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Abstract

Hox gene clusters of jaw vertebrates display a tight genomic organization, which has no
equivalent in any other bilateria genomes sequenced thus far. It was previously argued
that such a topological consolidation toward a condensed, metagenic structure was
due to the accumulation of long-range regulations flanking Hox loci, a phenomenon
made possible by the successive genome duplications that occurred at the root of
the vertebrate lineage, similar to gene neofunctionalization but applied to a coordi-
natedmultigenic system. Here, we propose that the emergence of such large vertebrate
regulatory landscapes containing a range of global enhancers was greatly facilitated by
the presence of topologically associating domains (TADs). These chromatin domains,
mostly constitutive, may have been used as genomic niches where novel regulations
could evolve due to both the preexistence of a structural backbone poised to integrate
novel regulatory inputs, and a highly adaptive transcriptional readout. We propose a
scenario for the coevolution of such TADs and the emergence of pleiotropy at ancestral
vertebrate Hox loci.

Current Topics in Developmental Biology, Volume 116 # 2016 Elsevier Inc.
ISSN 0070-2153 All rights reserved.
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Ever since large Hox gene clusters were reported to exist in both proto-

stomes (Bender et al., 1983; Harding, Wedeen, McGinnis, & Levine,

1985; Sanchez-Herrero, Vernos, Marco, & Morata, 1985) and deutero-

stomes (Boncinelli et al., 1988; Duboule, Baron, Mahl, & Galliot, 1986;

Hart, Fainsod, & Ruddle, 1987), thus indicating unexpected commonalities

in the developmental strategies of all bilateria (Akam, 1989; Duboule &

Dolle, 1989; Graham, Papalopulu, & Krumlauf, 1989), this genetic system,

originally described in Drosophila (Lewis, 1978) has revealed its remarkable

epistemic value. However, the sequencing of genomes belonging to many

different groups of animals, such as e.g. cephalopods (Albertin et al., 2015),

nematodes (Aboobaker & Blaxter, 2003), platyhelminthes (Pierce et al.,

2005), and urochordata (Ikuta, Yoshida, Satoh, & Saiga, 2004; Seo et al.,

2004), has shown that Hox genes are not always found in a clustered orga-

nization, indicating that this particular in-cis topology is indeed not necessary

for the development of many groups of animals. While some genomes carry

compact or disorganized clusters, others have split this series of contiguous

genes at one or in multiple positions (see Fig. 1). Nevertheless, at least one

Atomized

Organized

Disorganized

Split

Figure 1 ThegenomicorganizationofHoxgenesvaries indifferentbilateriananimals.Hox
genes can be found either in tightly organized gene clusters, ca. 100 kb in length, con-
taining few repetitive elements andno foreigngenes (organized) or inmuch larger linkage
group,ca.1 mbinsize, includingrepeatsandsometimesforeigngenes (disorganized).Such
genomic clusters can also be split in various subclusters (split) or even in single unit as in
atomized Hox (non)clusters (atomized). Adapted from Duboule (2007).
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entire Hox gene cluster is present in all metazoans developing their anterior

to posterior axis by following a temporal sequence in the production of

segments, such as short germ band insects or vertebrates, suggesting that

this clustered organization is closely associated with these particular devel-

opmental strategies (“the Hox clock”; see Duboule, 1994; Kmita &

Duboule, 2003).

1. THE RAISE OF HOX METAGENES

Of note, among all animal genomes sequenced thus far and containing

one or several fullHox gene cluster(s), the level of genomic organization and

compaction can vary substantially, from rather large gene complexes, close

to one megabase in size (e.g., Mehta et al., 2013), to much shorter and com-

pact structures. Surprisingly, jaw vertebrate (gnathostomes) display the

highest level of compaction in their Hox clusters, with ca. 10 Hox genes

within 100–120 kilobases (kb) of DNA, very few repetitive elements inter-

mingled, no foreign genes interspersed, and all transcription units encoded

by the sameDNA strand (see Duboule, 2007). Even in squamata, whereHox

clusters are larger than those found in fishes, birds, or in mammals (Di-Poı̈,

Montoya-Burgos, & Duboule, 2009; Di-Poi et al., 2010; Vonk et al., 2013),

their general aspect is clearly related to that of other jaw vertebrate clusters

and their sizes merely 10–20% larger.

