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Abstract

Hox genes play a fundamental role in anterior-posterior patterning and are remarkably
conserved throughout evolution (Slack et al., 1993). Their products are transcription factors
that regulate a specific set of genes with essential functions in development. Although
different Hox genes show a notable functional specificity in vivo, they demonstrate a
surprisingly low DNA-binding specificity in vitro. Sequence analysis can provide a way to
understand how Hox genes achieve their biological specificity (Prince, 2002).

Genetic experiments revealed that Hox genes are involved in global patterning processes in
the axial skeleton to produce the axial formulae. Hox group 10 genes, in particular, have been
shown to repress thoracic rib formation, since their overexpression in the presomitic
mesoderm causes a ribless phenotype and their global inactivation resulted in extra ribs
(Wellik et al., 2003, Carapuco et al., 2005).

Two peptide domains were identified in Hox10 proteins which are conserved among all the
Hox 10 members and are absent from all other Hox proteins. One of these is an octapeptide
located just N-terminal to the homeodomain. The purpose of this work is to understand the
role of this octapeptide in Hox10 protein function. This is being approached by the genesis and
functional analysis of transgenic mice expressing mutant Hoxal0 proteins that contain specific
deletions or amino acid changes in this domain. In previous transgenic assays, the
overexpression of Hoxb9 gene in the presomitic mesoderm did not produce an abnormal axial
skeleton phenotype. For this reason, this gene was used to generate chimeric contructs with
the Hoxal0 gene.

The results obtained show that the removal of the octapeptide is sufficient to block the rib-
repressing activity of Hoxal0 when expressed in the presomitic mesoderm. In addition,
introduction of this peptide motif, as well as the whole Hoxal0 sequence N-terminal to it, into
the Hoxb9 protein produced a partial ribless phenotype. These results indicate that the
octapeptide is necessary for the rib-repressing activity of Hoxal0 but it does not seem to be
sufficient for this function, at least individually.

Keywords: Hox genes, axial patterning, functional specificity, protein sequence
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Resumo

Em mamiferos, existem 39 genes Hox responsdveis por especificar a polaridade antero-
posterior (AP). Estes genes sdo homadlogos dos genes selectores homedticos que especificam a
identidade segmentar em Drosophila melanogaster. Nos vertebrados, tal como em Drosophila
estes genes sdo expressos pela mesma ordem pela qual estdo distribuidos nos cromossomas.
Os genes Hox dos mamiferos demonstram nao sé esta colinearidade a nivel espacial como
também a nivel temporal, sendo que os genes que se encontram mais a montante no
cromossoma sdao também os que comegam a ser expressos em primeiro lugar (Duboule, 1998,
Duboule et al., 1989). Para além da sua expressao ser regulada pelos seus préprios produtos,
os genes Hox sdo também directamente regulados pelos genes Cdx. As proteinas Fgf, Wnt e o
acido retindico regulam também, de forma directa ou indirecta, a expressdao de genes Hox
(Deschamps et al., 2005).

As proteinas Hox sdo responsaveis pela regulacdo de varios genes envolvidos em diversas
fungdes essenciais do desenvolvimento animal, incluindo a adesao, ritmos de divisdo, morte e
movimento celular (Favier et al., 1997).

Os factores de transcricdo codificados por estes genes tém um elemento altamente
conservado de ligacdo ao DNA ao qual se d4 o nome de homeodominio (HD) (Gehring et al.,
1990). O HD é constituido por trés hélices-a e uma extensdo N-terminal adjacente a primeira
hélice. A terceira hélice-a reconhece uma sequéncia de DNA composta por seis pares de base
com um nucleo conservado de quatro pares de base. No entanto, esta sequéncia que o HD
reconhece nos seus genes-alvo surge com relativa frequéncia no genoma, nao parecendo, por
isso ter uma especificidade de ligacdo ao DNA muito elevada (Ekker et al., 1991). Assim, apesar
destes genes demonstrarem uma elevada especificidade funcional in vivo, a sua especificidade
de ligacdo ao DNA in vitro demonstrou ser muito baixa. Uma vez que o homeodominio mostra
uma elevada conservacdo entre os varios grupos de genes Hox, é pouco provavel que este seja
suficiente ou mesmo necessario para conferir as fungdes especificas de cada grupo paralogo. A
analise das sequéncias e estrutura das proteinas Hox aponta cada vez mais para a possibilidade
da especificidade bioldgica ser essencialmente conferida por residuos que ndo contactam com
o DNA (Merabet et al., 2009, Merabet et al., 2003, Sharkey et al., 1997). Algumas proteinas
Hox mostram poucos aminodacidos conservados dentro do HD em todo o grupo paralogo,
indicando que a sua especificidade funcional poderd residir essencialmente em sequéncias
exteriores ao HD (Sharkey et al., 1997).

