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Access to animal genome sequences has revealed that the level 
of complexity of an organism does not relate to its number 
of genes. Mammals are more complex in morphology and 

behaviour than roundworms, but their genomes both contain around 
20,000 genes. Various parameters can contribute to increased com-
plexity, such as the extent of protein modifications or the diversity of 
splicing patterns. Pleiotropy is another possible contributor, whereby 
genes acquire multiple functional tasks at different times and places 
either during development or in adult life. In this case, gene regu-
lation, rather than function, had to evolve to associate regulatory 
alternatives to particular genes. Although gene transcription is initi-
ated at promoters, which recruit the basal transcription machinery, 
these sequences have little impact on transcription control during 
development and hence this latter task mostly relies on enhancers1.

Enhancers are sequence modules that contain binding motifs for 
transcription factors. They are preferentially located in the non-cod-
ing part of the genome, at various distances from their target genes2,3. 
In mammals, more than 95% of the genome is non-coding and large 
gene deserts can sometimes span several megabases. The recent 
development of high-throughput methods has made it possible to 
systematically search for enhancers; millions of such regulatory mod-
ules have been predicted4, with 40% of our genome now estimated 
to carry some regulatory potential5. The importance of enhancers 
for normal development and disease is further underscored by the 
fact that disease-associated single nucleotide polymorphisms (SNPs) 
often co-localize with these modules6. In addition, congenital dis-
eases and cancers can be induced by chromosomal rearrangements 
that affect the regulatory neighbourhoods of target genes7,8. 

With so many more potential enhancers than genes, an outstanding 
task is to functionally connect mammalian regulatory sequences to 
target genes. In this context, the three-dimensional (3D) configura-
tion of the genome is important because it must accommodate the 
physical contacts between promoters and distant enhancers. Chro-
mosome conformation studies and genetic analyses of representa-
tive loci have recently started to uncover the complex and versatile 
mechanisms behind target gene selection and enhancer landscape 
recruitment. In this Review, we discuss a few specific cases involv-
ing long-range gene regulation in mammals to illustrate emerging 
principles whereby remote enhancers can achieve their functions in 
complex genomic environments.

Evolution of mammalian enhancer landscapes
Vertebrate genomes are unique in that they contain large gene deserts 
with enhancers acting over distances in the megabase range (see ref. 9 
for a review). Invertebrate species studied so far tend to have more 
local regulatory controls, which can often be recapitulated by short 
transgenes, such has been shown for the roundworm Caenorhabdi-
tis elegans. Admittedly, in Drosophila, gene regulation during devel-
opment is complex, with multiple enhancers acting on individual 
genes10 and some loci controlled by series of intricate enhancers11. 
However, these enhancer–promoter interactions generally occur over 
distances shorter than 50 kb (see for example ref. 12) (Fig. 1). 

The apparent restriction of megabase-sized regulations to verte-
brate genomes is puzzling. It has been argued that the emergence 
of vertebrates was accompanied by a burst of pleiotropy and gene 
multi-functionality, such that crucial gene functions were co-opted 
for a variety of additional tasks (see refs 13 and 14 for references). 
This was probably achieved by multiplication of enhancers per gene 
of interest — a process triggered by the two genome duplications that 
occurred at the root of this taxon. Duplications made task-sharing 
among paralogous genes possible and may thus have given dupli-
cated genes the licence to evolve additional regulations15. As a result, 
many vertebrate genes that are essential for important developmen-
tal pathways and active at different places and times (for example, 
Hox, Pax, Fgf, Bmp and Hh), have been kept in several paralogous 
copies and display complex regulatory landscapes.

Finding regulatory sequences
The complexity of the mammalian regulatory genome is revealed 
by the analysis of transgenic mice carrying a transposable reporter 
gene cassette16 used as an enhancer trap17. The staining of hundreds 
of embryos with an insertion at different genomic locations showed 
that the minimal promoter was silent at 40% of the integration 
sites. In nearly 60% of the embryos, however, the reporter gene was 
active, usually with tissue-restricted expression, showing its capac-
ity to integrate resident regulatory signals. These specific patterns 
often followed that of the nearest gene. Tissue-specific transcription 
was also detected near housekeeping genes, suggesting that ubiqui-
tous transcription may result from the integration of various spe-
cific cues. Although integration sites located hundreds of kilobases 
apart could give rise to the same expression patterns, elsewhere in 
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the genome distinct transcription patterns were identified between 
integration sites separated by only few kilobases, making the mouse 
genome a regulatory jungle16 (Fig. 2 and Box 1).