As of today, not a single non-jaw vertebrate genome has shown a com-

parable level of compaction. Conversely, not a single vertebrate genome has

revealed aHox cluster resembling the large structures found, for example, in

sea urchins or in Anopheles (Cameron et al., 2006; Holt et al., 2002) (Fig. 2).

Interestingly, the cephalochordate amphioxus Hox cluster, while being

rather well organized still expands over half a megabase of DNA (see

Minguillon et al., 2005). In jaw vertebrates, since neighboring Hox genes

often share global regulations (see below), can be included into the same

transcriptional unit and display redundant functions, this particular clustered

organization was referred to as a “metagene” (Duboule, 1994).

2. A GENOMIC SYNAPOMORPHY

In this particular context, the case of vertebrate agnatha (jawless fishes)

has remained difficult to evaluate. Jawless vertebrates indeed contain Hox

complements whose phylogenetic relations with gnathostomes are difficult

to establish. In the Japanese lamprey, for instance, the number of Hox
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clusters suggest that at least three events of duplication occurred (Mehta

et al., 2013). However, while the R1 and R2 genome duplications (see

Putnam et al., 2008) likely predated the separation between agnatha and

gnathostomata (Kuraku,Meyer, & Kuratani, 2009), the comparative analysis

of potential conserved regulatory sequences raised the possibility that

agnatha separated from jaw vertebrates at an earlier stage (discussed in

Mehta et al., 2013). In any case, however, the average size of the Japanese

lampreyHox clusters, while somewhat variable, is clearly closer to the inver-

tebrate situation than to the gnathostome standard. For example, the

Hoxdelta cluster (likely related to the tetrapod HoxD cluster) is 700 kb large

and contains a range of repeats (Mehta et al., 2013). Therefore, by using this

particular criterion, lampreys seem to be an interesting exception among

vertebrates, which will be further discussed below.

Altogether, compact and well-organized Hox clusters thus appear to

be a “genomic synapomorphy” of gnathostomes (Fig. 2). As previously

argued (Duboule, 2007), there are essentially two exclusive phylogenetic

Lophotrochozoa

Ecdysozoa

Echinodermata

Urochordata

Cephalochordata

Vertebrates

Hemichordata

Agnatha

Disorganized

Atomized

Gnathostomata Organized

Disorganized 
Split
Atomized

Disorganized 
Split
Atomized

Disorganized

Disorganized

Disorganized

Ancestral
bilateria

Figure 2 Distribution of various types of Hox gene organization among the major
groups of bilateria. While invertebrates (Ecdysozoa and Lophotrochozoa) contain taxons
with disorganized, split, or atomized Hox gene clusters, echinoderms and chordates
seems to generally contain disorganized gene clusters, with the exception of urochor-
dates, which do not have distinctive clusters and gnathostomes (jaw vertebrates), which
all display tightly organized Hox gene clusters. Adapted from Duboule (2007).
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explanations to account for this observation. In the first view, a bilateria

ancestor carried a compacted Hox gene cluster, which became subsequently

disorganized, split, or atomized in every single branch derived from this

ancestor, except in jaw vertebrates. Accordingly, gnathostomes would be

the only extant direct representatives (Hox-wise) of our bilateria ancestor,

an alternative that cannot reasonably be considered outside a theological

context.

The alternative scenario involves the presence of a large and disorganized

Hox cluster in the bilateria ancestor, as a result of gene duplications in cis.

This type of cluster was conserved in many animal groups, due to the exis-

tence of in-cis constraints in the temporal activation of these genes (Duboule,

1992). As a consequence, all taxa escaping this major developmental con-

straint via a distinctive ontogenetic strategy such as a cell lineage-dependent

developmental process could have split or atomized their gene clusters with-

out damages (discussed in Duboule, 1994, 2007). This scenario, however,

implies that Hox gene clusters became organized and compacted during

the evolution of gnathostomes. At first, this proposal appears slightly coun-

terintuitive, as we tend to associate some entropy to evolutionary mecha-

nisms. In this case indeed, the Hox clusters must have evolved into a

higher level of genomic organization, while being located within genomes,

which are themselves globally less compact than many invertebrate

genomes, at least in terms of gene density.

