
mosome structure. In Drosophila, active chromatin domains dis-
play a weaker contact density in Hi-C (11, 60) or a stronger contact 
depletion between adjacent active TADs (56) compared to inactive 
TADs, indicating differential folding. Super-resolution stochastic 
optical reconstruction microscopy (STORM) revealed that active 
domains are more decondensed than the inactive ones (89). The 
classification based on global run-on sequencing (GRO-seq) of the 
Drosophila genome into active or inactive chromatin states reflects 
very well the TAD pattern obtained with Hi-C (32). Therefore, the 
correspondence between interactions obtained with Hi-C and chro-
matin state (11, 32, 60), together with the different folding of active 
compared to inactive chromatin, suggested that, in Drosophila, the 
compartmentalization of the chromosome into TADs may reflect the 
physical exclusion of active and inactive chromatin. Ulianov and 
colleagues (60) proposed that Drosophila inactive TADs are con-
densed chromosomal domains separated by active chromatin re-
gions. Recent super-resolution analysis of chromatin organization 
accredited this view by showing the partitioning of the chromatin 
fiber into TAD-based physical domains, where repressed TADs form 
condensed globular nanocompartments interspersed by more open 
active regions (90). Similarly, STORM imaging of immunolabeled 
repressive H3K27me3 or active H3K4me3 marks showed clear sepa-
ration of these two chromatin types, where active domains were 
found at the borders of repressed ones (91). This feature of chromo-
some organization is even observed in endoreplicated Drosophila 
polytene chromosomes in which TADs correspond to dense bands, 
while decompacted interbands correspond to inter-TAD regions 
(60, 92, 93). In Drosophila, chromatin state and genome structure 
seem therefore tightly linked at both the TAD and compartment 
levels. These two layers of organization, i.e., TADs enriched in internal 
interactions and compartments representing long-range interac-
tions between domains of the same epigenetic features, correspond 
to the folding of genome units that preferentially interact within 
themselves and with homotypic domains (Fig. 3A) (11, 32, 90). The 
fact that compartments are not observed in polytene chromosomes 
presumably reflects the absence of long-range contacts because of 
the extensive pairing in trans of endoreplicated chromosomes. The 
correspondence between epigenome and interaction profiles is also 
observed in plants, where both short- and long-range contacts are 
correlated with epigenetic profiles (9, 66–68, 71). In species where 
chromosomal contacts correlate well with the epigenome, the mutual 
exclusion of different chromatin types may then be sufficient to create 
a TAD-based pattern for chromosome organization. Gene transcription 
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and delimitation of epigenetic landscapes, for example, mediated by 
insulator proteins (94), would then provide the framework of 
genome organization.

In mammals, the mutual exclusion of active and inactive chro-
matin is not sufficient to generate TAD boundaries. These regions 
are frequently transcribed and often correspond to transitions between 
different chromatin states (14, 16, 18), but TADs can include multi-
ple chromatin types. Instead, a correspondence between chromatin 
activity and long-range interactions appears more prominently at the 
compartment scale (14, 15, 95). The effect of cohesin depletion on 
Hi-C contact maps as well as on super-resolution imaging maps 
suggests the presence of two parallel mechanisms of chromatin orga-
nization (41, 42, 48). Without cohesin, mammalian TAD-like domains 
might form spontaneously by chromatin interactions, which probably 
are preferential for same-type chromatin. However, these interactions 
rarely form domains with coherent boundaries in every cell. These 
boundaries are therefore implemented by the action of CTCF/
cohesin-mediated loops (48). At the longer range, epigenetic features 
dominate, with TADs of similar chromatin type interacting prefer-
entially to define chromosome compartments (14, 41, 42). The fact 
that zygotic maternal chromatin contains TADs and loops, but not 
compartments, also suggests that TADs and compartments are 
formed by distinct mechanisms (96). Using polymer simulations, 
Nuebler and colleagues (45) proposed that chromatin folding in 
mammals comes from a competition between dynamic loop extru-
sion and the compartmentalization defined by the epigenetic status, 
in which the processing of loop extrusion factors counteracts the 
segregation of compartments (Fig. 3B). In Hi-C data, the preferential 
interactions at short cis genomic distance of chromatin of the same 
type would then be blurred by the mechanism of extrusion. Therefore, 
CTCF/cohesin loops in mammals may correspond to an additional 

layer of genome organization on top of chromatin compartmental-
ization defined by its epigenetic state. This view is coherent with the 
fact that mammalian TADs have been shown to contain subdomains 
corresponding to active or repressed chromatin (14, 32). This is also 
consistent with cohesin removal experiments, which abrogate CTCF/
cohesin-mediated loops while revealing a finer chromatin compart-
mentalization that accurately reflects the underlying epigenetic 
landscape (41, 42). This compartmentalization resembles that of 
Drosophila Hi-C maps, and this may actually reflect the absence in 
this species of such a process (Fig. 3).

