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ABSTRACT

HOX genes are evolutionarily highly conserved. The HOX proteins which they encode are master
regulators of embryonic development and continue to be expressed throughout postnatal life. The
39 human HOX genes are located in four clusters (A-D) on different chromosomes at 7p15, 17q21.2,
12q13, and 2q31 respectively and are assumed to have arisen by duplication and divergence from a
primordial homeobox gene. Disorders of limb formation, such as hand-foot-genital syndrome, have
been traced to mutations in HOXA13 and HOXDI13. Evolutionary conservation provides unlimited
scope for experimental investigation of the functional control of the Hox gene network which is
providing important insights into human disease. Chromosomal translocations involving the MLL
gene, the human homologue of the Drosophila gene trithorax, create fusion genes which exhibit gain
of function and are associated with aggressive leukaemias in both adults and children. To date 39
partner genes for MLL have been cloned from patients with leukaemia. Models based on specific
translocations of MLL and individual HOX genes are now the subject of intense research aimed at
understanding the molecular programs involved, and ultimately the design of chemotherapeutic agents
for leukaemia. Investigation of the role of HOX genes in cancer has led to the concept that oncology
may recapitulate ontology, a challenging postulate for experimentalists in view of the functional
redundancy implicit in the HOX gene network.

balancing organ on the third thoracic segment) is
transformed into part of a wing. These changes
were described as homeotic transformations from
the Greek word homeosis, signifying a change of a

INTRODUCTION

It is a fascinating thought that the single cell
zygote contains all the information required for the
development of the adult organism. Understanding
how this information is encoded and deciphered is
a major uncompleted scientific challenge. A group
of genes known as homeobox genes has emerged
as important master regulators of development.
These genes have been highly conserved throughout
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evolution. They are expressed during embryonic
development in a highly co-ordinated manner and
continue to be expressed in virtually all tissues and
organs throughout adult life.

Homeobox (Hox) genes were discovered following
the observation of two striking mutations in the fruit
fly, Drosophila melanogaster. In the antennapedia
mutation the antennae are changed into legs,
whereas in the bithorax mutation, the haltere (a
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complete body structure into another. Drosophila
geneticists devised the term ‘homeotic selector
gene’ to encapsulate the concept that a master
regulatory gene could control the development of
each segment of the fly. Subsequently Drosophila
was found to contain a cluster of genes consisting
of the bithorax complex with three homeobox genes
(Ubx, Abd-A, and Abd-B) and the antennapedia
complex with five homeobox genes (Lab, Pb,
Dfd, Scr and Antp). The relationship between the
chromosomal arrangement of Hox genes and the
localisation of their expression was established
by Lewis in 1978. In effect, these genes specify
positional identity of the body segments of the fly
along the anterior-posterior axis.!

EVOLUTION OF HOX GENES

Homeobox genes are present in the genomes of all
animals which have so far been mapped as well as
in the genomes of plants and fungi, indicating that
the origins are ancient and precede the divergence

of these kingdoms. Plants, fungi and unicellular
animals do not, however, have clustered homeobox
genes. Shortly after the origins of animals the
primordial homeobox gene duplicated to form a
protohox cluster of two genes which are still present
in cnidara such as hydra (Figure I). Sponges do
not have clustered homeobox genes, suggesting
that this duplication occurred before the divergence
of the parazoa. This is also reflective of the very
simple body structure of sponges compared to other
multicellular animals.

The nematode Caenorhabditis elegans has a single
cluster of at least five homeobox genes.> Amphioxus
is a vertebrate-like chordate which has a notochord
and segmental muscles derived from somites but
does not develop a true vertebral column. It has
only one Hox cluster which contains ten Hox genes
and this cluster is regarded as being homologous
to the ancestral cluster from which all vertebrate
Hox clusters were derived. Two duplication events,
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Origin of Hox cluster

Origin of first Homeobox

A representative dendrogram illustrating the evolution of Hox clusters.
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Duplication and
Divergence

Hox gene clusters are thought to have developed by a process of duplication and divergence from a primordial homeobox
gene estimated to have arisen about 1,000 million years ago.
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Conservation between the HOM-C and HOX gene clusters.
The four Hox gene clusters found in mammals are conserved from the Drosophila Hom-C complex in terms of nucleotide
sequence and colinear expression. During embryonic development, the genes are expressed in a pattern that correlates

with the chromosomal positioning, depicted here for human and mouse. The 3" genes are expressed both earlier and
more anteriorly than the 5° genes.
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early in vertebrate evolution, resulted in the four
clusters seen in mammals and birds. Loss of some
of the Hox genes in each cluster has also occurred
with the result that not every primordial vertebral
Hox gene is represented in each of the four clusters.
Interestingly in some fish, such as zebrafish, a
further duplication has occurred resulting in seven
clusters.?

