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CHAPTER 1     General Introduction 

1.1  GENERAL INTRODUCTION 

 Homeobox genes are regulatory genes encoding small proteins that act as 

transcription factors during normal development (Gehring and Hiromi 1986) and 

were first identified in the fruit fly Drosophila melanogaster (Lewis 1978). A 

common feature of these proteins is the presence of a highly conserved 61-amino acid 

motif, the homeodomain that enables homeodomain proteins to bind to DNA at 

specifically recognised binding sites and transcriptionally activate their target genes, 

as extensively reviewed (Levine and Hoey 1988; Scott et al. 1989; McGinnis and 

Krumlauf 1992). At present, a large number of homeobox genes have been 

characterised, now comprising an extensive super-family of regulatory genes with 

members found in all animal species. There is a large catalogue of divergent 

homeobox sub-families, of which the best characterised and most extensively studied 

is the HOX/Hox-family.  

 In mammalian species, there are 39 Hox genes organised in four clusters 

located on four different chromosomes in the genome (Scott 1992). They are 

structural and functional homologs of the Drosophila homeotic complexes (Hom-C), 

and are thought to have arisen through the combination of cis-amplification and 

trans-duplication of the Drosophila bithorax and antennapedia complexes during 

separate evolutionary events (Krumlauf 1994; Meyer 1996). As the Hox proteins 

were identified quite early as regulatory transcription factors with DNA-specific 

recognition facilitated via the conserved homeodomain, much effort has gone into 

trying to elucidate the exact mechanisms by which the Hox proteins gain their 

functional specificity and where in the regulatory hierarchy they exert their effect. 

Even so, although much has been learned, there are still large gaps in the puzzle that 

eventually will draw out a picture enabling us to fully appreciate the intricate control 

mechanisms governed by the Hox proteins. 

 As the homeodomain-containing transcription factors were found to be key 

regulators of embryogenesis and normal development, researchers considered that 

potentially these regulatory proteins could also be involved in various aspects of 

cancer development. Although the underlying cellular mechanisms that destine a 

normal cell to become neoplastic are highly variable, collective principles governing 

malignant growth are distinguishable. Amongst these are self-sufficiency in growth 
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signals, sustained angiogenesis, tissue invasion and evasion of apoptosis (Hanahan 

and Weinberg 2000).  

 Since the physiological processes governing oncogenesis across a large 

number of cancer cell genotypes are similar, it has been postulated that the large and 

diverse collection of cancer-associated genes might be tied to the operation of a small 

group of regulatory circuits. Furthermore, as the molecular mechanisms involved in 

carcinogenesis deal with the acquisition, regulation and maintenance of cell identity, 

many researchers have proposed regulatory proteins involved in embryogenesis and 

the maintenance of normal cells to be potential candidates as oncogenic regulators 

(Castronovo et al. 1994; Ford 1998; Cillo et al. 1999; Hanahan and Weinberg 2000; 

Cillo et al. 2001). Hence, the homeobox genes became a focal point for several 

research groups trying to elucidate the genetic control of carcinogenesis. Not only 

were the homeodomain transcription factors quickly being characterised as major 

players throughout embryogenesis, but research also strongly suggested that the 

homeobox gene families were key regulators of many biological processes in adult 

eukaryotic cells. Among these processes are cell-cell and cell-extracellular matrix 

interactions (Srebow et al. 1998), capillary morphogenesis and angiogenesis 

(Boudreau et al. 1997; Myers et al. 2000), cell cycle control (Ford et al. 1998), and 

cell growth and differentiation (Magli et al. 1991). 

 The present study seeks to further investigate the potential involvement of 

homeodomain-containing transcription factors in human carcinogenesis. Due to the 

vast number of homeobox genes present in the human genome – estimated to 0.1-

0.2% of the whole vertebrate genome (Stein et al. 1996) – the class I homeobox, or 

Hox genes, will be the main focus, with subtle references to related homeobox gene 

families. As will become evident, other aspects of Hox transcriptional and functional 

specificity in the non-malignant cellular environment will form an equally important 

part of this thesis. There is still much to be elucidated regarding these normal 

regulatory principles however, if the potential involvement of Hox genes in 

carcinogenesis is to be unravelled.  
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1.2  THE HOX TRANSCRIPTION FACTORS 

1.2.1 Homeotic Genes and the Homeodomain 

Although the early work of Lewis (1978) allowed for the characterization of 

key genetic loci controlling Drosophila development, including homeotic genes, the 

actual homeobox was to be discovered some years later (McGinnis et al. 1984; Scott 

and Weiner 1984). The homeobox is a highly conserved 183-bp DNA sequence that 

encodes a 61-amino acid domain, termed the homeodomain, and was originally 

characterised by nuclear magnetic resonance (NMR) spectroscopy (Qian et al. 1989; 

Billeter et al. 1990) on a 68 amino acid residue Antp homeodomain expressed in E. 

coli (Muller et al. 1988). The tertiary structure of the homeodomain is a so-called 

helix-turn-helix motif (Figure 1.1) that enables homeodomain proteins to bind to 

DNA at specifically recognised binding sites (Figure 1.2) and transcriptionally 

activate their target genes (Wuthrich et al. 1992; Latchman 1995).  

 

 
 
FIGURE 1.1: The Homeodomain Tertiary Structure. Homeodomain from the Drosophila 
Antennapedia protein. The three helices making up the Drosophila Antennapedia 
homeodomain are prototypic for all homeobox proteins, serving as the core structure even for 
divergent homeobox families. Source: PDF file from (RCSB 2000), with image 
produced with Swiss PDB viewer: (Guex et al. 2004). 
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FIGURE 1.2: Homeodomain Protein Segment Bound to DNA. The third helix with its 
acidic tail resides in the major groove of the DNA duplex, making most of the recognition 
contacts with the DNA. The N-terminal flexible arm and the loop between helix 1 and helix 2 
lso make important contacts with the DNA duplex. Source: (ExPASy 2000). 

 

in alanine, serine, glycine, proline or glutamine (Castronovo et al. 1994). 

a
 

In addition to the homeodomain, the homeobox genes also encode other 

highly conserved structures (Figure 1.3). The homeodomain itself ends with an acidic 

tail, with an as yet undetermined structure. Furthermore, many homeodomain 

proteins, albeit not all, contain a highly conserved pentapeptide (IYPWM), the 

homeopeptide, just upstream from the homeodomain. Finally, homeobox proteins 

contain a conserved amino-terminal region followed by a variable region, usually rich 
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FIGURE 1.3: Schematic Representation of a Prototypic Homeodomain Protein. The 
main conserved regions of a prototypic homeodomain protein (Antp/Hox). The 
homeodomain is further highlighted with the three alpha helices. The prototypic Hox gene 
encoding this structure generally contains one intron between the homeopeptide and the 
homeodomain. Source: (Castronovo et al. 1994) 
 

 

The homeodomain proteins have been shown to be key regulators of 

embryonic development and differentiation (Marx 1992) and they are found in all 

animals tested to date, and even in many plants (Ulijaszek et al. 1998). There are 

numerous classes of homeobox genes and novel isolates are still being identified, 

adding to the list of more than 340 known homeodomain sequences (Gehring et al. 

1994). It has been estimated that as much as 0.1% of the vertebrate genome is 

accounted for by homeobox genes, and by 1996, 170 different homeobox genes had 

already been cloned from vertebrate genomes (Stein et al. 1996). Also after the 

release of the human genome, extensive analyses has revealed that the homeobox 

indeed seems to be represented at this 0.1% level (Tupler et al. 2001), and there are 

still puzzling new discoveries being made, as for instance the discovery of a Hox14 

paralog gene in horn sharks and coelacanths (Ferrier 2004; Powers and Amemiya 

2004). 

 As the homeobox genes were first discovered in the fruit fly Drosophila 

melanogaster and much of our understanding of these important transcription factors 

originates from these early studies, a brief discussion on the Drosophila homeotic 

genes will follow, before focusing more directly on the vertebrate homologs.   
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1.2.2 The Homeotic Genes of Drosophila melanogaster 

As already mentioned, the homeobox genes were first discovered in 

Drosophila, with the observations that mutations in such genes often resulted in 

homeotic transformations of the body plan. An extensive collection of mutations were 

quickly assembled (Lewis 1978; Kaufman et al. 1980), and as these mutations 

resulted in the change of "something into the likeness of something else" - a 

phenomenon known as homeosis and originally described back in the late 19th 

century (Bateson 1894) - the genes responsible for these mutations were aptly termed 

homeotic genes. Of the many now famous homeotic mutations, the dominant mutant 

Antennapedia (Antp) phenotype is probably the best known, with the transformation 

of the head antenna into an extra thoracic leg, as pictured in Figure 1.4. 

 

        

BA 

FIGURE 1.4: Electron Micrograph of Drosophila Head. A) shows a normally developed 
wild-type Drosophila head, and B)  shows an Antennapedia mutant fly in which homeotic 
transformations have resulted in the development of leg structures in place of the antenna 
structures. Source: (FlyBase 2000). 
 

Further analyses of the homeotic genes revealed that they all shared a highly 

conserved DNA sequence of 183 base pairs, now known as the homeobox, and 

additionally they were found to cluster together in the genome. The Drosophila 

species was found to contain eight homeotic genes1 located in two groups; the 

Antennapedia complex (Ant-C), which regulates the development of the more anterior 

parts of the fly, and the Bithorax complex (Bx-C), which regulates the development 
                                                 
1 The Drosophila homeotic genes typically refer to the eight genes of the Ant-C and bx-C complexes. 
However, several other genes containing the homeodomain have been isolated from the Drosophila 
genome at later stages and are more commonly referred to as homeobox genes. 
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along the whole anterior-posterior axis (Refer to Figure 1.5). In essence, the Ant-C 

cluster is comprised of the five genes lab, pb, Dfd, Scr and Antp, whereas the Bx-C 

cluster comprise three genes; Ubx, Abd-A and Abd-B. Also notable is the homeotic 

gene-cluster arrangement along the chromosome, which corresponds to their domains 

of function along the anterior-posterior axis (Scott 1992). Typically, the homeotic 

genes located at the 3' end of the chromosome are expressed early in development, 

controlling development of the anterior structures of the species, whereas a 

progressively more 5' end gene expression is observed later in development, which 

controls development of the more posterior structures (Cillo et al. 1999).  

 

1.2.3 The Homeotic Genes of Vertebrates 

Due to the high number present in the vertebrate genome, homeobox genes 

have been organised into multi-member classes characterised by their conserved 

amino acid variants in the homeodomain and other parts of the protein. Those 

homeobox genes which are structurally and functionally homologous to the 

Antennapedia complex (Ant-C) and the Bithorax complex (Bx-C) of Drosophila are 

referred to as class 1 homeobox genes, or Hox genes (Cillo et al. 1999).  

As will be described in the next section, the Hox genes are localised in four 

clusters on four different chromosomes in the vertebrate genome. Many other genes 

encoding proteins containing the homeodomain are also found in the vertebrate 

genome. These are, however, found outside the Hox gene cluster complexes and are 

referred to as divergent homeobox genes. Some of these gene families will be 

addressed in Section 1.2.6. 

 One decade ago around 170 different homeobox genes had been isolated from 

the vertebrate genome (Stein et al. 1996), and the list has expanded to some degree 

ever since. They all share the common homeodomain sequence, with some variations 

grouping them into different families. Most strikingly, however, is their seemingly 

universal involvement in cellular specification and identity. They all seem to be key 

regulators of cellular identity, from the specification of regional identity of several 

skeletal and neurological structures by the Hox genes (Galis 1999) to the cooperative 

role of Dlx genes in the regulation of epithelial-mesenchymal cell interactions in 

extra-embryonic tissues (Quinn et al. 1998). 
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1.2.4 The Hox Gene Family 

The mammalian Hox gene family consists of at least 39 genes organised in 

four clusters located on four different chromosomes in the genome (Scott 1992). They 

are structural and functional homologues of the homeotic complex (Hom-C) of 

Drosophila and are thus thought to have arisen by two separate duplication events 

(Scott 1992; Krumlauf 1994; Meyer 1996). It is believed that the evolutionary 

amplification of the Hox genes started with a cis-amplification of a primordial Hox 

gene, producing 13 members, which was followed by a trans-duplication of most of 

the Hox complex. The trans-duplication is further believed to have occurred twice, 

leading to the four Hox clusters evident in the mammalian genome (Meyer 1996; 

Greer et al. 2000). 

 These duplication events have had a direct consequence on the striking 

homology seen between the 39 Hox genes.  The trans-paralogous genes (genes 

occupying the same relative position along the 5' to 3' chromosomal coordinate) share 

a higher degree of sequence similarities than the cis-paralogous genes (genes 

occupying adjacent positions on the same chromosome), as shown in Figure 1.5. For 

example, by comparing the homeodomain peptide-sequences of HOXA1 with the 

trans-paralog HOXB1 and both its adjacent and distant cis-paralogs HOXA2 and 

HOXA13, it becomes evident that HOXA1 shares as much as 53 of the 60 amino acid 

residues with HOXB1 (~88% homology), but only 40 of the 60 amino acid residues 

with HOXA2 (~67% homology). HOXA1 only shares 29 out of the 60 amino acid 

residues with HOXA13 (~48% homology), strongly indicating a more similar 

expression pattern and functional complementation between the trans-paralogs than 

between the cis-paralogs. 

This postulated functional complementation between the trans-paralogous 

Hox genes has recently been demonstrated for mouse HoxA3, HoxB3 and HoxD3 in 

an elegant study carried out by Greer and colleagues (2000). They showed that the 

three trans-paralogs are capable of carrying out identical biological functions even 

though they do not show functional equivalence in their normal, wild-type 

chromosomal environment. They found that in knockout mice lacking either one of 

the three Hox genes there was no obvious overlap in phenotype, but rather a unique 
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mutated phenotype. However, by replacing any of the deleted Hox genes with one of 

its trans-paralogs, the normal phenotype was restored.  

Based on their findings, they postulated that the observed non-equivalence of 

the trans-paralogs in wild-type tissues might be attributed to quantitative differences 

in expression levels rather than qualitative differences. Ultimately this would mean 

that there are other cellular mechanisms controlling the transcription potential of the 

specific Hox paralogs in different cells, since they further observed that a deletion of 

a specific Hox gene in differentiated mesenchymal neural crest and somitic mesoderm 

cells was not counteracted by an upregulated expression of its trans-paralogs.  

 Apart from the homologies between the different Hox genes described above, 

there are further striking conserved regions within the Hox proteins, suggesting an 

elaborate structure-function relationship between different Hox transcription factors. 

And, although much is still to be understood regarding this structure-function 

relationship and the functional consequence in both in vitro and in vivo environments, 

early data suggest intriguing regulatory principles governing Hox transcriptional and 

functional specificity, and will be addressed later. First, however, the nomenclature of 

the Hox gene family will be addressed, clarifying an otherwise confusing existence of 

multiple classification systems carried forward from earlier work. 

 

1.2.5 Hox Gene Nomenclature 

A new Hox gene nomenclature was proposed in the early 1990’s (Scott 1992) 

addressing a somewhat disorganised nomenclature already in existence. As this 

nomenclature largely has been accepted and employed ever since, it will also be used 

throughout this thesis. This nomenclature is outlined in Figure 1.5, which also 

includes the old names of corresponding human (HOX) and mouse (Hox) genes as 

well as their chromosomal location. 

Depicted in blue is a graphical representation of a 10-hour Drosophila 

embryo. The horizontal bars indicate the approximate extents of the epidermal 

expression domains of the eight homeotic genes, whereas a dotted extension indicates  
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FIGURE 1.5: Evolutionary Conservation of Genomic Organisation and Expression 
Patterns of the Hox Genes. Conservation of the homeotic genes in Drosophila and 
mammals. Both genomic organisation and expression pattern along the anterior-posterior axis 
show high conservation. The upper part of the figure (blue) depicts a 10hr Drosophila 
embryo, with the approximate extents of the epidermal expression domains of the HOM-C 
genes. Also note that the HOM-C cluster is split in half, with two clusters (Ant-C and Bx-C) 
organised on the same chromosome. The lower part (black) depicts the mammalian Hox gene 
complex and its genomic organisation. The new names for the HOX/Hox genes are those 
present on top of each square, whereas the most commonly used old names of the human and 
mice HOX/Hox genes are present below each corresponding square. The red arrows align the 
Drosophila and mammalian gene orthologs, also indicating corresponding expression 
patterns. Note also the conserved direction of transcription of the Hox genes, which is 
conserved from Drosophila, with the exception of Dfd, of which transcription occurs in 
opposite direction. A further discussion of the features presented in the figure is given in the 
text. Modified from (McGinnis and Krumlauf 1992; Scott 1992; Veraksa et al. 2000). 
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posteriorly overlapping expression domains. Furthermore, T1, T2 and T3 depict the 

thoracic segments and A1-A8 the abdominal segments. The vertical arrows depicted 

in red represent the relatedness in sequence similarities and expression patterns of the 

Drosophila genes with their mammalian groups’ orthologs. The exact homology 

relationships for some central and posterior Hox genes are difficult to determine, 

however it has been hypothesised that several Hox genes share strong homology to an 

ancestral gene (not depicted) and as such is indicated with red brackets. Also, the 

Drosophila bcd and zen genes are not members of the Hox anterior-posterior 

patterning system, but rather represent fast-evolving insect homeobox genes (Veraksa 

et al. 2000). 

The remaining features of the figure, depicted in black, are concerned with the 

mammalian Hox gene complex. Each of the Hox genes carries a name corresponding 

to its chromosomal position. The four different chromosomal groups are each 

depicted with a single letter (A, B, C or D), which is followed by a number from 1 to 

13, depending on their position in the 5' to 3' chromosomal coordinate. Furthermore, 

the genes with the lowest numbers are expressed most anteriorly, with a more 

posterior expression corresponding with increasing numerical value. Finally, the new 

names are those on top of each square, whereas the gene names shown below the 

squares are the most commonly used synonyms for both human and mice HOX/Hox 

genes. It should be noted that columnar correspondence (and thus trans-paralogous 

relationship) of genes in the four Hox complexes are based solely on the 

homeodomain sequences.  

 

1.2.6 Divergent Homeobox Gene Families 

There are a number of divergent homeobox genes present in both 

invertebrates and vertebrates. Their common feature is the homeodomain, as well as 

the fact that they all seem to be involved in the mechanisms governing development 

and cellular identity. As was seen with the Hox gene complexes, they are believed to 

have originated from a primordial ancestor gene through duplications. Many of these 

homeobox gene families also contain several homologous members, for example EN-

1 and EN-2; Cdx1, Cdx2 and Cdx3; Pbx1, Pbx2 and Pbx3; and several Pax genes 

(Matsui et al. 1993), to mention just a few. They do not cluster together at specific 
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chromosomal loci in an ordered fashion such as the Hox gene complexes; rather, they 

seem to be located randomly at various chromosomal loci. 

 Another feature of many divergent homeobox families is the presence of 

additional conserved sequence motifs residing outside of the homeodomain, as well 

as the presence of a truncated homeodomain in a few homeobox proteins (Figure 1.6). 

Apart from serving as a tool for the classification of the different homeobox genes 

into sub-families, these domains strongly contribute to the extensive diversification of 

the numerous homeobox genes (Gehring et al. 1994).  

 The Pax family consists of nine members located on separate chromosomal 

loci, with all nine being present in the human genome (Stapleton et al. 1993; Stuart et 

al. 1994). They are all expressed in the central nervous system (CNS) and paraxial 

mesoderm and its derivatives, where they are involved in the control of development 

(Stoykova and Gruss 1994; Stuart et al. 1994). Interestingly, the homeodomain of a 

few PAX proteins are found to be truncated, and furthermore, some members lack the 

homeodomain all together. As depicted in Figure 1.6, the DNA binding motif consists 

of two separated protein domains, and is thus referred to as a paired box motif 

(Stapleton et al. 1993).  Several members of the PAX family have been implicated in 

playing a crucial role in oncogenesis, for example in Wilms' tumour and thyroid 

cancers, as reviewed by Cillo et al (1992). 

 EMX1 and EMX2 are two human homologs of the Drosophila empty spiracles 

gene (ems) and are important regulatory genes in CNS (Taylor 1998). Yet another 

two homeobox genes, EVX1 and EVX2, are homologues to the Drosophila even-

skipped gene and are located to the 5' end of the HOXA complex on chromosome 7 

and the HOXD complex on chromosome 2, respectively (Kastury et al. 1994). 

 The Gbx family of homeobox genes is comprised of six members, in which 

two, GBX1 and GBX2, are present in the human genome, located on chromosomes 7 

and 2, respectively (Matsui et al. 1993). Overexpression of these two homeobox 

genes have been reported in prostate cancer, and GBX2 particularly has been linked to 

malignant growth of prostate cells (Gao et al 1998). The Dlx family also has six 

members, of which all are homologous to the Drosophila distal-less gene (Stein et al 

1996). Different members are expressed in the developing forebrain, branchial arches, 

facial primordia and limbs, and in particular DLX4 is found to be involved in the 
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regulation of epithelial-mesenchymal cell interactions, as well as a postulated role in 

trophoblast invasion (Quinn et al. 1998).  

  Another rather extensive family of homeobox genes is the NK-family, and its 

members are homologous to the Drosophila Nk-2/vnd, Nk-3/bagpipe and Nk-4/ 

tinman/msh-2 (Stein et al. 1996; Apergis et al. 1998). They have been found to be 

important regulatory transcription factors in development in both Drosophila and 

vertebrates. Among the members of the NK-family is the TTF-1/Nkx2.1 gene, which 

is a regulator of thyroid-specific gene expression (Apergis et al. 1998) and the CSX-

1/Nkx2.5 gene, which replicates the function of Nk-4/tinman in that it is essential for 

normal cardiac morphogenesis (Tonissen et al. 1994; Benson et al. 1999).   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

complex:     These prototypic homeobox genes/proteins include the Hox  members, as described. caudal
(cad), empty spiracles (ems) and TCL classes are evolutionary linked to the complex genes as
they all contain the conserved hexapeptide. 

engrailed:   The engrailed (en) class is characterised by 4 highly conserved protein segments (EH) outside
of the homeodomain.  

paired:       The paired (prd) class is characterised by a second DNA-binding domain of 128 amino acids.
Variations occur between the members of this class of proteins, in which some contain both
the paired domain and the homeodomain (which sometimes is truncated), and others contain
the paired domain only. The spacing between the domains has proven to be important for
DNA-binding specificity. 

POU: The POU class is characterised by a second DNA-binding domain of 80 amino acids in
addition to the homeodomain.  

NK-2: The NK-2 class contains a characteristic 'conserved peptide' (CP) downstream of the 
homeodomain. This CP is conserved throughout the vertebrate and Drosophila genes. 

FIGURE 1.6: Schematic Representation of the Conserved Protein Domains Associated 
With Divergent Homeobox Proteins. Source: (Gehring et al. 1994). 
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1.2.7 Hox: Transcriptional and Functional Specificity 

Again, in an effort to avoid too much repetition, the detailed principles of 

what is known about Hox transcriptional and functional specificity will be reviewed 

thoroughly in Chapter 5. Nevertheless, a description of the basic mechanisms 

regarding the trans-regulatory potential of the Hox transcription factors will follow. 

And even though much is still unknown regarding Hox protein specificity, 

accumulating data suggest the Hox proteins do exert their regulatory potential by 

numerous mechanisms. 

The homeobox genes encode transcription factors with a canonical 

homeodomain-structure responsible for DNA binding, with subsequent 

transcriptional activation or repression of the target gene. Ever since the first studies 

elucidating DNA recognition motifs of the Hox proteins (Odenwald et al. 1989; 

Affolter et al. 1990; Florence et al. 1991; Catron et al. 1993), a canonical 

TAAT/ATTA sequence has been identified as the core Hox DNA binding motif. In 

general terms, covalent protein-DNA interactions occur between amino acid residues 

3 and 5 of the homeodomain (N-terminal arm) and the minor groove, and amino acid 

residues 47 and 51 of the homeodomain (helix 3) and the major groove (Kissinger et 

al. 1990; Wolberger et al. 1991), as depicted in Figure 1.7. 

 

       N-arm       Helix3 

      5    3     51  47 

        
      T1 A2 A3 T4 T5 G6 

 
         minor       major 
         groove         groove 

FIGURE 1.7: Homeodomain-DNA Interactions Between Hox Proteins and the 
Canonical TAAT Core. The base-specific contacts made between the homeodomain amino 
acid residues 3, 5, 47 and 51 and the TAAT binding motif. Amino acids 3 and 5 of the 
homeodomain make contacts in the minor groove, whereas amino acids 47 and 51 make 
contacts to the DNA in the major groove. Amino acids docking in the major groove are 
further thought to make more stable contacts and thus ultimately impose a higher specificity. 
Nucleotides 5 and 6 are also thought to make specific contact with the homeodomain, as 
discussed herein. Modified from: (Ades and Sauer 1995). 
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 As will be discussed in Chapter 5, this short DNA sequence does not alone 

account for the wide range of postulated transcriptional specificity of the Hox 

transcription factors. It was recognised quite early that this four base-pair motif had 

the potential to be present in a very large number of promoter elements throughout 

the genome, and also that the relatively large number of known homeodomain 

proteins needed further regulatory principles if the functional specificity of individual 

Hox proteins were to be accounted for. Also, variations to the TAAT/ATTA motif 

have been characterised, with various Hox transcription factors binding to TGAT, 

TTAT and TTAC sequences, in particular in conjunction with other cofactors (Chang 

et al. 1996; Shen et al. 1997b). 

Apart from the canonical four base pair binding motif, flanking base pairs 

both 5’ and 3’ of the sequence have later proven to affect DNA binding affinity for 

the Hox proteins. And, although much is still to be understood concerning these 

effects and their role in specifying the trans-regulatory potentials of the Hox 

members, mutational studies have shown altered binding specificities directly linked 

to flanking base pairs (Ekker et al. 1992; Catron et al. 1993; Ades and Sauer 1994). 

Also, as mentioned, there are several other potential control mechanisms involved in 

determining Hox transcriptional and functional specificity, for instance 

phosphorylation and redox regulation. Before these mechanisms are reviewed, 

however, cofactor-mediated Hox activity will be discussed. 

 

1.2.8 Cofactor-Mediated Hox trans-Regulatory Activity 

As there are a large number of homeodomain-containing proteins in any 

metazoan cell, and yet homeodomain proteins seemingly recognise and bind to very 

similar DNA sequences, the paradox concerning functional specificity is obvious. 

One critical finding explaining how Hox transcription factors could gain further 

specificity in their in vivo environment, was the identification of Hox cofactors. The 

first such cofactor to be identified was Pbx (Exd in Drosophila), which is a non-Hox 

homeodomain-containing protein of the TALE-family (Chang et al. 1995; Knoepfler 

and Kamps 1995; Lu et al. 1995; Neuteboom et al. 1995; Phelan et al. 1995). The 

same studies further characterised a conserved hexapeptide N-terminal to the Hox 

homeodomain to be critical for the observed protein-protein interactions.  
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A handful of Hox cofactors have now been identified, including another 

TALE-class protein Meis, however their exact interactive mechanisms are to a large 

extent unclear. Nevertheless, Hox proteins do interact with other proteins to gain 

further trans-regulatory activity, seemingly via a variety of mechanisms. One such 

model implies that cofactors selectively target specific Hox proteins, with a 

subsequent selective DNA binding. In this model, Pbx/Exd can bind to a large 

number of Hox proteins, but due to variable structures outside of the Hox 

homeodomain, the overall heterodimeric protein structure would be specific for each 

combination, only allowing the heterodimer to bind to a selected few DNA motifs 

(Figure 1.8). Such a model is supported with the finding that different Pbx/Exd-Hox 

heterodimers indeed show distinct in vitro DNA binding specificities (Popperl et al. 

1995; Chan and Mann 1996; Mann and Chan 1996). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 1.8: Hox Cofactor-Mediated Binding-Selectivity to DNA Targets. A 
suggested model by which cofactors (CoF) can affect the binding specificity of Hox
proteins, which otherwise recognise the same DNA motif. In this model, a variable length
of the linker region between the homeodomain and a conserved hexapeptide (responsible
for Pbx/Emx-Hox heterodimerisation) affects binding selectivity to two adjacent binding
motifs. Hox alone cannot bind to the DNA motif, but upon dimerisation DNA binding is
possible. However, in order to bind, the dimer-conformation must correspond with 
appropriate adjacent DNA binding motifs.
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Another model suggests that cofactors can alter the trans-regulatory activity 

of Hox proteins already bound to DNA. In fact, this could occur through more than 

one mechanism, of which three will be mentioned herein. Firstly, it could be 

suggested that the cofactors do not affect the Hox-DNA binding affinity, but simply 

act via different components in the overall promoter region. Hence, a change in 

promoter activity could be explained by an overall change in the DNA structure, 

enabling the transcriptional components to initiate transcription (Figure 1.9A) 

 

  
FIGURE 1.9: Models Outlining Cofactor-Hox Interactive Mechanisms for trans-
Regulatory Activity. Further suggested models by which cofactors (CoF) can affect the 
binding specificity of Hox proteins, which otherwise recognise the same DNA motif. A) No 
physical contact between the cofactor and the Hox protein. Trans-activation is achieved 
through overall changes in the transcriptional complex. B) The cofactor further stabilises the 
Hox-DNA affinity by binding to an adjacent site, but does not alter actual Hox binding 
specificity. C) Cofactor dislodges the Hox protein from its DNA target, which then no longer 
exerts its repressing function, and transcription may be activated. 

 

 

 

 18



CHAPTER 1     General Introduction 

Secondly, cofactors could regulate the Hox proteins by acting on homomeric 

DNA-bound proteins, resulting in a switch from an inactive or repressive state into 

transcriptional activators (Figure 1.9B). That is, a cooperative DNA binding would 

serve principally as a means to achieve a more stable activated Hox conformation, as 

proposed by Pinsonneault et al (1997). Thirdly, and similar to the preceding model, 

cofactors could dislodge Hox proteins already bound as monomers to the DNA 

(Figure 1.9C). Such a model is supported by recent findings, where HoxC8 acted as a 

transcriptional repressor of the osteopontin (OPN) promoter when bound as a 

monomer, whereas an interaction between HoxC8 and the mediator protein Smad1 

dislodged HoxC8 from the OPN promoter, with subsequent promoter activation via 

other regulatory proteins (Shi et al. 1999). 

According to the first model described above, transcriptional specificity of the 

Hox proteins is largely determined by interactions with cofactors, offering some 

explanation of the paradox seen where most Hox proteins can utilise the same or 

similar DNA recognition sites in vitro. With the latter models, however, the cofactors 

are not required for actual DNA binding, which leads to a dilemma with regard to 

selectivity and functional specificity. If they bind to potentially thousands of genes, 

how do they operate within the transcriptional machinery? 

 

1.2.9 Hox as Phospho- and Redox-Proteins 

Having been reviewed elsewhere, both the process of phosphorylation (Hunter 

and Karin 1992; Jackson 1992) and redox regulation (Haddad 2002; Turpaev 2002; 

Haddad 2003) and their modulation of transcription factor function is well 

established. And although these potential aspects of Hox transcriptional activity are 

largely unexplored, some studies strongly indicate that the Hox proteins, at least to a 

certain extent, are modulated by both these mechanisms. 

Phosphorylation can regulate the function of transcription factors by several 

mechanisms, which include the regulation of nuclear translocation, inhibition/ 

stimulation of DNA binding and regulation of trans-activation. These three main 

levels of regulation by phosphorylation are well established, as reviewed by Hunter 

and Karin (1992). There is also evidence supporting the view that some Hox 

transcription factors are phospho-proteins, as suggested by early studies (Odenwald et 
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al. 1989; Lopez and Hogness 1991). A loss of trans-activation function of the Antp 

protein in Drosophila was caused by site-directed mutations of putative CKII target 

sites outside of the homeodomain (Jaffe et al. 1997), whereas the Scr protein is 

reported to lose transcriptional activity by phosphorylation within the N-terminal arm 

of its homeodomain (Berry and Gehring 2000). In the latter study, a 

dephosphorylation at the N-terminal site by phosphatase PP2A was indicated to be 

required for Scr activity. 

Another Drosophila protein, engrailed (En), showed enhanced DNA binding 

upon phosphorylation of a region outside of the homeodomain by CKII (Bourbon et 

al. 1995). In the mammalian system, phosphorylation of HOXB7 has also been 

implicated in Hox functionality. By eliminating two known CKII target sites, 

enhanced differentiation of a myeloid murine cell line (32D) was observed, in 

contrast to the effect observed with wild-type HOXB7 (Yaron et al. 2001). In 

addition to HOXB7, the murine HoxB6 has also been shown to be phosphorylated by 

CKII (Fienberg et al. 1999), further supporting the notion that several Hox proteins 

are phospho-regulated. Furthermore, as several Hox proteins contain glutamic-rich 

regions (potentially functioning as CKII target sites) at positions similar to those of 

HoxB7 and HoxB6, it may be postulated that phosphorylation is involved in 

specifying transcriptional specificity of many Hox proteins. 

Redox regulation is a mechanism utilised by numerous transcription factors 

to gain enhanced transcriptional activity, for example HIF-1α, NF-κB, AP-1, Pax8 

and TTF-1 (Kambe et al. 1996; Whitelaw 1999; Haddad 2002).  In terms of the Hox 

proteins, however, this level of regulation is largely unexplored, which is somewhat 

puzzling considering that changes in cellular redox potential are potentially involved 

in the regulation of various stages of metazoan development.  

Fluctuation in cellular redox potential is a phenomenon readily observed in 

the developing organism. As reviewed in (Allen and Balin 1989), an extremely large 

increase of anti-oxidant enzymes such as superoxide dismutase (SOD) and 

glutathione (GSH) peroxidase is observed as development proceeds, playing an 

important role in the removal of oxidation products from cells. Interestingly, these 

authors also report a low SOD activity in tumour cells.  
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 Expanding from these empirical data, a second review (Allen and Tresini 

2000) suggests that the developmental programs governing cell differentiation and 

proliferation are controlled by programmed changes in the cellular redox state. In 

light of this, and the fact that many carcinogens are (or produce) free radicals and 

other reactive oxygen species (ROS), it is tempting to postulate that changes in 

cellular oxidation potential induced by these oxidants may contribute to the malignant 

phenotype by indirectly activating or deactivating the transcription of regulatory 

genes through redox-sensitive transcription factors.  

 Even though only a small number of studies have focused on elucidating 

whether or not the various Hox proteins are under redox regulation, available data 

strongly indicate that at least some of them could be. Two studies carried out by the 

same group (Galang and Hauser 1992; Galang and Hauser 1993) revealed that 

HOXB5 is capable of binding to its promoter sequence on the DNA duplex in a 

reduced state. However, an oxidation of the protein was necessary for transcriptional 

activation, achieved by protein-protein dimerisation, involving a small domain 

adjacent to the homeodomain on the amino-terminal side. Furthermore, the thiol 

group within the homeodomain was shown to be crucial for both cooperative binding 

and redox regulation. 

  

1.2.10 Hox Genes in Development 

All metazoans, from primitive cnidarians through to humans, share one 

moment in their lifecycle when they all are nothing more than a single-cell zygote. 

From that stage, they all develop into unique multi-cellular organisms of enormous 

diversity, directly linked to their individual genetic makeup. And although animals of 

various shape and complexity exist in abundance, all these species have more in 

common than meets the eye. A bumblebee is obviously different to a golden retriever, 

as the dog is different to its human master. The diverse phenotypes are obvious, yet 

they do share some common traits. They can all be divided into anterior-posterior and 

dorsal-ventral body-plans, they all have eyes, albeit somewhat different, and they all 

have legs, even though the numbers differ. Thus, what immediately looks so different 

is in reality a window into the fascinating world of genetic and morphogenetic 

evolution, which through the ages has produced a gargantuan number of species, yet 
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with a much smaller number of genetic and molecular principles governing the 

developmental stages of the multi-cellular organisms.  

Among these principles are the conserved Hox genes, which are present in all 

bilateral animals (Veraksa et al. 2000). Although the numbers of Hox genes vary 

greatly between species, all genomes contain several Hox members, clustered 

together in an evolutionary conserved manner, where their positioning on the 

chromosomal coordinate can be directly linked to their spatio-temporal expression 

pattern. And although the complete functional significance of this clustered 

arrangement is still largely unknown, it hints towards a complex genetic unit that 

exerts its functional specificity as a single entity, an argument both empirically 

supported and raised by individual research groups (Gould et al. 1997; Sharpe et al. 

1998).   

Even before the complete characterization of the Drosophila homeobox 

genes, it was predicted that the ‘Hox’ genes would function by activating downstream 

genes, termed “realisators”, which in turn would be responsible for the actual control 

of morphogenesis (Garcia-Bellido 1975). And, as evidenced by a large volume of 

post studies, this notion would prove to be fairly accurate. Hox genes do indeed 

encode transcription factors that operate as transcriptional trans-regulators, exerting 

their regulatory potential from high up in the genetic hierarchy. What has become 

clear later, however, is that not all direct downstream target genes are so called 

“realisator” genes, but rather are themselves transcription factors (Guazzi et al. 1994; 

Troy et al. 2003) or other signal molecules (Carè et al. 1996; Shi et al. 2001), which 

in turn may control the actual “realisators”. 

When trying to elucidate the functional specificity of Hox transcription factors 

and how they are involved in the control of animal development, it quickly becomes 

clear that no one Hox protein can be viewed as a single entity, alone controlling the 

fate of a given downstream target gene and subsequently a particular morphogenetic 

pathway. To date, no known Hox target gene has been characterized that relies on 

Hox trans-regulation alone, and as will be discussed shortly, the Hox members 

themselves seem to share functional complementation with other members of the Hox 

cluster. Despite the complex nature of Hox transcriptional and functional specificity 
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however, extensive mutational studies have provided much towards understanding 

the role of the Hox genes in animal development. 

As mentioned, the Hox genes are expressed in a spatio-temporal fashion 

during development, where they confer segmental identity along the primary body 

axis, from posterior to anterior. Spatially, the more 3’ genes within the Hox clusters 

have more anterior expression domains with an overlapping movement towards the 5’ 

genes and posterior expression domains. There is also a further temporal control in 

vertebrates with the 3’ genes generally being expressed earlier in development, with a 

sequential activation of 5’ cis-paralogs, as extensively reviewed (McGinnis and 

Krumlauf 1992; Favier and Dolle 1997; Mark et al. 1997; Gellon and McGinnis 

1998; Morata and Sanchez-Herrero 1999; Mann and Morata 2000; Veraksa et al. 

2000; Giudice 2001; Prince 2002; Hombria and Lovegrove 2003). Evidence for the 

links between the chromosomal positioning of individual Hox genes within the gene 

cluster and morphological determination has largely come from naturally occurring 

mutations in the Drosophila system, and later through transgenic approaches in the 

murine model.   

For example, a loss-of-function mutation of Ubx in parasegment 6 of 

Drosophila (consisting of the posterior compartment of the third thoracic segment 

and anterior compartment of the first abdominal segment) results in the development 

of thoracic structures of the first abdominal epidermis by the overlapping expression 

of Antp (Struhl 1982; Hafen et al. 1984; Hayes et al. 1984). A gain-of-function 

mutation of Ubx was shown to result in the transformation of the second into the third 

thoracic segment with the transformation of the wings into a second pair of halteres, 

whereas an ectopic Antp expression resulted in the conversion of the antenna into 

mesothoracic legs, as reviewed in Mark et al (1997). 

In the mammalian system, some early gain-of-function mutation studies 

supported the findings of the Drosophila models. By placing the HoxD4 gene under 

the control of a HoxA1 cis-regulatory element, an ectopic HoxD4 expression in more 

anterior domains was achieved, with a subsequent homeotic transformation of the 

occipital bones towards a more posterior phenotype resembling cervical vertebrae 

(Lufkin et al. 1992). Similarly, by extending the anterior border of HoxA7 expression, 

previously determined to be demarcated in the neuroectoderm and the somatic 
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mesoderm (Mahon et al. 1988), anteriorly derived malformations of both germ layers 

did arise (Kessel et al. 1990). Several other studies further indicate that Hox 

transcription factors act in a regional-specific manner in the specification of cell 

identities of developing organisms. Numerous loss-of-function studies of the Hox 

genes have shown homeotic transformations in mammalian systems, with many 

causing vertebral transformations (Ramirez-Solis et al. 1993; Favier et al. 1995; 

Favier et al. 1996). 

What becomes evident with most of the mutational studies described, as well 

as a large volume reviewed elsewhere (Favier and Dolle 1997), is an anteriorisation 

of the mutated body segments. That is, the morphology resembles that of its anterior 

wild-type neighbour. With these observations from several model systems, including 

flies and mammals, the phenomenon of ‘posterior dominance’ emerged as a crucial 

mechanism for the regulation of development by the Hox clusters. With posterior 

dominance it is understood that the more posterior expressed Hox genes are 

functionally dominant over more anterior expressed Hox genes. Hence, according to 

this model, the morphology of any given body segment is determined by the most 

posteriorly expressed Hox genes, with the variation in body segment morphology 

then being explained by the spatio-temporal expression of the Hox genes, with more 

anteriorly expressed genes being activated earlier in the developmental stages.  

Although the above-mentioned phenomenon of spatio-temporal expression 

and posterior dominance explains much of what is known about the role of the Hox 

genes in development and how body segments are determined in biaxial animals, 

there are studies implicating a fourth dimension of Hox functional specificity. Apart 

from showing specific spatio-temporal expression patterns in the developing 

organisms, individual Hox genes, at least in higher animals, show a degree of 

functional redundancy (Condi and Capecchi 1994; Horan et al. 1995b; Rancout et al. 

1995; Fromental-Ramain et al. 1996; Greer et al. 2000), potentially caused by the 

duplication events of the Hox cluster as previously described. Thus, morphologic 

specification by Hox proteins may also be partially determined by the concentration 

of individual Hox members in a dynamic interactive play with other Hox proteins, 

collectively working together as a specific ‘blueprint’.  
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1.2.11 Hox Genes and the Differentiated Adult Cell 

The homeobox genes were first identified as developmental regulators, and as 

such, much attention was given to their functional role in embryogenesis and early 

development. Now however, it has become clear that these regulatory genes also are 

active in normal adult cells and attention has been focussed on elucidating a 

relationship between homeobox gene expression and their regulatory- and/or 

maintenance-potential in fully differentiated metazoan cells.  

In terms of the Hox genes, a large volume of studies has shown them to be 

expressed in differentiated eukaryotic cells, with a potential tissue-specific 

distribution. A restricted HOX expression is reported for normal adult human lung, 

with 11 of the 39 HOX genes being expressed, with gene expression limited to the 

more 3’ end of the HOXA and HOXB clusters, more specifically HOXA2 through to 

HOXA6 and HOXB2 through to HOXB6, as well as HOXD1 (Tiberio et al. 1994).  

Many other adult tissues show a higher number of Hox genes being expressed. 

For instance, human colon has been shown to express 29 of the 39 HOX genes (De 

Vita et al. 1993), whereas 30 genes were expressed in human kidney (Cillo et al. 

1992). Another extensive study screened for the expression pattern of all 39 HOX 

genes across 20 kinds of human normal organs, and found that less than half of the 

HOX genes were expressed in brain, liver, heart, and salivary gland tissues, and an 

intermediate level of detected HOX members in lung, small intestine, cerebellum, 

thymus, adrenal gland, thyroid gland skeletal muscle, trachea, spleen and bone 

marrow tissues, and finally with almost all HOX members being expressed in 

placenta, prostate, colon, testis, kidney and the uterus (Takahashi et al. 2004). A 

further, and extensive volume of reported Hox expression patterns in various adult 

animal tissues exists, however a complete referral to all of these is deemed 

unnecessary in the current context. What should be noted is that the expression 

pattern of the Hox cluster differs greatly between organs and tissues. As is the case in 

development, adult cells also possess a tissue-specific Hox gene expression 

characteristic of a specific organ or tissue, and this tissue-specific expression might 

be responsible for both the organ-specific phenotype and the positioning in the biaxial 

environment. 
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As knowledge about gene expression alone offers little in terms of the 

functional role of any given gene product, these studies only reveal that Hox genes 

are indeed transcribed long after the cells have differentiated and gained their 

morphological and phenotypical traits. The actual functional specificity exerted by 

the various Hox transcription factors in the fully differentiated cells is yet largely 

unknown. Studies on malignant transformation in mammalian systems put forward 

interesting postulates with respect to Hox function and expression patterns however, 

and will be reviewed in the following section.  

 

1.3  CANCER 

1.3.1 Cancer – A Broad Perspective 

Cancer is the second most common cause of death in the Western society, 

surpassed only by cardio-vascular diseases. Certain types of cancers, such as breast, 

skin, colon and prostate cancer, have a very high prevalence throughout the world, 

and as such have been the target for extensive research. Much emphasis has gone into 

elucidating the mechanisms governing both the onset of cancer, as well as cancer 

progression and metastasis. There is now an exhaustive volume of data related to all 

aspects of cancer disease, and any attempt at covering most of what is known would 

be a task well beyond the scope of this thesis. Some general aspects will be addressed 

however, as the work reported herein is partly concerned with the genetics of cancer, 

and in particular exploring a postulated involvement of Hox transcription factors in 

carcinogenesis. 

