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Abstract

Hox proteins are key regulatory transcription factors that act in different tissues of the embryo to 

provide specific spatial and temporal coordinates to each cell. These patterning functions often 

depend on the presence of the TALE-homeodomain class cofactors, which form cooperative DNA-

binding complexes with all Hox proteins. How this family of cofactors contributes to the highly 

diverse and specific functions of Hox proteins in vivo remains an important unsolved question.

Here we review the most recent advances in understanding the molecular mechanisms underlying 

Hox-TALE function. In particular, we discuss the role of DNA shape, DNA- binding affinity and 

protein-protein interaction flexibility in dictating Hox-TALE specificity. We propose several 

models to explain how these mechanisms are integrated with each other in the context of the many 

distinct functions Hox and TALE factors carry out in vivo.
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A widely used set of Hox cofactors: the TALE proteins

Embryonic development relies on the activity of a relatively small number of regulatory 

factors that provide spatial and temporal coordinates to each cell. Among these molecules 

are the Hox transcription factors (TFs), homeodomain (HD)-containing proteins that are 

required for patterning the anterior-posterior (AP) axis of all bilaterian animals [1]. Hox 

proteins are also implicated in organogenesis [2] as well as the specification of individual 

cell types [3], illustrating their wide range of activities during animal development.

Hox genes are organised in paralog groups that emerged from successive duplications over 

the course of animal evolution [4]. These duplication events allowed the diversification of 
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Hox expression patterns and functions, which have been remarkably conserved across vast 

evolutionary distances. In total, Hox proteins are classified into anterior (paralogs 1-2), 

central (paralogs 3-8) and posterior (paralogs 9-13) paralog groups (Figure 1a). In both 

vertebrates and invertebrates, mutations that alter the normal order of Hox paralog 

expression along the AP axis lead to dramatic homeotic transformations where one body 

part develops in place of another, due to the deployment of Hox-controlled developmental 

programs at inappropriate positions in the embryo [1].

Hox proteins bind DNA via their HDs, a 60 amino acid domain that is highly similar even 

among distant Hox paralogs, particularly at residues known from structural studies to make 

direct contacts with the DNA [5]. Consistent with these observations, on their own Hox 

homeodomains bind to very similar DNA sequences in vitro: anterior and central paralogs 

typically bind sequences that contain a TAAT while posterior paralogs have a preference for 

TTAT [6]. These generic and overlapping DNA binding properties are difficult to reconcile 

with the paralog-specific functions Hox factors execute in vivo, leading to what has been 

referred to as the Hox specificity paradox [7]. One solution to this paradox is that Hox 

proteins bind DNA with the help of additional cofactors in vivo. Indeed, as first implied by 

genetic experiments [8] and then confirmed by in vitro studies [9], DNA binding cofactors 

modify Hox DNA-binding specificities. The main families of Hox cofactors are the PBC, 

Meis and Prep families, which all belong to the so-called three amino acid loop extension 

(TALE, Box 1) class of HD-containing TFs [10,11]. These cofactors have the capacity to 

bind DNA cooperatively with Hox proteins (Figure 1b), which is critical for their ability to 

modify Hox DNA binding specificity.

In this article, we focus on the role of TALE cofactors in Hox specificity, with the goal of 

integrating recent structure/function and high-throughput in vitro data with in vivo genetic 

and genome-wide binding data. We discuss the role of DNA-binding site affinity in dictating 

Hox-TALE specificity, and the existence of distinct interaction modes between Hox, TALE 

cofactors, and DNA. We speculate that Hox-TALE-DNA complexes have the flexibility to 

exist in multiple binding modes that are tailored to execute the many distinct functions these 

factors carry out in vivo.

Flavors of Hox-TALE target genes

Before discussing the nature of Hox-cofactor binding sites, it is important to take a step back 

and consider the types of target genes Hox and TALE proteins are thought to co-regulate. As 

discussed in an earlier review [7], not all interactions between Hox proteins and their target 

genes need to be exquisitely specific. There are two main reasons for this. For one, some 

target genes may be regulated by more than one Hox protein (Figure 2, Key Figure). For 

example, the Drosophila Hox target gene Distalless (Dll), which is expressed in the limb 

primoridia of thoracic segments, is repressed by several Hox proteins in the abdomen [12]. 

Similarly, in C. elegans the terminal differentiation gene mec-3 is activated in two different 

touch receptor neurons by two different Hox proteins binding to the same Hox-TALE 

binding site [13]. Other so-called semi-paralog specific genes have been described in 

Drosophila [14] and mouse [15]. In these examples, the binding sites mediating this type of 

regulation do not need to be specific for a single Hox paralog. This regulation often, but not 
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always, depends on the TALE cofactors [14,16], illustrating the diversity of the underlying 

molecular mechanisms (see also below). Along the same lines, other target genes might be 

regulated by even more, or in principle all, Hox paralogs and are referred to as paralog non-

specific 12,17] (Figure 2).