This perception is supported by the systematic mapping of 
enhancers, carried out either by looking at particular chromatin 
features associated with enhancer activity, or by multi-species align-
ments of non-coding DNA sequence in syntenic regions (Table 1). 
Although the latter approach has identified many enhancers genome 
wide18, enhancers may diverge in their sequences between species19. 
Nevertheless, DNA sequence is the prime determinant of transcrip-
tion factor binding; when a human chromosome was introduced into 
mice, both the murine transcription factor binding profiles and the 
resultant gene expression patterns across the human chromosome 
were nearly identical when compared with human hepatocytes20. 
Therefore, DNA motifs allowing enhancer prediction must exist 
and, by using experimentally derived enhancer motifs as inputs 
for machine-learning algorithms, several groups recently made 
accurate predictions21–23. 

Transcription-factor-binding to DNA creates chromatin signa-
tures that can also be used to experimentally identify enhancers. 
Such signatures include the local opening up of chromatin (uncov-
ered by DNaseI sensitivity24,25), the presence of transcription factors 
and co-factors such as p300 and the deposition of histone marks such 

as monomethylation of histone H3 lysine 4 (H3K4) and acetylation 
of H3K27, as assayed by chromatin immunoprecipitation (ChIP). 
Systematic mapping by these methods across cell types have uncov-
ered millions of sites with regulatory potential, most of them recog-
nizable only in a tissue-specific manner26. 

Functional screens for enhancers
Predicted enhancers should be validated in functional essays. Trans-
genic animals are typically used for this purpose and can validate up 
to 90% of the inserted DNA sequences. Recently, self-transcribing 
active regulatory region sequencing (STARR-seq) has facilitated 
screens based on enhancer activity, whereby candidate sequences 
stimulate their own transcription27. Enhancer strength in one par-
ticular cellular context is thus reflected by the abundance of the 
corresponding transcripts. When applied to Drosophila S2 cells in 
which 11 million random fragments were tested for activity, a num-
ber of interesting observations were made. For example, 5% of the 
5,499 regions displaying enhancer activity were bona fide transcrip-
tion start sites, showing that, to some extent, promoters may also 
enhance transcription. Many strong enhancers were mapped near 
housekeeping genes, and often multiple enhancers (five or more) 
seemed to target the same gene, including housekeeping genes, fur-
ther suggesting that ubiquitous expression may also be controlled 
by complex networks of tissue-specific enhancers rather than being 
a promoter-intrinsic feature.

When compared with DNaseI and various ChIP profiles obtained 
from S2 cells, a third of the enhancer sequences scored by STARR-seq 
were within a repressive chromatin configuration, often near silent, 
important developmental genes. These sequences lacked H3K27ac 
but carried H3K27me3 (reflecting Polycomb-mediated repression) 
and H3K4me1 (a modification found at enhancers). These sequences 
were thus recognized as functional enhancers, but they were actively 
silenced27. This emphasizes a limitation associated with all enhancer 
screening methods; although a given DNA sequence may display 
regulatory capacity, it may not exert this property in its physiological 
context, raising the need not only to evaluate enhancer functionali-
ties by genetic approaches in their natural environment, but also to 
study in some detail the nature of these environments. Chromo-
some topology has become an important parameter in this context, 
because it accommodates the wiring between enhancers and their 
target endogenous genes. Therefore, enhancer action must be con-
sidered in the 3D structure of the genome. 