Cancer is a generic term referring to the full spectrum of malignant 

neoplasms, now including more than 100 characterised types known to affect humans 

(Friedberg 1986; Hanahan and Weinberg 2000). Broadly speaking, all neoplasms are 

further grouped into three categories, classified mainly by the organ of origin and 

type of cell involved. In general terms, carcinomas arise from epithelial cells, 

sarcomas from supporting tissues such as blood vessels, and leukaemias and 

lymphomas from the blood forming cells of the bone marrow and lymph nodes 

(Cairns 1986). Further classification of these three groups into a more specific system 

is possible, however such a classification system is only necessary when talking 

about very specific cancer types. In the current context, this simplified classification 
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will suffice, only highlighting the fact that all neoplasms originate from the process of 

neoplasia, which can be defined as “a process by which the normal controlling 

mechanisms that regulate cell growth and differentiation are impaired, resulting in 

progressive growth” (Friedberg 1986). 

 

 
FIGURE 1.11: Cancer Growth. Any tissue in the body is normally well organised and 
segmented. With an accumulation of genetic mutations, one cell can begin to proliferate 
uncontrollably in a confined area, and a solid (benign) tumour is formed. As both growth and 
genetic mutations continue, the tumour begins to grow throughout the different tissue 
segments and the tumour acquires a metastatic potential. Source: (TheCancerCouncilVictoria 
2005). 
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FIGURE 1.12: Mechanisms of Metastasis.FIGURE 1.12: Mechanisms of Metastasis. Cancer metastasis is comprised of a complex 
series of events, in which malignant cells detach from the primary tumour, travel through the 
body via lymph or blood vessels, reinvade tissue at site of arrest and ultimately promote the 
growth of a secondary tumour. Source: (UniversityOfBuffalo 2004). 
 

 

Despite the large number of distinct cancers characterised, there is mounting 

evidence that these all have acquired similar functional capabilities, albeit via various 

mechanisms, sustaining their progressive growth and development utilising common 

molecular principles. Carcinogenesis is a multi-step process driven by genetic 

alterations, progressively altering the cellular phenotype from a normal cell into a 

malignant one. Indeed, all neoplastic cells have multiple genetic alterations, ranging 

from point-mutations through to changes in chromosomal complement (aneuploidy) 
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(Kinzler and Vogelstein 1996; Lengauer et al. 1998). Then, when enough genetic 

alterations have accumulated in one cell, it may start to proliferate and grow 

excessively, resulting in the establishment of a benign tumour. At this stage, the cells 

are incapable of spreading into other tissues and may lay dormant for several years 

(Cairns 1986). With further mutations in any of the benign cells however, further 

mechanisms controlling cellular proliferation can be over-ridden, leading to an 

invasive potential upon which the cell can detach from the original tumour and spread 

to surrounding tissues and cause secondary tumour-growth through the mechanisms 

of metastasis (Cairns 1986), as outlined in Figures 1.11-12. 

Metastasis is almost always the cause of cancer death (Sporn 1996; Ruiter et 

al. 2001), and thus the most significant factor limiting cancer-treatment success. The 

process of metastasis generally involves six steps, with the first being penetration of 

lymphatics and vasculature. Then follows immunologic escape, enabling the 

metastatic cell to survive in circulation; arrest in capillary beds of distant organs; 

penetration of lymphatic or blood vessel walls; cellular growth at the new location; 

and tumour vascularisation (Bashyam 2002).  

 

1.3.2 Cancer – Collective Dictations of Malignant Growth 

Knowing that the initial steps of cancer development are directly linked to 

alterations in the genetic makeup of the cell through an accumulation of mutations, it 

would be beneficial to identify what processes were originally affected, and how this 

in turn released the cell from its normal phenotypic constraints. One obvious problem 

with such an approach, however, is the fact that all specific neoplasms potentially 

have undergone various genetic mutations. Furthermore, the complex relationship 

between phenotype and genotype of cancer cells is additionally confused by the 

observations that patients with the same inherited cancer and identical mutations can 

develop dissimilar clinical features (Kinzler and Vogelstein 1996). Finally, the 

catalogue of cancer-associated genes is by any standards very extensive (Mulvihill 

1999), emphasising the large number of genes that could potentially be involved in 

cancer-susceptibility in humans. 

Regardless of the large number of neoplastic genotypes, it has been postulated 

that all cell malignancies are governed by a collective few cellular processes, thus 
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leading to a further hypothesis that the vast number of cancer-associated genes 

operate within a much smaller group of regulatory circuits (Hanahan and Weinberg 

2000; Evan and Vousden 2001). Hanahan and Weinberg (2000) suggest that there are 

in essence six such acquired functional capabilities, namely i) self-sufficiency in 

growth signals, ii) insensitivity to growth-inhibitory signals, iii) evasion of apoptosis, 

iv) limitless replicative potential, v) sustained angiogenesis, and finally vi) tissue 

invasion and metastasis. From this viewpoint, most cancers could potentially be 

understood by the elucidation of a few common molecular pathways, and 

simultaneously give greater hope for the otherwise formidable task of developing 

cancer therapies.  

From this viewpoint, it is understood that for any normal cell to successfully 

transform into a proliferating malignant cell, several successive and specific 

mutations must take place. It must also be noted that, although cancer arises in 

approximately 1 in 3 lifetimes, the estimated mutation rate and potential target cells 

in the human body by far outweigh the rate of incidents (Evan and Vousden 2001). 

Hence, cancer progression follows distinct stages, and if the correct mutations have 

not taken place, the body’s natural defence mechanisms will rid itself of the 

transformed cell at any of one of these stages, as depicted in Figure 1.13. Therefore, 

rather than characterise cancer solely as a generic term encompassing a large number 

of disparate diseases, common underlying principles governing all neoplastic 

progression might be elucidated. Also, as cancer onset is attributed to deregulated 

gene expression and mutated gene transcripts, maybe ‘regulated dysregulation’ could 

better describe the true nature of carcinogenesis.  

The common denominators postulated to be essential acquired capabilities for 

successful neoplastic transformations are all trademarks of most, if not all cancers. 

However, no one ‘capability’ would alone be sufficient for complete neoplasia. It is 

the combined accumulation of ‘successful’ mutations that ultimately allow the cell to 

proliferate into tumours and survive. This, in turn offers great potential for cancer 

treatment, where any one of these pivotal stages in cancer progression could be 

targeted. And although our understanding of all these processes in carcinogenesis is 

still limited, knowledge from normal metazoan development could offer many clues. 
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FIGURE 1.13: Evolution of Cancer. Rather than following a simple linear progression 
from normal cell to a malignant one, a model of cancer evolution suggests that the 
transformed cell must have overcome several growth-inhibitory ‘checkpoints’ along its 
proliferative progression. The metazoans’ natural defence-mechanisms, such as the induction 
of apoptosis, differentiation or senescence, must be evaded through a series of successive and 
compensatory mutations, otherwise tumour progression will be thwarted. Source: (Evan and 
Vousden 2001) 

 

  

Through extensive research, it has become relatively clear that carcinogenesis 

and normal development share many common principles. Both processes involve 

shifts between cell proliferation and differentiation, and they both need to establish 

themselves in the macro-environment, suppressing apoptosis and gaining access to 

oxygen and nutrients (angiogenesis). What seems to distinguish the two processes is 

that cancer cells have acquired a somewhat dysregulated proliferative potential and a 

more sustainable cell-death suppressing potential, whereas the normal cell has not. 

Studies on both the process of normal development and cancer have found intriguing 

molecular links, with numerous regulatory proteins being highlighted, as evidenced 

by a large volume of related reviews (Hanahan and Folkman 1996; Kinzler and 
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Vogelstein 1996; Ford 1998; Kinzler and Vogelstein 1998; Lengauer et al. 1998; 

Hanahan and Weinberg 2000; Evan and Vousden 2001; Bashyam 2002). And, 

although these processes are imperative for the understanding of cancer development 

and the sustainability and metastatic potential of the malignant cell, they will not be 

reviewed herein. Rather, the focus will shift to the homeobox-containing genes and 

some studies highlighting their potential involvement in carcinogenesis, and thus also 

their potential for future therapeutic development. 

 

1.3.3 The Involvement of Homeobox Genes in Carcinogenesis 

As reviewed above, a now widely accepted theory of carcinogenesis has 

emerged, suggesting that neoplasia is the result of a complex sequence of mutational 

events, each contributing to the alteration of normal cell behaviour ultimately leading 

to the formation of cancer cells. Recapping the six essential alterations in cell 

physiology proposed to collectively dictate all malignancies, as proposed by Hanahan 

and Weinberg (2000), a postulated involvement of homeobox genes in neoplastic 

transformations will be reviewed. 

 Even though the supporting evidence for these six proposed alterations 

governing oncogenesis encompasses the collective empirical data from a vast number 

of specialised fields of research, a few supporting studies on the homeobox proteins 

will be addressed. In regards to principle i), HOXB7 has been shown to directly 

trans-activate the basic fibroblast growth factor (bFGF) gene in melanomas, thus 

possibly dysregulating essential growth factor pathways in the tumour cells (Carè et 

al. 1996). In relation to principle ii), an overexpression of HSIX1 has been associated 

with abrogation of the G2 cell cycle check-point in human breast cancers (Ford et al. 

1998), and to principle iii), a lack of expression of HOXA5 has been implicated as a 

cause for the loss of expression of p53 in human breast cancer, which could enable 

human breast tumour cells to evade p53 induced apoptosis (Kim et al. 1999; Raman 

et al. 2000a). Finally, regarding principles v) and vi), an overexpression of HOXD3 

has been shown to mediate the conversion of vascular endothelial cells from the 

resting to the angiogenic/invasive state (Boudreau et al. 1997) as well as altering the 

adhesive properties of human erythroleukemia HEL cells (Taniguchi et al. 1995). 

(Taniguchi et al 1995). 
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The proposed involvement of homeobox genes in cancer is in fact fairly 

recent and was first suggested after studies on mouse myeloid leukemia cell lines in 

early 1990s. This first hypothesis implied that overexpression of a homeobox gene 

could lead to leukemia, as reviewed in (Lawrence and Largman 1992). Following 

these findings, a new distinct strategy to uncover the genes involved in 

tumourigenesis was adopted, namely that of elucidating the mechanism of action of 

homeobox genes.  

 Since homeobox genes operate within the regulatory hierarchy of the cellular 

machinery inducing tissue-specific functions such as cell division, cell adhesion and 

migration, apoptosis and morphological differentiation (Ulijaszek et al. 1998), they 

are most likely to be the key master genes in the control of embryogenesis and 

cellular identity. The latter being the case, an alteration in the expression of 

homeobox genes could commit mutated cells to become reprogrammed for invasion 

and metastasis. 

 In recent years, many studies have been carried out to elucidate the for-

mentioned role of homeobox genes in cancer development. This task has proven to be 

far more difficult than expected, due mainly to the fact that homeobox genes typically 

are expressed at low levels and that several different homeobox genes seem to 

cooperate in specific combinations within the one cell (Acampora et al. 1991; 

Castronovo et al. 1994). A complete understanding of the role homeobox proteins 

play in specific cellular pathways is still ahead of us. Some studies have produced 

promising results however, giving some hope for the characterisation of the key 

regulators responsible for tumourigenesis. 

  To date, several homeobox genes have been isolated from selected malignant 

tumours. The HOX genes, HOXA9, HOXB7 and HOXD11, have all been found to be 

misexpressed in primary colon cancer (Cillo et al. 1999). Another study determined 

the expression of four POU homeobox genes (OCT1, OCT2, OCT3 and OCT11) in 

human breast cancer cells (Jin et al. 1999). Among these, expression of OCT3 was 

not detected in normal breast cancer tissue. Also a number of genes from the GBX 

homeobox gene family have been demonstrated to be overexpressed in a panel of 

human prostatic cancer cell lines compared to the normal prostate (Gao et al. 1998). 
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There are still many more examples, however the Hox genes will be the primary 

focus as we review further examples. 

 Alongside studies elucidating the expression profiles of Hox genes in normal 

adult cells, many members also showed misexpression in malignant cells. For 

instance, a frequent overexpression of HOXA7, HOXB7 and HOXA10 was reported in 

human lung cancer (Calvo et al. 2000), and HOXD9 showed an ectopic expression in 

cervical cancer (Li et al. 2002). Yet other examples include; a reported upregulation 

of HOXB6, HOXB8, HOXC8 and HOXC9 in human colon cancer (Vider et al. 2000); 

an upregulation of HoxA1 and silencing of HoxC6 in neoplastic mouse mammary 

gland (Friedmann et al. 1994); an upregulated HOXC11 expression and silencing of 

HOXB5 and HOXB9 in renal carcinoma (Cillo et al. 1992); and a misexpression of 

several HOX members in human anaplastic thyroid cancer, including the silencing of 

HOXD9 in all tested cancer cell lines compared to its expression in normal thyroid 

(Takahashi et al. 2004). 

 More interestingly, various functional studies have recently revealed that a 

dysregulation of Hox expression may be the cause of neoplastic transformations, or at 

least leading to isolated events necessary for complete cellular transformation. 

Evidence for this notion will be discussed in Chapter 3, and as such will not be 

reviewed in any detail herein. What should be noted however is that the functional 

specificity of Hox transcription factors is largely unknown, but that a significant 

change in the expression pattern of the Hox cluster is observed in malignant 

phenotypes. Whether or not this misexpression is a cause or an effect of neoplastic 

transformations remains to be elucidated, although some data are strongly suggestive 

that both might be the case. Then, as can be seen, an accumulating number of studies 

point in the direction of dysregulation of homeobox genes during tumour 

establishment. Since the homeobox proteins are involved in the physiological 

processes of cell regulation and maintenance of cell identity during early 

development, it may be postulated that a dysregulation of these genes in mature cells 

may lead to altered cell identities and possibly trigger the onset of tumourigenesis. 

Any conclusion is difficult to reach however, without specific knowledge of the 

functional specificity of the Hox transcription factors, both in the developing tissue as 

well as in the adult cell.  
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1.4  SUMMARY AND AIMS 

1.4.1 Hox Proteins – Some Concluding Remarks 

A recurring theme, both in the preceding review and in a large volume of 

recently published research papers concerned with the Hox proteins, is the lack of 

knowledge regarding key principles on how these transcription factors are involved in 

the regulation of metazoan development. Echoing through this very thesis and the 

scientific world in general are the words “largely unknown”. Through three decades 

of research, much knowledge has been gained regarding the ‘homeotic regulators’ 

from the pioneering work in the Drosophila system and later with the establishment 

of viable mammalian systems. From a genetic perspective, our knowledge is now 

comprehensive, although not all-inclusive. In terms of knowledge of the functionality 

of the genetic products however, we are still in the early stages. 

The Hox transcription factors have been postulated to regulate hundreds, even 

thousands of downstream target genes in the higher animals, but still only a dozen 

such targets have been characterised in the mammals (disregarding their auto-

regulatory activity), some of which are not conclusively proven to be direct targets. 

With the first identified mammalian Hox target in 1992, there has been on average 

one new target characterised per annum, suggesting either that the hypothesised large 

number of target genes were grossly overestimated, or that there are indeed such a 

large number of targets, but because of this very large number and their functional 

redundancy, it is extremely difficult to pinpoint their functional specificities within 

the cellular context.  

 Despite our lack of knowledge concerning Hox functionality, the crucial role 

played by the Hox proteins in metazoan development is unquestionable. Also, with 

the emerging notion that carcinogenesis shares many common principles with 

embryogenesis and normal development, an involvement of Hox proteins in 

oncogenesis is highly plausible. Dysregulated expression patterns of the Hox genes 

are reported for several malignancies, however it is still not clear whether this is a 

cause or an effect of neoplastic transformations. More data is needed for the link 

between Hox and carcinogenesis to be exclusively verified. 
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1.4.2 Aims – Which Path to Walk? 

Although it is well established that Hox genes are misexpressed in human 

cancers, at the commencement of the current work, no significant expression studies 

had been published regarding human breast and skin cancers. Since both breast and 

skin neoplasms are amongst the most frequent cancers affecting the human 

population - responsible for tens of thousands of deaths each year - one aim of this 

project was to screen for Hox expression in such oncogenic transformations and to 

compare their expression pattern against non-malignant cells. And, although any 

expression profile alone is insufficient in describing functional specificity of any gene 

product, expansion on what is known regarding Hox expression across malignant and 

non-malignant cells would be beneficial in that they are further believed to follow 

relatively stringent cell-specific expression profiles. Hence, comparing the Hox 

expression network across numerous cancer types, specific oncogenic markers have 

the potential of being defined. 

As the scientific community generally has failed in its effort to define Hox 

target genes, a second aim for the current research was to potentially isolate and 

characterise new downstream target genes. Of course, the general failure of doing so 

in the past hints towards very elusive mechanisms, potentially largely due to the 

simple Hox DNA-recognition motif, as well as their functional redundancy in the 

cellular environment. Nevertheless, any identified target gene would greatly help in 

the characterisation of Hox functionality, which still remains largely elusive. The 

deciphering of Hox functional specificity is also crucial if any potential involvement 

in carcinogenesis is to be elucidated. Downstream targets need to be identified, 

followed by the characterisation of functionality of the target genes themselves.  

 

More specifically, the aims of this research were as follows: 

 

♣ Analyse the expression pattern for a large number of HOX genes in 

human skin and breast cancer cells, with the inclusion of two known 

cofactors, PBX and MEIS. 

♣ Isolation of potential HOX downstream target genes utilising differential 

display approaches. 
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♣ Perform expression studies on candidate HOX target genes. 

♣ Utilising bioinformatic tools in combination with extensive literature 

reviewing in an effort to elucidate mechanisms underlying Hox 

transcriptional and functional specificity. 

♣ Analyse the promoter structures of potential Hox target genes isolated 

through differential display, both in terms of general promoter elements as 

well as putative HOX binding elements.  

♣ Determining HOX trans-regulatory effects on isolated target genes, as 

well as screening for HOX binding elements utilising in vitro transfection 

protocols and reporter assays. 
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2.1 MATERIALS 

2.1.1 Human Cell Lines 

Seven human cell lines were used in the present study, and their 

characteristics are outlined below. The cell lines MCF-7 and MDA-MB-231 were a 

generous gift from Dr E. Thompson (St. Vincent Institute of Medical Research, 

Melbourne, Australia), the SVCT cell line a generous gift from Dr K. K. Khanna 

(QIMR, Brisbane, Australia), the HSF cell line a kind gift from C. Cahill (Griffith 

University, Brisbane, Australia) and finally the cell lines MM96L, MM418c1 and 

MM418c5 a kind gift from Dr P. Parsons (QIMR, Brisbane, Australia). 

 

TABLE 2.1: List of Human Cell Lines.

Cell Line Description 

MCF-7 Breast cancer cell line from a pleural effusion of an infiltrating 
ductal carcinoma (Engel and Young 1978).  The cell line is 
well differentiated, epitheliod, estrogen receptor positive and 
non-invasive. 

MDA-MB-231 Breast cancer cell line from a pleural effusion of an adeno-
carcinoma (Cailleau et al. 1974). The cell line is poorly 
differentiated, epitheliod, estrogen receptor negative and 
highly invasive. 

SVCT Breast cancer cell line established from human breast 
epithelial cells transfected with SV40 (Chang 1986). The cell 
line is non-tumorigenic in nude mice. 

HSF Human skin fibroblast cultured from primary tissue sample. 
MM96L Amelanotic melanoma cell line originally derived from a 

secondary human melanoma metastasis (Thomson et al. 1995). 
MM418C1 & C5 The MM418 cell line was derived from a primary human 

melanoma and further cloned to give rise to a heavily 
pigmented, well-differentiated clone, MM418C1 and a less 
pigmented, less differentiated clone MM418C5 (Thomson et 
al. 1995). 

 
 
 

2.1.2 Human RNA Sample 

One commercially available total RNA sample was purchased for this study. 

The total RNA was extracted from adult female, human breast tissue (Stratagene). 
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2.1.3 Plasmid Vectors 

Several plasmid vectors were utilised in this study, both in their original 

conformation as well as for the production of new vector constructs. Vector 

constructs created through these studies are referred to in appropriate sections. 

 

Table 2.2: List of Plasmid Vectors 

Vector Characteristics Reference or Source 

pGEM-T 
Easy 

Amp+, lacZ, f1 ori, poly T tail, used for the 
cloning of PCR fragments with poly A tail. 

Promega  

pcDNA3 CMV promoter, used for eukaryotic gene 
expression. 

Pharmacia 

pGL3-
Promoter 

Amp+, luc+, f1 ori, used for quantitative 
analysis of factors that potentially regulate 
mammalian gene expression. Contains a 
SV40 promoter. 

Promega  

pGL3-
Control 

Amp+, luc+, f1 ori, used for quantitative 
analysis of factors that potentially regulate 
mammalian gene expression. Contains SV40 
promoter and enhancer element. Used as 
positive control. 

Promega  

pGL3-Basic Amp+, luc+, f1 ori, used for quantitative 
analysis of factors that potentially regulate 
mammalian gene expression. Contains no 
promoter or enhancer elements. Used as 
negative control and/or for the cloning of 
other promoter elements. 

Promega  

pBSKS+ Ampr, lacZ, ColE1 ori, M13(+) ori,  Stratagene 
pDONR201-
HOXD13 

Kan+. The Invitrogen ‘Gateway’ vector 
pDONR201 containing full-length human 
HOXD13 clone. 

F.R. Goodman (Institute 
of Child Health, London, 
UK) 

PET28a-
HOXB4 

Amp+. Full-length human HOXB4 clone in 
the pET28a vector. 

C. Largman (UCSF, 
USA) 

pd4V Modified bluescript vector containing the 
full-length human HOXD4 clone. A 
mammalian expression vector driven by a 
PGK promoter. 

M. Featherstone (McGill 
University, Quebec, 
Canada) 

pHOXB7 Amp+. Full-length human HOXB7 clone 
into pcDNA3 expression vector. 

V. Bours (University of 
Liege, Belgium) 

phRL-TK Produces Renilla luciferase protein under 
control of the TK promoter. Optimised for 
optimal expression and minimal crosstalk 
between other reporter plasmids. Used for 
dual luciferase assays.  

Promega 
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2.1.4 Bacterial Strains 

 

Table 2.3: List of Bacterial Strains 
 
Strain Genotype 

ED8799 E.coli, hsdS, metB7, supE, (glnV)44, supF, (tyr)58, ∆(lacZ)M15, rκ-, 

mκ- 

 

 

 

2.1.5 Oligonucleotides 

A large number of oligonucleotides (primers) were utilised throughout this 
thesis and are listed below in Table 2.4. All of the oligonucleotides used in these 
studies were purchased from GeneWorks Pty. Ltd. (Adelaide, SA). 
 

Table 2.4: List of Oligonucleotides. (*With respect to coding sequence). 
Name Sequence Direction* Tm 

OC 
Comments 

     
T7 5’- TAA TAC GAC TCA CTA TAG GG 5’ → 3’ 56 Sequencing 
SP6 5’- ATT TAG GTG ACA CTA TAG 3’ → 5’ 48 Sequencing 
RVprimer3 5’- CTA GCA AAA TAG GCT GTC CC 5’ → 3’ 60 Sequencing 
HOXA3i.F 5’-TCC TCA GAA TGC CAG CAA CAC 5’ → 3’ 54 Primer pair 
HOXA3i.R 5’- CGG CGG GCT CTT GTC GCC 3’ → 5’ 59 gives 177bp product 
HOXA4i.F 5’- ATG CGA GCC ACG TCC TGC A 5’ → 3’ 55 Primer pair 
HOXA4i.R 5’- TAG GCT CCC CTC CGT TAT AAC 3’ → 5’ 54 gives 254bp product 
HOXA7i.F 5’- GCC GAC GCC TAC GGC AAC C 5’ → 3’ 60 Primer pair 
HOXA7i.R 5’- GCC CCG CTT CCT GTC AGG T 3’ → 5’ 57 gives 179bp product 
HOXA13i.F 5’- GAT ATG CCA GTG GTG CCG G 5’ → 3’ 55 Primer pair 
HOXA13i.R 5’- GTA TAG GAG CTG GCA TCC GA 3’ → 5’ 54 gives 208bp product 
HOXB1.F2 5’- TGG AGC TCA ATG AAA CAC A 5’ → 3’ 47 Primer pair 
HOXB1.R 5’- TCT ACA TCA GGA GGT GAC AG 3’ → 5’ 52 gives 193bp product 
HOXB2.F2 5’- AGG ATT CAC CTT TCC TTC C 5’ → 3’ 49 Primer pair 
HOXB2.R 5’- TCT ACA TTA GGG AAA CTG CAG 3’ → 5’ 50 gives 181bp product 
HOXB3.F2 5’- TAT GGC CTC AAC CAC CTT T 5’ → 3’ 49 Primer pair 
HOXB3.R 5’- TCT ACA TCA CAG GTG TGT TAA 3’ → 5’ 48 gives 191bp product 
HOXB4i.F 5’- GAG CCC GGC CAG CGC TGC 5’ → 3’ 62 Primer pair 
HOXB4i.R 5’- CTC CCC GCC GGC GTA ATT G 3’ → 5’ 57 gives170bp product 
HOXB5i.F 5’- TTC ACC GAA ATA GAC GAG GC 5’ → 3’ 52 Primer pair 
HOXB5i.R 5’- TTT CCC GTC CGG CCC GGT 3’ → 5’ 57 gives 197bp product 
HOXB6i.F 5’- AGA GTC GGC CTG CGC ACT CT 5’ → 3’ 58 Primer pair 
HOXB6i.R 5’- GCC GGC CGC TGG GCC CAA 3’ → 5’ 62 gives 189bp product 
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Name Sequence Direction* Tm 
OC 

Comments 

     
HOXB7i.F 5’- TAT GGG CTC GAG CCG AGT T   5’ → 3’ 53 Primer pair 
HOXB7i.R 5’- GGC CTC GTT TGC GGT CAG T 3’ → 5’ 55 gives 189bp product 
HOXB8i.F 5’- CTG CAA CGC CAG AGC CTA TT 5’ → 3’ 54 Primer pair 
HOXB8i.R 5’- TCG GCC TCG CCT GCG TCC 3’ → 5’ 59 gives 179bp product 
HOXB9.F2 5’- AAC TGG CTG CAC GCT CGG T 5’ → 3’ 55 Primer pair 
HOXB9.R 5’- TCT ACA TTA CTC TTT GCC CTG 3’ → 5’ 50 gives 227bp product 
HOXB13i.F 5’- TGG AGA ACC GCG ACA TGA CT 5’ → 3’ 54 Primer pair 
HOXB13i.R 5’- GAC GAA AGG CGC AGG CGT C 3’ → 5’ 57 gives 178bp product 
HOXC4i.F 5’ – CGA GAA ATC ACA GTC GCT CT 5’ → 3’ 52 Primer pair 
HOXC4i.R 5’ – GGT TCC CCT CCG TTA TAA TTG 3’ → 5’ 52 gives 194bp product 
HOXC5i.F 5’ – GAT GTA CAG TCA GAA GGC GG 5’ → 3’ 54 Primer pair 
HOXC5i.R 5’ – GTT CGG GAC CGC TTG CCG T 3’ → 5’ 57 gives 188bp product 
HOXC13i.F 5’ – TCA GCG GGC ACC CGG AG 5’ → 3’ 57 Primer pair 
HOXC13i.R 5’ – CCG GTA GCT GCT CAC CTC G 3’ → 5’ 57 gives 184bp product 
HOXD3i.F 5’ – CTT CAC CCA CCA ATC CTG GA 5’ → 3’ 54 Primer pair 
HOXD3i.R 5’ – GCT CTT GTC CTC GCA GCT C 3’ → 5’ 55 gives 178bp product 
HOXD4i.F 5’ – GGT CAC TAC GCC GCT CCA G 5’ → 3’ 57 Primer pair 
HOXD4i.R 5’ – TCC CCA CCG GTG TAG TTG G 3’ → 5’ 55 gives 199bp product 
HOXD13i.F 5’ – GAC ATG GTG TCC ACT TTC GG 5’ → 3’ 54 Primer pair 
HOXD13i.R 5’ – GTA GAC GCA CAT GTC CGG C 3’ → 5’ 55 gives 197bp product 
GAPrt.F 5’ -  TGC ACC ACC AAC TGC TTA GC 5’ → 3’ 54 Primer pair 
GAPrt.R 5’ - GGC ATG GAC TGT GGT CAT GAG 3’ → 5’ 56 gives 87bp product 
Pbx1F 5’ – CCA TCT CAG CAA CCC TTA C 5’ → 3’ 51 Primer pair 
Pbx1R 5’ – CCA TGG GCT GAC ACA TTG 3’ → 5’ 50 gives 181bp product 
Meis1F 5’ – TGT GAC AAT TTC TGC CAC C 5’ → 3’ 49 Primer pair 
Meis1R 5’ – CTG AAC GAG TAG ATG CCG T 3’ → 5’ 51 gives 181bp product 
AICL.F 5’ – CGA GAT TCT CAG AGT TTA TG 5’ → 3’ 48 Primer pair 
AICL.R 5’ – TCC AAT CCA GTG ATC AGA AC 3’ → 5’ 50 Gives188bp product 
SRR.F 5’ – GAG ATC TAA TAG AAA TAG CAT 5’ → 3’ 44 Primer pair 
SRR.R 5’ – TAT GCT TAT GAC TGT TCC CA 3’ → 5’ 48 gives 173bp product 
POP.F 5’ – CAG GTA TCA TTT ATC ACT GT 5’ → 3’ 46 Primer pair 
POP.R 5’ – GAA GCC GCC ATA GCC ATA 3’ → 5’ 50 gives 210bp product 
p40.F 5’ – CTG ATT TGA CAT TCA GTG TC 5’ → 3’ 48 Primer pair 
p40.R 5’ – GTA GTT TTC ATA CTT GAG CTT 3’ → 5’ 46 gives 211bp product 
SRRpInt.F 5’ – AAT CCA AGA GCT CAG TTG GAC TCA 5’ → 3’ 56 Primer pair 
SRRpInt.R 5’ – CAG TAC ACA GAT CTC AAT TCC ATA T 3’ → 5’ 53 gives 852bp product 
SRRp.F 5’ – ACT TGG AGC TCC TAG CCT GGA 5’ → 3’ 56 Primer pair 
SRRp.R 5’ – TCT AGA TCT GGA ACA CCC TTG T 3’ → 5’ 53 gives 1025 bp product 
SRRp.F2 5’ – GTG AGC TCA GGT CTC CGC 5’ → 3’ 55 Pair with SRRp.F 
SRRp.F3 5’ – GAA GAG CTC GTT GCT AAA GT 5’ → 3’ 50 Pair with SRRp.F 
SRRp.F4 5’ – TCA CGA GCT CAC AAA CCT G 5’ → 3’ 51 Pair with SRRp.F 
SRRp.F5 5’ – AAC GCG TGT TAT TAT TCT TTA 5’ → 3’ 44 Pair with SRRp.F 
SRRp.F6 5’ – AAT CGG GAG CTC TCT TGT CTT 5’ → 3’ 52 Pair with SRRp.F 
SRRp.F5.mut 5’ – AAC GCG TGT GTT CAT TCT TTT 5’ → 3’ 48 Pair with SRRp.F 
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2.1.6 Chemicals, Reagents and Kits 

Table 2.5: List of Chemicals, Reagents and Kits and Their Suppliers 

Product Supplier 

Acetic Acid Chem-Supply 
Acrylamide Sigma 
Agar Spectrum Chemicals 
Agarose Bio-Rad 
Ammonium Persulphate Sigma 
Ampicillin USB 
β-Mercaptoethanol Sigma 
Big Dye Mixture Perkin-Elmer 
bis-Acrylamise Sigma 
Boric Acid ICN Biomedicals 
Bromophenol Blue Sigma 
Calcium Chloride Ajax Chemicals 
DisplayPROFILETM Kit Qbiogene 
DNA ladder Invitrogen 
DTT Gibco BRL-Life Technologies 
Dual Luciferase® Reporter Assay System Promega 
EDTA BDH 
Ethanol Chem-Supply 
Ethidium Bromide Promega 
Fetal Calf Serum Invitrogen 
γ-33P-ATP Geneworks 
Hepes Gibco BRL-Life Technologies 
Hydrochloric Acid Ajax Chemicals 
Isopropanol Banksia Scientific 
Kanamycin Invitrogen 
LipofectAMINETM 2000 Invitrogen 
Lithium Chloride APS Ajac Finechem 
Magnesium Chloride Sigma 
Oligonucleotides GeneWorks 
Oligotex Direct mRNA MiniKit Qiagen 
PCR Amplification Kit Fischer Biotech 
PEG 6000 BDH 
pGEM-TEasy Vector System Promega 
Phenol:Chloroform USB 
QuantiTectTM SYBRgreen PCR Kit Qiagen 
Restriction Endonucleases New England Biolabs 
RNAse A Amersham Biosciences 
RPMI-1640 Invitrogen 
SDS Sigma 
Silica Sigma 
  

 43



CHAPTER 2     Materials & Methods 

Product Supplier 

Sodium Acetate BDH 
Sodium Bicarbonate Sigma 
Sodium Chloride Chem-Supply 
Sodium Hydroxide BDH 
Sodium Iodide Sigma 
Streptomycin Invitrogen 
Sucrose BDH 
SuperScript Preamplification System Gibco BRL-Life Technologies 
T4 DNA Ligase (+Buffer) Promega 
TEMED Sigma 
Tris base BDH 
Trypan Blue Dye ICN 
Trypsin Invitrogen 
Tryptone (Peptone) Difco, Becton Dickinson 
Urea Chem-Supply 
X-Gal Progen 
Yeast extract Sigma 
 

 

 

2.1.7 Stock Solutions 

 

Table 2.6: List of Stock Solutions and Their Contents

Stock Solution Content 
  
40% Acrylamide (19:1) solution 38% w/v acrylamide, 2% w/v bis-

acrylamide, in sterile water 
 

Gel loading buffer 0.25% Bromophenol blue, 40% w/v 
sucrose, in sterile water 
 

PEG-6000 solution 20% w/v PEG-6000, 2.5M NaCl, in 
sterile water 
 

Plasmid prep solution 15% w/v Sucrose, 25mM Tris pH 8.0, 
10mM EDTA, in sterile water 
 

Silica suspension 10g silica (settled in 100ml PBS and 
supernatant removed) in 3M NaI at 
100mg/ml 
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Stock Solution Content 
  
TAE Buffer (50x) 2M Tris Base, 57.1mL Glacial Acetic 

Acid, 100mL 0.5M EDTA (pH 8.0) in 1L 
deionised water 
 

TBE Buffer (10x) 0.5M Tris, 10mM EDTA, 0.4M Boric 
acid, in sterile water 
 

TE Buffer 
 

10mM Tris pH 7.5, 1mM EDTA in sterile 
water 
 

Tissue culture medium, RPMI 1640 RPMI 1640, 20mM hepes, 20mM sodium 
bicarbonate, 10% FCS, 10ml/l penicillin/ 
streptomyosin, pH 7.2-7.4 adjusted with 
NaOH 
 

GeneClean Wash Buffer 
 

10mM Tris-HCl pH7.6, 50mM NaCl, 
2.5mM EDTA, 50% v/v EtOH 
 

Lysis Buffer 50mM Tris-HCL pH 8.0, 20mM EDTA, 
2% SDS in sterile water 

LB-Broth 1% w/v tryptone (peptone), 0.5% w/v 
yeast extract and 1% w/v NaCl, in sterile 
water 
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Descriptions of the content of all standard stock solutions referred to in the following 

sections are listed in Table 2.6, Section 2.1.7. All chemical and biochemical reagents 

referred to, but not included in Table 2.5, Section 2.1.6, are components of the 

laboratory kit listed for any particular protocol. All methods were adapted from 

(Sambrook et al. 1989) unless otherwise specified. 

 

 

2.2 BACTERIAL METHODS 

2.2.1 Growth of Bacterial Cultures 

All bacterial cultures were grown aerobically in either liquid LB or on solid 

LB/agar plates at 37OC. Depending on the specific experiments, as indicated in 

appropriate sections, relevant antibiotics and additives were further added as a means 

of selective growth.  

 

2.2.2 Preparation of Competent Cells  

For the preparation of competent bacterial cells to be used for DNA 

transformations, a starter culture was typically set up by adding one colony from an 

LB/agar plate to 5ml LB and allowed to grow overnight. The following day 500µl of 

the starter culture was added to 50ml of LB and grown aerobically on a shaker (180 

rpm) at 37OC until culture had reached log phase. This was determined by 

spectrophotometry as log phase typically corresponds to an OD of 0.4-0.6 at A600, and 

usually took about 2-3hrs. 

After log phase had been reached, the culture was transferred to a sterile tube 

and centrifuged at 2,800g for 5min. The supernatant was discarded and the pellet 

resuspended in 30ml cold 0.1M MgCl2, after which it was centrifuged for another 

5min at 2,800g. The supernatant was discarded and the pellet resuspended in 2ml 

cold 0.1M CaCl2 and finally incubated on ice for a minimum of 1hr before 

transformation. Competent cells were stored for a maximum of 2 days at 4OC, after 

which they were discarded. 
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2.2.3 Transformation of Competent Cells 

The transformation reaction involved incubating 45µl of competent cells with 

5µl (0.1-0.7µg) of the DNA to be transformed. The transformation mixture was 

incubated on ice for 20min, followed by a heat shock step where the mixture was 

incubated at 37OC for 2min, after which the mixture was incubated on ice for another 

20min. The 50µl solution was then plated out on an LB/agar plate containing relevant 

antibiotics 40µl 8% X-Gal in DMF if blue/white selection was required. 

Subsequently, the plates were incubated at 37OC for 12-16hrs.  

 

 

2.3 TISSUE CULTURE 

2.3.1 Growth of Human Cell Lines 

The human cell lines were maintained in RPMI-1640 media supplemented 

with 10% fetal calf serum (FCS). Penicillin and streptomycin were also added to the 

media to discourage bacterial infection. However, both antibiotics were omitted when 

cells were Lipofectamine-transfected, as this could affect the transformation 

efficiency. Cells were grown in NUNC tissue culture treated flasks/plates at 37OC/5% 

CO2. All tissue culture work was undertaken in a laminar flow hood under sterile 

conditions. 

 

2.3.2 Passaging and Harvesting of Human Cell Lines 

All cell lines were grown in 75cc culture flasks containing approximately 

15ml RPMI-1640 growth medium in a 37OC / 5% CO2 incubator until cells were 85-

95% confluent, after which a portion was passaged into a new flask to allow continual 

access. The confluent cells were then split by first removing the media and 

subsequently rinsing the cells twice with 1xPBS. Enough trypsin/versene (i.e. 

trypsin/EDTA) (approx 1ml) to cover the surface of the cells were then added and the 

flask incubated at 37OC / 5% CO2 for 2min. Cells were checked under the microscope 

to ensure all had separated from the flask and were mostly individual cells rather than 

clumps. 8ml of media was then added to the flask and the surface rinsed using a 

plastic pipette. The cells and media were subsequently transferred to a 10ml sterile 
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tube and centrifuged for 5min at 265g. After centrifugation, the media was aspirated 

and the pellet resuspended in 10ml fresh medium.  

Depending on whether the cells were to be grown further or harvested (or 

both), different methods were used. For further culturing, an appropriate cell number 

was seeded into a fresh culture flask and approximately 10-15ml fresh media added, 

after which the cells were incubated in a 37OC / 5% CO2 incubator.  

If the cells were to be harvested, 50µl of the cell suspension (final 

resuspension with 10ml medium) was transferred to an Eppendorf tube and mixed 

with 50µl of trypan blue dye. Cell counts were then carried out by applying the 

mixture to a Haemocytometer and counting the amount of cells in each 16 square grid 

(Two lots of 4 quadrants of 16 squares). The counted squares were then added 

together and averaged, upon which the resulting number was used to determine the 

amount of cells/ml using the following formula: 
 

(cells per 4 quadrants / 4) x (2 x104) = cells/ml 

cells/ml x final volume = total no. of cells 
 
The appropriate volume of medium containing cells (calculated as above) in 

suspension was then transferred to a new 10ml sterile tube and centrifuged at 265g 

for 5min. The resulting supernatant was discarded and the cell pellet stored at -20OC. 

 

2.3.3 Transient Transfections of Human Cell Lines 

All transient transfections were conducted using LipofectAMINETM 2000 

(LF2000) according to the manufacturer’s instructions (Invitrogen), and involved 

transfecting human cell lines with various mammalian vector constructs as indicated 

in appropriate sections. For all transfection experiments, the cell confluency was 

≈95%, obtained by passaging cells onto either 6-well or 24-well plates with 2ml and 

0.5ml RPMI-1640/10% FCS media respectively the day prior to transfections. 

The transfection process in 24-well plates involved firstly the mixing of 500-

1000ng DNA diluted in 50µl serum and antibiotic free media (SFM) with 2µl 

LF2000, also diluted in 50µl SFM. The Renilla luciferase control reporter construct 

phRL-TK was added at 50ng per transfection reaction. The resulting DNA-LF2000 

solution was incubated at room temperature for 30min before being added to the 
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cells. The cells had firstly been prepared by the removal of initial growth media, 

washing with PBS and the subsequent addition of 0.5ml SFM. Following the addition 

of the DNA-LF2000 solution, the cells were incubated for 4hrs at 37OC/5% CO2, 

after which the media was removed and substituted with 0.5ml fresh media now 

containing 10% FCS. Cells were then grown for 24hrs at 37OC/5% CO2.  

The transfection protocol for cells in 6-well plates were the same as those 

described for 24-well plates, with the only difference being that all volumes and 

concentrations were multiplied by a factor of four. 24hrs post-transfection cells were 

either harvested (6-well plates) as described in Section 2.3.2 or the cells were lysed 

(24-well plates) for the use in luciferase assays as described in Section 2.5.1. 

 

 

2.4 RNA/DNA METHODS 

2.4.1 mRNA Extraction From Cultured Cell Lines 

The Oligotex Direct mRNA MiniKit (QIAGEN) was utilised for the 

extractions of mRNA from cultured cell lines in accordance with the manufacturer's 

instructions.  

A mixture of 30µL β-mercaptoethanol (BME) and 1000µl lysis buffer OL1 

was prepared in which 600µl was added to 1x106 cells into a shredder tube and spun 

for 3min at 15,000g. The volume was divided equally (2 x 300µl) between two tubes 

and added 600µl dilution buffer and subsequently centrifuged for 3 min at 15,000g. 

The supernatants were then transferred to two new tubes. Then 20µL Oligotex 

suspension was added to each tube and incubated for 10min at room temp, before 

centrifugation for 5min at 15,000g. The supernatants were discarded and pellets 

resuspended in 175µl wash buffer OW1 and pooled into one spin column. The spin 

column was then centrifuged for 30sec at 15,000g. The spin column was transferred 

to a new tube and the pellet resupended in 350µl wash buffer OW2 and centrifuged 

for another 30sec at 15,000g. This step was repeated once before the spin column was 

transferred to a new tube. The pellet was resupended in 20µl elution buffer (70OC) 

and the spin column centrifuged for 30sec at 15,000g. This step was repeated once, 

giving a final volume of 40µl, which was stored at -20OC. 
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2.4.2 cDNA Synthesis From mRNA 

The SuperScript Preamplification System (Gibco BRL - Life Technologies) 

was utilised for the synthesis of cDNA from extracted mRNAs in accordance with the 

manufacturer's instructions. 

A volume of 11µl mRNA (Prepared as in Section 2.4.1) and 1µl oligo dT was 

mixed into an Eppendorf tube and incubated at 70OC for 10min. The tube was 

subsequently chilled on ice for 1min and a prepared mixture containing 2 µl 10x PCR 

Buffer, 2µl 25mM MgCl2, 1µl 10mM dNTP mix and 2µl 0.1M DTT was added. The 

mixture was incubated at 42OC for 5min. 1µl Reverse Transcriptase was then added 

and the mixture incubated for another 50min at 42OC. Finally, the mixture was 

incubated for 15min at 70OC and subsequently chilled on ice and briefly centrifuged 

at 15,000g. To remove any RNA still present in the sample, 1µl RNase H was added 

to the mixture, which subsequently was incubated at 37OC for 20min. The final 

solution containing the synthesised cDNA was stored at -20OC. 

 

2.4.3 Extraction of Genomic DNA From Cultured Cells 

Approximately 1x106 cells were harvested as per protocol 2.3.2, transferred to 

an Eppendorf tube and added 700µl Lysis Buffer and 35µl of 10mg/ml proteinase K 

solution before incubating the solution on a rocking platform at 55OC for 2-3hrs. The 

solution was then chilled on ice for 10min before adding 250µl saturated (5M) NaCl 

and inverting the Eppendorf tube to mix the solution, which turned cloudy. The 

solution was subsequently incubated another 5min on ice.  

After incubation, the solution was spun at 15,000g for 20min at room temp, 

after which the supernatant was transferred to a clean Eppendorf tube. The solution 

was then precipitated by adding 700µl isopropanol with subsequent mixing, and again 

spun for 10min at 15,000g. The supernatant was carefully discarded and the pellet 

washed with 70% ethanol and spun for 5min at 15,000g. Another wash with 100% 

ethanol followed and the supernatant discarded. Finally, the pellet was air-dried for a 

few minutes before being resuspended in 50µl TE buffer + 1µl 10mg/ml RNAse A. 