A second reason for why some Hox or Hox-TALE binding sites may not require paralog 

specificity is a consequence of Hox expression patterns and the combinatorial nature of 

transcriptional regulation. If there is only a single Hox protein expressed in a particular 

tissue or cell type, then it is not a problem if multiple Hox proteins have the potential to bind 

the same binding sites – in cells where the target gene is not regulated, the binding sites may 

be inaccessible due to chromatin structure or critical cofactors may be missing. Although the 

specific binding sites are not known, a possible example of this scenario is the regulation of 

genes in the tritotocerebrum by the Drosophila Hox protein Labial [18] where it has been 

shown that other Hox proteins have the capacity to take Labial's place. However, during 

normal development, other Hox proteins never have the opportunity to regulate genes in this 

part of the brain because they are not expressed there. In other words, in this case, Labial 

‘specificity’ is provided to a large extent by the combination of transcription factors that 

create the ‘tritocerebrum context’ and apparently not by the Hox binding site itself (Figure 

2).

These scenarios, however, contrast with those in which target gene specificity for a single 

Hox paralog is essential (Figure 2). Although it is not yet known how many target genes 

require paralog specificity, according to at least one set of measurements in which RNA-seq 

profiles were compared following the ubiquitous expression of individual Hox proteins in 

Drosophila, a large number of target genes are regulated in a paralog-specific manner [26]. 

However, it is unclear from these experiments how much of this regulation is due to direct 

DNA binding. Two different strategies have been described that result in paralog-specific 

gene regulation. In one strategy, specificity depends on paralog-specific DNA-binding sites. 

The best example is the regulation of the salivary gland promoting gene forkhead (fkh) by 

the Hox protein Sex combs reduced (Scr) in Drosophila. Scr is the only Drosophila Hox 

protein capable of initiating the salivary gland development program even though the 

progenitor cells are present in other segments where other Hox proteins are expressed. The 

solution in this case is the use of binding sites that are highly specific for Scr-TALE 

complexes and are much more poorly bound by most other Hox-TALE complexes [19,20]. 

The one exception is Deformed (Dfd), which also has the potential to bind these sites with 

Exd, albeit with lower affinity. However, in contrast to Scr, Dfd binding results in repression, 

not activation, of reporter genes made with these binding sites [21]. Thus, in this case 

specific target gene regulation relies on the combination of semi-paralog-specific binding 

sites and non-DNA binding domains N-terminal to the Hox homeodomain that control the 

sign of gene regulation. Two other Hox target genes that depend on highly specific binding 

sites have been described in Drosophila [22,23].

As illustrated by the regulatory differences between Dfd and Scr discussed above, target 

gene specificity can also emerge from paralog non-specific or semi-specific binding sites. In 

these cases, specificity is provided by Hox-specific regulatory activity that is independent of 

DNA binding (Figure 2). Another example is Foxp1, which is specifically repressed by 
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Hoxc9 in the mouse embryo despite the fact that Hox4-10 paralogs display comparable 

cooperative DNA-binding with Pbx3 to its cis-regulatory binding sites [24]. Paralog-specific 

repression is mediated by a region in the Hoxc9 N-terminus that has no appreciable impact 

on DNA-binding. Such specific regulatory output might be mediated by the direct 

recruitment of specific co-regulator(s) or by forming a structurally distinct complex with the 

TALE cofactors that recruits specific co-regulators (see below and [25]).

As the above discussion illustrates, Hox regulation of target gene expression in vivo is likely 

the result of a complex mixture of binding site specificity (ranging from paralog specific to 

paralog-non-specific), cellular context, and non-DNA binding mechanisms controlling their 

activity. Given these examples, we discriminate between five classes of Hox target genes that 

are regulated by binding sites with varying degrees of paralog specificity (Figure 2):

Class 1: Paralog specific target genes regulated by paralog specific binding sites.

Class 2: Paralog specific target genes regulated by paralog non-specific binding sites.

Class 3: Semi-paralog specific target genes regulated by binding sites with intermediate 

specificity.

Class 4: Paralog non-specific target genes that have multiple regulatory inputs, each of 

which depend on paralog specific binding sites or ones with intermediate specificity.

Class 5: Paralog non-specific target genes regulated by paralog non-specific binding 

sites.

The latent specificity of Hox-cofactor complexes

The existence of class 3, 4, and in particular class 1 target genes requires binding sites such 

as the one in fkh that can discriminate between different Hox paralogs to different degrees. 

Given the highly similar binding specificities of Hox homeodomains, binding site 

discrimination must depend on cofactors. Moreover, the observation that the same set of 

common cofactors, i.e. the TALE homeodomain proteins, can provide additional specificity 

for the entire set of Hox proteins suggests that specificity is built into each Hox protein and 

that cofactors are needed to uncover this specificity. This mechanism, termed latent 
specificity, was most strongly supported by in vitro experiments using a platform called 

SELEX-seq (Box 2), in which a large portion of the binding site universe was sampled for 

both monomeric Hox proteins and for Hox-cofactor complexes [27,28]. Using this method, 

Hox proteins selected very similar binding sites to each other in the absence of cofactors 

(Figure 3a). But in the presence of cofactors, distinct binding site preferences were observed 

(Figure 3a). Thus, latent specificity information is revealed upon complex formation with 

TALE cofactors.