3. REGULATORY PRIMING

Both the proximal cause of such a “consolidation” of Hox clusters in

gnathostomes and the nature of its underlying mechanism(s) have remained

speculative and poorly understood. Based on genetic studies using the mouse

HoxD cluster as a paradigm, it was proposed that the evolution and progres-

sive accumulation of long-range regulations at the vicinity of the gene clus-

ter may have triggered the cluster to optimize its transcriptional response by

becoming better organized. For example, vertebrate Hox genes are all

encoded by the same DNA strand and large repeats seem to be excluded

from these genomic loci, even though some taxa display more than others

(see Di-Poı̈ et al., 2009; Duboule, 2007; Simons, Makunin, Pheasant, &

Mattick, 2007). It was also proposed that the presence of a strong global

enhancer outside the gene cluster itself may “prime” the region for the de

novo emergence of novel enhancers, as if the former would facilitate or pre-

pare the evolution of the latter, a process which may have been critical for

303Topological Domains and Hox Metagenes



the evolution of jaw vertebrates. This concept of “regulatory priming”

(Gonzalez, Duboule, & Spitz, 2007), however, has remained devoid of

any mechanistic basis.

Recent advances in the study of chromatin structure and long-range

gene regulation now provide us with an emerging conceptual framework

that helps reconsidering these issues. In particular, the past 10 years have seen

important changes in the way we contemplate developmental gene regula-

tion in vertebrates, whereby the complexity of the transcription unit itself

has been progressively replaced by the complexity of its regulatory modal-

ities (e.g., Spitz & Furlong, 2012). The first element to consider is that many

transcription factors or signaling molecules of key importance for a given

developmental mechanism are generally highly pleiotropic and thus require

multiple regulatory inputs. Second—and likely related to this former

observation—the various enhancer sequences in charge of these distinct

controls in space and time are found over very large distances from the target

genes. Such a concentration of long-range transcriptional controls (Lettice

et al., 2003), referred to as regulatory landscapes (Spitz, Gonzalez, &

Duboule, 2003) have now been described around many such genes (e.g.,

Montavon &Duboule, 2012; Symmons et al., 2014), usually extending over

a genomic interval much larger than the size of the target gene itself (e.g.,

Amano et al., 2009; Berlivet et al., 2013; Ruf et al., 2011).

4. SO NEAR AND YET SO FAR

Gene regulation via long-range acting enhancers, however, raises a

number of questions related both to the mechanism of enhancer–promoter

contact (de Laat & Grosveld, 2003; Tolhuis, Palstra, Splinter, Grosveld, &

De Laat, 2002) and to the choice and selectivity either of the target

gene(s) or of the appropriate enhancer whenever complex regulatory land-

scapes are involved (reviewed in Spitz & Furlong, 2012). The recent obser-

vation that such regulatory landscapes often display constitutive chromatin

organizations in 3D, i.e., even in the absence of transcription, allows to

address these various issue in a slightly different context. By using chromo-

some conformation capture (de Laat & Dekker, 2012), a large regulatory

landscape containing series of digit enhancers was initially described

upstream the HoxD gene cluster (Montavon et al., 2011). This particular

genetic environment also displayed constitutive contacts, i.e., interactions

present in cell types devoid of any HoxD transcripts. Because this ca.
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1 mb large constitutive chromatin domain is delimited by clear boundaries at

both ends, which are shared between different, active, or inactive cell types,

the existence of a poised regulatory structure was proposed, whose spatial

and functional organization would slightly change in digit cells transcribing

the requested target HoxD genes.

The presence of related chromatin domains along the entire genome was

subsequently observed by using Hi-C and 5C technologies (Dixon et al.,

2012; Nora et al., 2012) and referred to as topologically associating domains

(TADs; Dixon et al., 2012). TADs tend to be structurally conserved during

cell differentiation, even though interactions occurring either inside or

in-between TADs may vary (Berlivet et al., 2013; Dixon et al., 2015;

Giorgetti et al., 2014). While the potential functions of these chromatin

domains, for example, as units of coordinated gene regulation or as a means

to prevent regulatory interferences, have been discussed (Nora, Dekker, &

Heard, 2013; Symmons et al., 2014), the causality of such processes often

remains to be clearly established (see de Laat & Duboule, 2013).