The final solution containing genomic DNA was stored at -20OC. 
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2.4.4 Restriction Enzyme Digests 

Restriction Enzyme (RE) digests were generally carried out in a final volume 

of 20µl containing the DNA, RE’s, and applicable buffer dependent on enzymes 

used. Typically, the RE concentration was 0.5U/µl per reaction and the digestion 

reaction was incubated at 37OC for 12-16hrs, albeit the incubation time on occasion 

was shortened significantly depending on the final use of the digested DNA. 

 Double digests were carried out simultaneously unless the buffer conditions 

for the respective enzymes were not suitable, in which case single digests were 

performed with the intermediate purification of partially digested DNA by 

electrophoresis.  

 

2.4.5 Ligation Reactions 

Ligation reactions were carried out in a final volume of 20µl, and the 

reactions were incubated at 16OC for 12-16hrs in a water bath. Typically, the DNA-

insert to vector ratio was 5:1, and 3U/reaction of the T4 DNA ligase was used with 

the ATP-containing buffer supplied by the manufacturer (Promega). 

 

2.4.6 Agarose Gel Electrophoresis 

Agarose gel electrophoresis was used extensively in these studies, typically to 

check for amount and integrity of DNA, as well as DNA isolation and purification. 

Standardly, a 1% agarose gel was prepared by dissolving 0.4g of agarose powder in 

40ml 1xTAE buffer by heating in a microwave oven. After partial cooling, ethidium 

bromide was added at a concentration of 0.5µl/ml, and then the gel was poured and 

allowed to set in an appropriate cast. Other percentage-gels were also used following 

the same procedure, adding agarose powder in a w/v to 1xTAE buffer. 

After loading DNA samples onto the agarose gel, it was electrophoresed at 

100V for 30-45 minutes, depending on the size of DNA fragments that needed to be 

separated. The smaller the size, the longer the gel was electrophoresed, sometimes 

using a higher gel-percentage. DNA was visualised under ultra-violet light. 
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2.4.7 DNA Purification From an Agarose Gel (Boyle and Lew 1995) 

DNA subjected to agarose gel electrophoresis, as described in Section 2.4.6, 

was visualised under UV light and the desired band excised with a sterile scalpel. The 

gel fragment was placed in a sterile Eppendorf tube and 3-4 volumes of 6M NaI was 

added. The tube was then heated at 55OC for approximately 5min (or until agarose gel 

was completely melted), after which approx. 5µl of silica solution was added. The 

sample was vortexed well and allowed to incubate at room temp for 5min. The 

sample was then centrifuged for 30sec at 15,000g to pellet the silica. The supernatant 

was then discarded and the pellet resupended in 2/3 volume of GeneClean wash 

buffer, after which the sample was centrifuged for another 30sec at 15,000g to pellet 

silica. This washing was repeated twice before the pellet obtained through the final 

wash was resuspended in 1/10 volume sterile water. The resuspended pellet was 

incubated at 37OC for 5min to elute DNA off the silica. The sample was then 

centrifuged at 15,000g for 30sec and the resulting supernatant transferred to a clean 

tube and stored at -20OC. 

 

2.4.8 Acrylamide Gel Electrophoresis 

The acrylamide gels used in the study were 6% acrylamide/8M urea 

denaturing polyacrylamide gels, prepared by adding (for a 10ml gel solution) 1ml of 

10x TBE buffer, 1.5ml 40% acrylamide stock and 3.8ml sterile water to 5g urea. The 

solution was heated in a microwave oven for 8sec to completely dissolve the urea, 

upon which 8µl TEMED and 80µl APS solution was added to set the gel. The gel 

solution was then added to a PROTEAN II electrophoresis cell 16.2x20.1cm 

(Biorad), which was assembled according to the manufacturer's instructions.  

 After the gel was set, it was transferred to the clamp assembly, which was 

placed in the lower buffer chamber. The electrophoresis was carried out in 0.6x TBE 

buffer at 60W. All gels were pre-run for 30min before samples were loaded and 

electrophoresis carried out. For the RFDD-PCR radioactive analysis employed 

(Section 2.4.17), the run was stopped when the Bromophenol blue had left the gel and 

the xylene cyanol had passed the halfway mark. 

 Following electrophoresis the gel was separated from one of the adjoining 

glass plates and left attached to the other glass plate and wrapped in plastic wrap. The 
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gel was then placed in a cassette and a piece of X-ray film placed onto the gel in a 

darkroom. The X-ray film was left to develop for an appropriate length of time (48-

72hrs), before the film was developed. 

 

2.4.9 DNA purification From an Acrylamide Gel 

Isolation and purification of DNA fragments from an acrylamide gel were 

performed for differentially expressed genes obtained through the RFDD-PCR 

protocols described in Section 2.4.17. The isolation procedure was as described in the 

diplayPROFILETM Kit Manual (Qbiogene), with the exception that the protocol 

described herein isolated DNA from a wet gel. 

The acrylamide gel, still attached to the glass plate, was placed on a light box 

atop of the developed radiography film and aligned appropriately. A scalpel was used 

to excise the bands of interest, which was then transferred to an Eppendorf tube. The 

cut section was added 50µl TE Buffer and the tube placed on a heating block at 95OC 

for 15min, thus pulling a large fraction of the DNA out in solution. 

 

2.4.10 Plasmid DNA Extraction and Preparation 

Initially, a bacterial colony (or an aliquot of a bacterial culture or glycerol 

stock) was added to 50ml of LB with appropriate antibiotics and incubated on an 

orbital shaker (180 rpm) at 37OC overnight. The culture was then transferred to a 

50ml centrifuge tube and centrifuged at 3,100g for 5min. The supernatant was 

discarded and the pellet resuspended in 2.5ml plasmid prep solution. 5ml of 0.2M 

NaOH/1% SDS was then added and the solution mixed gently on ice until it became 

clear (approximately 10min). Next, 4ml of 3M NaAc (pH 4.6) was added, and the 

solution mixed gently on ice until it became white (approximately 10min). The 

solution was then centrifuged for another 5min at 18,000g, after which the 

supernatant was transferred to a new centrifuge tube.  

 A volume of 10ml cold isopropanol was subsequently added and the sample 

placed on ice until precipitation occured. The solution was then centrifuged for 5min 

at 18,000g after which the supernatant was discarded.  The pellet was allowed to dry 

and then resupended in 400µl sterile water and transferred to an Eppendorf tube.  
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 A volume of 400µl 5M LiCl was added to the sample, which was 

subsequently vortexed well and incubated on ice for at least 10min. The solution was 

then centrifuged for 5min at 15,000g, after which the supernatant was transferred to a 

new Eppendorf tube and 400µl cold isopropanol was added. After a short incubation 

period on ice, allowing the nucleic acids to precipitate, the solution was centrifuged 

for another 10min at 15,000g. The supernatant was discarded and the pellet 

resuspended in 200µl TE buffer. Then 2µl 10mg/ml RNase A was added and the 

solution incubated at 37OC for 15min. 

 Following the RNase A step, 200µl phenol:chloroform was added and the 

mixture vortexed thoroughly prior to centrifugation at 15,000g for 2min. After 

centrifugation, the top aqueous layer was transferred to a new Eppendorf tube to 

which 500µl of ice-cold absolute ethanol and 20µl 3M sodium acetate (pH 5.3) was 

added. The solution was vortexed and allowed to precipitate on ice for at least 30min, 

after which it was centrifuged at 15,000g for 5min. The supernatant was discarded 

and the pellet washed with 200µl 70% ethanol and centrifuged for another 5min at 

15,000g. The supernatant was then removed and the resultant plasmid DNA pellet 

resuspended in 20-50µl water and stored at –20OC. 

 

2.4.11 Quantitative Determination of RNA and DNA Concentration 

The spectrophotometer readings in the following protocol were carried out on 

a BECKMAN DU 640 spectrophotometer system (Beckman). The samples to be read 

were loaded onto a Masked Microcell (50µl) with a path length of 10mm and path 

width of 5mm. 

For the determination of RNA and DNA concentrations, the appropriate 

samples were diluted 1:100 in sterile water and the optical density (OD) determined 

with a wavelength of 260nm. Typically, 1OD equals 40µg/ml RNA and 50µg/ml 

DNA respectively at this wavelength, so sample concentrations of RNA and DNA in 

ng/µl was calculated by multiplying actual OD readings with 4,000 and 5,000, 

respectively. 
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2.4.12 PEG Precipitation of Plasmid DNA 

To further purify plasmid DNA typically obtained through procedures 

outlined in Section 2.4.7, the samples were subjected to PEG precipitation. Samples 

were diluted out to 100µl with sterile water and added 55µl of 20% PEG-6000 / 2.5M 

NaCl. The samples were subsequently incubated on ice for 1hr.  Following the 

incubation, the samples were centrifuged for 10min at 15,000g and the supernatant 

discarded. The pellets were washed with 1ml 80% ethanol, vortexed and centrifuged 

for another 5min at 15,00g. The resulting supernatant was discarded and pellets 

allowed to dry before being resuspended in 20µl sterile water. Samples could then be 

stored at -20OC. 

 

2.4.13 Polymerase Chain Reaction (PCR) 

A PTC-200 Peltier Thermal Cycler (Geneworks) was utilised for the PCR 
reactions described below. In general, PCR reactions were made to a volume of 50µl 
in thin walled PCR tubes containing the following reagents (Fisher Biotech PCR Kit): 

 

  10x PCR Buffer   - 5µl 

  25mM MgCl2   - 4-6µl 

  1.25mM dNTPs  - 4µl 

Primers (100ng/µl)  - 2µl (of each primer) 

cDNA*   - 2µl 

Taq polymerase (1U/µl) - 1µl 

Water    - to final volume of 50µl 
(* The actual concentration of cDNA would vary according to cDNA synthesised in protocol 2.4.2). 

 

 The PCR parameters varied according to the primer-pair used, highly 

dependent on specific annealing temperatures for the individual oligonucleotides, as 

stipulated in Table 2.4. The general cycling parameters used were an initial 

denaturing at 95OC for 3min, followed by a 95OC for 30sec (denaturation), 40-60OC 

for 1min (annealing) and 72OC for 1min (extension) cycle repeated 35 times, then a 

final step of 72OC for 10min. 
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2.4.14 Whole-Cell Polymerase Chain Reaction (Whole-Cell PCR) 

In general, the reagents used and parameters employed for the whole-cell PCR 

strategy was that of standard PCR protocols as outlined in Section 2.4.8. However, 

instead of using synthesised cDNA, the PCR cycle was performed on whole cells 

from selected bacterial colonies containing plasmid DNA of interest. A single colony 

of transformed cells was added directly to the PCR reaction mixture using a wooden 

toothpick. The same toothpick was subsequently placed in an Eppendorf tube 

containing 1ml LB and stored at 4OC for later use.  

Using oligonucleotides spanning the region of plasmid DNA where a potential 

DNA fragment had been inserted by ligation, the whole-cell PCR products would 

identify successful ligation by visualisation on an agarose gel as the product 

containing additional DNA would be easily identified against a non-insert control 

plasmid. 

 

2.4.15 Real-Time Polymerase Chain Reaction (Real-Time PCR) 

All real-time PCR assays performed utilized SYBR green. To obtain the 

highest amplification efficiency, the primers were designed to amplify segments of ≈ 

200 bp. Specificity was checked by non-redundant BLASTn search (NCBI). Primers 

used in the experiment are listed in Table 2.4. In an effort to obtain the most accurate 

Ct values, the baseline was set to two cycles earlier than the Ct value for the most 

abundant sample. The threshold was set when the products were in exponential phase, 

typically 10 standard deviations from the baseline. 

Initially the real-time PCR assays were performed with the iCycler (Bio-Rad 

Laboratories) and comprise all data reported in Chapter 3. The remaining real-time 

PCR experiments were performed with the RotorGene-2000 (Corbett Research), 

comprising all data reported in the remaining chapters. As there are slight differences 

in the protocols between these two machines, they are described separately below.  

 

iCycler 

Real-time PCR reactions comprised 1µl cDNA, 1µM of each primer and 

QuantitectTM SYBR Green master mix (Qiagen) in a total volume of 20µl, loaded 

onto a 96-well plate. The PCR parameters comprised a 15min initial denaturing step 
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at 95OC to activate hot start polymerase, a second step at 25OC for 30sec, followed by 

40 cycles of 95OC for 10sec, 54OC for 20sec, 55OC for 10sec, and 72OC for 30sec. 

Fluorescence was measured during the 55OC portion of the cycle. After the final PCR 

cycle, reactions were subjected to melt curve analysis to show generation of single 

products in the individual reactions. Melt curve analysis comprised a slow 

temperature ramp from 65OC to 95OC, during which time fluorescence was 

continuously monitored. Data were analysed using iCycler Software (Bio-Rad 

Laboratories), by which fluorescent output is converted into threshold values (Ct), 

which refer to the cycle number during exponential amplification at which the PCR 

product crosses a set threshold value. To adjust for variations in input RNA, the 

average Ct values for the individual genes were normalised against the average Ct 

values for the housekeeping gene GAPDH (i.e., ∆Ct = average Ct(gene) – average 

Ct(GAPDH).

 

RotorGene-2000 
Again, real-time PCR reactions comprised 1µl cDNA, 1µM of each primer 

and QuantitectTM SYBR Green master mix (Qiagen) in a total volume of 20µl, but 

loaded onto individual RotorGene PCR tubes. The PCR parameters comprised a 

15min initial denaturing step at 95OC to activate hot start polymerase, followed by 40 

cycles of 95OC for 10sec, 45-55OC for 15sec, and 72OC for 20sec. Fluorescence was 

measured during the 72OC portion of the cycle. After the final PCR cycle, reactions 

were subjected to melt curve analysis to show generation of single products in the 

individual reactions. Melt curve analysis comprised a slow temperature ramp from 

72OC to 95OC, during which time fluorescence was continuously monitored. Data 

were analysed using RotorGene Analysis Software V5.0 (Corbett Research), by 

which fluorescent output is converted into threshold values (Ct), which refer to the 

cycle number during exponential amplification at which the PCR product crosses a 

set threshold value. To adjust for variations in input RNA, the average Ct values for 

the individual genes were normalised against the average Ct values for the 

housekeeping gene GAPDH (i.e., ∆Ct = average Ct(gene) – average Ct(GAPDH)). 
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2.4.16 DNA Cycle Sequencing 

When sequencing plasmid DNA, the DNA sample was first PEG precipitated 

as outlined in Section 2.4.12. The DNA concentration was subsequently determined 

spectrophotometrically at A260 and the preparation diluted to 400-500ng/µl. The 

sequencing PCR reactions were made to a volume of 20µl in thin walled PCR tubes, 

and reagents added in the following volumes: 

  Big Dye Mixture   - 8µl  

Primer§ (100ng/µl)  - 1µl 

DNA* (400ng/µl)   - 1µl 

Water    - 10µl 

* 400-500ng/µl 
§ Appropriate sequencing primers depending on vector construct. The various sequencing 

primers utilised are listed in Table 2.4. 

 

The sequencing PCR parameters were as follows: Ramp at 1OC/sec to 96OC, then 

96OC for 10sec before a decrease of 1OC/sec to 50OC, followed by 50OC for 5sec and 

another ramp at 1OC/sec to 60 OC, then 60OC for 4min. This cycle was repeated 25 

times. Following the PCR cycling, the reaction was transferred to an Eppendorf tube 

and 50µl absolute ethanol and 2µl 3M sodium acetate (pH 4.6) was added. The 

sample was then vortexed briefly and left at room temp for 15min to precipitate 

extension products. Following precipitation, the sample was centrifuged for 20min at 

15,000g, after which the supernatant was discarded. The pellet was then rinsed in 

250µl 70% ethanol, vortexed briefly and centrifuged for another 5min at 15,000g. 

The supernatant was discarded and the pellet dried at 90OC for 1min. The sample was 

stored at -20OC until sequencing was carried out. All sequencing analysis reported in 

this thesis was completed by the Griffith University Sequencing Facility. 

 

2.4.17 Restriction Fragment Differential Display PCR (RFDD-PCR) 

The RFDD-PCR technique was used on eukaryotic cells as described by the 

manufacturer (Qbiogene) to look for differentially expressed genes in transiently 

transformed human cell lines, utilising a γ-33P-ATP kinase labelling procedure. For a 
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thorough description of the underlying concepts of differential display, see (Liang 

and Pardee 1997). The initial template was mRNA isolated from transformed cell 

lines as described in Section 2.4.1.  

For first-strand cDNA synthesis, the following components were mixed in a 

PCR tube and incubated at 42OC for 2hrs. 

10.0µl mRNA (200-500ng) 

1.5µl Anchored primer: 5’ T25V (12.5µM) 

2.5µl 10X cDNA Buffer 1 

5.0µl dNTP (5mM each) 

1.0µl Reverse Transcriptase (100U/µl) 
5.0µl DEPC treated, sterile H2O 

 

To avoid evaporation, the 2hr incubation was performed using a thermal 

cycler with a heated lid. Following first-strand cDNA synthesis, second-strand cDNA 

synthesis was performed by preparing 50µl of the following master mix for each first-

strand reaction: 

  7.5µl 10X cDNA Buffer 2 

2.5µl dNTP (5mM each) 

1.2µl DNA Polymerase I (10U/µl) 

0.4µl Rnase H (2U/µl) 

5.0µl sterile H2O 

 

For each 25µl first-strand synthesis reaction, 50µl of the second-strand master mix 

was added, giving a final volume of 75µl. This final reaction mixture was then 

incubated at 16OC for 2hrs, again using a thermal cycler to avoid evaporation. After 

final incubation, a phenol:chloroform extraction was performed by adding 125µl H2O 

and 200µl Phenol/Chloroform (pH 8.0) to mixture, which was then vortexed and 

centrifuged for 5min at 15,000g. The aqueous layer was transferred to a new tube, 

and the solution subjected to ethanol precipitation. This was achieved by adding 0.1 

vol 3M sodium acetate (pH 5.3) and 2 vol ethanol absolute, after which the solution 

was left at –20OC overnight. The following day, the mixture was centrifuged for 5min 
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at 15,000g, the supernatant removed and pellet washed in 50µl 70% ethanol. The 

mixture was again centrifuged (15,000g for 2min), after which the supernatant was 

discarded and the pellet dried and resuspended in 20µl H2O. Finally, the efficiency of 

cDNA synthesis was confirmed by running 10µl of the resuspended cDNA on a 1.5% 

agarose gel, where a cDNA smear from about 100 to 2000bp indicated successful 

synthesis.  

 Following cDNA synthesis, RFDD-PCR templates were prepared by first 

making up the following endonuclease digestion reaction: 

  2.0µl 10X Buffer 3 

  10.0µl cDNA 

  0.5µl Taq I (10U/µl) 

  7.5µl sterile H2O 

 

The reaction mixture was then incubated at 65OC for 2hrs on a thermal cycler, after 

which each reaction was added the following ligation mixture: 

  0.75µl 10X Buffer 3 

  0.75µl Adaptor Mix (15µM) 

  1.25µl ATP (10mM) 

  0.30µl T4 DNA ligase (1U/µl) 

  4.45µl sterile H2O 

 

The final samples, now each having a final volume of 27.5µl, were incubated at 37OC 

for 3hrs to ligate the adaptors. Also, as a checkpoint, amplification of the templates 

were tested by running PCR on the samples utilising supplied control primer and 

running the reaction on a 1.5% agarose gel where DNA smears should be visible 

between 50 and 1000bp. 

 Before final amplification, a sufficient amount of 0-extension primer was 33P 

end-labelled for radioactive detection. The following master mix was prepared, with 

volumes indicated representing the master mixture needed per final PCR reaction: 

  0.10µl 10X Buffer 3 

  0.40µl 0-extension primer (10µM) 
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  0.20µl [γ33P]-ATP (2000-3000 Ci/mmol) 

  0.02µl T4 Polynucleotide kinase (5U/µl) 

  0.28µl sterile H2O 

 

This master mixture was then incubated at 37OC for 30min, and subsequently 

inactivated by incubating at 70OC for 5min. 

 Finally, the amplification reactions were prepared using 0.2µl of cDNA for 

each reaction. All these steps were also performed on ice. In total, one reaction 

mixture contained: 

  2.0µl 10X PCR reaction Buffer 

  0.8µl dNTP (5mM each) 

  1.0µl labelled primer (4µM) 

  0.15µl Taq DNA Polymerase (5U/µl) 

  4.0µl DisplayPROFILETM Probe primer (1µM) 

  0.2µl template 

  11.85µl sterile H2O 

 

Each reaction was amplified using a ‘touch-down’ PCR profile involving denaturing 

at 95OC for 1min, then 10 cycles at 94OC for 30sec followed by annealing for 30sec 

(reduced annealing temperature from 60OC to 55OC by decreasing temperature 0.5OC 

per cycle), and extension at 72OC for 1min. Another 25 cycles followed, with the 

cycling profile: 94OC for 30sec, 55OC for 30sec and 72OC for 1min, finally elongated 

at 72OC for 5min. 

 After PCR, 15µl loading buffer was added to each reaction and heated to 

85OC for 5min. Samples were then placed on ice, before 5µl of each sample was 

loaded on a 6% urea polyacrylamide gel for the separation and detection of amplified 

fragments as described in Section 2.4.8. 
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2.4.18 Re-amplification of Differentially Expressed Gene Fragments 

In order to identify and characterise the specific genes that corresponded to 

specific RFDD-PCR bands, the appropriate bands were cut out of the acrylamide gel 

and isolated as described in Section 2.4.9. The gene fragment of interest were 

subsequently amplified with PCR with the following reaction: 

10x PCR reaction buffer   - 4.0µl 

dNTP Mix (5mM each)   - 1.6 µl 

0-extension primer (10µM)   - 0.8µl 

displayPROFILE Probe primer (1µM) - 8.0µl 

Soln containing gene fragment  - 5.0µl 

Taq DNA Polymerase (5U/µl)  - 0.6µl 

Sterile water     - 20.0µl 

The displayPROFILE probe primer was always that used to generate the original 

RFDD-PCR fragment. The PCR parameters consisted of 30 cycles following the 

profile: 94OC for 30sec, 55OC for 30sec and 72OC for 1min. After re-amplification, 

the isolated DNA was subcloned into pGEM T-Easy vector and subsequently 

sequenced utilising the T7 sequencing primer.  

 

 

2.5 PROTEIN METHODS 
2.5.1 Luciferase Assays 

Luciferase assays were performed on cell lines transformed with various 

mammalian vector-constructs, utilising the Dual-Luciferase® Reporter Assay System 

(Promega) according to the manufacturer’s instructions. All assays were performed 

on 96-well B&W isoplates (Wallac) with the Wallac Victor2-1420 Multilabel Counter 

(Perkin Elmer). 

Transiently transformed cells (Section 2.3.3) prepared in triplicates in 96-well 

plates were washed twice with 1x PBS after which 100µl 1x Passive Lysis Buffer 

(PLB) was added and the plate incubated at room temperature on an orbital shaker for 

30min. After cell lysis, 20µl aliquots cell lysates were transferred to a 96-well B&W 

isoplate and placed in the Wallac luminometer. The luciferase reagents were prepared 
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as instructed and added to the luminometer prior to the assays being run. 

Luminescence was then measured by the Wallac Victor2-1420 Multilabel Counter 

utilising protocols specified by the manufacturer.  

 

2.6 BIOINFORMATICS TOOLS 

2.6.1 Software for Statistical Analyses 

The statistics software program SPSS V11 was used in conjunction with 

Microsoft Excel for statistical analyses presented in this thesis. SPSS V11 was used 

to generate the boxplots presented in Chapter 3, whereas the remaining graphical 

presentations were generated using Microsoft Excel.  

 

2.6.2 BLAST 

For both DNA and protein sequence database searches, the Basic Local 

Alignment Search Tool (BLAST) was utilised (Altschul et al. 1990). The basic 

algorithms of BLAST were used for gene identification searches, gene alignment 

searches, as well as transcription start site (TSS) estimations of various genes with 

uncharacterised promoter regions, specifically utilising the EST-search function. 

BLAST was accessed via the National Centre for Biotechnology Information (NCBI) 

web site: http://www.ncbi.nlm.nih.gov/BLAST/ 

 

2.6.3 Genomatix and MatInspector 

When analysing 5’ gene sequences for promoter elements and general 

promoter structures, the MatInspector Software tool (Quandt et al. 1995) was utilised. 

MatInspector contains pre-compiled transcription factor binding site matrices, 

compiled on the basis of published matrices and entries from the TRANSFAC 

database. For the studies conducted in this thesis, core-sequence similarities of 90% 

were selected for calculations of relative matrix similarities. All sequences searched 

for core transcription factor binding sites were originally obtained via the human 

genome databases, and subsequently uploaded to Genomatix on-line. MatInspector 

and Genomatix were accessed on-line via the Genomatix web site: 

http//www.genomatix.de/
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3.1 INTRODUCTION 

Apart from being important regulators of embryogenesis and early 

development, during which the HOX genes are expressed in a spatio-temporal 

manner, HOX genes are also expressed in the adult cell. Furthermore, reported 

expression patterns indicate tissue specific expression. A restricted HOX expression, 

with 11 out of the 39 HOX members has been reported in the adult lung (Tiberio et al. 

1994). Other adult tissues have also shown a limited HOX expression, including 

human colon with 29 members detected (De Vita et al. 1993), human kidney with 30 

members detected (Cillo et al. 1992), whereas 17 HOX members were detected in 

normal human breast biopsies (Cantile et al. 2003). 

As reviewed in Chapter 1, HOX genes are reported to be inappropriately 

expressed in the malignant phenotype, indicating that HOX transcription factors are 

either directly or indirectly involved in oncogenic transformations. Furthermore, 

knowing that HOX genes are key regulators of embryogenesis, it is tempting to 

postulate a similar involvement of the HOX proteins in carcinogenesis, since both 

these events involve a progressive change in cellular phenotype. Thus, the question is 

whether or not the expression of HOX genes in cancerous cells at some stage was 

altered in a manner so as to trigger a re-differentiation of the established phenotype 

and thereby evolve into a malignant phenotype. 

In order to answer questions regarding this potential involvement of HOX 

genes in carcinogenesis, however, knowledge concerning their expressional pattern in 

the malignant phenotypes versus normally developed tissues must be gained. Among 

HOX genes showing a dysregulated expression in malignant cells are: frequent 

overexpression of HOXA7, HOXB7 and HOXA10 in human lung cancer (Calvo et al. 

2000); an ectopic expression of HOXD9 in cervical cancer (Li et al. 2002); 

upregulated expression of HOXB6, HOXB8, HOXC8 and HOXC9 in human colon 

cancer (Vider et al. 2000); upregulated HoxA1 and silenced HoxC9 expression in 

neoplastic mouse mammary gland (Friedmann et al. 1994); upregulated HOXC11 and 

silenced HOXB5 and HOXB9 expression in renal carcinoma (Cillo et al. 1992); and 

upregulated HOXA5, HOXA6, HOXD3, HOXD4 versus down-regulated HOXA11 and 

HOXB5 in human breast cancer (Cantile et al. 2003). Although the mis-expression of 

these HOX genes in the mentioned malignancies all contribute towards understanding 
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their potential role in carcinogenesis, further expressional studies are needed in order 

to fully appreciate their control mechanisms.  

Another advance in elucidating the functional properties of HOX proteins in 

the transcriptional machinery has been the identification of DNA binding complexes 

between HOX proteins and another two non-HOX homeodomain proteins, PBX1 and 

MEIS1, both members of the TALE family. HOX proteins in the paralogous groups 

1-10 form heterodimers with PBX1, whereas the paralogous HOX proteins in 

paralogous groups 9-13 form heterodimers with MEIS1, whereby they gain DNA 

binding specificity (Chang et al. 1996) (Shen et al. 1997a). These protein-protein 

interactions have major functional roles in the transcriptional machinery, as reviewed 

in Chapter 1 and Chapter 5. 

Because of the physical interactions reported between the various HOX 

members and the TALE members, the inclusion of these genes when analysing 

expression patterns of HOX genes in carcinogenic tissues is necessary. Not only are 

they interesting transcriptional factors in themselves, but the relationship between 

HOX and TALE gene-expression has the potential to unravel some of the mysteries 

surrounding oncogenic transformation, as well as metastasis and tumour 

sustainability. The question is whether HOX gene expression triggers TALE 

expression or vice versa, or whether the expression of HOX and the TALE members 

is independent of each other, implicating even more essential transcription factors in 

the complex cellular machinery governing all the processes previously discussed. 

Then, to further investigate the role of HOX genes in human cancers, 

quantitative real-time PCR assays were employed for a large number of HOX genes, 

as well as PBX1 and MEIS1, in both malignant and non-malignant human skin and 

breast cancer cell lines. In contrast to most of the earlier studies on HOX gene 

expression, the methods employed herein have the advantage of high sensitivity and 

reproducibility of quantification, as well as the capability to detect very low levels of 

transcripts.  
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FIGURE 3.1: Overview of Experimental Design Employed for Expression 
Studies of HOX Genes in Human Cancers 

Real-time PCR assays of 22 homeobox 
genes across 7 cell lines + 1 tissue sample 

Sequencing and BLAST alignment of 
subcloned genes 

Isolation and subcloning of selected 
PCR products 

Statistical analysis on expression pattern of 
genes across all cell samples 

HOX sequence analysis and 
oligonuclotide design 

Cell harvesting, mRNA extraction and 
cDNA synthesis 

Tissue culture of human malignant and non-
malignant cell lines
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3.2 EXPERIMENTAL DESIGN 

3.2.1 Cell Lines and Cell Culture 

For the expression studies of HOX genes in selected human malignancies, the 

malignant mammary cell lines MDA-MB-231 and MCF-7, non-malignant mammary 

cell line SVCT and total RNA extracted from adult breast with normal pathology 

(hBreast), the melanoma cell lines MM418c1, MM418c5 and MM96L, as well as 

normal skin fibroblasts, HSF, were analysed. All samples were of human origin and 

are described in Section 2.1.1. Apart from the hBreast total RNA, all cell lines were 

cultured in RPMI 1640 growth medium (Invitrogen) supplemented with 10% FCS 

(Invitrogen) in a 37OC/5% CO2 incubator until cells had reached 80% confluency. 

 

3.2.2 mRNA Purification and cDNA Synthesis 

Tissue cultured cell lines were harvested and mRNA extracted from 1-2x106 

cells using the Oligotex Direct mRNA MiniKit (Qiagen Pty. Ltd.) as described in 

Section 4.1. One quarter of the total extracted mRNA was subsequently reversed 

transcribed using the oligo-dT30 primer and 200U Superscript II (Invitrogen) as 

described in Section 2.4.2. The hBreast total RNA was reverse transcribed using 1µl 

of sample with oligo-dT30 and 200U Superscript II as described in Section 2.4.2. 

 

3.2.3 SYBR-Green Real-Time PCR 

Of the 39 mammalian HOX genes, 20 were selected for the expression studies 

and are highlighted in grey in Figure 3.2. In general, the entire HOXB cluster was 

selected, with additional trans-paralogs from the other three clusters. In addition, two 

known HOX co-factors of the TALE-family of homeobox genes, PBX1 and MEIS1, 

were selected for the expressional studies, as both these TALE members have been 

identified as transcriptional cofactors forming DNA binding complexes with the HOX 

members (Chang et al. 1996; Shen et al. 1997a).  

Gene specific primers were designed to amplify approximately 200bp of the 

specific genes for maximum efficiency. In most cases (except HOXB1, B2, B3 and 

B9), the primer pairs were designed to amplify across an intron/exon junction, thus 

obviating any potential for contamination with genomic DNA. For the remaining four 

genes, cDNA synthesised in the absence of reverse transcriptase was used as template 

 68



CHAPTER 3                                                          Expression Studies of HOX Genes in Human Cancers 

to act as negative control. The primer pairs are listed in Table 2.4, and were 

manufactured by Geneworks (Adelaide, South Australia). 

 

FIGURE 3.2: Diagrammatical Representation of the Selected Human HOX Genes. The 
20 HOX genes selected for the expression studies described in the present chapter are 
highlighted with grey circles. Empty circles represent the remaining 19 HOX genes of the 
human HOX gene cluster. 
 

All of the real-time PCR reactions were run on 96-well plates on the iCycler 

(Bio-Rad Laboratories Pty. Ltd., NSW, Australia) with conditions as outlined in 

Section 2.4.15. Following the PCR reactions, each reaction was subjected to melt 

curve analysis to show generation of single products in the individual reactions. 

Finally, amplification of single products was further verified by subjecting each 

reaction to agarose gel electrophoresis (Section 2.4.6). 

 Two independent analyses of duplicate reactions were undertaken for all of 

the selected homeobox genes in all the tissue samples outlined above. Data were 

analysed using iCycler Software (Bio-Rad Laboratories Pty. Ltd., NSW, Australia), 

by which fluorescent output is converted into threshold values (Ct), which refer to the 

cycle number during exponential amplification at which the PCR product crosses a 

set threshold value. To adjust for variations in input RNA, the average Ct value for 

the individual homeobox genes were normalized against the average Ct value for the 

housekeeping gene GAPDH (i.e. ∆Ct = average Ct(gene) – average Ct(GAPDH)). 
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3.2.4 Statistics 

When analyzing variance in gene expression for the individual genes across 

the cell lines, all individual data sets obtained from the mean of duplicate reactions 

were used to generate boxplots in SPSS V11. Subsequently, one-way ANOVA was 

performed for each gene, and Tukey Honest significant difference analysis were 

calculated using 99% confidence levels. Comparisons were made between all 

possible pairs. 
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3.3 RESULTS 

3.3.1   Data Collection 

Following the experimental design outlined above, 20µl reactions were run on 

the iCycler and analyzed in real time and graphically recorded, as shown by one 

example in Figure 3.3. The absolute threshold (Ct) values were computed by the 

iCycler software and are indicated in Table 3.1.  

 
FIGURE 3.3: RT-PCR Amp/Cycle Chart for HOX Gene Expression in HSF Cells Using 
SYBR-Green. The graph shows fluorescence-intensity vs PCR cycles, with orange line 
representing a statistically calculated base line from which threshold cycles (Ct) are 
calculated. Duplicates are indicated by the various colours, of which genes are indicated in 
Table 3.1. 
 
 

Well Threshold Crossing Gene 
E1 17.35 GAPDH 
E2 17.54 GAPDH 
E3 26.09 HOXB6 
E4 26.96 HOXB6 
E5 23.71 HOXB7 
E6 24.03 HOXB7 
E7 28.17 HOXB8 
E8 28.41 HOXB8 

 
TABLE 3.1: Absolute Threshold Values (Ct) for HOX Gene Expression in HSF Cells 
Using SYBR-Green. Table shows absolute threshold values calculated by the iCycler 
Software, listed next to the corresponding well in which the samples were loaded. Colours 
correspond to those showing gene amplification in Figure 3.3. 

 71



CHAPTER 3                                                          Expression Studies of HOX Genes in Human Cancers 

Following completion of the PCR reactions, melt curve analysis was carried 

out by slowly increasing the temperature from 65OC to 95OC and monitoring 

fluorescent output in 0.5 second increments. As PCR products are double stranded at 

low temperatures, the fluorescent output caused by SYBR-green bound to the double 

helix is high. At a high temperature, PCR products are typically degraded and a low 

fluorescent output is observed, thus enabling the determination of the temperature at 

which the specific PCR products melt, and thereby screening for PCR artefacts, such 

as primer-dimers and unspecific products. A typical melt-curve is shown in Figure 

3.4, corresponding to the PCR products generated in Figure 3.3. As can be seen, only 

one distinct peak is present for each reaction, indicating that only one product was 

generated during the RT-PCR run. 

 
FIGURE 3.4: Melt Curve Chart for HOX Gene Expression in HSF Cells Using SYBR-
Green. The graph depicts at what temperature the various products from the real-time PCR 
reactions melts. Typically, primer-dimers have a low melting temperature (60-70OC), 
whereas longer products display a higher melting temperature, depending on size and 
nucleoside composition. 
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After determination of threshold values (Ct) and subsequent melt-curve 

analysis, all individual PCR reactions were subjected to agarose gel electrophoresis to 

further determine the amplification of desired products. As shown in Figure 3.5, only 

one distinct band of appropriate size is present in each PCR reaction, thus again 

indicating that only the correct products were amplified during the PCR run. 

 

 

 
 
 

 

 

 

 

 
 
FIGURE 3.5: Agarose Gel Electrophoresis of Selected PCR Products. Samples were run 
on a 1% agarose gel at 100V for 35 min. The well annotations correspond with sample-wells 
indicated in Table 3.1. 
 

As a final checkpoint, selected real-time PCR products were subcloned into 

the pGem T-Easy vector (Section 2.4.5), transformed into E. coli (ED8799) cells 

(Section 2.2.2-3), after which plasmids were extracted (Section 2.4.10) and sequenced 

(Section 2.4.16). A typical sequence is given in Figure 3.6. 

 
FIGURE 3.6: Sequence of HOXB13 in pGEM T-Easy Vector. PCR product amplified 
using primer pair HOXB13. The 17911bp long fragment is depicted in blue, with the primer 
binding sites underlined. Letters depicted in red correspond with the 5’ and 3’ ends of the 
pGEM T-Easy cloning site. BLAST search (NCBI GeneBank) showed 100% alignment to 
HOXB13; accession number NM 006361. 
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3.3.2 Analysis of Homeobox Gene Expression Levels 

Quantitative real-time RT-PCR assays were established for 22 homeobox 

genes, of which 20 were of the HOX gene complex and the remaining two of the 

TALE gene family, PBX1B and MEIS1. Both of these TALE members have been 

identified as transcriptional cofactors forming DNA binding complexes with the 

HOX members (Chang et al. 1996; Shen et al. 1997a). The expression of all 22 genes 

were analysed in 7 cell lines and 1 pathologically normal tissue sample, subdivided 

into two groups, the first comprising the non-malignant and malignant human breast 

cell lines SVCT, MDA-MB-231 and MCF-7, as well as normal adult breast tissue, 

and the second comprising the non-malignant and malignant human skin cell lines 

HSF, MM418C1, MM418C5 and MM96L. Table 3.2 and Table 3.3 depict the mean 

∆Ct values obtained from two runs of duplicate reactions of the various homeobox 

genes across all of the human breast and skin cell lines and tissue, respectively. It is 

to be noted that these values reflect exponential amplification and higher ∆Ct values 

represent lower expression.  

In the normal adult human breast tissue, expression of 15 out of the 22 

homeobox genes examined were detected. These were HOXA7, A13, B2, B3, B4, B5, 

B6, B7, B8, C4, C5, D3, D4, PBX1B and MEIS1. In the non-malignant adult human 

breast epithelial cell line SVCT, expression of 16 out of the 22 homeobox genes 

examined were detected. These were HOXA3, A7, A13, B1, B2, B3, B4, B5, B6, B7, 

B8, C4, C5, C13, PBX1B and MEIS1. In the normal adult skin fibroblast cell line 

HSF, the expression of 18 out of the 22 homeobox genes was detected. These were 

HOXA3, A7, A13, B2, B3, B4, B5, B6, B7, B8, C4, C5, C13, D3, D4, D13, PBX1B 

and MEIS1. Expression of HOXA4, B9 or B13 was not detected in any of the non-

malignant samples. 

Actual variations observed for HOX gene expression across the malignant cell 

lines will be addressed in the next two sections, however the empirical data are all 

listed in the tables below. It should also be stressed that the observed dysregulation of 

HOX genes across the various malignant cell lines must be analysed with caution. As 

reviewed in Chapter 1, previous expression studies on various cell types indicate that 

the HOX genes are expressed in a tissue-specific manner both in the developing 

organs, as well as in fully differentiated cells and organs. Therefore, since the 
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malignant samples analysed herein originate from different cell types, a variation in 

expression levels would be expected without necessarily being directly attributed the 

oncogenic processes. As reported by Calvo and co-workers (2000), significant 

variations in HOX expression was observed from a large number of cell lines of the 

same human lung tumour type.   

Although these shortcomings of the experimental design are of great 

importance when analysing the data, the main focus for the described assays were to 

observe general trends in altered HOX gene expression in human malignancies, in 

particular in comparing non-malignant cells with malignant ones. For absolute 

conclusive statements regarding the involvement of HOX genes in carcinogenesis, 

however, more extensive studies including a large number of primary tumours and 

patient-specific control tissues are necessary, dictating large-scale collaborations with 

the medical society.  
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 CELL SAMPLES 
GENE MCF-7 MDA-MB-231 SVCT HBreast 

HOXA3 8.97 ± 0.43 16.64 ± 0.44  12.39 ± 0.04 30.00 ± 0.00 

HOXA4 7.55 ± 0.41 8.58 ± 0.20 30.00 ± 0.00 30.00 ± 0.00 

HOXA7 9.65 ± 0.06 14.64 ± 0.11 6.39 ± 0.15 9.08 ± 0.63 

HOXA13 13.88 ± 0.24 14.93 ± 0.84  13.79 ± 0.69 14.30 ± 0.60 

HOXB1 15.07 ± 0.47 20.43 ± 0.33 18.15 ± 0.69 30.00 ± 0.00 

HOXB2 8.93 ± 0.28 14.05 ± 0.38 6.83 ± 0.14 8.15 ± 0.25 

HOXB3 14.86 ± 0.02 13.65 ± 0.08 9.31 ± 0.22 10.45 ± 0.05 

HOXB4 30.00 ± 0.00 6.96 ± 0.60 11.71 ± 0.01 6.20 ± 0.10 

HOXB5 15.42 ± 0.09 16.45 ± 0.20 16.41 ± 0.37 11.23 ± 0.78 

HOXB6 14.71 ± 0.31 18.87 ± 0.73 12.44 ± 0.09 9.73 ± 0.18 

HOXB7 9.10 ± 0.35 9.02 ± 0.07 9.15 ± 0.18 8.68 ± 0.63 

HOXB8 18.64 ± 0.09 15.84 ± 0.86 19.38 ± 0.34 8.70 ± 0.20 

HOXB9 30.00 ± 0.00 15.84 ± 0.53 30.00 ± 0.00 30.00 ± 0.00 

HOXB13 14.46 ± 0.22 30.00 ± 0.00 30.00 ± 0.00 30.00 ± 0.00 

HOXC4 13.40 ± 0.65 11.58 ± 0.48 11.24 ± 0.30 14.10 ± 1.95 

HOXC5 14.17 ± 0.50 9.08 ± 0.08 14.31 ± 0.01 14.35 ± 0.55 

HOXC13 5.27 ± 0.23 7.45 ± 0.38 10.85 ± 0.28 30.00 ± 0.00 

HOXD3 30.00 ± 0.00 7.49 ± 0.44 30.00 ± 0.00 11.80 ± 0.04 

HOXD4 30.00 ± 0.00 9.47 ± 0.73 30.00 ± 0.00 13.30 ± 1.70 

HOXD13 10.38 ± 0.97 12.26 ± 0.15 30.00 ± 0.00 30.00 ± 0.00 

PBX1 7.27 ± 0.02 11.27 ± 0.29 9.53 ± 0.18 5.00 ± 0.45 

MEIS1 8.17 ± 0.26 8.33 ± 0.09 13.25 ± 1.09 8.28 ± 0.13 

 
 
TABLE 3.2: Quantitative Real-Time PCR Analysis of HOX Expression in the Human 
Breast Samples Values represent ∆Ct obtained from 22 homeobox genes in 3 cell lines and 1 
human tissue sample as indicated. Values listed were obtained as described above (Section 
3.3.1), and represent the average ∆Ct of two separate duplicate reactions. Standard deviations 
are indicated. A ∆Ct value of 30 indicates the absence of gene transcript. 
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 CELL SAMPLES 
GENE HSF MM96L MM418C1 MM418C5 

HOXA3 6.57 ± 0.74 6.57 ± 0.12 6.73 ± 0.04 8.65 ± 0.30 

HOXA4 30.00 ± 0.00 9.11 ± 0.03 30.00 ± 0.00 30.00 ± 0.00 

HOXA7 7.54 ± 0.59 18.4 ± 0.70 15.00 ± 0.60 12.8 ± 0.30 

HOXA13 6.25 ± 0.14 13.22 ± 0.56 10.84 ± 0.26 13.73 ± 0.19 

HOXB1 30.00 ± 0.00 18.44 ± 0.40 15.21 ± 0.51 16.71 ± 0.21 

HOXB2 6.17 ± 0.24 14.35 ± 0.67 8.45 ± 0.03 6.26 ± 0.01 

HOXB3 9.14 ± 0.11 16.18 ± 0.46 14.93 ± 0.02 14.77 ± 0.33 

HOXB4 9.20 ± 0.02 30.00 ± 0.00 8.09 ± 0.34 11.65 ± 0.23 

HOXB5 9.00 ± 0.02 14.75 ± 0.15 12.90 ± 0.20 13.45 ± 0.05 

HOXB6 9.75 ± 0.03 14.35 ± 0.35 9.75 ± 0.26 10.20 ± 0.10 

HOXB7 7.45 ± 0.04 8.87 ± 0.06 6.17 ± 0.02 6.14 ± 0.24 

HOXB8 10.65 ± 0.35 30.00 ± 0.00 8.59 ± 0.42 16.20 ± 0.10 

HOXB9 30.00 ± 0.00 21.36 ± 0.87 18.91 ± 0.28 18.00 ± 0.38 

HOXB13 30.00 ± 0.00 15.18 ± 0.10 7.38 ± 0.33 7.54 ± 0.46 

HOXC4 9.49 ± 0.06 12.85 ± 0.05 11.25 ± 0.55 10.75 ± 0.05 

HOXC5 11.05 ± 0.17 10.78 ± 0.03 11.63 ± 0.09 11.30 ± 0.13 

HOXC13 11.50 ± 0.30 10.70 ± 0.20 10.61 ± 0.80 12.55 ± 0.45 

HOXD3 11.10 ± 0.20 11.25 ± 0.15 11.60 ± 0.80 12.25 ± 0.05 

HOXD4 9.51 ± 0.11 13.59 ± 0.89 9.88 ± 0.15 11.50 ± 0.67 

HOXD13 8.10 ± 0.43 8.85 ± 0.07 12.02 ± 0.11 11.15 ± 0.07 

PBX1 8.03 ± 0.42 10.43 ± 0.01 6.67 ± 0.73 7.90 ± 0.42 

MEIS1 8.02 ± 0.21 8.44 ± 0.00 6.52 ± 0.34 10.15 ± 0.15 

 
 
TABLE 3.3: Quantitative Real-Time PCR Analysis of HOX Expression in the Human 
Skin Samples. Values represent ∆Ct obtained from 22 homeobox genes in 3 cell lines and 1 
human tissue sample as indicated. Values listed were obtained as described above (Section 
3.3.1), and represent the average ∆Ct of two separate duplicate reactions. Standard deviations 
are indicated. A ∆Ct value of 30 indicates the absence of gene transcript. 
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3.3.3 Homeobox Gene Expression in the Non-Malignant and Malignant 

Human Breast Cell Lines 

Figure 3.7 shows the variation in homeobox gene expression across the 

human breast cell lines, represented by a boxplot, generated as described in Section 

3.2.4. Referring to both the boxplot and the data presented in Tables 3.2A/B, of the 

22 genes, HOXA13, B5, B7, C4, and MEIS1 showed no significant variation of gene 

expression in the three cell lines. When using a 99% confidence level calculating 

Tukey Honest significant difference, numerous homeobox genes are misexpressed in 

the malignant cell lines compared with the non-malignant SVCT cell line and normal 

adult breast tissue. In the MDA-MB-231 cells, HOXA4, B9, C5, C13, D3 and D13 all 

showed up-regulated expression, whereas HOXA3, A7, B2, B3 and B6 were all down-

regulated compared to the two samples. In the MCF-7 cells, HOXA3, A4, B13, C1 

and D13 gene expression was up-regulated, whereas HOXB3 and B4 expression was 

down-regulated. Comparing the two malignant cell lines, which differ in terms of cell 

differentiation and invasiveness, HOXB4, B9, C5, D3 and D4 were all expressed at a 

higher level in the less differentiated, highly invasive MDA-MB-231 cell line 

compared to the well-differentiated non-invasive MCF-7 cells. In contrast, HOXA3, 

A7, B1, B2, B13 and PBX1B were all expressed at a lower level in the more invasive 

cell line. The remaining analysed homeobox genes showed no significant variation in 

gene expression between the two breast cancer cell lines.  