X-ray crystal structures of Hox-PBC-DNA complexes have provided some mechanistic 

insights into the latent specificity concept for one Hox-TALE-DNA complex. Most 

informative were a pair of complexes with the same proteins (the Hox protein Scr and 

cofactor Exd) bound to two different DNA sequences [20]. One sequence, fkh250, preferred 

to bind Scr-Exd over other Hox-Exd heterodimers, while the other sequence, fkh250con, did 

not prefer a particular Hox-Exd heterodimer. There were three important differences 
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between these two structures: 1) the N-terminal arm and adjacent residues of the Scr 

homeodomain were more ordered in the fkh250 structure, 2) careful measurements of minor 

groove width revealed that there were two local minima in the fkh250 structure but only one 

minimum in the fkh250con structure, and 3) the additionally ordered residues in the fkh250 
structure included an Arg and a His whose side chains inserted into the second minor groove 

minimum (Figure 3c); importantly, these side chains were necessary for Scr to activate an 

Scr-specific reporter gene, fkh250-lacZ, in vivo. Further, DNA structure predictions 

suggested that the differences in DNA structure were sequence dependent and not influenced 

by protein binding. Thus, at least for this Hox-cofactor complex, latent specificity was a 

consequence of a three-way collaboration between the Hox protein, the cofactor, and the 

DNA: the fkh250 DNA sequence resulted in a minor groove binding site for basic side 

chains (Arg, His); Scr had the correct sequence of amino acids to read that structure; and due 

to a protein-protein interaction, the TALE cofactors positioned those side chains so they 

could insert into the minor groove width minima (Figure 3c).

DNA structure is a consequence of DNA sequence, making it difficult to tease these two 

modes of recognition apart. To determine if the recognition of DNA structure occurred 

independently of base recognition, SELEX-seq experiments were performed with Scr 

mutants in which the minor groove-inserting Arg and His residues were changed to alanines, 

thus abrogating their ability to recognize minor groove width minima [29]. The results from 

these and other experiments demonstrated that the minor groove width recognizing side 

chains were both necessary and sufficient for selecting binding sites with this particular 

structural feature. Further, conferring the ability to read Scr's preferred minor groove 

structure to a naive Hox protein endowed that factor with the ability to activate fkh250-lacZ 
in vivo [29]. Thus, the recognition of DNA structure is a direct mode of DNA recognition 

that is independent of other sequence-dependent modes of recognition such as forming 

hydrogen bonds with bases in the major groove, and this mechanism is important for specific 

DNA binding and gene regulation in vivo.

The latent specificity mechanism and the importance of DNA structure in protein-DNA 

recognition are not limited to Hox-cofactor-DNA complexes. Analogous phenomena have 

been described for several other transcription factors, as summarized in previous review 

articles [30,31]. Further, although the recognition of minor groove width is likely to be 

relevant for other protein-DNA complexes, we speculate that there are additional structure-

based readout mechanisms, such as DNA flexibility, that are also used for specific binding. 

When available, additional high-resolution 3D structures of protein-DNA complexes will 

likely provide additional insights into these mechanisms. Together with DNA-induced 

allostery, where a DNA sequence induces changes in protein structure or binding [30–33] 

structure-based readout mechanisms reveal several additional layers of complexity beyond 

the simple recognition of DNA bases that protein complexes exploit to achieve specificity.

Non-consensus and low affinity DNA-binding sites underlie Hox specificity

The latent specificity mechanism goes a long way towards providing a plausible solution for 

the Hox specificity paradox because it reveals how new, more complex DNA binding 

specificities can be generated as a result of protein-protein interactions. However, there is 
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still a large disconnect between the in vitro specificities uncovered by SELEX-seq or other 

high throughput in vitro methods and the sequences recognized by transcription factors in 
vivo (Figures 3b and 4a). For example, although they are related to the SELEX-seq-derived 

DNA sequences, the exact binding sites recognized by Hox-cofactor complexes in the Dll 
and fkh genes were not discovered by SELEX-seq experiments. Chromatin 
immunoprecipitation (ChIP) experiments also highlight a general problem with consensus 

binding sites. Although ChIP experiments frequently reveal a statistically significant 

enrichment of consensus binding sites, it is often difficult to find exact matches to these sites 

in ChIPed DNA fragments [31,34–36]. While some of this may be due to higher order 

chromatin structure leading to indirect precipitation, recent results raise the possibility that 

binding in vivo, as identified by ChIP experiments, may frequently be due to low affinity 

binding sites that do not fit known consensus sequences.