Enhancer action through DNA looping
The development of chromosome conformation capture (3C) tech-
nologies28 has advanced our understanding of regulatory inter-
actions in the 3D genome. 3C considers the amount of ligation 
products between cross-linked DNA segments as a function of their 
contact frequencies in vivo. Originally designed for the analysis of 
one-to-one contacts between selected pairs of genomic sequences, 
high-throughput variants now allow the assessment of one-to-all 
(4C), many-to-many (5C) or all-to-all (Hi-C) contacts, thus provid-
ing distinct details about chromatin topology29. Using the β-globin 
(also known as Hbb) locus, 3C studies showed that globin genes 
form tissue- and differentiation-specific contacts with the distant 
locus control region (LCR), thus illustrating that spatial proximity 
to enhancers can increase promoter activity30,31. Presumably, this 
proximity increases the local concentration of DNA binding mod-
ules, causing a nearby accumulation of cognate transcription factors 
at the promoter that strengthens its transcriptional output. 

Transcription itself is not required for the formation of enhancer–
promotor loops32; however, the loops are required for transcrip-
tion, as confirmed by enhancer–promoter loops engineered at the 
β-globin locus in vivo33. In mouse cells that lack the erythroid-
specific transcription factor Gata1, chromatin loops are absent and 
globin genes are silent. Although the Gata1-associated protein Ldb1 
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Figure 1 | Variations in long-range gene regulation. Differences exist 
between the enhancer–promoter distances of yeast, Drosophila and mice. 
Hypothetical and representative gene loci are shown with yeast locus 
in which very few enhancers, or upstream activating sequences (UAS), 
are usually found; those that are, exist within 1 kb (up to maximum 
of a few kilobases) of the promoter. In Drosophila, often multiple 
enhancers exist and they are usually located within 10 kb of the promoter. 
Occasionally, they are found at distances of up to 100 kb, and some 
complex developmental regulatory landscapes have been reported, for 
example the BX-C locus, which stretches over distances of around 300 kb, 
but such intricate regulations do not seem to be the rule in Drosophila. 
In mammals, shown here in mice, regulatory landscapes found around 
developmental genes often extend over several hundred kilobases to more 
than 1 Mb. The two rounds of genome duplication that accompanied 
the emergence of vertebrates may have allowed for additional regulatory 
complexity to develop, owing to the release of constraints associated with 
the target gene, thus triggering the de novo evolution of enhancers and the 
diversification of their use. As a result, different paralogous landscapes 
display various enhancer combinations (coloured squares). Concomitantly, 
large gene deserts may have evolved to prevent bystander effects and 
regulatory interferences.
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is no longer recruited to the β-globin gene promoter, it still binds to 
the LCR through other transcription factors. When artificial zinc 
fingers were used to force recruitment of Ldb1 to the β-globin pro-
moter, looping with the LCR was induced in Gata1-null cells leading 
to robust transcription activation33. Likewise, an isolated human 
LCR introduced into transgenic mice at an ectopic site was capable 
of trans-activating an endogenous β-globin gene located on another 
chromosome only in those cells in which an inter-chromosomal con-
tact was established34. Both studies show that contacts are necessary 
for enhancers to activate transcription.

Pre-established compared with de novo formed loops
Enhancer–promoter loops have now been identified at many loci. 
However, the presence of such loops is not necessarily associated 
with an active transcriptional outcome, suggesting that some loci 
display a spatial configuration, which is poised for transcription. 
This permissive situation is in contrast to loops that are initiated 
at the time of transcriptional activation because of an instructive 
process (Fig. 3). In such a permissive situation, a regulatory land-
scape exists in a preformed 3D conformation that can be used in 
any cell type by tissue-specific transcription factors for efficient 
transcription activation35. In the instructive model, it is the de novo 
establishment of a chromatin configuration triggered by specific 
transcription factors, for example by looping, which will cause tran-
scriptional activation. Studies on a restricted number of loci have 
highlighted these various alternatives. 

Enhancer–promoter loops at the α-globin (also known as Hba) 
and β-globin gene loci are formed exclusively in erythroid cells, with 
interaction frequencies increasing during erythroid maturation36,37. 
In addition, loop formation depends on the presence of erythroid-
specific transcription factors such as Klf1 and Gata1 (refs 38, 39). 
Likewise, the contacts between the SatB1 gene and its enhancer 
landscape found in a 800 kb large flanking gene deserts, are formed 
de novo in thymocytes in which SatB1 is transcribed at high levels40 
(Fig. 3b). Therefore, in both cases, tissue-specific factors are neces-
sary to trigger long-range contacts, specifically in tissues that require 
high transcriptional output.