A few of the HOX genes showed notable expression differences. For example 

HOXB4 gene expression was not detected in the well differentiated non invasive 

MCF-7 cells, compared to an up-regulated expression in the less differentiated highly 

invasive MDA-MB-231 cells. HOXB13 gene expression was undetected in both 

SVCT and MDA-MB-231 cells as well as normal breast, but showed expression in 

MCF-7 cells. HOXD3 and D4 showed relatively high expression in MDA-MB-231 

cells compared to undetected mRNA levels in both SVCT and MCF-7 cells. HOXD3 

and D4 were detected in the normal breast tissue, and only HOXD3 was significantly 

upregulated in MDA-MB-231 compared with the normal tissue. Finally, both HOXA4 

and D13 transcripts were undetected in both human breast and SVCT cells compared 

to expression in both of the malignant breast cancer cell lines, MDA-MB-231 and 

MCF-7.  
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FIGURE 3.7: Comparative Boxplot for HOX and TALE Gene Expression Across the 
Human Breast Samples. Comparative ∆Ct values for 22 homeobox genes in the cell lines 
SVCT, MDA-MB-231 and MCF-7, as well as non-pathogenic human mammary tissue 
(hBreast). A ∆Ct value of 30 indicates the absence of gene transcript. When interpreting the 
Boxplot, the centre line depicts the median whereas the outer borders depict the maximum 
and minimum expression levels recorded. Thus, a longer column describes a gene which 
shows large variation in expression levels across the human breast samples, whereas a 
truncated column describes a gene that is constantly expressed across all the samples. In 
order to determine exactly which cell line that shows highest/lowest expression, refer to 
Table 3.2. 
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3.3.4 Homeobox Gene Expression in the Non-Malignant and Malignant 

Human Skin Cell Lines 

Figure 3.8 shows the variation in homeobox gene expression across the 

human skin cell lines, represented by a boxplot, generated as described in Section 

3.2.4. Referring to both the boxplot and the data presented in Tables 3.3A/B, of the 

22 genes, HOXA3, C5, C13, D3 and D4 showed no significant variation of gene 

expression in the four cell lines. When using a 99% confidence level calculating 

Tukey Honest significant difference, numerous homeobox genes are mis-expressed in 

the malignant cell lines compared with the non-malignant HSF cells. In the MM96L 

cells, the complete HOXB locus showed mis-expression, with HOXB1, B9 and B13 

up-regulated and the remaining 7 HOXB genes down-regulated. Also HOXA4 shows 

an up-regulated expression, whereas HOXA7, A13 and C4 all are down-regulated. 

Both the MM418C1 and MM418C5 cells show very similar mis-expression of the 

various homeobox genes as described for the MM96L cells. Only HOXB1, B9 and 

B13 show an up-regulated expression, whereas HOXA7, A13, B3, B4, B5, B8 and D13 

are all down-regulated. There are some subtle differences in gene expression between 

the cell lines MM418C1 and MM418C5, even though they would be expected to be 

very similar since they have the same origin and only differ in their pigmentation. 

The exception is HOXB8 that shows a significant decrease in mRNA levels in 

MM418C5 but not in MM418C1, indicating a possible interaction with the 

melanogenesis pathway. 

A few of the HOX genes showed expression differences that may indicate an 

important and quite specific cellular function. There is relatively high HOXA4 

expression in the MM96L cells, compared to undetected expression in the remaining 

three cell lines. Also, HSF cells showed no expression of HOXB9 and B13, whereas 

mRNA was detected in the three melanoma cell lines. Finally, no mRNA was 

detected from HOXB4 and B8 in the MM96L cell line although they were expressed 

in HSF cells and in both the MM418C1 and MM418C5 cell lines.  

In terms of differences between the MM96L cell line and the MM418 cell 

lines, HOXA4 and D13 showed lower expression levels, whereas HOXB2, B4, B5, B6, 

B7, B8, and B13 all showed a higher level of specific transcript. 
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FIGURE 3.8: Comparative Boxplot for HOX and TALE Gene Expression Across the 
Human Skin Samples. Comparative ∆Ct values for 22 homeobox genes in the cell lines 
HSF, MM96L, MM418c1 and MM418c5. A ∆Ct value of 30 indicates the absence of gene 
transcript. When interpreting the Boxplot, the centre line depicts the median whereas the 
outer borders depict the maximum and minimum expression levels recorded. Thus, a longer 
column describes a gene that shows large variation in expression levels across the human 
skin samples, whereas a truncated column describes a gene that is constantly expressed 
across all the samples. In order to determine exactly which cell line that shows highest/lowest 
expression, refer to Table 3.3. 
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3.4 CHAPTER DISCUSSION 

Utilising real-time PCR assays, the expression of 20 HOX genes and two known 

HOX cofactors, PBX1B and MEIS1 were examined in human melanoma and breast 

cell lines. Without exception, an altered HOX gene expression was observed for all of 

the malignant cells, whereas the two TALE genes showed no significant changes in 

gene expression across the various samples tested, including the non-malignant cells. 

So, even though subtle variations in PBX1B and MEIS1 expression were detected in 

the various samples, the transcript levels of these TALE genes seems relatively 

unaffected by the gross changes in cellular phenotype. The seemingly unchanged 

expression of PBX1B and MEIS1 contrasted with the high number of highly 

misexpressed HOX genes in the malignant cell lines which strongly indicates that it is 

the HOX genes that potentially drive the cellular transformation, and not the TALE 

genes. 

When looking at the gross changes in HOX gene expression in the various 

samples, no single gene is uniformly misexpressed in all of the malignancies tested. 

Furthermore, no other studies have to date shown specific expression patterns of 

HOX genes across different cancer tissues. Rather, as will be discussed below, the 

expression of HOX genes, as well as protein function in oncogenic transformations 

seem to be tissue-specific. Ultimately, this means that the inclusion of normal tissue 

as controls are of imperative importance when analysing the involvement of HOX 

genes in carcinogenesis, as all cancers might arise from different transcriptional 

alterations. Ideally, and unfortunately a shortcoming of this study, the expression 

studies would benefit from being carried out on a large number of primary tumours, 

with normal controls selected from cells known to be from where the majority of the 

specific tumours arise.  

A further point to note regarding the reported tissue-specific expression of the 

HOX genes and the fact that the cell samples analysed herein are of varying origins, is 

that variations in HOX expression patterns would be expected regardless of oncogenic 

prosesses. As such, interpreting the expression data becomes increasingly difficult 

and any conclusion outside what is purely observational must be understood on this 

background. To this extent, the two MM418 melanoma cell lines offer points of 

reference as they are of same origin, differing only in levels of pigmentation. As is 

 82



CHAPTER 3                                                          Expression Studies of HOX Genes in Human Cancers 

evident by the expression data presented in Table 3.3, the HOX genes show close to 

identical expression patterns in these two cell lines, with statistical significant 

variations (Tukey honest confidence integral 99%) only observed for HOXB4 and 

HOXB8. Then, comparing these two cell lines with the MM96L melanoma cell line, it 

becomes evident that HOX genes indeed may show tissue-specific expression patterns 

directly inherited from tissue origin. Thus, drawing conclusion from variations in 

gene expression from non-malignant HSF cells and the melanoma cell lines must be 

done with utmost care, highlighting the fact that observed trends must be confirmed 

by further expression studies on primary tissues and sample-specific controls. 

With these shortcomings in mind, hypotheses may still be put forward regarding 

the data collected as described. Then, more specifically regarding the HOX genes 

showing dysregulated expression in the melanomas and breast cancers in this study, it 

is interesting to note the potential functions of some of the HOX proteins in the adult 

cell. Boudreau and co-workers (Boudreau et al. 1997) put forward evidence that 

HoxD3 regulates endothelial cell gene expression associated with angiogenesis by 

showing that HoxD3 anti-sense blocks the bFGF-induced expression of integrin β3 

and uPA mRNA and that overexpression of HoxD3 in the absence of bFGF indeed 

induced the expression of these transcripts. These data strongly supported the 

postulate that an over-expression of HOXD3 alters the adhesive properties of the cell, 

which was put forward after a sense/anti-sense study of HOXD3 in human 

erythroleukemia HEL cells (Taniguchi et al. 1995). Recently, Moriuchi and co-

workers (Hamada et al. 2001; Miyazaki et al. 2002) also found integrin β3 expression 

to be up-regulated in HOXD3 over-expressing cells (Hamada et al. 2001). In addition, 

they also found integrin α3 and N-cadherin to be up-regulated and that integrin α4 

was newly expressed in the transformed cell line. Finally, their data showed both E-

cadherin and plakoglobin expression to be strongly repressed and lost all together, 

respectively. In summary, these studies clearly indicate that HOXD3 is a 

transcriptional regulator of invasive and metastatic processes in several mammalian 

cancer cells. In the present study a significant up-regulated HOXD3 expression in the 

highly invasive breast cancer cell line MDA-MB-231 was evident, compared to 

expression levels detected in normal human breast tissue, as well as a complete 

absence of the transcript in both the non-malignant SVCT cells and the well-
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differentiated, non-invasive breast cancer cell line MCF-7. In terms of the human 

melanomas examined, neither showed any variance in HOXD3 transcript levels, with 

all cell lines showing a relatively high expression, including the non-malignant HSF 

cells. 

Interestingly, HoxB3 has also been reported to be a regulator of angiogenic 

processes, although in a manner distinct from that found with HOX/HoxD3 (Myers et 

al. 2000). Rather than promoting the invasive behaviour of endothelial cells as does 

HoxD3, HoxB3 was found to be required for the subsequent capillary morphogenesis 

of new vascular sprouts. However, in terms of the malignant mammary and 

melanoma cell lines examined in the present study, a down-regulation was observed 

rather than up-regulation of HOXB3 expression. Although these results immediately 

stand in contrast to the above findings, other studies indicate that HOXB3 can exhibit 

distinct effects on different cell populations. For example, an over-expression of 

HoxB3 has been shown to impair B cell differentiation (Sauvageau et al. 1997).  

Another HOX member, HOXB7 has been shown to activate bFGF thereby 

promoting cellular proliferation in both human melanomas (Carè et al. 2001) and 

ovarian carcinomas (Naora et al. 2001). In this regard, it is interesting to note that 

bFGF itself is thought to be a signalling precursor to the SOS-Ras-Raf-MAP kinase 

cascade (reviewed in (Hanahan and Weinberg 2000)) and bFGF has been observed to 

have differing effects in terms of cell proliferation and differentiation depending on 

cellular concentration (Goldstein et al. 1997; Cameron et al. 1998). Furthermore, the 

expression levels of HOXB7 in various cancer cell lines and normal phenotypes have 

been observed to vary (Chang et al. 1998). Taken together this may indicate a 

mechanism by which tumours proliferate or differentiate in an abnormal fashion, 

which is controlled by the cellular concentration of the transcription factor HOXB7. 

In the present study, however, HOXB7 showed a stable mRNA level across all of the 

human breast samples, with no statistical difference between the malignant and non-

malignant phenotypes. In terms of the melanomas, there were subtle differences in 

HOXB7 transcript levels, with a minor down-regulation in the MM96L cells and a 

slight up-regulation in the MM418C1 and MM418C5 cells. So, in contrast to earlier 

findings, HOXB7 was amongst the most constantly expressed HOXB genes across the 

samples tested herein. Furthermore, its relatively high expression levels indicate 
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HOXB7 may be involved in the maintenance of the normal eukaryotic phenotype, but 

is perhaps not involved in oncogenic transformation.  

Of the many HOX genes showing dysregulated expression in the malignant 

cell lines, HOXB9 is of particular interest since it was undetected in the normal 

human breast, in both of the two non-malignant cell lines SVCT and HSF as well as 

in the well-differentiated, non-aggressive malignant cell line MCF-7, but showed 

expression in all of the aggressive and highly invasive malignant cell lines. A 

mutational study carried out by (Chen and Capecchi 1999) showed that loss-of-

function mutations in the Hox9 paralogous genes resulted in mammary gland 

hypoplasia in mice. Also, based on their findings, they further predicted that gain-of-

function mutations that cause ectopic activation of HOX genes could lead to 

hyperplasia of mammary tissue and thus contribute to mammary neoplasia. A likely 

conclusion about the HOX9 genes, and most likely many of the HOX gene members, 

is that their function is not restricted to a single role, but rather constitute multiple 

roles that change over time. Hence, it may be postulated that an ectopic expression of 

HOX genes, leading to abnormal nuclear concentrations of HOX transcripts, could 

disrupt the homeostasis of the transcriptional machinery, activating and/or 

deactivating regulatory pathways, ultimately committing the cell to re-differentiate 

and change phenotype. 

Another issue that must be taken into consideration when looking at 

quantitative expression levels of HOX genes and a potential effect caused by mis-

expression, is the common postulated functional complementation between the trans-

paralogous HOX genes. In mice, the Hoxa3, Hoxb3 and Hoxd3 paralogs have been 

shown to be able to carry out identical biological functions, even though not showing 

functional equivalence in their normal, wild-type chromosomal environment (Greer et 

al. 2000). From their findings, these workers further postulate that the observed non-

equivalence of the trans-paralogues in wild-type tissues might be attributed to 

quantitative differences in expression levels rather than qualitative differences. 

Ultimately, this would mean that there are other cellular mechanisms controlling the 

transcription of the specific HOX paralogues in different cells, since it was further 

observed that a deletion of a specific HOX gene in differentiated mesenchymal neural 

crest and somitic mesoderm cells was not counteracted by an up-regulated expression 
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of its trans-paralogues. Interestingly though, the expression patterns of the HOX4 

paralogues in the present study hints towards some degree of trans-paralogous 

equivalence. Of the samples tested, a complete silencing of HOXA4 means high 

expression levels of HOXB4 in the same cells, whereas complete silencing of HOXB4 

means high expression levels of HOXA4, with the exception of the highly invasive 

breast cancer cell line MDA-MB-231, which shows high expression of both HOXA4 

and HOXB4. Curiously, the MDA-MB-231 cells are also the only sample tested 

showing a relatively significant HOXB9 expression and a very low HOXB6 transcript 

concentration. 

Only three HOXC genes were examined in this study, and neither HOXC4 nor 

HOXC5 showed any gross changes in gene expression in the malignant phenotypes. 

HOXC13 showed a stable expression level across the skin samples tested, however, in 

the human breast samples, HOXC13 was undetected in normal human breast, whereas 

it was detected in the remaining three samples. Furthermore, HOXC13 was highly 

overexpressed in the MCF-7 cell line.  

Three HOXD genes were also examined, again with no changes evident in the 

melanoma cell lines. The HOXD genes did show gross changes in gene expression in 

the human breast samples however, with a complete absence of HOXD3, HOXD4 and 

HOXD13 transcripts in the non-malignant SVCT cells, and with an extreme up-

regulation of all three genes in the highly invasive cancer cell line MDA-MB-231. 

Interestingly, only HOXD13 was upregulated in the MCF-7 cell line, with both 

HOXD3 and HOXD4 silenced, whereas the reverse was noted for the pathologically 

normal human breast sample, with both HOXD3 and HOXD4 expressed, and 

HOXD13 silenced. Potential implications of the dysregulated HOXD3 gene 

expression for oncogenic transformation of the mammary cells have already been 

discussed. 

In conclusion, it was observed that the HOX genes were differentially 

expressed in the human malignant and non-malignant cell samples. Among the many 

HOX genes showing changes in transcript levels, a few exhibited changes that could 

be correlated with either the malignant or the invasive phenotype. This new data adds 

to the understanding of HOX gene expression and its molecular consequences for the 

maintenance of the normal phenotype, as well as potential involvement of these 
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regulatory proteins in oncogenic transformations. It must be noted, however, that 

conclusions drawn from this study are somewhat limited in regards to their empirical 

inference. Only 20 of the 39 HOX members were examined in this study, using a 

limited number of cell samples, which ultimately could let key principles escape 

detection. 

As HOX genes are postulated to operate in a co-dependent manner, with both 

intra- and inter-regulatory loops within and across the four gene clusters, care must be 

taken when analysing any expressional data not including all 39 members, and maybe 

even further non-HOX transcription factors need to be studied. Furthermore, as there 

is evidence suggesting that it might be the cellular concentration of the various HOX 

members in relation to each other, rather than simply an on-off mechanism that 

governs neoplastic events such as cell cycle, angiogenesis, cell-cell communication 

and apoptosis, expression studies are necessary, but extremely difficult to analyse.  

This again raises another problem related to the levels of actual proteins being 

synthesized from the mRNA. Hence, confirmation on the protein level would be 

necessary in the future. 

Despite these obvious problems, the data reported herein add to our 

understanding relating to HOX expression pattern in the human cells. Even though 

the HOX proteins are key regulators of development, they are obviously expressed in 

the adult cells, now further shown for both skin and breast tissues, where they most 

likely are involved in the maintenance of normal cell morphology. Unfortunately, our 

knowledge of HOX functional specificity is very limited, making it difficult to 

exactly pinpoint the relationship between dysregulated HOX gene expression and 

carcinogenesis. Progress is being made however, and the remainder of this thesis will 

be foremost concerned with Hox functionality, allowing further elucidation of the 

Hox-cancer link in the future. 
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4.1 INTRODUCTION 

In the past decade a rapidly increasing volume of independent research has 

highlighted a potential role of the HOX transcription factors in oncogenic 

transformations. Gross alterations in expression levels are reported across numerous 

cancers (as reviewed in Chapter 1 and 3) and important co-regulators have been 

identified. What is puzzling however, is the diminutive number of identified target 

genes outside the vertebrate HOX cluster itself. To date, only a dozen such targets are 

known and will be discussed in Chapter 5. 

To fully appreciate the molecular principles underlying a potential 

involvement of HOX transcription factors in carcinogenesis, the identification of their 

downstream targets in the transcriptional machinery is of paramount importance. As 

much of the research thus far has focussed on expression rather than function, it is 

impossible to state whether the reported mis-expression is a cause or an effect of the 

processes necessary for oncogenic transformations. Immediate downstream HOX 

targets have to be identified with a subsequent characterisation of the cellular roles of 

the downstream targets, if the ‘HOX hypothesis’ is to be experimentally verified. 

Now, more than two decades after the initial identification of this developmentally 

important gene family in Drosophila melanogaster (Lewis 1978), the short list of 

target genes is striking foremost for its diminutive number, as well as the absence of 

functional similarities between the identified targets, which range from transcription 

factors (Guazzi et al. 1994) to cell adhesion molecules (Jones et al. 1992) and 

structural proteins (Tkatchenko et al. 2001). 

The fact that so few HOX targets have been identified to date, and that the 

identified targets differ greatly in both functionality and sequence, hints towards a 

great complexity in transcriptional control. Furthermore, this complexity expands 

enormously as their auto- and cross-regulatory mechanisms are introduced into the 

equation, which in itself makes the identification of downstream targets through 

standard protocols difficult. As potential effector genes are identified in vitro through 

abnormal up- and/or down-regulation of candidate HOX transcription factors, in vivo 

these effects may very well be counteracted by functional complimentation between 

trans-paralogous HOX genes. For example in mice, Hoxa3, Hoxb3, and Hoxd3 have 

been shown to be able to carry out identical biological functions, even though not 
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showing functional equivalence in their normal, wild-type chromosomal environment 

(Greer et al. 2000).  

In essence, the HOX transcription factors seem to be extremely elusive in 

terms of the characterisation of their in vivo functionality. It would be ignorant to 

propose that very little work has been done on this aspect of molecular genetics, with 

the subsequent absence of published data. A more feasible explanation would be their 

elusive character and their enormous functional complexity, which apart from being 

tissue specific could also be under quantitative control rather than simply qualitative, 

finally with individual genes also potentially exerting multiple roles that change over 

time. With this in mind it may prove difficult to characterise a large number of HOX 

targets, even with the advent of powerful techniques such as micro-array analysis. It 

is a fascinating problem however, and the future will most certainly shed more light 

on this shady molecular machinery.  

In an effort to add to the list of known HOX transcriptional targets, 

Restriction Fragment Differential Display PCR (RFDD-PCR) protocols were 

employed to identify potential candidates. Micro-array assays are known to be a more 

powerful tool with the ability to screen for large numbers of genes simultaneously, 

however, due to financial constraints, the more traditional RFDD-PCR techniques 

were chosen. Subsequently, identified potential candidates were verified through real-

time PCR assays, both as a direct control and later with expansion to expression 

analysis over numerous cancer cell lines.  

Even though the cellular environment, and thus the transcriptional machinery 

will differ between cells of unique origins, the differential display protocols described 

herein utilised the MDA-MB-231 cell line for original transformation of the HOX 

constructs. As this was an initial screen for differentially displayed genes in HOX 

over-expressing cells, MDA-MB-231 cells were chosen for no particular reason. 

Indeed, any cell line would potentially serve equally well as several HOX constructs 

were used in the transformation protocols. It must be noted, however, since the 

cellular environment is unique to any cellular origin, differentially displayed genes 

may vary depending on numerous other factors being present or absent in the cell. 

Finally, the HOX constructs transfected were chosen simply due to availability. 
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FIGURE 4.1: Overview of Experimental Design Employed for the Identification 
of Potential HOX Gene Targets. 
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4.2 EXPERIMENTAL DESIGN 

4.2.1 Cell Culture  

For the differential display studies undertaken in this chapter, the human 

breast cancer cell line MDA-MB-231 was chosen. Details of this cell line are outlined 

in Section 2.1.1. Throughout the experiments, the cell line was cultured in RPMI 

1640 growth medium (Invitrogen) supplemented with 10% FCS (Invitrogen) in a 

37OC/5% CO2 incubator until cells had reached approximately 80% confluency. 

Before transferring the cells to smaller wells used in the transfection experiments, 

they were detached with trypsin, pelleted by centrifugation and counted on the 

haemocytometer. The remaining 6 human cell lines used in the latter part of this 

study, were also cultured in RPMI 1640 supplemented with 10%FCS (Invitrogen) as 

described in Section 3.2.1. 

 

4.2.2 Vector Constructs and Cloning Strategies 

Four full-length human HOX clones were utilised in the following transfection 

studies, and they were all kind gifts from overseas research laboratories. Table 4.1 

lists the four clones, from whom they where obtained, as well as the reference in 

which they where described.  
 
Clone Species Name of Sender Reference 
HOXB4 Homo Sapiens C. Largman (Shen et al. 1997a) 

HOXB7 Homo Sapiens V. Bours (Chariot et al. 1998) 
HOXD4 Homo Sapiens M. Featherstone (Phelan and Featherstone 1997) 
HOXD13 Homo Sapiens B. Olsen (Goodman et al. 1997) 
 
TABLE 4.1: Human HOX Clones and Their Source of Reference. Senders are not 
necessarily the original makers of the clones, but rather the source of the clones used herein. 
 

Apart from the HOXB7 construct, which already consisted of the full-length 

HOXB7 clone in the pcDNA3 mammalian expression vector, the remaining three 

human HOX clones were originally cloned into various expression vectors. Hence, 

the full-length HOX constructs were subcloned into the pcDNA3 vector following 

protocols outlined in Sections 2.2.2-3, 2.4.4-7,10-12. In short, the full-length inserts 

were digested out of the original vector with appropriate restriction enzymes (RE), 

then either directly ligated back into the pcDNA3 vector, or into pcDNA3 via 
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pBLUESCRIPT (pBSKS+), depending on available RE sites. Figure 4.2 depicts the 

cloning strategy for HOXB4, which was RE digested out of the original pET28a 

vector with EcoRI and HindIII, ligated into linearised pBSKS+ vector, then re-

digested out with EcoRI and XhoI before finally being ligated into linearised pcDNA3 

vector to create a clone designated pCMV-HOXB4. 

The HOXD4 clone, which was originally cloned into a modified 

pBLUSECRIPT vector, was digested with BamHI and XbaI restriction enzymes, with 

subsequent ligation into the pcDNA3 vector linearised with the same enzymes, 

creating the pCMV-HOXD4 clone. Finally, the HOXD13 clone was digested out of 

the original pDONR201 vector and ligated back into pcDNA3 utilising the restriction 

enzymes EcoRI and XhoI, creating the pCMV-HOXD13 clone. The host cell for all 

transformations was the E.coli strain ED8799.  

 
FIGURE 4.2: Cloning Strategy for the Full-Length HOXB4 Clone. Only the restriction 
enzymes specifically employed are shown. Inserts vs vectors are not drawn in actual scale. 
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4.2.3 

d 

overnig

ditions.  Harvested cells were subsequently utilized for the RFDD-PCR 

xperiments. 

4.2.4 

lamide gel and 

visualized using autoradiography by X-ray exposure (Section 2.4.8). 

4.2.5 

Transient Transfections 

For transient transfection of the MDA-MB-231 cell line, ≈500,000 cells were 

transferred to individual wells of a 6-well plate with 2 ml RPMI 1640 growth medium 

(Invitrogen) supplemented with 10% FCS (Invitrogen). The cells were then incubate

ht in a 37OC/5% CO2 incubator until cells had reached 90-95% confluency. 

After the overnight incubation, the cells were transfected with 1,600ng 

expression vector DNA utilizing Lipofectamine (Invitrogene) as described in Section 

2.3.3, and again allowed to incubate for 24 hrs before harvesting. Control MDA-MB-

231 cells were transfected with the ‘empty’ pcDNA3 vector so as to subject all cells 

to similar con

e

 

Restriction Fragment Differential Display PCR 

The first step in the identification of potential downstream targets of various 

HOX transcription factors involved the utilisation of Restriction Fragment 

Differential Display PCR (RFDD-PCR), as described in Section 2.4.17. In short, 

mRNA was extracted from the transiently transfected MDA-MB-231 cells, with 

subsequent first-strand and second-strand cDNA synthesis. Templates for the RFDD-

PCR were then prepared as per manufacturer’s protocols, after which they were γ-33P 

end-labelled for radioactive detection before final PCR amplification of each 

template. Finally, samples were run on a pre-run 6% urea polyacry

 

Isolation of Differentially Expressed Genes 

When recovering differentially expressed cDNA bands, the position on the 

polyacrylamide gel corresponding to the specific band on the autoradiograph was 

excised and transferred to an Eppendorf tube with TE Buffer, where the DNA was 

allowed to elude from the gel for 15 minutes at 95OC. The gene fragments of interest 

were then re-amplified with PCR, following protocols outlined by the manufacturer, 

with subsequent agarose gel electrophoresis (Section 2.4.6), gel extraction and 

purification (Section 2.4.7), subcloning into pGEM T-Easy vector (Section 2.2.2-3, 
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2.4.5), sequencing of gene fragment (Section 2.4.16) and BLAST 

n 2.6.2). 

 

Section 2.4.2. The oligonucleotides utilised are indicated in the 

ppropriate sections and are further listed in Table 2.4, and were all purchased from 

 

) as 

escribed in Section 2.4.2. The hBreast total RNA was reverse transcribed using 1µl 

f sample with oligo-dT30 and 200U Superscript II as described in Section 2.4.2. 

alignment/identification of the gene fragments (Sectio

4.2.6 SYBR Green Real-Time PCR Verification 

Real-time PCR assays were performed on transiently transfected cells, firstly 

to verify an increase in mRNA levels of the specific HOX genes transfected. 

Secondly, real-time PCR assays were further performed on transiently transfected 

cells in an effort to verify variation in mRNA levels of differentially expressed genes 

detected by the differential display assays. Finally, real-time assays were performed 

for a differentially expressed gene across seven human cell lines and one 

pathologically normal tissue sample, as described in Section 3.2.3. All real-time PCR 

experiments were performed as described in Section 2.4.15 on cDNA synthesised as 

described in 

a

GeneWorks. 

4.2.7 mRNA Purification and cDNA Synthesis 

Tissue cultured cell lines were harvested and mRNA extracted from 1-2x106 

cells using Oligotex Direct mRNA MiniKit (Qiagen Pty. Ltd.) as described in Section 

2.4.1. One quarter of the total extracted mRNA was subsequently reversed 

transcribed using the oligo-dT30 primer and 200U Superscript II (Invitrogen

d

o
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4.3 R

cDNA bands. The bands that were subsequently subjected to a more 

xperiments.

ESULTS 

4.3.1 Restriction Fragment Differential Display PCR 

Following the experimental procedures outlined above, potentially 

differentially displayed genes were detected by autoradiography.  The MDA-MB-231 

cell line was chosen for the transient transfections, and four HOX members, HOXB4, 

HOXB7, HOXD4 and HOXD13 where individually over-expressed in the selected cell 

line. Figure 4.1 shows parallel RNA profiling experiments that yielded differentially 

expressed 

intense scrutiny and were deemed potentially valid targets are indicated with roman 

numerals. 

  
IGURE 4.3: Parallel RNA Profiling E

 

Lane numbers correspond to
ransfecteMDA-231 cells t d

with following constructs: 

6c-11c:  HOXD13 
12a-13a :pcDNA3 
12b-13b: HOXB7 

 
1a-5a:  pcDNA3 
1b-5b:  HOXB4 
6a-11a:  pcDNA3 
6b-11b:  HOXB4 

12c-13c:  HOXD4 

F   Comparative RNA profiling between 
OX over-expressing and control (‘empty’ pcDNA3 vector) MDA-MB-231 cells. Indicated 

bands a
H

re those that yielded identified gene products through subcloning and subsequent 
BLAST searches, as depicted in Fig 4.4. 
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It should be noted that the larger proportion of potential differentially 

diplayed bands proved to be derived from mitochondrial or ribosomal RNA, counting 

for approximately 90% of the subcloned isolates. Of the remaining 10%, many were 

uncharacterised human clones, however a few well characterised targets where 

encodin

 (POP), a serine-arginine rich protein 

ntially Expressed Transcripts

identified. For simplicity, only the targets corresponding to characterised gene-

g products are listed.  

 

4.3.2 Subcloning and Nucleotide Sequencing of Differentially Expressed Genes  

As previously described, differentially expressed gene fragments were 

isolated from the polyacrylamide gel, RT-PCR amplified and subcloned into pGEM 

T-Easy vector (Promega), with subsequent sequencing of cDNA inserts. Of the many 

isolates that were sequenced (+30), eight proved to be genomic transcripts encoding 

gene products. Of these, three were uncharacterised human clones encoding unknown 

products, whereas the remaining five encode identified proteins. The eight individual 

sequences are given in Figure 4.4, and are aligned with homologous sequences 

obtained through non-redundant GenBankTM BLAST searches. The five 

characterised clones were prolyl oligopeptidase

(herein denoted SRR), PTPL1-associated RhoGAP1 (PARG1), C-type lectin, 

superfamily member 2 (CLECSF2 aka AICL), and a protein sequence showing strong 

homology to a leucine-zipper like product p40. 
 
FIGURE 4.4: Nucleotide Sequences of Differe . The 

dividual Fragment denominations (numeral/letter-roman numeral) correspond with 
own 

 Figure 4.3 Sequence alignments were obtained by BLAST searches at GenBank . Blue 
gy to queried sequences, whereas red 

aracterised)

in
differentially expressed gene fragments identified on the RFDD-PCR autoradiograph sh

TMin
letters denote aligned sequences with highest homolo
letters in the query sequences indicates a mismatch.  
 
Fragment 1a-i: Homo Sapiens expressed RNA sequence (gene unch  

                                                             

ccattcgggtccattcg  
||| ||||||||||||||||||||||||||||||||||||||||||||||||| 
gatgttgattccattagcttccgttggatgatgattccattcgggtccattcg 
bjct:43935   

 
GenBankTM Accession Number: CB219547 
 

 
LAST alignment:    B

Query:    
gatattgattccattagcttccgttggatgatgattc
|
c
S

 

 97



CHAPTER 4     Identification of Potential HOX Gene Targets 

 
 
Fragment 4a-ii: Human DNA sequence from clone RP11-123B3 on chromosome 10 
(Protein sequence shows strong homology to Leucine-zipper like product, high 
homology with p40) 

tggatatgaaattct 

ggttgggaaag 

ttgcttccattctcgccatc  

enBankTM Accession Number: AL138760 

 
BLAST alignment: 
Query: 
tttgcttgtctgtaaagtattttatttcttctttacttatgaagcttagtttggctggatatgaaattct 
||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
tttgcttgtctgtaaagtattttatttcttctttacttatgaagcttagtttggc
Sbjct: 62220  
                                                      
gggttgaaaattcttttctttaagtatgctgaatattggcccccactctcttctggcttgtagagtttct 
||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
gggttgaaaattcttttctttaagtatgctgaatattggcccccactctcttctggcttgtagagtttct 
 
gtccagagatcagctgttagtctgatgggcttccctttgtgggtaacccgagctttctctctggctgccc 
||| ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
gtcgagagatcagctgttagtctgatgggcttccctttgtgggtaacccgagctttctctctggctgccc
                                
ttaacattttttccttcatttcaactttggtgaatctgacaattatgtgtcttggagttgctcttctcaa 
||||||||||||||||||||||||||||| |||||||||||||||||||||||||||||||||||||| | 
ttaacattttttccttcatttcaactttgatgaatctgacaattatgtgtcttggagttgctcttctcga
  
ggagtatctctgtggcattctctgtatttcctgaatttgaatg-tcgcctgccttgctaggttgggaaag 

|||||||||||||||||||||| | |||||||||||||||||||||||| |||||||||||||||||||||
ggagtatctctgtggcattctctgtatttcctgaatttgaatgttggcctgccttgcta
                     
-tcttctgggataatatcctgcagag-ggtttccagcttgcttcc-ttctcgccatc  
|||||| |||||||||||||||||| | |||||| ||||||||| ||||||||||| 
ttcttct-ggataatatcctgcagagtgttttccaac
 
G
 

 
Fragment 5b-iii: Prolyl Oligopeptidase (POP)  Prolyl Endopeptidase (PREP)aka  
 
BLAST alignment:                                                             
Query: 
aacacattgtgaatattagattgctgaattaaggatcatagtcgggcatacttatctatatccataacct 
||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
aacacattgtgaatattagattgctgaattaaggatcatagtcgggcatacttatctatatccataacct 
Sbjct: 2612 
                                                                       
ctatatctttaaataaatgtgagaactgttctcatggagaagacttctttgcaacaataataaatgttat 
||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
ctatatctttaaataaatgtgagaactgttc
      

tcatggagaagacttctttgcaacaataataaatgttat 

enBankTM Accession Number: NM_002726 G
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Fragment 7b-iv: Homo Sapiens peptidylprolyl isomerase A (cyclophilin A) 

gcgaccctcattcaaaatgaagctgctagtcagtc 
              

           

enBankTM Accession Number: BC069050 

 
BLAST alignment:                                                       
Query:  
ttttntttcaaaattacatgttttattttcatgtttgtaaaacgaagagcttttttctggatggttttct 

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| || |||
tttttttccaaaattacatgttttattttcatgtttgtaaaacgaagagcttttttctggatggttttct 
Sbjct: 336 

                                                                       
tatcagcttttcacacaacagtcaagtaaacctcgtggcactagccagaaatcgttgcaactttggaact 
||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

tatcagcttttcacacaacagtcaagtaaacctcgtggcactagccagaaatcgttgcaactttggaact 
 
tccaagacaatctggcctctatcaatgggcagacagcgaccctcattcaaaatgaagctgctagtcagtc 

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
caatgggcagacatccaagacaatctggcctctat

                     
acattcg   
||||| ||

acattcg  
 
G
 
 

ragmenF t 11b-v: C-type Lectin, Superfamily member 2 (CLECSF2) aka AICL aka 
IFNRG1 
 
BLAST alignment: 
Query:  
cgagattctcagagtttatgcccctatgattggattggtttccaaaacaaatgctattatttctctaaag 

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
cgagattctcagagtttatgcccctatgattggattggtttccaaaacaaatgctattatttctctaaag 
Sbjct: 742 
                                                                       
aagaaggagattggaattcaagtaaatacaactgttccgctcaacatgccgacctaactataattgacaa 
|||||||||||||||||||||||||||||||||||| |||||||||||||||||||||||||||||||||

aagaaggagattggaattcaagtaaatacaactgttccactcaacatgccgacctaactataattgacaa 
 
catagaagaaatgaattttcttaggcggtataaatgcagttctgatcactggattggactgaagatggca 
||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

catagaagaaatgaattttcttaggcggtataaatgcagttctgatcactggattggactgaagatggca 

enBankTM Accession Number: NM_005127 

 
aaaaatcg  
|||||| ||

aaaaatcg  
 
G
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Fragment 11b-VI: Serine-Arginine rich protein (uncharacterised) 

cataaaggtgagg 

            
          

  

enBankTM Accession Number: AF314185 

 
BLAST alignment:                                                                 
Query:   
cgagataggcgtaaaattgatgatcaacgtggaaatcttagtgggaacagtcataagcataaaggtgagg 

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
cgagataggcgtaaaattgatgatcaacgtggaaatcttagtgggaacagtcataag
Sbjct: 343 

                                            
ctaaagaacaagagaggaaaaaggagagga   
||||||||||||||||||||||||||||| |
ctaaagaacaagagaggaaaaaggagagga
 
G
 
 
Fragment 12c-vii: Homo Sapiens BAC clone (uncharacterised) 

ttccattctcctggtcactttcaggta 

catagtccca  

enBankTM Accession Number: AC013470 

 
BLAST alignment:                                                 
Query:     
cgaggagtatctttgtggcgttctctgtatttcctgaatctgaacgttggcctgccttgctagattgggg 

| ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
cgaggagtatctttgcggcgttctctgtatttcctgaatctgaacgttggcctgccttgctagattgggg 
Sbjct: 24441 
                                                                       
aaattctcctggataatatcctgcagagtgttttccaactcggttccattctcctggtcactttcaggta 
||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

aaattctcctggataatatcctgcagagtgttttccaactcgg
 
caccaatcagacgtagatttggtcttttcacatagtccca  
|||||||||||||||||||||||||||||||||||||| ||

caccaatcagacgtagatttggtcttttca
 
G
 
 
Fragment 13a-viii: PTPL1-associated RhoGAP1 (PARG1) 

                    

agaacactgactctatcg  

enBankTM Accession Number: BC022483 

 
BLAST alignment:                                                         
Query: 24   
cgagaaactaagtcgtttgaaaatgtttctgtggaatcagtggactcatccagtgaaaaaggaaattttt 

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
cgagaaactaagtcgtttgaaaatgtttctgtggaatcagtggactcatccagtgaaaaaggaaattttt 
Sbjct: 750 
                                                  
cccctttagaactagacaacgtgctgttaaagaacactgactctatcg  
||||||||||||||||||||||||||||||||||||||||||||||| |
cccctttagaactagacaacgtgctgttaa
 
G
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4.3.3 SYBR Green Real-Time PCR Verification of HOX Gene Transcripts in 

Transfected Cells 

Following the RFDD-PCR experiments, real-time PCR assays were run for all 

samples to verify the over-expression of the selected HOX genes transfected into the 

MDA-MB-231 cells. Table 4.2 shows the threshold values (∆Ct) for HOXB4, 

HOXB7, HOXD4 and HOXD13 in transfected MDA-MB-231 cells compared to 

control MDA-MB-231 cells transfected simultaneously with pcDNA3 vector only.  

As described in Section 2.4.15, a lower threshold value indicates higher 

expression levels, hence it is evident that all of the transfected cells used in the 

RFDD-PCR experiments over-expressed a selected HOX gene. It is also evident that 

the transfection efficiency varied between the different samples, with cells used to 

generate the comparative RNA profiles for samples 6a through to 11c (refer to Table 

4.2) showing lowest HOX expression relative to the control cells, with only a ∆Ct 

value equal to 2.5 (i.e. difference between control and HOX transfected samples). The 

remaining samples used to generate comparative RNA profiles, however, showed a 

large increase in HOX gene transcripts, with ∆Ct values ranging from 5.0 (HOXD4 in 

samples 12 a through to 13c) to 12.0 (HOXD13 in samples 6a through to 11c). 

Although the various transfected cell samples show differences in transfection 

efficiency, they all show a significant increase in mRNA levels of the specific HOX 

genes used.  
 

RFDD-PCR Samples Transfected Gene Adjusted Threshold Crossing 
1a through to 5b Control* 14.95 ± 0.60 
1a through to 5b HOXB4 8.00 ± 0.25 
6a through to 11c Control* 14.95 ± 0.60 
6a through to 11c HOXB4 12.30 ± 0.80 
6a through to 11c Control* 17.40 ± 0.10 
6a through to 11c HOXD13 5.20 ± 0.15 

12a through to 13c Control* 14.00 ± 0.40 
12a through to 13c HOXB7 5.45 ± 0.20 
12a through to 13c Control* 13.20 ± 1.05 
12a through to 13c HOXD4 8.15 ± 0.35 

 
TABLE 4.2: mRNA Expression of HOX Genes in Transiently Transfected MDA-MB-
231 Cells Used in RFDD-PCR Studies. * Control = MDA-MB-231 cells transfected with 
‘empty” pcDNA3 vector only, and otherwise subjected to the same conditions as those of the 
HOX transfected cells. Adjusted Threshold Crossing refers to the final values obtained after 
normalisation with GAPDH. 
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4.3.4 SYBR Green Real-Time PCR Analysis of Differentially Expressed 

Transcripts in Transfected Cells 

After the expression analysis confirming over-expression of the various HOX 

genes in the transfected cell lines and the identification of potential HOX gene 

targets, real-time assays were also run for genes indicated to be differentially 

expressed in the same cells. Gene-specific oligonucleotide-pairs were designed for 

POP, p40, AICL and SRR (Table 2.4), and the genes were subsequently assayed for 

any changes in expression levels caused by the increased expression of indicated 

HOX genes. PARG1 was omitted, as the differential display signal was very weak. 

As indicated in Table 4.3, only SRR and POP showed a seemingly differential 

expression of gene transcripts, whereas p40, and AICL showed unchanged mRNA 

levels. Also, changes in SRR mRNA levels were only observed for the HOXB4 

transfected cells, and not for the HOXD13 transfected cells.  

