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Abstract. 

Increased S100A4 has been implicated in the metastatic spread of breast 

cancer cells in several in vitro and in vivo model systems, and more recently in a 

series of human breast cancers. In transgenic mice expressing elevated levels of an 

S100A4 transgene, no tumour phenotype was observed yet the co-ordinated 

expression of S100A4 and the activated new oncogene resulted in an enhanced 

metastatic capability of carcinomas that were induced, in part, by neu over- 

expression. Unlike neu transgenic mice, neu/S100A4 transgenic mice exhibited a 

significant incidence of lung metastases. Despite this phenotypic difference the 

primary breast tumours in all mice are very similar histopathalogically and resemble 

human infiltrating ductal carcinomas associated with the over-expression of c-erbB- 

De 
Gene expression analysis has been performed on tumours exhibiting different 

metastatic capabilities to identify genes that may be responsible, in addition to 

S100A4, for the different tumour phenotypes between the two strains of transgenic 

mice. The expression of 588 cDNAs between a primary mammary tumour and a lung 

metastasis from the same bitransgenic mouse were compared using a mouse Atlas 

cDNA array. In a parallel experiment, the expression of these cDNAs were 

investigated between five pooled neu mammary tumours and five pooled 

neu/SI00A4 mammary tumours. The same cDNAs were abundant in each tumour 

sample and included several members of the cathepsin family, glutathione S- 

transferase, clusterin and HR21spA (involved in DNA repair). From 1176 gene 

expression comparisons, from the two experiments, only one cDNA was shown to be 

differentially expressed. ‘Defender against cell death 1’ (DAD 1) exhibited 2.3-fold 

higher expression in the metastasis relative to the primary tumour. The similar 

expression profiles of this set of genes may reflect the histological similarities of 

these tumours. 
A combination of Suppression Subtractive Hybridisation and Reverse 

Northern screening was used to directly identify differentially expressed sequences 

between these tumours. Two subtractions were performed, creating four subtracted 

libraries, between the same bitransgenic primary tumour and metastasis as used in 

the array screening, and also between a bitransgenic primary tumour and a neu 

primary mammary tumour. A total of 768 subtracted cDNA clones, from the four 

subtracted libraries, were sequenced. 192 (25% of those screened) sequences were 

identified as being differentially expressed by > 2-fold. These included known genes 

previously implicated to be involved in breast cancer, ESTs and some unknown 

sequences. 21 of these differentially expressed clones demonstrated coordinated 

expression with S100A4. 
The differential expression of a panel of candidate genes, including 

osteopontin, Doc-1, BRP 39, an MMTV-derived sequence, 2 EST sequences and 2 

potentially novel sequences was confirmed by Virtual Northern analysis. The 

expression of these sequences was further investigated, by Northern hybridisation, in 

additional tumours, normal tissues and cell lines derived from these transgenic mice. 

These experiments confirmed differential expression of these sequences is evident 

between other tumours, however this also demonstrated that tumours of matched 

histology and grade exhibit some degree of heterogeneity.
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Chapter 1 

Introduction. 

1.1 Breast cancer. 

Breast cancer is the major malignancy to affect women in the world (Pisani et 

al., 1999). A recent report from the National Cancer Institute (NCI) estimates that 1 

in 8 women in the United States will suffer from the disease (Feuer and Wun, 1999). 

This is a serious health problem that warrants considerable effort in improving 

awareness, early detection and diagnosis, effective treatment and ultimately patient 

survival. Such measures may have contributed to recent decreases in breast cancer 

incidence and patient mortality in the United Kingdom, Sweden and the United 

States (Beral et al., 1995; Chu et al., 1996; Herman and Beral, 1996; Garne ef al., 

1997; Peto et al., 2000). The precise etiology of breast cancer is unknown although 

one major risk factor involved in developing the disease is the related family history, 

as genetic predisposition accounts for between 5-10% of breast cancer cases 

(Madigan et al., 1995). Incidence also increases with age, and has been associated 

with risk factors such as reproductive lifestyle and hormone replacement therapy 

(Harris et al., 1992; Madigan et al., 1995; Beral, 1999). 

The most dangerous aspect of breast cancer is the metastatic spread of the 

primary tumour to distant sites in the body where secondary tumours develop. At the 

time of diagnosis and removal of the primary tumour it is possible, and likely, that 

many breast tumours have already undergone initial stages of secondary spread. Thus 

it is particularly important to further our understanding of the mechanisms involved 

in the spread of cancer so that inhibiting aspects of metastasis and defining treatment 

of established secondary tumours are effective in treating the disease. 

1.2 Multistep nature of breast cancer. 

A widely accepted aspect of cancer development and metastatic progression 

is that multiple steps are required, each reflecting a sequential acquisition of a new 

cellular phenotype that is necessary for the progressive conversion of a normal cell to 

a population of metastatic cells. It is believed that a minimum of 4-7 sequential 

changes is sufficient to confer metastatic capability (Renan, 1993; and reviewed in 
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Hanahan and Weinberg, 2000). These are summarised below and represent stages of 

progression that are likely to be common to all types of cancer, including breast 

cancer. 

Cell proliferation during normal circumstances exists as a balance between 

signals that stimulate and inhibit cell proliferation, for example, paracrine and 

autocrine growth factors and inhibitors, and signals that promote programmed cell 

death (apoptosis). For the generation of a population of tumour cells this controlled 

balance is usually disturbed in favour of an overriding ability of cells to proliferate in 

response to self-stimulatory signals whilst avoiding growth inhibitory signals. The 

rate of growth must also be higher than the rate of apoptosis, which is usually higher 

in a tumour than in normal tissues. This leads to a sustained state of cell growth only 

when the finite replicative limit of a cell is broken arid the cells become immortalised 

with an unlimited replicative potential, which apparently results from the expression 

of telomerase (Nakamura and Cech, 1998). The well documented angiogenic switch 

is necessary for a tumour to maintain growth beyond a size of 1-2 mm (Folkman, 

1985). The recruitment/induction of new blood vessels provides the required 

nutrients and oxygen for the maintenance of this growth and removes waste and toxic 

products. At some point a proportion of cancers undergo metastasis, whereby some 

cells acquire the ability to invade the local tissue, penetrate blood vessel or lymphatic 

systems and travel to distant sites in the body where they may colonise as a growing 

secondary tumour. This ‘metastatic cascade’ (Hart et al., 1989) is discussed in more 

detail below. 

1.3 Genetic aspect of cancer. 

The multistep nature of cancer development and metastasis coincides with an 

accumulation of changes to the genome that are associated with changes in gene 

expression patterns or altered activity of proteins. These have been extensively 

reviewed elsewhere with specific reference to breast cancer (Devilee and Cornelisse, 

1994; Beckmann ef al., 1997) or to cancer in general (Hart et al., 1989; Bishop, 

1991; Weinberg, 1991; Fearon, 1992; Hanahan and Weinberg, 2000). Abnormal 

protein expression occurs as a consequence, resulting in the acquisition of new 

cellular properties that may govern the changing cellular phenotype. 

Several lines of evidence suggest that multiple and sequential genetic changes 

are required for tumourigenesis and progression to occur. Firstly, patients who inherit 
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a mutation in, for example, p53 or the retinoblastoma gene tend to develop tumours 

but not immediately, suggesting that a single mutation, carried from birth is 

insufficient for tumourigenesis to occur and that an additional genetic change is 

necessary for tumour formation (Knudson, 1971). Molecular analysis of different 

precursor stages of colorectal tumourigenesis identified several key genetic 

aberrations that must be acquired, some at preferential stages, for disease progression 

to occur (Vogelstein et al., 1988). Experimentally, transfection of at least two co- 

operating oncogenes is also required for the transformation of primary rat embryonal 

fibroblasts in culture (Rassoulzadegan et al., 1982; Land et al., 1983; Ruley, 1983; 

Weinberg 1991; Fearon 1992), and 3-4 hits are required to transform, in vitro, 

normal human epithelial cells or fibroblasts for the formation of tumours in vivo 

(Hahn et al., 1999). These were: hTERT, the catalytic subunit of telomerase which 

overcomes telomere shortening during DNA replication, as means of limiting the 

replicative potential of a normal cell (Nakamura and Cech, 1998); H-rasV12, an 

activated oncogene; and Simian virus 40 large-T antigen, a viral oncoprotein which 

inhibits the growth control factors and tumour suppressors p53 and retinoblastoma. 

The use of transgenic animals as models of tumourigenesis with the addition of 

activated oncogenes, usually results in the formation of sporadic primary tumours, 

thus not all cells carrying and expressing the activated oncogene are transformed, a 

second or third genetic ‘hit’ is often required. 

Molecular abnormalities can be subdivided into two main groups determined 

by the effect produced on the genes; some induce a gain in function to proto- 

oncogenes, others result in the loss of function of proteins characterised as 

possessing tumour suppressor qualities. Oncogenic activation can arise via gene 

amplification, chromosomal rearrangement, or indirect elevation in expression, or via 

mutational activation leading to constitutive activity. In breast cancer, the 

amplification of one of three chromosomal regions is often observed, 8q24, 17q12 

and 17q13, these have been found to harbour the proto-oncogenes c-myc, c-erbB-2 

and int-2 respectively (Beckmann ef al., 1997). The amplification or over-expression 

of c-erbB-2 is one of the most commonly identified genetic alterations in breast 

cancer, occurring in 25-30% of all breast carcinomas (Slamon ef al., 1987, 1989; 

Winstanley ef al., 1991; Press et al., 1993; Pauletti et al., 1996; Revillion et al., 

1998; Pollack et al., 1999). Gene amplification and overexpression of this protein is 

of clinical significance and so immunodetection of c-erbB-2 can be used as a 
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prognostic marker in breast tumours. Detection of this alteration is associated with a 

particularly aggressive tumour phenotype and subsequently a reduced overall 

survival (Slamon ef al., 1987, 1989; Press et al., 1993; Pauletti et al., 1996, 

Winstanley et al., 1991). The clinical implications of c-erbB-2 have led to extensive 

research into the role of this protein, an epidermal growth factor receptor tyrosine 

kinase, in tumour development and progression. Numerous mouse strains transgenic 

for this oncogene have been developed (Bouchard ef al., 1989; Guy et al., 1992, 

Muller e¢ al., 1988; Bargmann & Weinberg, 1988; Andrechek ef al., 2000) indicating 

that overexpression of this oncogene is sufficient for the induction of an aggressive 

tumour phenotype. Clinical trials have taken place involving the use of monoclonal 

antibody therapy for the treatment of women with c-erbB-2 overexpressing 

metastatic breast cancer as a single agent and in combination with chemotherapy 

(Shak, 1999). The antibody, Herceptin, is directed to the extracellular domain of the 

c-erbB-2 oncoprotein and has been shown to lead to decreased tumour cell 

proliferation. 

Tumour suppressor genes are associated with loss of function caused by 

mutation or chromosomal loss. Consistent in many breast tumours and in other 

tumours is the mutational inactivation of the tumour suppressors p53 and the 

retinoblastoma-susceptibility gene pRb. Similarly 40-70% of hereditary breast 

cancers contain mutations to the BRCAI or BRCA2 breast cancer genes (Shattuck- 

Eidens et al., 1995; Tavtigian et al., 1996). The mutation state of these proteins 

might also be used as indicators of susceptibility to developing breast cancer. 

Although few genetic changes (4-7) are necessary for tumour initiation and 

metastasis to occur (Renan, 1993; Hanahan and Weinberg, 2000), many more 

molecular abnormalities are identified in cancer cells. Genetic changes fall into 

categories determined by the effect they have on the phenotype of the cells, for 

example, some have a causative role in initiating or maintaining tumour growth or in 

promoting the metastatic process. Alternatively genetic changes can occur as a 

consequence of the changing cellular phenotype, occur independently of the 

neoplastic physiological state and which do not have a significant functional 

influence on the progression. Thus, the genetic aspects of cancer, and more 

specifically, the precise genetic changes which occur that induce a phenotypic 

response are critically important to understand. Considerable research time and 

investment has been applied, in many different types of cancer, to pin point the 
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particular genetic anomalies which have a role in inducing a tumour phenotype or 

which enhance metastatic progression. The identification of such molecules will 

undoubtedly further our understanding of the molecular and biological processes 

occurring in these circumstances, and in addition provide new prognostic markers for 

specific types of cancer or different stages of the disease. Some molecules will 

possibly also become new targets for therapeutic intervention. 

1.4 Metastasis. 

The severity of the metastatic process is such that the majority of deaths of 

patients with cancer are attributable to the formation of secondary tumours at site(s) 

in the body distant to the primary tumour growth (Fidler et al., 1978). Dissemination 

of cells from the primary tumour cell mass requires the completion of several 

complex steps: (1) detachment from the primary tumour cell mass; (2) migration; (3) 

invasion through the basement membrane and local extracellular matrix (ECM); (4) 

intravasation (penetration) of blood vessels or lymphatics; (5) survival in the 

circulatory system; (6) re-attachment to blood vessels; (7) extravasation; (8) 

adaptation to the new local tissue microenvironment; and (9) subsequent colonisation 

as a proliferating metastasis (Fidler, 1991). Alternatively, cells may arrest and grow 

in the lymphatic system. The biological mechanisms of individual stages of this 

cascade of events, and the types of molecular changes and proteins implicated are 

becoming better understood. 

Gain in motility of normally confined cells and altered cell-cell and cell- 

matrix interactions are key aspects of metastasis and enable detachment of tumour 

cells from the tumour cell mass and subsequently the potential to invade the 

surrounding tissue. Expression of S100A4, a breast cancer metastasis-related gene 

(which is discussed in detail later and is reviewed by Barraclough (1998) and 

Sherbert and Lakshmi (1998)), is observed in normally motile lymphocytic cells and 

appears abnormally high as normally non-motile epithelial carcinoma cells acquire 

this phenotype. This is thought to occur via interactions with components of the 

cytoskeleton. Conversely, loss of expression or function of E-cadherin, a cell-cell 

adhesion molecule, or associated members of the catenin family, which are involved 

in anchoring E-cadherin to the cytoskeleton, has been observed in many human 

tumours and is also associated with increased metastatic capability (Christofori and 

Semb, 1999). 
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It is believed that complex interactions between tumour cells and the 

surrounding ‘normal’ host tissue is particularly important in determining the 

efficiency of the sequential stages of this progression. For example, paracrine factors 

released from the tumour cell population augment a stromal reaction which includes 

the release of the cytokine vascular endothelial growth factor (VEGF) to stimulate 

endothelial cell growth and angiogenesis in response to various factors including 

metabolic stress, mechanical stress or through genetic mutation (reviewed in 

Carmeliet, 1999; Kerbel, 2000). The degree of angiogenesis exhibited by a tumour, 

measured by immunohistochemical identification of microvessels correlates with 

metastatic potential and thus has provided a potential prognostic indicator for the 

metastasis of human breast cancer (Folkman 1971; Weidner, 1991). ECM 

degradation is an intrinsic aspect of invasion since the ECM is one of the first 

barriers tumour cells encounter following detachment from the tumour cell mass. 

Concerted effort by tumour cells and host tissue, including fibroblasts and activated 

macrophages, conspire to degrade ECM by the secretion of matrix degrading 

enzymes. For example, urokinase-type plasminogen activator (uPA), a marker of 

breast cancer invasion (Duffy, 1996) was shown to be expressed in fibroblast-like 

cells at the invasive edge of breast carcinomas (Carriero et al., 1994). Likewise 

cathepsin D and metalloproteinase (MMP) stromelysin-1, other markers of tumour 

invasion, have been shown to be expressed by both carcinoma cells and reactive 

stromal cells (Tetu ef al., 1999; Sternlicht ef a/., 2000). An additional target for 

cleavage by MMP stromelysin-1 is E-cadherin (Lochter et al., 1997), which provides 

another means for proteolytic enzymes to promote tumour cell invasion. 

Cells are presumably able to undergo the later stages of the metastatic 

cascade using cellular properties acquired during the early stages of metastasis, since 

these mechanisms are essentially the same (tissue invasion, motility and 

proliferation). However, there are several lines of evidence suggesting that this is not 

the case, and that cells that have entered the circulatory systems do not always have 

the capability to form metastases. This is of potential clinical importance. Whilst 

invasion of the primary tumour and detection of tumour cells in the lymph nodes are 

currently used as indicators of the risk of secondary disease, a similar role has been 

suggested for immunodetection of blood vessels around the primary tumour and 

detection of circulating tumour cells in the blood. However, detection of tumour cells 

in the circulatory system or in secondary sites in patients has been shown to not 
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always correlate with metastatic propensity (Tarin ef al., 1984a, 1984b). Similarly, 

cells that are able to complete certain stages of the process are not necessarily 

metastatic (Fidler and Radinsky, 1990). This has been demonstrated by injecting 

cells into experimental animals and measuring the metastatic capability by evidence 

of growing metastases. The metastatic capability of both human melanoma and rat 

prostate carcinoma cells was suppressed by the addition of chromosome 6 or 17, 

respectively. Cells carrying the additional chromosome, suspected of containing 

metastasis suppressing genes, demonstrated an ability to spread to secondary sites yet 

an inability to grow in this new environment (Chekmareva et al., 1998; Goldberg et 

al., 1999). Interestingly, cells appearing as colonised micrometastases that failed to 

proliferate in the new tissue were able to grow if removed and injected into the same 

organ to which the primary tumour arose, suggesting that adjusting to a new 

microenvironment is an important rate limiting step in the formation of a metastatic 

tumour (Goldberg ef al., 1999). 

Many aspects of metastasis have been investigated using sophisticated 

tumour cell imaging technology such as in vivo videomicroscopy (reviewed in 

Chambers et al., 2000) or confocal in vivo imaging (Farina et al., 1998). Cells grown 

in culture, derived from different cancers and exhibiting different in vivo metastatic 

capabilities, were fluorescently labelled and injected into experimental animals, 

either directly into the circulatory system or orthotopically into a target organ as a 

primary tumour. Epifluorescence illumination permits cancer cells to be followed as 

they undertake the sequential steps of metastasis. These experiments demonstrated 

that processes of tumour cell survival in the circulation, cell arrest and extravasation 

were efficient and occurred independent of the different metastatic capacity of the 

cell lines. In contrast processes of intravasation and survival and sustained growth in 

the secondary tissue were inefficient and were only possible by cells that were highly 

metastatic (Chambers et al., 2000; Farina et al., 1998). 

That the metastatic process is an inefficient one has been known for some 

time (Weiss, 1990), but we still can not differentiate histologically between primary 

tumours, or tumour cells elsewhere in the body, that possess high or low metastatic 

capability. Several molecules have been identified which provide indicators of 

metastatic capacity, and more are being continuously identified. Loss of molecules 

known to suppress metastasis, such as E-cadherin and nm23 provide good indicators 

of metastatic capability (Christofori and Semb, 1999; Hennessy ef al., 1991). 
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Similarly, S100A4 has been described as a metastasis-related gene whose elevated 

expression in breast carcinomas correlates well with enhanced metastatic potential 

(Davies et al., 1993) and patient demise (Platt-Higgins et al., 2000; Rudland et ai., 

2000). 

The co-ordinated events required for growth of a secondary tumour in 

specific types of cancer, including in breast cancer, is still poorly understood. For 

example, are the metastatic events in specific subtypes of breast cancer (for example 

infiltrating lobular or ductal carcinoma associated with either c-erbB-2 or c-myc or 

int-2 amplification) consistently associated with alterations of specific genes? Thus, 

it is of particular importance to elucidate the molecular and biological events that 

occur during cancer progression in different classes of breast cancer. 

1.5 $100A4 

One molecule of particular interest is the metastasis-related protein p9Ka 

(Barraclough et al., 1987), a member of the $100 family of small calcium binding 

proteins. Rat p9Ka is the homologue to the human CAPL (Englekamp ef al., 1992), 

and mouse mts-1 (Ebralidze et al., 1989) proteins, and has also been referred to as 

calvasculin (Watanabe ef al., 1992), pEL98 (Goto ef al., 1988), 18A2 (Linzer and 

Nathans, 1983), 42A (Masiakowski and Shooter, 1988) and fsp (Strutz et al., 1995). 

The nomenclature has now been standardised as $100A4. S100A4 has recently been 

the subject of several reviews (Barraclough, 1998; Sherbert and Lakshmi, 1998) 

where experimental evidence linking the expression of this protein to metastasis was 

discussed. Some of the relevant information will be presented here alongside an 

updated review of the literature and current views of S100A4 in the metastasis of 

human breast cancer. 

The rat protein p9Ka was first identified as being differentially expressed 

between two rat mammary (Rama) tumour cell lines by 2-dimensional 

polyacrylamide gel electrophoresis (2D-PAGE; Barraclough et al., 1982). Rama 25 

cells were a cloned, cuboidal cell line derived from a rat mammary tumour of 

epithelial cell origin (Bennett et al., 1978). These cells underwent spontaneous 

conversion, in vitro, to elongated cells of myoepithelial-like morphology (Warburton 

et al., 1985, Ormerod and Rudland, 1982). One elongated cell clone, Rama 29, 

derived from the cell line Rama 25 (Bennett et al., 1978) produces high levels of 

p9Ka (Barraclough ef al., 1982). p9Ka was so named because it has an apparent 
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molecular weight of 9.0 + 0.5 kDa and an acidic isoelectric point of 5.5 + 0.3 

(Barraclough ef al., 1984). 

1.5.1 In vitro models of S100A4 in metastasis. 

Elevated expression of rat S100A4 was observed as a normal rat mammary 

cell line underwent spontaneous conversion to elongated, myoepithelial-like cells 

(Barraclough ef al., 1984), during serum-induced increases in growth rate of mouse 

fibroblasts (Jackson-Grusby et al., 1987), and by the oncogenic or carcinogenic 

transformation of mouse fibroblasts (Goto et al., 1988), or rat kidney cells (De 

Vouge and Mukherjee, 1992). It was possible that these changes in growth and 

differentiation were associated with elevated S100A4. Conversely changes in 

S100A4 expression may also occur as a consequence of such changes in phenotype. 

Increased expression of S100A4 was seen in a metastatic rat mammary 

tumour cell line (Rama 800; Dunnington ef al., 1984) relative to non-metastatic 

epithelial cells from which they were derived (Dunnington ef al., 1983) and to cells 

of the normal rat mammary gland (Barraclough e¢ al., 1984). This suggested that a 

progressive increase in S100A4 expression coincided with an increase in metastatic 

potential, as determined by injection of cells into the mammary fat pads of syngeneic 

rats. Similarly cell lines derived from a spontaneous mouse mammary carcinoma, 

exhibited increases in metastatic potential correlating with increases in expression of 

mouse $100A4 (Ebralidze et a/l., 1989). Yet, as with the spontaneous conversion of 

cells in culture it was not known whether S100A4 expression was directly 

responsible for these differences in metastatic capability. 

Transfection experiments of the rat, mouse and human S100A4 gene into 

rodent cell lines and subsequent assessment of the in vivo metastatic capacity 

demonstrated that elevated S100A4 could induce metastatic progression. The first of 

these independent experiments demonstrated that stable transfection of rat S1O0A4 

genomic sequence into Rama 37 cells induced, on injection into syngeneic Wistar- 

Firth rats, lung and lymph node metastases that were immunopositive for S100A4 

(Davies ef al., 1993). Untransfected Rama 37 cells, a benign rat mammary epithelial 

cell line, induced primary mammary gland tumours only, and Rama 37 cells 

transfected with the oncogene EJ-ras also only produced primary tumours (Davies et 

al., 1993). Elevation of S100A4 by transfection of human $100A4 into the benign 

Rama 37 cells also induced lung metastases (Lloyd ef al., 1998). In similar 
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experiments mouse S100A4 was able to induce metastases when transfected into 

normally non-metastatic human breast carcinoma cell line MCF-7 and injected in to 

immunodeficient nude mice (Grigorian ef al., 1996). These experiments 

demonstrated the metastasis-inducing properties of human, rat and mouse $100A4 in 

both human and rodent cells. 

1.5.2 Physiological role of S100A4. 

Despite the implications of $100A4 in metastasis, the physiological role of 

this protein in normal circumstances and in a tumourigenic environment is still 

unknown. Immunofluoresence studies of cultured rodent cells indicated that S100A4 

was located to cytoskeletal elements, a pattern of staining that was very similar to 

that observed for phalloidin-localised actin filaments (Takanaga ef al., 1994; Gibbs et 

al., 1994; Davies et al., 1993; Watanabe et al., 1993). A direct interaction between 

S100A4 (calvasculin) with F-actin was demonstrated, in vitro, by its ability to co- 

sediment with F-actin, this also caused bundling of F-actin filaments in a calcium 

(Ca?*) dependent manner (Watanabe et al., 1993). Interactions between S100A4 and 

non-muscle myosin have also been demonstrated (Kriajevska ef al., 1994; Ford and 

Zain, 1995; Ford et al., 1997; Kriajevska et al., 1998) and again these were 

dependent on Ca”* ions. S100A4 appeared to destabilise myosin filaments (Ford et 

al., 1997) and inhibit the actin-activated ATPase activity of myosin via S100A4 

binding to the C-terminal end of the non-muscle myosin heavy chain region (Ford et 

al., 1997; Kriajevska ef al., 1998). Furthermore, this interaction inhibits 

phosphorylation of myosin heavy chain by protein kinase C (Kriajevska et al., 1998), 

an event that is thought to control assembly and disassembly of myosin filaments, 

thus suggesting a mechanism for S100A4 in modulating cytoskeletal dynamics. 

Further association of S100A4 with components of the cytoskeleton arose through 

binding studies of mouse fibroblast non-muscle tropomyosin with NIH 3T3 cell 

extracts. S100A4 was identified as a binding partner and was subsequently co- 

localised with cytoskeletal tropomyosin by immunofluorescence (Takanaga ef al., 

1994). In addition, Lakshmi ef al., (1993) demonstrated an association between 

increases in S100A4 expression and alterations in the polymerisation state of tubulin 

accompanied changes in cellular morphology and metastatic behaviour. 
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In addition to the discovery of these in vitro binding partners, S100A4 was also 

shown to form homodimers, in vitro, in interactions that were independent of 

calcium (Pedrocchi ef al., 1994; Ilg et al., 1996) and heterodimers with S100A1 in 

vitro and in a yeast 2-hybrid in vivo system (Wang et al., 2000). Site directed 

mutagenesis of conserved amino acid residues in S100A4, that were shown to be 

associated in the dimer interface of S100A6 (Potts et al., 1995), prevented both 

homo- and S100A1-interactions (Wang ef al., 2000). Co-expression of S100A1 and 

S100A4 (Mandinova ef al., 1998; Wang ef al., 2000) and localisation of these two 

proteins to cytoskeletal structures (Davies ef al., 1993; Gibbs ef al., 1994; 

Mandinova et al., 1998; Wang ef al., 2000) has been reported in mammalian cells. 

The biological function of these interactions between S100A1 and S100A4 are 

unknown yet they may represent means for regulating $100A4-related metastatic 

capability (Wang ef al., 2000). 

S100A4 is expressed in a wide variety of specific cell types of numerous 

normal tissues in the rat, mouse and human (Davies et al., 1995; Gibbs et al., 1995; 

Takanaga ef al., 1994a, 1994b). Expression has also been detected in components of 

the immune system identified in the spleen, lymph nodes, bone marrow and blood, 

and in particular in cells of a normally highly motile nature such as lymphocytes, 

monocytes/macrophages and polymorphonuclear leukocytes/neutrophils (Gibbs et 

al., 1995; Takanaga et al., 1994a, 1994b). In line with this distribution and the 

observations that S100A4 interacts with components of the cytoskeleton and 

subsequently affects cytoskeletal dynamics, it is thought that abnormal S100A4 

expression is able to induce metastasis by enhancing the motility of normally 

confined cells. 

Several other in vitro cell systems have been used to show that elevated 

S100A4 expression is associated with alterations to the cytoskeletal structure. These 

changes were also often associated with changes in the morphological appearance, 

motility and/or invasive capacity of the cells. This evidence suggests a possible 

mechanism for elevated $100A4 expression enhancing the metastatic capability of 

cancer cells. For example, mouse S100A4 expression was analysed in human 

promyelocytic leukaemia HL-60 cells in response to phorbol 12-myristate 13-acetate 

(PMA) and dimethylsulfoxide (DMSO), treatment which induces macrophage and 

granulocytic differentiation of myeloid cells. Elevated levels of S100A4 were 

induced in response to PMA and DMSO which coincided with an increase in the 
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motility of these cells in semi-solid medium. These cells did not demonstrate altered 

cell adhesion or phagocytic properties in response to increased S100A4, suggesting 

the elevated S100A4 was related to gain in cellular motility (Takanaga et al., 1994). 

The non-metastatic mouse mammary carcinoma CSMLO cell line expresses 

very low levels of mouse S100A4 whereas the metastatic variant cell line CSML100 

expresses high $100A4 levels (Ebralidze et al., 1989). CSMLO cells transfected with 

S100A4 demonstrated a change in morphology to closely resemble the elongated 

CSML100 cells (Ford ef al., 1995), a similar change in morphology associated with 

elevated S$100A4 to that previously described (Bennett et al., 1978; Barraclough et 

al., 1984). The transfected CSMLO cells were analysed for cell motility and 

invasiveness in in vitro assays and for metastasis, in vivo, relative to non-transfected 

cells. Increased motility in Boyden chemotaxis chambers was observed with 

increased S100A4 expression, yet unlike CSML100 cells, no change in invasion 

through matrigel or metastatic capacity was observed (Ford ef al., 1995). Thus, 

although CSML0-S100A4 and CSML100 cells express high S100A4 and share 

similar morphology they demonstrate different phenotypes. It was proposed that this 

difference is related to the co-ordinated expression and activation of metalloproteases 

MMP 2 and MMP 9 in CSML100 cells that was not observed in CSMLO cells either 

with or without transfection of S100A4. Thus, the co-ordinated, elevated expression 

of S100A4 and proteases is potentially required for the metastatic phenotype of these 

cells (Ford et al., 1995). 

S100A4 expression was further associated with matrix metalloproteinase 

(MMP) activity when a highly metastatic human osteosarcoma cell line, expressing 

high levels of S100A4, was transfected with a ribozyme directed specifically against 

S100A4 mRNA (Maelandesmo ef al., 1996; Bjornland ef al., 1999). Transfected 

cells exhibited decreased S100A4, relative to control cells transfected with vector 

only, reduced motility across un-coated filters in a transwell chamber assay and 

reduced invasive capacity through matrigel-coated filters (Bjornland ef al., 1999). In 

both cases the extent of reduced S100A4 expression, as measured by Northern 

blotting, reflected the extent of reduced motility and invasiveness (Bjornland ef ai., 

1999). It also correlated with reduced MMP 2, membrane type-1 (MT-1) MMP and 

tissue inhibitor of metalloproteinase-1 (TIMP-1) mRNA and protein. Conversely, 

TIMP-2 expression was up regulated in all cells exhibiting decreased S100A4 

(Bjornland ef al., 1999). Together, altered expression of these genes may provide an 
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explanation for the reduced invasive properties of the ribozyme-transfected cells. 