By contrast, evidence for preformed configurations has been 
found both at the Hox (discussed later) and the Shh gene loci. Shh 
expression in posterior limb buds is necessary for correct limb devel-
opment41 and is controlled by an enhancer (ZRS) located 1 Mb away, 
within an intron of the Lmbr1 gene. Mutations in the ZRS cause poly-
dactylies in both humans and mice42,43. Despite this large distance, 
the ZRS loops and contacts the Shh locus44. This loop, however, is 
not specific for posterior limb cells because privileged contacts are 
already observed in embryonic stem cells in which Shh is inactive45. 
Also, contacts between the enhancer region and the promoter occur 

even in the absence of the enhancer itself44 and the ZRS activity can 
be expanded to ectopic sites in the limb bud whenever mutations 
recruit new sets of transcription factors46. This suggests the exist-
ence of a preformed topology that organizes the physical proximity 
between the ZRS and its target Shh gene. In this view, the locus may 
be in a ‘permissive’ configuration and tissue-specific transcription 
factors acting through the ZRS would merely select and consolidate 
an existing structure. The transcription factors p53 and FOXO3 
seem to act similarly through pre-existing chromatin loops47,48. 
These two proteins are not developmental regulators, however, but 
factors required for cell proliferation and survival. 

Preformed, permissive structures potentially offer some regula-
tory benefits. They may help to target enhancers to a gene of interest, 
thereby preventing bystander activation of unrelated neighbouring 
genes49. Transcriptional activation may also be simpler to imple-
ment, because it may only involve slight and discrete variations in 
internal contacts within a largely conserved structure, in a way that 
is related to allosteric transitions of single molecules35. Finally, the 
existence of preformed and as yet inactive regulatory landscapes 
could have been a rich playground for the emergence of new enhanc-
ers, because both the basic structural context and the transcriptional 
outcome would be available and ready to be hijacked by factors with 
distinct tissue specificities.

Promoter contact networks
High-throughput variants of 3C technology allow the simultaneous 
analysis of contacts made by multiple promoters. Comprehensive 
studies of such long-range promoter interactions have either used 5C 
to interrogate contacts across 1% of the genome50 or the ChIA-PET 
approach51. ChIA-PET combines ChIP with a 3C strategy to uncover 
the chromatin loops formed by genomic sites that are bound by a 
protein of interest (in this case, RNA polymerase II)51. Both 5C and 
ChIA-PET studies have shown that most promoters are engaged 
in chromatin loops, often in cell-type-specific manners. Using 5C, 
contacts were found with sites showing enhancer-type chromatin 
signatures and with sites bound by CCCTC-binding factor (CTCF), 
a chromatin architecture protein known to be involved in loop 
formation52 and chromatin organization. However, most contacts 
were with ‘unclassified’ sites without any recognizable chromatin 
or sequence mark50. 

Inter-promoter contacts were also discovered by ChIA-PET and 
preferentially occurred between genes displaying coordinated 
expression. In vitro reporter assays further suggested that promoters 
can enhance each other’s activity51. Although it is often assumed that 
enhancers target the nearest gene, 5C data suggest that this is true in 
only 7% of cases. In addition, nearly 80% of long-range DNA con-
tacts remained unaffected when intervening sequences were bound 
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Figure 2 | The mammalian regulatory jungle. A model of three hypothetical 
genes (yellow, red and green) and their hypothetical expression pattern at a 
given stage of embryonic development are shown. Embryos coloured blue 
show the activity of a given reporter gene integrated at different chromosomal 
locations (adapted from ref. 16). They illustrate that genomic context 
critically determines expression patterns. Thus, a, various insertion sites may 
display comparable expression patterns despite being spread over a large 
chromosomal interval. Note that these reporter genes incorporate most of 

the regulatory activities acting on the downstream gene shown in yellow. b, 
Often, the reporter gene incorporates the enhancer activities that control the 
expression of one the nearest genes (red gene). c, Tissue-specific reporter gene 
expression can sometimes be seen at sites close to housekeeping genes (green 
gene). In addition, two closely linked integration sites may show very distinct 
expression patterns that reveal highly localized regulatory circuits. d, At some 
chromosomal sites, the reporter gene is inactive and apparently not capable of 
capturing enhancer activity. 
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by CTCF, challenging the idea that the major role of this protein is  
to block enhancer–promoter contacts. Finally, at least 10% of distal 
sites were engaged in contacts with multiple genes and, likewise, 
many genes formed contacts with more than one distant site50.

