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ARTICLE INFO ABSTRACT

Keywords: Homeotic genes (Hox genes) are homeodomain-transcription factors involved in conferring segmental identity
Hox along the anterior-posterior body axis. Molecular characterization of HOX protein function raises some interesting
Binding specificity questions regarding the source of the binding specificity of the HOX proteins. How do HOX proteins regulate
Co-factors . e s . . . . .
TALE common and unique target specificity across space and time? This review attempts to summarize and interpret
G e findings in this area, largely focused on results from in vitro and in vivo studies in Drosophila and mouse systems.
ooperative Binding model . L o ;
Recent studies related to HOX protein binding specificity compel us to reconsider some of our current models for
transcription factor-DNA interactions. It is crucial to study transcription factor binding by incorporating com-
ponents of more complex, multi-protein interactions in concert with small changes in binding motifs that can
significantly impact DNA binding specificity and subsequent alterations in gene expression. To incorporate the
multiple elements that can determine HOX protein binding specificity, we propose a more integrative Cooperative

Binding model.

1. Hox genes and development

One of the critical ongoing questions in developmental biology sur-
rounds the regulatory mechanisms for determining segment identity,
whether particular regions of developing embryos will become heads or
tails. Homeotic genes (Hox genes) are homeodomain-transcription factors
that confer segmental identity along the primary body axis (reviewed by
McGinnis and Krumlauf, 1992) and are implicated in the regionalization of
the body plan of all bilaterally symmetrical animals. Mutations in home-
otic genes described to date that involve overexpression, overactivation or
inactivation have often resulted in dramatic transformations in segment
identity leading to body structures forming incorrectly or in the wrong
place, as seen in Drosophila and mice (Lewis, 1978, 1982, 1992; Vinagre
etal., 2010; Wellik and Capecchi, 2003; Zhao and Potter, 2001, 2002). The
Hox genes are highly conserved across Metazoan groups and the genes in
the Hox cluster largely maintain their chromosomal organization, 5’ to 3’,
in parallel with their spatial and temporal expression patterns in the or-
ganism (McGinnis and Krumlauf, 1992). The selective pressures that have
led to this conservation are reflective of the pivotal role that Hox genes
play in developmental processes.

Hox genes function as selector genes (genes conferring segmental
identity) in vertebrates and invertebrates, but they have a wide variety of
additional roles in morphogenesis and patterning. The Hox family of
genes evolved through two to three rounds of duplication and diver-
gence, which has resulted in multiple gene paralogs with overlapping
expression domains and functional redundancy, depending on the
Metazoan group. The Drosophila Hox complex is split into two regions,
700 Kb apart on the same chromosome (HOM-C). These two complexes
are known as the Bithorax (BX-C) and Antennapedia (ANT-C) complexes.
The Antennapedia complex consists of labial (lab), Proboscipedia (Pb),
Sex-combs reduced (Scr), and Deformed (Dfd). The Bithorax complex
consists of three genes, Ultrabithorax (Ubx), abdominal A (abdA) and
Abdominal B (AbdB) (Carroll, 1995; Lewis, 1978; Powers et al., 2000).
Mammalian genomes contain 39 Hox genes organized into four com-
plexes (HoxA, HoxB, HoxC and HoxD) per haploid set, located on four
different chromosomes that, together, constitute a paralogous group as
they have arisen as a result of gene duplication (Boncinelli et al., 1988;
Hoegg and Meyer, 2005; Krumlauf, 1994, 2018; Scott, 1992; Duboule,
2007). Many paralogous Hox genes display functional redundancy,
meaning they can functionally compensate for each other (Tvrdik and
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Fig. 1. Current Models for HOX-cofactor interactions on DNA. HOX proteins have characteristic domains that interact with DNA directly and with cofactors. The
image shown (A) is rendered based on X-ray diffraction data of the ternary complex formed when the HOXB1-PBX1 complex (Protein Database ID# 1B72) interacts
with DNA (Piper et al., 1999). The red arrow indicates the homeodomain of HOXB1, and the green arrow indicates the binding domain for PBX1. The Widespread
model proposed by Biggin and McGinnis (1997) is shown (B) in comparison with a more comprehensive model that builds on the Co-Selective model and incorporates
a broader range of regulatory components in a Cooperative Binding model for HOX interactions with DNA. In the Widespread Binding model there are numerous low
affinity HOX-response elements and binding sites to which Hox proteins can bind in a clustered fashion. The preponderance of clustering, rather than high affinity
interactions at these DNA domains, determine specificity and outcome. In contrast, the Cooperative Binding model reflects high affinity, bipartite sites to which HOX
proteins, in combination with varying cofactors (i.e. TALE proteins) are able to bind to discrete DNA domains to determine HOX protein binding specificity and affect
gene expression outcome. Note that these models are not mutually exclusive, but rather describe potential interaction mechanisms that may lead to fine-tuning HOX
protein binding specificity and tightly regulated gene expression outcomes. Images generated with BioRender.com.

