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Abstract 

The recent advances in our understanding of the 3D organization of the chromatin 

together with an almost unlimited ability to detect cis-regulatory elements genome-wide 

using different biochemical signatures has provided us with an unprecedented power to 

study gene regulation. It is now possible to profile the complete regulatory apparatus 

controlling the spatio-temporal expression of any given gene, the so-called gene 

Regulatory Landscapes (RLs). Here we review several studies over the last two years 

demonstrating the functional consequences of altering RL structure in development, 

disease and evolution. These works clearly shows that a deep understanding of 

transcriptional regulation is no longer conceivable without considering the 3D modular 

organization of animal genomes. 

 

Introduction 

Transcriptional regulation plays a major role in almost every biological process from 

embryogenesis to tissue homeostasis and disease. In agreement with this, cis-regulatory 

elements (CREs) occupy a much larger fraction of the genome than the protein coding 

genes. Until recently, due to the lack of direct empirical data, it was difficult to study 

how genetic information was distributed within the large amount of DNA that 

characterizes animal genomes. Not much could be done beyond arbitrarily subdividing 

the genome into ad-hoc categories: genic and intergenic, intronic and exonic, upstream 

and downstream. However, these categories are a poor reflection of the physical and 

functional compartmentalization of the chromatin within the cell nucleus and are very 

far from fully capturing the complexity of cis-regulatory interactions. Many works in 

the last decades have shown that regulatory DNA can act at long distances, often more 
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than 1 Mb, by contacting the promoters of target genes through chromatin loops 

(reviewed in [1]). Furthermore, these enhancer-promoter physical interactions occur in a 

highly regulated manner that precludes spurious activation of non-target neighboring 

genes. We have now a first glimpse of how animal genomes are folded thanks to the use 

of several chromosome conformation capture techniques that identify DNA-DNA 

contacts throughout the genome (reviewed in [2]). Over the last years, the analyses of 

all possible contacts between a single genomic region and the rest of the genome at high 

resolution (4C-seq), or between all chromatin regions at low resolution (Hi-C), have 

shown that chromatin is compartmentalized into structures known as topologically 

associating domains (TADs): megabase-scale genomic regions in which sequences 

preferentially contact one another [3-6]. TADs are largely invariant between different 

cell types and developmental stages [5,7,8] and, effectively, can be considered as the 

basic structural units of the genome: separating in the 3D space genomic regions that are 

immediately adjacent from a linear perspective but are isolated in terms of function and 

expression while bringing together interacting sequences that are hundreds of kilobases 

apart but belong to the same TAD (reviewed in [9-11]). TADs can be further subdivided 

from the perspective of each of their constituent genes. By profiling the contacts of a 

given gene promoter, 4C-seq technology allows the identification of the genomic 

territory within a TAD containing all the CREs that regulate that promoter, what is 

defined as the regulatory landscape (RL) of that particular gene [12]. Indeed, functional 

studies in mouse embryos using a transposon-associated sensor [13] have shown that 

these contact profiles correspond to large regulatory domains typically found around 

developmental genes [14-16·]. This improved knowledge of the genomic organization 

in animals, much more realistic and biologically informed, poses new questions to our 

current understanding of transcriptional regulation. How are structural changes in these 

3D genomic modules, TADs and RLs, impacting gene regulation? How are RLs 

modified during evolution? Several studies over the last two years are starting to pave 

the way for answering these questions. 

 

RL restructuring in disease and development 

Recent studies have shown how mutations affecting the structure and integrity of RLs 

can led to spurious enhancer-promoter contacts (Figure 1). And as a consequence of 

these ectopic regulatory interactions, critical genes associated to human diseases may be 

aberrantly expressed. In fact, in the genomes of tumor cells in Tcell acute lymphoblastic 



leukemia, many prominent proto-oncogenes are activated due to deletions eliminating 

boundary elements in their vicinity [17··]. In genes such as TAL1 and LMO2, the 

absence of their surrounding boundaries cause large-scale rearrangements of their 

chromatin interactions, allowing these genes to contact CREs that would normally lie 

outside their RLs [17··]. Furthermore, disruption of boundary elements seems to be a 

general signature of many other cancer types, since somatic mutations found in whole 

genome sequences of cancer samples are strongly enriched at CTCF sites [17··,18]. 

Importantly, these mutated CTCF sites correspond to boundary regions since no 

enrichment is found in non-boundary CTCF sites [17··].  

Disruption of TADs can also result in pathogenic morphological alterations caused by 

rewiring of the long-range regulatory architecture of key developmental genes. In the 

chromosomal region around Epha4 genes, large-scale genomic rearrangements, 

including duplications, inversions and macrodeletions have been shown to cause several 

limb malformations in different patients and in mouse models engineered to mimic 

these mutations [19··]. In mouse, Epha4 is expressed in the distal part of developing 

limb buds and this expression is driven by a cluster of long-range enhancer elements 

located within the Epha4 TAD gene desert, at ~1.7 Mb from its promoter. Three other 

prominent developmental regulators are found in the same region, Wnt6, Ihh and Pax3, 

but they are located in different TADs, and their RLs are isolated from that of Epha4. 