 
HOXB4 

SRR in MDA-231/HOXB4up  POP in MDA-231/HOXB4up 
 HOXB4 SRR   HOXB4 POP 
HOXB4 cntr 14.98 ± 0.31 10.69 ± 0.18  HOXB4 cntr -7.84 ± 0.52 11.59 ± 0.12 
HOXB4 up 3.23 ± 0.22 4.90 ± 0.14  HOXB4 up -11.53 ± 0.17 9.57 ± 3.43 
HOXB4 up 3.35 ± 0.42 4.66 ± 0.06  HOXB4 up -10.38 ± 0.17 7.04 ± 0.67 
   
p40 in MDA-231/HOXB4up  AICL in MDA-231/HOXB4up 
 HOXB4 p40   HOXB4 AICL 
HOXB4 cntr -7.84 ± 0.52 9.40 ± 0.23  HOXB4 cntr 8.47 ± 0.25 11.70 ± 0.21 
HOXB4 up -11.53 ± 0.17 9.98 ± 2.67  HOXB4 up 2.31 ± 0.07 10.79 ± 0.04 
HOXB4 up -10.38 ± 0.17 11.25 ± 0.37  HOXB4 up ---- ---- 
 

HOXD13 

SRR in MDA-231/HOXD13up  AICL  in MDA-231/HOXD13up 
 HOXD13 SRR   HOXD13 AICL 
HOXD13 ctr  13.17 ± 0.80 5.23 ± 0.21  HOXD13 ctr 13.17 ± 0.80 8.43 ± 0.45 
HOXD13 up -0.70 ± 0.47 4.10 ± 0.20  HOXD13 up -0.70 ± 0.47 9.49 ± 0.89 
HOXD13 up -0.20 ± 0.15 4.58 ± 0.25  HOXD13 up ----  ---- 
 
TABLE 4.3: mRNA Expression of RFDD-PCR Identified Genes in Transiently 
Transfected MDA-MB-231 Cells. Values represent average ∆Ct of duplicate reactions 
normalised against GAPDH and further repeated twice. 
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Figure 4.5 depicts the relative expression levels of SRR, POP, p40 and AICL 

compared to that observed in control cells. To obtain these data, the average threshold 

values were calculated for the individual genes, with the subsequent deviation of gene 

transcripts in transfected cells versus control cells being calculated. The transcript 

levels in control cells were standardised to a nil-value and the difference in transcript 

levels observed for the respective genes then plotted against this arbitrary base-level. 

Thus, it becomes evident that only SRR and POP show a significant increase in 

expression levels in the HOXB4 transfected cells, whereas the remaining show very 

small variations in mRNA levels.  

 

 
FIGURE 4.5: Relative Gene Expression of RFDD-PCR Identified Genes in Transiently 
Transfected MDA-MB-231 Cells. Data represent average ∆Ct calculated from values 
reported in Table 4.3. The ∆Ct values shown graphically represent variation in expression 
levels of individual genes in transfected cells versus control cells (transfected with empty 
pcDNA3 vector). The gene expression level in control cells were set to an arbitrary ∆Ct of 
zero, hence a negative ∆Ct corresponds to lower transcript levels and a positive ∆Ct to 
increased transcript levels.  
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4.3.5 Analysis of the Expression Levels of a Serine-Arginine Rich (SRR) Gene 

Across Human Cell Lines 

Quantitative real-time PCR assays were performed for the differentially 

expressed gene encoding a serine-arginine rich protein (SRR) over the 7 human cell 

lines (SVCT, MDA-MB-231, MCF-7, HSF, MM418C1, MM418C5 and MM96L) 

and the pathologically normal tissue sample hBreast, as previously described in 

Chapter 3. Table 4.4 A/B shows the mean ∆Ct values obtained from the human cell 

samples, and again, the values reflect exponential amplification, hence a higher ∆Ct 

represents lower expression level. Figure 4.6 shows variance in SRR gene expression 

across all the human cell samples.  

When using a 95% confidence level calculating Tukey Honest significant 

difference, the SRR expression levels are statistically unchanged over all of the 

human breast cancer cell lines, as well as the control tissue sample hBreast. A 

statistically significant change in mRNA levels is observed for the non-carcinogenic 

HSF cell line, with a higher expression level than that detected in all of the oncogenic 

human skin cell samples included in the assay. Interestingly, the transformed cell line 

MM418C5 also shows an expression level divergent from the remaining skin 

samples, with a mRNA level below all other samples tested. This change is 

statistically significant with a Tukey Honest significant level of 95%, however, only 

the HSF cell line show a statistically significant variance in expression level if a 99% 

confidence integral is employed.  

Also comparing all 8 samples against each other reveal comparative results, 

with the SRR expression level being relatively constant, with the exception of the 

non-malignant human skin cell line HSF, which shows much greater mRNA levels. 
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 MCF-7 MDA-
MB-231 

SVCT HBreast Med. Min. Max. 

(sample) 1 2 3 4    
SRR 7.27 

5.44 
5.95 
5.22 

5.21 
5.37 

6.58 
5.79 

5.62 5.21 7.27 

        
 MSQ_W HSD 95% 

5.76 
Avg 

MCF-7 
Avg 

MDA-
MB-231 

Avg 
SVCT 

Avg 
hBreast 

 

SRR 0.57 3.07 6.36 5.59 5.29 6.19  
        

 1&2 1&3 1&4 2&3 2&4 3&4  
SRR S S S S S S  

TABLE 4.4A: Quantitative Real-Time PCR Analysis of SRR Expression in the Human 
Breast Samples. Values represent ∆Ct obtained for the SRR gene in 3 cell lines and 1 human 
tissue sample as indicated. Values listed were obtained as described in Section 3.3.1, and 
represent the average ∆Ct of individual duplicate reactions. Following is the statistically 
derived data calculated as described in Section 3.2.4. Tukey Honest significant (95%) 
comparisons were made between each possible pair, as depicted, where S = same and D = 
different (in terms of gene expression across cell lines). 
 

 

 

 

 HSF MM96L MM418C1 MM418C5 Med. Min. Max. 
(sample) 1 2 3 4    
SRR 1.87 

2.32 
5.79 
5.39 

5.98 
5.23 

8.20 
7.64 

5.59 1.87 8.20 

        
 MSQ_W HSD 95% 

5.76 
Avg HSF Avg MM 

96L 
Avg MM 
418 C1 

Avg MM 
418 C5 

 

SRR 0.15 1.60 2.10 5.59 5.61 7.92  
        

 1&2 1&3 1&4 2&3 2&4 3&4  
SRR D D D S D D  

TABLE 4.4B: Quantitative Real-Time PCR Analysis of SRR Expression in the Human 
Skin Samples.  Values represent ∆Ct obtained for the SRR gene in 4 cell lines as indicated. 
Values listed were obtained as described in Section 3.3.1, and represent the average ∆Ct of 
individual duplicate reactions. Following is the statistically derived data calculated as 
described in Section 3.2.4. Tukey Honest significant (95%) comparisons were made between 
each possible pair, as depicted, where S = same and D = different (in terms of gene 
expression across cell lines). 
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FIGURE 4.6: Comparative Graph for SRR Gene Expression Across the Human Breast 
and Skin Samples.  Comparative ∆Ct values for the SRR gene in the cell lines MCF-7, 
MDA-MB-231, SVCT, HSF, MM96L, MM418C1 and MM418C5, as well, as non-
pathogenic human mammary tissue (hBreast). The blue columns represent the human breast 
cell samples whereas the red columns represent the human skin cell samples. Note that ∆Ct 
values reflect exponential amplification, and thus a lower value indicates higher expression 
level. In this regard, the HSF cell line shows the highest SRR gene expression of all samples 
tested.  
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4.4 CHAPTER DISCUSSION 

By performing differential display assays on mRNA isolated from MDA-MB-

231 cells transiently transfected with various HOX genes, the main aim was to 

characterise potential gene targets for the HOX transcription factors and thus expand 

the otherwise diminutive list of known downstream HOX targets. Although the 

technique of differential display alone is insufficient in the characterisation of direct 

downstream targets, it is nevertheless a viable procedure to initially highlight 

potential candidates amongst a vast array of expressed genes in any given cell. It must 

be noted however, that intrinsic deficiencies of the differential display assays has the 

potential to isolate a large number of false positives. An additional problem can also 

occur in that genes shown to be differentially expressed might very well be indirect 

targets of the HOX genes used to transiently transfect the assayed cells. As HOX 

proteins are transcription factors potentially regulating a large number of genes, 

including other transcription factors (Guazzi et al. 1994; Troy et al. 2003), identified 

genes could have been trans-activated through other proteins other than the original 

HOX protein itself. Nevertheless, as a first step, a handful of potential genes 

regulated by a selected few HOX proteins were identified. 

 
 
Transfected 
HOX gene 

RFDD  
Gel-

band No 
 

Gene GeneBankTM 
accession No. 

HOXB4 1a-i BAC clone (unknown gene product) AC079934 
HOXB4 4a-ii Leucine-zipper-like product (strong 

homology with p40) 
AL138760 

HOXB4 5b-iii Prolyl oligopeptidase (POP) aka prolyl 
endopeptidases (PREP) 

NM_002726 

HOXB4/D13 7b-iv Human clone (unknown gene product) BC069050 
HOXB4/D13 11b-v Serine-arginine rich protein (unclassified) NM_005127 
HOXB4/D13 11b-vi c-type lectin, superfamily member 2 gene 

(CLECSF2); synonyms AICL, IFNRG1 
AF314185 

HOXD4 12c-vii BAC clone (unknown gene product) AC013470 
HOXB7/D4 13a-viii PTPL1-associated RhoGAP1 (PARG1) BC022483 

    

 
TABLE 4.5: RFDD-PCR Identified HOX Targets. Differentially expressed cDNA 
fragments identified through the RFDD-PCR experiments described herein. 
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Initially, the differential display assays identified eight potential HOX gene 

targets, of which five were genes encoding known proteins, and the remaining three 

encoding yet uncharacterised gene products, as summarised in Table 4.5. Of these 

eight identified genes, SRR, POP, p40 and AICL were further analysed for their gene 

expression in transiently transfected cell lines utilising real-time PCR protocols. 

Then, in contrast to observed differential expression in the RFDD-PCR assays, both 

p40 and AICL showed insignificant changes in gene transcripts compared to control 

cells, whereas SRR and POP showed an upregulation in the HOXB4 over-expressing 

MDA-MB-231 cells, corresponding with the RFDD-PCR data. Of note is also the 

relatively high standard deviation observed for the POP expression values, leaving 

only SRR as a clear candidate for transactivation by HOXB4. 

Although SRR was chosen as the isolated target to follow up with further 

analysis (directly due to the expression values described above), POP would also be 

an interesting target in future studies. Prolyl oligopeptidase (also known as prolyl 

endopeptidases and post-proline cleaving enzyme) is a highly conserved, 80kDa 

intracellular enzyme with a high concentration in mammalian brain tissues (Goossens 

et al. 1996). It is a distant member of a class of proteases that cleave proteins and 

peptides after proline residues (Rosenblum and Kozarich 2003) and has been 

particularly studied for its role in neuronal disorders such as Alzheimer’s disease, 

amnesia, dementia and depression (Yoshimoto et al. 1987; Portevin et al. 1996; 

Katsube et al. 1999). As plasma concentration of POP has been directly linked to both 

the inhibition and activation of specific neuronal disorders, the identification of an 

up-stream regulator of POP has broad potential in clinical research. 

Serine/arginine-rich proteins (SR proteins) constitute a family of essential pre-

mRNA splicing factors, with multiple functions including the removal of 

constitutively spliced introns and the regulation of alternative splicing both in vitro 

and in vivo, and has been extensively reviewed (Manley and Tacke 1996; Graveley 

2000). As alternative mRNA splicing has been proposed as a mechanism for tumour 

progression, SR proteins have been natural targets of interest in carcinogenic 

research. Whilst mammalian SR proteins have been shown to be constitutively 

expressed in most tissues, misexpression of some members have been reported in 

selected cancers (Ghigna et al. 1998; Stickeler et al. 1999; Mathioudaki et al. 2004). 
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Ghigna et al (1998) report a down-regulation of certain SR proteins in human colon 

cancer, whereas Stickeler et al (1999) report an increased expression of SR proteins 

in murine breast cancer. A more recent study on the SR proteins in human breast 

cancer showed constitutive expression of several SR proteins across cell lines and 

breast tumours, with the increased expression of one member, SR55, being associated 

with an altered CD44 splicing (Pind and Watson 2003). As a side-note, the CD44 

proteins comprise a group of ubiquitously expressed cell surface glycoproteins 

(Underhill 1992), which altered expression has been correlated with cancer 

progression and metastasis (Hole et al. 1997). 

The SR protein identified by the RFDD-PCR experiments described herein 

(and denoted SRR) originally aligned to a novel SR sequence (Figure 4.4) thought to 

encode an as yet uncharacterised protein sequence, albeit with an open reading frame 

(ORF) further predicted by extensive screening of human cDNA libraries (Strausberg 

et al. 2002; Ota et al. 2004). One study, however, had isolated the same sequence 

through yeast two-hybrid analyses, where it co-localised with the cell-adhesion-

related, nuclear protein pinin, and was subsequently named SRrp130 (Zimowska et 

al. 2003). The rationale behind the name and what little is known about this novel 

gene/protein will be addressed later in conjunction with more extensive analyses of 

gene sequences, including 5’ flanking regions and putative promoter regions. For 

now, however, the fact that the gene encodes conserved RS motifs typical of SR 

proteins, and also shows significant homology with other splicing regulatory factors, 

will suffice. 

Although the expression pattern of SRrp130 in human cells is as yet unknown, 

other SR proteins have been shown to be constitutively expressed in several tissues, 

as already mentioned. In terms of SRrp130 however, the data presented in this chapter 

is the first expression values reported for this novel gene in any human cells or 

tissues. As is evidenced by the real-time PCR assays, the most striking feature is the 

apparent constant expression level across all the breast and skin cells, with the only 

exception being the HSF cell line, and to some degree MM418C5. Therefore, these 

preliminary data strongly suggest SRrp130 to be constitutively expressed in various 

human tissues. Furthermore, its expression pattern seems to contradict a direct and 

unique regulation by HOXB4. As reported in Chapter 3, HOXB4 and the 
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transparalogous HOXA4, HOXC4 and HOXD4 genes are variably expressed across 

these same cell samples, and SRrp130 seems to be unaffected by these changes. The 

only obvious difference in HOX gene expression in the HSF cell lines as compared to 

all other cells is a high expression of HOXA13 and HOXB5. 

By recapping an observation made in Chapter 3 however, a plausible 

explanation may be put forward to the apparent discrepancy between HOXB4 

expression and that observed for SRrp130. As may be recalled, the expression 

patterns of the HOX4 trans-paralogous genes in the given cell samples did hint 

towards a degree of trans-paralogous equivalence, as the absence of one HOX4 gene 

was counteracted by elevated expression of other HOX4 genes. Hence, another 

experimental dilemma surfaces with the reported auto-regulatory interactions 

observed for the HOX genes, and in particularly in terms of HOXB4 when relating to 

the data reported herein. A direct auto-regulation has been reported for the Hox4 

paralogous genes both in the Drosophila system (Kuziora and McGinnis 1988; 

Bergson and McGinnis 1990) and in murine models (Wu and Wolgemuth 1993; 

Gould et al. 1997). Furthermore, ectopic HoxB4 expression has been shown to induce 

the more 5’ Hox genes HoxB5, HoxB7, HoxB8 and HoxB9, and repress the more 3’ 

Hox genes HoxB1, HoxB2 and HoxB3 (Hooiveld et al. 1999). And to complicate the 

matter even further, the same studies showed that human HOXD4 induced the same 

HoxB genes as HoxB4, and that ectopic HoxA7 expression would repress HoxB4 

expression whilst inducing HoxB7 expression and even more 5’ genes again (HoxB8 

and HoxB9). Also, mutational studies in mice have revealed that the Hox4 paralogs 

possess partial functional redundancy or compensation, thus enabling them to work 

synergistically in pattern formation (Ramirez-Solis et al. 1993; Horan et al. 1994; 

Kostic and Capecchi 1994; Horan et al. 1995a), and even at the level of individual 

target genes (Gould et al. 1997). 

Again we see that it is the overall quantitative environment rather than a 

qualitative one, that could be the determining factor for downstream effects exerted 

by the HOX transcription factors. With this in mind no conclusion can be made in 

terms of a postulated trans-activation of SRrp130 by HOXB4. For this, further 

experiments need to be undertaken, in particular with regards to SRrp130 promoter 

elements and specific HOX binding motifs, if they do exist. These issues will be 
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addressed later, in Chapter 6. First however, it is necessary to further understand the 

mechanisms by which the HOX transcription factors exert their transcriptional effect 

on downstream target genes. And, although much is still to be elucidated regarding 

HOX transcriptional and functional specificity, a thorough analysis on available data 

is indeed necessary, as no single paper to date has addressed these issues from a 

holistic viewpoint.  
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5.1 INTRODUCTION 
When reviewing the current catalogue of research papers concerned with the 

Hox transcription factors, and in particular the Hox proteins in mammalian systems, 

what seems most striking is the apparent lack of understanding of Hox functionality. 

A handful of Hox targets have been characterised in mammals, however, in view of 

their hypothesised functional potency, the number of such targets should be much 

larger. Also, even though Hox DNA recognition motifs have been identified, the 

simple core DNA motif TAAT/ATTA cannot alone explain in vivo transcriptional 

specificity of all 39 Hox members present in the mammalian genome. Finally, 

although there are an increasing number of hypotheses trying to explain the “Hox 

specificity paradox”, there are no papers that deal with this matter in a holistic and 

thorough manner. Therefore, the work in this chapter seeks to summarise what is now 

known regarding Hox specificity and to potentially draw out any hidden mechanisms 

that might have eluded the scientific community due to a lack of coherent reporting.  

As mentioned in Chapter 4, only a small number of downstream gene-targets for 

the vertebrate HOX transcription factors have been identified. A handful of genes 

have been shown to be either up- or down-regulated by selected HOX members, 

however it is not clear in all cases whether this regulation is direct or indirect. And 

even though the core binding-motif for HOX transcription factors has been identified, 

it can be speculated whether or not this short DNA sequence serves as the only 

recognition site for the various HOX members. 

As already mentioned, most of the data herein will encompass results published 

by a large number of other research groups, and will thus have a format similar to a 

literature review. In addition, bioinformatic tools will be utilised to critically analyse 

reported data, with a further extension into holistic analyses of known Hox targets, 

with the aim to decipher how a large number of related transcription factors, which 

seemingly recognise very similar DNA motifs, can obtain transcriptional and 

functional specificity in a dynamic cellular environment.  
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FIGURE 5.1: Overview of the Analytical Approach Employed for the Analyses 
of Hox Transcriptional and Functional Specificity      

Analyses of ‘promoter’ sequences utilizing 
Genomatix software tools 

Analyses of Hox binding elements by 
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Identify putative promoter sequences of 
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5.2 METHODOLOGY 

5.2.1 Analytical and Bioinformatics Tools 

Available literature was reviewed and Hox gene targets were identified. For 

the analyses described below, only mammalian gene targets where putative Hox 

binding sites had been characterised within the gene promoter regions were selected. 

These gene sequences were then obtained and originally analysed utilising the 

BLAST search engine at NCBI (Section 2.6.2). Subsequently, a contiguous sequence 

comprising expressed sequence tag (EST) overlapping clones were assembled for 

human, mouse or rat where appropriate and cross-referenced with transcription start 

sites (TSS) reported in the original publications. Putative TSS’s were estimated in 

relation to the most 5’ spanning sequence of the individual sequence assemblies. The 

nucleotide sequences 5’ of the respective genes were finally catalogued, now 

spanning approximately +1000bp and –300bp respective of the assigned TSS. 

After the sequences had been obtained, they were subjected to transcription 

factor binding site analyses utilising the MatInspector software tool (Section 2.6.3). 

The sequences were uploaded to the Genomatix database for subsequent analyses. In 

an effort to minimise non-specific putative binding motifs within the selected regions, 

the Matrix core-sequence similarities parameter was set to 90%. The data obtained 

was subsequently visually analysed, concentrating the search around selected 

common transcription factor binding sites. 

Finally, reported putative Hox DNA recognition sequences were cross-

referenced with available sequences in the GenBank databases and the human, mouse 

or rat genome databases where appropriate. Verified nucleotide sequences were then 

aligned corresponding to their trans-regulatory effects and visually analysed for 

common features, as well as further cross-referencing with published data. 
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5.3 REVIEW  
5.3.1 Transcriptional vs Functional Specificity: The Homeodomain Paradox 

Through a growing number of research groups focussing on the homeobox 

genes, it became clear quite early that the functional specificity seen for their encoded 

transcription factors would lay within two highly conserved regions of the proteins. 

As will be described below, the prototypic Hox proteins all contain the homeodomain 

plus an N-terminal arm just upstream of the first homeodomain helix. These domains 

have largely been conserved across species, from flies to humans, whereas the 

remainder of the protein structure has not. Based on these observations, and the fact 

that chimeric Hox-protein experiments mapped the Hox specificity to amino acid 

residues within these two regions (Kuziora and McGinnis 1989; Gibson et al. 1990; 

Mann and Hogness 1990; Lin and McGinnis 1992; Chan and Mann 1993; Zeng et al. 

1993), functional specificity was also assigned to these domains. Furthermore, as Hox 

functional specificity also has been conserved over large evolutionary distances 

(Malicki et al. 1990; McGinnis et al. 1990), Hox specificity became somewhat 

synonymous with homeodomain specificity.  

Alongside the above findings, a core DNA consensus sequence recognized by 

the majority of all homeodomain-containing proteins also started to emerge, but 

paradoxically it seemed that most homeodomain-proteins would regulate 

transcription through the same, or very similar core motifs. With an ever-growing 

number of transcription factors recognizing and binding to the same consensus 

sequence, how could transcriptional and biological specificity be obtained? 

Obviously, the many homeodomain-containing transcription factors elicited distinct 

and different effects on downstream target genes, controlling unique facets within the 

transcriptional machinery and thus ultimately cellular fate, but through what 

mechanisms? Of course, DNA sequence recognition alone is not the only source for 

biological specificity, however no one would argue the fact that sequence specific 

binding is a critical part of transcriptional regulation and thus biological specificity. 

With the continuous characterization of more homedomain-proteins, including 

the vertebrate Hox-family of transcription factors, it became more and more evident 

that both the transcriptional and biological specificity of these widely distributed 

proteins had to be governed by more elaborate control-mechanisms. In terms of the 
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Hox proteins, HoxA5 was shown to have a high affinity to a reported TAAT core, 

also showing some preference to flanking sequences (Odenwald et al. 1989). This 

was also later found to be the case for HoxA3, with a preferential DNA binding 

sequence of (C/G)TAATTG, but still with the TAAT core as the critical feature 

(Catron et al. 1993).  

A number of other Hox proteins were quickly shown to interact with the same 

consensus sequence. HoxA5, HoxB1, HoxB4, HoxA7 and HoxC8 were all shown to 

bind to the (C/G)TAATTG motif in vitro, with further transcriptional activation 

through this motif in in vivo studies (Pellerin et al. 1994). These studies by Pellerin 

and co-workers also reported differences in DNA binding affinities by the various 

Hox members, with HoxB1 and HoxB4 showing high affinity for this DNA sequence, 

HoxA5 with an intermediate affinity, and finally HoxA7 and HoxC8 showing a lower 

affinity. Interestingly, this DNA binding affinity seemed to decrease moving from the 

3’ anteriorly expressed Hox members towards the more 5’ posteriorly expressed 

members, an observation they postulated could have to do with modulation of DNA 

binding affinity through the N-terminal arm, previously found to be the case for other 

homeodomain proteins (Affolter et al. 1990; Florence et al. 1991; Zeng et al. 1993). 

Before addressing the issues concerning how the Hox proteins may control 

functional specificity through more elaborate mechanisms, such as by the interaction 

with cofactors and/or through binding to related core DNA motifs, the actual 

interactions of the homeodomain-proteins with the DNA molecule will be described. 

Not only are these intriguing facets of homeodomain specificity in itself, but the 

characterisation of these protein-DNA interactions has greatly contributed towards 

our understanding of the multifaceted control-mechanisms elicited by the 

homeodomain-proteins within the cellular context.   

 

5.3.2 Homeodomain-DNA Complex Specificity 

Only through the combined findings of genetic and structural studies was the 

predicted sequence-specific DNA recognition by the homeodomain to be confirmed. 

Genetically, a conserved TAAT-consensus sequence was identified as a high-affinity 

binding site for numerous homeodomain-containing proteins (Desplan et al. 1988; 

Hanes and Brent 1989; Odenwald et al. 1989; Treisman et al. 1989; Kissinger et al. 
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1990; Laughon 1991; Ekker et al. 1992), a DNA motif physically contacted by the 

homeodomain as determined by three-dimensional structures of two different 

homeodomain-DNA structures (Kissinger et al. 1990; Otting et al. 1990). Utilizing X-

ray crystallography and NMR spectroscopy respectively, they showed that the helix-

turn-helix motif of the homeodomain folds to contact DNA in the major groove, with 

an additional contact in the minor groove through an N-terminal arm. Using the same 

convention for amino acid numbering of the homeodomain as originally described 

(Qian et al. 1989) and depicted in Figure 1.7 (inserted again below for easy access) 

and Figure 5.2, basic residues at positions 3 and 5 bind the T1 and A2 nucleotides, 

whereas a conserved Asn at position 51 binds nucleotide A3 and finally a 

hydrophobic residue at position 47 binds the T4 nucleotide (Kissinger et al. 1990; 

Wolberger et al. 1991).  

 

 

 
FIGURE 1.7: Homeodomain-DNA Interactions Between Hox Proteins and the 
Canonical TAAT Core. The base-specific contacts made between the homeodomain 
amino acid residues 3, 5, 47 and 51 and the TAAT binding motif. Amino acids 3 and 5 
of the homeodomain make contacts in the minor groove, whereas amino acids 47 and 51 
make contacts to the DNA in the major groove. Amino acids docking in the major 
groove are further thought to make more stable contacts and thus ultimately impose a 
higher specificity. Nucleotides 5 and 6 are also thought to make specific contact with 
the homeodomain, as discussed herein. Modified from: (Ades and Sauer 1995). 
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FIGURE 5.2: Mammalian Hox Homeodomain Sequences. The homeodomain sequences 
of the mammalian Hox proteins are aligned according to their clustered arrangement. Shaded 
are those amino acid residues that are conserved across all 39 HOX proteins. Notable is the 
fact that the regions thought to be responsible for specific DNA binding are the most 
conserved, raising questions regarding transcriptional specificity, as discussed in the text. 
Below the peptide sequences is a diagrammatic representation of the N-terminal arm and the 
three alpha helixes making up the homeodomain, aligned according to amino acids making 
up the various tertiary structures. It is also notable that trans-paralogous Hox proteins show 
the highest homology overall, with gradually less homology evident as one moves in a cis 
direction. 
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The findings that the preferred DNA-recognition core of many homeodomain 

proteins was TAAT, and that the 5’ base-pairs of the motif were strongly favoured in 

binding site selections in vitro suggested that the homeodomains possess a selective 

ability to discriminate between bases in the minor groove. Due to the structural and 

biochemical properties of the DNA double helix however, a lower binding specificity 

is expected between proteins and DNA in minor groove interactions than for those 

between proteins and the major groove (Seeman et al. 1976). Nevertheless, even 

though it was also suggested that minor groove interaction would be incapable of 

distinguishing between A:T and T:A base pairs, studies have shown that 

homeodomains differentiate between these bases at position 1 of the recognition core 

(Ades and Sauer 1995). Furthermore, even though to this date the core homeodomain 

recognition-motif is referred to as TAAT, Ades and Sauer (1995) also found that the 

first two base pairs immediately 3’ of the core motif (position 5 and 6) display a 

greater specificity than base pairs 1 and 2, implicating that amino acid residue 50 of 

the homeodomain is involved in higher specific DNA contacts than the amino acid 

residues of the N-terminal arm. No such expanded canonical recognition motif for the 

various homeodomains have been fully characterised to date, even though some 

studies indicate that further discriminate binding specificities occur 3’ of the TAAT 

motif through additional residues in helix 3 of the homeodomain. 

Mutational studies have revealed that residue 50 of the homeodomain can 

alter binding specificity, with the preferred engrailed binding motif TAATTA 

changing to TAATCC when Gln50 is substituted with a Lys50 (Ades and Sauer 

1994). And surprisingly, although all Hox/Hom-C proteins encode a Gln at position 

50, they still show some intrinsic ability to discriminate between selected base pairs 

3’ of the TAAT core (Ekker et al. 1992). The binding specificity of three murine 

proteins, Hox-7.1, later referred to as Msx-1 (Hill et al. 1989; Kuzuoka et al. 1994), 

En-1, a homolog of the Drosophila engrailed (Joyner et al. 1985; Joyner and Martin 

1987), and Hox 1.5, now referred to as HoxA3, were all shown to optimally bind to a 

TAATTG motif (Catron et al. 1993). Interestingly, HoxA3 was the only protein of the 

three to efficiently interact with a TAATG motif, despite the fact that they all contain 

a Gln50 residue. In a follow-up study including another five Hox proteins (HoxA5, 

HoxA7, HoxB1, HoxB4 and HoxC8), the 3’-flanking base pair (position 5) proved to 
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be important for the DNA binding affinity of these proteins. Again, the sequence 

(G/C)TAATTG was the optimal motif for all members, whereas a substitution at base 

pair position 5 from T to G was only tolerated by HoxB4, but not by the other four 

Hox members. Furthermore, the substitution at this position from T to either A or C 

reduced the binding activity of all five Hox proteins, and finally, further alterations in 

the base pair composition from position 6 onwards had varying effects of Hox 

binding specificity (Pellerin et al. 1994). 

The fact that the base pairs immediately 3’ of the core TAAT motif are 

involved in DNA binding-specificity of the Hox proteins is puzzling.  In terms of 

divergent homeodomain proteins, some of these effects can be explained by the 

varying amino acid composition found in helix 3, in particular residue 50, and as 

further shown by substitution experiments (Treisman et al. 1989; Ades and Sauer 

1994). The Hox proteins however, are highly conserved in their amino acid 

composition in helix 3, in particular those that seemingly are involved in direct 

protein-DNA binding. As depicted in Figure 5.2, all 39 Hox sequences encode the 

same six amino acids residues WFQNRR at positions 48-53, encompassing the 

conserved Asn51, as well as a Gln50 residue. If residue 50 is responsible for 

denominating specificity for base pair 5, why then does HoxA3 and HoxB4 tolerate a 

G at this position, whereas HoxA5, HoxA7, HoxB1 and HoxC8 do not? Obviously, 

the amino acids docking into the major groove are the same for all of these members, 

yet varying binding affinities are still observed.  

Other interactions between the homeodomain and the DNA duplex will also 

contribute to the overall binding affinity and could potentially explain the 

observations described. The phosphate backbone of the DNA structure is known to 

make important contacts with the homeodomain, via amino acid residues 25, 31, 48, 

53 and 57 (Pellerin et al. 1994). Again however, all these residues are conserved 

amongst the Hox proteins in question (Tyr25, Arg31, Trp48, Arg53 and Lys57). The 

highest variability in amino acid sequence characterised as being involved in the 

protein-DNA interactions are residues in the flexible N-terminal arm. Even though 

the minor groove interactions are thought to be modest in their contribution to 

specificity compared to those of the major groove, they do contribute. Hence, one 

possible explanation may be that differences in amino acid sequence around residues 
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3 and 5 may perturb the overall DNA or protein structure, ultimately imposing subtle 

changes in backbone or base pair contacts. However, extensive structural studies 

would be necessary to answer such questions. On the other hand, the introduction of 

Hox cofactors can shed some light on this dilemma, as the flexible N-terminal arm 

has been shown to be essential for some heterodimerisation on the DNA duplex. 

 

5.3.3 Hox Cofactors and Transcriptional Specificity 

An advance towards understanding how the Hox transcription factors gain 

their functional specificity was the discovery of cofactors through which they form 

DNA binding complexes. Earlier analyses on the binding affinities of various Hox 

proteins to the DNA duplex showed that some had relatively weak DNA-binding 

activity, suggesting that cofactors would be required for more stable interactions with 

DNA (Phelan et al. 1994).  Pbx1, a non-Hox homeodomain protein homologue to the 

Drosophila extradenticle (Exd) (Rauskolb et al. 1993), was the first characterized 

Hox cofactor to show cooperative DNA binding, which was also highly dependent on 

a conserved hexapeptide sequence upstream of the homeodomain (Chang et al. 1995; 

Knoepfler and Kamps 1995; Lu et al. 1995; Neuteboom et al. 1995; Phelan et al. 

1995). Not surprisingly, as this canonical peptide sequence is highly conserved 

amongst the Hox paralog groups 1-8, several members of the Drosophila Hom-C 

homologs were shown to display cooperative DNA binding with Pbx1. Furthermore, 

as the Abd-B-like Hox proteins (paralog groups 9-13) lack this specific peptide 

sequence, they showed not to cooperatively bind DNA with Pbx1, with the puzzling 

exception of the Hox parolog groups 9-10, which later showed the ability to 

cooperatively bind to DNA with the Pbx1 protein (Chang et al. 1995; Lu et al. 1995; 

Phelan et al. 1995; Chang et al. 1996; Shen et al. 1996; Shen et al. 1997a). Further 

studies on Pbx-Hox cooperative DNA binding revealed an additional two DNA 

binding motifs, with Hox paralog groups 1-5, in the presence of Pbx1, preferentially 

binding to a TGAT motif (Chang et al. 1996), and HoxB9 with Pbx1 binding to the 

sequence ATGATTTACGAC, now containing a novel TTAC Hox binding motif. 

This motif is also selectively bound by the paralog groups 11-13 (Shen et al. 1997b). 

With the identification of a HOX cofactor forming heterodimeric complexes 

with the HOX paralog groups 1-10, a significant breakthrough had occurred in 
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relation to how Hox proteins obtain their transcriptional specificity. Then, as a second 

Hox cofactor was discovered, a DNA binding-partner for the remaining paralog 

groups 11-13 was identified. Meis1, another member of the TALE class of 

homeodomain proteins, was found to cooperatively bind DNA with the Abd-B-like 

Hox proteins on adjacent Meis1 and Hox binding sites, with the inherently weak 

Meis1-DNA binding greatly stabilized by the Hox proteins (Shen et al. 1997a). Thus, 

all 39 Hox proteins were now shown to cooperatively bind to DNA through 

heterodimerisation with other non-Hox homeodomain proteins, with both DNA 

recognition sequence and binding partner being determined by their position on the 5’ 

to 3’ chromosomal coordinate. That is, starting from the 3’-end with the more 

anteriorly expressed Hox genes, the trans-paralogous gene products will 

cooperatively bind DNA with Pbx1, with a partially overlapping shift to Meis1 from 

paralog groups 9-10 as one move towards the 5’-end of the Hox cluster. 

Simultaneously, the target DNA motif also varies as one moves along the 

chromosomal coordinate of the Hox cluster, as depicted in Figure 5.3. 

Evidently, the Hox proteins show a relatively relaxed DNA-binding 

selectivity in vitro, ultimately suggesting a more stringent selectivity in vivo through 

cooperative DNA-binding with other proteins. As reviewed above, experiments on 

the Pbx/Exd proteins have shed some light on how functional specificity of Hox 

transcription factors may be increased in vivo via cooperative binding to the DNA 

duplex. And even though these mechanisms are not fully understood, a reasonable 

explanation is that the cofactors may reveal latent specificities intrinsic to the 

individual Hox homeodomains, as recently postulated (Mann and Morata 2000). This 

would also partially explain the increase in binding affinity by Hox proteins bound to 

DNA in conjunction with a cofactor, compared to binding affinities of Hox 

monomers. According to this idea, Hox proteins would bind DNA with a greater 

specificity in vivo compared to their relaxed and relatively unspecific in vitro binding, 

as cofactors would force subtle conformational changes upon the overall structure, 

ultimately dictating the way in which the Hox proteins bind DNA. 
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FIGURE  5.3: Cooperative Hox binding with Pbx1 and Meis1. Hox proteins 
cooperatively bind DNA with other non-Hox homeodomain proteins from the TALE-family, 
Pbx and Meis. Generally, the more anteriorly expressed Hox members cooperate with Pbx 
and the more posteriorly expressed Hox members with Meis, with an overlap seen for the 
Hox paralogoues groups 9-10, who can interact with both Pbx and Meis. As one moves along 
the cis-coordinate in relation to their genomic positioning (and also anterior-posterior 
expression pattern), the preferred DNA binding motif is also reported to change, and is 
depicted with the overlapping columns below the Hox complex. Modified from (Shen et al. 
1997a).  
 
 

Further evidence for this model is provided by studies showing that it is the 

conserved hexapeptide N-terminal to the homeodomain that is responsible for the 

Pbx-Hox interactions (Chang et al. 1995; Knoepfler and Kamps 1995; Neuteboom et 

al. 1995; Phelan et al. 1995), mediated by a conserved Trp that inserts into a 

‘hexapeptide binding-pocket’ in the Pbx homeodomain (Passner et al. 1999; Piper et 

al. 1999). As the hexapeptide is greatly conserved amongst the anteriorly expressed 

Hox homologs, however, the acquired binding-site specificity obtained through Pbx-

Hox cooperative DNA-binding would necessarily be induced by other structures, if 

the in vivo specificity of the various Hox proteins is to be explained. Indeed, the 

answer might lie within the linking-sequence between the hexapeptide and the 

homeodomain. This linker peptide is a flexible, non-conserved region which varies 

greatly between the various Hox proteins (Qian et al. 1992; Knoepfler and Kamps 

1995; Neuteboom et al. 1995). Hence, as all of the anteriorly expressed Hox proteins 

can heterodimerise with Pbx through the conserved hexapeptide, and they all show 
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strikingly similar monomeric binding specificity to DNA in vitro, in vivo specificity 

could in part be determined by the length of the linker-sequence. In other words, two 

Hox homologs capable of recognising and binding to the same DNA motif as 

monomers could show drastic differences in binding-capacity when dimerised with 

Pbx, as both a shorter or longer linker-peptide could 1) inhibit the sequence specific 

peptide residues from docking into correct position onto the DNA duplex, or 2) if 

proper peptide-DNA contacts are obtained, the overall complex structure could be 

distorted. With the latter scenario, new binding specificities may be obtained by 

conformational changes both in the protein and DNA structures, favouring novel 

contacts between the two molecules.  

Although much is still to be elucidated concerning this dimension of HOX 

transcriptional specificity, there is evidence supporting this notion. Comparing the 

different complex-structures formed when HoxB1, Ubx or HoxA9 bind DNA with 

Pbx/Exd, markedly different conformations are observed as imposed by their variant 

linker peptide lengths, which are 18, 7 and 3 residues, respectively. In essence, these 

three proteins impose varying bends in the DNA, with the shorter linker peptides 

resulting in a compression of the minor groove and thus larger bends of the DNA 

around the recognition helix (Passner et al. 1999; Piper et al. 1999; LaRonde-LeBlanc 

and Wolberger 2003). Interestingly, even though conformational changes are reported 

to impose differences in binding-site preferences, the actual number of direct base 

contacts does not differ significantly. Rather, the altered Hox recognition may be 

explained by varying numbers of non-specific interactions with the DNA molecule, 

further evidenced by mutational studies where residues contacting the phosphate-

backbone in the same region where minor groove compression was observed, reduces 

DNA-binding specificity if mutated (LaRonde-LeBlanc and Wolberger 2003). As it 

was also observed that the number of non-specific contacts increases when moving 

from the anteriorly expressed Hox proteins towards the more to posteriorly expressed 

Hox proteins, correlating with increasing DNA-specific binding affinities, it was 

postulated that the more posterior Hox proteins could compete with the anterior 

members for DNA binding sites, and not vice versa, outlining a plausible mechanism 

for posterior prevalence observed for Hox protein expression. 
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Another study highlighting the importance of the hexapeptide in designating 

protein target specificity in vivo through Hox-Pbx interactions showed that a mutation 

in the mouse HoxB8 hexapeptide was sufficient to interfere with the functional 

activity of other Hox proteins by binding to their targets (Medina-Martinez and 

Ramirez-Solis 2003).  Suggestive of the homeotic transformations observed in this 

model, and that the expression pattern of Hox members previously found to be 

responsible for these effects in loss-of-function mice-models was unchanged, the 

HoxB8 mutant seems to act as a dominant negative through altered DNA binding 

specificity. While there are potentially other as yet unidentified mechanisms 

responsible for the observed homeotic transformations, these studies clearly show the 

importance of the hexapeptide for in vivo functional specificity. 

Apart from the Pbx and Meis proteins, other potential cofactors for the Hox 

transcription factors have been indicated, and will be mentioned briefly in later 

sections. As little is yet known about these interactions however, they will not be 

discussed in detail. Noteworthy however, is the fact that there are potentially a large 

number of Hox cofactors that will act in unison with the Hox proteins in determining 

transcriptional and functional specificity through varying mechanisms. It has been 

hypothesised that there are still many Hox cofactors yet to be characterised, and 

future research will undoubtly bring to light fascinating aspects regarding in vivo Hox 

specificity. 

 

5.3.4 Hox Proteins: Transcriptional Repressors and Activators 

 Another dimension of Hox transcriptional specificity is their ability to act as 

both transcriptional repressors and activators. The exact mechanisms of how the Hox 

proteins can switch between being suppressors and activators is still largely unclear, 

but some interesting postulates have been put forward. Based on their own research 

and an increasing volume of other studies on the Drosophila homeodomain proteins, 

Pinsonneault et al (1997) hypothesised a model in which the extradenticle protein 

Exd (homolog of mammalian Pbx) is required for the transcriptional activation-

potential of the Hox proteins. They proposed that Exd-Hox heterodimerisation 

abolishes the intrinsic repressor-function of Hox proteins, which is exerted onto the 

target gene when they bind as monomers. In support of this model, it was found that 
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the Exd protein was required in parallel with the deformed protein Dfd for the 

function of the deformed auto-activation circuit. Removing Exd from Drosophila 

embryos abolished deformed expression, and even the restoration of Dfd protein via 

an exogenous promoter failed to restore the auto-activation potential. Clearly, 

transcriptional activation by the Dfd protein required the presence of Exd in this 

system. Furthermore, at the time, all characterised elements activated in response to 

Hox proteins reportedly required Exd function (Pinsonneault et al. 1997). 

 Overall this is an intriguing idea, offering a simple, yet elegant model for Hox 

functional specificity. It seems however, that the Hox proteins themselves would 

have it otherwise. More recently Exd, as well as the Drosophila homothorax protein 

Hth (homolog of mammalian Meis1), was shown to repress the distalless gene 

through direct interactions with the ultrabithorax protein Ubx (Gebelein et al. 2002). 

Furthermore, the non-Hox homeodomain protein En (engrailed), has also been shown 

to form complexes with Exd and Hth with subsequent repression of target genes in 

vivo (Kobayashi et al. 2003). Based on these findings, Kobayashi et al (2003) express 

the viewpoint that both Exd and Hth proteins increase the DNA binding specificity of 

several classes of homeodomain proteins, including Hox, without defining the 

transcriptional activity of the resulting complex.  

 As will become evident in later sections, the mammalian Hox proteins seem 

to contradict a model where they act as repressors via weakly bound monomers to the 

DNA target and activators when bound to the DNA with cofactors in stronger affinity 

complexes. Although the fact remains that monomeric DNA binding by the Hox 

transcription factors show lower binding affinity, and potentially lower specificity, 

than do Hox-cofactor complexes, the diminutive number of characterised in vivo Hox 

targets in the vertebrate systems suggest more variable control mechanisms in terms 

of transcriptional specificity. These identified Hox gene targets will be reviewed in 

the following sections, where it will become evident that there are obvious exceptions 

to the hypothesised rule. 
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5.3.5 Hox Downstream Target Genes 

The first identified target gene for the mammalian Hox transcription factors 

other than Hox genes themselves was the mouse neural cell adhesion molecule (N-

CAM). By linking Xenopus laevis HoxB8 and HoxB9 coding sequences to human 

cytomegalovirus promoters, the Xenopus HoxB9 product was shown to upregulate the 

mouse N-CAM promoter in vitro, whereas HoxB8 was reported to negatively regulate 

the same promoter construct (Jones et al. 1992). Another non-Hox target gene that 

was isolated early on was a novel mouse homologue of the Drosophila tumour-

suppressor gene l(2)gl, which was named mgl-1 (Tomotsune et al. 1993). By 

immunoprecipitation of DNA sequences bound to the HoxC8 protein in native mouse 

chromatin, the first potential in vivo Hox gene-target in vertebrates, mgl-1, had been 

isolated, a gene which interestingly also encodes a putative cell adhesion molecule. 

Because of the intrinsic limitations of the experimental design utilised in this study 

however, a direct trans-activation or repression of the mgl-1 promoter by HoxC8 

needs to be verified by further studies. 

Following the detection of morphoregulatory molecules as targets for the Hox 

transcription factors, also including non-vertebrate HOM targets such as the 

Drosophila connectin (Gould and White 1992) and β-3 tubulin (Hinz et al. 1992), 

new targets were characterised (A summarised list of these and the following target 

genes is given in Table 5.1). The thyroid transcription factor-1 (TTF-1) promoter was 

found to be a target for regulation by HoxB3, mediated by two putative Hox binding 

sites a short distance upstream from the transcription start site (Guazzi et al. 1994), 

and the basic fibroblast growth factor (bFGF) was the first growth factor shown to be 

a direct target for HOXB7 through band shift and cotransfection studies in human 

melanomas (Carè et al. 1996). In terms of the latter, HOXB7 was shown to directly 

trans-activate the bFGF promoter through one out of five putative HOX-DNA 

binding motifs. 