For example, the Drosophila abdominal Hox proteins Ultrabithorax (Ubx) and Abdominal-A 

(AbdA) activate the gene shavenbaby (svb) through a set of enhancers positioned many 

kilobases upstream from the transcription start site [14]. According to ChIP experiments, 

Ubx is bound directly to these enhancers in vivo [37]. In vitro, the TALE cofactors Exd and 

Hth bind specifically and cooperatively with Ubx and AbdA to each enhancer via multiple 

Hox-cofactor binding sites. However, these binding sites do not fit either the consensus for 

Hox monomer or Hox-TALE composite sites (Figure 4a). Importantly, these sites are also 

low affinity: they have less than 5% of the affinity relative to the highest affinity Hox-

cofactor binding site. In vitro experiments demonstrate that increasing the affinity of these 

sites results in a loss of paralog specificity and, consequently, svb enhancers that have been 

mutated to include higher affinity Hox-TALE binding sites drive expression in cells that 

normally do not express svb. Thus, at least for these svb enhancers, Hox specificity requires 

low affinity, non-consensus Hox-TALE binding sites. Previous examples of the importance 

of low affinity transcription factor binding sites have been reported in a variety of contexts, 

suggesting that this phenomenon is likely to be general [38–43]. For example, low affinity 

binding sites have been shown to be important for the activation of enhancers regulated by 

Hedgehog signalling in Drosophila [41] and for the correct timing of enhancer activity in C. 
elegans [40].

The purely in vitro SELEX-seq data for the Drosophila Hox-TALE complexes also support 

the idea that specific Hox-TALE binding sites must be low affinity [27]. Although 

comparisons between any two Hox-TALE complexes can identify binding sites in the 

medium to high affinity range (>0.3 relative affinity) that prefer one complex over the other, 

no binding site in this affinity range binds to only one of the eight Hox-cofactor complexes 

[27]. Even binding sites that prefer one of the three paralog groups (paralog groups 1-2, 3-8, 

or 9-13) over the other two have a relative affinity of ~0.1 or less. Thus, in this large and 

unbiased sampling of Hox-TALE binding sites, paralog specific sites were only found in the 

low affinity range (Figure 3b). Also significantly, the number of sequences in this affinity 

range is very large compared to the more stringent high affinity range, suggesting that nature 

has many sequences to choose from to achieve specificity. The predominance of low affinity 

binding sites that do not easily fit high affinity consensus sequences makes their 

computational identification in eukaryotic genomes extremely challenging.
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Relying on low affinity binding sites is not the only method that enhancers employ to 

increase specificity. As recently demonstrated by an elegant high-throughput method for 

enhancer mutagenesis in Ciona embryos [44], enhancer specificity also depends on 

imperfect spacing between binding sites for multiple transcription factors. In these 

experiments, the activities of more than two million variants of a Fibroblast Growth Factor 

(FGF)-responsive enhancer were assayed in vivo. Replacing low affinity sites with ones that 

better fit consensus binding sites, or improving the spacing between sites, resulted in 

inappropriate and ectopic enhancer activity. Thus, the use of low affinity and suboptimal 

arrangements of binding sites may be a general feature of enhancers that must be active in 

specific cell types or tissues.

Flexibility in Hox-TALE interaction properties and the recognition of low 

affinity DNA-binding sites

Biochemical, mutagenesis, and structural studies demonstrated that the interaction between 

PBC proteins (Exd and Pbx) and Hox proteins is mediated by the tryptophan containing W 
(or hexapeptide; HX) motif in Hox proteins with the TALE loop of the PBC homeodomain 

[7]. Although these interactions have been primarily documented when bound to sites that fit 

the Hox-TALE consensus nnGAYnnAYnnn, they are also likely to occur on non-consensus, 

low affinity binding sites as well. For example, although the highest affinity binding sites 

discovered by Hox-TALE SELEX-seq experiments generally fit this consensus, many 

thousands of binding sites were identified that do not fit this simple consensus [27]. 

However, with the exception of Scr-Exd bound to the binding site in fkh250, there are 

currently no other structures of Hox-cofactor complexes bound to low affinity binding sites. 

We can therefore only speculate that other Hox proteins bound to low affinity sites also use 

latent specificity-based mechanisms that rely in part on the recognition of DNA shape 

(Figure 3b). Despite the limited amount of structural data, this idea is supported by the 

observation that residues surrounding the W motif are well conserved in a paralog-specific 

manner [5].

Importantly, the W motif is not the only PBC interaction motif in Hox proteins, and it is 

even dispensable for some PBC-dependent Hox functions (see [25] for review). The 

existence of alternative interaction modes between Hox and PBC proteins was definitively 

established with the identification of novel PBC interaction motifs in several Drosophila 
Hox proteins [45–47]. These motifs were shown to be important for multiple PBC-

dependent functions and for Hox-PBC interactions in vivo and in vitro. Interestingly, these 

motifs are conserved to different evolutionary extents among Hox paralogs [46,48]. Further, 

they are used in a paralog- and/or species-specific manner for recruiting the TALE cofactors. 

Based on these properties we collectively refer to them as, “specific PBC interaction motifs 

“ (SPIMs) [25]. The use of different SPIMs in place of or in conjunction with the W motif 

(Figure 1a) could allow Hox proteins to adopt different 3D-conformations with TALE 

cofactors, thereby increasing the range of binding sites that are recognized. Consistent with 

this idea, a crystal structure of Exd bound to DNA with the Ubx homeodomain and one such 

SPIM, the so-called UbdA motif, suggests that this SPIM-mediated interaction with Exd 

might influence the positioning of the Ubx homeodomain within the DNA major groove 
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[49]. Such differences in DNA recognition mediated by SPIM-TALE interactions could be 

especially important when binding low affinity, non-consensus binding sites.