Os modelos sugeridos indicam para a possibilidade da ligagao a outras proteinas (co-factores)
ser responsdvel por despoletar a regulacdo dos genes a jusante ou por aumentar a
especificidade e afinidade de ligagdo dos factores de transcricdo aos elementos cis-
regulatérios (Biggin et al., 1997, Li et al., 1999).

Experiéncias genéticas ja mostraram que os genes Hox sao importantes em varios aspectos do
desenvolvimento animal, incluindo na modulagdo do esqueleto axial (Wellik, 2007). Foi,
inclusivamente, demonstrada uma correlacdo entre a expressdo anterior de genes Hox e os
limites de regiGes morfologicamente distintas do esqueleto axial (Burke et al., 1995). Este
deriva de estruturas mesodérmicas que ladeiam o tubo neural denominadas sémitos (Dale et
al., 2000).

Em ratinho, os genes Hox do grupo 10 mostraram impedir a formacgao de costelas toracicas. Ao
impedir a expressdo deste gene formam-se costelas toracicas na zona lombo-sacral (Wellik et



al., 2003). Por outro lado, a sua sobre-expressao na mesoderme pré-somitica gera esqueletos
sem costelas (Carapuco et al., 2005).

Este estudo tem como objectivo entender que aminodacidos sdo necessarios para conferir a
especificidade funcional aos genes Hox10 no controlo da formacgdo do esqueleto axial.

Foram identificados dois dominios peptidicos nas proteinas Hox do grupo 10 que apresentam
uma conservacao perfeita restringida apenas a este grupo de proteinas. Um destes é um
octapéptido que se localiza a N-terminal do homeodominio. Para perceber a contribuicdo
deste octapéptido na fun¢do das proteinas Hox do grupo pardlogo 10, foram geradas
construcdes diferentes em que o cDNA de Hoxal0 foi alterado utilizando técnicas basicas de
clonagem. As proteinas mutantes e quiméricas foram criadas por uma técnica de mutagénese
por PCR. Depois de clonados, os cDNAs foram microinjectados de forma a gerar ratinhos
transgénicos que foram recolhidos no dia embriondrio 18.5. O seu esqueleto foi entdo corado
e analisado em detalhe. No total, foram geradas quatro constru¢des mutantes. De forma a
perceber se este dominio é necessario a fungdo das proteinas Hox10, o octapéptido foi
removido. Dos esqueletos obtidos de embriGes transgénicos a maioria tinha um fendtipo
normal. Apenas um apresentou defeitos de fraca intensidade no esqueleto axial,
nomeadamente a nivel do esterno. Este motivo peptidico parece, por isso, ser necessario a
fungdo das proteinas Hox10. Dois aminodacidos pertencentes a este dominio peptidico foram
também modificados para uma andlise mais detalhada do octapéptido. Os esqueletos
resultantes da sobre-expressdao deste cDNA modificado ndo mostraram qualquer tipo de
deficiéncias ao nivel do esqueleto axial. Este resultado podera indicar que a fosforilagao destes
dois aminoacidos confere a actividade repressora da formagdo de costelas toracicas. Para
confirmar que esta proteina estava a ser produzida, a construcdao mutada foi transfectada para
duas linhas celulares distintas. Em ambas as situa¢Oes a producdo de proteina foi confirmada,
apesar de uma das linhas celulares ter gerado proteinas mais pequena do que o esperado.