Concerning the mechanism that segregates active from inactive 
chromatin, Ulianov and colleagues (60) proposed an attractive “self- 
assembly” model, whereby the stickiness of nonacetylated (inactive) 
nucleosomes, as opposed to the absence of bridging ability for acetyl-
ated (active) nucleosomes, could explain chromatin partitioning into 
TADs and TAD boundaries (also called inter-TADs). Moreover, the 
concentration of repressive histone methylation marks such as 
H3K9me2/3 and H3K27me3, which can spread over large genomic 
regions (97), and which serve as a platform to recruit large multimeric 
complexes, could help in the agglomeration and separation of active 
and inactive chromatin inside the nucleus. Recently, exclusion and 
compartmentalization of chromatin domains have been directly in-
vestigated on the basis of the physicochemical properties of their 
components. On the one hand, the classical heterochromatin segre-
gation is driven by phase separation, mediated, at least in part, by 
HP1a and HP1 multivalent hydrophobic interactions in Drosophila 
and mammals, respectively (98, 99). On the other hand, active do-
mains may also generate phase-separated compartments. Clusters of 
enhancers, regulating cooperatively gene expression and defined as 
super- enhancers, can undergo phase separation by transcriptional coactiva-
tors, ensuring local concentration of regulating factors in a segregated 
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Fig. 3. Schematic representation of chromatin folding in Drosophila and mammals. (A) In Drosophila, both TADs and compartments correspond to epigenetic do-
mains that preferentially fold within themselves and in far-cis with homotypic TADs (1). Large repressed chromatin region forms prominent and condensed TADs (2), 
separated by transcribed genes that can form clusters of small active TAD or inter-TAD–like regions of decondensed chromatin (3). (B) In mammals, the “loop extrusion 
model” proposed for TAD formation involves a loop extrusion factor, here cohesin, loaded on the chromatin by Nipbl and unloaded by Wapl. Cohesin extrudes chromatin 
until it dissociates, bumps into another cohesin, or reaches the border of the TAD bound by CTCF proteins in inverted orientation or by other boundary components. 
These loops are seen as a strong peak of interaction between TAD borders (1). Insulation can also be observed at active transcription start sites (2), and as recently sug-
gested, the loop extrusion process could compete with the local segregation of active and inactive chromatin by mixing them (3) (45).
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3D environment (100). These observations are in agreement with the 
visualization of chromatin-associated clusters of RNAPII and Medi-
ator enriched at super-enhancers, behaving as phase- separated 
condensates (101). Phase separation has also been shown through 
kinase-mediated hyperphosphorylation of the RNAPII C- terminal 
repeat domain (CTD) (102). Last, polymer simulations of chromosome 
folding are consistent with phase-separated A and B compartments 
in mammals (45). In general, the components involved in phase- 
separated condensates contain intrinsically disordered protein domains 
and can exhibit multivalent interactions with each other to create 
specific environments, in which biochemical reactions and interactions 
might be highly favored (103, 104). These studies shed new light on 
how physicochemical properties of chromatin- associated factors can 
form segregated compartments, and further investigations will be 
directed at understanding how this can be linked to TAD forma-
tion and/or stabilization.

TAD structure and dynamics
It appears clearer and clearer that TADs correspond to a functional 
subdivision of the genome into regions in which regulatory contacts 
are spatially confined. The fact that disruptions of TADs lead to de 
novo enhancer-promoter interactions and gene misexpression em-
phasizes this crucial role (25–30). This functional property could re-
flect the formation of physically insulated genomic units or a higher 
contact probability between gene promoters and cis-regulatory ele-
ments confined within a TAD. Hi-C data generally represent aver-
aged interaction profiles coming from millions of cells, making the 
characterization of the physical nature of TADs difficult. Therefore, 
whether TADs reflect statistical frequencies of chromatin interactions 
within cell population or whether they represent genuine physical 
units in each cell nucleus has been a crucial question recently inves-
tigated by numerous studies.

