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Review
Vertebrate genes controlling critical developmental pro-
cesses are often regulated by complex sets of global
enhancer sequences, located at a distance, within neigh-
boring gene deserts. Recent technological advances
have made it possible to investigate the spatial organi-
zation of these ‘regulatory landscapes’. The integration
of such datasets with information on chromatin status,
transcriptional activity and nuclear localization of these
loci, as well as the effects of genetic modifications there-
of, may bring a more comprehensive understanding of
tissue- and/or stage-specific gene regulation in both
normal and pathological contexts. Here, we review the
impact of recent technological advances on our under-
standing of large-scale gene regulation in vertebrates, by
focusing on paradigmatic gene loci.

The spatial genome
Control of gene transcription is essential to most cellular
functions, particularly in multicellular organisms, in
which different cell types must implement specific gene
expression programs. This control is achieved largely
through the activities of specialized cis-acting regulatory
sequences, such as enhancers and silencers [1]. Pioneering
studies of gene regulation mostly focused on transcription
units encoding proteins either ubiquitously expressed
(‘housekeeping’ genes) or restricted to specific differentiat-
ed cell types. In both cases, transcriptional activation
seems to rely on a limited set of regulatory elements, which
were usually found in close proximity of the gene, within a
few kilobases (kb) of the start site. As a consequence,
classical models often consider regulatory regions as part
of a gene, which they see as compact units, independent
from one another.

Although this view still stands in many cases, the study
of genes encoding developmental regulators has led to a
novel paradigm. These genes often display highly pleiotro-
pic functions and complex expression patterns, and hence
must integrate various distinct regulatory inputs. Accord-
ingly, such genes are controlled by multiple elements
located at great distances from the transcription unit,
Corresponding author: Duboule, D. (Denis.Duboule@unige.ch),
(Denis.Duboule@epfl.ch).
Keywords: transcription; genome organization; chromatin loops; enhancers; long-
range regulation.

0962-8924/$ – see front matter � 2012 Elsevier Ltd. All rights reserved. http://dx.doi.org/10.101
sometimes within introns of other genes [2–5]. In verte-
brates, such long-range regulation can sometimes control
the transcription of groups of neighboring genes in a given
expression domain over large genomic distances, thus
defining a ‘regulatory landscape’ [6,7].

Interestingly, although complex regulatory modalities
have been described in Drosophila, involving distant
enhancers and/or multiple regulations in cis [8], the exis-
tence of regulatory landscapes of the order of several
hundreds of kilobases has not yet been reported in inver-
tebrate species. This intricate and complex organization of
control elements thus seems to be rather specific for verte-
brates and may have evolved following the two rounds of
genome duplication that accompanied the emergence of
this group [9]. This regulatory complexity could also be
related to the large fraction of noncoding sequences in the
vertebrate genome compared with classical invertebrate
models; while mice and humans have an average gene
density of approximately one gene every 100 kb [10,11],
this density is tenfold higher in Drosophila [12]. In Cae-
norhabditis elegans, in which gene expression can be rou-
tinely recapitulated using short sequences (approximately
a few kb) located upstream of the promoters, gene density
is of the order of one gene per 5 kb [13]. In the latter two
cases, the evolution of potent enhancer sequences at a
distance would likely induce deleterious side effects.

Considerable efforts have been devoted recently to iden-
tify regulatory elements via high-throughput methodolo-
gies, and it appears that, in the human genome, candidate
control sequences largely outnumber genes [14,15]. In
parallel, technological developments in the analysis of
chromatin organization in the nucleus make it possible
to map interactions between genes and regulatory ele-
ments [16]. Here, we survey these novel technologies
and describe some of their contributions to our understand-
ing of large-scale gene regulation. We illustrate a few
conceptual advances using selected genetic loci and discuss
the relevance of such regulatory mechanisms to the under-
standing of both the evolution of the regulatory genome
and the cause of some human genetic disorders.

Large-scale approaches
Enhancers represent the largest class of distal regulatory
elements reported to date. The term ‘enhancer’ defines the
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Box 1. Genomic approaches to gene regulation

Chromatin immunoprecipitation (ChIP) maps genomic sequences

bound by specific proteins or associated with chromatin modifica-

tions, such as histone post-translational modifications. ChIP involves

chromatin crosslinking followed by immunoprecipitation of protein–

DNA complexes using specific antibodies. DNA is analyzed by

quantitative PCR (qPCR) to determine enrichment over candidate

sites, by hybridization to microarrays (ChIP–chip) or by deep

sequencing (ChIP–Seq) to provide genome-wide location maps [93].