O gene Hoxb9 ja tinha mostrado ndo ter fendtipo a nivel do esqueleto axial quando sobre-
expresso na mesoderme pré-somitica (Laboratério de M. Mallo, dados nao publicados). Para
determinar se o octapéptido é suficiente para conferir a funcionalidade das proteinas Hox10,
este dominio peptidico foi inserido na proteina Hoxb9. Ao sobre-expressar esta construgao
obtiveram-se transgénicos com defeitos no esqueleto axial, incluindo deficiéncias na ligacdo
das costelas ao esterno e alteragdo da morfologia das vértebras. No embrido com o fenétipo
mais grave foi também observada a auséncia de costelas em trés vértebras toracicas. Estes
resultados indicam que o octapéptido tem um papel relevante na especificidade funcional das
proteinas Hox10 ndo conseguindo, no entanto, reprimir completamente a formacdo de
costelas toracicas.

De forma a explorar outros aminoacidos que pudessem, juntamente com o octapéptido, ser
suficientes para conferir a especificidade funcional as proteinas HoxalO, foi gerada outra
proteina quimérica. Esta proteina inclui toda a parte da sequéncia de Hoxal0 a montante do
octapéptido e, a jusante deste, a sequéncia é exclusivamente de Hoxb9. Os fendtipos
transgénicos obtidos ndo foram significativamente diferentes dos gerados pela construcdo que
continha apenas o octapéptido. Estes resultados parecem indicar que os aminoacidos de
Hoxal0 adicionados a construcdo ndo tém impacto detectavel na funcdo normal das proteinas
Hox9.

Este estudo sugere que as sequéncias fora do HD tém um papel extremamente importante na
funcdo dos genes Hox. Observados na sua globalidade, estes resultados parecem indicar que o



octapéptido é necessario para a funcdo repressora de costelas tordcicas do HoxalO. No
entanto, este dominio peptidico ndo parece ser suficiente para levar a cabo esta fungao, pelo
menos nao por si s6. Outros aminoacidos, dentro ou fora do HD, parecem ser necessarios para
este factor de transcricdo regular correctamente os seus genes-alvo. O uso de proteinas
mutantes ou quiméricas é um importante passo inicial para compreender os mecanismos
pelos quais os genes Hox exercem a sua especificidade funcional e, consequentemente,
estabelecem diferengas ao longo do eixo AP.

Palavras-chave: Genes Hox, padronizac¢3o axial, especificidade funcional, sequéncias
peptidicas
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Introduction

|. Introduction

1.1 Hox genes

In 1984, William Bateson coined the term “homeosis” as a type of variation in which certain
body parts assumed a morphological identity similar to that of another region (Bateson, 1984).
Later, mutations in a group of genes initially identified in the fruit fly Drosophila melanogaster,
was found to be responsible for homeotic transformations of specific segments along the
anterior-posterior (AP) axis. These genes were thus designated homeotic genes (Lewis, 1978,
Gehring, 1987).

In Drosophila melanogaster, there are eight clustered Homeotic genes that control segmental
identity along the AP axis: labial (lab), proboscipedia (pb), bicoid (bcd), Deformed (Dfd), Sex
combs reduced (Scr), Antennapedia (Antp), Ultrabithorax (Ubx), Abdominal-A (Abd-A),
Abdominal-B (Abd-B). These are grouped in two complexes located in the third chromosome:
the Bithorax (BX-C) and the Antennapedia (ANT-C) complexes (Fig 1a)(Lewis, 1978).

The homeotic genes are characterized by the presence of a conserved 183 base pair DNA
sequence, the homeobox, which encodes the homeodomain (HD). This 61 aminoacid motif has
DNA binding ability and is essential for Hox proteins to function as transcription factors,
regulating the expression of genes with important roles in development (Gehring et al., 1990).
Homeobox-containing genes were later identified in many metazoan genomes by low
stringency screening, including mice (Hart et al., 1985), frogs (Carrasco et al.,, 1984) and
humans (Boncinelli et al., 1985). It now seems likely that a linked cluster of Hox genes is a
character shared by all metazoan and may be fundamental to control axial patterning in
animals (Slack et al., 1993).