Injection of the ribozyme-transfected cells into nude mice resulted in reduced 

metastatic potential of these cells relative to non-transfected cells. In all cases the 

proliferative rate and tumourigenicity of cells, in culture and in vivo, were not 

affected by the ribozyme (Maelandesmo ef al., 1996). Interestingly, on occasions 

when metastases were identified following injection of ribozyme-transfected cells, 

these metastases were immunoreactive for S100A4, suggesting a possible clonal 

selection of cells with incomplete ribozyme activity in the developing primary 

tumour may have taken place (Maelandesmo ef al., 1996). These experiments 

demonstrated, for the first time, that reducing S100A4 levels can reverse the high 

metastatic capability of cultured cells. 

1.5.3 In vivo models of S100A4 in metastasis. 

The utility of many experiments in culture as models of metastasis is 

incomplete since they do not demonstrate the ability of cells to complete all stages of 

the metastatic process, only the abilities to invade or be motile. However, injection of 

these cells into animals does help to corroborate their propensity to metastasise. Such 

experiments also have technical limitations in that cells released directly into the 

circulatory system during the injection process have not had to perform the processes 

of invasion, motility and intravasation. Therefore, if cells are not carefully injected 

into the tissue (e.g. the mammary gland) they might escape directly to the secondary 

site. Transgenic animals can be created as completely in vivo models of tumour 

progression to metastasis, whereby cells must acquire the ability to complete all 

stages of the metastatic process for secondary tumour formation to occur. 

Transgenic mouse technology has been applied to help assess the role of 

S100A4 in inducing metastasisxT: ransgenic mice were developed which contained 

multiple copies of the rat S100A4 transgene integrated into the mouse genome. The 

gene was under the control of its own promoter and expression of mRNA and protein 

was detected in a transgene copy-number-dependent manner that was independent of 

the position of its integration into the mouse genome (Davies et al., 1995). Despite 

elevated S100A4 expression, the mice developed normally displaying no detectable 

neoplastic phenotype (Davies ef al., 1995), thus discounting the possibility that 

S100A4 acted as a transforming oncogene. Interestingly, expression of the rat 

S100A4 mRNA and protein exhibited the same tissue distribution as that observed 
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for endogenous rat S100A4, presumably due to the rat transgene being under the 

control of its own promoter (Davies ef al., 1995). Furthermore this tissue distribution 

was distinct from that observed for the endogenous mouse S100A4, as determined by 

Northern blot analysis. This indicates that whilst mice possess the transcriptional 

control machinery required for the expression of the rat transgene, the transcription 

of the rat and mouse S100A4 genes is controlled by different regulatory mechanisms. 

Expression of the rat transgene was detected by Northern hybridisation in a wide 

variety of tissues. This was highest in the lung, low in the brain and of an 

intermediate level in other tissues such as mammary gland, kidney, spleen and heart. 

Mouse S100A4 was detected mainly in lymphoid tissue (spleen, thymus and lymph 

node) but also to a lower degree in other organs such as lung, mammary gland, brain 

and kidney (Davies et al., 1995). 

To more directly assess the role of S100A4 in inducing metastasis, S100A4 

transgenic mice were mated with transgenic mice that were susceptible to mammary 

tumour formation due to the expression of neu, the activated rodent homologue to the 

human c-erbB-2 oncogene, in the mammary epithelium (Bouchard et al., 1989). The 

importance of c-erbB-2 in transgenic models of breast cancer was described earlier. 

In these mice, neu contains a point mutation in the transmembrane domain of the 

protein, which confers constitutive activation of its tyrosine kinase activity. 

Expression of this transgene is controlled by the mouse mammary tumour virus 

(MMTV) long terminal repeat (LTR) regulatory sequences which are glucocorticoid 

activated (Ross and Solter, 1985). New expression was thus targeted to epithelial cells 

of the mammary glands of these transgenic mice. Activated neu expression 

correlated with the stochastic formation of primary mammary tumours in female 

mice between 7-14 months of age. Mammary epithelial tumour cells contained high 

levels of Neu protein, detected by immunohistochemistry (Bouchard et al., 1989; 

Davies et al., 1996). 

Introduction of the $100A4 transgene into these MMTV-neu transgenic mice, 

by mating, produced further evidence that S100A4 was able to induce metastasis in a 

now fully in vivo model of metastatic breast cancer (Table 1.1). Transgenic offspring 

that inherited the S/00A4 transgene only, displayed no detectable neoplastic 

phenotype, as observed for the S100A4 parental transgenic mice. Female offspring 

containing the MMTV-neuw transgene developed primary mammary gland tumours, 

also as exhibited by the MMTV-neu parent strain. Female bitransgenic offspring that 
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inherited and expressed both transgenes (MMTV-neu/S100A4 bitransgenic mice) 

developed sporadic mammary gland tumours at a slightly earlier age than their 

MMTV- neu littermates. Fifty percent of MMTV-neu/S100A4 mice had developed 

palpable mammary tumours by 11.4 months, whereas 50% of MMTV- neu mice had 

developed palpable mammary tumours by 14.4 months. Thus suggesting that the 

presence of elevated levels of S100A4 enhanced the rate of tumour growth in these 

mice (Davies et al., 1996). Unlike MMTV-neu mice, bitransgenic mice had clear 

evidence of metastatic spread to the lungs (Davies ef al., 1996). 

“Transgene Number Mice withbreasttumours Mice withlunglesions © Mean Mean %_ 

of mice 12 months 14 months Microscopic Macroscopic number of of lung 

deposits metastases lung lesions area 

None 8 0 0 - - - - 

S100A4 12 0 0 - - - - 

MMTV-neu 16 4 7 3 0 4.4 0.07 

Both 24 14 17 4 6 19.0 5.10 

“Pv oe ptr. eaO808* 0.06" of Se FT pss Soa se 

Table 1.1 Incidence of mammary tumours and lung metastases in transgenic 

mice. 

P values: a = Fisher Exact test; b = Student T-test. Table based on data from Davies 

et al., 1996. . 

1.5.3.1 Histopathology of transgenic mouse tumours. 

The histology of 162 breast tumours was examined from 24 transgenic mice, 

42 of these were from MMTV-neu mice and 120 from MMTV-neu/S100A4 mice (B. 

Shoker, personal communication; Simpson ef a/., manuscript in preparation). The 

tumours were assessed according to guidelines recommended by the National Health 

Service Breast Screening Programme (NHSBSP, 1997). All the breast tumours 

resembled human infiltrating ductal carcinomas (IDC; Figure 1.1), a form of breast 

carcinoma that is often associated with the over-expression of c-erbB-2 in humans 

(Van de Vijver et al., 1988) and that has previously been identified in other strains of 

transgenic mice containing the neu transgene (Jolicoeur et al 1996). Thus, it appears 
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Figure 1.1 Histology of paraffin embedded sections of primary 

mammary gland tumours from an MMTV-neu mouse and an MMTV- 

neu/S100A4 mouse. 

Low (A and C) and high (B and D) power views of mammary gland 

tumour sections stained with H & E from an MMTV-neu mouse (A and B) 

and from an MMTV-neu/S/00A4 mouse (C and D).



that elevated expression of this protein is responsible for initiating the tumours in 

these transgenic mice and also in defining their histopathology. The majority of the 

tumours had a mainly circumscribed solid growth pattern with expansive margins, 

the solid areas frequently formed an insular/alveolar pattern, and exhibited regions of 

tumour necrosis. Some tumours exhibited other architectural patterns including 

papillary and focal cystic change. The tumours were graded according to extent of 

tubule formation, nuclear pleomorphism and mitotic rate. All the tumours showed 

either moderate or poor tubule formation, the former of these often created a 

cribriform pattern. Carcinomas showing good tubule formation were not identified. 

The majority of carcinomas also showed marked nuclear pleomorphism with few 

exhibiting moderate and none exhibiting mild nuclear pleomorphism. A high mitotic 

count was present in all but three of the tumours. The overall tumour grade was 3 for 

157 (97%) tumours and 2 for 5 (3%) tumours. There was no difference in overall 

grade or any of its components (tubule formation, nuclear pleomorphism and mitotic 

count) when MMTV-neu mice, MMTV-neu/S100A4 mice with no metastases and 

MMTV-neu/S100A4 mice with metastases were compared (B. Shoker, personal 

communication; Simpson ef al., manuscript in preparation). 

The breast tissue surrounding many of the tumours contained "dysplastic" 

lesions. These showed a spectrum of changes from lobules in which occasional acini 

were lined by a layer of large pleomorphic cells with vesicular nuclei to lobules 

grossly distended by cells with high or intermediate grade nuclei usually 

cytologically similar to the invasive tumours. The former lesions probably represent 

the earliest morphologically detectable change in the progression to neoplasia whilst 

the latter were similar to high or intermediate nuclear grade ductal carcinoma in situ 

(DCIS). Some of the larger lesions were difficult to distinguish from invasive 

carcinoma. 

Histological examination of tissues other than the mammary gland identified 

tumour cells in the lungs of some mice. These cells were immunopositive for neu 

protein suggesting that they originated from the primary mammary gland tumours. 

No other tissues were found to contain detectable tumour cells. Three out of seven 

MMTV-neu mice that developed mammary tumours contained groups of tumour 

cells in the lungs, these were often missed by haematoxylin and eosin staining 

because they were so small and were only detected following immunohistochemical 

staining of histological sections for neu protein. These cells existed as small clumps 
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that were encapsulated within intact vascular basement membrane. It would appear, 

therefore that, although tumour cells from some of these MMTV-neuw transgenic mice 

were able to undertake initial stages of metastasis, these cells were non-metastatic 

because they were unable to colonise the new microenvironment by invading the 

lung tissue and re-initiating sustained cell proliferation. Ten bitransgenic mice, out of 

17 analysed, also contained neu-staining tumour cells in the lungs. These tumours 

were like the majority of primary tumours from the transgenic mice in that they 

demonstrated an invasive capacity. In contrast to MMTV-new mice, bitransgenic 

mice contained multiple micrometastases and macrometastases with as much as 24% 

of the histological section of the lungs consisting of metastases (Figure 1.2). 

  

Figure 1.2 Histology of lung tissue from transgenic mice. 

Lung tissue of an MMTV-neu transgenic mouse that had developed primary 

mammary gland tumours (A). Lung tissue of an MMTV-neu/S100A4 transgenic 

mouse that had developed primary mammary tumours and subsequently multiple 

micrometastases and macrometastases (B). Both tissues stained with haematoxylin 

and eosin. Figure B taken from Davies ef al., 1996. 

The metastases were too small to undergo formal grading according to the same 

NHSBSP guidelines, yet they demonstrated the same histological characteristics as 

the majority of primary tumours (Figure 1.3). In particular, they demonstrated 

regions of necrosis, similar proportions of tumour cells undergoing mitosis, a high 
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degree of nuclear pleomorphism and a lack of tubule formation. S100A4 

immunohistochemical staining of the normal lung tissue was high in MMTV- 

neu/S100A4 transgenic mice, as expected following histological characterisation of 

this protein in the $100A4 transgenic mice. S100A4 immunopositive staining of the 

metastatic tumour cells was also evident, particularly in regions where cells were 

invading the local lung tissue (Figure 1.3). Laminin immunohistochemical staining 

demonstrated that these cells had penetrated the basement membrane of alveoli or 

blood vessels. Thus the additional presence of S100A4 in these tumours seems to 

confer an enhanced ability of cells to undergo metastasis in vivo (Davies et al., 

1996). 

In a completely independent in vivo analysis of S100A4 in metastasis, 

transgenic mice were generated to contain multiple copies of mouse mts-1 under the 

control of the MMTV-LTR. As with S100A4 (p9Ka) transgenic mice, these mice 

were phenotypically normal confirming, again, that S100A4 was not oncogenic per 

se (Ambartsumian ef al., 1996). This strain of transgenic mice was mated with 

GRS/A mice which spontaneously developed mammary gland tumours due to 

MMTV proviral integration and subsequent activation of the wat-1 and int-2 

oncogenes (Mester et al., 1987); these tumours rarely metastasise (Van der Valk, 

1981). Expression of mts-1 was detected in stromal cells surrounding primary 

mammary tumours of GRS/A with no effect on the ability of tumours to undergo 

metastatic spread. However, mouse S100A4 transgene expression in the mammary 

tumour cells themselves did confer an increased metastatic capability to these 

primary tumours (Ambartsumian ef al., 1996). 

1.5.4 S$100A4 in human tumours. 

Studies in human tumours have sought to corroborate data obtained in in vitro 

and in vivo models of cancer to ascertain if a role for S100A4 in metastasis is 

apparent in the human disease. Initial evidence suggests that S100A4 expression 

does correlate with an increased susceptibility of the tumour to secondary disease. 

Immunohistochemical analysis of S100A4 in human colorectal neoplastic tissue 

confirmed that, as in cell lines, elevated S100A4 expression correlated with an 

increased metastatic potential (Takenaga et al., 1997). Normal colonic epithelia and 

12 adenomas were immunonegative for S100A4, whereas expression was detected in 

lymphocytes, macrophages and in smooth muscle of normal colorectal tissue, 
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Figure 1.3 Histology of paraffin embedded sections of an MMTV-neu/S100A4 

lung metastasis. 

Low power view of lung sections stained with H & E (A); high power views of 

same sample stained with immunohistochemistry for c-erbB-2 (brown stain; B) and 

for p9Ka (brown stain; C).



consistent with that observed previously in the rat (Gibbs et al., 1995). S1O0A4 

expression was also detected in 8/18 focal carcinomas within adenoma and in 50/53 

adenocarcinoma specimens, suggesting abnormal expression of S100A4 occurs in 

these epithelial-derived tumour cells. Expression was most prominent in regions of 

tumour invasion and significantly almost all of the carcinoma cells found in the 

lymphatics, blood vessels and as liver metastases stained positive for S100A4 

(Takenaga et al., 1997). These results demonstrate a positive correlation between 

abnormally high $100A4 expression and enhanced metastatic potential of human 

colorectal adenocarcinoma cells. 

This investigation has recently been confirmed by S100A4 detection, by 

immunohistochemical staining, in situ hybridisation and quantitative RT-PCR in 

human colorectal adenocarcinomas and matched liver metastases from the same 

patients (S. Taylor, personal communication). S100A4 expression was observed in 

the primary tumours and this was elevated in the subsequent metastases suggesting 

that a clonal selection of S100A4-positive primary tumour cells have metastasised. 

Northern hybridisation experiments have shown that S100A4 mRNA was 

generally higher in cell lines derived from human malignant breast tumours relative 

to benign breast tumours or a normal human mammary cell line immortalised with 

the SV40 virus (Nikitenko ef al., 2000). Albertazzi et al. (1998) demonstrated, by 

similar means, that S100A4 mRNA was detected in 19 out of 34 IDC, and that 13 

(68%) of these patients showed metastatic spread to the lymph nodes. Only 4 out of 

15 patients with S100A4 negative IDC were found to have lymph node metastasis. 

Pedrocchi et al. (1994) observed high S100A4 in aggressive breast cancer cell lines, 

by Northern hybridisation, and in breast cancer biopsy samples, by Western blotting. 

Incidentally, these samples also demonstrated high levels of a marker of tumour cell 

invasion uPA (Pedrocchi ef al., 1994). However, these experiments do not 

distinguish between cell type specific expression of S100A4 which may be due to 

infiltrating lymphocytes or fibroblasts that are also high in S100A4 (Gibbs et ai., 

1995; Takanaga ef al., 1994a, 1994b). In situ hybridisation using an S100A4 

oligonucleotide antisense probe demonstrated S100A4 mRNA was localised to both 

carcinoma cells and stroma cells of human breast lesions, however, S100A4 mRNA 

was present at higher levels in carcinomas relative to benign breast tumour 

specimens (Nikitenko et al., 2000). 
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The most comprehensive study to date of S100A4 expression in human 

tumours investigated primary breast tumours from a group of 349 patients with 

operable breast cancer with a 19 year follow up period (Rudland ef al., 2000; Platt- 

Higgins et al., 2000). The significance of immunocytochemically detectable S100A4 

expression was compared with other clinically relevant prognostic markers in terms 

of patient survival: tumour size, grade, lymph node status and immunological 

detection of proteins involved in cellular proliferation (p53, c-erbB-2, c-erbB-3, 

estrogen receptor (ER), progesterone receptor and pS2), and cellular invasion 

(cathepsin D). 

Positive histological staining of S100A4 in >5% of carcinoma cells correlated 

closely with patient demise, demonstrated clearly in figure 1.4a. In combination with 

other markers such as lymph node status and c-erbB-2 positivity (Figure 1.4), 

survival rates were associated most closely with S100A4 staining and S100A4 

negative tumours indicated good outcome despite positivity for the other marker. 

| Together S100A4 positivity and lymph node involvement or c-erbB-2 positivity was 

related to a worse outcome than S$100A4 positivity alone. This data is significant 

because it supports the differences in tumour phenotype observed between MMTV- 

neu and MMTV-neu/S100A4 mice. Although primary mammary gland tumours from 

both strains of transgenic mice exhibit high grade and a histologically aggressive 

appearance, a considerably higher metastatic capability in bitransgenic mice is 

clearly evident (Davies et al., 1996). Combined elevated expression of both neu and 

S100A4 presents as a worse outcome for these mice relative to single neu transgenic 

mice, in the same way that S100A4 positive/c-erbB-2 positive tumours are indicative 

of a worse prognosis relative to S100A4 negative/c-erbB-2 positive tumours. 

Cumulative data from these studies revealed that, in this group of patients, S100A4 

provided the most significant marker of patient mortality of all the prognostic 

markers used (Rudland ef a/., 2000; Platt-Higgins et a/., 2000). 

1.6 Differential Gene Expression analysis. 

The discovery of cancer related genes is an important aspect in furthering our 

understanding of the molecular and biological aspects of tumour development and 

metastatic progression. Various experimental means have been applied to identify 

gene expression changes that are associated with these processes. The candidate gene 

approach is often useful in studying a particular gene or its protein that has 
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Figure 1.4 Association of levels of immunocytochemical staining for S100A4 with overall patient 

survival. 

The cumulative proportion of patients surviving as a percentage of the total for each year after 

presentation with operable breast carcinoma. (A) demonstrates patient survival associated with 

S$100A4 immunopositivity, (B) demonstrates patient survival associated with combined S100A4 

immunopositivity and lymph node involvement and (C) demonstrates patient survival associated with 

combined $100A4 immunopositivity and c-erbB-2 immunopositivity. Figure (A) was taken from 

Rudland eg al., 2000; figures (B) and (C) were taken from Platt-Higgins ef al., 2000.



previously been implicated to be involved in cancer, for example mutation detection 

of p53 or expression monitoring of c-erbB-2, E-cadherin, vascular endothelial 

growth factor (VEGF) or cathepsin-D. Such molecules have provided useful 

diagnostic markers in breast and in other cancers and would therefore provide 

interesting targets for other studies. However such targeted experiments do not 

facilitate the discovery of new genes or previously identified genes that have not 

been associated with the disease but which may play important roles in determining 

tumour phenotype. To this end, recent molecular technological developments, 

alongside the ever increasing sequencing efforts of human and other mammalian 

genomes is providing a wealth of information which is expected to reveal many 

novel genes and potential targets for therapy and diagnosis for many diseases. The 

application of this emerging technology in cancer research is discussed below. 

1.6.1 High throughput DNA sequencing. 

Large scale sequencing of partial cDNA fragments (expressed sequence tags, 

ESTs) from cDNA libraries has been effectively applied to identify genes, including 

novel sequences that are expressed in experimental samples (Adams e¢ al., 1991). 

One problem with this form of expression profiling for identifying differential 

expression is the large number of ESTs that must be cloned, sequenced and identified 

by extensive sequence-alignment searching. This is due to the complexity of the 

mRNA profiles expressed in a cell, as was initially reported to exist within HeLa 

cells by Bishop. et al. (1974) and in chicken oviduct and liver by Axel et al. (1976). 

An estimated 33,000 distinct mRNA species were transcribed in each HeLa cell to 

produce a total of 35,000 mRNA transcripts. The distribution of individual mRNAs 

determined that three abundance classes existed, 22% of the mRNA transcriptome 

(mRNA profile) comprised only 17 different mRNAs (high abundant sequences), 

28% comprised 370 mRNAs (medium abundant) and 50% comprised approximately 

33,000 mRNAs (low abundant). Comparable mRNA prevalence data was determined 

more recently following EST sequencing of HeLa cells before and after interferon-y 

(IFN- ) treatment (Wan ef al., 1996) and from a liver carcinoma cell line (Okubo et 

al., 1992). Thus, even sequencing of thousands of ESTs is expected to identify 

predominantly highly redundant (high and medium abundant) sequences, and 

therefore only differential expression between these relatively few sequences is 

likely to be identified with reliability (Wan ef al., 1996). 
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Serial analysis of gene expression (SAGE; Velculescu ef al., 1995, 1997; 

Zhang et al., 1997) has been developed and applied to circumvent exhaustive EST 

sequencing on the basis that a small ‘tag’ of 9 base pairs (bp) of mRNA sequence 

from a defined position, is sufficient to determine the identity of the message. Double 

stranded cDNA is digested with a frequently cutting restriction endonuclease and 

ligated with an adaptor containing a type IIS restriction enzyme recognition site. 

Further digestion of DNA with this specific enzyme, which cuts 12 bp downstream 

(3’) of the recognition site, creates a small tag containing 3 bp of adaptor sequence 

and 9 bp of cDNA sequence. Concatamerisation of these small tags, and subsequent 

high throughput automated sequencing enables the identification and abundance 

determination of many thousands of different messages. 

The Cancer Gene Anatomy Project (CGAP; Strausberg et al., 1997) database 

of the National Cancer Institute (NCI) contains 1.5 million ESTs sequenced from 

normal, precancerous and tumour tissues derived from, for example, breast, ovary, 

lung, colon and prostate. A database of SAGE cDNA fragments (SAGEmap; Lal er 

al., 1999) has also been generated at CGAP which contains over 3.5 million 

transcripts sequenced from cDNA libraries derived from numerous different normal 

and tumour tissues, such as colon, breast, lung and brain (refer to Velculescu ef al., 

1999 for a list of tissues and tumours, the number of transcripts in the database and 

an example of data-mining this gene expression data). Public access to such 

databases of ESTs derived from cDNA libraries (http://cgap.gov or 

http://ncbi.nlm.nih.gov/SAGE respectively) for depositing, retrieving and 

analysing gene expression information enhances the ability of researchers to further 

characterise the gene expression profiles of these human tissues and tumours. The 

benefits of using this technology are that the data, or sequence prevalence, is stored 

electronically and can therefore be used to compare the mRNA abundance between 

multiple normal and tumour tissues that have been determined at independent times 

and by independent research groups. Digital Differential Display, a data mining tool 

for the CGAP database, was used for the discovery of genes differentially expressed 

in tumours from breast, colon, lung, ovary, prostate, and pancreas (Scheurle eg al., 

2000). 200 known genes and 500 novel ESTs were shown to be differentially 

expressed by >10-fold, including ribosomal proteins, enzymes, cell surface receptors, 

secretory proteins and cell adhesion molecules. 
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1.6.2 Differential display (DD). 

Parallel gene expression comparisons of multiple independent experimental 

samples can be achieved using differential display technology (Liang and Pardee, 

1992, Liang ef al., 1992) and has subsequently become the basis of numerous 

techniques encompassing technical variations and improvements to enhance the 

reproducibility and success of the method (Matz and Lukyanov, 1998; Martin and 

Pardee, 1999). The general principle of DD is the reverse transcription and 

amplification of partial cDNA fragments using an oligonucleotide that anchors to the 

polyadenylated [poly(A)] tail plus 2 additional 3’ bases of mRNA species and 

arbitrary primers that anneal to different regions of different mRNAs. Specific 

subsets of the mRNA population are amplified using different oligo(dT) primers that 

select mRNAs based on differences in the last two 3’ bases and different sets of 

arbitrary primers. Polyacrylamide gel electrophoresis (PAGE) of amplified fragments 

displays an expression profile specific to each experimental sample. Different 

banding patterns between different samples constitute differences in the abundance 

of specific mRNA fragments that can be purified from the gel, sequence identified 

and further characterised to confirm differential expression. DD methods have 

suffered from technical difficulties which include high rate of false positives being 

identified, lack of reproducibility and the identification of multiple cDNA fragments 

per extracted DNA band (Debouck, 1995; Wan ef al., 1996). 

Kirschmann ef al., (1999) have applied this technology to compare the 

expression profiles of three cell lines demonstrating different invasive and metastatic 

capabilities when injected into susceptible mice. MCF-7 cells, which are poorly 

invasive and non-metastatic, were compared with MoVi cells (MCF-7 cells 

transfected with the mouse vimentin gene), with an invasive yet poorly metastatic 

phenotype and MDA-MB-231 cells that exhibit an invasive and metastatic 

phenotype. Forty four out of 88 PCR products analysed were differentially expressed 

between these cell lines, as assessed by Northern analysis. The expression of 5 of 

these sequences were consistently associated with invasive and/or metastatic 

phenotype in multiple comparable breast carcinoma cell lines. 

1.6.3 Subtractive hybridisation (SH). 

Elimination or removal of sequences common to two experimental samples, 

and the subsequent selection and cloning of sequences unique to or preferentially 
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expressed in one of the samples is the basis for a wide variety of subtractive 

hybridisation techniques (Hedrick et al., 1984). These types of experiments seek to 

overcome the problem of abundant sequences that are common to two cell 

populations and therefore to identify differentially expressed sequences of lower 

abundance. The sample containing target cDNAs of interest is termed the ‘tester’ 

cDNA and this is mixed with a molar excess of a control or ‘driver’ cDNA 

population. Single stranded cDNAs from both samples undergo liquid hybridisation, 

the resulting double stranded sequences representing common mRNAs that can be 

removed using, for example, streptavidin-biotin interactions. The remaining single 

stranded sequences represent differentially expressed mRNAs. Several rounds of 

subtraction can be performed to further enrich for differentially expressed sequences 

that can then be cloned to create subtracted cDNA libraries. Subtractive hybridisation 

can be applied in both orientations, so that control cDNA used in the first experiment 

can be used as tester cDNA in the second experiment. Thus, both up and down 

regulated genes can be identified between two experimental samples. 

These types of methods have been utilised for the identification of many 

sequences demonstrating differential expression. For example, osteopontin was 

identified as a metastasis-related gene by its up-regulation in a metastatic rat 

mammary cell line (Ca2-5-LT1) relative to a benign parental cell line (Rama 37) 

from which it was derived (Oates et al., 1996). Subtractive hybridisation between 

freshly isolated breast cancer cells and normal mammary tissue identified several 

genes, including a novel sequence termed breast cancer associated gene-1 (bceg-1), 

preferentially expressed in the carcinoma cells but not in normal tissue or in breast 

cancer cell lines (Kurt et al., 2000). 

A recently described subtractive hybridisation technology, termed 

Suppression Subtractive Hybridisation (SSH; figure 1.6; Diatchenko ef al., 1996; 

Gurskaya et al., 1996), has been developed that supersedes previously described 

methods and has already been utilised for the identification of differentially regulated 

genes in numerous biological systems (Von Stein et al., 1997; Jin et al., 1997; 

Thompson and Weigal, 1998; Akopyants ef al., 1998; Zuber et al., 2000; Huften et 

al., 1999). SSH includes an equalisation step during hybridisation which normalises 

mRNA abundance and therefore enables the cloning of both high and rarely 

transcribed differentially expressed sequences (Gurskaya et al., 1996). This enhances 

the identification of potentially important and novel genes that are often missed 
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during EST sequencing or standard SH without normalisation of abundance. An 

effect known as suppression-PCR (Siebert et al., 1995; Chenchik ef al., 1996) is also 

employed to selectively enrich for tester specific sequences whilst suppressing the 

amplification of driver cDNA sequences, this negates the need to physically remove 

sequences common to both experimental samples. The benefits of SSH allow for the 

rapid cloning of differentially expressed cDNAs that can be of low abundance and of 

potentially novel sequence. 

1.6.4 Differential screening of arrayed cDNA clones. 

Hybridisation of complex cDNA probes, representative of the whole mRNA 

population, to cDNA targets immobilised to solid supports, such as nylon membrane 

(Von Stein et al., 1997) or glass slides (Schena et al., 1995), has provided the next 

generation of large scale cDNA expression screening experiments. The expression of 

many thousands of cDNAs can be screened in parallel experiments to determine the 

expression profile of these cDNAs in multiple experimental samples. 

The power of this technology has been used in distinguishing different cell 

types of normal mammary gland tissue and breast carcinomas (Perou ef al., 1999, 

2000) and in distinguishing between histopathologically indistinguishable 

lymphomas (Alizadeh ef al., 2000) on the basis of cell type specific gene expression 

profiles. This is possible, not by the identification of differences in expression of 

individual cDNAs but by hierarchical clusteral analysis (Eisen et al., 1998), where 

groups of cDNAs are clustered together on the basis of co-ordinated expression 

patterns under different conditions or in different cell types. However, to generate 

sufficient data for these types of analysis the expression of many thousands of 

cDNAs in many experimental samples is required. For example, approximately 1.8 

million gene expression measurements were made by Alizadeh et al., (2000) during 

experiments investigating the molecular heterogeneity of diffuse large B-cell 

lymphomas (DLBCL). DLBCL exist as a clinically heterogeneous group of tumours, 

60% of patients succumb to the disease whereas the remainder respond well to 

therapy. Gene expression screening of 17,856 cDNA clones per microarray in 94 

normal and malignant lymphocyte samples demonstrated that subtypes of DLBCL 

existed exhibiting distinct gene expression patterns. The different subgroups, defined 

by gene expression profiling, demonstrated statistically significant differences in 

patient survival (Alizadeh et al., 2000) suggesting that such large scale expression 
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screening can be utilised to distinguish between patients at greater risk of dying from 

this disease, when histological analysis of their tumours could not. 

These types of experiments are not feasible for many laboratories, due to 

limited access to such volumes of clinical material and the costs and technical 

challenges involved in producing arrays with high levels of reproducibility. 

Nevertheless, screening arrays that have been purchased or produced in house 

provide means to assess the expression of specific cDNAs in different circumstances 

and therefore the identification of potentially important differentially expressed 

sequences. 

The combined use of subtractive hybridisation or SAGE and array 

hybridisation expression screening is beginning to increase the usefulness of 

differential gene expression experiments. Subtracted cDNA libraries or selected, 

differentially expressed SAGE tags arrayed to a solid support can be screened, for 

example, with multiple tumours to identify cDNAs consistently differentially 

expressed in association with a particular phenotype. The nature of such experiments 

means that the expression pattern of increased numbers of cDNAs, including those of 

previously unknown sequence, can be analysed (relative to non-array methods of 

expression screening such as RT-PCR and Northern blotting), which in turn 

increases the numbers of differentially expressed sequences that can be identified. 

The expression of subtracted cDNA clones, generated by SSH between 

estrogen receptor (ER) positive (MCF-7) and ER-negative (MDA-MB-231) breast 

cancer cell lines, have been investigated by cDNA microarrays for expression in the 

same two cell lines and other ER-positive (T47D) and ER-negative (HBL-100) cell 

lines (Yang ef al., 1999). At a differential expression ratio of 3-fold, 23% of 

subtracted cDNA clones were considered differentially expressed between the two 

cell lines being compared, 7% of cDNA clones demonstrated consistent differential 

expression patterns in the additional ER-positive versus ER-negative cell lines. 