Hox GENES IN VERTEBRATES

The vertebrate counterparts of the bithorax/
antennapedia cluster are the Hox genes, usually
found in four clusters (reviewed by Duboule*).
In man the four HOX gene clusters (A-D) are
located on different chromosomes, at 7pl5,
17g21.2, 12q13, and 2q31. Each cluster consists
of 13 paralog groups with nine to eleven members
assigned on the basis of sequence similarity and
relative position within the cluster. A high degree
of homology is evident between the human HOX
genes and the Hom-C genes of Drosophila, (Figure
2). Thus the human paralog groups 1-8 are more
closely related to antennapedia (Antp), with groups
9-13 more closely related to abdominal-B (abd-B).

Hox STRUCTURE

Mammalian Hox genes are small, each containing
only two exons and a single intron which varies
from less than 200 bases to several kilobases
(Figure 3). The homeobox is always present within
the second exon in Hox genes and shows a high
degree of homology among these genes, especially
within paralog groups. The structures of non-Hox
homeobox genes are more variable, frequently
having the homeobox bridging an exon splicing
site.

Hox proteins have an acidic tail at the C-terminus
and a pentamer upstream of the homeodomain that
binds the TALE (three amino acid loop extension)
proteins which act as cofactors. The homeodomain
is a highly conserved motif of 60 amino acids. The
function of the homeodomain was suggested by its
similarity to the sequence of several prokaryotic
gene regulatory proteins which contain a helix-
turn-helix DNA binding motif. The homeodomain
can be divided into three helical regions. Helix 3
contacts the major groove of DNA while helices 1
and 2 lie above the DNA.> Further contact of the
homeodomain to the DNA is made by the sequence
which proceeds helix 1, the N-terminal arm. The
binding of Hox cofactors, (exd in Drosophila, Meis
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or Pbx in mammals) increases the stability of Hox-
DNA binding.

Hox GENES AND DEVELOPMENT

The order of expression of HOX genes within
a cluster is co-ordinated during development,
so that the low number, 3" genes, are expressed
more anteriorly and earlier than the high number,
5" genes. During embryogenesis, cells require
positional information to ensure that uncommitted
cells differentiate into tissue appropriate for its
location within the developing embryo. Thus
groups of cells, known as functional domains,
become committed to form body structures such as
limbs and organs. There is growing evidence that it
is the combination of Hox genes expressed within
the functional domains along the AP axis which
results in specifying the development of structures
within these domains. The possible mechanisms by
which this occurs have been reviewed by Kmita and
Duboule.® In both Drosophila and man the spatial
patterning corresponds to the relative position
on the chromosome, thereby conforming to the
“principle of colinearity”.

In the developing vertebrate Hox genes are first
expressed during early gastrulation at a stage when
the embryo generates its major body axis.” In a
pattern which correlates with the spatial expression
of Hox genes, 3" genes are expressed earlier than
5" and as the embryo develops more progressively
5" genes are expressed. This pattern is termed
“temporal colinearity” and is evident in other
models of development such as haematopoiesis.

HOX GENES AND LIMB DEVELOPMENT

Hox genes define patterns of development in
vertebrate limbs. In the chick, at least 23 Hox genes
are expressed during limb development, with Hoxa9
expressed in the proximal part of the limbs where
the humerus or femur develop. Hoxa9, Hoxal( and
Hoxall are expressed in the forelimb where the
radius and ulna (or tibia and fibula) develop. Hoxa9
to Hoxal3 are expressed in the wrist (or ankle)
and the digits. A similar pattern of expression was
found for the Hoxd genes whereas the expression
of the Hoxc cluster was more complex. These
observations illustrate that complicated networks of
gene expression are involved in organ development,
and suggest that functional redundancy among
the Hox genes may mask the effects of under-
expression or mutations in individual Hox genes.
However a number of abnormalities in human limb
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Fig 3. HOX gene/protein structure and mutations found in limb malformation.
(A) HOX genes consist of two exons and one intron. Exon 2 contains a 180-nucleotide sequence, termed the homeobox,
that encodes a 60-amino acid helix-turn-helix motif, termed the homeodomain, which has DNA-binding activity.