The functional relevance of these complex interactions is admit-
tedly difficult to evaluate. Enhancers defined by genetic approaches 
generally contact their target genes in chromosome conformation 
studies31,44 and bona fide enhancers have been isolated using 4C anal-
yses35,40,53. However, a physical contact does not necessarily reflect 
a functional interaction37,54. Therefore, although 3C-based strate-
gies can physically connect genes to potential enhancer sequences, 
genetic approaches in the appropriate in vivo systems are required 
to reveal whether and how such potential enhancers are functionally 
connected to a specific target gene.

Target selection by promiscuous enhancers
Mammalian promoters not only consist of a core sequence but 
often also contain immediate upstream binding sites for general 

and tissue-specific transcription factors, which serve as a first regu-
latory layer to confer some tissue specificity. These additional mod-
ules can integrate regulatory activities from remote enhancers, as 
illustrated by the effect of a transgenic ‘orphan’ LCR (without any 
of the globin family of genes). When positioned into an unrelated 
locus, an LCR elicited a tissue-specific upregulation of many of its 
surrounding endogenous genes, which normally do not encounter 
this enhancer55. In another study, the regulation of Fgf8 was exam-
ined genetically. Fgf8 encodes a protein of a pleiotropic signalling 
pathway and hence its transcription during development must be 
tightly controlled. In the 200 kb region surrounding Fgf8, several 
unrelated genes are found, as well as nearly 50 regulatory modules 
that bear tissue-specific information. Chromosomal rearrangements 
of the Fgf8 locus in vivo, whereby unrelated genes were placed at 
the Fgf8 position, recapitulated the highly specific developmental 
expression of Fgf8 (ref. 56). 

Such a prevalence of enhancer strength over promoter selectivity 
must lead to situations in which functionally unrelated neighbour 
genes share tissue-specific expression patterns. Such bystander 
effects do exist57–59, and are best seen when genes are upregulated 
after genetic rearrangements. For example, the deletion of the two 
α-globin genes re-directs their enhancer to the NME4 gene, 300 kb 
away, causing an eightfold increase in its expression60. In addition, 
enhancers that control Hoxd genes in digits can recruit a new set 
of target genes after a Robertsonian translocation61. By contrast, a 
promoter-creating mutation in between the α-globin genes and their 
cognate enhancers causes the blood disorder α-thalassemia, presum-
ably by re-allocating the enhancer away from α-globin genes62. In 
evolutionary terms, bystander effects can be prevented by restricting 
the number of genes within a regulatory landscape. This may explain 
why key developmental vertebrate genes are frequently flanked by 
evolutionary conserved gene deserts (or gene-poor regions) that are 
rich in enhancer sequences9. In contrast, housekeeping genes often 
cluster in the genome, which may help them to collectively compete 
for and titrate out enhancer activity, thereby buffering potential fluc-
tuations in expression.

●●  Around 20,000 genes
●●  More than 106 enhancers (potential regulatory sequences)
●●  About four enhancers contact an active gene on average per  

 cell type50

●●  Average enhancer–promoter loop size50 is 120 kb
●●  Largest enhancer–promoter distance so far (SOX9, Pierre Robin  

 disease)74 is 1,300 kb
●●  545 gene deserts (>640 kb, that is, top 3% largest deserts)75

●●  Largest gene desert75 is 5.1 Mb

BOX 1

Regulatory landscapes in 
mammalian genomes

Table 1 | Methodology for screening for functionally relevant enhancers

Data type that identification is based on Sensitivity Specificity

Comparative genomics

Screens for evolutionarily conserved 
sequence blocks (in silico)