5. WITH A LITTLE HELP FROM MY TAD

A comparison between the ES cells dataset from the Ren laboratory

(Dixon et al., 2012) and our in embryo study of theHoxD loci confirmed that

the two large regulatory landscapes flanking the HoxD cluster were also

scored byHi-C using embryonic cells and hence they correspond to genuine

TADs (Andrey et al., 2013). In addition, functional analysis revealed that

these two TADs were active at different times without any temporal overlap

and contained various sets of enhancers (Andrey et al., 2013; Delpretti et al.,

2013; Lonfat, Montavon, Darbellay, Gitto, & Duboule, 2014). Considering

these new elements, how can TADs help us think about potential mecha-

nisms leading to the evolutionary consolidation ofHox gene clusters in early

vertebrates?

If Hox clusters became progressively better organized in response to the

accumulation of global enhancers located outside, as proposed above, then

the force driving such an accumulation of regulations, i.e., the mechanism

underlying this “regulatory priming” ought to be the cause of consolidation.

In fact, every additional evolution of a given regulatory sequence within the

landscape would help tighten the organization of the gene cluster such as to

improve a subset of the global adaptive value of the system.Wewould like to

argue that TADs facilitated this process through their constitutive aspect,
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i.e., the fact that a poised chromatin structure existed even in the absence of a

transcriptional read out. In this view, TADs were used as particular chroma-

tin niches where novel enhancer sequences have evolved (Lonfat &

Duboule, 2015) (Fig. 3).

6. TAD HIJACKING

Why should this be the case? At many developmental loci, TADs are

often considered as global and independent regulatory units including their

target genes (e.g., see Symmons et al., 2014). Accordingly, the de novo

appearance of a transcription factor specific binding sequence within a given

TAD may trigger cells to experience a new differentiation pathway, which

may or may not be further elaborated depending on its adaptive value for the

organism. In this view, TADs may be seen as regulatory toolkits, as chroma-

tin playgrounds where various factors may have experienced some successful

or (mostly) unsuccessful encounters (Lonfat & Duboule, 2015; Lonfat et al.,

2014). Understandably, such a trial and error process may function more

efficiently should a poised regulatory structure such as TADs already exists,

thus merely reducing its cooptation to the progressive evolution of a robust

DNA binding sequence inside. Such a structure may favorably “attract” and

“sequester” factors and facilitate the latter process, due to a general chroma-

tin environment (a niche) already implementing related types of long-range

controls in distinct cellular contexts.

This hypothesis, however, does not explain how this initial protein–
DNA recognition can occur. It nevertheless helps thinking about the other

necessary factors for a productive interaction to develop, such as the contact

with proximal promoter elements and the presence of the required cofac-

tors. Also, the emergence of a novel enhancer within a given TAD likely

reenforced the global structure, for example, by evolving novel constitutive

contacts in parallel, supporting the new transcription task. This in turn may

have triggered new regulatory sequences to emerge, thus leading to a virtu-

ous circle and the observed concentration of enhancers of all kinds within

some TADs at developmental loci with high pleiotropic functions (Fig. 3).

7. TAKE IT OR LEAVE IT

Interestingly,HoxD cluster is located at the border of two TADs, each

chromatin environment regulating a well defined and rather invariant subset

of target genes. For instance, the centromeric TAD contains enhancers
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Figure 3 See legend on next page.
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active in the developing digits and genitals. In both cases, the Hoxd13 to