Furthermore, these genes are either not expressed in mouse limb buds or their 

expression patterns are very different from that of Epha4. But in the different human 

and mouse chromosomal mutations mentioned above, the integrity of the TADs and 

RLs of these developmental genes and the relative locations of their boundaries are 

affected [19··]. This results in changes in the 3D contacts of either Wnt6, Ihh or Pax3, 

that now are able to interact with the Epha4 limb bud enhancers, causing their 

misexpression and altering normal limb development [19··].  

A similar situation is found in duplications of the KCNJ2-SOX9 genomic region, which 

are associated to the Cook syndrome [20]. A study using a mouse model reproducing 

this duplication shows that this rearrangement generates a new TAD that expose the 

Kcnj2 gene to the Sox9 RL, causing the overexpression of Kcnj2 in developing limbs in 

Sox9 expressing territories and, as a consequence, limb malformations that phenocopy 

those observed in Cooks syndrome patients [21··]. 

 

RL modifications in evolution 



By demonstrating that reshuffling TAD architecture can produce expression changes 

that cause limb morphological changes, even though aberrant [19··, 21··], these recent 

studies provide a suggestive link with the appearance of phenotypic variation during 

evolution. Related to this, it has been suggested that the evolutionary recruitment of 

hedgehog signaling during early limb development in jawed vertebrates could have 

occurred by a genomic rearrangement in the RL of Shh [22]. This would have allowed 

the interaction of the Shh promoter with its long-range limb bud enhancer, located in an 

intron of the neighboring gene Lmbr1, an evolutionary scenario reminiscent to the gain 

of ectopic limb bud expression by the previously mentioned hedgehog paralogue, Ihh, 

upon mutations altering its RL topology [19··].  

But are RL rearrangements actually playing an important role in evolution? A recent 

comparison of Hi-C data across four mammalian species has shown that TADs are 

remarkably stable, with most evolutionary genomic rearrangements located at positions 

that do not compromise the integrity of individual TADs and their borders, at least since 

the last common ancestor of these placental mammals [23·]. This would be in 

agreement with recent evolutionary models that propose that genomic rearrangements 

would preferentially occur at certain genomic positions [24]. Indeed, there is at least one 

case, in the genomic region encompassing the Six genes clusters, in which the 

evolutionary conservation of TAD boundaries is even deeper, dating back to the origin 

of deuterostomes during the Cambrian [25·]. However, this is just an isolated example 

and inferring global trends about the paucity and the rate at which TADs are modified 

during evolution would be premature till more comparative chromatin interaction data 

across different animal phyla becomes available. In fact, works focusing on the 3D 

architecture of some of the best-studied genomic regions, the Hox clusters, have 

revealed the important contribution of RL changes to animal evolution. 

 

Hox RLs and the evolution of vertebrate appendages 

In tetrapods, HoxA and HoxD genes play a critical role during the development of 

proximal and distal limb structures [26-28]. These two Hox clusters are flanked 5’ and 

3’ by extensive neighboring genomic regions containing multiple distal CREs that 

precisely regulate their expression in the developing limb territories [12,29]. 

Structurally, the 5' and 3' neighboring regions are organized into two adjacent TADs, 

with the Hox genes lying precisely between these two interaction compartments. This 

bipartite 3D chromatin configuration allows the interaction of two independent sets of 



CREs with their target genes (reviewed in [30]). Thus, at the early phase of limb 

development, CREs within the 3’ TAD of the HoxD cluster are active and control the 

expression of 3' Hox genes, which are involved in the patterning of proximal structures 

(i.e. the arm). In the second phase, the CREs of the 5’ TAD become active to promote 

the expression of 5’ Hox genes in distal limb bud regions, which will give rise to 

autopod structures such as the hands and the digits [12,29,31]. As development 

progresses, genes in the central part of the HoxD cluster (Hoxd8-Hoxd11) transit from 

the 3’ to the 5’ TAD changing their RL and their expression from proximal to distal 

limb territories [31]. This temporal regulatory switch is likely important to generate a 

limb territory with low levels of Hox expression in which the wrist and ankle are 

formed [31]. How this global temporal regulation switch is controlled? HOX13 proteins 

seem to play a critical role in this process. A recent study show that these proteins 

activate a global repressive mechanism in the 3’ TAD while at the same time bind CREs 

in the 5’ TAD likely promoting their activity and generating a positive feed-back loop 

[32··]. Interestingly, part of the RL of the 5’ TAD required for limb development is also 

used for the development of the external genitalia, and the two structures make use of 

some shared and some specific enhancers, all located within the same topological 3D 

structure [33·]. These results suggest that this type of 3D regulatory architecture is a 

fertile environment for generating functional diversity of developmental loci by 

hijacking the regulatory machinery of certain enhancers from a certain cell type to 

another one [33·]. In fact, attesting to the plasticity of this 3D topology, recent studies 

have shown that different jawed vertebrate lineages, with very different appendage 

morphologies including limbless species such as snakes, have maintained this bipartite 

Hox architecture, and that their differences in Hox gene expression would be related to 

changes in the number and disposition of enhancers within the conserved Hox TADs 

[34·,35-37·,38]. 