Chromosome conformation capture (3C) techniques measure the

frequency with which genomic loci are in close proximity within the

nucleus. 3C relies on the fixation of chromatin conformations by

crosslinking, followed by digestion with a restriction enzyme and

intramolecular re-ligation, resulting in the formation of ligation

products between sequences close to one another at the time of

fixation. This yields a library representing the sum of DNA–DNA

interactions over the cell population used as a starting material

[16,45]. In 3C protocols, specific interactions between candidate

sequences are analyzed by qPCR.

4C (3C-on-chip or circular 3C) allows genome-wide identification of

sequences contacting a locus of interest (or ‘viewpoint’) after selective

amplification of these regions by inverse PCR performed on a 3C

library [34]. The interacting sequences are identified by hybridization

to microarrays (4C) or by deep sequencing (3C–seq or 4C–seq).

5C (3C carbon copy) interrogates mutual interactions between

many loci in parallel. A fraction of the 3C library is amplified after

annealing and ligation of a pool of oligonucleotides specific for each

of the investigated restriction fragments. The resulting library is

typically analyzed by deep sequencing [16].

Hi–C allows determination of the three-dimensional organization of

the full genome. It involves DNA shearing followed by enrichment for

the ligation junctions, which are labeled with biotin. These junctions

are identified by paired-end deep sequencing [32]. The resolution of

this method is limited by the many sequence reads required to

measure all of the interactions occurring within the nucleus,

particularly for vertebrate genomes.

ChIP–loop and ChIA–PET combine 3C and ChIP approaches, adding

an immunoprecipitation step between chromatin digestion and re-

ligation. This allows for the detection of DNA–DNA interactions

associated with the binding of a protein of interest. ChIP–loop detects

interactions between candidate sequences using qPCR, whereas

ChIA–PET involves paired-end deep sequencing and provides a

comprehensive description of these contacts [33].
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ability to potentiate the efficiency of transcription of an
associated gene, irrespective of promoter orientation [1].
Functional tests are relatively straightforward and typi-
cally involve synthetic assays in which a candidate se-
quence, isolated from its endogenous genomic context, is
tested for its ability to activate a reporter gene either in
cultured cells or as a transgene in vivo. Early attempts to
identify enhancers genome-wide used DNA sequence com-
parisons, with the assumption that functionally important
regulatory sequences should be conserved during
evolution. Although a significant fraction of conserved
noncoding elements (CNEs) do indeed display enhancer
activity [17,18], qualitative and quantitative aspects of
sequence conservation are not by themselves predictive
of any specific function. In addition, enhancer elements
cannot always be detected using available approaches to
assess DNA sequence conservation [14,19,20].

It is well accepted that regulatory elements are recog-
nized by combinations of transcription factors. These factors
in turn recruit various cofactors such as histone modifiers or
chromatin remodeling complexes, which participate in the
transcriptional activation of a target gene [21]. The devel-
opment of chromatin immunoprecipitation (ChIP) techni-
ques, coupled with either hybridization to oligonucleotide
arrays (ChIP–chip) or deep sequencing (ChIP–seq, Box 1),
has allowed large-scale mapping of bound DNA sequences.
In this way, the histone acetyltransferase (HAT) p300 was
found at thousands of regions distant to known promoters,
in cell-type specific patterns [15,22]. While p300 binding
sites are often predictive of tissue-specific enhancer activity
in a transgenic assay, even in the absence of obvious evolu-
tionary conservation [19,23], the presence of other HATs
may label distinct subsets of enhancers [24].

Genome-wide mapping of histone modifications has also
identified specific ‘chromatin signatures’ associated with
enhancers, such as high levels of monomethylation at
lysine 4 of the histone H3 tail and low levels of trimethyla-
tion of the same residue. DNA segments displaying such
signatures can promote transcriptional activation in cell
culture assays [22], whereas acetylation of lysine 27 was
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recently used to distinguish between ‘active’ and ‘poised’
enhancer sequences [25,26]. Also, the recruitment of RNA
polymerase II (RNAPII) can be observed at a subset of
potential enhancers [27,28]. Together, these studies help
define a molecular blueprint for regulatory elements and
identified tens of thousands of candidate distal enhancers,
most displaying some cell-type specificity. However, the
genuine functions of these potential regulators in their
endogenous contexts remain to be addressed [29].