Hoxd9 group of genes is the main target of this regulating landscape

(Lonfat et al., 2014; Montavon et al., 2011), even though the function of

Hoxd13 alone would likely be sufficient (Delpretti, Zakany, & Duboule,

2012; Kmita et al., 2005). The same holds true for the telomeric

TAD, where the Hoxd11 to Hoxd8 subgroup seems to be coordinately

regulated, for example, in the developing forearm and intestinal caecum

(Andrey et al., 2013; Delpretti et al., 2013). Therefore, it appears that the

system itself experiences some internal constraints and that, consequently,

Figure 3 TAD-dependent emergence of multiple global regulations atHox loci and con-
comitant consolidation of the Hox gene clusters in jaw vertebrates. (A) Initially, an ances-
tral disorganized Hox genes (blue) cluster implements its collinear regulation along the
rostral to caudal axis through series of internal regulatory sequences (cis-regulation;
black). The cluster may also contain unrelated genes (orange). In (B), some genes of
the cluster become coordinately regulated by the evolution of a strong enhancer
located outside the cluster itself, such as not to interfere with the internal regulatory
organization. As a consequence, the transcriptional response (the adaptive value)
becomes slowly optimized via the progressive genomic rearrangement of the target
genes (start of consolidation), in order to optimize their response to this new regulation.
This initial meta-cis regulation through a “pioneer enhancer” (PE) triggers the formation
of a local 3D architecture. (C) Should this coordinated transcriptional control be of some
adaptive value, the 3D structure may start to be stabilized or strengthened by the
evolution of constitutive interactions (brown ovals), which will help and improve the
interactions between the pioneer enhancer and its targets. This global (meta-cis)
regulation may however interfere with some of the constraints imposed by the internal
collinear mechanism. (D) This antagonism between cis andmeta-cis regulations is partly
released after genome duplications, which allows some functional compensation to
occur between the duplicated clusters and thus restores more flexibility in evolving
global regulations. As a consequence of genome duplication, this 3D structure will thus
facilitate the evolution of yet other global enhancers on each duplicate (HoxY andHoxZ),
due to the preexistence of a poised transcriptional read out of high adaptive value. This
process of “regulatory priming” (Gonzalez et al., 2007) will continue as a virtuous circle
and progressively lead to the maximal compaction of the target Hox gene cluster, with
all genes in the same transcriptional orientation, very few repeats and no longer any
foreign genes interspersed. (E) At the same time, large and constitutive regulatory
domains will be observed on both sides, reflecting the successful cooption of many
global enhancers that accompanied the emergence of most jaw vertebrate innovations
(see the text). These domains correspond to topologically associating domains (TADs)
(Dixon et al., 2012; Nora et al., 2012). In (B)–(D), only one of the flanking regions of the
cluster is shown for sake of simplicity, even though the same mechanism may apply to
the other. In (E), only two clusters are shown instead of the four derived from both
rounds of genome duplications.
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not all possibilities exist regarding the evolution of novel regulations. In this

view, whichever new tissue specificity may evolve within one of these

TADs, the transcription readout will be predetermined according to the

internal properties of the system. This fixed and coordinated response of

groups of target genes results from the compaction of the gene cluster, which

in our hypothesis is itself due to the accumulation of enhancers, illustrating

how the evolving system may generate its own set of constraints.

In this oulipian scheme, it is conceptually difficult to imagine the emer-

gence of a subtle, fine-tuned type of regulation, affecting a single gene in a

precise manner. Instead, the evolution of global enhancers within either one

of these TADs likely resulted in the massive activation of a prefixed battery

of neighboring target genes, leading to major modification of the resulting

animals. In this context, it is interesting to note that all enhancers located

nearby the HoxD clusters are involved in structures of major importance

for the vertebrate lineage (Spitz, Herkenne, Morris, & Duboule, 2005).

Therefore, while TADs may have represented powerful means to evolve

pleiotropy at important developmental loci, it may have equally prevented

other regulatory input to emerge, due to the constraints imposed by the sys-

tem itself and the existence of a metagenic structure at its target end.

8. PIONEER ENHANCERS

It is as yet difficult to evaluate whether the constitutive contacts within

a given TADs (i.e., contacts not involved in themselves into a transcriptional

read out) predated the appearance of specific regulations or instead, if an ini-

tial contact between a promoter and an enhancer became strengthened via

the subsequent addition of a constitutive architecture. This conundrummay

be addressed in the future by comparing TADs either between different spe-

cies, or between paralogous loci within the same group. Because a consti-

tutive interaction in itself may not carry an adaptive value as strong as a first

specific regulatory contact, we favor the latter possibility as a theoretical

starting point (see Fig. 3). Accordingly, an initial productive enhancer–
promoter interaction had to be established in order to initiate the process

by securing a basic constitutive regulatory landscape leading to a tissue-

specific enhanced transcription of a group of Hox target genes (Fig. 3A

and B).

