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ABSTRACT

“p53 family members regulate the Otx1 gene expression in differentiation of breast cancer stem

cells and in mammary gland development”.

Tp53, Tp63 and Tp73 family members encode for transcription factors which play a key role in
control of the genome integrity inducing cell-cycle arrest, senescence, apoptosis or cell
differentiation. They take a part in cell stress response and in tumor suppression (De Young MP
and Ellisen LW, 2007).

Wild type p53 protein is a growth modulator and its inactivation is a critical event in malignant
transformation (Gasco M, 2002).

It has been recently demonstrated that p53 has developmental and differentiation functions (Hu
W, 2008). Indeed an over-expression of p53 in tumor cells induces asymmetrical division
avoiding a self-renewal of cancer stem cells (CSCs) and promoting their differentiation (Cicalese
A, 2009).

In this study 43 human ductal and lobular invasive breast carcinomas have been analyzed for the
expression of p53, p63, p73 and a pool of non-clustered homeobox genes. The homeogenes play
a crucial role in embryogenesis, regulating cell differentiation and proliferation (Pagani IS,
2010). They are expressed in adult mammary gland and when deregulated, are involved in
breast cancer (Lewis MT, 2000).

We demonstrated that the Otxl homeogene is transcribed in breast cancer, in CSCs
differentiation and in adult mammary gland development.

We established that the p53 and p73 proteins directly induce the Otx1 expression by acting on its
promoter. Otx1 has been described as a critical molecule for axon refinement in corticogenesis
(Zhang YA, 2002), and its activity in breast cancer suggests a synergistic function with p53 and
p73 in CSCs differentiation.

In adult mammary gland development the Otx1 expression is not regulated by p53, but is
correlated with the expression of Tp73 in lactation and in regression. This suggests that in
physiological conditions Otx1 is regulated by p73, while in the tumors p53 regulates its

expression.
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1 INTRODUCTION

1.1 The homeobox genes

Homeobox (HB) genes are a family of regulatory genes which encode for transcription factors,
which play a crucial role in embryonic morphogenesis. Their functions are critical in specifying
cell identity, in cell differentiation, and in the positioning of the bodily axis during embryo
development. They were originally identified through mutations that cause segment
transformation in Drosophila melanogaster, in which a body part or segment is converted to the
likeness (identity) of another. Since their discovery, more than 200 homolog homeogenes have
been identified from vertebrates to plants and fungi. In mammals, they play key roles in a variety
of processes, including central nervous system and skeletal development, limb and digit

specification, and organogenesis (Lewis MT, 2000).

HB genes contain a common 180-nucleotide sequence, termed “homeobox”, that encodes for a
60-aminoacid domain, the “homeodomain (HD)”, responsible for the recognition and binding of
DNA-specific sequences on the target genes (Pagani IS, 2010). The HD recognizes DNA
through a region of homology to the “helix-turn-helix” motif present in a group of prokaryotic
transcription factors: the N-terminal two helices are antiparallel (helix 1 and helix 2), and the
longer C-terminal helix (helix 3) is perpendicular to the axes established by the first two. It is
this third helix, the “recognition helix”, which interacts directly with the DNA major groove,
forming hydrogen bonds (Fig. 1.1) (Wilson D, 1993). The HD mediates sequence-specific
interactions with DNA responsive elements (REs), primarily those containing a TAAT, TGAT,
TTAT or TTAC core motif. Many homeoproteins have been shown to function as transcriptional
regulators, as activators or as repressors, regulating genes involved in embryonic stem cell

differentiation (Chen H, 2003).



Homeogene _LW_

Target gene —_BE_L

Figure 1.1. The homeoprotein and the homeodomain. The HB genes contain a 180 bp sequence, called
“homeobox”, which encodes for a 60 amino acid “homeodomain (HD)”. The homeodomain recognizes and binds to
specific “responsive elements (REs)” in the promoter of the target genes, activating or inhibiting their transcription.
Despite its considerable variation in primary sequence, the three-deimensional structure of the HD has been
conserved, and corresponds to three a-helices. The helix 3 is the “recognition helix” which interacts directly with

the DNA major groove.