Conformation studies
Although these various approaches are instrumental in
characterizing the regulatory genome and its various
implementations in both a stage- and tissue-specific man-
ner, they contribute little to the formal identification of
which target genes interact with defined enhancers, be-
cause the former can be located at large distances from
their control elements, sometimes intermingled with non-
target gene loci [30]. This is taken into account by a
prominent model of long-range gene activation, which
implies a direct physical association between regulatory
elements and target promoters, via the formation of chro-
matin loops [21]. Such an interaction may trigger enhanc-
er-bound factors to interact directly with target promoters.
Models involving chromatin loops have gained consider-
able support with the development of chromosome confor-
mation capture (3C) technologies and variants thereof [16],
which provide an estimate of the frequencies of specific
DNA–DNA contacts within the nucleus (Box 1 and
Figure 1). Using this approach, enhancer–promoter con-
tacts were observed at several loci, suggesting that chro-
matin looping is a widespread mechanism of action for
distal enhancers [31], although alternative mechanisms
have been discussed [21].

In these initial studies, however, only a few candidate
interactions could be assessed by 3C and hence a priori
knowledge of which pairs of sequences were likely to
interact was required; for example, previously identified
regulatory elements and their target promoters. Modifica-
tions of the 3C protocol overcame this limitation and lead
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Figure 1. Chromosome conformation capture (3C) approaches. (a) General outline of the 3C strategy. Crosslinked chromatin is digested with a restriction enzyme and the

restriction fragments are ligated together. The abundance of a given ligation junction in the resulting 3C library is related to the frequency with which the corresponding

sequences contact each other within the nucleus. ChIP–loop and ChIA–PET involve an immunoprecipitation step to enrich for sequences bound by a protein of interest. (b)

Various detection approaches allow visualization of the interactions between candidate sequences (3C), identification of all sequences contacting a locus of interest (4C) or

mapping of mutual interactions, either between subsets of the library (5C) or within a complete genome (Hi–C).
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either to genome-wide identification of all sequences inter-
acting with a locus of interest (4C) or to the analysis of
mutual interactions between many sites in parallel (5C)
[16]. More recently, the Hi–C method was developed, which
provides a view of chromatin interactions across a complete
genome, although at a lower resolution [32]. Finally,
approaches like the ChIA–PET integrate ChIP and 3C
technologies to identify chromatin interactions associated
with specific trans-acting factors [33].

The implementation of these methods has revealed that
genes often establish complex patterns of contacts, which
can involve sequences located several megabases away
[34,35]. Chromatin appears to be organized in relatively
compact local domains, wherein genes and regulatory
regions are spatially clustered [36]. On a broader scale,
active and inactive loci segregate into distinct compart-
ments in the nucleus [32,34], which may reflect the recruit-
ment of active genes into transcription factories (i.e.
nuclear foci enriched for active RNAPII [37]). The direct
visualization of the relative positions of loci via microscopic
approaches, such as fluorescent in situ hybridization
(FISH), complements these biochemical strategies. In
the latter case, although the current resolution hardly
allows investigation of the details of chromatin conforma-
tion within most loci, it can yield insights into the relations
between gene expression and localization relative to di-
verse nuclear landmarks such as chromosome territories
(CT) or the nuclear periphery [38].

The integration of conformation studies with a compre-
hensive identification of regulatory elements will be deci-
sive in the definition of regulatory landscapes and their
underlying large-scale mechanisms. Mapping chromatin
conformations is indeed insufficient to reveal the role of
specific long-range contacts, because similar associations
participate in transcriptional repression, and hence re-
pressed loci can also be clustered in the nucleus [39,40].
Enrichment for transcriptionally active chromatin struc-
tures, for instance by immunoprecipitation with RNAPII-
specific antibodies, can partially overcome this limitation
[41,42], yet these approaches still fall short in addressing
the functional requirement of the identified partners. In
the following sections, we discuss a few selected gene loci
where such approaches have been combined with a func-
tional analysis of the regulation at work.

a- and b-Globin loci
Chromatin looping was first documented in the context of
the b-globin gene cluster. b-Globin genes are under the
control of a major regulatory element, the locus control
region (LCR), which is located approximately 50 kb
349
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Figure 2. Long-range regulation at selected genetic loci. Genes are represented by rectangles and regulatory elements by ovals. Arrows indicate interactions controlling

gene activation; curved lines without arrowheads represent physical associations with unknown functional consequences. Regulations occurring in different tissues or cell

types are depicted using different colors. Grey boxes represent genes that are not affected by the described long-range regulations. Note the different scales used for each

panel. (a) b-Globin (Hbb) locus. The locus control region (LCR) contacts and activates either embryonic or adult globin genes at different developmental stages in

erythrocytes. Distal sites (open ovals) contact the LCR in both erythroid progenitors and mature erythrocytes (orange lines), yet these sequences are not required for gene

activation. (b) Sonic hedgehog (Shh) locus. Candidate enhancers located within the upstream gene desert recapitulate Shh expression in specific regions of the central

nervous system (CNS) or epithelial linings. An enhancer located within Lmbr1 contacts Shh in the developing limb bud and is required for its expression in this structure. (c)