Similarly, SSH between metastatic pancreatic adenocarcinoma cell line Bsp73- 

ASML and its non-metastatic counterpart Bsp73-1AS and high through put Reverse 

Northern cDNA expression screening of 5000 subtracted cDNA clones, identified 

625 (12.5%) differentially regulated cDNAs (the differential expression ratio used to 

identify these sequences was not specified; Von Stein et al., 1997). Also, SAGE 

profiles were generated for two breast tumour cell lines, 21PT and 21MT, and two 

normal mammary epithelial cell lines (Nacht et al., 1999). A total of 228,652 tags 
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were sequenced and 539 tags were expressed at 5-fold higher levels in the cancer cell 

lines. A subset of 68 differentially expressed tags were arrayed and screened for 

expression in 17 breast tumour samples (7 primary breast tumours and 10 

metastases) and four normal breast epithelial cell cultures. Overall, primary and 

metastatic breast tumours showed a similar expression profile for these sequences 

relative to normal; those that were over expressed in primary tumours were also over 

expressed in metastases, and similarly, those under expressed in primaries were often 

also under expressed in metastases (Nacht ef al., 1999). 

1.7 Aims of Ph.D. project. 

The primary aim of this Ph.D. project was to identify gene expression 

changes that may co-operate with elevated expression of S100A4 in inducing the 

metastatic phenotype that is observed in MMTV-neu/S100A4 transgenic mice. The 

use of cDNA expression array hybridisation and subtractive hybridisation in 

combination with Reverse Northern hybridisation was applied to compare gene 

expression patterns of different tumours from the transgenic mice. Characterisation 

of these differentially regulated genes was also carried out to determine if the 

changes in expression are likely to play a functional role in metastatic progression or 

if their expression changes occur as a consequence of the changing phenotype. 

1.8 Strategy for identifying S100A4-associated metastasis-related sequences. 

Archival material from the two transgenic mouse lines, MMTV-neuw and 

MMTV-neu/S100A4, was available for analysis. This was in the form of methacarn 

fixed, paraffin embedded tissue blocks representing the majority of tumours and 

normal tissues from all transgenic mice. These blocks can be utilised for histological 

characterisation of the tumours, immunohistochemical analysis of specific proteins, 

DNA extraction from microdissected tissue and possibly in situ hybridisation for the 

determination of cell-type specific expression analysis of specific mRNAs. During 

necropsy parts of many normal tissues and primary tumours and a limited number of 

metastases were also snap frozen in liquid nitrogen and have since been stored at 

140°C. These tissues can be utilised for histological characterisation as suggested 

above and also for the extraction of DNA, RNA and protein from the whole tumour 

or from histologically defined tissue by microdissection of frozen tumour sections. 
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RNA extracted from these frozen tumours was used as the source of genetic material 

for analysing gene expression patterns in these tumours. 

1.8.1 cDNA array hybridisation. 

cDNA expression arrays were screened to determine the expression profiles 

of 588 arrayed cDNAs. Duplicate arrays were hybridised with probes derived from 

different tumours from the transgenic mice to identify gene sequences that were 

differentially regulated between these tumours. However, these experiments are 

limited to screening the expression of sequences that are present on the array, which 

is relatively few compared to the potential 100,000-120,000 genes contained in the 

mammalian genome and the possible 12,000-33,000 different transcripts expressed in 

a cell. Many of these cDNAs may not be expressed in these tumour cells, let alone be 

relevant to the metastatic progression of these tumours. 

1.8.2 SMART PCR cDNA synthesis and Suppression Subtractive hybridisation 

(SSH). 

SSH has been selected as the basis for identifying differentially expressed 

sequences between cells of progressively metastatic stages of breast cancer from the 

MMTV-neu and MMTV-neu/S100A4 transgenic mice. This technique, as discussed 

previously, allows for the rapid cloning and identification of both rare and high 

abundant differentially expressed sequences that maybe important in determining cell 

phenotype. An initial amplification step can also be incorporated into the procedure 

which enables subtractive hybridisation to be performed from small amounts of 

tissue, such as that obtained from clinical biopsies or microdissected tissue, where 

the yield of RNA, total or poly(A)*-containing RNA, is generally very small but of a 

defined histological nature. The pre-amplification step was incorporated into these 

experiments so that SSH can be performed between RNA derived from small 

amounts of histologically defined tumour tissue. These techniques contain some 

complex stages and so require some degree of explanation. 

1.8.2.1 SMART PCR-generated cDNA. 

Switch mechanism at the 5’ end of RNA templates (SMART™, Clontech) 

was developed for the synthesis of cDNA from limiting amounts of template RNA, 

from as little as 25 ng poly(A) RNA or from 50 ng total RNA which relates to 
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approximately 50,000 or 5,000 cells respectively (assuming 10 pg total RNA/cell and 

5% of this is poly(A)’ RNA). An overview of this method is presented in figure 1.5. 

First strand cDNA synthesis is initiated by a modified oligo(dT) sequence containing 

a PCR priming site sequence. The RNase H mutant of Moloney murine leukaemia 

virus reverse transcriptase (MMLV-RT) is used to copy the mRNA sequence. Two 

intrinsic properties of MMLV-RT are then exploited to add the second PCR priming 

site to the 3’ end of the cDNA molecule. Firstly, terminal transferase activity of 

MMLYV adds 2-5 non-template nucleotides to the 3’ end of the cDNA molecule; the 

preferential sequence of this extension includes three C residues. A second 

oligonucleotide included in the RT reaction contains a 3’ string of G residues which 

anneals to the extended cDNA molecule; the 5’ sequence of this oligonucleotide 

contains the same PCR primer sequence as found in the modified oligo(dT) 

sequence. The second intrinsic feature of MMLV RT is to switch templates and to 

continue copying, this occurs and the second oligonucleotide sequence is thus 

incorporated into the 3’ end of the cDNA molecule (figure 1.5). A PCR primer 

specific to the two adapter sequences incorporated onto either end of each cDNA 

molecule is used to amplify the SMART cDNA. 

1.8.2.2 SSH. 

An overview of the SSH procedure is presented in figure 1.6. The procedure 

can be performed twice for each pair of experimental samples to identify sequences 

up and down regulated between the two mRNA populations. Amplified SMART 

cDNA from both tester and control samples are digested with Rsa I, a restriction 

enzyme with a 4 bp recognition site. This creates shorter blunt-ended cDNA 

fragments that have better hybridisation kinetics relative to full length cDNA 

transcripts. The tester cDNA is subdivided into two equal portions; each is ligated 

with a different double stranded DNA adaptor (adaptor 1 and 2R). Driver cDNA 

contains no adaptors. A 30 fold excess of driver is mixed, independently with each 

adaptor-ligated tester cDNA, double stranded tester and driver cDNA is denatured 

and single stranded cDNA molecules are allowed to re-anneal. Figure 1.6 

demonstrates the types of molecules that form during this first hybridisation step. 

These include single stranded tester CDNA molecules (type a molecules, Figure 1.6), 

double stranded homoduplex tester molecules (type b molecules), tester-driver 

heteroduplexes (type c molecules), single stranded driver cDNA molecules and 
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double stranded homoduplex driver molecules (both type d molecules). Differentially 

expressed tester specific sequences are enriched because sequences common to both 

driver and tester form heterodimers. The two hybridisation reactions are combined 

with a fresh amount of excess denatured driver cDNA and a second hybridisation is 

performed to further enrich for differentially expressed sequences. New tester 

specific hybrids form which have different adaptor sequences on either end (type e 

molecules). 

Two rounds of PCR amplify the tester-specific population, primary PCR 

utilises sequences on the outside of the adaptor sequences (black filled boxes, Figure 

1.6), nested PCR follows using primers specific to internal adaptor sequences (white 

and shaded boxes, Figure 1.6). Single stranded molecules containing a single adaptor 

(type a molecules) fail to amplify since the adaptor sequence is the same, and not 

complementary, to the PCR primer sequence. Hybrids lacking adaptor sequences 

(type d molecules) fail to amplify, those with single adaptor sequences (type c 

molecules) are amplified but only linearly. Sequences with the same adaptor on both 

ends (type b molecules) experience a suppression-PCR effect (Siebert et al., 1995; 

Chenchik ef al., 1996). Tester specific sequences, hybrids with different adaptor 

sequences on either end (type e molecules) undergo enrichment by exponential 

amplification. Subtracted cDNA libraries are created by cloning PCR products of this 

secondary PCR. 

1.8.4 Characterisation of subtracted libraries and differentially expressed cDNA 

clones. 

Characterisation of the subtracted libraries is useful to determine the 

efficiency of subtraction performed, the size and also the complexity of the 

subtracted cDNA libraries created. Extensive sequence characterisation of subtracted 

cDNA libraries, by automated DNA sequencing and the use of database-alignment 

search tools aids determination of these features of the libraries and provides 

information concerning the type of genes that are expressed in the tumours being 

compared. SSH subtracted libraries are often highly complex, meaning that there are 

a high number of different sequences present, this occurs due to the normalisation of 

abundance during hybridisation. High abundant sequences are therefore less 

prevalent than in a non-normalised cDNA library, unless they are also differentially 

expressed. The complexities of the two experimental samples being compared and 
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the number of differentially expressed sequences present between samples also 

governs library complexity. Expression patterns of the subtracted cDNA clones were 

also analysed by Reverse Northern hybridisation to confirm the identity of the truly 

differentially expressed sequences. This is necessary since complete suppression of 

non-differentially expressed sequences is unlikely to occur. In fact the number or 

proportion of differentially expressed sequences identified is dependent on the 

efficiency of SSH performed and on the number of messages that are differentially 

expressed between the experimental samples. The more closely related the two 

samples are, the fewer differentially expressed sequences are expected, resulting in a 

greater number of background clones being identified. 

Clones possessing particularly interesting sequence identity and expression 

data were selected for further characterisation by Virtual Northern analysis, to 

confirm differential expression in the tumours used to perform subtractive 

hybridisation. The expression levels of these sequences in other tumours, normal 

mouse tissues and cell lines derived from the mouse tumours was also investigated, 

by Northern hybridisation, to determine if these demonstrate consistent expression 

correlating with S100A4 expression and therefore also with S100A4-related 

metastatic progression. 
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Figure 1.5 Overview of SMART PCR cDNA synthesis (Clontech). 

SMART cDNA is synthesised using a combination of two oligonucleotides, 

the CDS primer and the SMART II oligonucleotide. Both contain a PCR 

priming site sequence that is subsequently used for long-distance PCR of all 

cDNA molecules. Figure taken from SMART PCR cDNA synthesis 

protocol handbook.
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Chapter 2 

Materials and Methods. 

General molecular biology techniques. 

2.1 Ethanol precipitation of DNA. 

The solution containing the DNA to be precipitated was mixed with 2.5 volumes of 

absolute ethanol and 0.1 volumes of either 3 M sodium acetate or, for the 

precipitation of oligonucleotides, 10 M ammonium acetate and incubated at -20°C. 

Precipitated DNA was pelleted by centrifugation at 13,000 rpm in a microcentrifuge 

for 30 min. The supernatant was removed and the DNA pellet was washed in 70% 

(v/v) ethanol, re-centrifuged, air-dried and resuspended in an appropriate volume of 

sterile distilled water. 

2.2 Spectrophotometric determination of concentrations of DNA, RNA and 

oligonucleotide solutions. 

The yield of DNA, RNA or oligonucleotide was determined by measuring the 

absorbance at 235 nm, 260 nm, 280 nm and 320 nm in a spectrophotometer. The 

concentration of nucleic acid was given by the following formula: 

Concentration (g/l) = (Ar60-A320) x n x dilution factor 

1000 

An optical density of 1 corresponds to approximately 50 g/ml for DNA (n=50), 40 

ug/ml for RNA (n=40) and approximately 27 ug/ml for oligonucleotides (n=27). The 

quality of the nucleic acid preparation was determined by measuring the A26o/A2g0 

ratio and the A»3s/A2s09 ratio that revealed if excessive protein or organic solvent, 

respectively, was carried through into the purified preparation. Absorbance at 320 

nm was a measure of the baseline, and so was subtracted from the A260 reading to 

correct for variations in background absorbance. 

2.3 Restriction enzyme digestion of DNA. 

Cleavage of DNA was carried out using restriction enzymes, the appropriate buffer 

and reaction conditions as specified by the manufacturer. Typically, digests were 
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performed in a volume of 10 pl or 20 ul containing 1-10 ug DNA, 1 unit enzyme/pig 

DNA and by incubating at 37°C for 1-2 h. Heat inactivation of enzymes was carried 

out, when required and when specified by the manufacturers, by incubating at 65°C 

for 20 min. 

2.4 Agarose gel electrophoresis of DNA. 

DNA fragments were sized by electrophoresis through 0.8% (w/v) — 2.0% (w/v) 

agarose gels, using 1x TAE electrophoresis buffer [40 mM Tris-acetate, 1 mM 

EDTA (pH 7.6)]. DNA solution was added to one-sixth volume of DNA loading 

buffer [0.25% (w/v) bromophenol blue, 40% (w/v) glycerol]. Gels containing 0.5 

ug/ml ethidium bromide were either visualised using an UV transilluminator (302 

nm) or scanned at 610 nm in a Fluorlmager SI (Molecular Dynamics). Alternatively, 

gels were stained, post-electrophoresis, in 1:10,000 Sybr Gold solution (Molecular 

Probes) for 45 min and scanned at 530 nm. Scanned images were analysed using 

ImageQuaNT analysis software (Molecular Dynamics). To determine the size of 

DNA fragments analysed, comparison was made to DNA size markers including 

i. DNA digested with Hind III, 1 kb ladder and 6x174 DNA digested with Hae III. 

DNA purification techniques. 

2.5 Purification of PCR amplified DNA. 

Amplified DNA was purified from reaction constituents, in particular unincorporated 

primers, using a QIAquick PCR purification kit (Qiagen). The PCR reaction was 

mixed with 5 volumes of Buffer PB and applied to a QIAquick spin column. DNA 

was bound to the silica-gel matrix by centrifuging for 1 min at 13,000 rpm in a 

microcentrifuge. The DNA was washed by applying 750 wl Buffer PE to the column 

and repeating the centrifugation twice, and eluted by applying 30 ul sterile dH2O to 

the centre of the membrane, incubating for 1 min and repeating the centrifugation. 

Purification of large numbers of PCR reactions was achieved as above yet using a 

QlAquick 96-PCR purification plate that was attached to a vacuum manifold to draw 

solutions through the column filters. Eluted DNA was quantified, by eye, by 

electrophoresis alongside | ug and 0.5 ug samples of A DNA digested with Hind III 

and subsequent comparison to the intensity of staining of DNA fragments of known 

concentration. 
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2.6 Purification of DNA from agarose gels. 

DNA fragments requiring purification by gel extraction were separated by 

electrophoresis on a 1x TAE 0.8-1.5% (w/v) normal or low-melting-point agarose 

gels (Seakem). Limited staining of DNA was either by including 0.5 pg/ml ethidium 

bromide in the 1x TAE electrophoresis buffer or by post-staining the gel in 1xTAE 

buffer containing 0.5 ug/ml ethidium bromide until DNA fragments were visible (5- 

10 min). Relevant DNA bands were excised from the gel and purified by one of the 

two following procedures. On each occasion, eluted DNA was quantified by 

electrophoresis alongside 1 ug and 0.5 ug A DNA digested with Hind III. 

2.7 QLAquick Gel Extraction (Qiagen). 

The excised gel slice was mixed with 3 volumes Buffer QG (100 ul buffer/100 u g of 

gel) and incubated at 50°C for 10 min with occasional vortex mixing. The melted 

agarose and DNA solution was applied to a QIAquick spin column and centrifuged 

for 1 min at 13,000 rpm in a microcentrifuge. DNA bound to the membrane was 

washed and eluted from the column as described above (2.5). 

2.8 Geneclean Gel Extraction (Bio 101). 

Alternatively DNA was extracted from agarose gel slices using a Geneclean II kit 

(Bio 101). The DNA was mixed with three volumes of Nal, and incubated at 55°C 

for 5 min to melt the agarose gel. 5 1 Glassmilk was added to DNA solution (unless 

>5 ug DNA was present, in which case 1 yl Glassmilk/ug DNA was added), vortex 

mixed and incubated at room temperature for 5 min. DNA bound to the Glassmilk 

was pelleted by centrifugation at 13,000 rpm for 30 sec in a microcentrifuge. The 

pellet was washed three times in 500 pl ice cold New Wash solution, for 10 min each 

with DNA being pelleted by centrifugation at 13,000 rpm for 15 sec each time in a 

microcentrifuge. DNA was eluted from Glassmilk by resuspending the pellet in 20 wl 

sterile H2O, incubating at 55°C for 2-3 min and centrifuging for 1 min at.13,000 rpm 

in a microcentrifuge. Elution was repeated with another 20 ul and the eluates were 

combined. 
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2.9 Isolation of DNA, RNA and protein from frozen tumour specimens. 

This method of RNA isolation was based on the protocol developed by Chirgwin et 

al. (1979) and Anandappa et al. (1994). The piece of frozen tissue (typically < 1 cm’) 

was taken from liquid nitrogen and placed immediately into 3.5 ml guanidine 

solution [0.5% (w/v) sodium lauryl sulphate, 4 M guanidine thiocyanate, 50 mM 

Tris-Cl (pH 7.5), 25 mM EDTA (pH 8.0), 10% (v/v) B-mercaptoethanol] in a 30 ml 

polypropylene SS34 centrifuge tube. The frozen tissue was homogenised using a 

Polytron PT 1200 homogeniser, and centrifuged at 8,000 rpm for 10 min at 4°C in an 

SS34 rotor. The supernatant was applied to the top of a 1 ml caesium chloride 

cushion (5.7 M caesium chloride, 0.1 M EDTA) in a 5 ml ultracentrifuge tube and 

centrifuged at 40,000 rpm for a minimum of 20 h at 20°C in an AH650 rotor of a 

Sorvall Combi Plus ultracentrifuge. The top layer, typically 2.5-3 ml of protein, was 

removed and stored at —80°C for subsequent use. The remaining liquid, containing 

DNA, was also removed and stored at —80°C. The centrifuge tubes were drained and 

the RNA pellet at the bottom of the tube was resuspended in 180-360 pl 0.1% (w/v) 

SDS. The RNA was precipitated by adding 0.1 volumes of 2 M NaCl and 2.5 

volumes of absolute ethanol, and the mixture was stored at —20°C overnight. RNA 

was recovered by centrifugation at 13,000 rpm for 10 min at 4°C in a 

microcentrifuge, the supernatant was removed, the RNA pellets were freeze-dried 

under vacuum and resuspended in an appropriate volume of sterile dH2O. The yield 

of RNA was determined using a spectrophotometer (2.2). 

2.10 Propagation of bacteria (and bacteria containing plasmids). 

E.coli XL1-blue, E. coli JA221 (a derivative of E. coli HB101) and E.coli TOP10F’ 

(Invitrogen) bacteria were cultured in LB-broth [1% (w/v) tryptone, 0.5% (w/v) yeast 

extract, 0.5% (w/v) NaCl, pH 7.0], or on LB-agar plates [LB-broth containing 1.5% 

(w/v) bacto-agar] supplemented with either 50 ug/ml ampicillin or 50 pg/ml 

tetracycline (if bacteria contained a plasmid with the ampicillin or tetracycline 

resistance genes), at 37°C in a shaking incubator. Stocks of bacteria containing 

plasmid were made by mixing 850 ul bacterial culture with 150 ul sterilised glycerol 

(approximately 15% (v/v)), snap freezing in liquid nitrogen and storing at -80°C. 
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Genotype of E£. coli strains used: 

E.coli XL1-blue: endA1 gyrA96 hsdR17 lac recA1 relAl supE44 thi-| F’[proAB, 

lac\'ZAM15, Tn10] 

E. coli HB101: aral4 galK2 hsdS20 lacY1 leuB6 mtl-1 proA2 recA13 rpsL20 

supE44 9 14 thi-1 xyl-5 A(mcrC-mrr) F 

E.coli TOP10F’: F’ {lacl*Tn10(Tet®)} merA A(mrr-hsdRMS-mcrBC) ®80lacZAM15 

AlacX74 deoR recA1 araD139 A(ara-leu)7697 ga/U ga/K rpsL endA| nupG 

Isolation of plasmid DNA from bacteria. 

Recombinant plasmid DNA containing a DNA sequence of interest was isolated 

from bacterial culture using the Qiagen miniprep or midiprep methods. 

2.11 Qiagen miniprep. 

A single colony containing the required plasmid was used to inoculate 5 ml LB-broth 

(2.10). The overnight culture was centrifuged at 6,000 rpm in a Sorval SS-34 rotor 

for 10 min at 4°C. The bacterial cell pellet was resuspended in 250 ul buffer P1 (50 

mM Tris-Cl (pH 8.0), 10 mM EDTA, 100 pg/ml RNase A, 4°C) and mixed with 250 

wl buffer P2 (200 mM NaOH, 1% (v/v) SDS), by inverting tubes 4-6 times. 350 ul 

buffer N3 was added and the bacterial suspension was mixed in the same way before 

centrifuging at 13,000 rpm for 10 min in a microcentrifuge. The supernatant was 

applied to a QIAprep spin column and DNA was bound to the silica matrix by 

centrifuging the column at 13,000 rpm for | min in a microcentrifuge. DNA was 

washed, by applying 750 pl buffer PE to the column and repeating the centrifuge 

step, and eluted by applying 50 ul sterile dH2O to the centre of the column, 

incubating for 1 min before re-centrifuging at 13,000 rpm for 1 min in a 

microcentrifuge. 

2.12 Qiagen midiprep. 

A single colony containing the required plasmid was used to inoculate 100 ml LB- 

broth (2.10). The overnight culture was centrifuged at 6,000 rpm in a Sorval SS-34 

rotor for 10 min at 4°C. The bacterial cell pellet was resuspended in 4 ml buffer P1 

and mixed with 4 ml buffer P2 by inverting the centrifuge tube several times and 

incubating for 5 min. Four ml, ice-cold buffer P3 [3.0M potassium acetate (pH 7.5)] 
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was added and the bacterial suspension was mixed by inverting the centrifuge tube 

several times and incubated on ice for 15 min. The mixture was centrifuged at 13,000 

rpm for 30 min at 4°C in an Sorvall SS-34 rotor and the clear supernatant was 

immediately removed and applied to a Qiagen-100 column pre-equilibrated with 4 

ml buffer QBT [750 mM NaCl, 50 mM MOPS (pH 7.0), 15% (v/v) isopropanol, 

0.15% (v/v) Triton X-100]. The column was washed with 20 ml buffer QC [1.0 M 

NaCl, 50 mM MOPS (pH 7.0), 15% (v/v) isopropanol] and the DNA was eluted in 5 

ml buffer QF [1.25 M NaCl, 50 mM Tris-Cl (pH 8.5), 15% (v/v) isopropanol]. Eluted 

DNA was precipitated by adding 3.5 ml isopropanol and centrifuging at 11,000 rpm 

for 30 min at 4°C in a Sorvall SS-34 rotor. The supernatant was removed and the 

plasmid DNA pellet was washed in 2 ml 70% ethanol and recentrifuged for 15 min. 

The pellet was dried, resuspended in an appropriate volume of sterilised water and 

quantified (2.2). 

Radioactive labelling of DNA. 

DNA fragments to be labelled were purified from PCR (2.5) of from low-melting- 

point agarose gels (2.6). Radioactive labelling of double-stranded DNA was achieved 

using the random primed DNA labelling kit (Boehringer Mannheim) or the Strip-EZ 

PCR™ probe synthesis kit (Ambion). 

2.13 Random Primed DNA labelling (Boehringer Mannheim). 

Approximately 25 ng DNA in 12 pl volume, denatured by boiling for 10 min and 

immediate quenching on ice, was labelled by mixing with | wl of each 0.5 mM 

nucleotide solution (dGTP, dTTP and either dATP or dCTP), 2 ul reaction solution 

(containing hexanucleotide mixture and 10x reaction buffer), 20 wCi [a’P] dATP or 

[o??P] dCTP (3000Ci/mmol) and 1 ul Klenow enzyme (2 units). The reaction 

mixture was incubated at 37°C for 1 h. 

2.14 Strip-EZ'™ PCR DNA labelling (Ambion). 

Strip-EZ technology was used to label probes for Northern hybridisation so that 

complete removal of probe from hybridised membranes could be obtained with less 

harsh stripping conditions than standard stripping methods. This was carried out to 

increase the re-use of Northern blots and therefore to improve the sensitivity of 
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repeated probing experiments. Asymmetric PCR was used for this labelling to 

increase sensitivity of mRNA detection by using less unlabelled double stranded 

template DNA and creating a bias in the amplification so that the antisense strand is 

preferentially amplified and labelled. Thus, decreasing the amount of competing, 

unlabelled DNA in the hybridisation and consequently increasing the specificity of 

the resulting probe. 

Approximately 0.1 ng purified DNA was mixed with 1x PCR Buffer [10 mM Tris- 

HCl, (pH 8.3), 50 mM KCl; Perkin Elmer], 1x dNTP mix [-dATP/modified dCTP; 

Ambion], 5 mM MgClz, 1.0 uM of antisense strand PCR primer, 0.01 uM of sense 

strand PCR primer, 20 Ci [a*”P] dATP (3000 Ci/mmol) and 1 unit of AmpliTaq 

Gold DNA Polymerase (Perkin Elmer). The reaction was incubated at 94°C for 10 

min with 30 cycles of 95°C for 30 sec, 55°C for 20 sec and 72°C for 60 sec with a 

final extension of 72°C for 5 min. 

2.15 TCA precipitation of radioactively labelled probes. 

In order to monitor the incorporation of radioactivity, 1 yl of the labelling reaction 

mixture was diluted in 99 pl 1x TEN buffer [0.1 M NaCl, 10 mM Tris-HCl (pH 8.0), 

1 mM EDTA (pH 8.0)]. Two-microlitre aliquots of this diluted mixture were spotted 

onto each of six 1 cm x 2 cm flags of Whatman No. | paper and air-dried. Three of 

the flags were washed twice in 100 ml 5% (w/v) TCA/1% (w/v) sodium 

pyrophosphate, twice in 100 ml ethanol and twice in 100 ml diethyl ether and then 

air dried. All six flags were counted in a scintillation counter for 1 min. The specific 

activity was calculated as per manufacturers instructions (Boehringer Mannheim 

random primed DNA labelling kit specifications sheet): 
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% incorporation of radioactivity = total cpm of the three washed flags x100 

total cpm of the three unwashed flags 

Amount of incorporated = 
uCi dCTP or dATP used x 2.2x10°x% incorporation radioactivity (uCi) 

Amount of newly synthesised DNA (ng) 

= wCi dCTP or dATP used x 13.2 x % incorporation 

specific activity of dCTP or dATP (3000Ci/mmol) 

Specific activity of probe (uCi/ug) 

= amount of incorporated radioactivity x 10° 

amount of DNA probe + amount of newly 

used in the reaction (ng) synthesised DNA (ng) 

2.16 Purification of radiolabelled probes using Sephadex G50 spun columns. 

Spun columns were prepared by applying sterile silica wool to the bottom of 1 ml 

syringe barrel and adding Sephadex G50 saturated 1x TEN buffer. Columns were 

centrifuged at 1000 rpm for 4 min in a MSE Centaur 2 centrifuge with a swing out 

rotor. Unincorporated-labelled nucleotides were removed from synthesised labelled 

probes by applying the probe to the spun column and centrifuging for 4 min at 1000 

rpm. 

2.17 Stripping hybridised membranes. 

Radioactively labelled probe was removed from membranes using one of two 

methods. If Strip-EZ'™ technology was utilised, membranes were incubated in 1x 

probe degradation dilution buffer (Ambion) and 1x DNA probe degradation buffer 

(Ambion) in 10 ml/membrane for 10 min at 68°C in a rotating hybridisation oven. 

Membranes were then incubated in 1x membrane reconstitution buffer and 0.1% 

(w/v) SDS also for 10 min at 68°C. Alternatively, stripping was attempted by boiling 

0.5-0.1% (w/v) SDS and incubating with membranes in a shaking water bath at 80°C 

for 30 min. Membranes were sealed in Saranwrap'™ and either exposed to 

autoradiographic film, to monitor success of stripping, or stored at 4°C. 
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Manipulation of frozen tumour specimens. 

2.18 Cutting frozen tissue sections for RNA extraction. 

Frozen histological sections were cut on a microtome (-20°C) at a thickness of 8 um; 

groups of 2-4 sections were collected into 0.5 pl microcentrifuge tubes that were pre- 

cooled in liquid nitrogen. The sections were immediately snap frozen in liquid 

nitrogen and stored at -80°C. Intervening sections, every 3rd-5th section, were 

mounted onto microscope slides (stored at room temperature) for haematoxylin and 

eosin staining. 

2.19 Haematoxylin and Eosin (H&E) staining of frozen tissue sections. 

Slide-mounted frozen sections were fixed in 95% ethanol, pre-cooled to -20°C, for 2- 

5 min and allowed to air dry at room temperature. The sections were placed in Harris. 

Haematoxylin for 1 min, washed in running tap water for 30 sec, dipped in acid- 

alcohol [1% (v/v) concentrated HCI in 70% (v/v) ethanol] 4 times and washed again 

in running tap water for 30 sec. Sections were stained for 1-5 sec in Scott's tap water 

[0.35% (w/v) sodium bicarbonate and 2% (w/v) magnesium sulphate in tap water] 

and washed for 30 sec in running tap water. Finally sections were stained in Eosin 

[1% (w/v) Eosin yellow shade in tap water] for 5 sec and washed in running tap 

water. The sections were dehydrated by incubating twice in absolute alcohol and 

twice in xylene for 2-5 min each. The slides were mounted in DPX mounting 

medium. 

2.20 Immunohistochemistry of frozen sections. 

Histological frozen sections for immunohistochemistry on plain glass microscope 

slides were allowed to air dry for 2 min at room temperature and then fixed in cold 

(4°C) acetone for 5-10 min. The sections were washed in running tap water and 

incubated in 3% (v/v) H2O2 in methanol for 20 min to destroy endogenous 

peroxidase activity in the tissue that may interfere with the subsequent detection 

process. The sections were washed again in running tap water and then rinsed in TBS 

buffer containing 0.1% (w/v) BSA (pH 7.6). The primary antiserum (rabbit anti- 

human c-erbB-2 oncoprotein, Dako) was applied to the sections at a dilution of 1:500 

for a 1 h incubation at room temperature. Sections were washed three times for 2 min 

each in TBS and then treated with biotinylated swine anti-rabbit immunoglobulin 

(Dako) at a dilution of 1:300 for 45 min at room temperature. Sections were washed 
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three times for 2 min each in TBS and incubated, for 30 min at room temperature, in 

a complex of streptavidin-biotin-horseradish peroxidase (StreptABComplex/HRP, 

Dako). This was prepared 30 min before it was required in order to allow for the 

complex to form, and according to the manufacturer's instructions. The sections were 

washed three times for 2 min each in TBS and the bound antibody was visualised by 

incubating in 0.05% (w/v) diaminobenzidine, 0.1% (v/v) H2Oz in sterile distilled 

water for 5 min at room temperature. The sections were washed in running tap water 

for 30 sec and the cell nuclei counterstained in Harris Haematoxylin for 5-10 sec, the 

sections were again washed in running tap water and placed in Scott's tap water to 

blue the sections. The sections were washed in running tap water for 30 sec and 

dehydrated through 70% (v/v) alcohol, twice in absolute alcohol and three times in 

xylene, each incubation for 10 min. The sections were finally mounted in DPX 

mounting medium. Control staining was performed in which sections were incubated 

in TBS instead of the primary antibody, all the other conditions were identical to the 

normal staining procedure. 