Based on sequence homology among their respective HDs, mammalian HB genes are classified

into two large groups (Coletta RD, 2004).

The class I share high degrees of identity (>80%) in their HDs, with the first discovered HB gene
of Drosophila, called Antennapedia. The most representative genes of this group are the HOX
genes, organized in clusters of minimum nine genes with homologous HDs, aligned on the
chromosome and arranged as 13 paralogous groups. Their order of expression along the anterior-
posterior axis of the embryo, is collinear with 3’ to 5’ organization of HOX genes in the

chromosomes, and is regulated in spatial-temporal manner (Coletta RD, 2004).

The class II comprises diverged HB genes, such as PAX, EMX, OTX or MSX, so called for their
homologs in Drosophila (paired, empty spiracles, orthodenticle and muscle segment homeobox

genes, respectively) (Coletta RD, 2004). New isolated and divergent HB genes are continually



being identified. Recent indications suggest that these genes constitute as much as 0.1-0.2% of

the whole vertebrate genome (Abate-Shen C, 2002).

The two classes of HB genes differ for the sequence diversity within the HD, that contribute to
their distinct functional properties, generating distinct DNA-binding specificities, and promoting
unique protein-protein interactions. Functional specificity is also generated by additional
conserved domains or motifs that occur in particular homeoprotein families (Fig. 1.2) (Abate-

Shen C, 2002).

1 10 20 30 40 50 &0
Overall RKRGRTAYTRAQTLELEKEFHFNRYLTRRRR I EIAHALCLTERQVKI NFONRRMEWKKDN
HOX. RKRGRTAYTRYQTLELEKEFHFNRYLTRRRRIEIAHALCLTERQIKI NFONRRMKWKKDN
MSX NRKPRTPFTTAQLLALERKFRQKOYLSIAERAEFSSSLSLTETQVKI WFONRRAKAKRLG
EN DKRERTAFTAEQLORLKAEFQTNRYLTEQRROSLAQELSLNESQIKT WPQNKRAKIKKAT
NKX RRKRRVLFSOAQVYELERRFPKOORYLSAPEREHLASLLKLTPTOVKINFONHRYKMKROR
CDX KDKYRVVYTDHORLELEKEFHYSRYITIRRKSELAATLGLS ERQVKI WFONRRAKERKVN
HOX |HP| Homeodomain

—_— i} —
MSX [ |EHD| Homecdomain  EHD
P . o 1 &

PAX | | Pareddoman | | Homecdomain
SIX [ X n J Homeodomain
Lim LiM domain ‘:' LIM domain Homeodomain

Figure 1.2. Homeoproteins diversity. The distinct classes of homeoproteins show diversity in the primary
sequence of HD, responsible for specific DNA binding. Additional conserved domains or motif occur in particular
homeoprotein families, and contribute to generate functional diversity. HOX proteins contain a hexapeptide (HP)
motif, a short stretch of conserved residues that are responsible for mediating interactions with PBX homeoproteins.
MSX proteins also have short stretches of conserved amino acids that flank the HD, called the extended HD (EHD),
although their functions are unknown. PAX proteins contains an additional DNA binding domain, known as the
paired box. Members of the SIX family have a conserved amino-terminal domain called the Six domain, and LIM

homeoproteins have two LIM domains, the protein interaction motifs.

The role of HB genes in embryonic development has been extensively investigated since their
discovery. Boncinelli asserts that the complexity of an organism is measured by the fact that

genes expressed during embryogenesis are re-activated in the adult organism, with different
3



functions (Boncinelli, 1996). Recent evidences indicate that HB genes are involved in crucial
biological processes of adult eukaryotic cells, such as control of cell identity, cell growth and
differentiation, cell-cell and cell-extracellular matrix (ECM) interactions (Cillo C, 2001). The
homeogenes regulate the proliferation, controlling the cell cycle. The majority stimulate the cell
cycle, to expand progenitor populations prior to the differentiation, while a subset of HB genes,
such as Gax1 or HoxA10, inhibits the cell cycle progression and promotes cellular differentiation
(Fig. 1.3). Several HB genes are also associated with apoptosis during cell remodeling. The cell
vitality and the phenotype are regulated by extracellular signals, such as cytokines, growth
factors, hormones, adhesion molecules and ECM molecules, which activate an intracellular
pathway resulting in the expression of the HB transcription factors. Variations in the acetylation
state of histone proteins, covering the promoter regions, affect the transcriptional activity of
specific genes. Interestingly, it has been recently proposed that acetylation/deacetylation may