(B) Mutations in HOXA13 and HOXD13 are found in disorders of limb formation, such as hand—foot—genital syndrome
(HFGS), synpolydactyly (SPD), and brachydactyly.

© The Ulster Medical Society, 2006. www.ums.ac.uk



28 The Ulster Medical Journal

formation have been described and recently these
have been linked to specific Hox genes.

Synpolydactyly (SPD), a rare, dominantly inherited
limb malformation with a distinctive combination
of syndactyly (fusion of digits) and polydactyly
(extra digits), is caused by mutations in HOXD13.
SPD typically consists of 3/4-finger and 4/5-
toe syndactyly, with a duplicated digit in the
syndactylous web. Affected family members often
show variable expression of the disorder due to
incomplete penetrance. The molecular basis of SPD
was identified during a study of affected individuals
in an isolated Turkish village.® The SPD locus was
mapped to chromosome 2q31, where the HOXD
gene cluster is located.” In normal individuals exon
1 of HOXD13 contains an imperfect trinucleotide
repeat sequence encoding a 15-residue polyalanine
tract, and in subsequent studies each affected family
displayed an expansion of this repeat, resulting in
7, 8 or 10 additional residues being expressed, see
Figure 3B.

Brachydactyly, in which there is shortening of
the digits, is rare in patients who are homozygous
for SPD.!® Two patients out of 128 screened for
unselected congenital limb abnormalities requiring
reconstructive surgery, were found to have a novel
mutation within the HOXDI13 homeodomain
(Ile314Leu). In further investigations specific
mutations in HOXD13 were linked with different
combinations of limb disorders."!

Hypodactyly, a semi-dominant syndrome of loss
of digit development, has been studied in mice.
Animals with homozygous hypodactyly have a
profound deficit in digital arch formation associated
with a deletion in exon 1 in Hoxal3." This leads
to a translational frame-shift resulting in the loss
of wild-type Hoxal3 protein and the production of
a novel, stable protein in the limb buds of mutant
mice. Mortlock and Innis have linked hypodactyly
to a strikingly similar human disorder — hand-foot-
genital syndrome (HFGS), which differs from
SPD because the deformities of the hands and feet
are fully penetrant, bilateral and symmetrical, and
uniform in their severity."?

The first HOXA 13 mutation associated with HFGS
was a nonsense mutation in exon 2 which leads
to the conversion of a tryptophan residue in the
homeodomain to a stop codon, truncating the
protein by 20 amino acids.”* Some patients with
HFGS also harbour expansions of the polyalanine
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tract of HOXA13, similar to those found in
HOXD13 of SPD.'*!5 A missense mutation in exon
2 is associated with an exceptionally severe form
of HFGS." Two unrelated boys had deletions at
2q24.1-q31 and 2q31.1-q32.2, regions that include
HOXD3 and HOXDI13, associated with severe
limb and genital abnormalities.!® Other patients,
in whom the entire HOXD cluster is deleted, have
a mild SPD phenotype attesting to the inherent
redundancy in the HOX gene network.

HOX GENES AND LUNG DEVELOPMENT

Lung development is dependent upon the
coordinated expression of a large number of
genes in a manner tightly controlled both in time
and space. Expression studies in fetal human and
rodent lungs have demonstrated high expression
of 3" Hox genes in clusters A and B.'” '® There is
a marked decrease in expression of most of these
genes as lung development progresses suggesting
that they are involved in the early stages of lung
morphogenesis, such as airway branching. However
some Hox genes, for example Hoxa3, continue to
be expressed at high levels throughout development
and may be required for pulmonary maturation."