Identified through genomic DNA library screening, DNA-protein binding and 

gel mobility shift assays, a serine protease inhibitor gene, SPI3, was characterised as 

a potential target for the murine HoxB5 protein as its promoter was isolated from a 

selective, HoxB5 enriched library (Safaei 1997). However, even though SPI3 was 

shown to have similar expression patterns with that of HoxB5 in a 15-day mouse 
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embryo and that the SPI3 promoter indeed contains Antennapedia class binding sites, 

whether or not SPI3 is a direct target of HoxB5 can only be postulated. Furthermore 

as the reported sequence of the SPI3 promoter contains numerous other potential 

Hox-DNA binding sites than what is reported as the most likely HoxB5 docking site, 

any conclusion regarding specific Hox trans-activation motifs in this sequence cannot 

be drawn. A similar empirical dilemma is seen with a reported downregulation of a 

novel keratin gene cluster upon overexpression of HoxC13 in a transgenic mice 

model. As the experimental protocols used were based on direct Hox protein-DNA 

interactions however, it was concluded that most of the identified downregulated 

genes indeed are direct transcriptional targets for HoxC13 (Tkatchenko et al. 2001), 

however further functional studies would be required to exclusively verify exact 

protein-DNA interactions and its functional result. 

Studies conducted on human breast carcinomas and the regulatory principles 

of the tumour suppressor gene p53 were to indicate that HOXA5 is a potent 

transcriptional activator of p53 in breast cells. Six putative HOX binding sites were 

identified within a 2.4 kb human p53 promoter, and a large increase in p53-promoter-

dependent reporter activity was observed in vitro, an effect not seen with other 

selected HOX members, HOXB4, B5 and B7 (Raman et al. 2000a). The same trans-

regulatory effects were observed for the murine p53 homolog, now most likely 

through a single Hox binding element 200bp upstream from transcriptional start site. 

Later, the same group found HOXA5 also activates the progesterone receptor (PR) 

promoter, identifying a single HOXA5 binding site to which HOXA5 binds directly 

(Raman et al. 2000b). 

Studies looking at signal transduction of bone morphogenetic proteins (BMP)  

mediated by the Smad-family of mediator proteins found Smad1 to interact with the 

HoxC8 protein with subsequent BMP-stimulated activation of the mouse osteopontin 

(OPN) promoter (Shi et al. 1999). These studies also suggested that HoxC8 acts as a 

transcriptional repressor by binding to a single HOX binding motif in the OPN 

promoter, and that a Smad1-HoxC8 interaction results in dislodgement of HoxC8 

binding, again resulting in BMP driven initiation of gene transcription. Later, the 

same group showed that HoxA9 interacts with Smad4, with subsequent 

transcriptional activation of the OPN promoter in response to BMP stimulation (Shi 
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et al. 2001). Again, HoxA9 was shown to act as a strong transcriptional repressor 

when binding to a core HOX binding motif, operating in a fashion very similar to that 

described for HoxC8. Interestingly, when analysing the mouse OPN promoter 

sequence in relation to the reported binding regions of the Hox- and Smad-members, 

it becomes evident that both HoxC8 and HoxA9 utilise the same consensus TAAT 

motif, located –198 to –195 relative to the transcription start site (Accession Nos: 

AY220127 / NT_039308).  

Other downstream Hox gene targets have also been identified more recently. 

HOXA10 has been shown to bind directly to the cyclin-dependent kinase inhibitor 

p21 promoter with subsequent activation of transcription upon trimeric interactions 

with PBX1 and MEIS1 (Bromleigh and Freedman 2000) and in vitro trans-activation 

has been shown for the α2(V) collagen (COL5A2) promoter via selected 

combinations of complexes between HOXB1, PBX1/2 and PREP1 (Penkov et al. 

2000). Across various types of endometrial cells, several Hox members are reported 

to selectively activate the insulin-like growth factor binding protein-1 (IGFBP-1) 

promoter (Gao et al. 2002) and the vascular endothelial growth factor receptor flk1 is 

trans-activated by HoxB5 via a cis-acting element of which HoxB5 binds directly and 

trans-activate the flk1 promoter (Wu et al. 2003). Yet another gene, the EphB4 

receptor, has been shown to be positively regulated by HoxA9 via a canonical Hox 

binding motif within its promoter (Bruhl et al. 2004). 

In Xenopus, HoxB4 acts as a direct suppressor of the small GTPase Rap1 gene 

via a single Hox binding element in the gene promoter and a complementary 

expression pattern was observed with the exclusion of XRap1 from cells showing 

HoxB4 expression (Morsi El-Kadi et al. 2002). Additionally, a direct trans-activation 

of the TALE class homeodomain gene IRX5 by HoxB4 has been reported, with both 

transcription factors showing overlapping expression patterns in early development of 

Xenopus larvae (Theokli et al. 2003) 

Another three downstream target genes were also recently identified for the 

HOXA10 protein. A direct binding by HOXA10 to putative HOX binding sites in the 

β3-integrin gene promoter region was demonstrated, resulting in a subsequent 

increase in reporter gene expression (Daftary et al. 2002), whereas transcriptional 

repression of the divergent homeobox gene EMX2 was demonstrated by binding of 
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HOXA10 to a single HOX binding motif in the 5’ EMX2 regulatory region (Troy et 

al. 2003). Also, HOXA10 is reported to function cooperatively with the FKHR 

(member of the FOXO subfamily of forkhead/winged helix family) transcription 

factor to enhance insulin-like growth factor binding protein-1 (IGFBP-1) promoter 

activity in baboon endometrial cells (Kim et al. 2003). FKHR is also reported to 

interact cooperatively with the HOXA5 protein to stimulate the IGFBP-1 promoter 

(Foucher et al. 2002), suggesting that multiple HOX proteins may interact with 

FKHR and even other FOXO forkhead proteins, thus expanding the otherwise short 

list of HOX protein cofactors. 

Finally, a recent study has shown that Pax3, a paired-homeodomain class 

gene, is trans-activated in the murine neural tube by the combined trans-activating 

potential of POU-domain transcription factors and Hom-C class Hox proteins (Pruitt 

et al. 2004). Their findings suggest that Brn2 mediates Pax3 expression through a 

synergistic input from a subset of Hox proteins, potentially via different binding 

elements in the Pax3 promoter region. Furthermore, as the postulated Hox binding 

site is reported to be TGATTGAT, Hox members from the paralogous groups 1-5 are 

suggested to bind this element cooperatively with the Pbx protein. A larger element 

was used in the studies however (5’-CTTTTGATTGATTAAGGC), also including an 

inverted Hox core motif, ATTA, which potentially can be recognised by members of 

the Hox family. Indeed, the exact mode of protein-DNA interactions for this reported 

cooperative transactivation of the Pax3 promoter is still unclear, and could be 

explained by a number of models. It does, however, highlight the complex 

mechanisms by which the Hox transcription factors are involved in directing 

biological specificity, now outlining a model in which the Hox family cooperate with 

members from both the TALE- and POU-family of divergent homeodomain-

containing transcription factors in regulating the expression of a fourth 

homeodomain-family, the paired-homeodomain class III. 

As the number of identified Hox gene-targets increases, the most striking 

feature is the lack of sequence and functional similarities between the targets. Given 

the many cellular processes of which Hox genes are implicated as key transcriptional 

regulators though, a wide variety of downstream targets would be expected, including 

proteins such as growth factors, cell adhesion molecules, membrane receptors, 
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transcription factors and various enzymes. Indeed, the number of Hox targets in 

Drosophila alone has been estimated to range in the thousands (Biggin and McGinnis 

1997), an estimation that could easily be juxtaposed on the vertebrate system. An 

example is the mouse HoxA13 protein, which alone has been estimated to regulate up 

to 100 target genes (Zhao and Potter 2001). With this in mind, the low number of 

identified Hox target-genes is more than puzzling, as even a cautious estimation 

would predict several hundred. 

 
Hox gene +/- Target Species Reference 
     
Hoxa5 + p53 Mouse (Raman et al. 2000a) 
Hoxa5 + PR Human (Raman et al. 2000b) 
Hoxa5 + IGFBP-1 Human (Foucher et al. 2002) 
Hoxa9/c8 - OPN Mouse (Shi et al. 2001) 
Hoxa9 + EphB4 Human (Bruhl et al. 2004) 
Hoxa10 + p21 Human (Bromleigh and Freedman 2000) 
Hoxa10 + β3-integrin Human (Daftary et al. 2002) 
Hoxa10 - EMX2 Human (Troy et al. 2003) 
Hoxa10 + IGFBP-1 Baboon (Kim et al. 2003) 
Hoxb1 + COL5A2 Human (Penkov et al. 2000) 
Hoxb3 + TTF-1 Rat (Guazzi et al. 1994) 
Hoxb4 - Rap1 Xenopus (Morsi El-Kadi et al. 2002) 
Hoxb4 + IRX5 Xenopus (Theokli et al. 2003) 
Hoxb5 + SPI3 Mouse (Safaei 1997) 
Hoxb5 + Flk1 Mouse (Wu et al. 2003) 
Hoxb7 + bFGF Human (Carè et al. 1996) 
Hoxb8/b9 +/- N-CAM Mouse (Jones et al. 1992) 
Hoxc8 ? I(2)gl/mgl-1 Mouse (Tomotsune et al. 1993) 
Hoxc13 - Keratins Mouse (Tkatchenko et al. 2001) 
Hoxa10/b4 + IGFBP-1 Human (Gao et al. 2002) 
 
TABLE 5.1: List of Hox Downstream Gene Targets. The list depicts likely Hox gene 
targets, as well as the particular Hox protein responsible for the trans-regulatory effect 
observed, as reported in specified reference. The +/- symbols represent the specific trans-
regulatory effect, i.e. (+) = gene activation and (-)  = gene repression. A question mark in the 
same column symbolises unknown trans-regulatory effect. Also note that, although these are 
all likely gene targets, not all identified genes listed herein have been exclusively verified of 
being so through in vivo experiments.  

 
 

5.3.6 Rationale for Subsequent Promoter Analyses 

With the diminutive number of identified direct Hox gene-targets and their 

respective DNA binding motifs responsible for transcriptional activation and/or 

repression, any attempt to decipher common promoter structures preferred by this 

family of transcription factors will fall victim to its own insignificant sample size. 
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Despite this obvious fact, a cautious analysis on the available sequences could hint 

towards potential similarities of promoter structures known to be targeted by Hox 

proteins. Do they all contain a TATA box, or are they for the most part TATA-less 

promoters? What about GC-islands, CAAT boxes or other well characterised 

elements? Does a trend emerge, or are the promoter structures as varied as the gene-

targets differ in functionality?  

 Unfortunately, but not surprisingly, our knowledge regarding promoter 

structures of the respective Hox target-genes identified is somewhat limited. A few 

promoter regions have been studied more closely, like for example that of the β3-

integrin subunit (Villa-Garcia et al. 1994; McHugh et al. 2001) and bFGF (Biesiada 

et al. 1996; Jin et al. 2000). However, the exact mRNA start site has not been 

exclusively verified for all of the gene targets mentioned previously, making 

predictions about both proximal and core promoter regions difficult. In fact, of the 

tens and thousand of genes in the vertebrate organisms, a very small number of 

promoters have been characterised, ultimately raising questions about what genuinely 

are canonical core promoter elements. For instance, the first identified eukaryotic 

core promoter motif, the TATA box, was incorrectly thought to be a part of all core 

promoters, and is still often misrepresented as being the most abundant binding motif, 

when in fact it is represented in less than half of the identified core promoters. 

Amongst 1031 postulated human core promoters, only 32% contained a putative 

TATA box (Suzuki et al. 2001), whereas it was represented in 43% of 205 

Drosophila core promoters (Kutach and Kadonaga 2000). More recently, this low 

percentage of TATA-box promoters was again shown for 1871 human and 196 

mouse class II promoters (Fukue et al. 2004). Even when including other well-

characterised putative promoter elements, it is evident that any given element is only 

found in a subset of promoters, stressing the fact that there are no universal core 

promoter elements (Kadonaga 2002). 
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5.4 RESULTS 
5.4.1 Obtaining Promoter Sequences of Hox Target Genes and Estimation of 

Putative Transcription Start Sites 

Nucleotide sequences for Hox gene targets as listed in Table 5.1 and 

excluding those where a Hox binding site has not been identified, were initially 

obtained from the NCBI database. Subsequently, the coding sequences for each target 

gene were analysed and putative transcription start sites (TSS) estimated as outlined 

in Section 5.2.1. Approximately 1,300bp of the 5’ region of each gene spanning 

across the estimated TSS region (-1000 to +300) was finally catalogued and are listed 

in Table 5.2.  The estimated TSS’s are highlighted in light blue. Furthermore, 

highlighted in red are the reported Hox DNA binding motifs as reported in the 

corresponding publications.  

For the majority of the target genes, the TSS reported in the publications 

describing Hox binding elements corresponded with contiguous EST assemblies 

performed herein. For two publications, (Bruhl et al. 2004) and (Troy et al. 2003), the 

described promoter elements were assigned in relation to translation start sites only, 

and thus the TSS’s reported herein were estimated as described in Section 5.2.1. 

Finally, contiguous EST assemblies yielded an extended 5’UTR than that originally 

reported in (Gao et al. 2002) and (Jones et al. 1992), hence the TSS’s reported below 

are those predicted by the new assemblies. In addition it must be noted that TATA-

less promoters generally do not give rise to one distinct TSS, but rather transcription 

can be initiated at several bases over a given region. 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 134



CHAPTER 5                                              Hox Gene Targets: A Bioinformatic & Theoretical Approach 

TABLE 5.2: 5’ Nucleotide Sequence for Identified Hox Gene Targets. The various 
Hox target genes and species are indicated, as is the original publications where both the Hox 
binding elements and trans-regulatory effects were reported. Highlighted in blue are 
estimated TSS’s as described in Section 5.2.1. The reported Hox binding elements are 
highlighted in red, and finally, translation start sites are highlighted in green where 
appropriate. Note that longer nucleotide sequences were used in the subsequent transcription 
factor binding element analyses. 
 
Nucleotide sequence for human bFGF, (Carè et al. 1996). 
NCBI accession number: NM_002006 
ACCCATCTTA TCTCCCTCAG TGTGTGAGAC GCTGGCATCA GATTTGGCAT CTCCCACACA 
CTCAACATTA TGTGTTGCAC ACAGTAGGTA CTCAATACAT GCAAGTTTTC TGAATAGATA 
TTTTCCTAGT CATCTGTGGC ACCTGCTATA TCCTACTGAA AATTACCAAA ATGCAATTAA 
CTTCAATTTT ACATTTGGGA TTTACAGAAA ATAACTCTCT CTCCAAGAAA TGCATAACAA 
TTTAGCTAGG GCAAATGCCA GGTCCGAGTT AAGACATTAA TGCGCTTCGA TCGCGATAAG 
GATTTATCCT TATCCCCATC CTCATCTTTC TGCGTCGTCT AATTCAAGAT AGGTCAGTAA 
AGGAAACCTT TTCGTTTTAG CAACCCAATC TGCTCCCCTT CTCTGGCCTC TTTCTCTCCT 
TTTGTTGGTA GACGACTTCA GCCTCTGTCC TTTAATTTTA AAGTTTATGC CCCACTTGTA 
CCCCTCGTCT TTTGGTGATT TAGAGATTTT CAAAGCCTGC TCTGACACAG ACTCTTCCTT 
GGATTGCAAC TTCTCTACTT TGGGGTGGAA ACGGCTTCTC CGTTTTGAAA CGCTAGCGGG  
GAAAAAATGG GGGAGAAAGT TGAGTTTAAA CTTTTAAAAG TTGAGTCACG GCTGGTTGCG 
CAGCAAAAGC CCCGCAGTGT GGAGAAAGCC TAAACGTGGT TTGGGTGGTG CGGGGGTTGG 
GCGGGGGTGA CTTTTGGGGG ATAAGGGGCG GTGGAGCCCA GGGAATGCCA AAGCCCTGCC 
GCGGCCTCCG ACGCGCGCCC CCCGCCCCTC GCCTCTCCCC CGCCCCCGAC TGAGGCCGGG 
CTCCCCGCCG GACTGATGTC GCGCGCTTGC GTGTTGTGGC CGAACCGCCG AACTCAGAGG 
CCGGCCCCAG AAAACCCGAG CGAGTAGGGG GCGGCGCGCA GGAGGGAGGA GAACTGGGGG 
CGCGGGAGGC TGGTGGGTGT GGGGGGTGGA GATGTAGAAG ATGTGACGCC GCGGCCCGGC 
GGGTGCCAGA TTAGCGGACG CGGTGCCCGC GGTTGCAACG GGATCCCGGG CGCTGCAGCT 
TGGGAGGCGG CTCTCCCCAG GCGGCGTCCG CGGAGACACC CATCCGTGAA CCCCAGGTCC 
GGGCCGCCG GCTCGCCGCG CACCAGGGGC CGGCGGACAG AAGAGCGGCC GAGCGGCTCG  C
 
(note: CTG (green) is the start codon for the 34kDa isoform. Several 
other isoforms exist) Next start codon is 234 bp down from 1st CTG 
and encodes 24kDa isoform) 
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Nucleotide sequence for human IGFBP-1, (Gao et al. 2002). 
GenBank: NM_000596  
CACAGCTCTC CACTGGAAGG CCATGGAGGG AGTGATGGGG AGAGCCTGCA ACTCCTGGAG 
ATAAGCCTGA TTCTGACTTT CTTTGAAGGA TTTTTTTCTT TCGACTTCTT TCCTGTGAAA 
GAGAATATCC GAGAAATGAG AATTTTAACT AAAGAGAAAA CCTTTGCATT TGCTACTGAT 
AAATATCTGG CCTATGCGGG AAAGTCATGG GTGCCCTGGG ATTCTGGCTC CACTGCTAAC 
AAGACCTTGT TAGACCTTCT TAACTGCCCC TCCAGAGAGG AGAAAGGCTC TTGGAGGTAG 
AGTGAGATTG GGGAGCTTGG CAGAGCCCTA GGATGAACTG TGTTTTTGTT TTGTTTTGTT 
GCAGGTTGGA GCCTTTTTCC TGCAGAAAGA GAAGCAATTC CGGGCTTTTC CACAGATAAC 
CTGCTAGGGC TCGCAGAGAC CTGGATTCTA ACCCCATCTC GCCTTTCCTC ACCTGGGGCA 
TTGTTTTCTG CGTTTGAGAA CTGCTGGGTG GGCTGGTGTT ACCCAGGATT TTTAAATTTT 
TGCAGGAGAC GCTTTGCAGG AGATCTCTAG GGCTTTTTTC TGTGTCAATT AAAGAGCCTG  
GCCAGCTGGA CCTGGGCTGT CTTTTTGACA AAAACAAACG TCATCCCCCT CCCAGCTGAG 
CACTTGTTAG AACTGGACTT TAACTGAGGG CCTGAACCCC CTAACAACGG GACAAACAGT 
ATGAAATCAA AACCGTTTAC CCTCCTCCCA CCAGCGGTTT GCGTAGGGCC TTGGGTGCAC 
TAGCAAAACA AACTTATTTT GAACACTCAG CTCCTAGCGT GCGGCGCTGC CAATCATTAA 
CCTCCTGGTG CAAGTGGCGC GGCCTGTGCC CTTTATAAGG TGCGCGCTGT GTCCAGCGAG 
CATCGGCCAC CGCCATCCCA TCCAGCGAGC ATCTGCCGCC GCGCCGCCGC CACCCTCCCA 
GAGAGCACTG GCCACCGCTC CACCATCACT TGCCCAGAGT TTGGGCCACC GCCCGCCGCC 
ACCAGCCCAG AGAGCATCGG CCCCTGTCTG CTGCTCGCGC CTGGAGATGT CAGAGGTCCC 
CGTTGCTCGC GTCTGGCTGG TACTGCTCCT GCTGACTGTC CAGGTCGGCG TGACAGCCGG 
CGCTCCGTGG CAGTGCGCGC CCTGCTCCGC CGAGAAGCTC GCGCTCTGCC CGCCGGTGTC  
 
(TSS –207 from ATG) 
 
 
Nucleotide sequence for human PR, (Raman et al. 2000b). 
GenBank: NM 000926 
TACCTGCTTC CCAGAATTCT CTTTACCTTT CCTCTATCTG CCTAACTTCC ACATATCTAA 
AATTAATCAG AGTAAACTAT TTACTAGAAC AACCAACTCC AAATCCTAGT AACCTAACAT 
GATAAAGGTT TGTTTCTCAC TCATATAGCC CCTCCCCAGA TGATCGAGGG GTCCAGGCTC 
CTTACCTCTA GTGGCTCCCC CACCTTCTGG AGTCTTCTGC ATTCTTTATA CATGGTTGAG  
ATAAACTATG AGTCATTAGC ACAGCTAGAC CTTGAGGTCC TACAAGAAAA TTTGCAAATC 
ATTCACTCTG TTTTGAACAA GGTATATTTA AGATGATGTT AAAATACCCA ATGGTCTTGG 
GTCAAATACA GTTTATGACT GTGTATCTAA AATATATATT GCAATATTCT TCCCTTTTTC 
TACTGACTTC ATGAATTTAG CGGGGATCCA TTTTATAAGC TCAAAGATAA TTACTTTTCA 
GACTAAGAAT ATTTAGGGTA AAAAGTACTG TTCAACATCT CTACTGAGGA TGTTATGATG 
TAGCACACTG TATAAGCTGG AGCTAAAGGA AACTTTCCTT AAAGTGCTAT TTACTAAAAA 
TTGGAACACA TTCCTTAAGA CAAATCGAAG TGTGGCACAC AACATCCAAA CTTCCATCAT 
AGATACAGAG GTGTTACCAT CTCCCACTCC CAAATTTCTT TGTCACGCTG AGGATACTCA 
AGAGGAGCAG GACATGTTGG TCGCAGCAGG AGAAACTTGA AAGCATTCAC TTTTATGGAA 
CTCATAAGGG AGAGAATCTC TTATTTAGTA TCGTCCTTGA TACATTTATT ATTTTAAAAG  
ATAATGTAGC CAAATGTCTT CCTCTGTGTT AAATCTTTAC AAAACTGAAA TCTTAAAATG 
GTGACAAAAA TTCTACTTCT GATAGAATCT ATTCATTTTT CCAATTAGAT AGGGCATAAT 
TCTTAATTTG CAAAACAAAA CGTAATATGC TTATGAGGTT CCATCCCAAA GAACCTGCTA 
TTGAGAGTAG CATTCAGAAT AACGGGTGGA AATGCCAACT CCAGAGTTTC AGATCCTACC 
GGTAATTGGG GTAGGGAGGG GCTTTGGGCG GGGCCTCCCT AGAGGAGGAG GCGTTGTTAG 
AAAGCTGTCT GGCCAGTCCA CAGCTGTCAC TAATCGGGGT AAGCCTTGTT GTATTTGTGC 
GTGTGGGTGG CATTCTCAAT GAGAACTAGC TTCACTTGTC ATTTGAGTGA AATCTACAAC 
CCGAGGCGGC TAGTGCTCCC GCACTACTGG GATCTGAGAT CTTCGGAGAT GACTGTCGCC 
CGCAGTACGG AGCCAGCAGA AGTCCGACCC TTCCTGGGAA TGGGCTGTAC CGAGAGGTCC  
GACTAGCCCC AGGGTTTTAG TGAGGGGGCA GTGGAACTCA GCGAGGGACT GAGAGCTTCA  
 
(TSS –743 from ATG) 
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Nucleotide sequence for human p21, (Bromleigh and Freedman 2000). 
GenBank: NM 078467 
CCAGTTTCCC CAGCAGTGTA TACGGGCTAT GTGGGGAGTA TTCAGGAGAC AGACAACTCA 
CTCGTCAAAT CCTCCCCTTC CTGGCCAACA AAGCTGCTGC AACCACAGGG ATTTCTTCTG 
TTCAGGTGAG TGTAGGGTGT AGGGAGATTG GTTCAATGTC CAATTCTTCT GTTTCCCTGG 
AGATCAGGTT GCCCTTTTTT GGTAGTCTCT CCAATTCCCT CCTTCCCGGA AGCATGTGAC 
AATCAACAAC TTTGTATACT TAAGTTCAGT GGACCTCAAT TTCCTCATCT GTGAAATAAA 
CGGGACTGAA AAATCATTCT GGCCTCAAGA TGCTTTGTTG GGGTGTCTAG GTGCTCCAGG 
TGCTTCTGGG AGAGGTGACC TAGTGAGGGA TCAGTGGGAA TAGAGGTGAT ATTGTGGGGC 
TTTTCTGGAA ATTGCAGAGA GGTGCATCGT TTTTATAATT TATGAATTTT TATGTATTAA 
TGTCATCCTC CTGATCTTTT CAGCTGCATT GGGTAAATCC TTGCCTGCCA GAGTGGGTCA 
GCGGTGAGCC AGAAAGGGGG CTCATTCTAA CAGTGCTGTG TCCTCCTGGA GAGTGCCAAC  
TCATTCTCCA AGTAAAAAAA GCCAGATTTG TGGCTCACTT CGTGGGGAAA TGTGTCCAGC 
GCACCAACGC AGGCGAGGGA CTGGGGGAGG AGGGAAGTGC CCTCCTGCAG CACGCGAGGT 
TCCGGGACCG GCTGGCCTGC TGGAACTCGG CCAGGCTCAG CTGGCTCGGC GCTGGGCAGC 
CAGGAGCCTG GGCCCCGGGG AGGGCGGTCC CGGGCGGCGC GGTGGGCCGA GCGCGGGTCC 
CGCCTCCTTG AGGCGGGCCC GGGCGGGGCG GTTGTATATC AGGGCCGCGC TGAGCTGCGC 
CAGCTGAGGT GTGAGCAGCT GCCGAAGTCA GTTCCTTGTG GAGCCGGAGC TGGGCGCGGA 
TTCGCCGAGG CACCGAGGCA CTCAGAGGAG GTGAGAGAGC GGCGGCAGAC AACAGGGGAC 
CCCGGGCCGG CGGCCCAGAG CCGAGCCAAG CGTGCCCGCG TGTGTCCCTG CGTGTCCGCG 
AGGATGCGTG TTCGCGGGTG TGTGCTGCGT TCACAGGTGT TTCTGCGGCA GGTGAATGAC 
GGGCGTGGGT CGGTGCGCGC TCGGCTTGCG CACACGGTGT CTCTAAGTGC GCGGGTGACG  
 
(TSS –5392 from ATG) 
 
 
Nucleotide sequence for human EPHB4, (Bruhl et al. 2004). 
GenBank: NM 004444 
GCTAGGATTA CAGGCGCGCG CCACCATGCC CAGCTAATTT TTGTATTTTT AGTAGAGACG 
GGGTTTCATC ATGTTGGCCA GGCTGGTCTT GAACTCCTGA CCTCAAATGA TCCGCCTGCC  
TCTGCCTCCC AAAATGCTGG GACTACAGGC GTGAGCCACC GCGCCCGCCA CACCCACCTT 
TTCTTTACCG TTGTTTCCTC GATTTTTCTC TACTCCCTAG CGCAGCTTAG TGCGCGCCTC 
CTCTGGACAT TTTTCAGGGC TTGGTTGCGC GCACAGTAGG TCCCCAACAC TGAATGTTTA 
TGGGGTGACT GTGTGAACGT TCGCTGCAAG GCTATCCAAA CTGGGATTGC TCCTTGAGGC 
CCCCTGGGCG GCCGTCAATT CTCCAAAGCT TCTACTCCCT TTTCCTTCCT TTTCCCCCAA 
AACGCAGTCC CTGCGCCCAC TAGAGGGTGG TGGGCGCATC CAAGAGCGGC ATCTAGAGTC 
CGCAGCAAGG TCAGAGCGGG CTTTGTGTGC GCGGTGAACA TTTACGTGCA CGCCTGGGCG 
GCCCTCCGTG TTGCTGCTGG GTGTGTGTTT TCTCTGCTCC CTGGTGCCAG CCGGGTTCGG 
GCCTGTCCCG GGGGTCCCTG GGCCCCAGCC CCGACATGCT CGGTCCTGGA CAGCGCGCAC 
CGCCACGGCG CACATCTGGG CGGTCCCGGG GTTCCTCACC CGCCGCCCCT CCCCCTTCTC  
CAAACTTTCT CTCAACTTCC CGACCTGCTC CACTCGGTGC CCCTCTCCGC TTCCCTCATG 
AATTATTCAG TAGCGTGAGC TCCAATCAGC GCGCCCGGGG CTCACTCGCG GAGCCCCCGC 
GTTGGGAGAG CTGCCCCCGC CCCCCGCGCG CCCCTCCCTC CCGGGCCCGG CGCCGCCCGG 
CCCAGTTCCA GCGCAGCTCA GCCCCTGCCC GGCCCGGCCC GCCCGGCTCC GCGCCGCAGT 
TCCCTCCCTC CCGCTCCGTC CCCGCTCGGG CTCCCACCAT CCCCGCCCGC GAGGAGAGCA  
CTCGGCCCGG CGGCGCGAGC AGAGCCACTC CAGGGAGGGG GGGAGACCGC GAGCGGCCGG 
CTCAGCCCCC GCCACCCGGG GCGGGACCCC GAGGCCCCGG AGGGACCCCA ACTCCAGCCA 
CGTCTTGCTG CGCGCCCGCC CGGCGCGGCC ACTGCCAGCA CGCTCCGGGC CCGCCGCCCG 
CGCGCGCGGC ACAGACGCGG GGCCACACTT GGCGCCGCCG CCCGGTGCCC CGCACGCTCG 
CATGGGCCCG CGCTGAGGGC CCCGACGAGG AGTCCCGCGC GGAGTATCGG CGTCCACCCG  
 
(TSS –375bp from ATG) 
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Nucleotide sequence for human β3-Integrin, (Daftary et al. 2002). 
GenBank: NM 000212 
CTTATAATGT TATTTTTAGT TTACAGGTTC TTACAATTTA CATAGAATTG TTCAATATTA 
ATTCAACATA GGCTACTGTA TGATAAGTTA AGGAGGAATA TTGTAATACC TAGAGCAAAC  

>>>>>>>  +600bps <<<<<<< 
GTGACGCTTC AGCTGATGTG TGTTACTATT AAGGTCCTAG TGTTTGGGAG GGTGGGGCAG 
GAGGTGGAGG ATTGTCAGAA AAAAATTACA TGGAAAAAGA TGGCATCTGA GATGTTTTGA 
AAGATAAGTG GAATTTTCCA AGTGGAAAAA GGAAGGAAAA TCAGTCAGAT AGGAAGGCAT 
GGAGCATTGG GGAATGACAA GTATCTTCTT GGACTAGGGT GGGAGATGGG CTGGAGAGAT 
GGGTCAGGGC CAGTTGTCTG GCATCTTGTG TGTCTCAGAA GAGGGTGGGC ACGCTGCGTA 
GGGAAGCCCA GGGCCACTCT GAAAGCCCTA AAGGGGAACT GATGCCTCTG GCCTTGTTTT  
TATCACCATC AGGACTACCC ATTGAGGCAG GCTGCACTAC CAGCTACTTC CTGGTGCCCT 
CTTGCTCATA GCCATAGTAT TTTGCCTCTC TGAGCTTCCA GAGGTTTTAA GTCTGGGGAA 
GACCCAGGGA CTCAAAGAAA GATTGGGGTG GGAGATAAGG GGCCACAGTT TGGGGGAGTC 
AGGCAGGAGG CCTTTGAGGA AAATAGATAA AGTCCCAAAG CCTGTGAGTG TGAATTTGGA 
GGCAATATGC TGTGTTCTGA AACGTTTTCA GACACTGGCT AGGTGCAAGC AAGTGTTTGT 
AGGGCGAGCT CTTCATGGAC CTATCACTGC TTACGCAAGC TTGGGATGTG GTCTTGCCCT 
CAACAGGTAG GTAGTCTACC GGAAAACCAA ACTAAGGCAA GAAAAAAATT AGTGAATAAT 
AAAGGACTGA ACCGGTTCAG AGAAGGCATT CAGCAGATGT TTGCCAGTCA AATGAATTAA 
AGTGTGAATG AATGAAACTC GAGGTAGTGG GTGAATGTGT CCCAAGAATC CAGCGAAACA 
GGGTCTCCCA GGAGGCGGGA CTGGAAGGGT CCGGAGAGGG GCCACAGGCT CCTGGCCTTT  
CTAAGCACAC CAAGTGCCCA GTCGCGGACC CCCGGGACCA GGATGCGCTG ACGACCCGGC 
TGGCAGGCGG GTCCTCGTGG GCGAGGCGAG GGAGGCGGCG AGAGAGGAGC AATAGTTTCC 
CACCGCTCCC TCTCAGGCGC AGGGTCTAGA GAAGCGCGAG GGGATCTAGA GAAGCCGGAG 
GGGAGGAAGC GCGAGTCCGC GGCCCGCCCC GTTGCGTCCC ACCCACCGCG TCCCCTCCCC 
TCCCCTCCCG CTGCGGGAAA AGCGGCCGCG GGCGGCGGCG CCCACTGTGG GGCGGGCGGA 
GCGCCGCGGG AGGCGGACGA GATGCGAGCG CGGCCGCGGC CCCGGCCGCT CTGGGCGACT 
GTGCTGGCGC TGGGGGCGCT GGCGGGCGTT GGCGTAGGAG GTGAGTGAGG CTCCGGCTCG 
GCAGCGTCGC AGCTGCCCCA GGATCTGCGC CCCGGTCAAG TTGCGGACTT GGAGCCGGCA 
AACGCGGAGG GCTGGTCCCG CGCGTCTGCG CTGGGAATGC GCGTGTCCTG GCTGGCGCGG 
TCGGAGCCGG GAGCTGGGGA CCTTCCTGGC CCGGCGGTGG CGGGGCTGAG 
 
 
Nucleotide sequence for human EMX2, (Troy et al. 2003). 
GenBank: NM 004098 
TAATAATAAT AATAGAAATA ATAATAATAA AATAATATCA TCTATAATAA TAATAACATT 
GACCACACTG ACAAAAATAA TTACGACGGA ACCTTAATAG TACAGTAGCA CCATATCGGG 
CTCTCCCCTG ACCTTGGACT GCCGGTCCCA GATATTCCAG AAGGAATTGT TTTGGGGAAG 
GAGGTGAGCA CCCTCCCAGA CAGAAAACGC TAGAGACCGT GGGGCGAGAG AGGGAGAGAG 
TTGGAAGCCC ACTGCTCCGG CGGGGTCGGC AGCTCCCGGT CTCAACTCGC AAACGAACGA 
GCCGGGTCAA GAATCGCGAA CGCACCGACC CTGGGACCTC GAGGCTAAGC GTGGTTGATG 
GGGTGGGAGG ACCCCGTACC CCTCACTCCA GGATCCCTCC TGGCCTAGGA AACCGCTGGG 
AGTTTTGCTA AGTGTGGGGA TTGGTATAAC CGAACGGCGC CTTTAGCCCG GGAACCAGCC 
CCTGCCCGCT TACCCTCGCG GTGCTCTTGG GGCGATCCCA GTTCTCCCGA CGCGGGGCCG  
CGTAAGGCAG CAGCGGCGGA GCGCTAGGCT AGAGGAATCT GTCTGTCCTT CTGTCCTACC  
AGCTTGGGCG AGGCAGGCTC GGGATTCAGG GGGCCGCAGC GGAGGCGGCG CCGGCCAGGG 
ACTCTGCAGG GACCGGGGTG CCCCGGAGGG AGTGGTGCTG GTGGAGGAGG AGGCGGTGGC 
TGAGGGGGAG TAGGTGGGGA AAGAGGAGGA GGAAGAAGAG GAGGAGGAGG AAGAAGAGGA 
GGAGGAGGAG AAGAAGAAAC TGGAGGAAGA GGAGGAGGCG AAGGAGGAGG AGAAGCCGCA 
GCGGGCGCCG CAGGAGCGAG TGAGCTGGGA GCGAGGGGCG AAGGCGCGGA GAAGCCCGGC 
CGCCCGGTGG GCGGCAGAAG GCTCAGCCGA GGCGGCGGCG CCGACTCCGT TCCACTCTCG 
GCCCGGATCC AGGCCTCCGG GTTCCCAGGC GCTCACCTCC CTCTGACGCA CTTTAAAGAG 
TCTCCCCCCT TCCACCTCAG GGCGAGTAAT AGCGACCAAT CATCAAGCCA TTTACCAGGC 
TTCGGAGGAA GCTGTTTATG TGATCCCCGC ACTAATTAGG CTCATGAACT AACAAATCGT    
 
(TSS –824bp from ATG) 
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Nucleotide sequence for human p53, (Raman et al. 2000a) 
GenBank:  
ACGCCAATTC TTTTGAAAGC ACTGTGTTCC TTAGCACCGC GGGTCGCTAC GGGCCTCTTG 
CTGTCGCGGG ATTTCGGTCC ACCTTCCGAT TGGGCCGCCG CATCCCGGAT CAGATTTCGC 
GGGCGACCCA CGGAACCCGC GGAGCCGGGA CGTGAAAGGT TAGAAGGTTT CCCGTTCCCA 
TCAAGCCCTA GGGCTCCTCG TGGCTGCTGG GAGTTGTAGT CTGAACGCTT CTATCTTGGC 
GAGAAGCGCC TACGCTCCCC CTACCGAGTC CCGCGGTAAT TCTTAAAGCA CCTGCACCGC 
CCCCCCGCCG CCTGCAGAGG GCGCAGCAGG TCTTGCACCT CTTCTGCATC TCATTCTCCA 
GGCTTCAGAC CTGTCTCCCT CATTCAAAAA ATATTTATTA TCGAGCTCTT ACTTGCTACC 
CAGCACTGAT ATAGGCACTC AGGAATACAA CAATGAATAA GATAGTAGAA AAATTCTATA 
TCCTCATAAG GCTTACGTTT CCATGTACTG AAAGCAATGA ACAAATAAAT CTTATCAGAG 
TGATAAGGGT TGTGAAGGAG ATTAAATAAG ATGGTGTGAT ATAAAGTATC TGGGAGAAAA  
CGTTAGGGTG TGATATTACG GAAAGCCTTC CTAAAAAATG ACATTTTAAC TGATGAGAAG 
AAAGGATCCA GCTGAGAGCA AACGCAAAAG CTTTCTTCCT TCCACCCTTC ATATTTGACA 
CAATGCAGGA TTCCTCCAAA ATGATTTCCA CCAATTCTGC CCTCACAGCT CTGGCTTGCA 
GAATTTTCCA CCCCAAAATG TTAGTATCTA CGGCACCAGG TCGGCGAGAA TCCTGACTCT 
GCACCCTCCT CCCCAACTCC ATTTCCTTTG CTTCCTCCGG CAGGCGGATT ACTTGCCCTT  
ACTTGTCATG GCGACTGTCC AGCTTTGTGC CAGGAGCCTC GCAGGGGTTG ATGGGATTGG 
GGTTTTCCCC TCCCATGTGC TCAAGACTGG CGCTAAAAGT TTTGAGCTTC TCAAAAGTCT 
AGAGCCACCG TCCAGGGAGC AGGTAGCTGC TGGGCTCCGG GGACACTTTG CGTTCGGGCT 
GGGAGCGTGC TTTCCACGAC GGTGACACGC TTCCCTGGAT TGGGTAAGCT CCTGACTGAA 
CTTGATGAGT CCTCTCTGAG TCACGGGCTC TCGGCTCCGT GTATTTTCAG CTCGGGAAAA  
 
(TSS –10995bp from ATG) 
 
 
 
 
Nucleotide sequence for mouse p53, (Raman et al. 2000a) 
GenBank: 
GAGTTGTAGT CTGAACTCTG GGCCTTGGCG AAAACTACAC GAGCGCCCCC TACCGTCCCC 
TGGGGGTAAT TCTTAAAGCG CCTATCCTCC CTGGCCTGCA GAGGGCGCAT AATTTCTACA 
GTTTTTGCCC CTCTTGACTA TCTTGTTTTG AATCCCGTAA CCTCAGGTTT CCTTTCTCCC 
CATCTCTCCC CCCTTCTTGT TCCTCTCTTT CCCTTTCTCC CCCGCCCTCC CTTCATTCAT 
TCGACATTTA TTATCAAGTT CTTACTGCCT AACCCAGGAC TATACAAGGC ATTGGGAAAA 
AAATAGCAAT GTTTTCTAGT TCTTAATCTC CATAAAGTTT TCGTTGCTGT GCAATTAAAG 
GCTGTGAAAA CAGTCTTTAC AGAGAGTGAT AAGGACTGTA CAGGAAATTA AACACGGTGG 
TGCGATACCA AGTATCTCGG AGAACACGTT AGATTGAGAT ACTATGAAAA GCCTTTCTAA 
AGTGACATTT TAGCTAATGA GGGGAAAAAG AACTTAGGGG CCCGTGTTGG TTCATCCCTG 
TACTTGGAAG GCCTAAAGCA GGAAGACGGC CGCGAATTCC AGGCCAGCCT TGGCTACAAA  
GACTCTGTCT TAAAAATCCA AAAAGATGGC TATGACTATC TAGCTGGATA GGAAAGAGCA 
CAGAGCTCAG AACAGTGGCG GTCCACTTAC GATAAAAACT TAATTCTTTC CACTCTTTAT 
ACTTGACACA GAGGCAGGAG TCCTCCGAAT CGGTTTCCAC CCATTTTGCC CTCACAGCTC 
TATATCTTAG ACGACTTTTC ACAAAGCGTT CCTGCTGAGG GCAACATCTC AGGGAGAATC 
CTGACTCTGC AAGTCCCCGC CTCCATTTCT TGCCCTCAAC CCACGGAAGG ACTTGCCCTT 
ACTTGTTATG GCGACTATCC AGCTTTGTGC CAGGAGTCTC GCGGGGGTTG CTGGGATTGG 
GACTTTCCCC TCCCACGTGC TCACCCTGGC TAAAGTTCTG TAGCTTCAGT TCATTGGGAC 
CATCCTGGCT GTAGGTAGCG ACTACAGTTA GGGGGCACCT AGCATTCAGG CCCTCATCCT 
CCTCCTTCCC AGCAGGGTGT CACGCTTCTC CGAAGACTGG GTAAGTAATT GATGAGCGTG 
ACGAGACCTC TCGGTCACTG GCTCTCTCCG TTTGCATCCA TAAAACTAGA GAAAACCGTG  
 
(TSS –6592bp from ATG)  
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Nucleotide sequence for mouse OPN, (Shi et al. 2001). 
GenBank: NM 009263 
CCACCCAGCA AGCATTCCAG TCTCACAAAC TGCTTGCTTA GGCGGGCTCT ATCTGGAGTA 
ACCACCTCTT CTGCTCTATA TGGCCATTAT AGTTTAGATA GCATCAGAAC CATCACTCCC 
AGCTGCTCCA ACAGAGCAAC AAGGTTCACG AGGTTCACGT CTCTAAAGGT CAGTGGAGGC 
AGGAGAGGAA TTCAGGGTCA CTGTGTGGTT TGCACAAAGA GCAAGCGGCT GCATAGCTCA 
AGTGTCAAAA CTGAGTTGTT ACTTTGTTTC GTTTTGTTGT GAGGTTTTGT TTCTTTTGTG 
AGAGGGTCTC ACTTTCTGTT GCCCCAACTG ACCTGGAACA CAGTATGGAG CCGAGGCTAG 
CCTCAAATTC ATGGTGATCT TCCGGAGTAC AAAACAGAGC CACTGTGGCC CGGCCAACCT 
AAGCTACCGA ATACAAAGGC AAAAGGGAGG GTCTGAAAGT TCTGCCGAGA CAGCAGTTTT 
CTAGATTTAA GTAAGTCTGA GAGAATCAAA TTGTGTATCC ATGTGGCCTT TATCTGTAAC 
TTAGATAGGA GAATCCATAC CTTTCATCCC CATTGATGTT TTTCTACTAA TTCAGTAACT  
ATAAACAAAG TCTCTGTGAG GGTGATCTAC TCTTCCTTTC CTTATGGATC CCTGATGCTC 
TTCCGGGATT CTAAATGCAG TCTATAAATG AAAAGGGTAG TTAATGACAT CGTTCATCAG 
TAATGCTTTG TGTGTGTTTC CTTTTCTTCC TTTTTTTTTT TTTTAACCAC AAAACCAGAG 
GAGGAAGTGT AGGAGCAGGT GGGCCGGGTA GTGGCAAAAA CCTCATGACA CATCACTCCA 
CCTCCTGATT GGTGGAGACT GTCTGGACCA GCATTTAAAT TCTGGGAGGT CTGAGCCACC 
AGCAGCTCAC ACTGAAGAAG CATCCTTGCT TGGGTTTGCA GTCTTCTGCG GCAGGCATTC 
TCGGAGGAAA CCAGCCAAGG TAAGCCTGCA GTGGCCCATG AGGCTGCAGT TCTCCTGGCT 
GAATTCTGAG GGTGAGTCCA GAGAACATTC TTTCAACAGT CGTATTTGTT AGTCAGACTC 
GTGCTGTTCT GGTCTTTTTG AATAAGCTGG TCAGGTACAT TGCAGGTTTC CCGGTATTTT 
CAAAGCCAGT TGGATGTAGA AGTTAAAATA AATCTAGTTG GTCCTCTAAA GGAGAGAGAG  
 