2.21 Microdissection (Luqmani et al., 1992, 1994; Gong et al., 1992). 

Histological frozen sections on plain glass microscope slides to be used for 

immediate microdissection were maintained at -20°C in the microtome, otherwise 

sections could be stored in a sealed box containing dessicant at -70°C. A single 

section was stained with haematoxylin and eosin (2.18) to identify areas for 

microdissection on unstained parallel sections. Each unstained section was placed 

under a stereodissecting microscope (Olympus SZ11) to air dry for 30 sec. A 

microdissection micromanipulator, with a disposable needle, was used to remove a 

small and defined area of the section. The needle was used to pick up the dislodged 

tissue and this was collected in 20 wl of DEPC-treated water containing 1 unit of 

PRIME RNase Inhibitor (5’ Prime-3’ Prime). The samples were briefly vortexed to 

release the mRNA, centrifuged in a microcentrifuge, snap-frozen in liquid nitrogen 

and stored at -80°C. Sections were stained after microdissection with either H&E 

(2.18) or with an antibody for the c-erbB-2 oncoprotein (2.19) to confirm the 

histology of the removed areas. 
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2.22 Poly(A) RNA extraction. 

Poly(A)" RNA was extracted from frozen tissue sections using the Dynabeads 

mRNA DIRECT kit (Dyna!). Dynabeads-oligo (dT)25 were prepared by resuspending 

the stock suspension of beads and transferring 10 wl (50 mg of beads)/extraction to a 

1.5 ml microcentrifuge tube placed in a Dynal magnetic particle concentrator (MPC). 

After 30 sec the supernatant was removed and the beads resuspended in 20 ul 

lysis/binding buffer [100 mM Tris-HCl (pH 8.0), 500 mM LiCl, 10 mM EDTA (pH 

8.0), 1% (w/v) lithium dodecyl sulphate (LiDS), 5 nM DTT]. Tissue sections were 

lysed by adding 300 ul lysis/binding buffer and repeated pipetting up and down with 

a P200 pipette tip. The tissue lysate and 20 ul conditioned beads were mixed by 

rotating on a roller for 2-5 min at room temperature. The beads-mRNA complex was 

purified from tissue extract by placing the vial in the Dynal MPC for 2 min and 

removal of the supernatant. The beads were resuspended and washed twice in 600 ul 

washing buffer containing LiDS [10 mM Tris-HCI (pH 8.0), 0.15 M LiCl, 1 mM 

EDTA, 0.1% (w/v) LiDS], once in 300 wl washing buffer [10 mM Tris-HCl (pH 8.0), 

0.15 M LiCl, 1 mM EDTA] and twice in 300 ul 1x First Strand cDNA synthesis 

buffer [50 mM Tris-HCl (pH 8.3), 75 mM KCl, 3 mM MgCl; Gibco BRL]. Poly(A)" 

RNA was eluted by resuspending the beads in 10 pl DEPC-treated water, incubating 

at 65°C for 2 min, placing the vial in the Dynal MPC for 30 sec and transferring the 

supernatant containing RNA to a new tube. Poly(A)” mRNA was snap frozen in 

liquid nitrogen and stored at -80°C. 

2.23 Reverse Transcription-Polymerase Chain Reaction (RT-PCR). 

An RT-PCR assay was been developed to assess the integrity of RNA extracted from 

stored, frozen tumour specimens. Hypoxanthine phosphoribosyl transferase (HPRT) 

PCR primers were designed to amplify a region of the cDNA that spans multiple 

intron-exon boundaries at the 5’ end of the mouse gene. 

cDNA was synthesised by incubating 1-3 pl poly(A)” RNA with 0.5 pg oligo(dT) j6, 

0.2 mM dNTP and 0.2-0.4 units PRIME RNase inhibitor in a total volume of 5 ul at 

70°C for 10 min. A second premix was added to give a total reaction volume of 10 

ul. This contained 1x First Strand Buffer [50 mM Tris-HCl (pH 8.3), 75 mM KCI, 3 
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mM MgCl], 10 mM DTT and 200 units of Superscript—II™ Reverse Transcriptase 

(Gibco BRL). Reverse transcription was achieved by incubating the reaction at 37°C — 

for 1 h, this was terminated by incubating at 70°C for 10 min. 

PCR reactions using HPRT upper and lower primers (table 2.1) were performed in a 

total volume of 20 wl containing 2 ul of template cDNA, 1x PCR Buffer [10 mM 

Tris-HCI (pH 8.3), 50 mM KCl], 0.2 mM dNTPs, 5 mM MgCh, 0.5 uM of each 

primer and | unit of AmpliTaq Gold DNA Polymerase (Perkin Elmer). The reaction 

was incubated at 94°C for 10 min with 40 cycles of 95°C for 30 sec, 54°C for 45 sec 

and 72°C for 30 sec with a final extension of 72°C for 5 min. Five microlitre aliquots 

were analysed by electrophoresis on 1x TAE 1.2% (w/v) agarose gel containing 0.5 

ug/ml ethidium bromide. 

Sequence 6-3 

Adaptor | CTAATACGACTCACTATAGGGCTCGAGCGGCCGCCCGGGCAGGT 
GGCCCGTCCA 

Adaptor 2R CTAATACGACTCACTATAGGGCAGCGTGGTCGCGGCCGAGGT 
GCCGGCTCCA 

G3PDH 3° PCR primer 
Table 2.1 Oligonucleotides and adapters. 

        
    
    

        

Rsa | restriction endonuclease recognition site used for the digestion of SMART 

PCR-generated cDNA and subsequently the removal of adapter sequences prior to 

subtractive hybridisation is shown in bold. Both adaptors contain a region of double 

stranded DNA towards the 3' end of the top strand and half an Rsa I site (bold). PCR 

primer | is identical to the first half of both adaptors; the two nested PCR primers are 

identical to the second half of the respective adaptor. 
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SMART PCR cDNA synthesis & PCR-Select cDNA subtraction. 

Subtractive hybridisation was performed between poly(A)” RNA derived from 

mammary gland tumours from an MMTV-neu mouse and an MMTV-neu/S100A4 

mouse. Poly(A)” RNA derived from the same MMTV- neu/S100A4 mammary gland 

tumour and a metastasis, from the same mouse, was also used to perform a second 

subtractive hybridisation experiment. A pre-amplification step was incorporated to 

enable SSH to be performed using RNA extracted from small amounts of tissue. All 

steps required for the preparation of SMART cDNA for subtractive hybridisation 

were performed for each of the poly(A)” RNA samples. Subtractive hybridisation 

was then performed in both forward and reverse orientations for both experiments. 

Clontech Laboratories supplied all reagents used for SMART PCR cDNA synthesis 

and PCR-Select cDNA subtractive hybridisation, unless otherwise stated. Procedures 

were as directed in the manuals supplied with the kits, also unless otherwise stated. 

2.24 SMART cDNA synthesis. 

First strand cDNA was synthesised by incubating 3-4 yl poly(A)” RNA, 1 uM cDNA 

synthesis (CDS) primer and 1 uM SMART II oligonucleotide (table 2.1), in a total 

volume of 5 ul, at 70°C for 2 min. At room temperature, 2 ul 5x first strand buffer 

[250 mM Tris-HCl (pH 8.3), 375 mM KCl, 30 mM MgCl], 1 wl 20 mM DTT and 

200 units of Superscript-II'™ Reverse Transcriptase (Gibco BRL) were added. A 

drop of mineral oil was added and the reaction was incubated at 42°C for 1 h. The 

first strand synthesis reaction was terminated by adding 90 wl TE buffer [10 mM 

Tris-HCl (pH7.6), 1 mM EDTA] and heating to 72°C for 7 min. SMART cDNA was 

stored at -20°C. 

2.25 Amplification of SMART cDNA. 

Amplification of SMART cDNA was optimised to avoid over-amplification, and 

therefore possible misrepresentation of cDNAs in the amplified cDNA population, 

by setting up triplicate reactions, each containing 10 wl diluted cDNA, 1x Advantage 

2 PCR buffer, 0.2 mM dNTP, 0.2 uM PCR primer (table 2.1) and 1x Advantage 2 

Polymerase mix in a total volume of 100 ul. All three reactions were amplified by 

incubating at 95°C for 1 min with 15 cycles of 95°C for 15 sec, 65°C for 30 sec and 
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68°C for 6 min. At this point two reactions were removed and stored at 4°C, 15 ul of 

the third reaction was removed and the remaining 85 pl was subjected to three 

additional cycles. Again 15 ul was removed and the remaining 70 pl was subjected 

to three further cycles. This was repeated to obtain 15 wl aliquots after 15, 18, 21, 

and 24 cycles. 5 wl of each aliquot was analysed by electrophoresis on a 1x TAE 1.2 

% (w/v) agarose gel containing 0.5 g/ml ethidium bromide. 

The optimum number of cycles of amplification was determined to be one less than 

the number required to reach an amplification plateau, as estimated by agarose gel 

analysis (see above). Typically 17-20 cycles were required for the 3 tumour mRNA 

samples. The two reactions previously removed and stored at 4°C were subjected to 

the additional number of cycles required; 5 wl aliquots were analysed by 

electrophoresis as before. 

2.26 Purification of SMART PCR-generated cDNA. 

The two amplification reactions, for each tumour sample, were pooled together and 

purified by vortex mixing for 1 min with an equal volume (190 wl) of 

phenol/chloroform/isoamyl alcohol (25:24:1, Sigma) and centrifuging for 10 min at 

13,000 rpm in a microcentrifuge. The aqueous (upper) phase, containing DNA, was 

removed to a clean 1.5 ml microcentrifuge tube and further purified by adding 700 ul 

n-butanol (Severn Biotech Ltd.), vortex mixing for | min and centrifuging for 1 min 

at 13,000 rpm in a microcentrifuge. The upper (butanol, organic) phase was 

discarded leaving the lower phase of a volume between 40-70 ul. Butanol-extracted 

DNA was further purified using a Chroma Spin-1000 column. Columns were 

prepared by inverting several times to resuspend the gel matrix, eluting column 

buffer and equilibrated by adding 1.5 ml 1x TNE buffer [10 mM Tris-HCl (pH 8.0), 

10 mM NaCl, 0.1 mM EDTA] and allowing buffer to drain through the column. 

Sample DNA was applied to the column followed by 25 pl 1x TNE buffer, and once 

all the buffer had drained through the column a further 150 wl 1x TNE buffer was 

added and collected. 320 pl of 1x TNE buffer was added and this was collected as 

the purified cDNA fraction, 75 ul of 1x TNE buffer was added and collected as a 

second purified cDNA fraction. Aliquots (10 wl) of both purified fractions were 
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analysed by electrophoresis to monitor yield of SMART amplified cDNA. 

2.27 Rsa I digestion of purified SMART PCR-generated cDNA. 

SMART amplified cDNA was digested to generate shorter, blunt-ended double 

stranded cDNA fragments. Purified cDNA was mixed with 36 ul 10x Rsa I 

restriction enzyme buffer [100 mM bis Tris propane-HCl (pH 7.0), 100 mM MgCh, 

1 mM DTT] and 15 units Rsa I and incubated at 37°C for 3 h. Digestion was 

analysed by electrophoresis of 10 ul undigested and 10 wl digested cDNA on a Ix 

TAE 1.2% (w/v) agarose gel containing 0.5 ug/ml ethidium bromide. 

2.28 Purification of digested cDNA. 

Rsa I digested cDNA was purified by QIAquick PCR purification (Qiagen) as 

described in section 2.5, yet eluted in 50 ul sterile dH2O. The eluted cDNA was 

ethanol precipitated by adding 50 ul 4 M ammonium acetate and 375 ul of 95% (v/v) 

ethanol, incubating at -20°C for up to 1 h and centrifuging at 13,000 rpm for 30 min 

in a microcentrifuge. The cDNA pellet was washed in 500 wl 80% ethanol, 

centrifuged at 13,000 rpm for 10 min in a microcentrifuge, air dried at 37°C for 10 

min and resuspended in 6.7 wl 1 x TNE buffer. Purified DNA was analysed by 

electrophoresis, quantified by spectrophotometry (2.2) and subsequently diluted to 

300 ng/ul in 1x TNE buffer. 

2.29 PCR-Select cDNA Subtraction. 

Rsa | digested, purified cDNA (300 ng/ul) represented the driver cDNA. A portion 

of each experimental tumour cDNA sample was also further treated to prepare 

adapter-ligated tester cDNA. 

2.30 Ligation of adaptors to tester cDNA. 

Three ligation reactions were prepared, two contained 50 ng cDNA, 2 uM of either 

adaptor | or 2R (table 2.1), 1x ligation buffer [50 mM Tris-HCl (pH 7.8), 10 mM 

MgCl, 2 mM DTT, 0.05 mg/ml BSA] and 400 units T4 DNA ligase in a volume of 

10 ul. The third was to prepare a non-subtracted tester control sample, this contained 

2 ul of the two adaptor ligation reactions. Ligation was performed by incubating at 
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16°C overnight. The reaction was terminated by adding 1 pl 0.2 M EDTA/I mg/ml 

glycogen and heating to 72°C for 5 min. 

The efficiency of the ligation reactions was determined (as per manufacturers 

instructions) by PCR using PCR primer 1 and G3PDH 3' primer and comparing the 

intensity of PCR product to those obtained when using G3PDH 3' and 5' PCR 

primers (table 2.1). The ligation reactions were diluted 1/200 and 1 yl was mixed 

with 0.4 uM of each PCR primer, 0.2 mM of each dNTP, 1 x Advantage 2 PCR 

buffer arid 1x Advantage 2 cDNA polymerase mix. Reactions were incubated at 75°C 

for 5 min to extend the single strand adaptors, followed by PCR conditions of 94°C 

for 30 sec, with 20 cycles of 94°C for 10 sec, 65°C for 30 sec and 68°C for 2.5 min. 5 

ul aliquots were analysed by electrophoresis on a 1x TAE 2.0% (w/v) agarose gel 

containing 0.5 g/ml ethidium bromide. 

2.31 Hybridisation. 

Two rounds of hybridisation were performed using Rsa I digested driver cDNA 

derived from one tumour and adaptor-ligated tester cDNA derived from a different 

tumour. The first hybridisation was performed in 2 separate tubes, each contained 

450 ng driver cDNA, 15 ng tester cDNA and 1x hybridisation buffer (20 mM 

HEPES-HCI (pH 8.3), 50 mM NaCl, 0.2 mM EDTA (pH 8.0), 10% (w/v) PEG 8000) 

in a volume of 4 ul. The first tube contained tester cDNA ligated with adaptor 1, the 

second contained tester cDNA ligated with adaptor 2R. Reaction mixtures were 

heated to 98°C for 1.5 min and then at 68°C for 8 h. The second hybridisation 

contained 75 ng freshly denatured driver cDNA and 1x hybridisation buffer 

combined with the two previous hybridisation reactions, samples were incubated at 

68°C overnight. Hybridisation reactions were diluted in 200 ul dilution buffer (20 

mM HEPES-HCI (pH 8.3), 50 mM NaCl, 0.2 mM EDTA (pH 8.0)) and heated to 

68°C for 7 min. 

2.32 PCR amplification. 

Subtracted cDNA fragments were enriched using 2 rounds of PCR. Control PCR was 

also performed on non-subtracted tester DNA. 1 pl of diluted subtracted samples, 

and | ul of non-subtracted tester control cDNA diluted 1/1000 were mixed with 1x 
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Advantage 2 PCR buffer, 0.2 mM dNTP, 0.4 uM PCR primer | (table 2.1) and 1x 

Advantage 2 cDNA polymerase mix. Reactions were incubated at 75°C for 5 min 

followed by cycling conditions of 94°C for 25 sec and 27 cycles of 94°C for 10 sec, 

66°C for 30 sec and 72°C for 1.5 min. Primary PCR reactions were diluted 1/10 and 

1 pl was mixed with 1x Advantage 2 PCR buffer, 0.2 mM dNTP, 0.4 uM of both 

nested PCR primer | and 2R (table 2.1) and 1x Advantage 2 cDNA polymerase mix. 

This was re-amplified for 12 cycles of 94°C for 10 sec, 68°C for 30 sec and 72°C for 

1.5 min. Both primary and secondary PCR were analysed by subjecting 8 pl to 

electrophoresis through a 1x TAE 2.0% (w/v) agarose gel containing 0.5 ug/ml 

ethidium bromide. 

2.33 TA Cloning. 

DNA fragments generated by PCR were cloned directly into pCR2.1™ using the 

Original TA Cloning Kit (Invitrogen). Subtracted cDNA libraries were generated by 

cloning differentially expressed cDNA fragments enriched by secondary PCR 

following subtractive hybridisation. Non-subtracted cDNA libraries were also 

created in this way by cloning SMART amplified cDNA derived from the three 

tumours that were used for subtractive hybridisation. 

1 wl amplified cDNA was mixed with 50 ng linearised pCR2.1 vector, 1x ligation 

buffer [6 mM Tris-HCl (pH 7.5), 6 mM MgCh, 5 mM NaCl, 0.1 mg/ml bovine 

serum albumin, 7 mM £-mercaptoethanol, 0.1 mM ATP, 2 mM dithiothreitol, 1 mM 

spermidine] and 4.0 Weiss units T4 DNA Ligase (all Invitrogen) in a total volume of 

10 yl. Ligation reactions were incubated overnight at 16°C. 

2.34 Transformation of competent bacterial cells. 

pCR™2.1 containing DNA inserts were transformed into One Shot TOP10F' 

competent cells (Invitrogen). Positive transformants containing vector and ligated- 

insert DNA were identified using a-complementation of X-Gal, with LB-agar plates 

containing 0.1 mM isopropyl-B-D-thiogalactoside (IPTG) and 40 g/ml 5-bromo-4- 

chloro-3-indoyl-B-D-galactoside (X-Gal). For each experiment, 10 pg pUC18 vector 

and sterile water controls were also transformed into the competent cells. 
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A vial of competent cells was thawed on ice for each ligation reaction to be 

transformed. Two ul B-mercaptoethanol and 2 ul of ligation reaction were mixed, by 

swirling of the pipette tip, with 50 ul competent cells. The cells were incubated, on 

ice, for 30 min, heat shocked for 30 sec at 42°C and immediately returned to ice for 2 

min. Four hundred and fifty ul SOC medium [2% (w/v) tryptone, 0.5% (w/v) yeast 

extract, 10 mM NaCl, 2.5 mM KCI, 10 mM MgCl, 10 mM MgSOg, 20 mM glucose] 

or LB medium was added to the cells and incubated, shaking at 225 rpm for 60 min 

at 37°C in a shaking incubator. Transformed cells were placed on ice, and 50 pl and 

200 pl aliquots were spread on the surface of LB-agar plates containing 50 pg/ml 

ampicillin (Sigma), 0.1 mM X-Gal and 40 pg/ml IPTG. Transformation mixture was 

allowed to soak into the agar plates for 30 min at 37°C before incubating inverted 

petri dishes overnight at 37°C. The following day plates were incubated at 4°C for 2- 

3 h to allow for colour development of blue colonies. 

2.35 Construction of non-normalised, non-subtracted cDNA Libraries. 

Non-normalised, non-subtracted cDNA libraries representing the tumours utilised in 

the subtractive hybridisation were constructed by directly cloning SMART PCR- 

generated cDNA. Amplification of cDNA was performed and optimised as described 

in section 2.24. The complex cDNA library was ligated into pCR2.1 by TA cloning 

as described in section 2.32 and transformed into TOP10F’ competent E.coli (2.33). 

Several colonies were picked, grown overnight in 5 ml LB medium containing 50 

ug/ml ampicillin and plasmid DNA extracted by Qiagen plasmid DNA Miniprep 

protocol (2.11). Restriction digestion of plasmid DNA was performed to confirm that 

cloning of DNA fragments had occurred. 

Characterisation of subtracted libraries and subtracted cDNA clones. 

Cloned cDNA inserts, amplified by colony-PCR and purified by QIAquick 96 PCR 

purification (Qiagen), were identified by DNA sequencing using one of the two 

methods described below. The expression of subtracted cDNA clones was also 

assessed by dot blotting DNA on to nylon membranes and hybridising with 

radiolabelled probes derived from tumour RNA. Each membrane was made in 

triplicate so that three probes derived from the three types of tumour used in 
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subtractive hybridisation could be hybridised to identical membranes at the same 

time. Probes have been made by two different means, by incorporating the 

radioactive label during SMART cDNA amplification and during first-strand cDNA 

synthesis. 

2.36 Colony-PCR. 

Colonies containing cloned cDNA molecules, identified by blue/white colony 

screening, were picked and used to inoculate 200 wl LB-broth containing 50 ug/ml 

ampicillin set up in 96-well, flat-bottom, tissue culture plates (Nalge Nunc 

International). Cultures were grown overnight at 37°C in an incubator shaking at 225 

rpm. Overnight cultures were diluted 10 fold in sterile distilled water and the 

remaining culture was stored at -80°C containing 15% (v/v) glycerol. Two pl of the 

diluted culture was amplified by PCR using the nested PCR primers | and 2R (table 

2.1). Reactions contained 1x PCR buffer [10 mM Tris-HCl (pH 8.3), 50 mM KCl], 

0.2 mM dNTP, 2.5 mM MgCh, 0.4 uM of each primer and 1 unit Amplitaq Gold 

DNA Polymerase (Perkin Elmer) in a total of 25 wl. The reaction conditions were 

94°C for 10 min, 35 cycles of 95°C for 30 sec, 68°C for 1 min, 72°C for 2.5 min 

followed by 72°C for 5 min. 

PCR products were visualised by electrophoresis of a 1 pl aliquot of each reaction on 

1x TAE 1.5% (w/v) agarose gels containing 0.5 ug/ml ethidium bromide and purified 

by QIAquick 96 PCR purification (Qiagen) using a QIAvac 96 vacuum manifold and 

QlAquick 96 well plates (2.5). The 50 pl eluted DNA was dried by incubating at 

37°C for several h, and resuspended in 15-20 ul sterile ddH20. 

2.37 Cycle sequencing using ABI 377 automated DNA sequencer. 

Sequencing reactions (10 pl reaction volume) contained 4 ul (typically 30-90 ng) of 

Qiagen-PCR purified DNA, either of the two nested PCR primers 1 or 2R (Table 2.1; 

0.16 pmol) and 4 wl Terminator Ready Reaction Mix (contains AmpliTaq DNA 

Polymerase FS, dNTP, A-Dye Terminator labelled with dichloro(R6G), C-Dye 

Terminator labelled with dichloro(ROX), G-Dye Terminator labelled with 

dichloro(R110), T-Dye Terminator labelled with dichloro(TAMRA), 2 mM MgCl) 

and 20 mM Tris-HCl buffer (pH 9.0), PE Applied Biosystems). Cycle sequencing 
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was performed by incubation at 96°C for 2 min followed by 25 cycles of 96°C for 10 

sec, 50°C for 5 sec and 60°C for 4 min. Sequencing extension products were ethanol 

precipitated to remove excess dye terminators. DNA pellets were resuspended in 2 ul 

loading buffer containing a 5:1 ratio of deionized formamide and 25 mM EDTA (pH 

8.0) with blue dextran (50 mg/ml). Samples were incubated at 95°C for 2 min to 

denature the DNA and placed on ice, 0.8 pl of each sample was loaded onto a 5% 

Long Ranger-Gel (AT Biochem) and electrophoresis was performed on an ABI 

PRISM 377 DNA Sequencer (PE Applied Biosystems). 

2.38 Cycle sequencing using MegaBACE 1000 sequencer. 

All steps were performed in a 96-well PCR plate (Advanced Biotechnologies). 

QIAquick PCR purified DNA template, 0.2-2 ug, was mixed with 4 ul DYEnamic 

ET reagent premix (Amersham Pharmacia Biotech) and 5 uM of either nested PCR 

primer 1 or 2R (Table 2.1) in a total reaction volume of 10 wl. Cycle sequencing was 

performed for 25 cycles of 95°C for 20 sec, 50°C for 15 sec and 60°C for 60 sec. 

Unincorporated dye terminators were removed by ethanol precipitation by adding 0.1 

volume of 7.5 M ammonium acetate and 2.5 volumes of 95% ethanol. Precipitated 

DNA was pelleted by centrifugation in a Sorvall RT 6000D benchtop centrifuge at 

2,900 rpm (1,400g) for 45 min at room temperature. The supernatant was removed 

by a brief centrifugation with the PCR plate inverted on a piece of paper towel. DNA 

pellets were washed by adding 100 pl 70% ethanol and centrifugation at 2,900 rpm 

(1,400g) for 15 min at room temperature. DNA pellets were dried by repeating the 

inverted plate centrifugation and incubating at 37°C for 10 min. DNA was 

resuspended in 10 ul] MegaBACE loading buffer (Amersham Pharmacia Biotech). 

2.39 DNA sequence analysis. 

DNA sequences were extracted from results of both methods of sequencing and were 

analysed using a variety of sequence analysis software (PE Applied Biosystems and 

Amersham Pharmacia Biotech). Sequences were initially screened using Factura 

software (PE Applied Biosystems) to identify heterozygous base calls where one, or 

more, peaks were present at a minimum of 75% of the main called peak. Sequence 

Navigator and Sequence Analysis software were subsequently used to remove poor 

sequence and occasionally to correct ambiguously called bases. Sequencher (Gene 
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Codes Corporation) was utilised to screen all sequences for clones exhibiting 

overlapping regions of identical sequence. Sequence identification was determined 

using the Basic Local Alignment Search Tool (BLAST; 

www.ncbi.nlm.nih.gov/blast/; Altschul et al., 1990) for searching Genbank (Benson 

et al.,1999), the EMBL data Library (Stoesser et al., 1998) and the DNA Databank of 

Japan (Yoshio ef al., 1998). Default search parameters were used. 

2.40 Preparation of DNA. 

Control DNA was used on each Reverse Northern membrane. This included HPRT, 

actin and p)Ka cDNAs. HPRT 5’ cDNA fragment was prepared by PCR (2.23) and 

Qiagen PCR purification (2.5). Both actin and p9Ka cDNAs were present in pAT153 

plasmid vector, cDNAs were isolated from plasmid DNA via Pst I digestion and gel 

purification (2.6) of the excised Pst I cDNA fragments. The DNA yield of each 

cDNA was estimated by gel electrophoresis alongside 1 ug and 0.5 ug of A DNA 

digested with Hind III. 

Cloned cDNA inserts were prepared for immobilising on to Reverse Northern 

membranes by colony-PCR. Agarose gel electrophoresis was performed for each 

PCR reaction to monitor the quality and approximate yield of amplified cDNA. 

All DNAs were diluted in sterile distilled water to give a volume of 80-85 il, 

precisely 25 pl (between 10-100 ng DNA) was carefully aliquoted to three 96-well 

PCR plates. The excess volume was to ensure that exactly the same volume was 

aliquoted to each plate, any left over DNA was discarded. 

2.41 Preparation of membranes. 

DNA was denatured at 95°C for 10 min and immediately cooled in a 96-well 

Stratacooler (Stratagene). 25 ul 20x SSC [3 M NaCl, 0.3 M Nascitrate] was added to 

the DNA, mixed and applied to a Bio-Dot blotting apparatus (Bio-Rad), connected to 

a vacuum manifold, containing a piece of Hybond-N* nylon membrane 

(approximately 12 cm x 8 cm in size; Amersham Life Sciences) pre-wetted in 10x 

SSC. DNA was drawn through onto the membrane by applying the vacuum. To 

ensure all the DNA was applied to the membrane, the wells of the 96-well plate were 
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washed in 100 pl 10x SSC and the wells of the BioDot apparatus were washed with 

200 ul 10x SSC, both were applied to the membrane using the vacuum. The DNA 

was denatured by removing the membrane from the apparatus and placing it, DNA 

side up, on filter paper soaked in denaturing solution [1.5 M NaCl, 0.5 M NaOH] for 

5 min. The membrane was neutralised by incubating for 1 min on filter paper soaked 

in neutralising solution [1.5 M NaCl, 0.5 M Tris-HCl (pH 7.2), 1 mM EDTA] and 

then left to air dry for 1 h at room temperature. The DNA was cross-linked to the 

membrane by subjecting to a UV exposure (wavelength 254 nm) of 70,000 

microjoules/cm? (optimised pre-set mode for Hybond-N* nylon membranes) in a UV 

Crosslinker (Amersham Life Science). Membranes were wrapped in Saranwrap™ 

and stored at 4°C. 

2.42 First-strand cDNA synthesis probes. 

20 ug of total RNA, derived from whole tumour RNA preparations, was incubated 

with 7.5 pg oligo(dT),6 at 70°C for 10 min, at room temperature for 5 min and then 

on.ice for at least 5 min. Reactions contained 20 units of human placental 

ribonuclease inhibitor (HPRI, Amersham Life Sciences), 1x first strand buffer [50 

mM Tris-HCl (pH 8.3), 75 mM KCl, 3 mM MgCl], 10 mM DTT, 1 mM each of 

dATP, dGTP and dTTP, 6 uM dCTP, 5 pl [xP] dCTP (3000Ci/mmol) and 200 

units of Superscript™ Reverse Transcriptase (Gibco BRL). These were incubated at 

42°C for 1 h, another 200 units of Superscript™ Reverse Transcriptase was added 

and incubated for a further 1 h at 42°C. RNA was removed by adding 0.4% (w/v) 

SDS/20mM EDTA/360 mM NaOH and incubating at 68°C for 30 min and at room 

temperature for 15 min. Reactions were neutralised by adding 1 M Tris-HCl (pH 

7.0)/2N HCl. 

2.43 SMART PCR-generated labelled cDNA probes. 

Slight modifications to the previously described SMART cDNA amplification 

protocol (section 2.25) were employed to label SMART cDNA. On each occasion 

PCR was optimised to prevent over amplification occurring. 2 ul] SMART cDNA 

was amplified in a reaction volume of 20 wl containing 3 pl (a??P) dCTP 

(3000Ci/mmol), 10 mM each of dATP, dGTP and dTTP and 60 uM dCTP. 
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Probes were monitored for incorporation efficiencies by TCA precipitation and 

scintillation counting (section 2.15) and purified using Sephadex G50 spun columns 

(section 2.16). Purified probes were re-assessed by TCA precipitation and 

scintillation counting to assess recovery from spun columns and to ensure that the 

three probes used for hybridisation were of the same, approximate, strength. 

2.44 Reverse Northern hybridisation. 

Membranes were prehybridised in 25 ml of 5x SSC, 5x Denhardts, 0.5% (w/v) SDS 

and 100 pg/ml denatured salmon sperm DNA for 2-4 h at 68°C in a rotating 

hybridisation oven (Hybaid mini hybridisation oven or Techne hybridiser HB-1D). 