Single-cell Hi-C (scHi-C) has been lately introduced. Although 
the first study suggested a generally conserved TAD organization 
at the single-cell level (105), subsequent scHi-C studies reveal sub-
stantial heterogeneity in contacts at the TAD scale from cell to cell 
(96, 106, 107), with domains appearing as mere tendencies that be-
come more visible when averaged over a population of cells. Indi-
vidual nuclear structures may, however, be difficult to address with 
scHi-C, given coverage and resolution limitations, and because this 
technique can identify a maximum of one interaction per genomic 
fragment at a time without information concerning the relative spa-
tial positioning of each fragment. However, microscopy and polymer 
modeling are in agreement with scHi-C, suggesting that mammalian 
TADs can display various conformations, ranging from condensed 
and globular objects to more stretched configurations (106, 108). 
This might depend, in part, on the cell-specific transcriptional output, 
consistent with the finding that different levels of transcriptional 
activity of Tsix alleles were related to fluctuations in TAD conforma-
tions (108). Boundary precision and degree of insulation of TADs 
can also vary among different cell types (24, 53, 54, 109) or during 
cell cycle progression (110).

The recent application of super-resolution microscopy, such as 
STORM or 3D-structured illumination microscopy (3D-SIM), has 
allowed finer-scale chromatin architecture to be analyzed at the 
single- cell level, opening the possibility of studying the structural 
properties of chromosome domains [for review, see (111)]. Using 
FISH and 3D-SIM, it was shown that, despite heterogeneous folding 
of individual TADs and diversity in their relative arrangement in 

3D space, discrete nanocompartments corresponding to repressed 
chromatin (repressed TADs) interspersed by decondensed active 
domains can be observed in individual cells, suggesting that the 
Drosophila TAD pattern reflects a fairly stable segregation of active 
and inactive chromatin domains (90). Therefore, a dynamic intra- 
TAD folding is compatible with a steady separation of autonomous 
chromosomal units, at least in Drosophila. In mammals, TADs can 
contain various epigenetic marks and may be more flexible in shape, 
as suggested by the dynamic binding of CTCF and cohesin at loop 
anchors (112). However, recent super-resolution microscopy has also 
revealed the existence of nanosized chromatin domains in mammals 
(113–115), which correlate with epigenetic features, similarly to 
Drosophila. In both mammals and fly, H3K27me3 repressed regions 
form discrete and compacted domains (91, 116), with active chro-
matin domains located at their periphery (91, 117). Focusing on the 
imaging of several histone modifications associated with differential 
epigenetic states in mammals, Xu and colleagues (118) were able to 
resolve the higher-order chromatin organization into three major 
structural characteristics, including segregated nanoclusters for lysine 
acetylation, dispersed nanodomains for active histone methylation, 
and compact large aggregates for repressive histone methylation. 
This is consistent with previous observations of large and dense 
“clutches” of nucleosomes corresponding to heterochromatic regions 
compared to smaller and less dense RNAPII-associated chromatin (115), 
and with chromatin decondensation at transcribed sites (119). The 
combination of super-resolution microscopy and live imaging showed 
that chromatin nanodomains move coherently and that their struc-
ture depends on cohesin and nucleosome-nucleosome interactions 
(114). These domains have a peak diameter of approximately 160 nm, 
which was estimated to cover 130 to 200 kb. This estimated genomic 
size is in good agreement with the nanocompartments (approximately 
190 nm for a 200-kb repressed TAD) observed in Drosophila (90), 
and with that of sub-TADs identified in mammals (median size, 185 kb) 
(14), but is smaller than in mammalian TADs (average size, 880 kb) 
(16). However, when STORM super-resolution microscopy was com-
bined with sequential DNA labeling of multi-megabase genomic 
regions, larger globular nanocompartments of several hundred 
nanometers, equivalent to full TADs, were observed (48). In the 
future, it will be important to assess the relation between TADs and 
sub-TADs in different types of mammalian chromatin to understand 
whether sub-TADs exist in each cell and to determine their prevalence 
in each type of chromatin.