In sum, the emerging evidence suggests that due to the availability of multiple W motifs and 

SPIMs, Hox proteins utilize a striking degree of molecular and structural plasticity when 

interacting with their TALE partners. The detailed sequence of the DNA-binding site is also 

likely to play a critical role in specificity. High affinity consensus binding sites may be 

ideally suited to bind Hox-TALE complexes that only require the presence of a generic W-

motif, explaining their ability to be recognised by many Hox-TALE complexes [19,47]. For 

low affinity binding sites that nevertheless fit the Hox-TALE consensus nnGAYnnATnn, 

such as Scr-Exd bound to fkh250, binding specificity would depend on paralog-specific 

residues revealed by latent specificity. Finally, the recognition of low affinity binding sites 

that do not fit this consensus may depend on additional SPIM-mediated conformation modes 

(Figure 4a), as observed for Ubx-Exd and AbdA-Exd complexes bound to the Dll repressor 

element [45,46]. According to this view, SPIMs would be particularly important for paralog 

specific binding to non-consensus binding sites and subsequent gene regulation [50]. Further 

tests of this idea may come from the structural analysis of additional paralog-specific 

binding sites such as those in rho [22] or svb [14].

Diversity in the composition and structure of Hox-TALE complexes

An additional layer of diversity in Hox-TALE complexes stems from the use of alternative 

protein isoforms of both the Hox and TALE factors. For example, Drosophila Ubx encodes 

several alternatively spliced isoforms that differ in the number of W motifs and SPIMs [51]. 

In several cases, different Ubx isoforms appear to have distinct transcriptional regulatory 

properties [52,53]. For the TALE factors, the DNA-binding of Meis/Hth has been suggested 

to affect W-independent interactions between several Hox proteins and PBC cofactors [47]. 

Interestingly, both Meis and hth encode HD-containing and HD-less isoforms (Figures 1b). 

These isoforms have similar embryonic expression profiles and could therefore be 

responsible for developmentally distinct W- or SPIM-dependent interaction modes. 

Consistent with this idea, the two Hth isoforms carry out distinct and largely separable 

functions in vivo, suggesting that their DNA targeting and functional properties differ [54].

In vertebrates, where the number of TALE family members is much larger compared to 

invertebrate species, the potential diversity of Hox-TALE complexes is greatly increased 

[11]. Based on several observations, these different complexes may carry out distinct 

functions in vivo. For example, Pbx1 but not Pbx2 was shown to be required with Prep1 for 

HoxB1-dependent expression of the human α2(V) collagen gene [55]. Analogously, 

posterior Hox proteins display preferential interaction affinities with Meis in vitro when 

compared to anterior and central paralogs [56]. Accordingly, Meis has been described to 

enhance the aberrant activities of posterior Hox proteins in several cancers and leukemia 

[57,58], while the Prep factors have either no function or opposite effects in these 

pathological contexts [59,60]. At least some of these functional differences could be a 

consequence of distinct DNA binding properties of different Hox-TALE complexes. 

Consistent with this idea, genome-wide ChIP studies showed that Prep-containing 

complexes tend to bind close to promoter regions, while Meis-containing complexes exhibit 
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a different genome-wide distribution [34]. In addition, Meis complexes are more frequently 

associated with canonical Hox binding sites compared to Prep binding sites, highlighting 

another potential difference in how these cofactors may contribute to both Hox-dependent 

and Hox-independent functions. Prep has also been described to negatively control the 

stability of Meis1 indirectly, by sequestering Pbx [61]. The general tumour-inhibiting 

activity of Prep was thus proposed to rely on Meisdestabilization.

Finally, Hox proteins can also regulate the transcription of TALE genes [16,62] and, 

interestingly, Hox and TALE mRNAs can be co-targeted by the same microRNA in a tissue-

specific manner [63]. Together these observations illustrate that the relative abundance of 

TALE and Hox proteins is tightly controlled through both transcriptional and post-

transcriptional cross-regulatory relationships. We speculate that subtle quantitative variations 

in relative TALE protein levels could have strong qualitative consequences on the choice of 

interaction modes and, as a result, the activity of Hox-TALE complexes in vivo (Figure 4b).

Concluding remarks

Most of our knowledge on the molecular mode of action of Hox and TALE proteins results 

from studies on high affinity DNA-binding sites. Although this important amount of work 

has provided key molecular insights, it could not account for all the molecular complexity 

underlying Hox/TALE function in vivo. Recent work showed that Hox/TALE specificity 

could in fact rely on DNA-shape recognition mechanisms and the binding to non-consensus 

and low affinity DNA-binding sites. In addition, Hox proteins could display a versatile usage 

of different PBC interaction motifs to eventually form complexes with distinct 3-dimentional 

conformations. Altogether these findings reveal the existence of an expected high degree of 

flexibility in protein-DNA and protein-protein interaction modes. How such interaction 

flexibility could account for the various degrees of specificity that Hox and TALE proteins 

carry out in vivo is a central issue for future research (see outstanding questions).