(TSS –1271bp from ATG) 
 
Nucleotide sequence for mouse N-CAM, (Jones et al. 1992). 
GenBank: NM 010875 
CATGTGATAG GACTGGGTAC ATTATACAGA GGAAAGGAGA GCTGGATGGT GACTGGTCAG 
CTAGCAGAAG GTGGGTTTTC TGACTGCTAA AGCATCAAGG AGTCTGCCCT TTAAAGAACA 
TTGCAGGGCT TGGGATTGTG TGTGAACTGG CTCTTTGGTC TGTCAGAGGG CTTCACTGAG 
CAGAGCCACT TCTGGAGCAC CCTCACTTGT ATTTCCTGCA CAACTCAAGC CCCACTCAGG 
TGCTAAAGAG TGTTGATTTC ACTATGTTCC CATCCCCTCT TTTAACAAAC AAGGCTGCTT 
GATTAATGGA AGTCTTTGTG TTGATATCTC AGTCATATTG TATTTTCATA GCCTTAAGAG 
TGGAGGTCTC CCGCTGAAGG AGGATGCTTG CTGTCGCTCC TGTGCCTTAA TACACACAGA  
AGAGCCAGGG CAAAGGAGGG AGAGAGAGGG AGGATCCCAA TACCAGTTTC TGGTTATTCC 
TGAATATTAC TTATAAATGG CTCTGCATTT TCTTTTGACT GGCTTCCCCA CCCCCTACTT 
CTGAGATCTG AGTTGTGCTG CTGTGAGTTG CTCCCTCTGT GGGAAGATGA ACTTCATAGC 
CAGGAGAAAA CAAACAACAA AACAAACCTC CACAGCCCTC AGCTCTCTCC AAATTTCCAA 
TTTCCTTCTC TTAGGAGGAA GAGGAAAAGA AGGAGAAGGA GGAGGAGGAG GAGGAGGAGG 
AGGAGGAGGA GGAGGAGGAG GAGAAGGAAA AGAAGGAAAA GAAGGAAAAG AAGGAGAAGA 
AGGAGAAGAA GGAGAAGAAG GAGAAGAAGG AGAAGAAGAA GAAGCAGAAG CAGCCATATG 
CTTTTTATTG CAAGGACTTT AGTAACTAAA CTGGAGGGGG GGGTGTCCAC AACTTTGAAA 
ATCGAACCGA ATCTAAAATT CTTTTTCCCC CTAATTATTA AAAACGTTCA AATTCCTGAT 
TAAGGAACGC CGGAGGGCAG AATGATCTCC AAAGACGTGA ATGAAGGAAA AGGGTGAAAA  
GAAATCCCAG CTCTGCCTGG AAGGTTCCCT GTGAAAGAGC CCGGCTCCCT TGGTAACTCC 
AGGCCGCGTT TTACAGGCAG CCGCATCTGC CTCCCCTGTC TCTTACCTCC TGGATGTTAG 
GAACTATTTG TGGTCGGCGT GGTGGAAGGA CACAGTGAGG CTCTCACCTC CGCCCCCCGC 
CCGTCGCTCG CATCCCCAGT TCCATCAAAG CCAACCCGGG CCAGCGCAGG GATCTCCGAG 
TTGCGAGTGT GCTGAGGCTG GGACTGTCAC TCATTCTCCG CTCAGCGCGT GAACGCAGCT 
CGGCAGTGGC TGGCAAGAAA CAATTCTGCA AAAATAATCA TACCCAGCCT GGCAATTGTC 
TGCTCCTCGG TCCATTGCTC CGCCGCCGTC CACAGTCGCT TGCAAGGGGA AGGCACTGAA 
TTTACCGCGG CCAGAACATC CCTCCCAGCC GGCAGTTTAC AATGCTGCGA ACTAAGGATC 
TCATCTGGAC TTTGTTTTTC CTGGGAACTG CAGGTACATT TTAATTTAAT TTAATTAAAA 
AAAATCTACA TCGGGTCTGT TAATTGTCCG CTTGCCCCTG TCTTCTCTCC CTATCCCCGA  
 
(TSS –162 from ATG 
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Nucleotide sequence for rat TTF-1, (Guazzi et al. 1994). 
GenBank: XM 216720 
CGCACACTCT TTTGGTGGTG ACTGGGGCTC AGCGCCGCGA AGCCCGATGT GGTCCGGAGG 
CGGTGGGAAG GCGCGGGGCT GGGAGGCCGC AGCGGGAGGG AGGAGCAGCC CCGGCAGGCT 
CAGGTGAAAC CCCGCTCCCT GCTCCTCAGC CTTCTTTTCC CCAAAGACCA GCCCCTGACC 
CCGGAACCCC GACCGAATTG GACCGCGGTT CCACTTTGTA ACTCCCCAAG TTGGTTGCAA 
AGCAGTATTC ACCTTCCGTC CTCCTTTCCA TCCCTCCCTT GGGTTATTCT CTACCCCACC 
TCTGGCCCTC CCGCTCTCGG TTCCCTCCTC CTTTCCCTCC CCCGCCTTTT CCTTGCGCGC  
CACAGGCACC CCACAAAAAT GGGGGTGGGG GTGTCCAAGG GAGGGGGAAA GTAATGCTTT 
GGTTCTCTCT CTCTCTCTCT CTCTCTCTCT CTCTCTCTCT CTCTCTCTCT CTCTCTCTCT 
CTCTCTCCTT CTTTCTCTCT TTGAGACCTA AAAATCTTGA CAAGTGAAGC TTAAAGGTGT 
TTACCTTGTC ATCAGCATGT AAGCTAATTA TCTCGGGCAA GATGTAGGCT TCTATTGTCT 
TGTTGCTTTA GCGCTTATGC CCCGCCTCTG GTGGCTGCCT AAAACCTGGC GCCGGGCTAA 
AACAAACGCG AGGCAGCCCC CGAGCCTCCA CTCAAGCCAA TTAAGGCGGA CTCGGTCCAC 
TCCGTTACGT GTACATCCAA CAAGATCGGC GTTAAGGTAA CACCAGAATA TTTGGCAAAG 
GGAGAAAAAA AAAGTAGCGA GGCTTCGCCT TCCCCCTCTC CCTTTTTTTT TCCTCCTCTT 
CCTTCCTCCT CCAGCCGACG CCGAATCATG TCGATGAGTC CAAAGCACAC GACTCCGTTC 
TCAGTGTCTG ACATCTTGAG TCCCCTGGAG GAAAGCTACA AGAAAGTGGG CATGGAGGGC 
GGCGGCCTCG GGGCTCCGCT CGCAGCTTAC AGACAGGGCC AGGCGGCCCC GCCGGCCGCG 
GCCATGCAGC AGCACGCCGT GGGGCACCAC GGCGCCGTCA  
 
(TSS –198 from ATG?) 
 
 
5.4.2 Promoter Analyses Utilising Genomatix Software Tools 

Utilising Genomatix (Suite 3.2.0) software tools, the Hox gene-targets where 

the Hox binding motif have been identified, or strongly suggested, were analysed for 

common promoter elements relative to their putative transcription start sites, assigned 

as outlined above. All nucleotide sequences used were obtained from the NCBI 

genomic databases (Table 5.2) now encompassing nucleotides from –1000 to +300 

relative to the TSS (unless otherwise specified in Figure 5.4). These sequences were 

analysed for promoter elements using MatInspector (Quandt et al. 1995) with Matrix 

core-sequence similarities set to 90%. Although these parameters will yield a large 

number of potential transcription factor binding sites (directly dependent on the 

Genomatix matrix library), analyses were concentrated on a few selected common 

promoter elements, as depicted in Figure 5.4. It must be noted that although these 

elements are present in the promoter regions of the selected target genes, any 

theoretical predictions must be confirmed by experimental analyses before any 

conclusion regarding active promoter regions can be drawn.  
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FIGURE 5.4: Selection of Transcription Factor Binding Elements in the Promoter 
Regions of Identified Hox Gene Targets. Diagrammatic representation of putative 
transcription factor binding motifs of the 5’ region of Hox regulated genes.  Estimated 
transcription start sites (TSS) are denoted +1, and the sequences span approximately –1000bp 
to +300bp relative to putative TSS. One exception is the β3-Integrin sequence, which spans 
back 2000bp due to the presence of an identified Hox binding site at almost -1950bp. The 
reported Hox elements are denoted with vertical (yellow) arrows. Arrows pointing upwards 
depicts an activating trans-regulatory effect, and arrows pointing downwards depict a 
repressing trans-regulatory effect. Of note is the apparent lack of TATA-elements in the core 
promoters, and the high presence of GC-boxes in close proximity to the TSS.  
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As is evident by the promoter structures depicted in Figure 5.4, the Hox 

transcription factors are seemingly involved in the transcriptional regulation of a large 

variety of promoter structures. All of the 8 human promoters included lack a TATA-

box in close proximity to putative TSS, whereas most contain several SP1/GC-box 

elements. The EMX2 promoter apparently lacks both a TATA-box and SP1/GC-box 

elements and overall possesses a promoter structure different from the remaining Hox 

targets. Based on the parameters used herein, the only common trait amongst the 

regulatory regions of the 8 human genes is that they all contain a TATA-less 

promoter. Otherwise, no common promoter structures can be deduced, again 

highlighting the large array of potential genes that are regulated by the Hox proteins.  

Also when comparing all of the 12 mammalian promoter structures, the same 

characteristics are observed. That is, they all are seemingly TATA-less promoters. 

Even though TATA-boxes are encountered, none of these elements are located at a 

region relative to the TSS thought to be necessary for TATA-box function which is 

generally about 25-40 bp upstream from the TSS (Breathnach and Chambon 1981; 

Suzuki et al. 2001). In terms of the N-CAM promoter, previous studies do indeed 

indicate the region 3’ from base pair –480 to TSS to contain the major elements 

responsible for transcriptional activity (Hirsch et al. 1990; Hirsch et al. 1991), thus 

excluding the theoretically identified TATA-box. Finally, the murine p53 promoter is 

notable for containing three closely clustered NFκB-elements around the putative 

TSS. 

 

5.4.3 Comparative Analysis of Identified Hox DNA Binding Elements 

As is evidenced by the previous section, the characterised Hox binding 

elements show no apparent preference in terms of localisation relative to TSS. The 

Hox elements that have been characterised within the twelve promoter sequences 

depicted in Figure 5.4 are located both 5’ and 3’ of TSS and further show great 

variance in distance from putative core promoters. Therefore, a next step was to 

analyse the Hox binding elements for common flanking nucleotides in relation to 

trans-regulatory effects. Depicted in Figure 5.5 are the characterised Hox binding 

motifs of the promoter regions of the target genes outlined in Table 5.1, as well as 

flanking 5’ and 3’ sequences. Five of the binding motifs were characterised as the 

 143



CHAPTER 5                                              Hox Gene Targets: A Bioinformatic & Theoretical Approach 

canonical ATTA, located in the promoter regions of bFGF, IGFBP-1, N-CAM and 

TTF-1, and were all found to trans-activate the target gene. The other trans-activating 

binding motifs were characterised as T(T/A)AT and located to the EPHB4, β3 

Integrin subunit, progesterone receptor(PR) and p21 promoter regions. Interestingly, 

this same T(T/A)AT motif was found to be responsible for DNA specific repression 

by other Hox proteins, and is located in the promoter regions of p21, OPN and EMX2. 

 
FIGURE 5.5: Identified Hox DNA Binding Elements. Aligned are the reported HOX DNA 
binding elements of the promoter regions of Hox target genes. The first six elements contain 
the core ATTA motif, whereas the remaining seven elements contain core T(A/T)AT 
elements. The square-boxed core elements of the first 11 sequences have been shown to bind 
Hox proteins with subsequent transcriptional activation. The square-boxed elements further 
3’ of p21, OPN and EMX2 has been shown to bind Hox proteins with subsequent 
transcriptional repression. The shaded nucleotides represent the immediately flanking base 
pair of the canonical Hox element. Note that for the top six sequences, it is not clear in what 
orientation the Hox proteins bind in relation to transcriptional direction, hence ‘position 5’ 
could also be the opposite flanking nucleotides. It is noteworthy that only the elements where 
a repressing Hox activity was observed contains a G at ‘position 5’ (depicted with an asterix). 
Finally, also nucleotides at ‘position 9’ are shaded for the ‘repressor-elements’ as these all 
contain a conserved T nucleotide at this position. 
 
 

The most noteworthy feature of the aligned sequences is the presence of a G 

nucleotide immediately 3’ of the core Hox element for those reported to act as trans-

suppressor elements. The remaining nine elements, which have been shown to 

function as trans-activation elements upon Hox binding, all contain nucleotides other 

than G at this position. In this regard, it must be noted that the sequence 5’-ATTA is 

complementary to the core 5’-TAAT, hence the sequence 5’-GATTA is understood 

as 5’-TAATC. It is still unclear in what direction the Hox transcription factors would 

bind the ATTA core compared to the TAAT core in relation to direction of 
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transcription, and it is believed that they ultimately could bind in both directions, 

depending on the composition of flanking nucleotides. In this regard, no mammalian 

Hox binding element representing the ATTA sequence has thus far been characterised 

as functioning as a repressing element. Therefore, a repressing CATTA element can 

only be speculated.  
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5.5 CHAPTER DISCUSSION 
Based on the observations described above, it could be hypothesised that the 

Hox proteins generally are involved in regulating TATA-less promoters. However, 

with such a diminutive list of known direct Hox gene targets, it may only be 

speculated. On the other hand, the data reveals that the Hox proteins do interact with 

TATA-less promoters, many of which contain several potential SP1/GC-box 

elements. Interestingly, the Abd-B-like Hox members HoxA13 and HoxD13 have 

been shown to modulate transcription that is dependent on GC-box binding proteins, 

such as SP1 (Suzuki et al. 2003). In their studies, Suzuki et al showed that the Hox 

proteins interacts with the SP1 system that drives Bmp-4 promoter activity in a Hox-

DNA-binding independent manner. 

The potential co-operation between Hox and zinc-finger proteins in the 

regulation of gene promoters is an intriguing observation. Not only is the GC-box 

amongst the most common regulatory elements characterised thus far (Suzuki et al. 

2001), but the growing protein-family comprising the three-zinc-finger transcription 

factors (of which SP1 was the first identified member) are themselves implicated in 

the activation of a large number of genes (Philipsen and Suske 1999). Although 

beyond the scope of this review, the transcriptional specificity of the zinc-finger 

proteins show a complexity and diversity reminiscent of the Hox proteins, with the 

ability to both activate and repress target genes; recognise similar DNA motifs; 

compete for same target sites; and potentially act via unknown cofactors, as reviewed 

by Philipsen and Suske (1999). If indeed these two families of transcription factors 

should prove to act in unison in the transcriptional machinery, the complexity and 

potential vast number of regulated target genes could be enormous.  

As the promoter comparisons described yielded little in terms of common 

core- and proximal-promoter structures, the next step was to look at the identified 

Hox binding motifs in an effort to characterise base pair selections of various Hox 

proteins outside of the putative TAAT/ATTA motif. As described earlier, specific 

Hox-DNA interactions involve contacts by base pairs outside of the TAAT core via 

amino acid residues other than 3, 5, 47 and 51. Specifically, amino acid residue 50 

has been shown to interact with base pairs immediately 3’ of the TAAT core, with 

binding affinity affected by base pair composition (Catron et al. 1993; Pellerin et al. 
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1994). And, although residue 50 is a conserved Gln amongst the Hox proteins, the 

overall Hox-DNA structure is predicted to vary depending on the environment in 

which the Hox binding occurs. That is, the Hox-DNA structure will vary depending 

on whether the Hox proteins bind as monomers or through dimerisation with other 

proteins, and also potentially through uncharacterised co-activator and co-suppressor 

molecules.  

An initial thought was that the same binding motif could be utilised by several 

Hox proteins, and that they exerted a suppressing effect when bound as monomers, 

and a trans-activating effect when cooperatively bound with other cofactors. In light 

of the reviewed data obtained for these specific gene targets however, no such trend is 

observed. This does not exclude other yet uncharacterised cofactors or interfering 

molecules, but it is strongly suggested that the transcriptional specificity is obtained 

via other mechanisms, at least in part. Hence, it becomes evident that the base pairs 

flanking the canonical four-base Hox binding motif most likely are largely involved 

in specifying Hox transcriptional specificity. 

When concentrating on the characterised T(T/A)AT core and the flanking 

base pairs as given in Figure 5.5, no apparent selectivity is immediately observable 

for the trans-activating motifs. Catron et al (1993) report that a selected few 

homeodomain proteins prefer a T base at position 5 (refer to Figure 1.7), which was 

also found to be the case for several other Hox proteins in later studies, with the 

intriguing observation that only HoxA3 and HoxB4 tolerated a G at this same 

position in binding affinity assays (Pellerin et al. 1994). Also the four Hox motifs 

depicted herein contain a T at position 5, except the p21 HOXA10-activated motif, 

which has an A base at this position. In this respect, the p21 Hox motif is not a single 

Hox binding element, but rather contains two complementary, partially overlapping 

core elements; TAATTA (Bromleigh and Freedman 2000), early characterised as an 

optimal engrailed binding-sequence in Drosophila (Ades and Sauer 1994). 

Interestingly, it has been reported that the engrailed homeodomain is unable to 

distinguish between the two overlapping binding sites within this inversion-

symmetric sequence, and thus binds the TAATTA motif in more than one orientation 

(Draganescu and Tullius 1998). Unfortunately, the implications of the Hox proteins 

ability to bind to both a 5’-TAAT and a 5’-ATTA motif are not fully understood, and 
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questions concerning orientation-specific functionality are obvious, yet the answers 

are elusive.  

A paradox of Hox transcriptional specificity is the ability to both suppress and 

activate gene expression through similar DNA motifs. Still referring to Figure 5.5, the 

characterised Hox binding-motifs found to exert a suppressing effect upon Hox 

protein binding still contain the canonical T(T/A)AT core, and are located within the 

p21, OPN and EMX2 promoter regions. One obvious variable becomes evident 

however, with an apparent selectivity towards the nucleotide at position 5. Of the 

three suppressor-motifs, all contain a G at this position, whereas neither of the four 

T(T/A)AT activator-motifs does. Although it should be stressed that the present 

sample size is small, this thesis postulates a sequence-specific activator-suppressor 

switch determined by the immediate 3’ nucleotide flanking the canonical Hox binding 

motif, with a G exerting a suppressing effect for a selected number of Hox proteins.  

It is also speculated whether Hox binding to the complementary binding 

element 5’-ATTA would exert the same effects. In this regard, it is hard to specify 

which of the two flanking nucleotides that would necessary be a C. One could 

propose the sequence 5’-CATTA, where the Hox protein bind to the complementary 

strand, but also in a reverse position relative to direction of transcription. 

Alternatively, the sequence 5’-ATTAC could be proposed, as this would allow the 

bound protein to establish the same orientation respective of the TSS.  In regards to 

the list of characterised mammalian ATTA binding motifs sited in Figure 5.5, neither 

of the gene promoters are suppressed upon Hox binding, however they all contain 

nucleotides other than C at the positions in question. To my knowledge, there are no 

characterised mammalian Hox targets that have been shown to suppress expression 

via a ATTA-motif, making this prediction difficult. 

 There is one study where transcriptional repression by Hox proteins has been 

shown to occur via binding to a core ATTA motif, albeit these studies were 

performed in a non-mammalian system. Through in vitro studies, the Xenopus small 

GTPase Rap1 gene was shown to be a direct, negatively regulated target for HoxB4, 

mediated by a 3’UTR element GTGATTAAGTG (Morsi El-Kadi et al. 2002). Oddly, 

both of the two base pairs 5’ and 3’ of the core motif are identical to that seen to be 

bound by HoxB9 in the mouse N-CAM promoter, giving an octamer-motif 5’-
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TGATTAAG, which in the N-CAM model resulted in trans-activation upon protein 

binding (Jones et al. 1992). Although both of these studies were limited in their 

ability to closely scrutinize the actual protein-DNA binding complexes, it raises 

questions regarding how two cis-paralogous HoxB proteins can act specifically 

through identical DNA binding-motifs with opposite functional effects. Evolution 

could of course have imposed small differences in binding specificity of related Hox 

members in separate phyla, however there is no direct evidence through other studies 

that may explain this particular discrepancy. And even though HoxB4 and HoxB9 

encode structurally different proteins, their homeodomain-structures are strikingly 

similar. Hence, as DNA-specific binding by Hox proteins is foremost facilitated by 

the homeodomain, it could be speculated that there are uncharacterised molecules 

involved in any of these two protein-DNA interactions. Also of note is that a Xenopus 

HoxB9 protein facilitated the trans-activation observed for the mouse N-CAM gene.  

Finally, the element identified in XRap1 was located in the 3’ UTR, further raising 

questions whether this element is directly involved in transcriptional suppression, or 

if it is involved in mRNA stability or other inhibitory processes.  

As just reviewed, the list of identified Hox gene targets is very short, raising 

many questions regarding Hox functional specificity. To further appreciate how the 

Hox transcription factors are involved in determining cellular fate and potentially 

their involvement in cellular maintenance, more downstream targets need to be 

identified and subsequently characterised in terms of their own functional potential. 

Then, as may be recalled from Chapter 4, one potential addition to the short list of 

Hox target genes is SRrp130, which encodes a small SR protein containing conserved 

RS motifs typical for this family of RNA splicing proteins. In this regard, a more 

thorough analysis on this gene will be conducted in the following chapter to 

potentially elucidate whether it is indeed a direct Hox target or not. 

 

 

 

 

 149



CHAPTER 6     The Identification of a Novel Hox Gene Target 

 
 

CHAPTER 

6 
 

 

 
 
 

The Identification of a Novel  
Hox Gene Target 

 
 

 

 

 

 

 

 

 

 

 

 

 

 150



CHAPTER 6     The Identification of a Novel Hox Gene Target 

6.1 INTRODUCTION 
As mentioned repeatedly, the number of identified Hox downstream targets is 

small, and the need to characterise more is self-evident when making any effort 

towards understanding the functional specificity exerted by the Hox transcription 

factors both in development and the adult cell, as well as in carcinogenesis. Through 

preliminary studies presented in Chapter 4, a few potential target genes were 

identified, with a particular interest concerning a gene encoding a serine-arginine 

(SR) rich protein containing RS repeats characteristic of several pre-mRNA splicing 

proteins. Sequence analyses revealed that this gene had previously been isolated 

through yeast two-hybrid screening methods where it colocalised with the cell-

adhesion-related, nuclear protein pinin (Zimowska et al. 2003). This SR protein was a 

novel isolate, and was subsequently named SRrp130 by the same group, 

corresponding to the size of the protein (130kDa) and rp for related-protein, as it was 

further found to lack a canonical RNA recognition motif characteristic for the core 

members of the SR family. 

As reviewed in (Blencowe et al. 1999) and (Graveley 2000), both SR proteins 

and SR-related proteins play important functional roles in the pre-mRNA processing 

machinery. They are directly involved in pre-mRNA splicing, but also involved in 3’ 

processing and transport, as well as in the transcriptional machinery. In terms of the 

latter, TAXREB803, a protein with several RS-rich domains, is believed to cooperate 

with Tax (viral trans-activator protein) in trans-activating target genes (Youn et al. 

2003).  

Another intriguing aspect of SR protein expression and functionality is a 

postulated link to oncogenic transformations. Alternative mRNA splicing does 

account for some of the altered gene expression reported in cancer, and as such 

mRNA splicing proteins have received attention. In human breast cancer, both the 

estrogen receptor (ER) gene and CD44 show alternative splicing patterns (Hole et al. 

1997; Murphy et al. 1998; Huang et al. 1999), and in colon cancer alternative splicing 

of the MUC2 gene is reported (Sternberg et al. 2004), to mention just a few. And, 

although a potential link between SR proteins and reported altered mRNA splicing in 

malignant cells are yet to be determined, there are indications that they do play a 
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critical role, however they also most likely need regulatory input from other cellular 

factors (Pind and Watson 2003). 

With the potential inclusion of another Hox target gene to the list recited in 

Table 5.1, the studies in this chapter seek to determine if the SRrp130 gene is a 

downstream Hox target. Utilising transfection protocols and luciferase assays, the 5’ 

region of the SRrp130 gene will be analysed for putative Hox binding motifs, as well 

as potential promoter-regulation by specific Hox proteins. As very little is still known 

regarding regulation of the SRrp130 gene, these studies will also be the first 

concerning any characterisation of its promoter structures. 
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FIGURE 6.1: Overview of Experimental Design Employed for the Luciferase 

Reporter Assays 
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6.2 EXPERIMENTAL DESIGN 

6.2.1 Cell Line and Cell Culture 

For the transient transfections undertaken in this chapter, the human skin 

cancer cell line MM96L was chosen. Details of this cell line are outlined in Section 

2.1.1. Throughout the experiments, the cell line was cultured in RPMI 1640 growth 

medium (Invitrogen) supplemented with 10% FCS (Invitrogen) in a 37OC/5% CO2 

incubator until cells had reached approximately 80% confluency. Before transferring 

the cells to smaller wells used in the transfection experiments, they were detached 

with trypsin, pelleted by centrifugation and counted using a haemocytometer.  

 

6.2.2 Vector Constructs and Cloning Strategies 

Two full-length human HOX clones (HOXB4 and HOXD4) were utilised in 

the following transfection studies and were obtained and subsequently prepared as 

described in Section 4.2.2.  

 Several vector constructs containing various lengths of the SRrp130 5’ gene 

sequence were prepared and used in the luciferase assays described herein. The most 

5’ spanning region was that cloned into the pGL3.Basic- SRRp1025 construct, and 

the cloning strategy is outlined in Figure 6.2. In general, the putative transcription 

start site was determined as described in Section 6.3.1. An oligonucleotide pair was 

then constructed (SRRp.F/SRRp.R – Table 2.1.5) and the 5’ nucleotide sequence 

amplified by PCR using genomic DNA following the protocols outlined in Section 

2.4.2,13. The PCR product was subsequently subcloned into pGEM T-Easy (Section 

2.4.5-7 and 2.2.2-3)), and as the forward primer was designed to contain a SacI RE-

site and the reverse primer a BglII RE-site, these two restriction enzymes were used 

to digest the amplified fragment out of the pGEM T-Easy vector, which had been 

prepared as described in Sections 2.4.10. The fragment was finally re-ligated into the 

pGL3.Basic vector pre-linearised with SacI/BglII. The resulting pGL3.Basic-

SRRp1025 was finally sequenced utilising the pGL3-vector specific sequencing 

primer RVprimer3 with protocols described in Section 2.4.16. 
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FIGURE 6.2: Cloning Strategy for the SRRp1025 Promoter Construct. The figure 
depicts the cloning strategy utilised to create the pGL3.Basic-SRRp1025 promoter construct. 
Oligonucleotide annealing sites are underlined. Depicted in blue is the putative exon 1 of the 
SRrp130 gene, as described in Section 6.3.1. The initial fragment was PCR amplified from 
human genomic DNA and TA-cloned into pGEM T-Easy. Base-pair changes in the primers 
employed (red) allowed for subsequent RE digestion with SacI and BglII. The digested 
fragment was isolated and ligated into a pre-linearised pGL3-Basic vector. Successful 
cloning was confirmed by sequencing.  
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Another five constructs were PCR amplified and cloned into the pGL3-Basic 

vector as described for the pGL3.Basic-SRRp1025 construct. Figure 6.3 depicts the 

sequence and fragment size of the various promoter constructs prepared. These 

reporter constructs were prepared so that systematic deletions of the SRrp130 

promoter region could potentially reveal the minimal promoter sequence. One 

oligonucleotide pair was further designed to amplify a region contained within exon 1 

and thus 3’ of the putative TSS in order to further verify correct TSS prediction by 

EST-assemblies. Also a mutation-construct was prepared, introducing base pair 

changes into a core HOX ATTA motif located 18 base pairs 5’ of the putative TSS.  

 
FIGURE 6.3: Cloning Strategies for SRrp130 Promoter Reporter Constructs. The figure 
depicts the sequences that were PCR amplified and subsequently cloned into the pGL3.Basic 
vector. Specific oligonucleotides are underlined with coloured arrows, and the resulting 
amplification sizes are given to the right of the sequence-excerpts.  Note that SRRp.R was 
used as the reverse primer for all nucleotide pairs. Blue nucleotides correspond with the 
putative SRrp130 exon 1 and TSS, which is also graphically represented below the sequence. 
The gene structure (graphical) below the sequence represents the genomic SRrp130 structure 
as described in Section 6.3.1.  Note that the SRRp138mut oligonucleotide, although not 
depicted, anneals to the same sequence as SRRp138 (brown), but contains base pair changes 
over the ATTA element. For oligonucleotide sequences, refer to Table 2.4. 
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The SRRp.R oligonucleotide was used as the reverse primer for all 

oligonucleotide pairs. For easy subcloning into the pGL3.Basic vector construct, base 

changes were introduced within the oligonucleotide sequences. The SRRp.R 

oligonucleotide contains a BglII RE site, whereas SRRp.F, SRRp.F3, SRRpF4 and 

SRRp.F6 all contain a SacI RE site and finally SRRp.F5 an MluI RE site. Finally, the 

SRR.F5mut oligonucleotide (not depicted) also contains an MluI RE site. This last 

oligonucleotide overlaps the SRRp138 sequence but further introduces base pair 

changes around an ATTA site. 

 
 
6.2.3 Transient Transfections 

For transient transfection of the MM96L cell line, ≈130,000 cells were 

transferred to individual wells on a 24-well plate with 0.5ml serum free RPMI 1640 

growth medium (Invitrogen) supplemented with 10% FCS (Invitrogen). The cells 

were then incubated overnight in a 37OC/5% CO2 incubator until cells had reached 

90-95% confluency. After the overnight incubation, the cells were co-transfected with 

400-600ng expression vector DNA and 50ng Renilla vector (phRL-TK) utilizing 

LipofectAMINE (Invitrogen) as described in Section 2.5.1, and again allowed to 

incubate for 24 hrs before harvesting. Control MM96L cells were transfected with the 

‘empty’ pcDNA3 vector so as to subject the cells to similar condition. Two other 

vector constructs were also included in the transfections to serve as controls for 

subsequent analyses. The pGL3.Basic vector served as a negative control, as this 

construct has no promoter inserted in front of the luciferase gene. The pGL3.Control 

vector served as a positive control as it contains both a SV40 promoter and enhancer 

element driving luciferase expression. Harvested cells were subsequently utilized for 

the luciferase assays. 

 

6.2.4 Luciferase Assays 

Harvested transiently transfected cells were lysed at room temperature for 

30min on a shaker by adding 100µl Passive Lysis Buffer (Promega) to each well. The 

luminescence produced by each transfected construct was then measured using the 

Dual-Luciferase Reporter Assay System (Promega) according to the manufaturer’s 
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instructions. 20µl of each reaction were applied to a 96-well B&W isoplate (Wallac), 

and luminescence measures from the lysates using a WallacVictor2 1420 Multilabel 

Counter (Perkin Elmer). Alongside the luciferase activity measured from various 

reporter constructs, Renilla activity was also measured so that luciferase activities 

could be normalised in terms of transfection efficiencies.  

 

6.2.5 Bioinformatics 

The human SRrp130 gene sequence was originally obtained and analysed 

utilising the BLAST search engine (Section 2.6.1). The contig assembled from human 

expressed sequence tag (EST) overlapping clones was analysed to estimate 

transcription start site (TSS). The SRrp130 promoter region was further subjected to 

transcription factor binding site analyses utilising the MatInspector software tool 

(Section 2.6.3). In an effort to minimise non-specific putative binding motifs within 

the selected regions, the Matrix core-sequence similarities parameter was set to 90%. 

The data obtained was subsequently visually analysed, concentrating the search 

around selected common transcription factor binding sites. 
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6.3 RESULTS 
6.3.1 5’ Sequence Analysis of the SRrp130 Gene 

The human SRrp130 gene has previously been reported to be located on 

chromosome 6 and the coding sequence is archived under the GenBank accession 

number AF314184 (Zimowska et al. 2003). Using this sequence and 5’ flanking 

sequences from the human genome database as a template, expressed sequence tag 

(EST) overlapping clones were aligned utilising the BLAST search engine to identify 

the most 5’ spanning clone and thus estimate the transcription start site (TSS). The 

clone identified as most 5’ spanning is archived under the GenBank accession 

number BP194192, and is depicted in Figure 6.4. Of note is that this putative TSS is 

yet to be experimentally verified.  

As depicted in Figure 6.4, the 5’ UTR of SRrp130 was estimated to be 220bp, 

comprised of three contiguous sequences interspersed over more than 10,000 base 

pairs 5’ to translation start site (ATG). Hence, the sequence 5’ of the putative TSS 

was analysed further for promoter structure and activity. In addition, a region 

spanning 850bp immediately upstream from exon 2 was also cloned and subsequently 

analysed for promoter activity. Although this is in retrospect a redundant inclusion to 

the experimental set-up, earlier EST analysis had mapped the putative TSS to the start 

of exon 2. Later analyses however, with a more complete set of EST fragments 

available, mapped the gene further 5’, now including an additional exon some 

9,000bp further 5’, as depicted in Figure 6.4. Hence, as this construct had already 

been made, it was included in the initial luciferase assays simply to act as an 

additional negative control.  
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FIGURE 6.4: The 5’ UTR Region for SRrp130. The SRrp130 genomic structure as 
predicted utilising BLAST and the human genome databases. The predicted 5’ UTR is 
depicted in blue, whereas red depicts the start of the open reading frame. The highlighted 
sequence represents the most 5’ spanning EST-clone aligned with the genomic sequence. 
First base pair of sequence corresponds with putative TSS.  
 
 
6.3.2 Promoter Reporter Constructs 

In all, seven reporter constructs were prepared for subsequent transfection and 

luciferase studies analysing a potential SRrp130 promoter trans-activation by Hox 

proteins. The pGL3.BasicSRRpInt vector construct contains a 850bp sequence insert 

corresponding to a region between exon 1 and exon 2 (refer to Figure 6.4). The 

remaining six constructs are graphically depicted in Figure 6.5, which shows their 

relative insert-lengths in relation to the SRrp130 promoter. All constructs were named 

according to the original size of the PCR amplified promoter sequence, hence 

pGL3.Basic-SRRp400 is comprised of a 400bp insert corresponding to the sequence 

5’ of base pair +108 (relative to TSS) of the human SRrp130 gene cloned into the 

pGL3.Basic luciferase vector, minus the flanking base pairs lost during restriction 

enzyme digest and subcloning steps.  

As visual analysis of the SRrp130 promoter sequence revealed potential Hox 

recognition motifs (TTATTATTA) 20bp upstream from the putative TSS, three 

oligonucleotide pairs were constructed to amplify regions in close proximity to this 

element (refer to Figure 6.3). Both SRRp.F4/SRRp.R and SRRp.F5/SRRp.R will 

include the Hox motif, whereas SRRp.F6/SRRp.R will not. Finally, a mutation 

construct was prepared introducing base pair changes within the postulated Hox 

binding element (Primer pair SRRp.F5mut/SRRp.R). All clones were successfully 

constructed and verified with final sequencing analyses (data not shown). 
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FIGURE 6.5: Graphical Representation of Cloned Vector Constructs. The figure shows 
the PCR amplified regions of the SRrp130 promoter that were PCR amplified and subcloned 
into the pGL3.Basic vector. Depicted in blue is the putative 1st exon, whereas the gray 
columnar extensions represent additional 5’ promoter sequences that were subcloned into 
pGL3.Basic vector. Note that the last construct (pGL3.Basic-SRRp138mut) is identical in 
size and region amplified as that of the 3rd last (pGL3.Basic-SRRp138) construct, except base 
pair changes have been introduced within a canonical Hox binding motif, ATTA.  

 

 

6.3.3 Initial Screening for Basic SRrp130 Promoter Activity 

Initially, the two longest vector constructs pGL3.Basic-SRRp1025 and 

pGL3.Basic-SRRpInt were analysed for in vitro promoter activity utilising the 

Luciferase protocols. The pGL3.Basic-SRRp1025 reporter construct is schematically 

represented in Figure 6.5 and contains approximately 1000bp of the SRrp130 promter 

region immediately 5’ of the putative TSS. The pGL3.Basic-SRRpInt reporter 

construct contains an 800bp insert corresponding to the region immediately 5’ of 

exon 2 of the SRrp130 gene. The promoter constructs were transiently transfected 

into the human cancer cell line MM96L following protocols outlined in Section 2.5.1.  

As this initial experiment only aimed at verifying whether or not the two 

vector constructs showed basic promoter activity, one experiment for each construct 

was set up in triplicate reactions. Further verification was deemed unnecessary at this 

stage, as these reactions would be performed as internal controls on subsequent 

transfection studies if promoter activity was detected.  

 Table 6.1 show the results obtained, indicating that the pGL3.Basic-

SRRp1025 construct indeed contains promoter elements, whereas no activity was 
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detected for the pGL3.Basic-SRRpInt construct. Measured luciferase activities shows 

that the pGL3.Basic-SRRp1025 activity is similar to that measured for the 

pGL3.Control vector construct, but yet significantly higher than basic background as 

measured by the inclusion of the pGL3.Basic vector construct.  The pGL3.Basic 

vector construct was included in all experiments and luciferase values of other 

constructs only accepted where they were significantly higher than the detected 

background noise.  

 

 Relative Luciferase 
activity 

  Relative Luciferase 
activity 

     

pGL3.Basic 141 ± 1  pGL3.Basic 267 ± 71 
pGL3.Control 3345 ± 47  pGL3.Control 12922 ± 647 
SRRp1025 6561 ± 356  SRRpInt 146 ± 11  
 
TABLE 6.1: Relative Luciferase Activity for SRRp1025 and SRRpInt in the MM96L 
Cell Line. Relative luciferase activity represents luciferase output normalised against Renilla 
output. The Renilla vector construct phRL-TK was co-transfected in all reactions to 
determine transfection efficiencies.  
 
 
6.3.4 Initial Screening for trans-Regulatory Effects of Hox Proteins on the 

SRrp130 Promoter 

As the above results showed basic promoter activity for the amplified region 

contained in the pGL3.Basic-SRRp1025 vector construct and not for the sequence 

contained within the pGL3.Basic-SRRpInt vector construct, the SRRp1025 region 

was further analysed for potential trans-regulatory effects by HOXB4 and HOXD4. 

The SRrp130 gene was initially identified by differential display on HOXB4 over-

expressing cells, however since Hox trans-paralogs are known to show overlapping 

functionality, HOXD4 was also included in the assays.   

As described in the methods section, MM96L cells were transiently 

transfected with the various constructs and harvested 24hrs post-transfection. 

Transfection efficiencies were monitored by the inclusion of the Renilla control 

vector, and the data presented herein are relative luciferase activities calculated by 

normalising the raw data against Renilla activity. Table 6.2 lists the relative luciferase 

activities for the pGL3.Basic-SRRp1025 vector construct in MM96L cells transfected 

with HOXB4, HOXD4 and ‘empty’ pcDNA3 vector. Figure 6.6 depicts the average 
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luciferase activities of pGL3.Basic-SRRp1025 over the separate runs, including error 

bars indicating standard deviations of obtained data. Evidenced by the data reported, 

HOXB4 has no apparent trans-regulatory effect on the pGL3.Basic-SRRp1025 

promoter construct, as it shows the same relative luciferase activity as that obtained 

when co-transfecting the MM96L cells with an empty pcDNA3 vector. On the other 

hand, a 3.5-fold induction of luciferase activity is observed for the pGL3.Basic-

SRRp1025 construct when co-transfected with HOXD4.  

 

Run 1 Relative Luciferase activity 

 pcDNA3 HOXB4 HOXD4 
 

PGL3.Basic 180 ± 12   
pGL3.Control 11412 ± 313   
SRRp1025 20899 ± 3913 22994 ± 6079 67162 ± 728 
 

Run 2 Relative Luciferase activity 

 pcDNA3 HOXB4 HOXD4 
 

PGL3.Basic 216 ± 9   
pGL3.Control 10123 ± 207   
SRRp1025 15820 ± 7125 22784 ± 2974 61507 ± 264 
 
TABLE 6.2: Relative Luciferase Activity for SRRp1025 in HOXB4 and HOXD4 
Transfected MM96L Cells. Reported data are relative luciferase outputs, calculated by 
normalising luciferase values with Renilla values obtained through co-transfections. The 
individual values for each run represent the mean of triplicate reactions. 
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FIGURE 6.6: Relative Luciferase Activity for SRRp1025 in HOXB4 and HOXD4 
Transfected MM96L Cells. Graphical representation of the mean relative luciferase 
activities measured for the pGL3.Basic-SRRp1025 vector construct co-transfected into 
MM96L cells with HOXB4, HOXD4 and an ‘empty’ pcDNA3 vector. Error bars represent 
standard deviation between the two runs (where each reaction was set up in triplicates).  
 
 
 
6.3.5 Further Analyses of the trans-Regulatory Effects of Hox Proteins on the 

SRrp130 Promoter 

After having shown that the nucleotide sequence from base pairs +104 to       

– 909 relative to the TSS of SRrp130 is trans-activated when co-transfected into 

MM96L cells with HOXD4, further shortening of the promoter sequence was 

performed. Another four vector constructs were prepared as described in the methods 

section, and were of variant length spanning 5’ from the TSS (+104) nucleotide. The 

constructs were pGL3.Basic-SRRp400, pGL3.Basic-SRRp186, pGL3.Basic-

SRRp138 and pGL3.Basic-SRRp102, where the numerical value denotes original 

PCR amplified insert size. These constructs were co-transfected into MM96L cells 

with HOXD4 and the luciferase activity measured as already described. 

Depicted in Table 6.3A/B are the relative luciferase values obtained, showing 

that three out of the four constructs are trans-activated in the in vitro set-up. Reported 
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values are relative luciferase output calculated by normalising the raw data against 

Renilla activity. The only construct not showing any activity is pGL3.Basic-

SRRp102, which contains a sequence that solely resides within the putative exon 1 of 

SRrp130 (Figure 6.5). Figure 6.7 depicts relative fold induction of the various 

promoter constructs by HOXD4. pGL3.Basic-SRRp400 shows 3.23 ± 0.52 fold 

induction, pGL3.Basic-SRRp186 2.97 ± 1.08 fold induction and pGL3.Basic-

SRRp138 3.96 ± 0.54 fold induction.  

 
 

Run 1 Relative Luciferase activity 

 pcDNA3 HOXD4 
 

pGL3.Basic 175 ± 28  
pGL3.Control 2585 ± 231  

SRRp400 1447 ± 89 4848 ± 407 
SRRp186 1960 ± 172 5642 ± 207 

 

Run 2 Relative Luciferase activity 

 pcDNA3 HOXD4 
 

pGL3.Basic  204 ± 10  
pGL3.Control 2697 ± 199  
SRRp400 1409 ± 62 4364 ± 456 
SRRp186 1597 ± 170. 4931 ± 124 

 
TABLE 6.3A: Relative Luciferase Activity for SRRp400 and SRRp186 in HOXD4 
Transfected MM96L Cells. Reported data are relative luciferase outputs, calculated by 
normalising luciferase values with Renilla values obtained through co-transfections. The 
individual values for each run represent the mean of triplicate reactions. 
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Run 1 Relative Luciferase activity 

 pcDNA3 HOXD4 
 

pGL3.Basic 156 ± 20  
pGL3.Control 1311 ± 82  
SRRp138 1962 ± 232 7066 ± 485 
SRRp102 no activity no activity 

 

Run 2 Relative Luciferase activity 

 pcDNA3 HOXD4 
 

pGL3.Basic 184 ± 12  
pGL3.Control 983 ± 13  
SRRp138 1365 ± 55 5922 ± 1484 
SRRp102 no activity no activity 

 

TABLE 6.3B: Relative Luciferase Activity for SRRp138 and SRRp102 in HOXD4 
Transfected MM96L Cells. Reported data are relative luciferase outputs, calculated by 
normalising luciferase values with Renilla values obtained through co-transfections. The 
individual values for each run represent the mean of triplicate reactions. 
 
 
 

 
FIGURE 6.7: Fold Induction of SRrp130 Reporter Promoter Constructs by HOXD4. 
Represented are the in vitro fold-inductions of various SRrp130 reporter promoter constructs 
induced by HOXD4 when co-transfected into MM96L cells. Fold-induction is measured as 
promoter-driven luciferase output upon HOXD4 induction relative to basal promoter activity. 
Note that the pGL3.Basic-SRRp102 reporter construct showed no basal activity. 
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6.3.6 Mutational Analysis of Postulated HOX Binding Element Within the 

SRrp130 Promoter Region 

As the pGL3.Basic-SRRp138 reporter construct showed promoter activity as 

described in the previous section, focus was centred around the short sequence 

spanning only 28bp upstream from the putative TSS. Sequence analyses had already 

revealed a potential HOX binding element within this region, and is indicated in 

Figure 6.8. In order to further analyse if this short sequence contained an active HOX 

element, a reporter construct was prepared introducing base pair changes within the 

core TTATTATT sequence. The actual base pair changes are indicated in Figure 6.8. 