The HoxD regulatory archipelago. An array of regulatory ‘islands’ dispersed within the centromeric gene desert coordinately activates Hoxd13–Hoxd10, as well as Lnp and

Evx2 transcription in developing digits. These multiple elements are brought into the vicinity of the HoxD cluster in developing digits and each contribute, in a partially

redundant manner, to gene activation. Global regulation controlling Hoxd genes in different structures relies on control elements located on either side of the gene cluster.
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upstream and is necessary for efficient globin transcription
[43]. Early 3C studies indicated that the LCR is in close
physical proximity to the active globin promoters in ery-
throid cells, with the intervening DNA looping out [44,45].
Interactions are dynamic, because the LCR selectively
contacts the embryonic or adult genes at different devel-
opmental stages, and do not occur in cell lineages in which
globin genes are inactive (Figure 2a).

Besides its target promoters, the b-globin LCR also
contacts distal DNase I hypersensitive (HS) sites and,
based on mutual interactions between these sequences,
it was proposed that they cluster into an ‘active chromatin
hub’ associated with globin transcription [45]. These distal
HS sites are embedded in an array of olfactory receptor
genes that are not expressed in the erythroid lineage and
do not participate in these interactions. The association
between the LCR and upstream sites can already be seen
in erythroid progenitors (i.e. cells that do not yet express
globin genes), thus forming a poised structure that
350
becomes fully active upon erythroid differentiation. How-
ever, some of these contacts may not be critical for tran-
scriptional activation, because deletions of distal sites had
no obvious impact on globin expression [43].

Similar chromatin loops have been observed between a-
globin genes and their cognate LCR [46,47]. In a recent
study, 5C was used to generate a comprehensive interac-
tion map covering a 500 kb region including the a-globin
locus. Three-dimensional reconstruction suggested that
this domain adopts cell-type specific conformations re-
ferred to as ‘chromatin globules’, where active genes and
their regulatory elements cluster towards the core of the
structure. In this model, silent chromatin is found at more
peripheral locations [36]. Within the nucleus, both a- and
b-globin genes preferentially associate with other genes
regulated by the same transcription factors, such as Klf1
[42]. The functional significance of these associations in
trans remains elusive, but some results suggest they may
influence gene expression. A b-globin LCR integrated at an
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unrelated genomic locus can indeed contact and activate
b-globin genes in trans, yet in only a small fraction of cells
[48].

Sonic hedgehog
The studies mentioned above are concerned with genes
whose transcription is required in a single specific cell
lineage and hence the long-range mechanisms at work
are all involved in this particular task. By contrast,
developmental genes with large pleiotropic effects are
transcribed in various embryonic structures and at
different developmental stages. An example is the Sonic
hedgehog (Shh) gene, which encodes a signaling protein
essential for developmental patterning. A transgenic
screen identified several long-range enhancers within a
large gene desert extending upstream of the Shh promoter.
When isolated as transgenes, these enhancers could reca-
pitulate various aspects of Shh transcription in the central
nervous system (CNS) [49]. In the developing limb bud, the
expression of Shh relies on the activity of another element
(ZRS) located almost 1 Mb upstream, beyond the gene
desert and within the intron of the Lmbr1 gene [3]. In
addition, three conserved sequences recapitulate Shh ex-
pression in the epithelial linings of the oral cavity and
gastrointestinal tract, with different regional specificities
[50]. Short deletions (1 kb) of either the limb or the pharynx
elements are sufficient to abolish Shh transcription in the
corresponding embryonic structures [50,51]. Therefore,
Shh seems to be controlled by an array of regulatory
elements, each dedicated to a specific aspect of its complex
expression pattern (Figure 2b).