Glossary

Chromatin 
immunoprecipitation 
(ChIP)

Using antibodies against transcription factors or histone 

modifications to identify where they are bound in chromatin, 

usually by deep sequencing of the immunoprecipitated 

fragments.

Cofactor A protein that functions together with a transcription factor. 

Some cofactors bind DNA cooperatively with transcription 

factors. For example, Pbx is a cofactor for the Hox 

transcription factors.

Homeodomain A very common DNA binding domain in eukaryotes, 

comprised of three alpha helices and an unstructured N-

terminal arm. Most Homeodomains are 60 amino acids; the 

exception is for the TALE homeodomains that are 63 amino 

acids long.
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Hox genes A set of genes encoding homeodomain-containing 

transcription factors that control cell fates along the anterior-

posterior axis of all bilaterians. There are eight Hox genes in 

Drosophila and thirty-nine Hox genes in mammals.

Latent specificity A mechanism in which a protein-protein interaction between a 

transcription factor and a cofactor uncovers novel DNA 

binding specificity.

Paralogs Genes related by homology within the same organism. The 

eight Hox genes in Drosophila are paralogs.

PBC A set of TALE family cofactors that include Extradenticle 

(Exd) from Drosophila, Pbx proteins from mammals, and 

Ceh-20 from C. elegans. See also Box 1.

SELEX-seq A method to identify the DNA binding preferences for any 

transcription factor or transcription factor complex. See also 

Box 2.

SPIM “Specific PBC Interaction Motif”; short PBC-interacting 

peptides that are present in some, but not all, Hox paralogs, 

and conserved at different evolutionary extends in animals.

TALE homeodomain A subset of homeodomains that have a “three amino acid loop 

extension”, three additional amino acids between helices one 

and two that provide a binding pocket for the W-motifs of Hox 

proteins. The PBC, Meis/Hth, and Prep proteins all have TALE 

homeodomains. See also Box 1.

W-motif/hexapeptide Short tryptophan-containing peptides in Hox proteins N-

terminal to the homeodomain that interacts with the TALE 

motif of PBC proteins. Although they are conserved in a 

paralog-specific manner, Hox proteins from anterior, central 

and posterior groups contain at least one W-motif.
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Trends Box

• Hox proteins regulate a wide variety of target genes with different specificity 

requirements.

• Hox proteins achieve DNA binding specificity by binding with TALE family 

cofactors through a mechanism called latent specificity.

• The recognition of DNA shape is an independent mechanism of DNA binding 

site recognition used by Hox-TALE complexes.

• SELEX-seq and other high-throughput methods are useful approaches for 

characterizing the DNA binding preferences of DNA binding proteins and 

complexes of DNA binding proteins.

• Highly specific DNA binding sites tend to be low affinity, non-consensus sites, 

whereas high affinity sites tend to have lower specificity.

• Hox proteins have a variety of short peptide motifs that are used to interact with 

TALE cofactors.

• A variety of TALE cofactors, generated by gene duplication or from the 

expression of alternative protein isoforms, provides a large number of potential 

Hox-TALE complexes in vivo, particularly in vertebrates.

• The paralog specific regulation of Hox target genes can arise from both DNA-

binding and non-DNA-binding based mechanisms.
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Box 1 Three Amino acid Loop Extension Homeodomain Proteins

TALE (Three Amino acid Loop Extension) proteins belong to the superclass of 

homeodomain (HD)-containing transcription factors. They are characterized by the 

presence of three additional residues between the first and second helix of the HD when 

compared to the other classes of HDs. TALE family members are found from plants to 

fungi and animals [64]. In animals, they have been subdivided into five different 

subclasses: PBC, IRO, MKX, TGIF and MEIS [65]. The MEIS subclass is itself 

subdivided into the PREP and MEIS subfamilies, which derive from a common ancestral 

protein. PREP and MEIS are also referred to by the term of MEINOX, due to the 

similarity of the N-terminal Meis and Knox domains between animal and plant proteins 

[66].

PBC and MEIS/PREP are the only TALE subclasses described to form complexes with 

Hox proteins. In the case of PBC, interaction with Hox involves the three additional 

TALE-specific residues that create a hydrophobic pocket [7]. This pocket binds a 

tryptophan (W) that is part of the W-motif in Hox proteins (also called the YPWM motif 

or hexapeptide (HX) motif). In contrast, MEIS was shown to use carboxy-terminal 

sequences to interact with posterior Hox proteins [67]. The formation of Hox/PBC/MEIS 

or Hox/PBC/PREP complexes is thought to rely on Hox-PBC and PBC-MEIS or PBC-

PREP interactions, but this has not yet been confirmed by structural studies.