Apart from these base mutations, the reporter construct is identical to the 

pGL3.Basic-SRRp138 reporter construct that previously showed a 3.5-fold induction 

over basal promoter activity. 
 
 

 
FIGURE 6.8: Base Pair Substitutions in the pGL3.Basic-SRRp138mut Reporter 
Construct. The genomic SRrp130 sequence is depicted on top, with the two reporter 
constructs pGL3.Basic-SRRp138 and pGL3.Basic-SRRp138mut aligned below. Original 
base pair substitutions introduced to create an MluI RE site is depicted between the genomic 
sequence and pGL3.Basic-SRRp138 (Dotted lines). The dotted lines between the two 
pGL3.Basic-SRRp138 constructs indicates base pair substitution. The sequence within the 
red box is the postulated HOX binding element containing the core ATTA. The blue 
horizontal columns span further 3’ than the depicted SRrp130 genomic sequence. The A 
nucleotide 14 bases 3’ of the MluI site was introduced by error when designing 
oligonucleotides for the cloning steps.  This should be addressed in further studies. 
 

Both the pGL3.Basic-SRRp138 and pGL3.Basic-SRRp138mut reporter 

constructs were co-transfected into MM96L cells with HOXD4 and luciferase activity 

measured following protocols outlined in Section 2.5.1.  Depicted in Table 6.4 are the 

relative luciferase values obtained, again showing more than 3-fold induction of the 

pGL3.Basic-SRRp138 reporter construct, but with no luciferase activity over basal 

levels for the pGL3.Basic-SRRp138mut reporter construct. Apart from not being 
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induced by HOXD4, the pGL3.Basic-SRR138mut construct showed no basal 

promoter activity, inferring that there are crucial core promoter elements affected by 

the base mutations in this construct. As the mutated region is the only core HOX 

element present in the short sequence cloned into the reporter constructs, it may be 

postulated that the HOX element overlaps with another essential element necessary to 

drive basal promoter activity, as will be discussed in the chapter discussion.  

Another potential explanation to the observed abrogation of basal promoter 

activity upon mutations within the TTATTATT element other than this being an 

overlapping core promoter element, could be that the SRrp130 promoter is inactive in 

the absence of HOX transcription factors; that is, endogenous HOX proteins in the 

MM96L cells ‘drive’ SRrp130 basal activity. Again, this could explain the observed 

upregulation of SRrp130 promoter activity when subjected to exogenous HOX 

proteins. In this regard, trans-activation of the SRrp130 promoter by upregulated 

HOXD4 levels may be seen as causing hyperactivation of the HOX-dependent 

SRrp130 promoter.  
 
 

Run 1 Relative Luciferase activity 

 pcDNA3 HOXD4 
 

pGL3.Basic 283 ± 100  
pGL3.Control 2051 ± 172  
SRRp138 990 ± 56 2951 ± 361 
SRRp138mut no activity no activity 

 

Run 2 Relative Luciferase activity 

 pcDNA3 HOXD4 
 

pGL3.Basic 256 ± 79   
pGL3.Control 1875 ± 24  
SRRp138 1174 ± 53 4092 ± 182 
SRRp138mut no activity no activity 

 
TABLE 6.4: Relative Luciferase Activity for SRRp138 and SRRp138mut in HOXD4 
Transfected MM96L Cells. Reported data are relative luciferase outputs, calculated by 
normalising luciferase values with Renilla values obtained through co-transfections. The 
individual values for each run represent the mean of triplicate reactions. 
 
 
 

 168



CHAPTER 6     The Identification of a Novel Hox Gene Target 

 

 
FIGURE 6.9: Relative Luciferase Activity for SRRp138 and SRRp138mut in HOXD4 
Transfected MM96L Cells. Graphical representation of the mean relative luciferase 
activities measured for the pGL3.Basic-SRRp138 and pGL3.Basic-SRRp138mut vector 
constructs co-transfected into MM96L cells with HOXD4 and ‘empty’ pcDNA3 vector. Error 
bars represent standard deviation between the two runs (where each reaction was set up in 
triplicates).  
 
 
6.3.7 Bioinformatic Analysis of the SRrp130 Promoter Region 

Utilising Genomatix (Suite 3.2.0) software tools, the SRrp130 promoter 

region (as predicted in Section 6.2.1) was analysed for common promoter elements. 

The sequence containing nucleotides between –1000bp and +300bp relative to the 

TSS was scanned for promoter elements using MatInspector with Matrix core-

sequence similarities set to 90%. The analysis concentrated on a few selected 

common promoter elements as previously described in Chapter 5. 

Of the selected few binding elements searched for, relatively few were present 

in the specified SRrp130 promoter region. There are no SP1/GC-box elements, and 

although activator protein elements are present, they are located more than 200bp 

away from the TSS. Furthermore, the CAAT-box represented in Figure 6.8 is 

downstream of putative TSS and in a reverse orientation, hence irrelevant in terms of 
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SRrp130 putative core promoter. Two TATA-boxes are present, with one 

approximately –200bp relative to TSS and the other at approximately -900, and are 

therefore unlikely to be functioning in this capacity. Finally, there are overlapping 

putative Hox binding elements starting at 20bp upstream from TSS. The element in 

question is 5’-TTATTAT, which is composed of several overlapping Hox binding 

motifs. Starting 5’ it contains TTAT, ATTA and TTAT, where underscore indicates 

overlapping nucleotides. Furthermore, the sequence ATTA can also be read TAAT on 

the minus strand and is known to be a target for several Hox proteins, as outlined in 

Chapter 5. 

FIGURE 6.10: Selection of Transcription Factor Binding Elements in the Promoter 
Regions of SRrp130. Diagrammatic representation of putative transcription factor binding 
motifs of the 5’ region of the SRrp130 gene.  Putative transcription start site (TSS) are 
denoted +1, and the sequences spans approximately –1000bp to +300bp relative to TSS. A 
postulated Hox element is denoted with a vertical (yellow) arrow. The representative gene 
sequence is depicted below the diagrams, and the identified promoter elements are underlined 
with colours corresponding to diagrammatic denotations. The sequence highlighted in blue is 
exon 1, as previously described (Figure 6.3). 
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6.4 CHAPTER DISCUSSION 
It is clear that Hox proteins act as transcriptional regulators from early 

development through to the established adult cell. Functional specificity is obvious by 

a large number of catalogued homeotic transformations in transgenic animal models, 

and although their role in the fully differentiated cell remains elusive, there are strong 

suggestions that they are involved in key regulatory circuits. Studies on human 

cancers have further strengthened this view as dysregulated Hox expression is 

frequently reported.  

Hox transcription factors have been postulated to directly transcriptionally 

regulate a large number of downstream genes, with an exponentially regulatory effect 

further downstream. Oddly however, very few direct targets have thus far been 

characterised. Only a handful Hox gene targets are known, and they vary greatly in 

both sequence and functionality. Hence, either the scientific community has grossly 

miscalculated the potential number of direct target genes, or Hox transcriptional and 

functional specificity is particularly difficult to decipher. 

Through the studies described in this chapter, it has been shown that HOXD4 

transcriptionally regulates the SR-related protein SRrp130 in vitro. This is the first 

reported target gene for HOXD4, and also the first reported link between Hox 

transcriptional regulation and SR-related pre-mRNA splicing proteins. It offers some 

intriguing speculations regarding Hox functionality in the normal metazoan cell, as 

well as new potential insight into the postulated involvement of Hox genes in 

malignant transformations.  

The sequence 5’ of SRrp130 TSS necessary for basic promoter activity was 

mapped to a surprisingly short sequence of 20bp. This observation raises questions 

regarding the putative TSS as reported herein. Most contiguous expression sequence 

tags (EST’s) map the TSS to approximately 65bp 3’ of this putative TSS, however 

further evidence is needed to fully conclude the exact TSS of SRrp130. In this regard, 

TATA-less promoters are generally heterogenous in terms of transcription start sites, 

often yielding numerous TSS positions. Therefore, although one clone has mapped 

the 5’UTR to the reported position, in many instances the actual TSS could be 

positioned further 3’. Lack of promoter activity for the pGL3.Basic-SRRp102 

reporter construct however, may restrict how far 3’ the putative TSS can be located. 
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Alternatively, there may be other unidentified activator sequences 3’ of the reported 

putative TSS that show little to no activity in the MM96L cells due to absence of as 

yet unidentified activators, which themselves can be expressed in a tissue-specific 

manner.  

Another striking observation was that base pair substitution within the 

postulated HOX binding element ATTA at position –18 to –14 relative to TSS not 

only abolished HOXD4 induced promoter activity, but also basal promoter activity. 

There are other reports describing overlapping binding elements within core 

promoters however, and could be a potential explanation to the observed data. For 

instance, the human osteocalcin gene has been shown to contain two overlapping 

binding elements within the core promoter, where the glucocorticoid receptor (GR) 

motif overlaps a non-canonical TATA-box (Meyer et al. 1997). Through their studies, 

these researchers propose a model in which competitive DNA binding of GR and 

TATA-binding protein (TBP) for overlapping binding sites exert conditional 

repression of the osteocalcin gene by glucocorticoids. Therefore, these aspects need 

to be further studied in the SRrp130 gene to separate the core promoter elements and 

the HOX inducible binding elements.  

In this regard, it may also be postulated that the reported HOXD4 recognition 

sequence is indeed a non-canonical TATA element. Although the sequence 

TTATTATT contains overlapping HOX recognition sites, the fact that introduced 

mutations to this fragment abolished not only HOXD4-induced trans-activation, but 

also basal promoter activity, it becomes plausible that this element may act as a 

TATA element. Such a hypothesis is further strengthened by the fact that the element 

is located approximately 20bp upstream from the putative TSS, which is also 

consistent with a TATA box.  And although the canonical TATA box is reported to 

be 5’-TATAAA, several variations to this sequence are known to function as TATA 

elements within core promoters, which is directly linked to the fact that TBPs bind 

DNA via the minor groove, and hence less specificity to nucleotides are observed 

compared to proteins interacting with DNA via the major groove.  

In regards to the above observations, the data may be explained by any one of 

three models. Firstly, the SRrp130 promoter have no basal activity in the absence of 

HOX trans-activators, and the observed HOXD4-induced trans-activation is due to 
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hyperactivation of the promoter in response to exogenous HOX proteins. Secondly, 

as reported to be the case for the glucocorticoid receptor by Meyer et al (1997), the 

SRrp130 promoter contains overlapping HOX and TATA elements, providing an 

additional dimension of transcriptional regulation. Thirdly, the reported element is 

indeed a non-canonical TATA element, and the observed trans-activation of the 

promoter by HOXD4 is indirect. That is, there are no recognition sequences targeted 

specifically by HOX proteins, however HOXD4 could potentially act via non-HOX-

DNA binding mechanisms, interacting with other yet unidentified proteins in the 

cellular environment.  

The eukaryotic pre-mRNA processing machinery requires a large number of 

proteins that contain domains rich in alternating serine and arginine residues, termed 

RS domains (Blencowe et al. 1999). RS domain proteins form a growing superfamily 

of related proteins, and are typically divided into two groups. The first group, the SR 

proteins, are all structurally and functionally related and contain an N-terminal RNA-

binding domain that interacts with pre-mRNA (Graveley 2000). SR-related proteins 

are structurally and functionally distinct from the SR proteins as they lack the RNA 

binding domain, however they generally contain RS domains (Yang et al. 2004). The 

common denominator for all of these proteins is their functional involvement in pre-

mRNA processing, although through diverse mechanisms.  

As characterised by Zimowska et al (2003), SRrp130 encodes a SR-related 

protein with several RS repeats in the C-terminal portion and further shows strong 

homology with another SR-related protein, the rat SRrp86 splicing regulatory protein 

(Barnard and Patton 2000). Although SRrp130 most likely is not the human homolog 

of rat SRrp86 (Zhang et al. 2002), the high homology between human SRrp130 and 

the rat SRrp86 C-terminal peptide sequence could indicate similar in vivo 

functionality. SRrp86 is in itself unable to affect alternative splicing patterns, but 

capable of both activating and repressing SR protein activity by direct protein-protein 

interactions with all known core SR proteins as well as several other splicing 

regulatory proteins (Barnard et al. 2002; Li et al. 2003). In fact, the general mode of 

action for SR-related proteins in mRNA biogenesis seems to be a mediating one, 

operating at multiple steps in the pre-mRNA processing machinery from splice-site 

selection through to RNA transport (Blencowe et al. 1999). 
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The functional importance of SR and SR-related proteins in the metazoan 

cells is obvious, as nearly all eukaryotic genes contain introns that must be precisely 

removed for proper translation of functional proteins (Hastings and Krainer 2001). 

Furthermore, more than 60% of all genes in higher eukaryotes have been estimated to 

resort to alternative splicing as a means of generating multiple gene products from a 

single gene (InternationalHumanGenomeSequencingConsortium 2001). Also, defects 

in pre-mRNA biogenesis has been linked to the cause of several diseases, including 

cancer (Philips and Cooper 2000; Stoilov et al. 2002; Kalnina et al. 2005). 

In terms of pre-mRNA processing and cancer, alternative splicing as been linked 

to several neoplastic conversions caused by changes is trans-acting factors (Philips 

and Cooper 2000 and references therein). Also, a progressive alteration in expression 

of several SR protein members has been observed in mouse mammary gland tumour 

progression, with an additional correlation between alternative CD44 mRNA-splicing 

and the expression of various SR proteins (Stickeler et al. 1999). What is of particular 

interest is the emerging notion that altered splicing in cancers is the result of changes 

in general splicing factors rather than cell-specific splicing factors.  

Even though much is known regarding the functionality of SR and SR-related 

proteins in pre-mRNA processing, much less is known about what regulates these 

splicing factors themselves, both pre- and post-translation. Therefore, the discovery 

that Hox proteins may be involved in the transcriptional regulation of at least SR-

related proteins not only adds to our understanding of Hox functional specificity, but 

also adds another dimension to the regulation of pre-mRNA biogenesis. It must be 

noted however, that expression studies in human breast and skin cancer cell lines 

revealed no correlation between dysregulated HOXD4 expression and SRrp130 

expression, as reported in chapter 4. Apart from the non-malignant human skin 

fibroblast (HSF) cell line, all other samples showed a relatively constant SRrp130 

transcript level.  

Several models can explain the observation that SRrp130 gene expression is 

relatively constant in contrast to dysregulated Hox expression, including HOXD4. 

Firstly, the trans-regulatory effect exerted onto the SRrp130 gene by HOXD4 in vivo 

requires additional regulatory factors that somehow counteract the potential trans-

activating potential in the current system. Also, as discussed in previous chapters, 
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functional complementation amongst the Hox proteins could explain these 

observations, as it is the overall expression pattern of the entire Hox complex that 

potentially dictates the transcriptional and functional specificity of the Hox genes in 

both space and time.  

Another plausible explanation to the observed expression patterns rest on the 

fact that Hox functional specificity has proven extremely difficult to elucidate. This 

could in turn indicate that the immediate trans-effect by Hox transcription factors in 

many instances is very subtle and difficult to identify with our current biomolecular 

techniques. Therefore, as the Hox proteins most likely exert their regulatory effects 

from high up in the regulatory hierarchy, these subtle inputs could expand in 

functional potential further downstream by a ‘regulatory domino effect’. By its very 

nature this model is almost impossible to empirically verify. However, in view of 

what we know thus far concerning Hox transcriptional and functional specificity, it is 

far from unlikely.  

As mentioned, SRrp130 is the first reported (potential) direct gene target for 

HOXD4. In fact, relatively little is known about HoxD4 function. Upstream 

regulators have been identified, and the regulatory effects of HoxD4 by retinoic acid 

are well established, including the identification of functional RA enhancer elements 

(Morrison et al. 1996; Folberg et al. 1997; Folberg et al. 1999a; Folberg et al. 1999b; 

Zhang et al. 2000; Nolte et al. 2003). In mammalian embryogenesis, HoxD4 is 

expressed in the central nervous system (CNS) and in the mesodermal tissues, 

specifying anterior borders between somites 4 and 5 and between rhombomeres 6 and 

7 (Featherstone et al. 1988; Horan et al. 1995a; Morrison et al. 1997; Rastegar et al. 

2004). However, the subsequent molecular mechanisms involved in functional 

specification by the expressed HoxD4 gene remain somewhat elusive.  

In non-mammalian organisms some targets have been identified, however this 

does not automatically mean that the mammalian orthologs function similarly in 

mammals, but does not rule it out either. In C.elegans, the HOXD4 paralogous gene 

LIN-39 repress the expression of the type I membrane protein EFF-1 (Shemer and 

Podbilewicz 2002), which itself is essential for cell fusion during development 

(Mohler et al. 2002), and thus stimulate cell proliferation. In Drosophila, the HoxD4 

ortholog Deformed (Dfd) has recently been linked to apoptotic pathways necessary 

 175



CHAPTER 6     The Identification of a Novel Hox Gene Target 

for developing proper head morphology (Lohmann et al. 2002). In a fascinating 

study, Lohmann et al (2002) showed how apoptosis is an integral part of Drosophila 

development where programmed cell death is part of the complex machinery 

sculpturing the various tissues. Evidently, a direct regulation of the apoptosis-

activator gene reaper (rpr) by Dfd is sufficient to maintain segment boundaries in the 

fruit-fly, as further discussed by others (Alonso 2002; Huh and Hay 2002). 

HoxD4 is believed to recognise and bind to the putative TAAT/ATTA element 

and trans-regulate its target genes (refer to Figure 5.3). The most likely binding 

element identified in these studies correspond with this sequence as there is an ATTA 

motif located at base pairs –18 to –15 relative to the estimated SRrp130 TSS. 

Furthermore, both the 5’ and 3’ flanking nucleotides are TT, giving the sequence 

TTATTATT, which corresponds with the postulated flanking nucleotide specificity 

utilised for an activator-/repressor-switch as postulated in chapter 5. This postulate 

put forward the notion that a G at the first 3’ flanking nucleotide of the four base pair 

core motif TAAT (and C for the ATTA complementary sequence) dictates a 

repressing trans-regulatory effect. As HOXD4 was shown to trans-activate the 

SRrp130 gene, this model would necessary specify an A, T or G nucleotide flanking 

the ATTA core, which is what is observed for the SRrp130 promoter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 176



CHAPTER 7     Final Discussion 

 
 

CHAPTER 

7 
 

 

 
 
 

Final Discussion 
 

 

 

 

 

 

 

  

 

 

 

 

 

 

 177



CHAPTER 7     Final Discussion 

7.1 OVERVIEW OF MAJOR RESULTS 

The main results detailed throughout this thesis are summarised below: 
 
♣ Quantitative real-time PCR experiments revealed that HOX gene expression is 

dysregulated in human skin and breast cancer cell lines compared to non-

malignant phenotypes. All 20 HOX genes analysed over several cell lines 

varying in malignant phenotypes from well-differentiated, non invasive cells 

through to poorly differentiated, highly invasive cells showed altered expression 

patterns. This indicates both a dysregulated HOX expression in malignant 

phenotypes, as well as a potential cell-specific expression pattern dictated by the 

original cell phenotype. 

 
♣ The HOX cofactors PBX and MEIS showed a relatively constant expression 

level across various malignant and non-malignant cells independent of HOX 

expression patterns, indicating that it is the HOX proteins rather than their 

cofactors that determines cellular fate.  

 
♣ The HOX transcription factors have high trans-regulatory potency, potentially 

both trans-activating and repressing a large number of downstream target genes 

from disparate systems. Through analytical approaches carried out on reported 

target genes, this thesis further predicts an activator-/repressor-switch amongst 

the Hox proteins, partially determined by flanking nucleotides to the canonical 

four-base Hox binding element. 

 
♣ A bioinformatics approach which involved analysing all mammalian promoters 

identified thus far of being involved in Hox trans-regulation revealed that they 

are all TATA-less promoters, with otherwise great variety in terms of other 

well-characterised promoter elements, including GC-boxes and CAAT-boxes, as 

well as positioning of the Hox binding elements in relation to putative TSS. 
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♣ Potential novel HOX downstream targets were identified through differential 

display experiments. These experiments further indicate that Hox proteins may 

be involved in the transcriptional regulation of SR-related pre-mRNA splicing 

proteins. 

 
♣ SRrp130, a gene encoding a novel SR-related protein, is very likely a direct 

transcriptional target for HOXD4. In vitro studies showed a 3.5-fold induction 

of SRrp130 promoter activity by HOXD4 potentially via a short sequence 

containing the putative Hox binding element ATTA.  
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7.2 DISCUSSION 
7.2.1 Hox Genes and the Cancer Connection 

The potential involvement of Hox genes in cancer development and 

progression has gathered momentum in recent years. A large number of research-

papers have been published on the matter, ranging from expression analyses in 

cancerous cells and tissues to functional experiments. Little over a year ago, a 

commentary entitled “HOX Genes: Emerging stars in cancer” was published (Chen 

and Sukumar 2003a) in response to the HOX expression studies described in Chapter 

3 (Svingen and Tonissen 2003) where they make the observation that no single Hox 

gene is uniformly mis-expressed across all cancers, and no obvious expression pattern 

of the Hox cluster is prevalent between various malignancies. Hence, it is concluded 

that both the expression and function of Hox genes in human malignancies are tissue-

specific. This is not surprising considering the boundary specific expression of Hox 

genes during metazoan development.  

At the commencement of the Hox expression studies reported herein, no 

equivalent studies had been undertaken with regards to human breast and skin 

cancers. Before completion however, Cantile and co-workers (2003) reported a 

dysregulated HOX expression in primary breast tumours compared to normal tissues, 

with the observation that most mis-expressed genes were located on either the 3’ or 5’ 

end of the HOX clusters, meaning that the more central HOX genes showed similar 

expression patterns between normal and neoplastic tissues. Although the reported 

expression patterns between the cell lines and primary tumours as reported by these 

two studies did not correspond completely, some HOX genes (HOXA4, HOXB13, 

HOXC13, HOXD3 and HOXD13) showed a similar trend of being up-regulated in 

both primary tumours and malignant cell lines, whereas HOXB3 is down-regulated in 

most samples.   

Perhaps the most striking feature of the observed HOX expression patterns in 

human breast cancers is the apparent localisation of mis-expression to HOX genes 

showing more anterior and posterior expression borders during development. In other 

cancers, frequent overexpression of more central HOX genes are commonly reported, 

as for instance HOXA7, HOXB7 and HOXA10 in lung cancer (Calvo et al. 2000), 

HOXD9 in cervical cancer (Li et al. 2002), and HOXB6, HOXB8, HOXC8 and 
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HOXC9 in colon cancer (Vider et al. 2000). Again, this highlights the postulated 

tissue-specific expression and function of Hox genes, both in normal and cancerous 

tissues.  

In regards to human melanomas, the story is slightly different as this thesis 

reports an up-regulation of HOXA4, HOXB1, HOXB8, HOXB9 and HOXB13, and a 

general down-regulation of more posteriorly expressed HOX genes in human skin 

cancer cell lines compared to normal human skin fibroblasts. Again the expression 

pattern is distinct from that shown for the breast cell lines, however there seem to be a 

general trend towards mis-expression of more central and 5’ located members, albeit 

not excluding anteriorly expressed HOX genes. More recently, the expression of HOX 

genes in cutaneous malignant melanomas was reported (Maeda et al. 2004), showing 

marked up-regulation of HOXA11, HOXA13, HOXB9, HOXD12 and HOXD13 

compared to nevus pigmentosus (‘mole’) samples. Interestingly, these five HOX 

genes all belong to the Abd-B family of genes showing lumbo-sacral (i.e. posterior) 

expression borders in development. 

The same group of researchers had previously reported a reduced invasive 

potential of human melanoma cells transduced with anti-sense HOXD3 (Okubo et al. 

2002), but found no variation in expression levels between metastatic and non-

metastatic melanomas in their later studies (Maeda et al. 2004). Also reported in 

Chapter 3 of this thesis, is a constant HOXD3 expression level across the melanoma 

cell lines MM96L, MM418C1 and MM418C5 compared to normal skin fibroblast 

cells. This does not, however, exclude the possibility that HOXD3 may be involved in 

processes directly linked to both adhesion and invasion, as indicated by several other 

studies (Taniguchi et al. 1995; Boudreau et al. 1997; Hamada et al. 2001; Miyazaki et 

al. 2002). Rather, it could be explained by the emerging notion that Hox genes in 

essence operate as a team, i.e. it is the overall expression pattern of the entire Hox 

cluster that ultimately dictate functional specificity.   

There has been a recent influx of review articles addressing the postulated link 

between Hox genes and cancer (Cillo et al. 2001; Dash and Gilliland 2001; Goodman 

and Scambler 2001; Chen and Sukumar 2003a; Chen and Sukumar 2003b; 

Maroulakou and Spyropoulos 2003; Nunes et al. 2003; Grier et al. 2005; Hall and 

Lowe 2005), and as there seems to be a general agreement that much is still to be 
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elucidated if we are to understand the functional input of Hox transcription factors in 

carcinogenesis and metastasis, they also seem to agree on one other issue, namely that  

mis-expression of Hox genes can contribute to carcinogenesis.  

It is still unclear where in the functional hierarchy Hox transcription factors 

operate and thus how mis-expressed Hox gene expression leads to morphological 

changes. To a large extent, Hox proteins are thought to exert their functional effect 

from high up in the functional hierarchy, regulating numerous downstream targets 

and subsequently (and in many instances indirectly) various regulatory pathways such 

as apoptosis, cell adhesion and invasion. There are however, also examples where 

other proteins regulate the Hox genes. MLL, a histone methyltransferase known to 

form numerous heterologous fusion proteins in a variety of malignancies (DiMartino 

and Cleary 1999), has been shown to directly bind to HOX promoter sequences 

(Milne et al. 2002).  In this regard, MLL and MLL-fusion proteins directly regulate 

Hox gene expression, which has great implication since the MLL gene is reported to 

be frequently rearranged in malignancies, as reviewed by DiMartino and Cleary 

(1999). Also noteworthy is that MLL is the mammalian homolog of the Drosophila 

trithorax (trx), which is required for proper expression of the Drosophila homeotic 

genes (Kennison 1995; Edwards 1999; Ernst et al. 2004; Grier et al. 2005).   

In sum, much progress has been made towards deciphering the early postulate 

that Hox genes are involved in regulatory pathways governing malignant 

transformations. Clearly, Hox genes are mis-expressed in cancers and several links 

has been established between Hox dysregulation and morphoregulatory pathways 

such as angiogenesis, cell proliferation and metastasis. The problem however, has 

been that the majority of these studies have been largely descriptive. Both individual 

Hox function and interactive potentials with other cofactors has been demonstrated in 

isolated cases, but an overall picture on how the Hox transcription factors operate in 

the complex in vivo environment is still eluding the scientific community. The MLL 

fusion proteins have provided useful information regarding up-stream regulators of 

Hox genes in leukaemogenesis, and other examples like a limited p53 expression by 

compromised HOXA5 function (Raman et al. 2000a) has given insight into the trans-

regulatory specificity of Hox transcription factors and how this may regulate 

pathways necessary for neoplastic transformations. However, due to the redundant 
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functional specificity of the Hox proteins, isolated studies like that of HOXA5 cannot 

exclusively conclude that this functional potency is unique to HOXA5, or if it is a 

generic specificity harboured by several or all Hox proteins.  

 

7.2.2 Hox Functional Specificity 

Evidently, as the original homeotic genes went from being the ‘master 

regulators of normal development’ to also being implicated as important regulators of 

oncogenic transformations, much focus was centred round common denominators 

controlling both embryogenesis and carcinogenesis. Early on several descriptive 

studies were conducted, offering insight into Hox gene expression in both normal 

adult tissues and in transformed cells. The Hox genes, alongside other divergent 

homeobox genes, obviously displayed dysregulated expression patterns in cancerous 

cells, however the dogma of causality became equally obvious. Was the observed 

dysregulated Hox expression causative or simply an effect of oncogenic 

transformations? To answer such questions, a deciphering of Hox functionality was 

needed. And although much is now understood, in particular through developmental 

studies in the Drosophila system, even more is still to be elucidated regarding Hox 

transcriptional and functional specificity. 

As extensively reviewed in this thesis, several vertebrate Hox target genes 

have been identified, and furthermore the functionality of some of these targets are 

well characterised in their own rights. What is striking about the list of Hox target 

genes though, is the great variability in both sequence and function of these genes and 

gene products. For instance, targets include transcription factors (Guazzi et al. 1994; 

Troy et al. 2003), growth factors (Carè et al. 1996), receptor molecules (Raman et al. 

2000b; Bruhl et al. 2004), cell adhesion molecules (Jones et al. 1992; Daftary et al. 

2002) and tumour suppressor genes (Raman et al. 2000a). With downstream targets 

identified from such disparate systems, it may be postulated that Hox transcription 

factors are involved in the regulation of a large number of genes and thus ultimately 

numerous cellular pathways.  

A potential new downstream target gene for the Hox proteins was identified 

through the work presented in this thesis. SRrp130 encodes a serine-arginine (SR)-

related protein belonging to a growing family of pre-mRNA splicing proteins. At 
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present, very little is known about SRrp130, and Zimowska et al (2003) is the only 

recent publication relating to this newly characterised gene. Through transfection 

studies performed in this thesis, it was shown that the human SRrp130 gene promoter 

is trans-activated when co-transfected with HOXD4, potentially via a canonical HOX 

binding motif ATTA in close proximity to the core promoter. Interestingly, this Hox 

binding motif may overlap with other crucial core promoter elements, as base 

changes within the HOX consensus sequence abolish promoter activity all together. 

Of course, these data may also suggest that the identified binding element does not 

function as a Hox element, but rather that the observed HOXD4 induced promoter 

activity is indirect. To fully appreciate under what mechanisms HOXD4 trans-

activates the SRrp130 promoter, further studies are required, as discussed below.  

Although the exact mechanism by which HOXD4 regulates SRrp130 

expression is still somewhat unclear, the fact that HOXD4 induces SRrp130 promoter 

activity as reported herein offers new and exiting possibilities in terms of Hox 

functional specificity. Not only are SR-related proteins important regulators of pre-

mRNA biogenesis in development and maintenance of normal cell phenotypes, but 

altered mRNA splicing has been implicated as a cause for several diseases, including 

cancers (Philips and Cooper 2000; Stoilov et al. 2002; Kalnina et al. 2005). In itself, 

the functional potency of SR and SR-related proteins is potentially enormous, in 

particular in light of the recent mapping of the human genome. Although the human 

genome contains some 30,000-40,000 protein-encoding genes, the final number of 

distinct proteins is many times larger as a result of alternative splicing 

(InternationalHumanGenomeSequencingConsortium 2001). Therefore, not 

surprisingly, a deregulated pre-mRNA splicing machinery accounts for the large 

majority of human diseases caused by RNA processing defects (Philips and Cooper 

2000). 

In relation to the trans-regulation of SRrp130 by HOXD4 as reported in 

Chapter 6, there are other issues concerning Hox functionality that must be addressed. 

Because of the reported functional redundancy of the Hox transcription factors, there 

are potentially other HOX transcription factors that could also be involved in trans-

regulation of SRrp130. Other studies have indicated that more than one Hox 

transcription factor can bind to the same recognition sequence and transcriptionally 
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regulate promoter activity, like for instance the mouse osteopontin gene (Shi et al. 

1999; Shi et al. 2001). In this regard, HOXB4, unlike HOXD4, was found to have no 

trans-regulatory effect on the SRrp130 promoter, however, this does not 

automatically exclude any of the remaining 37 HOX proteins.  

Oddly, the SRrp130 gene was initially identified as a potential downstream 

gene target for HOXB4 through differential display protocols, as reported in Chapter 

4. The obvious difference between the experiments undertaken in Chapter 4 

compared to those of Chapter 6 was that different human cell lines were utilised for 

the transfection studies. Initially, SRrp130 was shown to be differentially expressed 

in HOXB4-overexpressing MDA-MB-231 cells, whereas HOXD4 induced SRrp130 

promoter activity was shown in transfected MM96L cells. Obviously, these 

phenotypically distinct cell lines also have distinct cellular environments, ultimately 

dictating different molecular environments in which the HOX transcription factors 

operate. In this regard, similar studies as undertaken for HOXD4 in the MM96L cell 

line would be beneficial to be repeated in the MDA-MB-231 cell line.  

Even though not reported herein, initial transfection studies were undertaken 

with both HOXB4 and HOXD4 in the MDA-MB-231 cell line. However, due to 

unknown causes, the MDA-MB-231 cell line proved to react poorly to the 

transfection protocols described in Chapter 6. Results indicative of those reported for 

HOXB4 and HOXD4 inducability of the SRrp130 promoter in the MM96L cell line 

was obtained for MDA-MB-231, but the reproducibility of the results was insufficient 

to obtain conclusive data. Constant optimisations and experimental repeats ultimately 

dictated an abandonment of the MDA-MB-231 cell line, with subsequent successful 

reproducibility obtained when using the MM96L cell line. It still raises a question-

mark regarding the observed upregulation of SRrp130 gene expression in the HOXB4 

over-expressing MDA-MB-231 cells however, which is reported in Chapter 4. As 

discussed therein, one possible explanation is the direct auto-regulation observed for 

HOX4 paralogoues genes (Wu and Wolgemuth 1993; Gould et al. 1997). Therefore, a 

forced increase in HOXB4 transcript levels in the MDA-MB-231 cells could be 

thought to dictate a change in the expression levels of other HOX genes containing 

SRrp130-directed trans-regulatory potential. In fact, these speculations highlight 

perhaps the most intriguing aspects of Hox transcriptional and functional specificity. 
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It is the authors firm belief that Hox functionality is dictated by the combined 

input of all members of the Hox cluster at any given time, rather than simply 

qualitative input from individual Hox proteins. Of course, single individual Hox 

proteins exert distinct regulatory functions on downstream gene targets and cellular 

proteins, however due to their functional redundancy, the overall expression profile of 

the Hox cluster will potentially be more important, in particular when taking into 

account the reported quantitative importance for functional potency. Then, without 

becoming too philosophical, the Hox complex can be viewed as one entity in regards 

to functional specificity, operating in a manner reminiscent of a symphony orchestra. 

The orchestra, like the Hox complex, contains a set number of different instruments 

(or genes), but the resulting music (activated cellular pathways) is determined solely 

on what instruments (genes) are being played in what order (silenced or expressed), at 

what pitch (quantitation) and what notes (selective gene targets). Obviously, the same 

instruments are capable of producing vastly different compositions, and so too can 

the limited number of Hox proteins be envisioned to direct morphoregulatory 

pathways in phenotypically distant cell types, both in space and time.  

As reviewed in Chapter 5, several Hox gene targets have been identified, but 

the list is still short in relation to the postulated large number of target genes. On 

average, the last decade has seen one new vertebrate Hox gene target being identified 

per annum. Obviously, much effort has gone into elucidating Hox functional 

specificity, and the search for direct Hox targets has been on the agenda for a long 

time. Nevertheless, Hox gene targets remain elusive, raising questions of why they 

are so difficult to identify. One obvious explanation is the functional redundancy 

alluded to above, as well as the viewpoint that Hox transcription factors may operate 

differently in response to very subtle concentration variations, making it difficult to 

measure their effect with current biomolecular techniques. Another intriguing aspect 

is the ability of Hox proteins to operate via various mechanisms. They are foremost 

believed to be transcription factors regulating transcription both as activators and 

suppressors. They cooperate with other proteins in their trans-regulatory functioning, 

both via cooperative DNA binding (Chang et al. 1995; Phelan et al. 1995; Shen et al. 

1997a), as well as regulating transcription when bound to DNA as monomers, 

sometimes as suppressors with subsequent gene activation upon dislodgement from 
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the DNA via protein-protein interactions with other regulatory proteins (Shi et al. 

1999; Shi et al. 2001). It could also be hypothesised that the Hox proteins not only 

function as transcription factors, but contain additional functional potency by 

operating as mediator proteins. In this regard, they would not exert their effect by 

direct DNA binding, but rather via more subtle interactions with other proteins and/or 

protein complexes. This is strictly theoretical however, and empirical data is needed 

before such a notion is given any substance.  

Finally, the ‘Hox paradox’ is still to be explained. This paradox was reviewed 

in Chapter 5, outlining the observation that Hox transcription factors recognise and 

bind to very similar DNA elements in vitro, yet a greater functional specificity is 

observed in vivo. There are 39 Hox proteins, all seemingly capable of operating 

through distinct morphoregulatory pathways, however thus far no satisfactory 

explanation has emerged explaining how they gain this additional specificity in the 

normal cellular environment. This also raises questions of the significance of in vitro 

experiments showing Hox-DNA complexes with identified Hox elements within gene 

promoters. Most studies reporting downstream Hox target genes have identified short 

sequences capable of driving gene expression, now including canonical Hox binding 

motifs, with subsequent abolishment of Hox inducible promoter activity upon base 

mutations of the core elements. Direct Hox binding is then generally shown by in 

vitro gel retardation experiments. Then, as the Hox transcription factors are known to 

bind these elements in vitro, these experiments generally do not address the issue of 

additional in vivo specificities. In all fairness, it would be expected that the Hox 

proteins will bind these elements in vitro, and as such offers little towards explaining 

the ‘Hox paradox’.  

One potential explanation was put forward in Chapter 5, where it was 

hypothesised that Hox transcriptional specificity was further determined by additional 

nucleotides flanking the canonical four-base pair Hox element. Flanking nucleotides 

have previously been reported to be involved in binding specificity between Hox 

proteins and DNA, and as such it is not a new hypothesis. What became evident 

through additional analyses of reported Hox-specific promoter elements however, 

was that the nucleotide immediately 3’ of the core four-base pair sequence potentially 

dictates a suppressor-/activator switch for various Hox proteins. This thesis expresses 
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the view that a 3’ flanking G nucleotide may dictate a suppressing motif, whereas an 

A, T or C at the same position may dictate an activating motif. With the identification 

of additional Hox target genes and promoter elements, it will be interesting to see if 

this hypothesis is correct.  

 

7.2.3 Future Directions 

Identifying downstream targets of Hox transcription factors is necessary to 

fully appreciate their functional input in both development and in the maintenance of 

the adult cells, as well as in pathologies like malignant transformations. Therefore, 

future research should focus on further expanding the list of known Hox target genes. 

In this thesis, potential downstream targets were identified through differential 

display protocols, which still remain a valid procedure. Also with new technologies 

like microarray assays, similar approaches could be performed more efficiently. 

However, due to the potential large number of indirect Hox targets, such protocols do 

not necessarily identify direct targets. Other protocols like chromatin 

immunoprecipitation are therefore suggested as better protocols to employ. Recently, 

Lei et al (2005) identified 34 potential Hox gene targets through a mouse 16,463 gene 

oligonucleotide microarray characterising altered mRNA levels in mouse embryo 

fibroblast cells overexpressing HoxC8. Direct interaction between HoxC8 and one of 

these potential targets, the osteopontin gene (OPN), was further confirmed by 

chromatin immunoprecipitation assays. In this regard, OPN has previously been 

shown to be transcriptionally regulated by both HoxA9 and HoxC8 (Shi et al. 1999; 

Shi et al. 2001), as reviewed in Chapter 5.  However, it still remains to see if the 

remaining identified genes are direct targets of Hox regulation. 

It would also be greatly beneficial to further explore the binding-properties of 

the Hox proteins to their DNA targets. Although their in vitro binding properties have 

been explored and yielded much information, the paradox seen between in vitro and 

in vivo binding specificities is still prevalent. Obviously, further specificity is gained 

through base pairs outside of the canonical TAAT/ATTA core motif, and evidence 

exists showing physical interactions between the homeodomain and flanking 

nucleotides. However, for unclear reasons, Hox proteins with strong homology within 

the homeodomain show variable binding affinities to similar nucleotide structures. 
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Crystallographic images are needed for a large number of Hox members to same 

DNA targets to fully understand these interactions.  

It would also be interesting to experimentally explore the hypothesis put 

forward in Chapter 5, which postulates an activator-/suppressor-switch dictated by the 

immediate nucleotide flanking the 3’ core Hox element. As was observed, all of the 

mammalian elements that were shown to operate as suppressor elements upon Hox 

induction contained a G nucleotide at this position, whereas the trans-activator 

elements all contained either of the remaining three nucleotides A, T or C. The 

studies may prove to be complex however, as it can be envisioned that a base change 

to G at position 5 of any trans-activating element may not necessarily result in a 

suppressing effect by the same Hox protein, but rather other members of the Hox 

complex could potentially take over this role. Maybe there is a set number of Hox 

proteins capable of acting as transcriptional repressors, which ultimately means that a 

large number of Hox members must be included in experimental protocols.  

Finally, even though the SRrp130 gene proved to be trans-activated by 

HOXD4, a direct interaction has not conclusively been shown. Therefore, further 

experiments showing direct HOXD4-DNA interactions are necessary. As discussed 

earlier, the common experimental set-up of gel retardation only shows in vitro 

interactions, and thus the in vivo specificity may still contain other yet 

uncharacterised facets. However, as a first means it would be beneficial to show 

direct interactions between HOXD4 and the postulated Hox binding element, 

potentially utilising chromatin immunoprecipitation assays. As it was also theorised 

that this Hox element may be overlapping other important core promoter elements, 

competition assays may have to be employed. The identified sequence TTATTATT 

does not immediately resemble any well-characterised core elements, but there is a 

possibility that this sequence can operate as a non-canonical TATA-element.  

On this token, the issue whether SRrp130 is a bona fide HOX target in vivo 

would be beneficial to address through functional experiments. However, the 

complex functional potential observed for the Hox members, including auto- and 

cross-regulation and functional redundancy between trans-paralogs greatly limits the 

number of feasible experimental protocols which otherwise could have been 

employed. This is also one of the main reasons the downstream Hox targets have 
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been so difficult to characterise, with non-ambigious protocols difficult to envision. 

Transgenics is an obvious choice for determining in vivo functionality, and Hox 

knockout mice have been successfully generated. However, if the postulated trans-

paralogous functional redundancy is strong on a wild-type genetic background, 

multiple genes will have to be silenced simultaneously, most likely with degenerate 

effects on the knockout viability. One alternative however, is tissue-specific 

knockouts or knockdowns of specific Hox genes. With the advent of interfering RNA 

protocols, such experiments are currently becoming routine practise in many 

laboratories.  

Despite a potential ambiguosity, experimental protocols may be proposed that 

could show if SRrp130 is a bona fide HOXD4 target in vivo or not. By crossing 

transgenic mice carrying a LacZ reporter gene under the control of an SRrp130 

promoter fragment into HoxD4 mutant (HoxD4-/-) background, a dependence of 

transgene expression on HoxD4 activity may be revealed. However, due to a potential 

functional redundancy between Hox4 paralogs, other Hox members can also be 

envisioned to take over the transcriptional role of HoxD4 in the transgenic system. 

Furthermore, specific organs showing no SRrp130 expression in the HoxD4-/- strain 

would also have to be identified, with subsequent trans-activation studies being 

carried out on the crossbred progeny. Similar approaches have been used successfully 

to identify in vivo trans-activation of several genes (Wilhelm and Englert 2002), 

although not members of the functionally complex Hox family. 
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7.3   SUMMA SUMMARUM 
 Hox genes are regulatory genes controlling vital cell functions in the 

metazoan organisms. They have been directly linked to multiple cellular processes, 

including the establishment of cellular identity and specific phenotypes, cell growth 

and proliferation via cell-cycle check-points and apoptotic pathways, signal 

transduction pathways, anterior-posterior patterning in embryogenesis, cell 

compartmentalisation and further maintenance of differentiated adult cells. There are 

39 Hox genes in the mammalian organisms, organised into four highly conserved 

gene clusters forming an intricate gene complex with a closely knitted regulatory 

network. This ultimately means that it is difficult to decipher the functional input of 

individual Hox genes, as they show great functional redundancy as well as operating 

via complex cross- and auto-regulatory loops. In the Drosophila system, much 

knowledge has been gained regarding the homeotic complexes, however due to the 

presence of duplicated Hox clusters in the higher organisms, the regulatory puzzle is 

much more complex.  

As exhaustively reviewed herein, much is still to be understood in relation to 

Hox transcriptional and functional specificity. Researchers are still trying to elucidate 

how the Hox members gain their in vivo functional specificity, which ultimately is far 

more stringent than the observed relaxed in vitro specificity. Future research will 

undoubtedly shed more light on these molecular mechanisms, and judging from 

recent publications (Lei et al. 2005), several new Hox target genes will be identified. 

Also studies reported in this thesis contribute towards our understanding of Hox 

functionality. With the identification of human SRrp130 as a likely direct gene target 

for HOXD4, the short list of mammalian Hox target genes has inducted another 

member, now also expanding the functional input of Hox transcription factors to 

potentially be involved in the pre-mRNA splicing machinery. 

Finally, apart from being key regulators of development and the maintenance 

of the normal phenotype, Hox genes are also thought to be heavily involved in 

oncogenic transformation. As both reported and reviewed in this thesis, Hox genes 

are dysregulated in cancers. The expression of the Hox cluster further shows tissue-

specific patterning, with a distinct expression network for specific tissue types, which 

ultimately has the potential to be used as diagnostic markers for the identification of 
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origins of metastasised cancers. Before this is feasible however, a further expansion 

of descriptive Hox expression studies is needed. By applying statistical analyses on 

whole-genome RNA expression studies, a deciphering of tissue-specific functioning 

of gene clusters can be envisioned. 
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