The spatial conformation of this locus was examined
during limb development using both 3C and FISH [30].
Chromatin looping brings the ZRS into the vicinity of Shh
when limb bud cells are examined, but not into other
structures where Shh is either silent or expressed under
a different control, such as in the CNS. This chromatin loop
is observed in a minority of cells both on the posterior part
of the limb bud, where Shh is active, and in the anterior
part, where it is silent. Actively transcribed copies of the
gene are found in the vicinity of the enhancer, suggesting
that transient associations may trigger transcriptional
pulses. Surprisingly, although deletion of the enhancer
abrogates Shh transcription in budding limbs, it does
not affect the conformation of the locus, indicating that
looping and transcriptional activation are controlled by
different elements. Movement of the Shh locus out of its
chromosome territory, however, occurs specifically in pos-
terior limb bud cells and requires the presence of the
enhancer sequence [30].

Hox gene clusters and regulatory archipelagos
Hox genes encode transcription factors essential for pat-
terning the animal body plan. In mammals, 39 Hox genes
are grouped into four genomic clusters (HoxA to HoxD)
located on different chromosomes and with similar struc-
tural organization. Genes are transcribed sequentially both
in time and along the anterior–posterior embryonic axis
following their relative position within each cluster, an
ancestral phenomenon referred to as colinearity [52]. Be-
cause of this additional level of complexity in transcriptional
control, long-range regulation at Hox gene clusters has been
studied in some detail.

Expression of Hox genes is tightly linked to their clus-
tered organization, and their transcriptional induction in
cultured cells is accompanied by the decondensation of
these clusters, as detected by FISH or 3C [53,54]. Recent
4C studies on mouse embryos show that each Hox cluster
forms a single three-dimensional structure in non-expres-
sing tissues. By contrast, in regions where subsets of Hox
genes are transcribed, active and inactive genes are sepa-
rated in distinct spatial domains labeled by different chro-
matin marks [40,55]. Similar interactions between active
Hoxa genes were observed in human fibroblasts, yet in this
case contacts were not scored between inactive loci [56].

In addition to this collinear regulation that is common to
all Hox loci, particular vertebrate Hox gene clusters have
also evolved global expression specificities. For example,
distinct groups of neighboring Hox genes are coordinately
transcribed in the developing limbs, the external genitalia
or the digestive tract. Extensive genetic analyses at the
HoxD locus indicate that these various regulatory land-
scapes are controlled by long-range elements located with-
in two gene deserts containing many CNEs on either side of
the cluster [57] (Figure 2c). For instance, a group of Hoxd
genes (Hoxd13 to Hoxd10) transcribed in developing digits
establishes numerous long-range interactions with
sequences dispersed within the centromeric gene desert.
These sites of contacts are clustered into ‘islands’ and are
broadly decorated with histone marks associated with
enhancer sequences. In addition, they can elicit digit-spe-
cific transcriptional activation when isolated in transgenic
assays [55,58]. A genetic dissection of this 800 kb DNA
interval in vivo has revealed that multiple elements con-
tribute, in a partially redundant manner, to the transcrip-
tional activation of Hoxd genes in digits. This complex
‘regulatory archipelago’ could provide both robustness
and flexibility to the expression of Hoxd genes in digits,
a situation somewhat reminiscent of the ‘shadow enhan-
cers’ described in Drosophila [59–62].

Conversely, other Hoxd genes, which are not tran-
scribed in digits, preferentially contact sequences located
within the telomeric desert on the other side of the gene
cluster. Interestingly, some of these long-range interac-
tions are also observed in tissues in which the entire HoxD
cluster is silent, such as in the developing forebrain, as if
the necessary structure controlling gene transcription in
digits was already partially preformed [55]. This suggests
that the subsequent recruitment of transcription factors
may merely trigger the transition from a poised to an active
conformation, rather than organizing an entirely new reg-
ulatory context.

Gene deserts, regulatory landscapes and genome
organization
Both Shh and HoxD regulatory landscapes are associated
with gene deserts, and additional evidence suggests that,
rather than being a coincidence, this may reflect a recurrent
feature of long-range regulation. Many gene deserts are
indeed associated with transcription units of particular
importance for the control of embryonic development. These
deserts are usually maintained throughout vertebrate
351
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evolution and tend to contain a range of conserved DNA
sequences potentially required for large-scale regulation
[63]; hence, they often overlap with ‘genomic regulatory
blocks’ (i.e. regions surrounding developmental genes and
defined by both syntenic relations with other species and the
presence of arrays of conserved elements [64]). Accordingly,
candidate enhancers have been isolated from gene deserts
flanking many loci with complex developmental regulation
[65–69]. Also, genetic variations associated with human
diseases often locate into such deserts (see below). Together,
this suggests a function for conserved gene deserts as reser-
voirs of regulatory information.