Capecchi, 2006). As a result, compound mutations of paralogous group
genes can reveal functional compensation and synergism between genes
within the same group. Further, paralogs often have overlapping
expression patterns (Kiecker and Lumsden, 2005) and their
loss-of-function mutations partially resemble each other (Barrow and
Capecchi, 1996; Ramirez-Solis et al., 1993). A sequence alignment be-
tween the Drosophila chromosome region that bears the Hox code, and
vertebrate Hox complexes suggests that the four mammalian Hox com-
plexes arose from a single ancestral cluster by gene and chromosome
duplications during evolution (Duboule and Dolle, 1989; Graham et al.,
1989). There is evidence that variation in the body plan among the ar-
thropods is due to variation in the expression and regulation of Hox genes
(Hughes and Kaufman, 2002; Ronshaugen et al., 2002). The sequence
variations in homeodomain proteins also contribute to changes in target
specificity and are subject to evolutionary changes (Ekker et al., 1994; Li
etal., 1999; Ronshaugen et al., 2002). Indeed, the impact of Hox genes in
evolution has been reviewed and discussed at length (Alexander et al.,
2009; Carroll, 1995, 2005, 2005; Mallo et al., 2010; Wellik, 2009). What
is readily apparent from the conserved organization of these Hox genes at
the chromosome level, in conjunction with HOX protein impact on
segmental patterning, is that the Hox gene family codes for critical
developmental regulators.

2. Hox gene function determined through the window of
mutation analysis

Analysis of various mouse mutants supports the idea that there is
unique function for individual Hox genes which might be attributed to
some inherent, latent properties of HOX proteins. Interpretation of these
studies is challenging because of the potential for functional redundancy
associated with paralogs in mice. Greer and colleagues swapped com-
plete coding regions between Hoxa3 and Hoxd3 (Greer et al., 2000).
Their analysis supported the ideas that Hox genes are functionally
equivalent and that different functions arise from differences in temporal
and spatial domains of expression (Greer et al., 2000). This has been
interpreted as an “equivalency model” suggesting that it is the quantity of