Differentiation processes may also represent a source of variability 
of TAD structures. At the megabase scale, TAD patterns in mammals 
appear largely conserved in different cell lines and even across species 
(16, 31), whereas on a submegabase scale, subdomains within a TAD 
could become merged or disconnected, depending on developmentally 
regulated events (16, 24, 33, 109, 120). In this case, the dynamics 
is largely due to the appearance of new regulatory enhancer- promoter 
contacts involving specific transcription factors, concomitant to 
gene expression during lineage specification or cell reprogramming 
(24, 109, 120). It was recently shown that TADs can be variable in 
different cells (48), but it will be important to study whether the 
variability depends on specific activities of enhancers and target 
promoters. Related to this point, recent live-cell imaging methods 
have started to shed light into the dynamics of functional elements 
(121–123). The observation of coordinated transcriptional bursts and 
the fact that enhancer and promoter interactions seem to adopt a “stirring 
model,” in which the search will be confined and potentiated rather 
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than a conventional stable loop, suggest a dynamic view of enhancer- 
promoter interactions (122, 123). Moreover, the act of transcription 
per se might stabilize proximal chromatin conformation, reducing 
enhancer-promoter distances (121). Last, it has been proposed that 
transcription-induced supercoiling could participate in the estab-
lishment of contact between functional elements within TADs (124). 
Therefore, TADs may establish a local chromosomal environment 
in which regulatory signals might act to tune the probability of dynamic 
interaction among distally located enhancers and promoters.

TADs AND GENOME EVOLUTION
TADs are generally present in metazoans (125) and, despite different 
mechanisms in TAD formation and the open questions concerning 
their structure and dynamics, function as regulatory units of the 
genome, and genes contained within them tend to be coregulated 
during development (18, 20–22). Furthermore, they define the limits 
of the chromosomal domains in which gene promoters are contacted 
by cis-regulatory elements (23, 24). Therefore, TADs appear partic-
ularly interesting for the study of genome evolution (125). In partic-
ular, they might act as buffering elements, allowing mutations to 
exert local effects without affecting surrounding extra-TAD loci. As 
an example of this, CTCF binding sequences were shown to be more 
prone to changes within TADs than in boundaries, allowing the 
creation of potential new regulatory contacts within chromosomal 
domains to emerge in a modular fashion, preventing them from af-
fecting extra-TAD loci (31). Furthermore, TADs appear relatively 
flexible in size and can tolerate the gain or loss of DNA sequence 
(126), which can also favor the emergence of novel regulatory effects. 
The TAD organization could allow the evolution of new cis- regulatory 
elements by limiting the influence of these regulatory changes to a 
few genes, namely, those located within the same TAD (125). On the 
other hand, a subset of TADs is associated with high level of noncoding 
conservation, which may be important to preserve the expression reg-
ulation of key developmental genes. Therefore, these 3D structures 
may also contribute to the maintenance of selective pressure of internal 
elements that are necessary for the precise control of specific loci (126).

If TADs are advantageous for genome function, then one might 
expect their boundaries to be highly conserved. Dixon and col-
leagues (16) showed that syntenic regions between mouse and human 
are very similar in chromatin structure and that 75.9% of boundaries 
in mouse are present in human, while 53.8% of human boundaries 
are present in mouse. Another study investigated the evolution of 
chromosomal topology across four mammalian species (mouse, dog, 
rabbit, and macaque) and again observed the conservation of chro-
matin structure within syntenic regions (31). Conserved TADs are 
associated with conserved CTCF binding sites and motif orienta-
tion at their borders, while changes in internal domain structures are 
correlated with changes in binding and orientation of CTCF, indi-
cating a co-evolution of CTCF binding and chromatin structure. In 
addition, comparison of gibbon and human genomes showed that 
gibbon breaks of synteny mainly occur at TAD boundaries and that 
epigenetic landscapes are maintained after rearrangement (127). Con-
sistently, pairs of genes situated within the same TAD in zebrafish 
are found more often close to each other in other vertebrate genomes 
than those situated in two neighboring TADs (83). Moreover, the 
comparison of gene expression data from many mouse and human 
tissues indicates that genes within TADs have more conserved ex-
pression patterns, and disruption of TADs by evolutionary rear-

rangements is associated with changes in gene expression profiles 
(128). Therefore, it appears that TADs are maintained as intact 
modules during evolution, which may help the conservation of func-
tional regulatory landscapes. An example of this conservation can be 
illustrated with the analysis of the Six homeobox gene cluster in 
distant species: the echinoderm sea urchin, zebrafish, and mammals. 
Despite subsequent rounds of whole genomic duplications, this 
cluster remained organized into two adjacent TADs that have dif-
ferent expression patterns, with borders associated with orientation- 
inverted CTCF sites (129). In addition to the selective pressure for 
the maintenance of intact TADs, another force that might contribute 
to the same result is linked to frequent organization of TAD borders 
into a locally open chromatin structure, consistent with more fre-
quent DNA double-strand breaks and repair relative to internal TAD 
sequences, such that TAD boundaries may represent hotspots for 
genomic rearrangements (127). This feature, together with the fact 
that the disruption of TAD borders can have detrimental effects by 
leading to ectopic contacts and gene deregulation, might contribute 
to the maintenance of TADs during evolution.

