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Homeobox genes: a molecular link between development
and cancer
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ABSTRACT: Homeobox genes are regulatory genes encoding nuclear proteins that act as transcription factors, regulating
aspects of morphogenesis and cell differentiation during normal embryonic development of several animals. Verte-
brate homeobox genes can be divided in two subfamilies: clustered, or HOX genes, and nonclustered, or divergent,
homeobox genes. During the last decades, several homeobox genes, clustered and nonclustered ones, were identified
in normal tissue, in malignant cells, and in different diseases and metabolic alterations. Homeobox genes are involved
in the normal teeth development and in familial teeth agenesis. Normal development and cancer have a great deal in
common, as both processes involve shifts between cell proliferation and differentiation. The literature is accumulating
evidences that homeobox genes play an important role in oncogenesis. Many cancers exhibit expression of or alter-
ation in homeobox genes. Those include leukemias, colon, skin, prostate, breast and ovarian cancers, among others.
This review is aimed at introducing readers to some of the homeobox family functions in normal tissues and especially
in cancer.

DESCRIPTORS: Genes, homeobox; Neoplasms; Growth & Development.

RESUMO: Os genes homeobox sdo genes reguladores que codificam proteinas nucleares as quais atuam como fatores de
transcricao, regulando varios aspectos da morfogénese e da diferenciacao celular durante o desenvolvimento embrio-
nario normal de diversos animais. Os genes homeobox de vertebrados podem ser subdivididos em duas familias: os
agrupados, ou HOX, e os nao agrupados, ou divergentes. Durante as ultimas décadas, varios genes homeobox, agru-
pados e nao agrupados, foram identificados em tecidos normais, em células malignas e em diferentes doencas e condi-
coes metabdlicas. Os genes homeobox estao envolvidos, por exemplo, no desenvolvimento normal do dente e em age-
nesias dentarias de ocorréncia familiar. O desenvolvimento normal e o cancer tém muito em comum, ja que ambos
envolvem proliferacao celular e diferenciacao. A literatura tem mostrado um ntimero cada vez maior de trabalhos rela-
cionando os genes homeobox a oncogénese. Muitos tipos de cancer exibem expressao ou alteracdo nos genes homeo-
box. Eles incluem leucemias, cancer de célon, pele, prostata, mama e ovario, entre outros. Esta revisao objetiva levar
os leitores a conhecer algumas das func¢oes da familia homeobox nos tecidos normais e especialmente no cancer.

Patologia

DESCRITORES: Genes homeobox; Neoplasias; Crescimento & desenvolvimento.

INTRODUCTION

Homeobox genes are master development control
genes that act at the top of genetic hierarchies regulat-
ing aspects of morphogenesis and cell differentiation in
animals®. These genes were first discovered in the fruit
fly Drosophila® and identified as genes whose muta-
tions cause body segment transformation, also known
as homeotic transformation. This phenomenon con-
sists of the transformation of one part of the body into
another, e.g. a fly with four wings instead of two.

Homeobox family of genes encodes regulatory pro-
teins controlling basic developmental processes in sev-
eral tissues, including orofacial tissues®. They contain

a common 180-nucleotide sequence (homeobox) cod-
ing for specific nuclear proteins (homeoproteins) that
act as transcription factors. The homeobox sequence
encodes a 60-aminoacid domain, the homeodomain,
responsible for DNA binding®'"**. Structural analyses
have shown that the homeodomain consists of a he-
lix-turn-helix motif that binds the DNA by inserting the
recognition helix into the major groove of the DNA and
its amino-terminal arm into the adjacent minor
groove”. The specificity of this binding allows
homeoproteins to activate or repress the expression of
batteries of downstream target genes®'. Homeobox are
also under regulation of some proteins, such as the
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signaling proteins Sonic hedgehog (SHH), fibroblast
growth factor (FGF) and bone morphogenetic protein
(BMP). The homeobox were shown to occur in all
Metazoa, ranging from sponges to vertebrates and also
plants and fungi®.