50x Denhardt’s reagent consisted of 1% (w/v) ficoll 400, 1% (w/v) bovine serum 

albumin and 1% (w/v) polyvinylpyrrolidone. Probes were denatured by boiling for 

10 min and quenching on ice for a minimum of 2 min. An equal number of counts 

(typically 5x10° cpm) for each probe was added to hybridisation buffer 

[prehybridisation buffer containing 10% (w/v) dextran sulphate] and hybridisation 

was performed overnight at 68°C. Hybridised membranes were washed in 2 changes 

of 0.1x SSC/0.1% SDS solution for 30 min and 60 min at 68°C in a shaking water 

bath. Washed membranes were wrapped in Saranwrap'™ and exposed to 

autoradiography film (Kodak) at -80°C for 16 hr-2 weeks. Images were also acquired 

using the Bio-Rad GS-363 Molecular Imaging System. Membranes were exposed to 

Imaging Screen BI (BioRad) for 24 hr-7 days and developed using a GS-363 

scanner. Spot intensities were quantified using Molecular Analyst'™ software (Bio- 

Rad). 

2.45 Colony lifts and hybridisation. 

Approximately 1000 colonies from 3 cDNA libraries (non-normalised, non- 

subtracted; produced in section 2.35) and the 4 subtracted cDNA libraries (produced 

in section 2.33), transformed into TOP10F' competent cells were grown on nylon 

membrane for hybridisation screening experiments. The method used was described 

by Sambrook et al. (1989). Transformation mixtures were diluted in LB medium and 

100 pl was spread directly on to Millipore HA nylon filters pre-soaked on top of 

freshly made LB-agar plates (containing 50 ug/ml ampicillin, 40 mg/ml X-gal and 

0.1 mM IPTG) to give a colony density of approximately 200-250 white colonies/8 

cm plate. Inverted plates were incubated at 37°C for approximately 20 h to allow 
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sufficient numbers of colonies to grow. 

Master plates were made by placing membrane filters, colony side down, on to fresh 

LB agar plates (containing 50 g/ml ampicillin, 40 mg/ml X-gal and 0.1 mM IPTG) 

and applying even pressure over the whole of the membrane. Filters were carefully 

removed and the master plates were incubated at 37°C to allow duplicated colonies to 

replenish. Plates were sealed with parafilm and stored at 4°C. 

Nylon membrane filters containing colonies were treated to fix plasmid DNA to the 

membrane. Each filter was incubated, colony side up, on a series of pieces of 3MM 

paper saturated in the following solutions: 10% (w/v) SDS for 3 min, denaturing 

solution [1.5 M NaCl, 0.5 M NaOH] for 5 min, neutralising solution [1.5 M NaCl, 

0.5 M Tris-HCI (pH 7.2)] for 5 min, 20x SSC for 5 min. Membranes were placed 

colony side up on paper towel between each incubation to remove excess liquid. 

Membranes were air-dried for 1h before being fixed by subjecting to a UV exposure 

(wavelength 254 nm) of 70,000 microjoules/cm? in a UV Crosslinker (Amersham 

Life Science). Membranes were stored at 4°C. 

25 ng (DNA template) actin, HPRT or p9Ka cDNA fragment was labelled with 

[o°*P] dATP (3000mCi/mmol) using the random primed DNA labelling kit (2.13) 

with Strip-Ez nucleotide mix (Ambion) incorporated into the reaction. The level of 

radioactive incorporation was monitored by TCA precipitation (section 2.15) and the 

probe was purified using a Sephadex G50 purification column (2.16). Colony filters 

were incubated in the same composition of prehybridisation (25 ml/10 filters) and 

hybridisation buffers (15 ml/10 filters) as described for the hybridisation of Reverse 

Northern membranes (section 2.44). Denatured probe was added to the hybridisation 

buffer and incubated with the colony filters overnight at 68°C in a rotating 

hybridisation oven. The following day membranes were washed at 68°C in several 

changes (typically 250 ml) of 0.1xSSC, 0.1% SDS for 3x 45 min each. Hybridised 

filters were exposed to autoradiographic film overnight at -80°C. 

Northern & Virtual Northern Analysis of Subtracted Clones. 

The expression of specific subtracted cDNA clones in multiple tumours, cell lines 

and normal tissues from the transgenic mice. was determined by hybridisation to 
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Northern and Virtual Northern blots. In both cases, gels were visualised prior to 

blotting on to nylon membrane, and were again visualised post-blotting to assess for 

loading accuracy and transfer efficiency. 

2.46 Northern Blotting of Total RNA. 

Equipment for use in Northern blot analysis was treated with 0.1% (v/v) DEPC to . 

inactivate RNase before use. 1% (w/v) formaldehyde agarose gels were prepared 

using 1x formaldehyde gel running buffer [FGRB: 0.1 M MOPS (pH 7.0), 40 mM 

sodium acetate, 10 mM EDTA] and 18% (v/v) formaldehyde/NaOH [30 ml 

formaldehyde/22.5 1 10 M NaOH]. The gel was subjected to electrophoresis for 5 

min, prior to loading RNA samples, in 1x FGRB at 5 V/cm with the buffer being 

circulated from the cathode to the anode. 

10 pg aliquots of total RNA were prepared in a total volume of 20 pl containing 1x 

FGRB, 17.5% (v/v) formaldehyde and 50% (v/v) deionised formamide. Samples 

were heat denatured at 65°C for 15 min and immediately cooled on ice. 2.5 wl of 

formaldehyde gel loading buffer [50% (v/v) glycerol, 1 mM EDTA (pH 8.0), 0.25% 

(w/v) bromophenol blue, 0.25% (w/v) xylene cyanol FF, 0.25 mg/ml ethidium 

bromide] was added to the RNA, mixed and subjected to electrophoresis 3-4 V/cm, 

with buffer circulating as above. 

After electrophoresis, the gel was washed in 50 mM NaOH/10 mM NaCl for 45 min 

at room temperature on a Stovall “belly dancer” shaker. A second wash was 

performed in 10 mM NaCl/0.1 M Tris-Cl (pH 7.5), also for 45 min. RNA was 

transferred to Electran nylon blotting membrane (BDH) by capillary action in 10x 

SSC as described in Sambrook et al. (1989). The membrane was left to air dry for 1 h 

and the RNA was fixed onto the membrane by exposure to UV light for 2.5 min. 

Membranes were wrapped in Saranwrap™ and stored at 4°C. 

2.47 Virtual Northern blotting of SMART amplified cDNA. 

The expression of specific cDNA clones were examined in SMART PCR-generated 

cDNA (2.25), derived from the same MMTV-neu and MMTV-neu/S100A4 primary 

tumours and the bitransgenic metastasis to those used for subtractive hybridisation, 

by blotting amplified SMART cDNA onto a nylon membrane. This was achieved 
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using the Southern blotting method described by Sambrook et al. (1989) and was 

instead of performing Northern blotting of RNA from these tumours due to the 

limited amount of poly(A)” RNA extracted from tumour sections. Amplified DNA 

from 15 and 18 cycles of PCR was subjected to electrophoresis, alongside 1 Kb 

ladder (Advanced Biotech), on a 1x TAE 1.2 % (w/v) agarose gel containing 0.5 

ug/ml ethidium bromide. The gel was washed in 0.25 M HCI for 10 min at room 

temperature. Further washes were performed in denaturing solution [0.5 M NaOH, 

1.5 M NaCl] for 2x 15 min each and in neutralising solution [1.5 M NaCl, 0.5 M 

Tris-Cl (pH 7.5), 1 mM EDTA (pH 8.0)] for 2 x 15 min each. DNA was transferred, 

overnight, to Hybond-N* nylon membrane (Amersham) by capillary action in 10x 

SSC. The membrane was left to air dry, at room temperature, for 1 h. The DNA was 

cross-linked to the membrane by subjecting to a UV exposure (wavelength 254 nm) 

of 70,000 microjoules/em* (optimised pre-set mode for Hybond-N’ nylon 

membranes) in a UV Crosslinker (Amersham Life Science). Membranes were 

wrapped in Saranwrap™ and stored at 4°C. 

Two methods of UV crosslinking of nucleic acids to nylon membranes were used 

because the experiments were performed in two different laboratories. 

2.48 Hybridisation of specific cDNA probes to the RNA and DNA immobilised 

to the Northern and Virtual Northern membranes. 

Both Northern and Virtual Northern membranes were incubated in prehybridisation 

solution [5x SSPE, 5x Denhardt’s reagent, 0.5% (w/v) SDS, 50% (v/v) deionised 

formamide, 100 g/ml denatured sonicated salmon sperm DNA] at 42°C for 3-4 h in 

a rotating hybridisation oven. 20x SSPE consisted of 3 M NaCl, 200 mM sodium 

dihydrogen orthophosphate hydrate, 20 mM EDTA, pH 7.4. The prehybridisation 

solution was removed and replaced with hybridisatign solution [prehybridisation 

buffer containing 5% (w/v) dextran sulphate] or UltraHyb'™ (Ambion) for 30 min 

prior to the addition of denatured labelled probe of typical specific activity of 5x10°- 

1x10’ dpm/wg. Hybridisation was performed at 42°C for at least 16 h. After 

hybridisation, the membranes were washed in pre-heated washing buffers at 68°C in 

a shaking water bath. Initial wash was performed with two changes of 2x SSC/0.1% 

(w/v) SDS for 15 min each, this was followed by 1 wash in 0.2x SSC/0.1% (w/v) 

SDS for 15 min and 2 washes of 0.1x SSC/0.1% (w/v) SDS for 20-30 min. Washed 
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membranes were wrapped in Saranwrap'™ and exposed to autoradiographic film 

(Kodak). 

cDNA expression array hybridisation experiments. 

The cDNA expression hybridisation kit contained reagents for SMART cDNA 

synthesis, amplification and purification, Klenow extension probe labelling and 2 

duplicate nylon membrane arrays (Atlas'™ Mouse cDNA Expression Array), each 

containing 588 different mouse cDNAs (see Appendix or 

www.clontech.com/atlas/genelists/Mbroad.xls). All reagents required for screening 

of these cDNA expression arrays were supplied by Clontech, unless otherwise stated. 

Two experiments were performed, firstly comparing the expression profiles of the 

same MMTV-neu/S100A4 primary and metastatic tumours that were used in 

subtractive hybridisation. And secondly, the expression profile of 5 pooled grade 3, 

infiltrating ductal carcinomas (IDC) from both MMTV-neu mice and MMTV- 

neu/S100A4 mice were also compared. 

2.49 Template probe preparation. 

For the first experiment, SMART PCR-generated cDNA was synthesised from 

poly(A)" RNA extracted from approximately 100,000 cells derived from the MMTV- 

neu/S100A4 primary and metastatic tumours. In the second experiment, 1 ug of 

mixed total RNA from both MMTV-neu mice and MMTV-neu/S100A4 mice was 

used to synthesise and amplify SMART cDNA (2.24-25). 

The 2 reactions, for each sample, amplified for the required number of cycles, were 

combined and subjected to spun column purification to remove reaction constituents 

such as unincorporated nucleotides and PCR primers. 400 ul NT2 buffer was added 

to each DNA sample, mixed and applied to a Nucleospin filter column placed in a 

collection tube. Columns were centrifuged at 13,000 rpm in a microcentrifuge for 1 

min and the waste solution was discarded. DNA was washed by applying 3 lots of 

500 wl NT3 buffer to the filter and centrifuging at 13,000 rpm for 1 min each time. 

DNA was eluted by applying 50 yl NE elution butter to the filter, incubating for 2 

min followed by centrifugation at 13,000 rpm for 1 min. 5 wl purified DNA was 

analysed by electrophoresis on a 1x TAE 1.2 % (w/v) agarose gel containing 0.5 
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ug/ml ethidium bromide. DNA yield was determined by measuring optical density at 

260 nm (see method 2.2). 

2.50 Labelling of DNA. 

SMART amplified cDNA was used as template DNA in radioactive labelling 

reactions using a gene-specific primer mix (CDS primer mix) specific for cDNAs 

present on the array. Purified DNA (500 ng) and 1 wl CDS primer mix in 34 wl, was 

denatured by boiling for 8 min and quenching on ice for 2 min. Denatured DNA, 

incubated at 50°C for 2 min, was labelled by adding 1x Klenow buffer, 1x dNTP 

mix, 5 wl [a>’P] dATP (3000mCi/mmol) and 1 pl (2 units) Klenow enzyme, in a 

total volume of 50 ul and by incubating at 50°C for 30 min. The labelling reaction 

was stopped by adding 2 pl 0.5 M EDTA (pH 8.0). Labelled DNA was purified using 

the Nucleospin columns; the same method as described above was used, only that 

350 ul NT2 buffer was mixed with the cDNA prior to addition to the column, 350 ul 

NT3 buffer was used to wash the DNA/filter and 100 pl NE elution buffer was used 

to elute the labelled DNA. Probe labelling and purification efficiency was measured 

by TCA precipitation (2.15) 

2.51 Hybridisation. 

Atlas array membranes were prepared by soaking briefly in water and then pre- 

hybridising in 5 ml ExpressHyb (containing heat denatured 50 ul 20x SSC and 50 ul 

blocking solution) at 68°C for 1 h in a rotating hybridisation oven. Each membrane 

was hybridised with 5 ml ExpressHyb containing heat denatured 20xSSC (50 ul), 

blocking solution (50 pl) and approximately 4x10’ cpm of probe. Hybridisation was 

performed overnight at 68°C in a rotating hybridisation oven. 

Membranes were washed the following day in two changes of 2x SSC/1% (w/v) SDS 

for 30 min each followed by three changes of 0.1x SSC/0.5% (w/v) SDS also for 30 

min each in a shaking water bath at 68°C. Washed membranes were sealed in 

Saranwrap'™™ and exposed to autoradiographic film for an overnight-7 day exposure 

and also to a phosphorimaging screen for an overnight and a 1 week exposure. 

Individual spot intensities were analysed using ImageQuaNT® v5.1 software 

(Molecular Dynamics). 
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2.52 Removal of hybridised probe from arrays. 

Hybridised arrays were stripped, to enable re-probing, by incubating in 2 changes of 

boiling 0.5% (w/v) SDS solution for 20 min each in a shaking water bath at 80°C. 

Stripped membranes were wrapped in Saranwrap™, exposed to autoradiograph film 

to monitor the efficiency of the stripping process and stored at —20°C. 

Safety precautions and COSHH assessments. 

All experiments were carried under conditions of standard laboratory practice except 

where COSHH assessment advised otherwise. 
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Chapter 3 

Screening mouse cDNA expression arrays. 

The development of primary tumours and the subsequent progression towards 

a metastatic phenotype is a multistep process that is associated with dynamic changes 

to the genome and the subsequent acquisition of new cellular properties (Hart et al., 

1989; Bishop, 1991; Devilee and Cornelisse, 1994; Hanahan and Weinberg, 2000). 

Transfection and subsequent expression of S100A4 in benign rat mammary 

tumour cells is able to confer in vivo metastatic progression in a rat model of breast 

cancer (Davies ef al., 1993). Elevated levels of S100A4 in primary mammary 

tumours also appear to confer an increased susceptibility to metastasis in MMTV- 

neu/S100A4 transgenic mice compared with MMTV-neu transgenic mice (Davies et 

al., 1996). This is demonstrated by the significant incidence of metastatic lung 

tumours in some MMTV-neu/S100A4 transgenic mice, but not in MMTV-neu 

transgenic mice. Not all mice expressing $100A4 in their primary tumours, however, 

develop detectable metastases suggesting S100A4 over expression alone is 

insufficient for metastasis to occur. The molecular mechanism(s) and the additional 

genes involved that drive this progression to the metastatic phenotype are unknown, 

as is the role of S100A4 in this process. 

This chapter describes the use of a cDNA expression hybridisation array for 

the investigation of the expression profiles of 588 different mouse genes in different 

tumours from the transgenic mice. A list of all these sequences, selected by the 

manufacturers, can be found in the appendix. The sequences present on the arrays 

encode proteins involved in many aspects of cellular biology, including intracellular 

signal transduction, DNA synthesis and repair, DNA binding, protein synthesis, ion 

transport, apoptosis, cell-cell communication, cytoskeletal structure and cell motility. 

The functional relevance of all these sequences to the development and progression 

of metastatic cancer provides a useful means of screening for aberrant expression of 

additional sequences that may contribute to the metastatic phenotype in the 

transgenic mice. 

Two hybridisation experiments have been performed using these cDNA 

arrays. The first compared the relative mRNA levels of the 588 cDNAs between an 

MMTV-neu/S100A4 primary mammary gland tumour and metastatic lung tumour. 
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This comparison allows for the identification of gene expression changes that may be 

directly related to S100A4-mediated metastatic progression. The second experiment 

was to compare the expression profiles of the same cDNAs in pooled sets of five 

primary mammary tumours from MMTV-neu mice and five primary tumours from 

MMTV-neu/S100A4 mice. This was to identify genes demonstrating expression that 

was consistently higher in multiple $100A4 positive primary tumours relative to 

S100A4 negative primary tumours, and vice versa. Thus determining how, or if, 

S100A4 is affecting metastasis by regulating the expression of particular genes. 

Direct comparison of genes expressed between these tumours of differing metastatic 

potential, from both experiments, will reveal which of the 588 genes are being 

expressed in the different tumours and therefore which, if any, may be contributing 

towards the gain in metastatic phenotype. 

3.1. Experiment 1: MMTV-neu/S100A4 primary tumour versus metastasis. 

The two bitransgenic tumours, a primary mammary tumour and a lung 

metastasis were from the same MMTV-neu/S100A4 mouse. This mouse developed 

multiple mammary tumours which were all classified as grade three infiltrating 

ductal carcinomas (IDC). The primary tumour utilised for these experiments was the 

largest of these mammary gland carcinomas. However, due to their similar histology 

it was unknown which, and how many, of these tumours from this mouse 

metastasised to produce this particular secondary lung tumour. The mouse developed 

multiple metastases, both microscopic and macroscopic which covered 

approximately 20% of the lung tissue area (Figure 1.2). The histological 

characteristics of these two tumours were very similar and reflected the histology of 

the majority of tumours from bitransgenic mice as described in detail in section 

1.5.3.1 (chapter 1; B. Shoker, personal communication). Frozen tumour sections of 

the two tumours were cut and histologically characterised to verify the histology 

observed for methacarn-fixed paraffin-embedded sections. Adjacent frozen sections 

to those used for histological analysis were used as the source of RNA for these gene 

expression experiments. 

3.1.1 RNA extraction & integrity. 

Poly(A)'-containing messenger RNA [Poly(A)*-RNA] was extracted from several 

frozen sections, approximately 300,000 cells, from both the primary tumour and the 
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metastasis. The integrity of the poly(A)’-RNA was assessed by RT-PCR rather than 

Northern blot analysis because of the limited amount of RNA that was expected to be 

obtained from the small number of cells. PCR primers were designed to amplify the 

5’ region of the HPRT cDNA which meant that Reverse Transcriptase cDNA 

synthesis, primed by oligo(dT)j«, required at least 1250 bp of cDNA synthesis for the 

detection of positive amplification. This assay was previously developed to 

determine the quality of RNA extracted from archival microdissected frozen tissue, 

and so was optimised to detect HPRT target cDNA molecules extracted from the 

equivalent of less than 10 cells. Poly(A)” mRNA extracted from approximately 

100,000 cells from the two different tumours was reverse transcribed into cDNA. 

Positive amplification of this cDNA was detected for the two tumours at a dilution of 

equivalent to approximately 20 cells (Figure 3.1A). Amplification was not attempted 

at higher dilutions of the cDNA. RNA preparations that did not produce positive 

HPRT amplification did not subsequently produce cDNA amplification by SMART 

PCR (Figure 3.1). The assay, therefore, proved to be a good indication of poly(A)" 

RNA integrity and the ability to synthesise and amplify SMART cDNA from the 

frozen tumours (see below and Figure 3.1). 

3.2 Experiment 2: MMTV-zeu primary tumours versus MMTV-neu/S100A4 

primary tumours. . 

Five primary mammary tumours from MMTV-neu mice and five from 

MMTV-neu/S100A4 mice were selected for this gene expression profiling 

experiment. All ten tumours were histologically characterised as grade 3 infiltrating 

ductal carcinomas which were similar to the primary tumour used for the above 

experiment and representative of the majority of neu-induced mammary gland 

tumours from these strains of transgenic mice (Figure 1.1). The five bitransgenic 

mice developed multiple metastases in the lungs. Histological analysis of the lung 

tissue from the MMTV-neu mice revealed that 3 of these mice did not develop 

detectable metastases, and the other 2 mice had a combined total of 3 detectable 

clumps of neu staining tumour cells (<0.2 mm in size) encapsulated in the blood 

vessels of the lung tissue. 

Total RNA extracted from the frozen part of the same tumours used for 

histological analysis was assessed for quality by electrophoresis on a formaldehyde- 

containing agarose gel (not shown). The ribosomal RNA was shown to be intact 
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3.5 cDNA abundance. 

Highly expressed sequences were detected after only a short exposure to 

phosphorimaging screen (Figures 3.4a and 3.5a). In all four tumour samples, 

expression of approximately 12% of cDNAs screened were detected after an 

overnight exposure. Exposure to the imaging screen for 7 days was required, in both 

experiments, to detect expression of the majority of cDNAs, representative of low 

abundant sequences (Figures 3.4b and 3.5b). Even after this time the expression of 

some cDNAs was not detected suggesting the technique was not sensitive to detect 

expression of very low abundant sequences or that these cDNAs were not expressed 

in these tumours. 

Based on the identification of there being 3 distinct abundance classes of 

mRNAs in HeLa cells (Bishop ef al., 1974) the abundance distribution of these 

sequences was divided into 3 classes representing high, medium and low abundant 

transcripts (Table 3.1 and Figure 3.6). The high abundance class contained the top 

5% of abundant sequences (30 cDNAs), the medium class contained the next 25% of 

abundant sequences (149 cDNAs) and the remaining 70% of sequences (418 cDNAs) 

were of low abundance. The division between these classes was somewhat arbitrary 

yet reflected the distribution of abundance observed in Figure 3.6, where few 

sequences were expressed to high levels more sequences were expressed to 

intermediate levels and many cDNAs were expressed to very low or undetectable 

levels. Those cDNAs where hybridisation signal was not detected were classified as 

low abundant because it was unknown whether expression of these sequences were 

not detected due to sensitivity limitations of the method. Expression levels for these 

sequences was determined as background, a value that was corrected for prior to 

determining abundance. The proportion of the message profile contributing to each 

abundance class was expected to reflect the whole mRNA profile of these cells, this 

distribution was very similar for the four tumour samples (Table 3.1). 

The same abundant cDNAs were identified in the four tumour samples (Table 

3.2) including glyceraldehyde 3-phosphate dehydrogenase (G3PDH; M32599), B- 

actin (M12481), ubiquitin (X51703) and the mammary epithelial cell marker 

cytoskeletal keratin 18 (M11686). These are expected to be naturally abundant in 

normal mammary tissue (Ronnov-Jessen ef al., 1996). Some of the other high 

abundant sequences in all four samples are of particular interest and may represent 

sequences up-regulated by either the meu transgene or by cellular responses to the 
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indicating RNA had not degraded and so | ug of the combined tumour RNA for each 

transgenic strain was used to synthesise SMART cDNA. 

3.3 SMART cDNA synthesis and amplification. 

SMART cDNA was synthesised from approximately 100,000 cells from 

poly(A)’-RNA extracted from frozen tumour sections and from | pg of pooled total 

RNA. Amplification of this cDNA was carefully optimised to avoid over 

amplification and therefore misrepresentation of individual cDNA molecules in the 

amplified cDNA library. This was a critical step in the preparation of cDNA prior to 

performing differential gene expression analysis. 

SMART cDNA amplification was visualised by a smear of cDNA fragments 

of a range of sizes between 0.2 kb and 5-6 kb. Inability to clearly detect cDNA 

amplification suggested too few cycles of amplification had occurred (15 cycles in 

Figure 3.1). Increasing the number of cycles increased the level of amplification until 

an ‘amplification plateau’ was reached, after which point high molecular weight 

DNA was observed on the gel image (19-23 cycles, Figure 3.2). Note the distinct 

pattern of different sized bands (approximately 2.5 kb, 1.2 kb, 1.0 kb in Figure 3.2), 

these cDNAs are expected to represent the most abundant mRNAs in each tumour 

preparation. The same banding pattern was evident in all tumour samples amplified 

suggesting the same abundant mRNAs are present in the different tumours. The 

intensity of these fragments becomes less distinct as the cycle number increases 

beyond the amplification plateau (19-23 cycles, Figure 3.2), this also demonstrates 

the occurrence of cDNA over-amplification and so this level of amplification was 

avoided for these experiments. 

SMART cDNA synthesised from poly(A)” RNA required 18 cycles of 

amplification (not shown), whereas cDNA synthesised from total RNA required 15 

cycles of amplification (Figure 3.2). The different number of cycles required 

reflected the different efficiency of SMART cDNA synthesis and amplification from 

total RNA or from poly(A)” RNA. 

Dot blot hybridisation was performed to determine whether cDNA 

representation was maintained following amplification. Aliquots of total RNA (1 ug 

and 100 ng) and SMART amplified cDNA (50 ng and 5 ng) from the two sets of 

pooled primary tumours were spotted onto nylon membrane. SMART amplified 

cDNA derived from poly(A)” RNA was also applied to the membrane however 
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insufficient RNA was extracted from these tumour sections to compare this to the 

amplified population. The membranes were hybridised with radioactively labelled 

S100A4 (p9Ka), actin and HPRT cDNA probes (Figure 3.3). The results demonstrate 

that actin and HPRT are both equally represented before and after amplification in 

the pooled tumour samples. These two cDNAs are also detected to equal levels in the 

two single bitransgenic tumours. Expression of S100A4 was not detected in the 

pooled MMTV-neu tumour sample, as expected, yet was evident in both the total 

RNA and SMART cDNA for the pooled MMTV-neu/S100A4 primary tumour 

sample. Evidently S100A4 expression increases with metastatic capability, being 

highest in the metastasis relative to the primary tumours. 

3.4 Hybridisation. 

For each hybridisation experiment 500 ng SMART PCR-generated cDNA 

was used as template for a gene-specific primer mix to prime the synthesis of 

labelled cDNA (as described in 2.50). Probes of an equal activity (cpm) were used 

for hybridisation to the duplicate arrays and care was taken to minimise variations in 

experimental conditions. 

Each array contained 9 cDNAs, each in duplicate, as independent controls for 

differences in probe labelling or hybridisation efficiencies. The hybridisation signal 

intensity of each of these controls were quantified and an average control cDNA 

hybridisation signal intensities was calculated. For both experiments, this average 

was identical between the two tumours/sets of pooled tumours being compared 

suggesting that probe normalisation was not required. 

Hybridisation signal intensities for all 588 cDNAs, each in duplicate, were 

also quantified and an average intensity for each sequence was calculated. This 

arbitrary spot volume was used as a measure of the relative abundance of each cDNA 

in the labelled cDNA probes and was thus used to determine which cDNAs were 

expressed in each tumour/set of pooled tumours, to what extent they were expressed 

and to ascertain if any cDNAs were differentially expressed between experimental 

samples. 
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abnormal cellular phenotype. For example, several members of the cathepsin family 

of proteolytic enzymes, cathepsin B1 (M14222), D (X53337), H (U06119) and L 

(X06086) were all abundant in each of the four tumour samples (Table 3.2). Several 

cDNAs encoding proteins expressed in response to cell survival were also identified 

in these tumours (Tables 3.2), in particular three glutathione-S-transferases (J03752, 

D30687, J04696), three heat shock proteins (M38629, M36830, X53584), clusterin 

(ApoJ; L08235), defender against cell death (DAD1; U83628) and an endoplasmic 

reticulum stress protein (Erp72; J05186). High expression of these sequences may 

reflect the mechanisms activated in response to cellular stresses, such as heat shock 

or oxidative stress, by the growing tumour cell mass to avoid apoptosis-mediated cell 

death. 

3.6 Differentially expressed cDNA sequences. 

Comparison of hybridisation signal intensities determined the relative 

differences in expression for all cDNAs between the different tumour samples in a 

particular experiment. 597 cDNA expression comparisons (588 cDNAs plus 9 

control cDNAs) were made for each exposure time (overnight and one week) in both 

experiments. 

XY scatterplots comparing the cDNA abundance between tumours (Figure 

3.7) emphasises the overall similarity of the expression profiles between these 

tumour samples. The least-squared regression line (y = ax + b, where a = slope and b 

= intercept) was drawn through the data points. In both experiments (Figures 3.7), 

the gradient of 1.0 indicates that the hybridisation efficiency and probe-labelling was 

equivalent between probes. The value of b is close to zero suggesting there was little 

or no difference in background signal. Clustering of data-points close to the 

regression line (reflected in R* values of 0.941 and 0.956) indicates that the relative 

expression of the majority of cDNAs is very similar in both samples being compared. 

Initial criteria for identifying differential expression of a cDNA between two 

tumour samples was set at a difference in the level of expression of >2 or <0.5 fold 

(metastasis/primary; neu/neu-S100A4). This was selected as the cut off because other 

cDNA expression analysis experiments using microarrays have also used a similar 

differential expression ratio of 22 or 23 as criteria for identifying differentially 

regulated cDNAs (Schena ef al., 1995, DeRisi et al., 1997, Sgroi et al., 1999, Perou 

et al., 1999, Yang et al., 1999). Only one cDNA was identified as being differentially 
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expressed by this factor, defender against cell death 1 (DAD1; U83628). This 

sequence was 2.3-fold more abundant in the metastatic tumour relative to the primary 

mammary tumour from the bitransgenic mouse (Figure 3.7A and Table 3.3). The 

remaining 596 cDNAs in this screening experiment and all 597 cDNAs in the second 

screening experiment were expressed within this 2-fold selection criteria. 

The stringency for identifying differentially expressed sequences was reduced 

because hybridisation signal intensity for several sequences on the arrays appeared to 

be visibly different between experimental samples (some of these are indicated by 

arrows on Figures 3.4 and 3.5). Thus, differences in expression ratios of between 

>1.25 and < 0.8 were applied. Using this reduced selection criteria a total of 35 

cDNAs (6% of the 597 sequences screened) were differentially expressed between 

the metastasis and the primary bitransgenic tumour, 33 of these cDNAs were more 

highly expressed in the metastasis (Table 3.3). 17 cDNAs (3%) were differentially 

regulated between the pooled sets of primary tumours from the MMTV-neu and 

MMTV-neu/S100A4 mice, 7 were more abundant in the combined MMTV-neu 

primary tumours and 10 were more abundant in the MMTV-neu/S100A4 primary 

tumours (Table 3.4). 

Seven cDNAs were differentially expressed in both experiments (indicated by 

* in Tables 3.3 and 3.4). Five of the seven cDNAs were more highly expressed in the 

pooled MMTV-neu/S100A4 primary tumours relative to the MMTV-neu primary 

tumours, and were also more abundant in the metastasis relative to the MMTV- 

neu/SI00A4 primary mammary tumour. Thus, suggesting a potential increase in 

expression of these sequences is associated with an increase in S100A4 expression 

(Figure 3.3) and in metastatic capability. 

3.7 Conclusions to chapter. 

The tumours used to screen these cDNA arrays exhibited similar histological 

characteristics but differences in S100A4 expression were detected and they 

ultimately demonstrated different metastatic phenotypes. Unlike primary tumours 

from the MMTV-neu/S100A4 mice, primary tumours from the MMTV-neu mice 

were unable to complete metastatic progression, as demonstrated by their inability to 

colonise lung tissue (Davies ef al., 1996). The metastasis, exhibiting higher S100A4 

expression relative to the other tumours (Figure 3.3), also possessed higher 

metastatic capability relative to the MMTV-neu/S100A4 primary mammary tumour. 
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Differences in gene expression profiles are expected to coincide with the 

differences in tumour phenotype (Hart et al., 1989; Hanahan and Weinberg, 2000). 