The PBC subclass includes several proteins in vertebrates (Pbx 1-4, Pbx stands for pre-B 

cell leukemia homeobox) and nematodes (ceh-20, ceh-40, ceh-60; the last two being 

highly divergent), while only one representative is present in Drosophila (Extradenticle, 

Exd). Different MEIS (Myeloid Ecotropic Integration Site) and PREP (Pbx Regulatory 

Protein) members are also present in vertebrates while only one representative of each 

subfamily is present in nematodes (Figure 1a). Drosophila has also only one MEIS 

member (Homothorax, Hth) and no PREP representative. PREP proteins are however 

present in other insect species, suggesting that PREP was specifically lost in the 

Drosophila lineage. In Drosophila, the nuclear localization of Exd depends on the 

interaction with Hth [68]. The equivalent protein interaction domains are highly 

conserved in Pbx and Meis and in at least some cases their nuclear localization is also co-

dependent as in Drosophila [69].
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Box 2 SELEX-seq

SELEX, the Systematic Evolution of Ligands by EXponential enrichment, is an in vitro 
procedure that was originally used to identify RNA or DNA oligonucleotides that bind 

specific proteins or other ligands at high affinity [70–72]. The procedure usually begins 

with a large random library of oligonucleotides that is sequentially selected for binding to 

a specific ligand by multiple rounds of binding, purification, and amplification. In its 

original application, many rounds of selection resulted in the identification of a small 

number of high affinity oligonucleotides that were subsequently characterized by cloning 

and traditional sequencing.

SELEX-seq [27,28] uses next generation deep sequencing to analyze the bound 

oligonucleotides at each round of selection, including the initial unselected library (round 

0). Relative affinities are calculated by comparing the enrichment of specific sequences 

(k-mers) in successive rounds of selection. Because of the sequencing depth afforded by 

deep sequencing, it is only necessary to carry out a few rounds of selection, which allows 

the identification of many thousands of binding sites that range in affinity by about two 

orders of magnitude. When used in conjunction with Electrophoretic Mobility Shift 

Assays (EMSAs), oligonucleotides that are selected to bind multiprotein complexes can 

be defined. Alternative SELEX-based procedures, such as Bind-n-Seq [73] and HT-

SELEX [74], have also been described. Because these procedures are typically solution 

based, it is harder to distinguish between the binding of multiprotein complexes from 

monomer binding. However, they have been effectively used in a high throughput manner 

to define the specificities of thousands of human DNA binding proteins [75].

When applied to the Drosophila Hox-TALE complexes, SELEX-seq demonstrated that 

the TALE factors uncover latent DNA binding specificities that are present in Hox 

proteins [27]. These latent specificities are only revealed by complex formation with the 

TALE cofactors, presumably by inducing a conformational change in the Hox protein. In 

at least one case, this conformational change was shown to be the result of stabilizing the 

structure of the N-terminal arm of the Hox homeodomain, so that it can read the structure 

of a DNA binding site [20]. More recently, a high-throughput study using HT-SELEX 

and human transcription factors suggests the existence of many additional examples of 

the latent specificity mechanism [76].
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Outstanding questions

- What are the different shapes of the DNA double helix that could be recognized by 

different Hox/TALE complexes? Does it constitute a general recognition mechanism 

for Hox/TALE specificity?

- What is the range of low affinity DNA-binding sites that could be recognized by 

Hox/TALE complexes and what is their relative contribution to Hox specific function 

in general?

- Is there a paralog-specific signature in the sequence and/or structure of low affinity 

DNA-binding sites?

- How low affinity and non-consensus DNA-binding sites could be identified from 

ChIP and/or predicted by bioinformatics approaches?

- What are the various SPIMs (specific PBC interaction motifs) and how could they 

help Hox proteins recognize low affinity and non-consensus DNA-binding sites?

- How might Meis and Prep influence Hox-PBC activity at the protein-protein and 

protein-DNA interaction levels?

- Do Hox/TALE complexes require the presence of additional cofactors to recognize 

low affinity and non-consensus binding sites in vivo?

- How do the lessons learned from Hox-TALE studies apply to other transcription 

factor complexes?
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Figure 1. Hox and TALE members in vertebrates and invertebrates
(a). Evolution of Hox and TALE genes in Bilateria (B). Representative species for 

Deuterostomes (D) and for Ecdysozoa (E) and Lophotrochoza (L) branches from 

Protostomes (P) are Mus musculus, Drosophila melanogaster and Caenorhabditis elegans, 

respectively. Hox genes are organized into anterior (ant, blue-graded boxes), central (cent, 

pink-graded boxes) and posterior (post, green-graded boxes) paralog groups. This 

representation does not reflect the genomic cluster organisation. Independent duplications 

are indicated for central and posterior Hox genes (brackets). Boxes representing bicoid 
(bcd), zerknült (zen) and fushi-tarazu (ftz) are not colour-filled because these three genes 

strongly diverged in Drosophila. Note that PREP was specifically lost in Drosophila among 

Ecdysozoan species. (b). Schematic representation of motifs and domains involved in the 

Hox-TALE partnership. Hox proteins can use a generic (W-containing) motif and/or a 

specific PBC interaction motif (SPIM) to interact with the homeodomain (HD) of PBC. 
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PBC-A and PBC-B domains interact with the MEIS-A and MEIS-B domains of Meis or 

Prep. Note that these complexes could also form with HD-less isoforms of Hth and Meis.
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Figure 2. Key Figure
Different classes of target genes underlie Hox function in vivo. Target genes are classified 