Hox protein that is important in determining functions and not the var-
iations in the proteins, themselves (Duboule, 2000). However, in similar
types of experiments, Zhao and Potter reported that a homeobox swap
between Hoxall and Hoxal3, generating chimeric Hoxall (A1113hd)
alleles, results in mice that develop normally and give rise to normal
skeletons, kidneys and male reproductive tracts (Zhao and Potter, 2001).
Conversely, in limb and the female reproductive tract development,
Hoxal13" acts as a dominant-negative allele, significantly disrupting
normal development (Zhao and Potter, 2001). In the female mice, the
uterus is transformed into a cervix/vagina. This latter result likely stems
from the observation that the Hoxal3 expression domain overlaps these
structures in the normal female reproductive tract (Zhao and Potter,
2001). Swapping the homeodomain of Hoxal0 into Hoxal1 (Hoxall 10hdy
leads to a hypomorphic phenotype in appendicular skeleton, kidney and
reproductive tracts but the mutant animals show no defects in axial
skeleton development. Swapping the homeodomain of Hoxa4 into
Hoxall (Hoxal 14hd) generates animals similar to a Hoxal1 null pheno-
type (Zhao and Potter, 2002) with surprisingly normal axial skeletons.
The results from these domain swap experiments imply tissue-
independent and tissue-specific roles for different homeodomains. The
results further lend support to the idea that defining segmental identity
may have been a common or primitive function of the homeodomain
acquired before functional divergence between different paralogous
groups, with context playing a more significant role in segment identity
after chromosome duplication in the phylogenetic tree. Despite this
apparent redundancy, there is also strong evidence to support distinct
functions for the different Hox paralogs, particularly across develop-
mental time and space (Vinagre et al., 2010; Wellik, 2007; Wellik and
Capecchi, 2003). This implies that each HOX protein has some level of
unique function, although many HOX proteins might have common
targets and function in similar developmental pathways (Minoux et al.,
2009; Vieux-Rochas et al., 2013). A recent review by Luo and colleagues
highlights the contrast between aspects of the Hox code that are clear
versus those that remain incomplete or unanswered (Luo et al., 2019).
What remains to be explored is to what extent these unique functional
roles relate to differences in domains of expression between the genes or
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It is also true that the TALE cofactors play a very important role in
determining functional output of HOX binding. These cofactors deter-
mine stability of the binding complex(es) in addition to recruitment of
co-activators and co-repressors that can affect the final outcome of
binding (Fig. 2).

In conclusion, monomeric binding sites, negative and positive regu-
latory interactions, impact of cofactor interaction, chromatin accessi-
bility, subtle amino acid differences, and the spatio-temporal expression
profile of Hox genes, collectively, define DNA binding specificity. The
end result of the complexity of regulation is a supremely fine-tuned
system that establishes regional identity with incredible temporal and
spatial resolution that shares elements of both the Widespread and Co-
Selective models. We suggest that this is more aptly named a “Coopera-
tive Binding model” that incorporates more than just differential co-
selection of bound factors at target sites. While the nuances of binding
specificity and regulation for the HOX proteins are an area of active
investigation, it is important to consider whether or not these types of
context-dependent regulation models might be applicable beyond the
HOX paradigm. If so, then it will be critical to reconsider some of our
current models for transcription factor-DNA interactions in terms of
incorporating components of more complex, multi-protein interactions in
concert with minute changes in binding motifs that can have consider-
able impact on DNA binding specificity and alterations in gene expres-
sion. Regardless, it is apparent that the binding specificity and rules of
function associated with the Hox genes are nowhere near as clear-cut as
the segment identities they help to define.

(/\)

Tethered

Fig. 2. Integrative Model for Hox protein binding specificity. The power
and potency of HOX proteins in regulating gene expression is founded on a
complex integrative weave of regulation that contributes to the transcription
factor landscape regulating cell fate decisions and segment identity. From the
smallest amino acid changes in critical binding motifs to the recruitment of a
wide range of co-activators/repressors, the collective modulation impacts the
ability of HOX proteins to bind DNA targets at critical spatial and temporal
points during development. The hexapeptide domain adjacent to homeodomain
of the HOX protein is required for interaction with HOX-specific DNA sequences,
but the specificity could be modified via clusters of low affinity sites, latent
specificity revealed by binding partners, or protein-protein interactions with
TALE proteins, for example. This multi-level perspective linked to HOX protein
function may not be restricted to this pleiotropic family of gene expression
regulators. It is certainly feasible to consider that mechanisms of this type may
be explored in other transcription factor families in terms of laying the
groundwork for an integrative and modular approach to gene expression regu-
lation. Image generated with BioRender.com.
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