This review aims at introducing readers to some of
the homeobox family functions in normal tissues and
especially in cancer development, which could be of
valuable clinical interest in the near future.

HOMEOBOX GENES IN DEVELOPMENT

The family of vertebrate homeobox genes can be di-
vided in two subfamilies: a) the clustered homeobox
genes, known as HOX genes or class [; and b) the
nonclustered, or divergent homeobox genes.

The HOX family plays a fundamental role in the
morphogenesis of vertebrate embryo cells, providing
regional information along the main body axis'**. This
family is structurally and functionally homologous to
the homeotic complex (HOM-C) of Drosophila. There
are at least 39 genes in mice (HOX genes) and humans
(HOX genes) organized in four genomic clusters of
about 100 kb in length called HOX loci. Each cluster is
located in a different chromosome (HOX-A, HOX-B,
HOX-C and HOX-D, respectively at 7p, 17p, 12p and
2p) and comprises 9 to 11 genes arranged in a homolo-
gous sequence organization (Figure 1)°. HOX genes
have been reported as implicated in angiogenesis and
wound repair®, in functions of the female reproductive
tract®, and in pulmonary hypertension and emphy-
sema'’. Mutations in HOX genes may yet participate in
human malformations, e.g., HOXA13 generate the
hand-foot-genital syndrome'®, HOXB1 generate the
Mowat-Wilson syndrome®, and Duanes Retraction
Syndrome (DRS) links to the HOXD cluster'. Also,
Ingram et al.'® (2000) reported evidence of an interac-
tion between HOXA1, HOXB1, and gender in suscepti-
bility to autism spectrum disorders.

The nonclustered genes are a large number of
genes scattered throughout the genome that, never-

theless, can be organized in distinct families based on
their homologies and functional similarities. Some of
the families include paired (PAX), orthodenticle (OTX),
muscle segment (MSX), distalless (DLX), caudal (CDX),
and empty spiracles (EMX) homeobox genes, among
others™.

During the last decades, several homeobox genes,
clustered and nonclustered, were identified in normal
tissue, in malignant cells, and in different diseases and
metabolic alterations’. PAX genes are the homeobox
family with the strongest connections with human dis-
eases. PAX2 has been implicated in breast cancer™, re-
nal hypoplasia and renal disease®; PAX3 has a role in
rhabdomyosarcomas® and melanomas®; PAX5 deter-
mines the identity of B cells®. MSX homeobox genes
are involved in the normal teeth development and in
familial teeth agenesis’.

HOMEOBOX AND CANCER

Oral cancer is, respectively, the fifth and seventh
most common cancer for male and female in the gen-
eral population. About half of the patients afflicted
will die within five years of diagnosis®. Squamous cell
carcinomas account for 96% of all oral cancers. Dur-
ing the last decade, much progress has been made in
delineating the molecular alterations that lead to
oncogenic transformation'. Several studies indicate
that alcohol and tobacco use are important factors
causing oral cancer®. A genetic predisposition has
been suggested, since the majority of the population
exposed to the mentioned risk factors does not de-
velop oral cancer. Also, sporadic cases of oral cancer
occur in young adults, non-users of any identifiable
carcinogen, and there have been reports of family his-
tory involvement®. Today, many genetic events
caused by chromosomal alterations or mutations
have been proposed to underline the progression of
oral tumors®. The development regulatory genes™"
are an important group of genes involved with
carcinogenesis. These genes were never associated
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FIGURE 1 - Schematic representation of the four HOX (Class I) loci aligned according to the position on a different

chromosome.
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with oral cancer. Recently, we were able to show that
four distinct squamous cell carcinoma cell lines ex-
press HOX genes differently from the control cells and
tissue”.

Cancer and normal development have a great deal
in common, as both processes involve shifts between
cell proliferation and differentiation®. Recent research
has demonstrated that improper regulation of devel-
opment genes may result in cancer. However, there is
a lot to be learned about the interplay that exists be-
tween development, cell cycle, apoptosis and cancer.