Such a concentration of regulatory sequences may in
turn keep unrelated transcription units away and thus
contribute to the evolutionary stability of gene deserts,
given the potential deleterious effects of hosting other
transcription units in the vicinity [70]. Although some
enhancers do indeed display high specificity for their target
promoter and can bypass intervening genes (e.g. Shh, [30]),
others are more promiscuous and can affect various unre-
lated genes located nearby [6,71], as illustrated by ran-
domly integrated sensor transgenes, which often adopt
expression specificities of nearby genes [72]. Large regula-
tory landscapes controlled by promiscuous enhancers
might be an efficient means ensuring coordinated regula-
tion of functionally related genes in a given domain or at a
given time [55,69].

Cis-regulatory mutations in human disease
It was recently estimated that up to 40% of genome-wide
association studies point to noncoding DNA intervals as
sources of pathology [73]. Structural variations in non-cod-
ing portions of the human genome, including point muta-
tions, deletions and duplications, as well as rearrangements
separating control elements from their target genes, such as
translocations [74], are thus often associated with genetic
disorders. Various diseases can also be caused by regulatory
mutations affecting the same gene. For example, while
mutations in the SHH limb enhancer cause hand malfor-
mation [3], a point mutation in a candidate CNS enhancer of
SHH leads to holoprosencephaly [75]. Single nucleotide
polymorphisms (SNPs) have been mapped within gene
deserts, where they sometimes alter candidate enhancer
sequences [65,76,77]. In some cases, 3C was used to link a
given SNP to a candidate target gene [76,78–80].

Large chromosome rearrangements and copy number
variations (CNVs) can also affect gene regulation in humans
[74]. For instance, micro-deletions centromeric of the HOXD
gene cluster, as well as a balanced translocation with a
breakpoint within this gene desert, are associated with
malformation of hands and feet similar to those caused by
mutations in HOXD13, suggesting that they alter the regu-
latory archipelago necessary for proper gene expression in
developing digits [81,82]. Likewise, translocations occurring
downstream of PAX6 in individuals with aniridia (absence
of the iris) separate this gene from enhancers active during
eye development [74,83,84]. Duplications that include the
SHH limb enhancer cause three-phalangeal thumb syn-
drome, probably by changing the dose of this protein during
limb development [85]. Finally, deletions, translocations
and duplications involving the two gene deserts flanking
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SOX9 are associated with various developmental disorders
[65,86,87]. In most cases, however, the molecular mecha-
nisms linking noncoding variants to pathological situations
remain elusive.

Concluding remarks
Over the past few years, tremendous progress in genomic
technologies has been achieved, with far-reaching conse-
quences for our understanding of gene regulatory mecha-
nisms. The emerging picture suggests that vertebrate
genes of particular importance for developmental process-
es are often found surrounded by gene deserts and that
these regulatory landscapes can span considerable geno-
mic intervals. Interestingly, although complex gene regu-
lation also exists in classical invertebrate models, it does
not seem to involve comparable distances. This difference
could be related to gene densities and the need to increase
pleiotropic functions in vertebrates. The emergence of such
new regulatory modalities may have been triggered by the
two full genome duplication events that accompanied the
vertebrate radiation. Duplications of gene loci may have
indeed allowed complex regulatory rearrangements to
occur, without being detrimental to the organism.

To elucidate the intricate interactions that exist be-
tween genes and the ever-expanding repertoire of putative
control elements will require investment in mapping the
three-dimensional organization of the genome [88]. Future
directions include the understanding of how specific inter-
actions are formed in the nucleus, and advances in micros-
copy approaches may allow for a more dynamic
visualization of these contacts [89], for instance using
live-cell microscopy. Also, identification of the trans-acting
factors mediating DNA looping is only beginning, and
various reports point to an involvement of transcription
factors, structural proteins, chromatin modifications or
noncoding RNA in this process [90–92]. Yet in many cases,
the proposed mechanistic models for long-range activation
rely on correlations and indirect evidence. Genetic analy-
ses on living organisms will be critical in deciphering the
regulatory logic of such complex loci.

Along with a mechanistic understanding of gene regu-
lation, comparisons between regulatory modalities either
in different tissues and cell types or among various animal
species will allow us to reconstruct their evolutionary
histories. Thus, much in the way that comparing gene
sequences has contributed to identifying a link between
phylogeny and structural variations, comparative regulo-
mics will allow us to trace the hidden origins of our
regulatory circuitries and assess the importance of their
modifications in the acquisition and evolution of functions.
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