In this view, a pioneer enhancer sequence must have initiated the system

and thus facilitated the evolution of subsequent enhancers within the same

TAD. This view is somewhat analogous to the concept of pioneer factors
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(Zaret & Carroll, 2011), yet it ought to be considered in an evolutionary—

rather than developmental—framework; while pioneer transcription

factors facilitate the recruitment of additional factors at a given locus by

locally reorganizing chromatin during development or reprogramming

(Iwafuchi-Doi & Zaret, 2014), pioneer enhancers would have facilitated

the emergence of novel regulatory sequences over evolutionary times, by

providing an appropriate chromatin structure and transcriptional readout

where trial and error processes can occur.

9. REGULATORY PALEONTOLOGY

As a consequence of the previous proposal, TADs containing series of

enhancers associated with highly pleiotropic loci should contain traces of

their evolutionary histories. A detailed structure–function comparison

between orthologous TADs in various species, associated with the presence

or absence of the corresponding morphological traits, should allow for a

reconstitution of their progressive evolutionary trajectories, concerning

both their specific enhancer sequences and their constitutive architectural

contacts, up to the original pioneer enhancer sequence, which may not have

been necessarily conserved through time, and corresponding binding fac-

tors. While such reconstitutions or parts thereof—may be easy whenever

regulations will concern characters separated by large evolutionary distances

(for example, the emergence of limbs and mammary glands), they may turn

out to be more difficult for characters sharing close evolutionary timing and

adaptive value, such as digits and genitals (see Lonfat et al., 2014). In this

latter case, the question as to which enhancer was first may remain unsolved.

In summary, we propose that initial TAD-like structures, formed by pio-

neer enhancers, may have helped accumulating global regulations upstream

the Hox clusters. The concomitant optimization of the transcriptional

response triggered a progressive structural consolidation of the gene clusters.

Such an accumulation of regulations, however, was possible only after a

genome duplication event had occurred such that internal constraints

applied to the gene cluster itself (and to its early critical function during trunk

development) were partially released as a consequence of functional redun-

dancy (Fig. 3C and D). Some issues, however, remain difficult to integrate

into this conceptual framework. For instance, agnatha such as the Japanese

lamprey likely experienced several genome duplications and yet the Hox

clusters have not been consolidated (Mehta et al., 2013) as in other
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vertebrates. This suggests that the emergence of global regulationmay not be

a trivial event and that genome duplications were not sufficient to trigger this

important step, at least at these loci. Concerning lampreys, it will be inter-

esting in the future to evaluate if at least one pioneer global enhancer exists

flanking either one of the Hox clusters. In any case, it is striking to see that

lampreys do not exhibit any of the morphologies that were associated with

global regulations at the HoxD cluster, such as for example the proximal

and distal limbs, external genitals, intestinal caecum, and the metanephric

kidneys.

Equally difficult to understand is how all four Hox gene clusters were

almost equally consolidated along the gnathostome lineage (as schematized

in Fig. 3). A parsimonious answer is that consolidation had started before

genome duplications had occurred, under the form of a common pioneer

global enhancer, which may have started to control several genes coordi-

nately in one particularly adaptive structure of an ancestral chordate

(Fig. 3). The accumulation of regulations triggered by this enhancer, how-

ever, may have initiated only after duplications of the locus. In this scenario,

the presence of a pioneer enhancer would not only have allowed for plei-

otropy and consolidation to develop, but would have made it the rule

for jaw vertebrates Hox clusters. If true, all four Hox clusters should ad

minima be the target of some global regulations. While this is clearly the

case for HoxA (Berlivet et al., 2013; Woltering, Noordermeer, Leleu, &

Duboule, 2014) and HoxD (see, e.g., Andrey et al., 2013; Montavon

et al., 2011; Spitz et al., 2003), the situation is less clear either for HoxB

or for HoxC. While the HoxB cluster seems to reside at the boundary

between two TADs, similar to both HoxA and HoxD (unpublished obser-

vations) suggesting the existence of flanking global regulations, the HoxC

cluster however does not display this particular organization, at least when

an ES cells dataset is used (Dixon et al., 2012). Further studies on the reg-

ulations of the HoxB and HoxC clusters may be informative in this respect.
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