Will not score evolutionarily diverged 
enhancers19

Also identifies regulatory sites with no enhancer activity 
(promoters, insulators and architectural sites) and redundant 
enhancers, for example without target genes (orphan enhancers)76

ChIP-seq of transcription factors, p300, H3K27ac and H3K4me1

Genomic screens for sites associated with 
protein factors and histone modifications 
often found at enhancers

Will not score enhancers lacking detectable 
signature

Also identifies non-enhancers with similar signatures and 
redundant enhancers, for example those without target genes 
(orphan enhancers) 

DNaseI profiling

Screens for genomic sites with locally 
opened up chromatin

Expected to identify (nearly) all sites with 
regulatory potential

Also identifies other regulatory sites (promoters, insulators and 
architectural sites) and redundant enhancers, for example those 
without target genes (orphan enhancers) 

Enhancer trap

Transgenic reporter genes as a read-out for 
local enhancer activity at different genomic 
locations  

A medium-throughput technique: misses 
enhancers owing to the limited number of 
integration sites analysed; and enhancers 
incompatible with reporter gene promoter

Also identifies redundant enhancers, for example without target 
genes (orphan enhancers) 

STARR-Seq

Functional screens for genomic sequences 
across the genome for their capacity to 
enhance their own transcription

Will not score enhancers incompatible with 
reporter gene promoter

Also identifies occluded enhancers that are actively repressed in 
the cell of interest and redundant enhancers, for example those 
without target genes (orphan enhancers) 

3C-based methods (promoter centred)

Screens for chromosomal sites that 
physically contact a promoter of interest

Will not score infrequently contacted enhancers, 
enhancers located close to (<10 kb) the 
promoter and enhancers acting independently 
from promoter contact

Also identifies bystander contacts with non-enhancers and 
redundant enhancers
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Recruiting regulatory landscapes
Systematic deletions in vivo of potential enhancer sequences from a 
regulatory landscape have been done in less than a handful of studies. 
Although the loss of the 20 kb LCR reduced β-globin gene transcrip-
tion 25- to 100-fold, the deletion of any of its five individual enhancer 
modules only reduced expression by a factor of 1.03–1.7 (ref. 63). 
These individual sites thus seem to collaborate, probably by aggre-
gating into a single active chromatin hub31, which would interact 
with one target gene at a time64. At the α-globin gene cluster a single 
enhancer, located 35 kb away in the intron of a housekeeping gene, 
accounts for 95% of the elevated α-globin transcript levels. Three 
other enhancers do form physical contacts but seem to be genetically 
redundant. Only when they are deleted along with the main enhancer 
do they abolish the remaining 5% of transcription37. 

Multiple enhancers have also been described in gene deserts adja-
cent to the HoxD gene cluster. Hox genes encode transcription factors 
that have key roles during the patterning of the various body axes in 

bilateral animals. In vertebrates, long-range enhancers have evolved 
within the flanking gene deserts to accompany the emergence of ver-
tebrate-specific features such as the appendicular skeleton. Analyses 
of deletions in vivo and 4C experiments have revealed that the digit 
enhancers in the centromeric desert form a regulatory archipelago — 
a set of islands with contacts between themselves and with the target 
genes. These regulatory islands complement each other to reach the 
final transcriptional outcome, both in the quantity of transcripts and 
in their spatial distribution. Some — but not all — of these contacts 
are maintained when the enhancers are inactive and hence they form 
a permissive background configuration35,53 (Fig. 3c). A comparable 
situation was observed at the opposite telomeric gene desert, in which 
several enhancers scattered throughout 1 Mb of DNA regulate their 
target Hoxd genes in the developing forearm. Therefore, Hoxd genes 
physically recruit different and preformed regulatory landscapes at 
different times and in different cells, initially to allow forearm con-
struction and subsequently, to help form digits35.
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Figure 3 | Comparison of instructive and permissive model for three-
dimensional controlled gene expression during differentiation. a, In the 
instructive model, tissue-specific enhancer–promoter contacts are formed 
de novo during differentiation, depending on the available transcription 
factors acting on the locus. In this view, no particular three-dimensional 
(3D) structure is formed in those cells in which the gene is inactive. In the 
permissive model, a preformed (ground-state) structure already exists in 
progenitor cells, formed either by selective promoter–enhancer interactions 
or by intrinsic properties of the chromatin domain. On differentiation, 
transcriptional activation requires merely the additional binding of tissue-
specific transcription factors, which will take advantage of the configuration 
for immediate and robust gene activation. b, The SatB1 locus is an example 