However, these cDNA array hybridisation experiments were unable to significantly 

distinguish between the four tumour samples. The expression profiles for each 

sample were very similar with the same cDNAs being highly expressed and only 1 

cDNA (out of 1194 gene expression comparisons) being differentially expressed by 

> 2-fold; defender against cell death 1 (DAD1; U83628). The significance of this and 

the potential influences of expression changes that are >1.25 but <2-fold on 

phenotype are discussed later. 
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Figure 3.1 Integrity of RNA extracted from archival frozen tumours. 

Agarose gel electrophoresis of RT-PCR (A) and SMART PCR products 

(B). Failure to detect HPRT PCR product (391 bp, arrow in A) following 
the RT-PCR RNA integrity assay indicates the presence of degraded or 

insufficient RNA and the subsequent inability to synthesise and amplify 

SMART cDNA (B).
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Figure 3.2 SMART-PCR generated cDNA. 

SMART-PCR cDNA was used to amplify full length cDNA prior to 
gene-specific probe labelling and array hybridisation. Amplification was 

optimised as described in 2.3.25 to avoid using cDNA in differential gene 

expression experiments that had been over-amplified. The minimum 

number of cycles of amplification were utilised to produce sufficient 

cDNA. In this case, 15 cycles of PCR was sufficient to amplify both sets 

of pooled primary tumours; 18 cycles of amplification was required for 

the MMTV-neu/S100A4 primary tumour and metastasis (not shown). 

Note the distinct pattern of different sized cDNA fragments after 15 

cycles (arrows) in both tumour samples, and that these become less 

distinct with increasing numbers of cycles (19-23). 

This agarose gel was stained post-electrophoresis in Sybr Gold (1/10,000 

dilution; Molecular probes). M = 1 kb DNA ladder.
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Figure 3.3 Dot blot of total RNA and SMART-PCR cDNA. 

Total RNA (1 ug and 100 ng aliquots) and SMART cDNA (50 ng 

and 5 ng aliquots) from MMTV-neu (A) and MMTV-neu/S100A4 
(B) pooled tumour samples were dot blotted onto nylon membrane. 

Membranes also contained SMART-PCR cDNA derived from the 

MMTV-neu/S100A4 primary tumour (C) and metastasis (D); total 

RNA was not available for these two tumours. Membranes were 
hybridised with actin, HPRT and $100A4 cDNA probes to 
determine if the original expression profile was maintained 

following amplification. Images were developed following 7 day 
exposure to phosphorimaging screen.
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Figure 3.4 cDNA expression array hybridisation. 
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SMART PCR-generated cDNA derived from the same two bitransgenic tumours were 
used as probes to screen the 588 mouse Atlas cDNA arrays. Each array also contains 21 

positive and negative control cDNAs to control for differences in probe labelling and 

hybridisation efficiencies. Hybridised membranes were subjected to (a) an overnight 

and (b) a week long exposure to a phosphorimaging screen. Genomic DNA spots along 

the bottom and right hand side were used to aid in orientating the devel oped image (see 

b). Some cDNAs that are apparently up-regulated in the primary or in the metastatic 
tumour are indicated by arrows.
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Figure 3.5 cDNA expression array hybridisation. 

MMTV-neu primary mammary tumours versus MMTV-neu/S100A4 primary 

mammary tumours. 

SMART PCR-generated cDNA derived from the two sets of pooled mammary 

tumours were used as probes to screen the 588 mouse Atlas gene expression arrays 

(Clontech). Each array also contains 21 positive and negative control cDNAs to 

control for differences in probe labelling and hybridisation efficiencies. Hybridised 

mem branes were subjected to (a) an overnight and (b) a week long exposure toa 

phosphorimaging screen. Genomic DNA spots along the bottom and right hand side 

were used to aid in orientating the developed image (see b). Some cDNAs that are 
differentially regulated in either set of primary tumours are indicated by arrows.
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Figure 3.6 Abundance distribution of cDNAs in MMTV-neu/S100A4 

metastasis. 

Hybridisation signal intensities for cDNAs indicated the relative abundance 

of that sequence in the particular cell population. The distribution of high and 

low abundant sequences, as demonstrated here for the MMTV-neu/S100A4 

metastasis, was essentially the same for all four tumour samples. The 

majority of cDNAs are representative of low abundant sequences and very 

few exhibited a high level of expression. Some of the sequences expressed 

highly in the tumour samples are presented in Table 3.2. 

Proportion of message profile contributing to each abundance class 

Abundance neu primary neu/S100A4 neu/S100A4 neu/S100A4 
class tumours primary tumours primarytumour metastasis 

High (5%) 47.5% 46.9% 50.9% 45.2% 

Medium (25%) 34.7% 34.4% 31.7% 32.7% 

Low (70%) 17.8% 18.7% 17.4% 22.1% 
  

Table 3.1 Abundance distribution of cDNAs in the four tumour samples. 

The distribution of high, medium and low abundant sequences observed for 

the 597 sequences (588 + 9 controls) is expected to be representative of the 

abundance distribution in the whole mRNA profile. Approximately 5% of 

cDNAs are high abundant sequences and make up 45-50% of the message 

profile (total hybridisation signal), 25% of sequences contribute to 32-35% of 

the total message and are of medium abundance. Low abundant sequences 

consist of 70% of the different sequences and contribute to the remaining 17- 

22% of the message profile.



Hybridisation signal 

Sequence identification Accession MMTV- MMTV- MMTV- MMTV- 
number neu neu/S100A4 neu/S100A4 neu/S100A4 

ooled ooled rima Metastasis 
microsomal glutathione S-transferase (MGST1; GST12) J03752 26902 28095 29349 30022 
HR21spA; DNA double-strand break repair protein D49429 26184 26258 26866 26922 
cathepsin B1 (CTSB) M14222 24801 24271 19840 24345 
84-kDa heat shock protein (HSP84) M36829 23765 25190 17266 19934 

ubiquitin X51703 23760 23760 23760 23760 
glyceraldehyde-3-phosphate dehydrogenase (G3PDH) M32599 23026 23366 23267 21094 
transcription termination factor 1 (TTF1) X83974 22778 25278 26526 26801 
CD14 monocyte differentiation antigen precursor M34510 21335 23636 11430 13177 
40S ribosomal protein S29 (RPS29) L31609 20937 22871 23760 23760 
non-muscle myosin light chain 3 (MLC3NM; MYLN) U04443 19736 18897 22530 22044 
granulocyte-macrophage colony-stimulating factor receptor M85078 19710 18976 14732 11427 
interferon inducible protein 1 U19119 16069 9742 7362 7045 
beta-actin M12481 15820 16653 17411 15382 
type | cytoskeletal keratin 18 (KRT1-18; KRT18) M11686 15792 15917 12459 12356 
neuroleukin M14220 15491 16174 16132 16124 
clusterin precursor (CLU); clustrin; apolipoprotein J (APOJ) L08235 15421 20635 17128 22219 
cathepsin D (CTSD) X53337 14502 11706 9874 15779 
HSP86; heat shock 86-kDa protein M36830 14252 16580 9472 9472 
split hand/foot gene U41626 14218 13783 16655 16061 
cathepsin H U06119 14050 13635 13987 19614 
glutathione S-transferase Pi 1 (GSTPIB) D30687 13684 17127 7538 14106 
nucleoside diphosphate kinase B; NM23-M2 X68193 13070 18455 15612 21532 
defender against cell death 1 (DAD1) U83628 12411 17115 5050 11369 
heat shock 60-kDa protein1 (HSP60) X53584 11870 9603 5738 4462 
glutathione S-transferase 5 (GST5-5) J04696 11501 16866 12946 19997 
protease nexin 1 (PN-1) X70296 10643 8781 9395 11054 

Table 3.2 Selection of sequences of high abundance in the four tumour 
samples. 

Hybridisation of cDNA expression arrays with probes derived from the four 
tumour samples revealed a similar pattern of highly expressed sequences. The 
relative level of expression of some of the most abundant sequences given is in 
arbitrary units, as determined by hybridisation signal intensities for these cDNAs. 
The control cDNAs expressed in the four tumour samples demonstrated similar 
hybridisation signal intensities which negated the need for hybridisation signal 
normalisation. Thus, the signal intensities given is of raw data.
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Figure 3.7 XY scatterplots of hybridisation signal intensity for all cDNAs 
screened in the two experiments. 

Hybridisation signal intensities (converted to logarithmic scale) for all cDNAs 
were compared between the primary mammary tumour and metastasis (A), and 
the two pooled sets of primary mammary tumours (B). Pair-wise comparison of 
gene expression profiles between tumours indicate that the relative expression of 
the majority of these cDNAs is very similar. Only one cDNA was differential ly 
expressed by > 2-fold between compared tumours, that of DAD 1 (indicated in 
A), which exhibited 2.3-fold higher expression in the metastasis relative to the 
MMTV-neu/S100A4 primary mammary tumour.



Sequence identification Grid Accession Met/PN PN Met 

reference number Ratio 

dystroglycan 1 E6m U43512 0.69 te e+ 

granulocyte-macrophage colony-stimulating factor receptor E2e M85078 0.72 ee ee 

dual-specificity mitogen-activated protein kinase kinase 1 B6a L02526 4:25 he 
(MAPKK1) 
cyclin-dependent kinase 4 A6m L01640 1.26 *s ** 

Fas | receptor (Apo-1 antigen) C3f M83649 1.26 »@ ee 

BCL2 binding athanogene 1 (BAG1) Cle U17162 1:27 

A-Raf proto-oncogene A3k M13071 1.28 + 

Stat1; signal transducer and activator of transcription B4d U06924 1.29* us -* 

clusterin precursor (CLU); apolipoprotein J (APOJ) C3b L08235 1.30* an sa 

Stat6; signal transducer and activator of transcription 6 B4g L47650 1.31 

insulin-like growth factor-IA F3a X04480 1.33 a= 

cyclin-dependent kinase 6 inhibitor (p18-INK6); cyclin-dependent A7c U19596 1.35 =a 
kinase 4 inhibitor C (p18-INK4C) : 
plasminogen activator inhibitor F7h M33960 1.35 ** ee 

cyclin-dependent kinase 7 A7a U11822 1.37 . ** 

nucleoside diphosphate kinase B (NDP kinase B); NM23-M2 C4c X68193 1.38* ee ae 

serine protease inhibitor 2-2 (SPI2-2) F7j M64086 1.39 ez 

BAX membrane isoform alpha Cig L22472 1.39 

DNA excision repair protein ERCC1 C6d X07414 1.40 

BAD protein; BCL2 binding component 6 (BBC6) Cid L37296 1.45 « 

cathepsin H F6i U06119 1.47 ee ee 

tumor necrosis factor 1 (55 kDa) C5b X57796 1.51 & Pe 

ALG-2; calcium binding protein required for programmed cell death C2i U49112 1.52 + ae 

glutathione S-transferase 5 (GST5-5) C2b J04696 1.54* bal we 

cathepsin B1 (CTSB) F6g M14222 1.55 oe oo 

cathepsin L F6j X06086 1.57 ae ee 

cathepsin D (CTSD) F6h X53337 1.60* oe ee 

p19ink4; cdk4 and cdk6 inhibitor A7d U19597 1.60 ‘ 

PA6 stromal protein; RAG1 gene activator C6a X96618 1.61 j “*« 

heat shock 86-kDa protein Bid M36830 1.68 ee we 

interleukin-converting enzyme (ICE) F7a L28095 1.69 a 

G2/mitotic-specific cyclin B1 (CCNB1; CYCB1) A6c X64713 1.70 e* 

Golgi 4-transmembrane spanning transporter B2d U34259 1.82 oe 

glutathione peroxidase (plasma protein); selenoprotein C1 U13705 1.82 as 

glutathione S-transferase Pi 1 (GSTPIB) C2d D30687 1.87* ee ee 

defender against cell death 1 (DAD1) C3d U83628 2.26* es se 

Table 3.3 Differentially expressed cDNAs in MMTV-neu/S100A4 primary 
mammary tumour and metastasis. 

Quantified hybridisation signal intensities for all cDNAs were compared between the 

MMTV-neu/S100A4 (PN) primary mammary tumour and metastatic (Met) lung tumour. 

Differences in expression ratios (Met/PN) of <0.5 and >2 were used, initially, to select 
differentially expressed sequences, reduced criteria for selecting differential expression of 

>1.25 and <0.80 was also applied. * indicates cDNAs differentially expressed in both 

screening experiments. Hybridisation signals for each cDNA is given for each tumour.



Sequence identification Grid 

reference 

interferon inducible protein 1 D4k 

vimentin; intermediate filament protein F6d 

Stat1; signal transducer and activator of transcription B4d 

phospholipase A2 G6 

cellular retinoic acid binding protein |] (CRABP-II) D6e 

cathepsin D (CTSD) F6h 

tumor necrosis factor beta (TNF-beta); lymphotoxin-alpha F4h 

glutathione S-transferase Pi 1 (GSTPIB) C2d 

14-3-3 protein eta B7g 

microsomal glutathione S-transferase (MGST1) C2a 

TIMP-2 tissue inhibitor of metalloproteinases-2 F7m 

defender against cell death 1 (DAD1) C3d 

nucleoside diphosphate kinase B (NDP kinase B); NM23-M2 C4c 

structure-specific recognition protein 1 (SSRP1) Bih 

clusterin precursor (CLU); apolipoprotein J (APOJ) C3b 

glutathione S-transferase 5 (GST5-5) C2b 

40S ribosomal protein S29 (RPS29) G21 

  

Accession 

number 

U19119 

X51438 

U06924 

D78647 

M35523 

X53337 

M16819 

D30687 

U57311 

J03752 

X62622 

U83628 

X68193 

$50213 

L08235 

J04696 

L31609 

PN/N 

ratio 
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Table 3.4 Differentially expressed cDNAs in MMTV-Neu and MMTV-new/S100A4 

pooled primary tumour sets. 

Quantified hybridisation signal intensities for all cDNAs were compared between 

MMTV-neu (N) and MMTV-neu/S100A4 (PN) pooled primary mammary tumours. 

Differences in expression ratios (PN/N) of <0.5 and >2 were used to select differentially 

expressed sequences, however no sequences demonstrated this level of differential 

expression. Reduced criteria for selecting differential expression of >1.25 and <0.8 was 

therefore applied. * indicates cDNAs differentially expressed in both screening 

experiments. Hybridisation signals for each cDNA is given for each tumour.



Chapter 4. 

Production and Sequence Characterisation of Subtracted Libraries. 

The previous chapter described the use of cDNA array hybridisation 

screening for the discovery of genes whose expression was associated, in some way, 

with $100A4-related metastatic progression. Several interesting sequences were 

identified that were highly abundant in each of the different tumours analysed which 

may contribute to the similar histology observed between tumours from the two 

strains of transgenic mice (MMTV-neu and MMTV-neu/S100A4). However, the 

limited nature of these screening experiments meant that the expression of very few 

cDNAs were analysed and as a consequence very few differentially expressed 

sequences were identified. It is expected that tumours demonstrating different 

phenotypic outcomes would exhibit different expression profiles reflecting their 

ability to metastasise or not. Such differential expression was not detected using the 

array screening. 

Suppression Subtractive Hybridisation (SSH) has been applied to study the 

gene expression patterns of different tumours more directly. The efficiency of this 

method for cloning both high and rarely transcribed differentially expressed 

sequences has been demonstrated (Gurskaya ef al., 1996). Messenger RNA 

abundance between two primary mammary tumours of different metastatic potential 

and of a primary mammary tumour and a metastasis from the same animal have each 

been compared by SSH to selectively identify differentially expressed sequences that 

may influence the $100A4-related metastatic progression that is observed in these 

transgenic mice. This and subsequent chapters describe the creation and 

characterisation of subtracted cDNA libraries and the characterisation of candidate 

differentially expressed mRNAs. 

4.1 Selection and histological analysis of tumours 

The histology of a panel of primary mammary tumours from both strains of 

transgenic mouse was assessed to identify suitable candidate tumours for performing 

subtractive hybridisation experiments. The selection criteria were: 

i) transgenic status, MMTV-neu and MMTV-neu/S100A4, 
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ii) tumour phenotype, primary mammary disease with or without lung 

metastasis, 

iii) there being frozen samples of the same tumour available for RNA 

extraction, 

iv) histology of the tumours being representative of the majority of 

mammary tumours from each transgenic type, 

v) histological analysis of haematoxylin and eosin stained, frozen sections 

to verify the same histological characteristics as the methacarn-fixed, 

paraffin-embedded samples. 

Two primary mammary gland tumours were selected for gene expression 

analysis; one was from an MMTV-neu mouse, the other, from an MMTV- 

neu/SI00A4 mouse. The tumour grade and histology were assessed (B. Shoker, 

personal communication) based on guidelines of the National Breast Screening 

Program (NHSBSP, 1997), and involved analysis of the number of tumour cells 

undergoing mitosis, nuclear pleomorphism and tubule (mammary duct) formation of 

the epithelial cells. Both the primary tumours selected demonstrated similar 

histological features and were classified as grade 3 primary infiltrating ductal 

carcinomas (IDC, Figure 1.1). These were also typical of the majority of tumours 

from these MMTV-neu and MMTV-neu/S100A4 transgenic mice and similar to 

human IDC that are often associated with high expression of c-erbB-2, as discussed 

earlier in‘chapter 1. 

One primary mammary tumour was from an MMTV-neu mouse which 

under-went necropsy at 17 months of age, 14 weeks after primary neoplasia was first 

detected. Two primary mammary tumours had developed, both were grade 3 with the 

same solid growth pattern marked with necrotic centres and both stained positively 

for c-erbB-2. A single clump of c-erbB-2 staining tumour cells, 0.2 mm in size 

(tumour diameter) was detected encapsulated in a lung blood vessel. That these cells 

stained for c-erbB-2 suggested that they were derived from one of the two primary 

tumours. 

The second primary mammary tumour was from a bitransgenic MMTV- 

neu/SI100A4 mouse and was the same bitransgenic primary tumour used for cDNA 

array hybridisation. This mouse was 13.5 months old at necropsy, 18.5 weeks after 

the identification of palpable mammary tumours. At least 10 mammary gland lesions 
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developed, each was a grade 3, solid carcinoma with necrotic regions. The primary 

mammary tumour selected for analysis, tumour A, was the largest identified in this 

mouse (12 mm), however the sizes of other tumours varied down to as small as 1.5 

mm. Multiple metastases developed, both macroscopic (as big as 4 mm) and 

microscopic (as small as 0.1 mm), which covered approximately 20% of the lung 

tissue area (see figure 1.2). All the metastases were too small to be graded formally, 

however they showed the same histopathological characteristics as the primary 

tumours. A third tumour selected for subtractive hybridisation was a lung metastasis 

from this same mouse; this tumour was also utilised in cDNA array screening. 

We identified frozen sections of the MMTV-neuw primary tumour that 

consisted of 90-95% epithelial-derived tumour cells and sections from the MMTV- 

neu/S100A4 primary tumour and metastatic tumour that were both 85-90% pure 

tumour cells. This purity is only slightly lower than that achieved by manual 

microdissection of frozen tissue sections from the same tumours. Typically 95-100% 

tumour cells can be isolated from these tissue sections by microdissection, however 

only small numbers of cells can be extracted at a time. Whole histological sections 

from the tumours were therefore used as the source of RNA for subtractive 

hybridisation experiments. Histological sections cut from the two primary tumours 

contained approximately 50,000 and 100,000 cells respectively. This did not reflect a 

difference in size of these mammary gland lesions, only a difference in size of the 

portion of the tumour frozen in liquid nitrogen. The metastatic tumour sections 

consisted of approximately 20,000 cells as this tumour was smaller than either of the 

two primary tumours. 

4.2 RNA extraction & integrity. 

Poly (A)’-containing messenger RNA (mRNA) was extracted from several 

sections, totalling approximately 240,000-300,000 cells. The integrity of RNA 

extracted from these sections was analysed by RT-PCR, amplifying the 5’ region of 

the HPRT mRNA following oligo(dT) primed cDNA synthesis, the utility of this 

assay for determining the quality of RNA extracted was described in chapter 3. 

Figure 4.1 demonstrates intact RNA was isolated from each of the three frozen 

tumours. 
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4.3 Production of subtracted libraries. 

All stages of each method were performed, initially, for RNA derived from 

both primary tumours, creating tester and driver cDNA for each tumour. This 

enabled both forward and reverse orientated subtractions to be performed between 

these two tumours. This was repeated using cDNA synthesised from the two 

bitransgenic tumours, the primary mammary tumour and the lung metastatic tumour. 

Thus performing two subtractive hybridisations and creating four subtracted libraries 

(Figure 4.2). 

SMART technology was used to prepare a sufficient amount of cDNA from 

the limited amount of RNA that was available prior to performing subtractive 

hybridisation. SMART cDNA was synthesised from approximately 100,000 cells 

derived from each tumour. Amplification of one tenth of this cDNA was carefully 

optimised to avoid over amplification and therefore misrepresentation of individual 

cDNA molecules in the amplified cDNA library. This is a critical step in the 

preparation of cDNA prior to performing suppression subtractive hybridisation 

(SSH). Between 17 and 20 cycles of amplification were optimal for the three tumour 

preparations of cDNA (Figure 4.3), producing a visibly amplified smear of DNA 

fragments of a range of sizes between 0.2kb and 5-6kb. Interestingly, a cDNA 

fragment 2.5kb in size was the most prominently amplified cDNA fragment, which 

probably represents the most abundantly expressed message in all three tumours 

(Figure 4.3). This cDNA molecule is therefore expected to be derived from the 

mammary epithelial tumour cells and not the surrounding normal tissue, unless the 

small proportion of normal mammary gland and lung tissue express the same sized 

cDNA fragment to the same level. The identity of this cDNA was unknown and was 

not investigated as its abundance appeared to be the same in each sample. This 

cDNA fragment was used as an internal control for all subsequent SMART cDNA 

amplifications from these tumours, as over amplification of the cDNA population 

occurred this 2.5kb fragment became less pronounced (Figure 4.3). Failure to detect 

this band also suggested sub-optimal PCR or potentially degraded cDNA. Other 

discrete bands were also faintly visible. 

Digestion of amplified cDNA molecules using Rsa I reduced the sizes of 

cDNA molecules from between 0.2kb-6kb to blunt ended fragments, of up to 

approximately 2 kb in size (Figure 4.4). The distinct 2.5kb band disappeared 

suggesting successful digestion. 
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The efficiency of adaptor ligation to both ends of the digested tester cDNA 

was analysed by PCR, using either two glyceraldehyde 3-phosphate dehydrogenase 

(G3PDH) gene specific primers, or a single G3PDH primer in combination with PCR 

primer 1, identical to a sequence present in both adaptors (Table 2.1). Electrophoresis 

of PCR products after 20 and 25 cycles revealed equal band intensities using both 

combinations of primers (Figure 4.5). Clontech suggest that sufficient ligation of 

adaptors has occurred if the band intensity produced following G3PDH-PCR primer 

1 amplification is no less than 1/4 of that achieved with the two G3PDH primers. 

Approximate equal intensity of bands (Figure 4.5) therefore suggested efficient 

adaptor ligation was achieved. 

Two rounds of PCR (primary and secondary) of hybridised cDNA molecules 

were used to enrich for tester specific cDNA fragments in both subtractions. 

Amplification was performed in parallel with non-subtracted tester cDNA only. The 

amplified subtracted molecules were observed as a smear of cDNA fragments 

ranging in size between approximately 250bp and 2000bp (PN, Met: Figure 4.6), 

non-subtracted tester cDNA secondary amplification yielded high molecular weight 

DNA smear (PN-c, Met-c: Figure 4.6). Some discrete bands were visibly 

differentially amplified in different subtracted or non-subtracted samples (Figure 

4.6). This suggests enrichment of potentially differentially expressed cDNA 

fragments. Note the enrichment for a 1660 bp fragment in PN and a 910 bp fragment 

in Met and also the loss (removal by subtraction) of a 830 bp and a 430 bp fragment 

that is observed in both non-subtracted tester controls but not in either of the 

subtracted samples (figure 4.6). 

Secondary PCR products from 12 cycles of amplification were cloned 

directly into vector pCR2.1™ (InVitrogen) creating the four subtracted cDNA 

libraries (Figure 4.2). Each library containing cDNA fragments of genes 

preferentially expressed in each tumour relative to one partnering tumour. 

4.4 Characterisation of subtracted libraries. 

Characterisation of the four subtracted cDNA libraries, primarily in terms of 

sequence analysis and expression screening of individual clones, is presented below 

and in subsequent chapters. These experiments will serve to determine the efficiency 

of subtractive hybridisation performed, the complexity of subtracted libraries created 

and the identification of specific differentially regulated sequences. 
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4.4.1 Size of subtracted libraries. 

The four subtracted cDNA libraries were of the same approximate size, 

containing an average of 4.71 x 10° transformants (range of 3.75 x 10° — 6.45 x 10°) 

based on colony counts of a proportion of cloned PCR products that were 

transformed. The Met subtracted cDNA library was larger than the N, P and PN 

subtracted libraries, although all were of the same order of magnitude (Table 4.1). 

Colony hybridisation experiments were performed to monitor the success of 

subtractive hybridisation. Approximately 1000 colonies from each of the four 

subtracted libraries and from non-normalised and non-subtracted cDNA libraries 

derived from the same three tumours were screened with a S100A4 (p9Ka) cDNA 

probe. Six positive colonies were identified, 4 in the Met subtracted library and 2 in 

the P subtracted library (Table 4.2). Some colony filters from all libraries were also 

screened using actin and HPRT cDNA probes, a single positive colony was detected 

for each cDNA, in the N and Met non-subtracted cDNA libraries respectively (Table 

4.2). 

4.4.2 Colony-PCR of subtracted clones. 

A total of 828 white colonies were picked (approximately 200 colonies from 

each library; Table 4.1), cultured overnight and the cloned inserts were amplified by 

colony-PCR. Successful amplification of 768 (92.7%) of these cultures was 

achieved, producing single amplified DNA fragments (see Figure 4.7 as an example 

of colony-PCR). The remaining 7.3% represented failed PCR or mixed colony 

populations observed by blank lanes or multiple PCR products respectively. The 

sizes of cDNA cloned inserts amplified ranged between approximately 200 bp and 

2.3 kb which is consistent with the size of cDNA fragments amplified by secondary 

PCR (Figure 4.6), the average insert size was 790 bp. 

4.4.3 Nucleic acid sequence of subtracted clones. 

To investigate the identity of each clone that was picked, all 768 single 

amplified cDNA fragments were sequenced and the DNA sequence was submitted to 

nucleic acid sequence databases to compare with published sequences for known 

genes and expressed sequenced tags (ESTs). 

Chapter 4 Results 1



Tables A.2 and A.3, in the Appendix, present the sequence identification of 

all clones from the four subtracted cDNA libraries, and a complete breakdown of 

database homology search results, for all clones from the four libraries, is presented 

in Table 4.1. This data includes the number of clones whose DNA sequence showed 

a high degree (usually greater than 80%) of identity to known genes and ESTs, and 

also the number which represent potentially novel sequences (those that produced 

sequence of a high quality yet showed no match to any published sequence in the two 

databases). In total, 387 (50.4%) clones showed similarity with known genes, 267 

(34.8%) clones were similar to EST sequences and 40 (5.2%) clones represented 

potentially novel sequences. The remaining 74 (9.6%) clones produced poor 

sequence information which was usually due to poor quality or insufficient template 

DNA in the sequencing reactions. 

Some clones initially produced poor sequence information due to the 

presence of a poly(dT), sequence adjacent to the sequencing primer. Repeat 

sequencing of these clones from the other direction, with the other sequencing 

primer, produced readable sequence which often terminated with a poly(dA), tail 

(depending on the insert size). These sequences were derived from the poly(dA), tail 

found at the 3’ end of mRNA fragments and therefore indicate the amplification and 

cloning of 3' end cDNA fragments. 31% of clones contained such sequences (Table 

4.1). 

Figure 4.8 displays the high quality of sequence that was obtainable from 

sequencing of the cloned cDNA, three examples are shown, for regions of clones 

N2E4, P1H12 and P2D6. Database search results are presented for these three clones 

(Figures 4.9-11) and serve as examples of the identification of a known gene 

(P1H12, osteopontin), a clone with sequence identity to an EST sequence (N2E4) but 

not to any sequence in the database of known sequences, and a clone (P2D6) which 

has no similarity with any sequence in either database as at 02/06/2000. 

Some database search results identified clones with homology to several 

different known genes of apparently similar sequence. Closer examination of the 

clone sequence, the search results and related literature was often required to further 

establish the sequence identity of the clone. For example, the sequence of clone 

Met2F11 possessed 91% sequence similarity with several different known genes. 

These included pig, soluble angiotensin-binding protein (accession number 

dbj|D11336), pig endopeptidase 24.16 (dbj|AB000425), rat ribosomal protein L36a 
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(gb|M19635), human ribosomal protein L44 (ref[NM_001001), pig beta-1, 2-N- 

acetylglucosaminyltransferase II (emb|Y09537), mouse alpha-galactosidase A 

(gb|U50715) and rat V1b vasopressin receptor (dbj|AB042197). These sequences 

have quite diverse and apparently unrelated cellular functions, yet they share 

sequence identity. The sequence identity of clone M2F11 is likely to be a mouse 

ribosomal protein, since the region of sequence similarity to the other matches was 

actually to intron sequences. 

Clone P1B9 demonstrated a high degree of sequence identity (93%, 234/240 

nucleotides match) to mouse endothelial monocyte activating polypeptide I 

(gb|U41341) and partial similarity to rabbit calgizzarin (gb|D10586) and human 

S100C (gb|D49355, which is now called S100A11). These represent species specific 

versions of the same cDNA. 

The sequence of clones P2B10 and P1H12 (see Figures 4.9) have 96-98% 

(682/693) homology to different named mouse genes, minopontin (emb|X13986), 

osteopontin (emb|X51834), secreted phosphoprotein | (Spp1, ref[NM_009263) and 

early T-lymphocyte activation 1 protein (emb|X16151). These all appear to represent 

the same gene, osteopontin, sequenced from the same species by independent groups. 

4.4.3.1 Multiple cDNA sequences/clone 

The sequencing of two independent clones, by forward and reverse 

directional sequencing, revealed the presence of two different cDNA sequences. 

Clone N1A4 contained an MMTV related sequence (gb|AF228550) adjacent to 

NonO (non-POU domain containing octamer binding protein; gb|S64860) and clone 

N1A7 contained cDNA fragments of both the transferrin (emb|X77158) and BRP39 

(gb|X93035). Presumably these were blunt end ligated during the adaptor ligation, as, 

in both cases, an Rsa I restriction enzyme site separated the adjacent sequences. This 

Rsa | site was utilised to cleave the two fragments in order to assess the expression 

pattern of each sequence individually. 

4.4.3.2 Sequence redundancy of clones in the subtracted cDNA libraries. 

Of the 768 clones that were sequenced, 697 clones produced good quality 

sequence (Figure 4.8) and a total of 546 different sequences were identified. This 

was based on the number of clones showing sequence similarity to the same known 

or ESTs or by aligning clones exhibiting overlapping regions of identical sequence 
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into contigs (Figure 4.12). The majority of these sequences, 499, were represented as 

singletons in that they were only picked and sequenced once in an individual library. 