 

When did this topology appear during evolution? Recent insights come form the study 

of the 3D organization of the cephalochordate amphioxus [39··], which contain a single 

Hox cluster. In contrast to vertebrates, the only amphioxus Hox cluster is organized into 

a single TAD that includes long-range contacts mostly from the 3’ genomic region 

flanking the cluster. Therefore, these results suggest that the vertebrate Hox bipartite 

regulatory system is an evolutionary novelty that emerged by combining ancient long-

range regulatory information from the anterior Hox TAD with newly incorporated 



regulatory inputs at the posterior side of the cluster, which probably arose by some kind 

of genomic rearrangements that allowed novel interactions with a new 5’ neighboring 

genomic region at the base of the vertebrate lineage. Interestingly, most of the 

regulatory elements located in this vertebrate-specific posterior TAD are required for 

the formation of vertebrate novelties such as the digits and external genitalia [12,33·]. 

 

Functional dissection of RLs  

The examples commented in the three previous sections highlight the modular nature of 

TADs, which can be affected by different mutational events merging, splitting or 

combining them (Figure 1). But how would be the effect of these RL rearranging 

mutations in comparison with changes affecting individual CREs? Is the evolution of 

each CRE affected by the rest of CREs located within the same RL? 

The extent of functional crosstalk between CREs belonging to the same RL has been 

recently evaluated by two reports [40·,41·] trying to solve the super-enhancer 

conundrum [42]. Super-enhancers are putative distinct higher-order regulatory entities 

that were recently defined as enhancer-like elements characterized by their binding to 

the Mediator complex and other master regulators and by their large size, typically 

consisting of a cluster of several CREs spanning up to 12.5 kb [43-45]. However, it is a 

matter of debate if they really represent conceptually and functionally distinct entities 

from traditionally defined enhancers and it has been argued that they could be simply 

regarded as clusters of strong enhancers [40·,42]. The expression of α-globin genes in 

mouse erythroid cells is controlled by a cluster of five CREs that fulfill all the defining 

properties of super-enhancers [40·]. However, when each of its constituent CREs is 

deleted within their native genomic context, either alone or in different combinations, 

the activity, CRE biochemical signatures and long-range interactions of the remaining 

elements within the α-globin super-enhancer are not affected [40·]. Furthermore, the 

enhancer activity of each of these elements seems to be redundant and in some cases, 

their contribution to gene expression is negligible. Thus, at least in this particular 

example, the clustering of several CREs within the same RL do not seem to generate 

any kind of singular composite or emerging regulatory functions. Instead, it may simply 

reflect that the presence of strong enhancers could perhaps favor the evolution of other 

nearby enhancers by generating a more permissive chromatin environment in its 

surrounding regions [40·,46]. The functional dissection of the super-enhancer activating 

the expression of the Wap gene in mammary glands during pregnancy shows a 



completely different picture [41·]. In this case, full induction of Wap transcription could 

only be achieved when all of the three constituent CREs of the super-enhancer were 

intact and the mutagenesis of one of these elements completely abolished the activity of 

the other two, incapacitating the entire super-enhancer. Although the α-globin and Wap 

examples may seem contradictory, they are not necessarily incompatible. Different sets 

of enhancers in different RLs can probably exhibit disparate behaviors, from high levels 

of redundancy and almost no cooperativity to hierarchically organized CREs with a 

high degree of interdependency. If the super-enhancer concept and its defining 

molecular properties are any good at diagnosing these different regulatory modalities is 

still questionable, and it is likely that new examples of RLs containing functionally 

interconnected CREs but without displaying super-enhancer features will be described 

at some point in the near future. 

 

Conclusion and future perspectives  

We have now a much more precise and realistic picture of how regulatory information 

is organized in the genome, from the specific molecular and chromatin signatures that 

characterize CREs to the way these elements are physically and functionally 

compartmentalized in the 3D space inside the cell nucleus. However, there is still work 

to be done before formulating general principles about how RLs and their constituent 

CREs are spatially and functionally assembled and coordinated, and how they are 

modified during evolution. In this regard, the generation of chromatin interaction data 

from a much broader taxonomic sampling will be necessary in combination with careful 

examination and detailed functional dissection of many more examples of RLs. The use 

of novel genomic editing tools, such as the CRISPR/CAS9 system, will undoubtedly 

contribute to this endeavor, as highlighted by the increasing number of works that have 

benefited from these approaches to shed light into the molecular mechanisms 

underlying TAD boundaries and the establishment of chromatin loops [19,47-49].  
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Figure Legends 

 

Figure 1. Mutations generating genomic rearrangements such as (a) inversions, (b) 

deletions and (c) formation of new boundary regions, alter the interactions and relative 

positions of TAD borders, changing the structure of RLs and gene expression. This can 

lead to oncogene activation in tumor cells, morphological alterations during 

development and regulatory novelties in animal evolution. 
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