of an instructive regulatory operation. TADs, identified by Hi-C (top) and 
site-specific contact profiles (4C data) for the SatB1 gene promoter (arrow) 
(bottom). 4C reveals that robust contacts between the gene and sites across the 
flanking 800 kb TAD are exclusively established in thymocytes (red) that highly 
express SatB1, and not in brain cells (blue) that poorly express the gene. c, Hoxd 
genes are an example of a permissive regulatory operation. In limb cells (red), 
Hoxd13 exclusively contacts the gene desert inside the TAD on the left, with 
particular interactions that involve five regulatory islands (red arrowheads). 
The same region, and three out of five, islands are also contacted in brain cells 
(blue arrowheads) in which the gene is not expressed, indicating a preformed 
domain that only requires subtle structural changes to support transcription in 
the limb (adapted from refs 35, 40, 45, 53).
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TADs as moulds for enhancer-promoter contacts
How are regulatory contacts coordinated in the 3D genome and 
what are the length scales over which enhancers can find their tar-
gets? Recent reports indicate that the regulatory landscapes mapped 
around the Hoxd and Shh loci match well with so-called topologi-
cally associating domains (TADs). TADs45,65,66 were defined as chro-
mosomal regions within which sequences preferentially contact each 
other, based on genome-wide interaction maps generated by Hi-C67. 
These domains, which are conserved among mammalian species but 
not found in yeast, are about 1 Mb and are separated by boundary 
regions that often contain CTCF-binding sites, housekeeping genes, 
transfer RNA genes or short interspersed elements45,65,66.

The Shh gene for instance falls into a TAD, which precisely spans 
the region extending from the gene to its most distal ZRS enhancer. 
ZRS–promoter contacts are therefore contained within, or secured 
by, the overall 3D shape of the chromosomal domain. Likewise, both 
regulatory landscapes flanking the Hoxd gene cluster exactly match 
two topological domains. In this case, the Hox gene cluster itself 
lies between these two TADs45, and the genes located right at the 
boundary are capable of switching their contacts from one TAD 
to the other35, suggesting that enhancers acting over a given gene 
or set of genes may not always be restricted to a single TAD. In this 
view, TADs may sometimes also be used as large units of tissue-
specific transcription.

Are TADs a cause or an effect? 
TADs are, for the most part, already formed in embryonic stem 
cells and therefore seem to exist regardless of the transcription sta-
tus45,49. However, recent topology maps at higher resolution revealed 
extensive structural reorganization at the sub-megabase scale dur-
ing differentiation68, with distinct hierarchical roles for different 
architectural proteins. At the 0.1 to 1 Mb scale, CTCF and cohesin 
may anchor constitutive interactions around development-specific 
genes. Below 100 kb, mediator, a protein complex conventionally 
associated with enhancer activity, and cohesin might cooperate to 
bridge tissue-specific enhancer–promoter interactions68. 

Topological domains may reflect an “inherent property of the 
mammalian genome”45 that could help to limit the distance over 
which enhancers operate, providing a mould for enhancer–pro-
moter interactions to occur and thus limiting undesired bystander 
effects49. Alternatively, TADs might merely result from pervasive 
enhancer–promoter interactions and thus illustrate the existence of 
a pre-regulatory genome, comprised of poised structures and lacking 
the final tissue-specific factor to become active. Genetic approaches 
to preturb TADs by means of chromosomal rearrangements35,65 will 
help us both to understand the mechanisms underlying TAD forma-
tion and discriminate between these hypotheses. 