The remaining 47 different sequences were identified multiple times and represented 

a total of 198 different clones (Table 4.1). Subtracted cDNA libraries P, PN and Met 

(Figure 4.2) exhibited the same relative level of sequence redundancy, in that 76%, 

77% and 82% of clones, respectively, were non-redundant (singleton) sequences. 

The N subtracted library contained more sequences identified multiple times, and 

only 55% of clones were of non-redundant sequence. 

4.4.3.3 Redundant sequences identified. 

Some redundant sequences identified were of interest due to their prevalence 

in the different libraries (Table 4.3). It is expected that these are either high abundant 

sequences in the relevant tumours and/or are differentially expressed between these 

tumours. For example MMTV-related sequences, particularly in the N subtracted 

cDNA library, and mitochondrial genome sequences were common. A group of 

sequences previously identified as neu and ras specific tumour molecular markers 

(Morrison and Leder, 1994) were identified collectively in the four libraries, BRP39 

and an EST sequence similar to human cellular retinol binding protein (CRBP) were 

specific to the N subtracted library whereas others, transferrin, kappa casein and 

WDWMM 1 were found in multiple libraries. Pulmonary surfactant protein c (PSP-c) is 

reported to be a lung specific protein and this was reflected by the fact that it was 

only identified in the metastatic lung tumour derived subtracted library. 

4.4.3.4 Non-Redundant sequences identified. 

Many non-redundant sequences were identified in the four subtracted cDNA 

libraries; some possess interesting sequence identification in terms of the subsequent 

biological/cellular function of the proteins with respect to cancer development and 

metastatic progression. For example several sequences were identified with known 

roles in matrix degradation, cell adhesion, cytoskeletal structure, signal transduction 

and gene expression (see appendix). 

4.5 Conclusions to chapter. 

SSH has been performed between different tumours from the transgenic mice 

to identify sequences whose expression relates to metastatic progression associated 
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with S100A4 expression. The important technical aspects and success of this method 

in achieving this goal are discussed later (chapter 7). 

Many different sequences were identified from these subtracted libraries. 

Significant differences in the number of times particular sequences were identified 

between libraries suggest possible differential expression of these sequences. The 

identification of non-redundant sequences in a library indicates normalisation of 

sequence abundance has occurred, however it is difficult to select which, if any of 

these are differentially expressed between the transgenic mouse tumours. This is 

because clones are expected to be identified which represent background, non- 

differentially expressed sequences, a feature common to these types of experiments. 

Thus the expression patterns of cDNA clones must be determined to identify which 

of these sequences are differentially expressed in these circumstances and which are 

of sufficient interest to warrant further investigation. 
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MMTV-neu 

primary tumour 

MMTV-neu/S100A4 
primary tumour 

MMTV-neu/S100A4 

metastatic tumour   
Figure 4.1 HPRT RT-PCR. 

The integrity of poly(A)*-containing RNA extracted from frozen tumour sections 

was analysed by RT-PCR for the 5’ region of the HPRT gene. Poly(A)" RNA 

from an equivalent of approximately 100,000 cells was reverse transcribed into 
cDNA from each of the three tumours. Serial dilutions of cDNA containing the 

equivalent to approximately 2,000 cells (lane 1+2), 200 cells (lanes 3+4) and 

from 20 cells (lanes 5+6) were amplified by PCR. Positive amplification was 

detected by electrophoresis of PCR reactions on 1.2% agarose gel and was 

indicated by a single DNA fragment of 392bp (arrowed) when compared to DNA 
marker (M) such as 1| kb ladder (A) and Hae III digested 0X174 DNA (B & C).



Subtraction 1 

MMTV-neu mammary tumour vs MMTV-neu/S100A4 mammary tumour 

Subtracted cDNA library N Subtracted cDNA library P 

Subtraction 2 

MMTV-neu/S100A4 mammary tumour vs MMTV-neu/S100A4 metastasis 

Subtracted cDNA library PN Subtracted cDNA library Met 

Figure 4.2 Summary of the two subtractive hybridisation experiments performed 

between the three tumours and the four subtracted cDNA libraries created. The four 

libraries were designated a specific code according to the tumour and transgenic status 

of the tumour which they represent (N = neu primary tumour; P = neu and S100A4 

(p9Ka) primary tumour; PN = neu and S100A4 (p9Ka) primary tumour, yet 

distinguishable from P; Met = metastasis). This code will be subsequently used when 

referring to a specific subtracted library, and will prefix the name of all subtracted 

clones discussed as an indication of the library from which they were derived.
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Figure 4.3 SMART PCR cDNA amplification. 

SMART cDNA was synthesised from approximately 100,000 cells from each of the three 

tumours. Independent amplification was performed for the two separate subtractions, the 

two primary tumours (A & B) and the two bitransgenic tumours (C & D). Amplification 

of the cDNA was optimised to avoid over-amplification and therefore misrepresentation 

in the resulting cDNA library. For each cDNA, three reactions were prepared and 

amplified for 15 cycles, two reactions were stored at 4°C while the third was left in the 

PCR machine for the remaining 9 cycles. Ten microlitre aliquots were removed after 15, 
18, 21 and 24 cycles and 5 wl of each was analysed by electrophoresis on a 1.2% agarose 

gel containing 0.5 g/ml ethidium bromide(A & C). The two samples stored at 4°C were 

returned to the PCR machine for the required additional number of cycles (B & D). 

Amplified cDNA appears as a smear of cDNA fragments 0.5-6kbp in size. Abundantly 

expressed cDNAs appear as distinct bands. Over-amplification can be observed after 24 

PCR cycles by the reduced intensity of detection of individual bands such as the 2.5kbp 

fragment (arrow). N= MMTV-neu primary tumour, PN = bitransgenic primary tumour, 
Met = metastasis.



Primary Metastasis 

M uncut Rsal uncut Rsal      
+ 2.5 kbp 

Figure 4.4 Rsal digest of SMART PCR-generated cDNA. 

Prior to performing subtractive hybridisation, cDNA from each tumour was 
digested with Rsal, a restriction enzyme with a 4 bp recognition site. The size 

distribution of cDNA fragments is reduced from approximately 0.25 kb-5-6 kb 

to 0.1-2 kb, fragment sizes that have more favourable hybridisation kinetics. 

The DNA size marker (M) used was 1 kbp ladder. The figure displays cDNA 

before (uncut) and after (Rsa I) digestion for the MMTV-neu/S100A4 primary 
tumour and metastasis.
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Figure 4.5 PCR to determine efficiency of adaptor ligation. 

The efficiency of ligation of adaptors 1 and 2R to RsaI digested tester cDNA 
was estimated by PCR. cDNA from each tumour sample was used to prepare 

both tester and driver cDNA so that subtractive hybridisation could be performed 

in both forward and reverse directions. Tester cDNA for each tumour was 
divided into two and a different adaptor (1N or 2RN) was ligated to each. 
Ligation reactions were amplified using PCR primer | with a gene specific 
G3PDH 3’ PCR primer (table 2.1) producing a PCR product of 1.2 kb. 

Amplification using two gene specific G3PDH PCR primers produced a product 

of 451 bp. An equal band intensity, after 25 cycles, between the 1.2 kb fragment 

and the 451 bp fragment suggested efficient ligation of adaptors had occurred. 
Sizes were determined using Hae III digested x174 DNA marker (M).
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Subtracted Library N P PN Met 

4.25x10 6.45x10 Size of library 4.38x10 3.75x10 
Colonies picked 240 204 192 192 
PCR product 218 (91% 188 (92% 181 (94% 181 (94% 
Number 3' fragments 78 (36% 72 (38% 38 (21% 51 (28%) 
Known genes 113 (52%) 89(47.5%)  89(49.2%)  96(53%) 
ESTs 69 (31.5%)  59(31.5%) 71(39.2%) 68 (37.6%) 
Unknown genes 16 (7.5%) 5 (2.5%) 11 (6.1%) 8 (4.4%) 

No sequence 20 (9% 35 (18.5% 10 (5.5% 9 (5.0% 

Number of common sequences 12 9 16 10 

Number of clones representing 89 (45%) 37 (24%) 40 (23%) 32 (18%) 
common sequences 
Number of singletons 109 (55% 116 (76% 131 (77% 143 (82% 

Table 4.1 Characterisation of the four subtracted cDNA libraries. 

Subtracted cDNA fragments were cloned into pCR2.1'™ (Invitrogen) and transformed 
into TOP10F’ competent E.coli. Approximately 0.05% of colonies in each library were 
studied by colony-PCR, 93% of all colonies contained single amplifiable cDNA inserts. 
DNA sequence analysis of all clones revealed that 31% of clones represented 3’ 
sequences which contained a poly(A), sequence. Nucleotide sequence homology 
searches using the BLAST search engine was used to determine the identity of each 
sequenced cDNA clone. The distribution of known, EST and unknown sequences is 
given for each library. Of the clones producing good sequence, a number from each 
library had identical sequence or were representative of the same known mRNA. The 
majority of clones from each of the four libraries, however, were non-redundant 
sequences (singletons). 

cDNA libraries Subtracted cDNA libraries 

N P/PN Met N P PN Met 

Number of colonies screened 453 428 579 451 400 432 401 

Positive actin colonies 1 0 0 0 0 0 0 

Number of colonies screened 621 450 432 456 412 397 502 
Positive HPRT colonies 0 0 1 0 0 0 0 

Number of colonies screened 1074 +=1091 1011 907 812 829 903 

Positive S100A4 colonies 0 0 0 0 2 0 4 

Table 4.2 Colony hybridisation data. 
Transformed cDNA libraries (non-subtracted and subtracted) were grown on nylon 
filters to a density of approximately 200-300 white colonies/8 cm plate. Filters were 
independently hybridised with actin, HPRT and S$100A4 (p9Ka) cDNA probes. The 
number of positive colonies detected for each probe in each cDNA library is given.
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Chapter 5. 

Expression screening of subtracted cDNA clones. 

Sequencing several hundred cDNA clones from each library can reveal 

details concerning the complexity of the subtracted libraries created and the types of 

genes expressed in the different tumours. A vast amount of data was generated by 

these sequencing experiments and database homology searches, with the 

identification of many known genes that can be grouped into numerous different 

gene or protein families according to their predicted or determined function. Some of 

these identified include proteins involved in DNA repair, cell cycle control, gene 

expression, protein synthesis, cytoskeletal proteins, proteases, protease inhibitors and 

cell surface antigens. Altered expression of genes corresponding to many of these 

known proteins and, of course, of proteins corresponding to the many ESTs and 

uncharacterised sequences that were also identified, may have implications in tumour 

development and/or metastatic progression. 

Differential expression of these clones can be speculated upon, particularly 

for those sequences identified multiple times in specific libraries (Table 4.3; for 

example BRP39, emb|X93035; EF1A, emb|X13661) and also for those known genes 

which have tissue specific patterns of gene expression under normal circumstances 

(PSP-c, gb|M38314). However determination of the expression pattern for each clone 

is required to confirm if these sequences are in fact differentially expressed between 

these tumours of different metastatic potential. 

5.1 Reverse Northern differential expression screening of subtracted cDNA 

clones. 

Reverse Northern analysis was used to determine the expression pattern of all 

768 sequenced subtracted cDNA clones in the two primary tumours and in the 

metastatic tumour. Eight different 96-well dot blot membranes were produced, in 

triplicate, each containing cDNA clones from the four subtracted libraries and 

control cDNAs. 

As shown earlier (section 3.5), the expression of high abundant sequences 

were detected after short exposure (overnight) of hybridised blots to 
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phosphorimaging screen or autoradiographic film. This was of benefit to accurately 

detect hybridisation signal with reduced noise, i.e. from neighbouring spotted clones 

that produced strong hybridisation signal or from cases of high, non-specific 

background signal. Longer exposures were required for the detection of low 

abundant cDNA clones which produced a weak hybridisation signal, however these 

were only of benefit when the images were clean with little background hybridisation 

signal. Long exposure to autoradiographic film was a problem as strong 

hybridisation signal was overexposed and so could not be quantified. Overexposure 

was less of a problem for signal detection using the phosphorimaging screen, which 

exhibits a linear dynamic range that extends over 5 orders of magnitude. 

Hybridisation signal obtained from the phosphorimager was therefore used to 

quantify hybridisation spot intensity, and therefore the relative abundance of each 

cDNA clone in each tumour. 

5.2 Validation of Reverse Northern screening process. 

To test the technique was reproducible, hybridisation signal intensities for 

control cDNAs, included on all membranes, and cDNA clones representing the same 

contig or known message present on multiple membranes were compared. Also, a 

selection of differentially expressed clones was re-spotted onto fresh Reverse 

Northern membranes in duplicate. These clones were re-screened by the same means 

to confirm that the expression pattern originally observed was reproducible. 

5.2.1 Control cDNAs. 

Several control cDNAs were used on each membrane to enable immediate 

determination of differences in probe labelling and hybridisation efficiencies 

between tumour samples. Actin, HPRT and S100A4 (p9Ka) cDNA were used, in 

duplicate, and in later experiments subtracted cDNA clones representing PSP-c, 

lysozyme, kappa casein, transferrin, WDNM 1 and BRP39 were also included 

(although not in duplicate; figure 5.1). The expression pattern of these clones were 

determined in early Reverse Northern experiments and their spot intensities in each 

of the tumours helped determine the relative success and reliability of the 

hybridisation and quantitation process. Actin, HPRT, kappa casein, transferrin and 

WDNM 1 were all expressed within the 2-fold cut off between the three different 

tumours, suggesting similar expression levels for each of these genes in each tumour 
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sample. BRP39 was more highly expressed in the MMTV-neu tumour compared 

with equally low levels of expression in the two bitransgenic tumours. PSP-c and 

lysozyme were both abundant in the metastatic tumour sample relative to similarly 

low detectable expression in the two primary tumours. S100A4 (p9Ka) expression 

was not detectable in the MMTV-neu primary tumour and demonstrated 

progressively higher abundance from the primary tumour to the metastasis from the 

MMTV-neu/S100A4 mouse. This was expected following hybridisation of S100A4 

cDNA to the same two bitransgenic tumour cDNAs and representative cDNA (and 

total RNA) from several pooled MMTV-neu primary tumours and several pooled 

MMTV-neu/S100A4 primary tumours (Figure 3.3). This pattern of expression was 

consistent for all these cDNAs in each Reverse Northern experiment. The expression 

of actin, HPRT and in particular S100A4 and the lung specific sequence PSP-c — 

produced predicted hybridisation signal intensities in each of the three tumours 

suggesting that the screening process was also able to differentiate between different 

levels of expression for different sequences between different tumours. 

5.2.2 Membrane preparation. 

The accuracy of DNA preparation (dilutions and aliquoting) and dot blotting 

was investigated by comparing hybridisation signals of all DNA samples that were 

immobilised to the nylon membrane in duplicate. This included all controls and 

subtracted clones that were re-spotted and re-screened. 

The identification of differences in hybridisation signal between duplicate 

spots, probed with the same tumour sample, revealed a small number of dot blotting 

errors. In total, 708 cDNA spots were checked, 22 displayed differences between 

duplicates, indicating a relatively efficient sample and membrane preparation. Thus 

suggesting that possibly 3% of all the clones analysed may have produced spurious 

hybridisation signal due to inaccurate preparation of the membranes. 

5.2.3 Probe labelling as a source of variability. 

Occasionally inconsistent expression patterns were observed for different clones 

representing the same mRNA molecule that were present on separate membranes. 

For example, Id2 (gb|M69293) was sequenced 6 times (N=3, P=3; Table 4.3). Some 

of these clones exhibited differential expression in favour of the MMTV-neu/S100A4 

primary tumour relative to the other two tumours; however, other clones appeared to 

Chapter 5 Results 82



be expressed equally in the three tumours. The inconsistency appeared to be due to 

different probe labelling efficiencies between separate experiments as the 

differentially expressed Id2 clones were screened in one experiment and independent 

to the non-differentially expressed Id2 clones. This inconsistency meant that Id2 was 

not determined to be differentially expressed. 

For all redundant sequences (identified multiple times), differential 

expression was only confirmed if a consistent expression pattern was observed in 

multiple experiments. Likewise, non-redundant clones (singletons) that were re- 

screened on separate membranes were only confirmed as being differentially 

expressed if the same pattern of expression was observed on each occasion. Some 

non-redundant clones, however, were not re-screened and so their expression pattern 

was not validated by Reverse Northern analysis. 

In total 71 clones were re-screened in additional Reverse Northern 

experiments (Figure 5.2), 56 of these clones (79%) demonstrated a consistent 

expression pattern to that observed previously. Of the remaining clones, 8 (11%) did 

not produce strong enough hybridisation signal too reliably detect expression 

(suggesting weaker hybridisation probes was used) and 7 (10%) were not 

differentially expressed. 

5.3 Identification of differentially expressed cDNA clones. 

Spot intensities for each clone were quantified, normalised for differences in 

probe strength and compared between the three different tumours. Criteria for 

selecting differentially expressed clones required a difference in expression ratio 

between two tumours to be 22 or <0.5. As stated previously, other cDNA expression 

analysis experiments using microarrays or Reverse Northern analysis have used a 

similar differential expression ratio of >2 or 23 as criteria for identifying 

differentially regulated cDNAs (Schena et al., 1996; DeRisi et al., 1997; Sgroi et al., 

1999; Perou et al., 1999; Yang ef al., 1999). In total 192 clones were differentially 

expressed between two of the three tumours by these criteria. This was 25% of the 

total number of clones screened and was comprised of 125 different sequences 

(Table 5.1). A comprehensive list of all clones identified as being differentially 

expressed in this way is presented in Tables 5.2-5.5. Of the differentially expressed 

sequences, 87 were derived from the N subtracted cDNA library, 29 were from the P 

library, 27 were from the PN library and 49 were from the Met library. 
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By utilising a higher cut off of >5 or <0.2-fold difference, 80 differentially 

expressed clones were identified. 55 of these clones (representing 21 different 

sequences) were from the N subtracted cDNA library, 5 different sequences were 

from the PN library and 20 different clones (representing 6 different sequences) were 

from the Met library (Table 5.1). No cDNA clone from the P subtracted cDNA 

library exhibited a differential expression ratio of >5-fold. The majority of clones 

that were differentially expressed by 5-fold or more, exhibited detectable expression 

in one tumour yet very low or undetectable expression in another tumour. 

5.3.1 Differentially expressed clones in the N and P subtracted cDNA libraries. 

Tables 5.2 and 5.3 present all the sequences identified as being differentially 

expressed from the N and P subtracted cDNA libraries. The table provides fold 

expression ratios of these sequences in the MMTV-neu primary tumour and in the 

metastasis relative to expression in the MMTV-neu/SI00A4 primary tumour. 

Sequencing information, determined in chapter 4, for these clones is also given in 

this table, in terms of the identification of each clone and the number of times 

(redundancy) each sequence was identified in these two libraries. 

79 of the 87 differentially expressed cDNA clones from the N subtracted 

library were expressed more highly in the MMTV-neu primary tumour compared to 

the MMTV-neu/S/00A4 primary tumour, furthermore 69 of these clones also 

demonstrated a similarly low or lower expression level in the metastatic tumour 

compared to the MMTV-neu/S100A4 primary tumour. 5 of the remaining 8 clones 

were equally expressed in both primary mammary tumours, yet were either 

expressed higher (2 clones) or lower (3 clones) in the metastasis relative to the 

MMTV-neu tumour. 3 cDNA clones from the N subtracted library were expressed 

more highly in the bitransgenic primary tumour compared to the MMTV-neu 

primary tumour. 

29 cDNA clones from the P subtracted library were differentially expressed 

by 2 fold or greater between any two of the three tumours, 12 clones were less 

abundant in the mRNA from the MMTV-neu primary tumour relative to the 

bitransgenic primary tumour. 8 of these clones exhibited expression in the metastatic 

tumour that was also 22-fold higher than in the MMTV-neu primary. The remaining 

17 clones were either expressed in the wrong orientation (11 clones) or were of the 

same approximate abundance in both primary tumours yet were either more abundant 
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(1 clone) or less abundant (5 clones) in the metastatic tumour. 

5.3.2 Differentially expressed clones in the PN and Met subtracted cDNA 

libraries. 

Tables 5.4 and 5.5 present all the sequences derived from the PN and Met 

subtracted cDNA libraries that have been identified as being differentially expressed. 

14 of the 27 differentially expressed cDNA clones from the PN subtracted 

library were less abundant in the metastasis relative to the PN primary. 5 of these 14 

clones also demonstrated a similar or higher level of expression in the MMTV-neu 

primary tumour compared to this MMTV-neu/S100A4 primary tumour. 8 of the 

remaining 13 clones were equally expressed in both bitransgenic tumours, yet were 

either expressed higher (5 clones) or lower (3 clones) in the MMTV-neu primary 

tumour. 5 clones from the PN library were expressed more highly in the metastasis 

compared to the MMTV-neu/S100A4 primary tumour. 

48 Met subtracted cDNA clones were differentially expressed by 2-fold or 

greater between any two of the three tumours, 25 of these clones were more abundant 

in the mRNA from the metastasis relative to the MMTV-neu/S100A4 primary tumour 

and all of these 25 clones exhibited expression in the MMTV-neu primary tumour 

that was similar or lower than in the MMTV-neu/S100A4 primary tumour. 6 clones 

were expressed in the wrong orientation to that expected and the remaining 17 clones 

were of the same approximate abundance in both bitransgenic tumours yet 

demonstrated either higher (3 clones) or lower (14 clones) expression in the MMTV- 

neu primary tumour. 

5.3.3 Maintenance of expression of subtracted clones with metastatic 

progression. 

If expression was detected to be similar in two tumours and different by > 2- 

fold in a third tumour (MMTV-neuw or metastasis) then expression was said to be 

maintained with metastatic progression. For example, clone N2H5 (Table 5.2) 

exhibited expression that decreased with metastatic progression (N = 0.97, PN = 1, 

Met = 0.37). Conversely, clone Met2E9 (Table 5.5) demonstrated maintained 

expression with metastasis (N = 0.37, PN= 1, Met = 1.22). In total, 118 clones 

exhibited expression patterns that were said to be maintained in metastatic 

progression. In some cases differential expression was enhanced towards metastatic 
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progression, where expression increased or decreased by > 2-fold as S100A4 

expression increased (see Figures 3.3 and 5.1) and therefore also did metastatic 

capability. For example, clone M1C11 (Table 5.5) demonstrated increasing 

expression as S100A4 expression increased (N= 0.49, PN = 1, Met = 3.57), 

conversely, clones N2B5 (Table 5.2; N= 9.98, PN = 1, Met = 0.38) and PNIB9 

(Table 5.4; N= 4.72, PN = 1, Met = 0.23) exhibited the opposite pattern of 

expression. A total of 21 clones exhibited such expression in these three tumours. 

5.4 Low abundant subtracted cDNA clones. 

The expression pattern of 98 clones (12.8% of the total number of clones 

screened) could not be determined by Reverse Northern analysis because no 

hybridisation signal or only a very weak signal was detected for these clones in all 

three tumours. This was most notable for clones from the PN subtracted cDNA 

library, in which 49 clones (27% of clones from this library) produced a 

hybridisation signal that was too weak to reliably detect differential expression. This 

may explain why fewer clones from this library were identified as being 

differentially expressed, in comparison to other libraries (table 5.1). 

Interestingly, 60% of these low expressing clones represent ESTs or 

previously uncharacterised sequences, suggesting that they may be expressed at 

similarly low levels in other mouse tissues or in other species. Some of the known 

sequences for which expression was not detected by Reverse Northern are presented 

in Table 5.6. 

5.5 Reverse Northern expression screening of subtracted cDNA clones in other 

tumours from the transgenic mice. 

Reverse Northern membranes were also probed with cDNA derived from 

additional tumours of similar transgenic status, histopathology and tumour phenotype 

to those, which were used to create the subtracted libraries. This was performed to 

identify clones which demonstrated the same differential expression profile in 

multiple tumours, therefore to aid in the selection of specific, interesting clones for 

further characterisation. 

In an initial experiment 190 clones were screened for expression levels in two 

additional primary tumours and an additional metastatic tumour. A further 350 

clones were screened for expression in the two primary tumours only. In both 
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experiments, the probes were prepared by incorporating the radioactive label during 

first strand cDNA synthesis. 

Slightly different expression profiles were observed between matched 

tumours of the same transgenic type and phenotype (Figure 5.3), suggesting different 

gene expression profiles may exist between tumours of matched histology, transgenic 

status and tumour phenotype. 

The method of probe generation (SMART PCR or first strand cDNA 

synthesis) also appeared to contribute to the different patterns of expression seen 

between matched tumours from the two types of screening experiments. Differences 

were observed in the hybridisation signal intensity obtained for different cDNA clone 

fragments that represent the same gene. For example both transferrin and o-enolase 

were represented on one Reverse Northern membrane by multiple subtracted cDNA 

clones, these clones had sequence identity to different regions of these two cDNA 

molecules (Figure 5.4). All fragments, for each cDNA, produced a hybridisation 

signal of equal intensity when probed with SMART PCR-generated cDNA probe. 

Yet when these clones were hybridised with the first strand cDNA synthesis probes, 

fragments closer to the 3' end of the cDNA molecule gave a detectable signal, 

whereas fragments closer to the 5' end of the cDNA molecule gave no or only a 

weakly detectable hybridisation signal (Figure 5.4). This suggests that first strand 

cDNA synthesis was relatively inefficient at generating transcripts beyond the 3’ end 

of the mRNA molecule. 

This data also demonstrates the ability of SMART cDNA synthesis to create 

full length or near full-length cDNA molecules which, during SSH produced 

subtracted cDNA clones representative of 3’, middle and 5’ regions of respective 

cDNAs. Sequence analysis of subtracted clones supported this, where 31% of 

subtracted clones represent the 3’ region of cDNAs as indicated by the identification 

of poly(A‘) sequences (Table 4.1). Consequently the expression of the remaining 

69% of clones, representing sequences that are 5’ to this 3’ end, may not be detected 

using the first strand cDNA synthesis-generated Reverse Northern probes. 

These additional screening experiments highlighted another feature of 

expression hybridisation. The membranes previously hybridised with strong SMART 

cDNA probes that were stripped and re-probed with first-strand cDNA synthesis 

probes produced a low overall hybridisation signal with a much reduced level of 

sensitivity (Figure 5.3c and 5.3d). This may have been due to a combination of 
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factors including inefficient stripping which left less target DNA available for re- 

hybridisation and the use of a weak probe as the second hybridisation probe. Re- 

probing was not, however, a problem when a strongly labelled SMART PCR probe 

was used (Figure 5.3a and 5.3b). 

These difficulties may help account for the fact that the expression of a large 

number of the clones screened (243, 45% of the total number of clones screened) 

could not be detected, or were only very weakly detected, after one week exposure to 

phosphorimaging screen in each of the tumours screened. Hence only a few 

differentially expressed clones were identified, 47 clones (9% of those screened) 

were differentially expressed by 2-fold or more between two of the three tumours 

(Table 5.7). Of these clones, 8 (2%), demonstrated a similar differential pattern of 

expression as observed in tumours used to produce the subtracted cDNA libraries 

(marked by * in Table 5.7). Suggesting differential expression of these clones was 

consistent in multiple tumours of matched histology, transgenic status and tumour 

phenotype. 

5.6 Conclusions to chapter. 

Instances of variability suggested that the Reverse Northern cDNA 

expression screening process was not perfect and possible sources for this variability 

have been discussed here, some aspects of this process will also be discussed in more 

detail in chapter 7. However, the technique was sufficient to screen a large number of 

subtracted cDNA clones for expression patterns in multiple tumours from the 

transgenic mice and to identify a number of differentially expressed sequences. 

These include a selection of known genes previously reported to be differentially 

regulated in breast and in other types of cancer and sequences that are of interest 

regarding metastatic progression due to the proposed function of the identified 

sequence or related sequence. 

For example, elevated osteopontin (clone P2B10, expression was higher in 

S100A4 expressing tumours) expression has been linked with tumourigenesis in a 

number of in vitro and in vivo models of cancer and is over-expressed in human 

tumours (Brown et al., 1994; Tuck et al., 1999). In particular, the ability of enhanced 

osteopontin to induce metastasis has been demonstrated in a rodent model of breast 

cancer (Oates et al., 1996). Doc-1 (clone N3C3, expression decreased with 

metastasis) is a putative tumour suppresser identified in oral cancer development 
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(Todd ef al., 1995) which exhibits loss of heterozygosity and subsequent reduced 

expression in malignant oral keratinocytes (Todd et al., 1995; Tsuji et al., 1998). A 

mouse EST (clone Met2H4) demonstrates highest expression in the metastasis and 

sequence homology to human Nipl. Nip! is a protein which interacts with 

adenovirus E1B 19 kDa protein and Bcl-2 (Boyd ef al., 1994; Zhang et al., 1999) to 

suppress cell death. 

This combination of SSH and Reverse Northern screening also identified a 

number of ESTs and uncharacterised, potentially novel sequences that are 

differentially regulated in these circumstances. However, the differential expression 

of specific clones identified by these means must be verified and further 

characterised to investigate the relative influence of the expression of these 

sequences in determining tumour phenotype. 
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Figure 5.1 Reverse Northern screening of subtracted cDNA clones. 

Triplicate sets of dot blot membranes were created containing cDNA clones from 

each of the four subtracted libraries, plus the cDNA controls (in duplicate) p9Ka 

(S100A4), actin and HPRT. Additional controls were also included on this 

mem brane for which repeated expression data had already been obtained, these 

were (a) WDNM 1, (b) transferrin, (c) kappa casein, (d) BRP 39, (e) PSP-c and (f) 

lysozyme. Each identical membrane was hybridised with a SMART amplified 

cDNA probe derived from the same tumours used to create the subtracted libraries. 

Hybridised membranes were exposed to phosphorimaging screen for 1-7 days. The 

above example is of membrane 8 exposed to a phosphorimaging screen for 6 days.
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Figure 5.2 Reverse Northern re-screening of selected subtracted cDNA clones. 

Some clones were re-spotted, in duplicate, onto fresh membranes and re-screened 

for expression in the same three tumours. This was to confirm that the differential 

expression pattern observed in the first screening was reproducible. These 

mem branes also contained three control cDNAs p9Ka (S100A4), HPRT and actin.
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Figure 5.3 First-strand cDNA synthesised probes and SMART PCR-generated 

cDNA probes. 

One membrane was probed firstly with a first-strand cDNA synthesis probe (A), 

stripped, and re-probed with a SMART amplified probe (B). MMTV-neu/S100A4 

primary mammary tumour probes were used for these hybridisations. 

A second membrane was probed initially with SMART PCR probes (C) and, 

following stripping, with first-strand cDNA synthesis probes (D). This membrane was 

hybridised with MMTV-neu primary mammary tumour probes.
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Figure 5.4 First-strand cDNA synthesised probes and SMART PCR-generated 

cDNA probes. 

Diagrammatic representation of the transferrin and alpha enolase cDNA molecules, 

showing the position of several clones (PN1F2, PN1H1, M1C3, N2H2 and M1B3) 

whose sequence represents different regions of the two cDNAs. 

Spot intensities for each clone following Reverse Northern screening with a cDNA 

synthesis probe and a SMART amplified probe indicates the ability of the SMART 

technology to synthesise full length cDNA. Conversely, the limitations, in terms of 

sensitivity and length of extension obtained from an oligo(dT),, primer (conventional 

first-strand cDNA synthesis) is demonstrated. 