Abnormal expression of HOX genes is associated
with several congenital lung abnormalities e.g.
HOXBj is over-expressed in both bronchopulmonary
sequestration?® and congenital cystic adenomatoid
malformation.'® These disorders are characterised
by deregulated patterns of morphogenesis in
primordial lung tissue. Persistent high levels of
HOXB) expression, beyond the early stages of lung
development, result in primitive lung morphology.
Altered patterns of HOX gene expression have also
been demonstrated in several acquired disorders
including emphysema, primary pulmonary
hypertension and lung carcinomas.?!-*

Murine models in which Hox gene expression
has either been reduced or deleted provide strong
evidence for the role of these genes in structural
development of the respiratory system and
regulation of pulmonary surfactant production.
The degree of branching morphogenesis is
decreased following reduction in Hoxb5 levels by
antisense oligonucleotides.”® Furthermore, Hoxa$
knock-out mice develop to full term but die in the
early neonatal period due to tracheal occlusion,
reduced expression of surfactant proteins and lung
pathology similar to surfactant-deficient respiratory
distress syndrome in preterm human neonates.**
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HOX GENES AND LEUKAEMIA

Multiple HOX genes of clusters A, B and C, but
not D, are expressed in haematopoietic stem cells.
Down-regulation or many HOX genes occurs
as cells within a given lineage differentiate. For
example, Care et al. demonstrated that peripheral
T lymphocytes which were stimulated to proliferate
using phytohaemagglutinin showed a rapid
induction wave of Hox genes from Hoxb1 to Hoxb9,
i.e.inthe 3" to 5" direction.”

Perturbation of the process of cell differentiation by
reciprocal chromosomal translocations can lead to
the development of leukaemia. Such translocations
lead to the creation of fusion genes, and may
involve individual HOX genes or regulators of
HOX gene activity. Thus translocations involving
t[(7;11)(p15;p15)] ort[(2;11)(q31;p15)] have been
described in which the HOXA9 or HOXD13 genes,
respectively, are fused with the NUP98 nucleoporin
gene in rare cases of acute myeloid leukaemia
(AML). More frequently rearrangements of the
mixed-lineage leukaemia gene MLLI, a positive
regulator of cell specific HOX gene expression,
have been found associated with aggressive acute
leukaemias in both children and adults. Both types
of translocation lead to gain of function, affecting
the normal processes of differentiation of the
pluripotent stem cells or the committed lymphoid
or myeloid progenitors by deregulating the HOX
gene expression patterns.

Rearrangements involving MLL and its 39
partner genes identified to date, are associated
with approximately 5% of patients suffering
from AML and 22% of those with acute
lymphoblastic leukaemia (ALL).?® To investigate
the t[(11;19)(p22;923)] translocation which gives
rise to the MLL-ENL fusion protein, commonly
found in infant acute leukaemias of both myeloid
and lymphoid lineage, Horton et al, established
a tetracycline-regulable system of MLL-ENL
expression in primary haematopoietic cells.?”’
Utilising a real-time quantitative PCR system*®
they were able to measure the expression of all 39
murine Hox genes and showed for the first time
that reduced Hox gene expression is specific to
loss of MLL-ENL and is not a consequence of
differentiation. They concluded that MLL-ENL is
required to initiate and maintain immortalisation
of myeloid progenitors and may contribute to the
development of leukaemia by aberrantly sustaining
the expression of a “Hox code” consisting of
Hoxa4 to Hoxall.

© The Ulster Medical Society, 2006.

HOX GENES AND CANCER

Numerous studies have been undertaken to examine
the differences in HOX gene expression between
normal and neoplastic tissue, but the functional
relationship with the malignant phenotype has
remained elusive as reviewed by Abate-Shen.?’
Some investigators have explored the postulate that
Hox genes expressed during embryogenesis but
down-regulated during adult life are re-expressed
in neoplasia- the so called “oncology recapitulates
ontology” hypothesis. During embryogenesis
a fine balance exists between cell proliferation
and differentiation which is essential for normal
development of the fetus. In contrast in cancer the
balance between the two processes goes awry as
reviewed by Grier ef al.*°

Neoplastic growth in mammary epithelial cells
is associated with increased expression of human
growth hormone (hGH). Utilising human mammary
carcinoma cells, Zhang and colleagues found that
hGH production increased the expression and
transcriptional activity of HOXA1.’! Furthermore
overexpression of HOXA 1 in mammary carcinoma
cells resulted in up-regulation of Bcl-2, an anti-
apoptotic factor, and increased total cell numbers.
Interestingly HOXAI also enhanced anchorage-
independent cell proliferation and caused oncogenic
transformation of the cells, rendering them capable
of aggressive tumour formation. Furthermore
overexpression of HOXAI abrogated the response
of the mammary carcinoma cells to daunorubicin.
Taken together these observations serve to
exemplify the effect of overexpression of a single
gene HOXAI, and indicate that changes of
expression of multiple Hox genes may substantially
dysregulate cellular processes in neoplasia.