In mammals there are 39 Hox genes that have been shown to have sequence and structural
similarities to the homeotic selector genes found in Drosophila. Contrary to arthropod
homeotic genes, mammalian Hox genes are organized in four clusters (A, B, C, and D) located
in four different chromosomes. These appear to have originated from an ancestral single
cluster through whole-genome duplication events. Within each cluster, Hox genes can be
subdivided into 13 sets of genes called paralogous groups based on their homology to the
homeotic Drosophila genes and to each other. However, not all paralogs are represented in
each cluster probably as a result of secondary gene losses (Fig 1b) (Prince, 2002).

All animals exhibiting AP axial polarity have their Hox genes organized in the chromosome in
such a way that reflects the position in the developing body axis where their transcription is
activated. In mammals, Hox genes closer to the 3’ extremity are activated first and in more
anterior domains, whereas 5’-located genes are transcribed later and in more posterior areas.
This phenomenon was termed spatial and temporal collinearity (Duboule et al., 1989, Duboule,
1998). However, the temporal aspect of the colinearity is only shared by vertebrate and short
germ insect species (Duboule, 1998). Another interesting feature that characterizes Hox genes
is that, both in Drosophila and in mice, they all have the same transcriptional orientation.
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a)

BX-C

Abd-A Abd-B

ad alo all al3
b9 b13
c9 c10 cll c12 c13
d9 d10 di1 d12 di13

Figure 1 Hox gene expression and genomic organization in Drosophila and mouse.

a) Schematic representation of a Drosophila embryo (top) with colors showing the approximate domains of
expression. Bellow, the gene distribution along the chromosome and the Antennapedia and Bithorax complexes are
represented. b) The paralogous goups within the four clusters are color-coded according to their assumed
phylogenetic relationship with the Drosophila Hox genes. At the bottom, a mouse embryo is represented and each
color illustrates the anterior-most expression domain of each subfamily of Hox genes. Adapted from Pearson et al.,
2005.

I.1.1 Hox gene expression

Mouse genes, located in the 3’ extremity of the clusters, start to be expressed in the
mesoderm and more weakly in the primitive ectoderm of the embryo’s posterior primitive
streak (Gaunt, 1988, Gaunt et al., 1994, Deschamps et al., 1999). Transcription initiation of
more 5’ genes occurs in the same region, at progressively later stages where new epiblast cells
have been brought by gastrulation movements. In general, after this initial expression, Hox
transcripts spread in a posterior to anterior movement until they reach their most rostral
position (Tam et al., 1987). Gene expression levels continue increasing until embryonic day (E)
12,5 (Kessel et al., 1991). By this time, collinear sharp anterior boundaries have been
established, while transcript levels decline gradually as they reach the posterior end of the
embryo. Consequently, there is an increase in overlapping regions and diversity of Hox gene
expression in more posterior areas of the body (Favier et al., 1997). However, these genes do
not appear to act together to determine the patterning information. In fact, when a posterior
gene is ectopically expressed in a more anterior domain, it also undergoes a homeotic
transformation in which posterior-like structures are formed. Interestingly, the opposite does
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not occur. This phenomenon, by which more posterior genes impose their function over that
of Hox genes expressed in more anterior regions, is termed posterior prevalence (Duboule et
al., 1994, Kmita et al., 2003).

Hox gene expression is found in several germ layer derivatives and has crucial functions in
various developing systems such as the limbs, the developing hindbrain, the pharyngeal
arches, the developing genito-urinary tract and the axial skeleton (Favier et al., 1997). The role
of Hox genes in the axial skeleton in particular will be approached in more detail for its
relevance to the present study.

[.1.2 Hox gene regulation

The correct timing at which Hox genes are initially activated is crucial for the establishment of
accurate expression domains. In this initial phase, Hox genes appear to be regulated by Wnt
and Fgf proteins which have a role in the formation and morphogenetic movements through
the primitive streak. In later stages, as Hox gene expression spreads further toward the
anterior end, paraxial mesoderm cells are exposed to patterning signals. Either directly or
indirectly, Fgf and Wnt proteins have all been shown to regulate Hox gene expression.
Likewise, the presence of different levels of retinoic acid along the PSM seems to be essential
for Hox regulation and successful axial patterning (Deschamps et al., 2005).