Very long-range regulation
So far, little evidence exists for mammalian enhancers to act beyond 
the few megabase scale (that is, more than the TAD organizational 
level). Although circumstantial evidence supports inter-chromo-
somal gene regulation69, it has rarely been verified genetically and 
whenever such observations were complemented by the deletion 
of enhancers in vivo, only neighbouring genes located on the same 
chromosome were affected70. Mammalian trans-activation was, 
however, seen in transgenic mice carrying an orphan LCR, which 
was able to activate its natural β-globin target gene on another 
chromosome. This nevertheless happened through fortuitous inter-
chromosomal contacts, made in only a subset of cells, which conse-
quently displayed elevated levels of globin expression34. Although 
artificial, this experiment shows what could probably be expected 
from a genome that, beyond the level of TADs, is structured in a 
probabilistic manner with the overall shape and relative location 
of chromosomes being different from cell to cell: productive inter-
chromosomal enhancer–promoter interactions may exist but are 

likely to result in variegated expression. For pan-cellular expres-
sion control, enhancers therefore seem best positioned in cis, within 
domains of preferred chromosomal contacts, such as TADs.

Perspectives
High-throughput technologies for the identification of regulatory 
sequences have provided us with a wealth of information about 
the regulatory potential of our genome. The difficult task ahead 
will be to functionally connect genes to regulatory sequences and 
establish the relevance of their interactions. The systematic appli-
cation of functional screening methods such as STARR-Seq27 to a 
wide range of mammalian cell types and tissues may thus help us 
to distinguish between the millions of sites that have been identi-
fied so far by sequence- and chromatin-based enhancer screening 
methods. The enhancer classifications currently used (for example, 
‘poised’ when displaying H3K4me1 only, or ‘active’ when showing 
both H3K4me1 and H3K27ac marks) are admittedly incomplete 
and will have to be refined based on their regulatory capacities. Are 
enhancers strictly tissue-specific or are they sequences carrying 
tissue-invariant enhancer activity? What causes the occlusion71, in 
a natural context, of regulatory sites that harbour STARR activity in 
the same cell type? 

In addition, although a given DNA sequence may be either sus-
pected (by DNaseI profiling or ChIP-seq), or shown (by STARR-
Seq), to have a regulatory capacity, its physiological relevance will 
have to be established in the appropriate developmental context. As 
a prerequisite, high resolution contact maps based on ultra-deep 
sequencing of Hi-C data can be expected for all relevant develop-
mental cell types, which will allow us to physically connect potential 
regulatory sequences to target genes. Such detailed contact maps 
will help us to uncover the hierarchical folding principles of our 
chromosomes and clarify the degree of developmental conservation 
of structural domains like TADs and sub-TADs across the entire 
genome. It may also provide a topological framework for long-range 
enhancer–promoter contacts and might even inform us about those 
constraints underlying inter-species syntenic DNA segment con-
servation (see ref. 49). Although current Hi-C and 4C strategies are 
well equipped to perform these tasks, improvements will be neces-
sary both to computational analysis tools and to downscaling the 
experimental material, whenever scarce cellular populations will be 
considered in the small developing mammalian embryo.

Once a particular DNA sequence is found in an open, nucleo-
some-depleted configuration, bound by tissue-specific transcription 
factors, displaying STARR-Seq activity and capable of establish-
ing physical contacts with an endogenous gene, the question still 
remains as to whether this site controls the developmental expres-
sion of the target gene. Genetic approaches whereby all the param-
eters listed above can be perturbed in an ontogenic context will be 
necessary. Only a few complex regulatory landscapes have been dis-
sected in situ so far and they have shown different aspects of enhanc-
ers with different recruitment strategies, different means of target 
gene selection and different ways of cooperating with other regula-
tory sites. The application of new strategies for site-directed genome 
editing72,73 may help to clarify how regulatory sites and genes func-
tionally orchestrate developmental gene expression programs and, 
consequently, how failures in regulatory wiring can cause diseases. 
However, genetics analysis on its own will not easily answer these 
questions because many components of developmental pathways 
are notoriously redundant. In addition, the developing mammalian 
embryo is very efficient at implementing compensatory mecha-
nisms, whenever sequence modifications are induced. As a result, 
current analytical tools will have to be streamlined such that the 
impact of a genetic manipulation can be investigated as exhaustively 
and objectively as possible. ■ 
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