Many cancers exhibit expression or alteration in
homeobox genes. They include leukemia, colon, skin,
prostate, breast and ovary cancers, among others.
Recently it was shown that loss of expression in hu-
man breast cancer of pS3, a gene that protects cells
against malignant transformation, may be primarily
due to lack of expression of HOXA5”. However, the
precise mechanisms by which homeobox gene alter-
ations lead to cancer are still unknown''.

The demonstration of cell lineage-specific patterns
of HOX gene activation in human and murine leuke-
mic cell lines supports the hypothesis that HOX gene
expression can regulate normal hematopoietic differ-
entiation®’. Altered expression of HOX genes located
in HOXA and HOXB loci is often involved in
leukemogenesis. The infection of normal marrow cells
with a LTR/HOXBS8 construct, together with the ac-
tion of the IL-3 gene, was able to induce myeloid leu-
kemia in mice*.

A genomic fusion in frame between the nucleoporin
gene NUP98 and the HOXA9 gene was shown in three
patients with myeloid leukemia and translocation
t(7;11)*. Chimeric fusion proteins resulting from the
transcription activator domain of one protein and the
DNA binding domain of another display a high
oncogenic potential. Other fusions, as PBX1 to E2A
and HRX to nuclear proteins, alter the se-
quence-specific binding of HOX genes, direct
homeoproteins to a different target, and induce
leukemogenesis'. The locus HOXC is mainly impli-
cated in lymphomas. HOXC4, C5 and C6 are ex
pressed in non-Hodgkin lymphom s, displaying a type-
and site-restricted expression pattern in both T- and
B-cell non-Hodgkin lymphomas?®.

Major differences in HOX gene expression are de-
tectable in primary solid tumors (kidney, colon,
breast, prostate and smal cell lung cancer) compared
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with the corresponding normal adult organs™.
Misexpression of HOX genes is detectable in meta-
static lesions related to the primary tumor of origin
and the corresponding normal tissue, supporting the
hypothesis of an implication of homeoproteins in can-
cer evolution®.

Overexpression of the homeobox gene HSIX1 in
MCEF7 cells abrogated the G2 cell cycle checkpoint in
response to X-ray irradiation, as it was observed with
HOX11. Furthermore, HSIX1, as HOX11, is aberrantly
expressed in cancer. Overexpression of HSIX1 is ob-
served in 44% of primary and 90% of metastatic breast
lesions, suggesting that HSIX1 may play a role in the
progression of breast cancer'. In mammary glands,
HOXC6 transcripts, which are active during the pu-
berty and maturity, became silent during pregnancy,
probably because of the negative regulation of steroid
hormone, and are also inactive in mammary
adenocarcinomas®.

In other neoplasms, expression of HOX genes was
also reported. For instance, renal adenocarcinomas
consistently express the HOXA9 gene and only rarely
express either HOXD10 or HOXC9%*. HOXB6, HOXBS8
and HOXC9 are misexpressed at various stages of co-
lon cancer evolution”. HOXB7Y is silent in normal
melanocytes, but became active in melanomas®. In
mouse skin, HOXA6, A7 and B7 were identified in
papilloma, but not in normal skin®. HOXC6, D1 and
D8 are expressed in human neuroblastoma cells®.
Finally, in osteosarcomas, HOXC6 expression seems
to be regulated by members of the TGF-b
superfamily*®.

CONCLUSIONS

Alink between development and cancer is expected
since both processes involve cell proliferation and cell
differentiation. Homeobox genes were first described in
organisms in development and are now recognized to
be expressed in many types of cancers. The difference
between the expression pattern in distinct normal tis-
sues and in tumor tissues must be further character-
ized in order to all in carcinogenesis. Also, further
characterization isences of modulating these genes ex-
pression in neoplasms, including oral cancer.
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