DIlI1

Notch

Wnt N

RA |—— | Cdx Hox ——> AP identity

Axial elongation

Figure 2 Hox gene regulation network.
Simple schematic representation of interactions between genes involved in axial elongation, somitogenesis and AP
patterning. Adapted from Deschamps and Van Nes, 2005.

Hox gene expression is also affected by genes involved in the segmentation program. For
instance, the loss-of-function of a Notch ligand (Delta-like 1) results in anterior homeotic
transformations of the vertebrae as well as a posterior shift of Hox expression domains,
providing evidence for the involvement of the Notch pathway in Hox gene regulation (Cordes
et al., 2004).

The Cdx genes, a Hox-related family, have been shown to directly regulate Hox genes in the
mesoderm and neuroectoderm in a dose-dependent manner. A summary of the different
genes involved in Hox gene regulation and establishment of AP identity is illustrated in Fig 2.

3
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Furthermore, Hox genes may be autoregulated by their own products or controlled by other
Hox proteins, although the mechanism of this complex interaction remains largely undefined.
In addition to the regulation provided by these molecular signals, Polycomb (PcG) and trithorax
(trxG) group proteins play an important role in maintaining Hox gene expression spatially
restricted. These protein groups act by altering the transcriptional states of Hox genes through
chromatin structure modifications (Deschamps et al., 2005). The combined action of PcG
proteins that maintain repression of Hox gene expression and trxG proteins that sustain it,
ensures that Hox genes have their expression restricted to the correct areas (Mahmoudi et al.,
2001).

I.1.3 Hox target genes

Hox proteins, as monomers, heterodimers or part of larger complexes are responsible for the
regulation of a large pool of genes. Apart from their ability to regulate themselves, as well as
some of their known co-factors, Hox transcription factors also act on genes that mediate
adhesion, cell division rates, cell death and cell movement. However, many target genes still
remain to be discovered. Either directly or indirectly, Hox proteins clearly have a pivotal role in
regulating most of the genes involved in animal development (Pearson et al., 2005).

1.2 Hox functional specificity

[.2.1 The paradox

The homeodomain structure has been determined both by nuclear magnetic resonance
spectroscopy (Otting et al., 1990) and X-ray crystallography (Kissinger et al., 1990). It consists
of three a-helices and a flexible N-terminal arm adjacent to the first helix (Fig 3a). The third
helix, also called recognition helix, contacts the major groove of DNA and recognizes a six base-
pair DNA sequence that contains a four base pair recognition core (Fig 3b)(Ekker et al., 1991).
Shen et al. showed that, in the presence of Pbx, more anterior Hox proteins preferentially bind
to a TGAT core sequence while Hox proteins 6-10 essentially recognize a TTAT core. Hox
proteins 3-8 can also bind to a TAAT core sequence (Shen et al., 1997). However, this TNAT
sequence is very common in the genome, which raises some very interesting questions.
Homeodomain-containing proteins show a remarkable functional specificity in vivo and are
obviously capable of activating or repressing the correct set of genes in the right place at the
right time. So how can these transcription factors bind to the correct target sequences? How
do they know which genes to activate or repress? And how come different homeoproteins act
differently even though they have the ability to bind to very similar sequences?

Two models have been proposed to explain this paradox. In the first model the Hox protein is
only able to attach to DNA when bound to other proteins (co-factors) (Biggin et al., 1997, Li et
al., 1999). In fact, different Hox/cofactor heterodimers have in several cases shown distinct
DNA-binding specificities (Chan et al., 1996).

The other model, on the other hand, assumes that Hox proteins are already bound to several
DNA sites as monomers. Co-factors will differentially bind to the attached transcription factors,
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changing them to an activated state in order to allow the transcription of the correct target
genes (Biggin et al., 1997, Li et al., 1999).