(class 1 to 5) according to their level of specificity for Hox paralogs. Different classes of 

target genes contain Hox-TALE binding sites with various degrees of specificity, as 

indicated. Note that the level of binding site specificity does not necessarily correlate with 

the paralog specificity of the target gene. TALE-independent Hox target genes could also fall 

into those categories, as discussed elsewhere [7]. Known examples are described for class 1 

(with specific activation:[19–23]), class 2 (lower row, with specific repression: [24]), class 3 
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(with activated or repressed target genes [12–15]) and class 5 (corresponding to artificial 

constructs: [12,19]). Target genes for class 2 (upper row, corresponding to the tritocerebrum 

context [18]) and class 4 are speculative (see also Figure 4a). Schematic expression profile 

of Hox and TALE proteins along the anterior-posterior (AP) axis of the Drosophila embryo 

is provided above the model. Differences in TALE expression levels might influence Hox 

function (see also Figure 4b). The color code for Hox paralogs and TALE cofactors is the 

same as in Figure 1. This color code is also used for binding sites that are paralog-specific or 

semi-paralog-specific. Non-paralog-specific binding sites are depicted in dark gray. Presence 

or absence of arrows, respectively, indicates regulation or not by the Hox-cofactor complex. 

Red and orange proteins in class 2 target genes highlight additional cofactors that provide 

cell-,(upper row) or Hox-specific (lower row) regulatory activity.
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Figure 3. Specificity is inversely correlated to binding affinity
(a). Interaction with TALE cofactors allows Hox proteins from different paralog groups 

(highlighted in pink and blue) to preferentially bind to distinct sequences. In the absence of 

TALE factors, two Hox proteins bind to very similar sequences (left graph) while in the 

presence of TALE factors the same two Hox proteins exhibit distinct preferences (right 

graph). Representative nucleotide sequences recognized by monomers or Hox/TALE 

complexes are provided according to [6,27]. (b). The graph shows a hypothetical trade-off 

between specificity and affinity. Representative nucleotide sequences recognized by a Hox-

TALE complex are provided according to [27]. High specificity and low affinity binding 

sites depend on both DNA shape and base recognition mechanisms as discussed in the main 

text. (c). Three dimensional structures illustrating the recognition of a paralog non-specific 

binding site (fkhcon [19], left, corresponding to case (1) in Figure 3b) and of a paralog-
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specific binding site (fkh [19], right, corresponding to case (2) in Figure 3b) bound by the 

Hox protein Scr with its cofactor Exd. Note that complex formation on the paralog-specific 

site involves additional Scr-specific residues (Arg3 and His-12) and the recognition of a 

narrow minor grove (indicated by the double black arrow). The equivalent region of the 

paralog-non-specific complex has a wider minor groove. Adapted from [20] and the 

coordinates are from Protein Data Base (PDB) structures 2r5y and 2r5z, respectively.
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Figure 4. Various combinatorial relationships underlie the function of Hox-TALE complexes
(a) Examples of binding sites characterized in the cis-regulatory regions of Hox-TALE target 

genes. Hox-TALE binding sites that are specific or have intermediate specificity contain a 

consensus (e.g. forkhead (fkh, [19]) target gene) or non-consensus (e.g. rhomboid (rho, 

[22]), Distalless (Dll, [12]) and shavenbaby (svb, [14]) target genes) binding sites. Non-

paralog specific Hox-TALE binding sites generally include a consensus binding site (e.g. 

Foxp1 [24], Dllcon [12] and fkhcon [19]). Binding site specificity is illustrated by the color 

code (dark gray is non specific). Binding site affinity is illustrated by a variable line width. 
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The brown color of the Hox protein in class 5 target genes illustrates the ability of all 

paralogs to regulate a non-paralog specific enhancer. Motifs used for complex assembly on 

these different types of binding sites are indicated (W-containing or SPIM), as discussed in 

the main text. These motifs are speculative for class 2 target genes (b). Variation in the 

composition of Hox or TALE proteins can influence the interaction mode and, as a result, 

the activity of Hox-TALE complexes. An example is provided for a central Hox protein 

(pink) that could use either a W- motif or a SPIM to interact with the PBC and Meis 

cofactors in cell context (1). Three different additional cell contexts are proposed, based on 

published data. In cell context (2), the presence of a posterior Hox protein blocks the 

expression of TALE- encoding genes [16]. As a result, central Hox proteins will only 

regulate target genes that do not depend on TALE input. In cell context (3), the presence of a 

HD-less isoform in place of full length Meis does not allow the use of a SPIM for complex 

assembly [47]. As a consequence, the trimeric complex is not able to regulate paralog-

specific target genes that depend on SPIM-mediated conformation modes. In cell context 

(4), the presence of Prep induces a degradation of Meis, indirectly through the titration of 

PBC [61], leading to the formation of Hox-PBC-Prep in place of Hox-PBC-Meis complexes. 

These complexes have the potential to assemble by using the W-containing motif and/or 

SPIMs but could potentially regulate distinct target genes compared to those regulated by 

Hox-PBC-Meis complexes.
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