On the other side of the coin, changes in TAD architecture could 
sometimes represent an evolutionary advantage. Some gibbon breaks 
of synteny did not colocalize with TAD boundaries, indicating that, 
even if these events are rare, they may play a role in generating new 
regulatory landscapes (127). Genomic duplications in patient cells 
can result in the formation of new chromatin domains (neo-TADs). 
Sometimes, neo-TADs can explain the pathology, but in other cases, 
they have no phenotype (26). In this last case, the neo-TAD appears 
well insulated from the rest of the genome, and this may provide a 
potential window of opportunity for divergent genome evolution. 
Hox gene regulation represents a remarkable example to illustrate 
how new regulatory landscape may have arisen from changes in 3D 
chromatin structures. Important for mouse limb development, the 
HoxD cluster resides precisely over a TAD boundary flanked by two 
TADs with distinct regulatory capacities. This specific configuration 
allows HoxD genes to read regulatory information on both sides, 
with a switch occurring from the posterior to the anterior genomic 
regions to ensure proper gene expression pattern (130). The boundary 
between the two TADs is therefore dynamic during development 
and corresponds to a transition between active and inactive promoters 
of the HoxD genes. This bimodal and flexible regulation of HoxD 
clusters by cis-regulatory elements located in two adjacent TADs 
is conserved in zebrafish (131), but is absent in the invertebrate 
Amphioxus, where a unique Hox gene cluster is present within a 
single TAD (125). The split into two TADs is robust against pertur-
bation, because only a large deletion, including the whole cluster, 
eventually leads to the fusion of the two TADs (132). The appearance 
of a new genomic region may therefore have led to novel cis-regulatory 
inputs in the vertebrate lineage.

CONCLUSIONS AND PERSPECTIVES
The hierarchical folding of chromosomes is a conserved feature of 
genome 3D organization during evolution. Notably, the segregation 
of active and repressed chromatin represents a key principle of chro-
mosome organization at multiple scales, from the formation of mu-
tually excluded compartments at the chromosomal scale to the local 
segregation of submegabase domains, forming TAD-like structures 
(32). In mammals, the presence of inverted CTCF binding sites is 
associated with the formation of chromatin loops, acting in addition 
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to the preexisting compartmentalization defined by the chromatin 
state. This may correspond to an additional layer of organization 
that is partially overriding homotypic chromatin cis interactions to 
build large-scale TADs. It will be interesting to study whether this 
role of CTCF in defining TAD borders might have been specifically 
gained in the vertebrate lineage or, alternatively, whether it was lost 
in Drosophila but is still present in other phylogenetic branches 
characterized by the presence of CTCF proteins. Certainly, it is not 
a necessary requisite as in other species, such as C. elegans, CTCF is 
absent, whereas self-interacting domains exist (125). Moreover, other 
eukaryotes like plants or yeast display TAD-like structures in the 
absence of CTCF proteins. This indicates that TADs are a more fun-
damental chromatin architecture that can exist without CTCF in 
other species, and in these cases, they are more correlated with tran-
scriptional clustering. The distribution and density of transcribed 
genes and the presence and localization of insulator/architectural 
proteins may provide a framework to explain the contact patterns 
observed in these species. Therefore, different mechanisms leading 
to the compartmentalization of genome into autonomous units could 
produce similar output, i.e., the definition of regulatory landscapes 
within chromosomes. The conservation of TAD-like structures during 
evolution would then be functional, rather than structural.

If our understanding of the 3D genome organization has recently 
increased drastically, then outstanding questions remain to be ad-
dressed. Transcription has been tightly linked to chromosome fold-
ing, especially at TAD borders, but neither does its inhibition abolish 
boundaries (32, 53, 54, 59), nor is its induction sufficient to create 
insulation (24). Hence, what drives CTCF-independent boundary 
formation? To what extent do TADs regulate genome activity, as 
opposed to emerging as a consequence of genome function? Also, if 
many studies focused on the role of mammalian TADs in transcription 
through the spatial regulation of contacts between gene promoters 
and cis-regulatory elements, then it is not clear whether this applies to 
other organisms. Is the partitioning of genomes into domains generally 
required to ensure proper gene regulation or are other genome functions 
the reason to be of TADs, at least in a subset of nonmammalian spe-
cies? The development of single-cell omics, live imaging, super- 
resolution microscopy, and modeling of the chromatin fiber, combined 
with state-of-the-art genome engineering technologies, offers 
a powerful toolset for addressing these questions in the coming years.
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