These models are not mutually exclusive. In fact, both cases have been reported and
experimentally verified. It is clear that Hox proteins act using a complex array of molecular
strategies to regulate the correct set of genes, which will originate distinct structures according
to their position along the body axis and developmental timing.

a)
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Figure 3 Hox protein structure.

a) Secondary structure representation of a Hox protein and (b) 3-dimensional structure of the Hox-DNA interaction
adapted from Merabet et al., 2009. The N-terminal arm (N-ter), helix1 (H1), helix2 (H2) and helix3 (H3) are
indicated.

1.2.2 Hox protein structure and sequence analysis

Sequence analysis of Hox proteins and identification of residues specific to a given paralog
group have proven to be very important to clarify how Hox proteins achieve functional
specificity in vivo.

When comparing Hox proteins with other homeodomain-containing proteins it was shown
that most residues found in all Hox proteins are also conserved in most homeodomain classes.
These common residues are either required for proper HD folding or essential for DNA binding.
There are just four amino acids that can be classified as Hox generic signatures and are not
found in other homeodomain protein classes. Only one of the amino acids that distinguish Hox
proteins from other HD proteins has a DNA-binding function, whereas the other three are
located in regions that could possibly interact with other proteins (Merabet et al., 2009).

UNIQUE PARALOG SIGNATURES

The mutation of a single paralogous group member usually yields a very mild phenotype,
particularly in the axial skeleton. However, when more genes from the same paralogous group
are mutated, a synergistic effect occurs and a much serious phenotype is observed. Therefore,
the members of a given paralogous group seem to have a great deal of redundancy in their

5
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function (Wellik et al., 2003, Fromental-Ramain et al., 1996). Thus, residues that are conserved
in all members of a paralogous group but are not observed in others could clarify which amino
acids are necessary for the functional specificity of Hox proteins (Sharkey et al., 1997).

The comparison of residues exclusively conserved in the HD of each paralog group revealed
that most of the unique paralog signature residues are in positions favorable for protein-
protein interactions (Merabet et al., 2009). On the other hand, the ones that contact DNA are
mostly located in the N-terminal arm, which has been reported to play a major role in
providing functional specificity to Hox proteins. It has been recently suggested that, while the
conserved third helix of different paralogs recognizes similar binding sites, the N-terminal arm
residues bind in a more specific manner by recognizing the structure and electrostatic
potential of the minor groove (Fig 3b) (Joshi et al., 2007).

In order to determine the contribution of unique paralog residues to Hox protein function,
chimeric Hox protein experiments have been performed, in which these specific residues were
swapped by those of another Hox protein (Zeng et al., 1993, Furukubo-Tokunaga et al., 1993,
Lin et al., 1992, Chauvet et al., 2000, Joshi et al., 2007). Even though the HD has proven to
have a critical role in DNA-binding specificity in vivo, some Hox proteins lack features that
distinguish them from members of other paralog groups. For this reason, it is to be expected
that peptide motifs outside the HD might have a crucial role in the establishment of
characteristic Hox protein function. It was found that paralogs 12 and 13 have very few or no
conserved aminoacids outside the HD. However, Hox proteins 1-8 all share a hexapeptide
motif with a conserved YPWM core motif, located N-terminal to the HD. Paralog groups 9, 10
and 11 have conserved aminoacids immediately adjacent to the HD. Hox9 has characteristic
residues N-terminal to the HD, while Hox11l has conserved residues C-terminal to the
homeodomain. Hox10 signatures, on the other hand, are found both upstream and
downstream the HD (Sharkey et al., 1997). More specifically, Hox10 proteins show a
conserved NWLTAKSG octapeptide motif adjacent and N-terminal to the HD, as well as a
RENRIRELT motif just C-terminal to the HD (Fig 12a).

1.2.3 Hox co-factors

Results obtained by sequence analysis strongly suggest that biological specificity is mostly
achieved through protein-protein interactions, since many of the paralog group characteristic
residues do not contact DNA (Chauvet et al., 2000, Sharkey et al., 1997). In fact, Hox proteins
have already been reported to be unable to achieve functional specificity solely by DNA-
protein interactions (Schier et al., 1993). Most Hox co-factors identified so far are
homeoproteins with Hox-independen