regulate transcription of HB genes, like Hox genes (Cillo C, 2001).
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Figure 1.3. HB proteins have both a positive and negative effect on the cell cycle. HOX11 and SIX1 act at the
G2-M transition by disrupting the G2 checkpoint, and causing cells to enter mitosis inappropriately. MSX1 up-
regulates cyclin-D1, so preventing cells from leaving the cell cycle and undergoing differentiation. GAX1, on the
other end, does not promote proliferation, but up-regulates the cyclin-dependent kinase inhibitor WAFI1, which

prevents entry into S phase.

Due to crucial role of the HB genes, mutations occurring in these genes are associated to human
congenital, somatic or metabolic defects. For example, mutation of HoxA13 causes hand-foot-

genital syndrome, and fusion between nucleoporin gene Nup98 and HoxA9 by chromosome
4



translocation is involved in myeloid leukemia (Cillo C, 2001). Deregulation of homeogene
expression plays a key role during tumorigenesis. Normal development and cancer share many
properties: both processes involve alterations in cell proliferation and differentiation, cell death,
neovascularization, cell motility and invasion. Thus, genes involved in normal development are
frequently utilized in neoplasia. The deregulated expression of HB genes has been described in

many solid tumours, in leukemias and lymphomas (Coletta RD, 2004).

The involvement of the HB genes in carcinogenesis may be classified, based on their expression

pattern (Fig. 1.4) (Abate-Shen C, 2002).

HB genes expressed in undifferentiated cells during development, may be re-expressed in
tumorigenic cells, derived from the same cell lineage. There are many examples, including brain,
mammary gland and kidney, in which tissue specific Hox genes are over-expressed in tumours
derived from tissues in which they are normally expressed during development (Abate-Shen C,

2002).

On contrary, HB genes that are normally expressed in fully differentiated tissues, are down-
regulated or lost in tumor. Recently, it has been reported that loss of expression of Cdx2 cause
colon cancer, and that loss of expression of Nkx3.1 is linked to prostate cancer (Abate-Shen C,

2002).

Then, HB genes which are not normally expressed in a specific tissue during development, can
be expressed in tumors derived from this cells. For example, Pax5 is expressed in
medulloblastoma, but not in the cerebellum from which this tumor is derived (Abate-Shen C,

2002).
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Figure 1.4. The relationship between HB gene expression and epithelial development and carcinogenesis. HB
genes that are normally expressed in developing tissues and are down-regulated in differentiation, are re-expressed
in cancer. Conversely, HB genes that are expressed in differentiated tissues are often down-regulated in cancer

progression.

The differentiation status of a particular cell types can be considered the result of the balance of
the expression of some HB genes and the silencing of the other. The gain or loss of HB genes
promotes tumorigenesis as a consequence of their inappropriate effects on growth and
differentiation. Although these genes are over-expressed or down-regulated in cancer, they are
not considered “classic” oncogenes or tumor-suppressor, like p53, but they are defined as
positive or negative “tumor modulators”. While not necessarily proved, it has been presumed
that oncogenic activities are produced by wild-type, rather than mutant, homeoproteins. The
oncogenic potential is not due to the acquisition of new or altered activities, but reflects a wrong
spatial-temporal extension of their normal functions. Their loss-of-function is not sufficient for

tumorigenesis (Abate-Shen C, 2002).

Indeed, it is evidenced the HB genes involvement in tumorigenesis, further studies are required

to clarified their role in the development and progression of cancer (Table 1.1).