Epithelial ovarian cancers (EOCs) arise from the
simple epithelium lining the ovarian surface. Major
EOC subtypes show morphological features that
resemble miillerian duct-derived epithelia of the
reproductive tract. Recently Cheng and colleagues
presented strong evidence that lineage infidelity
of epithelial ovarian cancers is controlled by
HOXA genes that specify regional identity in the
reproductive tract.*> They found that the HOX
genes which normally regulate miillerian duct
differentiation are not expressed in normal ovarian
surface epithelium, but are expressed in EOC
subtypes according to the pattern of miillerian-
like differentiation of the cancers. Furthermore
overexpression of Hoxa9, Hoxal(O and Hoxall
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gave rise to papillary tumours resembling serous,
endometrioid-like and mucinous-like EOCs
respectively. These observations support the
contention that alteration of expression of genes in
the HOX network that controls the patterning of the
reproductive tract could explain the morphological
heterogeneity of EOCs.

CONCLUSIONS

Attempts to understand the role of HOX genes
in both normal and abnormal development and
malignant transformation will be enhanced by
the identification of their upstream regulators and
downstream target genes. Whereas MLL fusion
genes have provided some useful insights in the
molecular mechanisms involved in leukaemogenesis
much work remains to be done to identify specific
gene products involved in the HOX network
which might ultimately become feasible targets
for therapeutic intervention. More research is
also needed to explore the role of HOX genes in
developmental processes.
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One hundred years ago

Doks the British public, or even the medical
profession, fully realize that the nation owes that
magnificent institution, the British Museum, to the
liberality of a doctor? Its true begetter was Sir Hans
Sloane, a fashionable physician of the eighteenth
century. . .. Hans Sloane, who was of Scottish descent,
was born in County Down in 1660. Even in boyhood
he collected specimens, and the taste grew upon him
till it became the ruling passion of his life. Natural
history led him to medicine, which in those spacious
days comprehended all science within itself. ... With a
rapidity that seems enviable to us whose professional
lot lies in more arduous times, Sloane was elected a
Fellow of the Royal Society in 1685, and was admitted
to the Fellowship of the College of Physicians in 1687.
In that year there came to him an offer to go to
Jamaica as physician to the Duke of Albemarle, who
had been appointed Governor of that

island. .. . Within eighteen months the Duke died, and
his physician’s nominal occupation was gone. Sloane’s
real occupation, however, had been the gathering of
materials for the museum which was his lifework. He
returned to England in 1689, loaded with the spoils of
his expeditions . . . and became a highly prosperous
physician. The Court and the aristocracy, we are told,
had the “greatest confidence in his prescriptions.”
Queen Anne took counsel of him; George the Second
made him the keeper of the royal constitution; George
the First had previously made him a baronet and
appointed him Physician-General to the Army. The

The foundation of the British Museum

University of Oxford gave him its doctor’s degree in
1701, and he was President of the College of
Physicians for sixteen years. He was appointed
Secretary of the Royal Society in 1693, and succeeded
Isaac Newton in the Presidency of that body in 1727. ...
Throughout his life Sloane went on adding to his
museum, and he accumulated a vast collection, which
included books, manuscripts, pictures, medals, and
coins, as well as objects of natural history. He retired
from practice in 1721, and died in 1753 at the age of
93 leaving in his will directions that his museum, which
was valued at £50,000, should be offered to the nation
for the sum of £20,000. The offer was accepted by
Parliament, and the collection formed the nucleus of
the British Museum, which was opened to the public in
1759. During the greater part of his professional life
Sloane lived in Bloomsbury Square, close to the site of
the future British Museum. Towards the end of his life
he retired to Chelsea, where be had purchased a
manor house and land, which is now covered by the
stately mansions of the Cadogan estate. One of his
daughters became the wife of the second Lord
Cadogan, and the physician’s own name is perpetuated
in Sloane Street and Hans Place. If Sloane was wealthy,
he was also liberal. He gave the Apothecaries’ Society
their famous Physic Garden at Chelsea; he took part in
the establishment of the Foundling Hospital, and he
was never deaf to any deserving appeal made in the
name of charity.

(BMJ 1905;ii:1225)
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