Table 1.1. Deregulated homeobox genes in solid tumors

Genes Deregulation in cancer Normal expression Functional insights

HOX  Gain of expression in primary ~ Expression patterns during — Overexpression promotes
tumours and cell lines from embryogenesis reflect roles  cellular transformation in culture
brain, breast, colon, lung in patterning, segmentation
and kidney and fate determination of

many tissues

MSX Gain of expression in Expression during Owverexpression leads to inhibition

(1.2 mammary, colon, stomach, embryogenesis of differentiation, corelated with
kidney, thyroid and other associated with uprequiation of cyclin D1
carcinomas epithelial-mesenchymal

interactions and inversely
comelated with differentiation

HSIX1 Gain of expression in Limited expression analyses  Overexpression abrogates the
mammary and other available; homologues G2 cell-cycle checkpoint in
carcinomas expressed in the developing  response to X-ray imadiation

brain, eye, muscle and other
tissues
GEBXZ2  Gain of expression in prostate  Expressed in the developing Downregulation of GBXZ via
carcinoma nervous system; limited antisense comelated with reduced
information concerning turmorigenicity
expression in prostate
PAX Gain of expression in Wilms’ Expression patterns during  Overexpression promotes cellular

(2.5,6,8) tumour, brain and breast cancer; embryogenesis reflect roles  transformation in culture
translocation of 2AX8in thyroid  in organogenesis of kidney

carcinoma and other tissues
CDXZ2  Loss of protein expression in Expressed during Ohverexpression promotes
colon carcinoma embryogenesis in differentiation of intestinal cells,
extraembryomic and while leading to reduced
embryonic tissues; profiferation and tumarngenicity:
expression in older embryos  heterozygous mutant mice
and aduits restricted to predisposed to colon cancer
intestinal epithelium
NKX3.1 Loss of protein expression in Expressed during Localized to Bp21, whichis
prostate cancer and embryogenesis in somites frequently deleted in prostate
pre-neoplastic (PIN) lesions and other derivatives; CANCEr; verexpression

expression in older embryos leads to reduced cell
and adults is restricted to growth and tumongenicity;

prostatic epithelium homozygous and heterozygous
mutant mice are predisposed to
prostate cancer
BARXZ Loss of expression in ovary Expressed in normal ovarian  Localized to 11g24, which is
carcinoma surface epithelium; imited frequently deleted in ovarian
expression analyses cancer; displays tumour suppression
available and anti-metastastic activities
in cell culture

1.2 Otx family

The OTX proteins, the vertebrate homologues of the Drosophila gene horthodenticle (Otd),
include an important class of HD-containing transcription factors involved in the induction and
in the morphogenesis of the neuroectoderm, leading to the formation of the vertebrate central
nervous system. OTX/Otd proteins, belong to the Paired-like HD family, are characterized by a
lysine at position 9 of the recognition (third) helix of the HD. The lysine in this position is
relatively unusual, and confers to the OTX proteins a high affinity and selective binding to

TAATCC/T sites on DNA (Klein WH, 199).



This gene family underwent to gene duplication during vertebrate evolution and probably, like
other HD protein families, contributed to increase the morphological and functional complexity
of the vertebrates. Based on OTX-HD similarity, several other OTX-related proteins have been
identified. Outside of the HD, homologies between OTX proteins may be found in the glutamine
stretch. This domain is followed by the KXRX;,KXK domain adjacent to the HD. After this
there are the highly conserved WSP domain [(S/A)(I/L)YWSPA], 45-50 amino acids C-terminal to
the HD, and an imperfect repeat of an 18-25 amino acid region, containing the highly conserved
Otx tail domain (D/E)CLDYK(D/E)(Q/P) located upstream to the C-terminal W(K/R)FQVL
motif (Fig. 1.5) (Bellipanni G, 2009).

Based on sequence homologies within the C-terminal domain, Otx proteins can be classified into
three groups: OTX1/0TX3, OTX2, and OTXS5/CRX. In particular, OTX1 and OTX3 show a
region containing three separate stretches of histidine (HRSs: histidine-rich sites) (Fig. 1.5)

(Bellipanni G, 2009).
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Figure 1.5. Primary structure of the OTX1 and OTX3 proteins.

Otx1 (2p13) and Otx2 (14q22.3) genes play a pivotal role during early and later brain
development. During brain regionalization, these genes are regulated in spatial and temporal

manner, and are sequentially expressed in overlapping domains (Larsen KB, 2010).



The Otx2 gene. Otx2 (orthodenticle homeobox 2) is required during gastrulation, for anterior
neural plate specificat