Diagrams are drawn to an approximate scale of 1 cm = 200 bp.



Subtracted Library N P PN Met 

Number of clones screened 218 188 181 181 

Number of clones with detectable signal 209 166 132 164 
Number different by >2 fold 87 (42%) 29(17%) 27(20%) 48 (30%) 
Number different by >5 fold 55 (25%) 0(0%) 5(3%) 20(11%) 

Number different in wrong orientation 3(1% 11 (7% 5 (4% 6 (3% 

Table 5.1 Reverse Northern screening of subtracted cDNA clones. 
All clones were screened for expression levels in the three different tumours. This table 
presents the data produced by these experiments including the number of clones from 
each library differentially expressed (also given as a % of the number of clones with 
detectable expression) between any two of the three tumours by 2 fold or greater (refer 
to tables 5.2-5.5 for a comprehensive list of all differentially expressed clones), and by 5 
fold or greater. The expression of a number of clones was too weak to detect by these 
means, particularly from the PN subtracted library. A small number of clones exhibited 
an expression pattern in the wrong orientation to that expected. 

Clone Sequence identification Acc. number __ Biological function 

N2C5 c-kit Y00864 receptor tyrosine kinase 
P2G11 Thrombospondin-4 AF 102887 extracellular matrix adhesion protein 
PN1A10 MHR23A X92410 nucloetide excision repair 
PNIC5 MutS homolog 2 U21011 DNA mismatch repair 
PN2D12 __ Serine protease inhibitor 3 (Sp13) U25844 protease inhibitor 
PN2F1 Maspin U54705 protease inhibitor 

Table 5.6 Selection of low expressing clones with sequence similarity to known 
genes of interesting physiological function.



Clone 

N3G11 
NIB9 
N2B3 
N2F4 
N2B5 
N3E4 
N3B2 
N2G3 
N/RI1 
N2F5 
N2C6 

N3B4 
N3El 
N3C3 
N3F2 
N3G10 
N2B8 
NIB6 
NIGS 
NIA4 
NIA6 
N3A6 
N3H5 
NIE12 
N3F5 
N2B9 
N2D11 
N2Cl11 
N/RI 
NICS 
N3G4 
N3E2 
N3H11 
N2A3 
N/R1O 
N2C12 
N3C2 
N2D8 
N3A3 
N3C12 
N2H5 
N2G2 

N3H8 
N2E5 
N3G9 
NIAI1 

Sequence Identification 

Mouse cDNA (diaphragm) 
Mouse cDNA (myotubes) 

Mouse mitochondrial genome 
9 

MMTV sequence 

Mouse cDNA similar to endogenous MMTV (M11024) 
MMTV sequence 

Mouse BRP 39 
MMTV sequence 
Mouse cDNA (skin) 

Mouse cDNA (mammary gland) similar to cat major allergen I polypeptide 
chain 2 precursor (P30440) 

Mouse apolipoprotein D 
Mouse cDNA similar to CRBP I 
Mouse oral tumour suppresser homolog (Doc-1) 

Mouse T cell specific serine protease 
MMTV sequence 

Mouse cDNA (neonate skin) 
MMTV sequence 
9 

Mouse NonO (non-POU domain containing octamer-binding protein) 
Mouse cDNA clone (kidney) 
Mouse mitochondrial genome/mouse perforin 
Mouse mitochondrial genome 
Mouse ribosomal protein L7 (rpL7) 
Mouse cDNA (kidney) similar to human 40s ribosomal protein S3A 
Mouse cDNA clone 
Mouse cDNA clone 
Mouse cDNA clone (mammary gland) 
Mouse cDNA clone (mammary gland) 

Mouse cDNA clone 
Mouse cDNA clone (placenta) 
Mouse cDNA clone (liver) 
Mouse MHC locus classIlII region 
Mouse cDNA clone (mammary gland) 
No sequence 

Mouse cDNA clone (mammary gland) 

Mouse cDNA clone (2 cell embryo) 
Mouse adenine nucleotide translocase (Ant-2) 
Human splicing factor, arg/ser rich 7 (SFR S7) 

Rat SERP1 

Mouse cDNA clone 
Human basic transcription element binding protein BTEB1 (GC box 

binding protein) 
Mouse cDNA clone (kidney) 
Human U5 snRNP-specific 200K Da protein 
mouse ferritin light chain 
mouse cDNA clone (kidne 

Accession 

number 

AA066911 

AAS97175 

V00711 

AF228552 
AW231061 
L37517 
X93035 
L37517 
AA789934 
AW989042 

L39123 
AA466092 
AF011644 
M13226 
X63024 
AV237160 
M11024 

$6460 
AI790486 
L07096/X60165 
V00711 
M29016 
AA208274 
BF228009 
AA170470 
A1606479 
AI152341 
AI838686 
AA015548 
AW012440 
AF049850 
BF452749 

BE625496 
AA422633 
X70847 
L41887 
ABO018546 
AW989386 
D31716 

AI315022 
Z70200 
J04716 
AI647880 
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Table 5.2 Differentially expressed clones from the N subtracted cDNA library. 
Subtracted cDNA clones were screened for expression in a MMTV-neu primary tumour and in MMTV- 
neu/S100A4 primary and metastatic tumours. Signal intensities for each clone were quantified using 
Molecular Imager software and normalised for differences in probe strength. Fold expression 
differences for each selected clone were determined and those demonstrating a expression ratio (N/PN 
or Met/PN) of > 2-fold or < 0.5-fold were selected as being differentially expressed. Expression in the 
MMTV-neu primary tumour and in the MMTV-neu/S100A4 metastasis are given in respect to 
expression in the MMTV-neu/S100A4 primary tumour. Highlighted expression ratios (bold) denotes > 
2-fold difference in expression between any two of the three tumours. For redundant clones and for 
clones analysed on multiple membranes, average fold expression differences were calculated. Sequence 
identification and associated accession numbers are given, as is the redundancy of each clone in this 
library. '?' refers to clones whose sequence does not match any sequence in the databases. ‘no sequence’ 
refers to clones that gave poor sequence. 

Fold expression data 

N 
20.38 
12.17 
11.37 
11.35 
9.98 
8.73 
7.77 
7.14 
6.46 
6.32 
6.98 

5.64 
5.55 
5.16 
4.64 
4.63 
3.70 
3.50 
3.47 
3.46 
3.36 
3.21 
3.20 
3.15 
2.97 
2.94 
2.93 
2.71 
2.65 
2.48 
2.43 
2.31 
2.25 
2.22 
2.18 
2.11 
2.11 
2.04 
1.60 
1,21 
0.97 
0.85 

0.53 
0.42 
0.39 
0.33 

PN 
l 
1 
1 
1 
1 
1 
1 
1 
1 
l 
1 

1 
I 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
| 
1 
1 
l 
1 
l 
1 
1 
1 

1 
1 
1 
1 

Met 

1.25 

2.39 
0.75 

0.83 
0.38 
0.68 
0.68 
1.00 
mis 

0.80 
1.29 

1.05 
0.56 
1.10 
0.98 
0.56 
0.66 
0.42 
1.21 
0.63 
1.25 
1.80 
3.01 
1.30 
0.59 
0.92 
1.45 
5.01 
1.30 
2.07 
0.88 
1.97 
1.31 
1.00 
2.18 
0.91 
1.04 
0.64 
0.75 

1.19 

0.30



Clone Sequence Identification Accession Redundancy Fold expression data a 
number N PN Met 

P2El Mouse transcytosis associated protein p115 AF096868 1 2.99 1 4.28 
P1H2 Mouse ubiquitin-homolgy domain protein AF033353 1 2.73 1 1.38 
P2F1 Rat alkaline phosphodiesterase D30649 1 2.62 1 3.65 
P2C6 Mouse mitochondrial genome V00711 2 2.50 1 2.33 
P2H1 Rat rab28 for ras-homolog GTPase X78606 4 2.12 1 2.48 
P2C12  Nosequence 1 2.05 1 0.87 
P2F9 No sequence 1 2.03 1 0.83 
P2D5 Rat 14-3-3 protein theta subtype D17614 1 1.68 1 0.72 
P2D3 Mouse cDNA clone (macrophage) AA867412 1 1559) 1 2.68 
P2B12 Mouse cDNA clone (kidney) A1648172 1 1.14 1 0.53 
PIB2 No sequence 1 1.04 1 0.51 

_ P2F12 Mouse non muscle myosin alkali light chain U04443 1 0.98 1 0.47 
P1A2 Mouse mitochondrial genome J01420 1 0.84 1 0.24 
PIA3 No sequence 1 0.49 1 0.52 
PIB9 Mouse endothelial monocyte activation polypeptide I U41341 1 0.49 1 1.18 
PIE8 Mouse carcinoembryonic antigen (Ceal0a) L38422 1 0.34 1 0.65 
P1B7 Mouse cDNA clone (embryo) AI842801 1 0.35 1 0.92 
P1D7 Mouse cDNA clone AI047818 l 0.33 1 0.58 
P1B8 2 1 0.31 1 0.96 
P2B10 Mouse osteopontin J04806 2 0.35 1 0.79 
P2D6 7 1 0.30 1 0.68 
P1A9 Mouse cDNA clone (adult male epididymus) AV381752 1 0.29 1 1,03 
P1F7 Mouse cDNA clone (melanoma) AA153272 1 0.28 1 0.94 
P2H5 Mouse mitochondrial genome/ATPase subunit 6 AF093677 1 0.27 1 0.26 

Table 5.3 Differentially expressed clones from P subtracted cDNA library. 
Subtracted cDNA clones were screened for expression in a MMTV-neu primary tumour and in MMTV- 
neu/S100A4 primary and metastatic tumours. Signal intensities for each clone were quantified using 
Molecular Imager software and normalised for differences in probe strength. Fold expression 
differences for each selected clone were determined and those demonstrating a expression ratio (N/PN 
or Met/PN) of > 2-fold or < 0.5-fold were selected as being differentially expressed. Expression in the 
MMTV-neu primary tumour and in the MMTV-neu/S/00A4 metastasis are given in respect to 
expression in the MMTV-neu/S100A4 primary tumour. Highlighted expression ratios (bold) denotes > 
2-fold difference in expression between any two of the three tumours. For redundant clones and for 
clones analysed on multiple membranes, average fold expression differences were calculated. Sequence 
identification and associated accession numbers are given, as is the redundancy of each clone in this 
library. '?' refers to clones whose sequence does not match any sequence in the databases. ‘no sequence’ 
refers to clones that gave poor sequence.



Clone Sequence Identification Accession Redundancy Fold expression data 

number N PN Met 

PNIB9 MMTV sequence K00556 1 4.72 1 0.23 
PNID4 Mouse stearoyl-CoA desaturase gene exon 6 M21285 1 0.38 1 0.27 

PN2A1 Human cDNA KIAA0324 AA347209 1 0.80 1 0.28 
PNIE8 Mouse endogenous ecotopic murine leukemia provirus locus 3 (Emv-3) L37057 1 0.36 1 0.39 

envelope glycoprotein 
PNIF11 MMTV sequence AF228552 I 2.28 1 0.40 
PN2G6 Mouse protein synthesis elongation factor 1-alpha M22432 2 0.47 1 0.40 
PNIE1 Mouse TANK binding kinase TBK1 (tbk1) AF191839 1 0.26 1 0.42 
PNIC6 Mouse chloride channel CaCC AF052746 3 0.34 1 0.48 

PNIG9 Mouse putative basolateral Na-K-2Cl co-transporter U13174 1 0.34 1 0.49 
PN2C8 cDNA clone AW537697 2 2.04 1 0.50 
PNIF12 Mouse serum deprivation response S67386 1 1.75 1 0.81 

PNIE11 MMTV sequence M151122 1 1.93 1 0.82 

PN2G7 Mouse protein kinase Chk2 AF086905 1 0.39 1 0.86 
PNIA8 Human cDNA (mammary gland) BES54003 1 0.44 1 0.89 

PN1H2 Mouse cDNA (mammary gland) BE197187 1 2.51 1 1.10 
PN2F3 cDNA clone AW53118 1 0.52 1 1,39 
PN1H3 Mouse TNFR2-TRAF signalling complex protein L49433 2 2.07 1 1.82 
PNIH10 Mouse apolipoprotein D L39123 1 2.25 1 2.37 
PN1IG2 Mouse cDNA (embryo) AA003680 1 3.35 1 2.89 
PN2E6 Rat cDNA (ovary) AI406961 l 0.54 1 3.01 
PN2E2 Mouse cDNA (stromal cell line) similar to human basic-leucine zipper BE655833 1 V2 1 5.24 

nuclear factor 
PN2H1 Mouse cDNA (mammary gland) AW744109 1 0.63 1 8.04 

Table 5.4 Differentially expressed clones from PN subtracted cDNA library. 

Subtracted cDNA clones were screened for expression in a MMTV-neuw primary tumour and in MMTV- 
neu/SI00A4 primary and metastatic tumours. Signal intensities for each clone were quantified using 

Molecular Imager software and normalised for differences in probe strength. Fold expression 
differences for each selected clone were determined and those demonstrating a expression ratio (N/PN 
or Met/PN) of > 2-fold or < 0.5-fold were selected as being differentially expressed. Expression in the 
MMTV-neuw primary tumour and in the MMTV-neu/S100A4 metastasis are given in respect to 
expression in the MMTV-neu/S100A4 primary tumour. Highlighted expression ratios (bold) denotes > 
2-fold difference in expression between any two of the three tumours. For redundant clones and for 
clones analysed on multiple membranes, average fold expression differences were calculated. Sequence 
identification and associated accession numbers are given, as is the redundancy of each clone in this 
library.



Clone Sequence Identification Accession Redundancy Fold expression data 

number N PN Met 

Met1C2 Mouse Flavo-binding protein AF174535 2 0.99 1 0.28 

Met2A11 Mouse Calmodulin synthesis (CAM) M27844 1 0.55 1 0.41 

Met1B3 Mouse alpha enolase X52379 1 1.16 1 0.43 

Met2C4 No sequence 1 0.38 1 0.43 

MetICl Mouse cDNA clone (diaphragm) AA572388 1 1.44 1 0.49 

Met2C10 Human cDNA clone (muscle) AW176514 1 0.36 1 0.71 

Met2D4 Mouse cDNA clone similar to human cAMP-dependent protein kinase AI049217 1 0.28 1 0.74 

type II beta regulatory chain 
Met1G6 Mouse cDNA clone (mammary gland) AW988905 1 0.42 1 0.76 

Met1F4 Mouse mitogen response 96K Da phosphoprotein/Doc-2 U18869 1 4.55 1 0.98 

Met2H3 Mouse protein kinase inhibitor p58 U28423 1 2.98 1 0.98 

MetID1 Mouse cDNA clone (stomach) BE852308 1 2.21 1 1.01 

Met2D7 No sequence 1 0.36 1 1.02 

Met1F7 Mouse cDNA (pancreas) AU051688 1 0.42 1 1.07 

Met|B7 Human SRp20 L10838 1 0.37 1 1,09 

Met2G9 Mouse cDNA clone (embryo) similar to human MHC antigen A-24 AI173231 1 0.38 1 1.09 

Met2E9 Mouse cDNA clone (mammary gland) 198680 l 0.37 1 1.22 

Met lES Mouse cDNA clone (embryo) AF052746 1 0.44 1 1.22 

Met2F9 Mouse cDNA clone similar to acetyl CoA synthetase AI790449 1 0.36 1 1.25 

Met2B6 No sequence 1 0.40 1 1.28 

Met2D8 Mouse cDNA clone AA145325 1 0.57 1 1.32 

Met2H7 Mouse calpactin I light chain (p11) M16465 1 0.41 1 1.37 

Met2H9 Human melastatin | (MLSN1) AF071787 1 0.52 l 1.40 

Met2E6 Mouse cDNA (kidney) AI317707 1 0.60 1 2.23 

MetlH4 Mouse cDNA clone AI3190146 I 0.93 1 2.37 

Met1H2 Mouse IL-8/gro-alpha receptor L13239 1 0.59 l 2.85 

Met2F6 Mouse intracellular calcium binding protein (MRP 14) M83219 1 0.87 l 2.91 

Met2H4 Mouse cDNA clone (embryo) similar to NIP1 AW908668 l 0.86 l 2.96 

Met2F11 = Rat ribosomal protein L36a M19635 1 0.56 1 3.05 

Met1D7 Mouse cDNA clone (MG) AI182473 1 0.63 l 3.36 

Met2B8 Mouse matrix Gla protein 877350 2 0.53 l 3.46 

Met1C11 Mouse lysozyme M21047 7 0.49 1 3:57 

Met2G5 Mouse integrase interactor la protein (INI1A) AJ011739 1 0.69 I 3.89 

MetlA10 Mouse pulmonary surfactant protein C M38314 8 0.88 1 19.13 

Table 5.5 Differentially expressed clones from Met subtracted cDNA library. 

Subtracted cDNA clones were screened for expression in a MMTV-neu primary tumour and in MMTV- 

neu/SI00A4 primary and metastatic tumours. Signal intensities for each clone were quantified using 

Molecular Imager software and normalised for differences in probe strength. Fold expression 

differences for each selected clone were determined and those demonstrating a expression ratio (N/PN 

or Met/PN) of > 2-fold or < 0.5-fold were selected as being differentially expressed. Expression in the 

MMTV-neu primary tumour and in the MMTV-neu/S100A4 metastasis are given in respect to 

expression in the MMTV-neu/S100A4 primary tumour. Highlighted expression ratios (bold) denotes > 

2-fold difference in expression between any two of the three tumours. For redundant clones and for 

clones analysed on multiple membranes, average fold expression differences were calculated. Sequence 
identification and associated accession numbers are given, as is the redundancy of each clone in this 

library. '?' refers to clones whose sequence does not match any sequence in the databases. ‘no sequence’ 
refers to clones that gave poor sequence.



Clone Sequence identification Accession Fold expression data 
number N PN Met 

PN2G6 Mouse protein synthesis elongation factor 1-alpha M22432 4.17 1 N/D 

PN1G2 Mouse cDNA clone (embryo) AA003680 1.16 1 5.06 

PN1H12 Mouse cDNA clone (mamm: land) similar to mouse ST2L protein BE851645 0.46 1 N/D 

MetICl Mouse cDNA clone (mammary gland) AAS5S72388 16.67 l 0.83 
Met2F4 Mouse ribosomal protein S6 Y00348 3.85 1 N/D 

Met2B5 Mouse cDNA clone (mammary gland) AA690429 2.04 1 N/D 

Met2D4 Mouse cDNA clone (similar to human cAMP-dep PK type II beta AI049217 2.04 1 N/D 

regulatory chain) 
Metl1F6 Mouse transcobalmin II (Tcn2) AF090686 1.52 1 0.67 

Met2H5 Mouse cDNA clone AW048554 0.45 1 N/D 

MetiH11 Mouse cDNA clone similar to TGR-CL10 AA087124 0.40 1 N/D 

N2C4 Mouse BRP39 X93035 3.85 1 0.42 
N1A4 MMTV sequence joined to Nono (Pou domain octamer DNA binding L37517/S6460 3.45 1 N/D * 

protein) 
N2B5 MMTV sequence AF228550 3.23 l N/D 
N2G3 Mouse BRP39 X93035 2.70 1 0.22 

N2C10 Mouse BRP39 X93035 2.56 1 ND * 
NIA2 Mouse ADP-ribosylation-like factor homolog ARL6 AF031903 2.33 1 1.14 
N2B4 Mouse ubiquitin-conjugating enzyme (HR6A) AF089812 2.33 1 0.58 * 

NIC2 Mouse cDNA clone similar to human NADH-ubiquinone oxidoreductase 2.17 1 N/D 

subunit B9 homolog 
N1A3 Mouse cDNA clone similar to human 60s ribosomal protein L22 2.13 1 1.85 

N2A2 No sequence 2.13 1 1.13 

NIAI1 Mouse cDNA clone Al647880 72 1 0.60 

N2B3 Mouse mitochondrial genome Vv00711 1.27 1 0.53 

N2G2 Human basic transcription element binding protein BTEB1 D31716 1.04 1 3.92 
NI1A6 Mouse cDNA clone (kidney) AI790486 0.94 1 0.245 * 
N2A8 No sequence 0.50 1 N/D 

_N2A11 No sequence 0.48 1 N/D 
NIC10 Mouse cDNA clone (mammary gland) similar to major allergen 1 AW989042 0.40 1 N/D 

polypeptide chain 2 precursor 
N3A6 Mouse mitochondrial genome/perofrin L07096/X60165 0.39 1 N/D 
N3G2 Mouse cDNA clone (mammary gland) similar to major allergen | AW989042 0.38 1 N/D 

polypeptide chain 2 precursor 

N2D5 Mouse cDNA clone (mammary gland) AI607404 0.38 1 1.41 

N2E11 Mouse kappa casein MI10114 0.36 1 N/D 
N2G11 No sequence 0.36 1 N/D 
N1A8 Mouse cDNA clone (kidney) similar to human putative thioredoxin like AW108411 0.33 1 1.02 

protein i 
P1A7 Mouse Id2 M69293 2.56 1 N/D 
P1IA8 MMTV sequence M11024 2.38 1 N/D 
P1C6 Mouse cDNA clone (mammary gland) similar to human glutathione s- Al642156 1.69 l 0.69 

transferase 

P1A6 Mouse cDNA clone (mammary gland) AA759618 1.20 1 0.52 
PIDI No sequence 0.90 1 0.44 

PID6 Mouse cDNA clone (embryo) similar to interferon-inducible protein 1-8D AI931291 0.83 1 0.28 

P1D4 Human initiation factor 4B X55733 0.66 1 0.48 
PIGI ? 0.66 1 0.49 
P/F3 Mouse cDNA clone (mammary gland) 0.50 1 N/D 

PID10 Mouse ubiquitin-like protein D10918 0.50 1 N/D 
PICI1 Mouse cDNA clone (embryo) AV117154 0.45 1 N/D 

P1B9 Mouse endothelial monocyte activation polypeptide U41341 0.42 1 ND * 

P1A2 Mouse mitochondrial genome J01420 0.20 1 0.36 
P1C3 No sequence 0.18 1 0.35 

Table 5.7 Differentially expressed clones identified by screening Reverse Northern 

membranes with probes from alternative tumours. 
First strand cDNA synthesis probes were derived from tumours of matched transgenic status, 
histology and phenotype to those that were used to create subtracted libraries. The same criteria 
for identifying differential expression in previous Reverse Northern experiments was applied 
here, all clones demonstrating > 2-fold or < 0.5-fold difference in expression are presented. 
Some membranes were not re-screened with probes derived from a second metastasis, thus 
expression data for these clones in this tumour type was not determined (N/D). Those clones 
exhibiting a similar differential pattern of expression to that previously identified are indicated 

(*).



Chapter 6. 

Characterisation of differentially expressed candidate cDNA clones. 

Suppression Subtractive Hybridisation has been used to create cDNA 

libraries that are enriched for differentially expressed sequences between transgenic 

mouse tumours of differing metastatic capability. Expression screening of these 

sequences, by Reverse Northern hybridisation, determined that 25% of subtracted 

clones were differentially expressed between these tumours by > 2-fold (Tables 5.1- 

5.5 and Table 5.7). These included known genes, ESTs and some potentially novel 

sequences. Data determined thus far, for these clones, is sufficient to associate 

differential expression with the $100A4-related metastatic progression of these 

individual tumours. However, further characterisation of these sequences is 

necessary to, firstly, confirm the differential expression pattern observed in the 

Reverse Northern hybridisation and, secondly, to determine how the expression of 

these clones changes relative to S100A4 expression or metastatic capability in other 

tumours from the transgenic mice. 

A panel of candidate cDNA clones, deemed of particular interest has been 

selected for further characterisation. These sequences were selected based on identity 

to known, EST or unknown sequences, in combination with a significant pattern of 

expression with respect to S100A4 expression. The expression of these clones is 

investigated in normal transgenic mouse tissues, in multiple tumours from MMTV- 

neu and MMTV-neu/S100A4 mice and in a series of cell lines derived from MMTV- 

neu and MMTV-neu/S100A4 mammary tumours. 

6.1 Confirmation of differential expression. 

Virtual Northern analysis was used as a means of confirming the differential 

expression pattern of clones observed by Reverse Northern hybridisation. Virtual 

Northern membranes contained amplified SMART cDNA derived from the three 

tumours that were used to create the subtracted cDNA libraries and to screen Reverse 

Northern membranes. 
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6.1.1 Expression patterns of control cDNAs. 

The expression pattern of control cDNAs actin, HPRT and S100A4 (p9Ka) 

were analysed and shown to exhibit similar expression patterns to those observed for 

the same cDNAs by dot blot hybridisation (Figure 3.3) and by Reverse Northern 

hybridisation (Figures 5.1 and 5.2). Actin was abundantly detected in all three 

tumours (Figure 6.1), and although slightly lower expression was observed in the 

metastasis, expression exhibited a <2-fold difference between these tumours. 

Likewise, HPRT expression was slightly lower in the metastasis, again by less than 

2-fold, relative to expression in the two primaries (Figure 6.1). Relative to actin, 

HPRT was less abundant in these tumours, exhibiting a weaker signal following 

overnight exposure to autoradiographic film (Figure 6.1) also consistent to that 

observed previously. S100A4 transgene expression was progressively higher with 

increasing metastatic capability, being just detectable in the MMTV-neu primary 

tumour, highest in the metastasis and expressed to an intermediate level in the 

bitransgenic primary (Figure 6.1). Detection of the same expression patterns for 

control cDNAs to that previously observed for the same sequences by Reverse 

Northern hybridisation and dot blot hybridisation suggest that expression patterns 

detected by Virtual Northern for subtracted cDNAs clones is likely to reflect their 

abundance in these tumours. 

6.1.2 Expression patterns of subtracted cDNA clones. 

Subtracted cDNA clones N2G3, N1A6, N2F4, N3C3, P1B9, P2B10, P2D6, 

PN1B9 and Met1D7 have been screened for expression in these tumours. Reverse 

Northern analysis demonstrated that all these clones were differentially expressed 

between these three tumours (Tables 5.2-5.5). Of this panel of 9 clones, N2G3, 

N1A6 and P1B9 demonstrated a similar pattern of differential expression in 

additional tumours by first-strand cDNA synthesis probing of Reverse Northern 

membranes (Table 5.7). 

The expression of 7 cDNA clones, observed by Virtual Northern, confirmed 

the pattern of expression that was previously detected by Reverse Northern 

hybridisation. Clones N2G3, NIA6, N2F4, N3C3 and PN1IB9 demonstrated 

expression that was higher in the MMTV-neuw primary tumour relative to the two 

bitransgenic tumours (Figures 6.1). Clones P2B10 and P2D6 exhibited expression 

that reflected $100A4 expression, which was higher in the two bitransgenic tumours 
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relative to the MMTV-neu primary tumour (Figure 6.1). The approximate sizes of 

transcript detected for each cDNA clone are shown alongside the differences in 

expression identified for these clones in these tumours (Figure 6.1). 

Clones N2F4 and P2D6 exhibit sequence that is unique to any sequence in the 

database, these clones hybridised to cDNA fragments approximately 2.0 kb and 2.1 

kb in size respectively (Figure 6.1). Expression of N2F4 was only detected after a 5 

day exposure to autoradiographic film suggesting this sequence was of a low 

abundance in the MMTV-newu primary tumour and of an even lower abundance 

(undetectable) or was not expressed in the bitransgenic tumours. This reflects the 

significant difference in expression of this sequence observed by Reverse Northern 

between these tumours (N=11.35, P=1, Met=0.83; Table 5.2). Expression of clone 

P2D6 was detected in all three tumours by Virtual Northern hybridisation and 

expression was approximately 10-fold higher in the bitransgenic tumours relative to 

the MMTV-neu tumour (N=0.09, P=1, Met=0.99; Figure 6.1). This was slightly 

different to that observed by Reverse Northern, where the abundance of P2D6 was 

slightly lower in the metastasis (by 1.5-fold; Table 5.3) relative to the bitransgenic 

primary tumour. 

Interestingly, cDNA clone PN1B9, which possessed sequence similarity to an 

MMTV-derived sequence, hybridised to three cDNA transcripts (3.8 kb, 2.1 kb and 

1.2 kb) in the MMTV-xeu primary tumour and to two (3.8 kb and 1.2 kb) transcripts 

in the MMTV-neu/S100A4 primary tumour (Figure 6.1); no expression of these 

fragments was detected in the metastasis. The relative signal intensity for each of 

these bands was higher in the MMTV-new primary relative to the bitransgenic 

primary by 11 to 30-fold, which, although reflecting the same expression pattern to 

that seen previously, is much greater than the 4.7-fold difference in expression 

between these two tumours determined by Reverse Northern (Table 5.4). 

Clone P1B9, previously suggested to be more abundant in the bitransgenic 

tumours relative to the MMTV-neu primary tumour was actually equally expressed 

in the three tumours suggesting the identification of a false positive clone (not 

shown). P1B9 was a high abundant sequence in these tumours as determined by the 

short exposure time to autoradiographic film that was required to detect expression. 

The expression of a mouse mammary gland cDNA, clone Met1D7, was not detected 

by Virtual Northern suggesting a low abundant transcript. 
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6.2 Expression patterns of subtracted cDNA clones in transgenic mice. 

Northern hybridisation was used to screen for the expression of this panel of 

subtracted cDNA clones in normal mouse tissue, in tumours from different MMTV- 

neu mice and MMTV-neu/S100A4 mice and in cell lines derived from rodent 

mammary gland carcinomas. A selection of normal mammary gland tissue from both 

transgenic and non-transgenic mice was screened to determine if the expression of 

these clones varied or was related to the different physiological states of the normal 

tissue in these mice. Lung, spleen, brain, kidney and lymph node were also screened 

to determine expression patterns of selected clones under normal circumstances. 

Several tumours from the mice were also screened to determine the expression levels 

of the selected clones in these tumours relative to the (i) normal tissues, (ii) 

transgenic status and (iii) tumour phenotype of mice bearing these tumours. The 

selected primary mammary tumours were from MMTV-neu and MMTV-neu/S100A4 

mice, they were all grade 3 IDC tumours with similar histological characteristics to 

the majority of tumours from these mice and to those used previously for gene 

expression analysis experiments. RNA derived from a single metastasis was also 

present on Northern membranes. 

RNA derived from six cell lines generated from transgenic mouse mammary 

tumours were also screened. These were generated as part of a separate Ph.D. project 

by sub-cloning cells derived from an MMTV-neu primary mammary tumour (cell 

lines 4N and 8N) and an MMTV-neu/S100A4 primary mammary tumour (cell lines 

PN1 and PN2). Cell lines 4N and 8N were also stably transfected with a genomic 

DNA fragment containing the rat S100A4 gene to generate the additional cell lines 

4NP and 8NP. 

6.2.1 Expression patterns of control cDNAs. 

The expression pattern of the control cDNAs actin, HPRT and S100A4 were 

analysed in all tumours, cell lines and normal tissues to provide expression patterns 

with which to compare the expression seen for subtracted cDNA clones. 

Actin was detected in all samples, although to a variable degree (Figure 6.2 

and 6.3), which is to be expected in normal tissues of different origins and therefore 

containing cells of different physiological functions. This can be appreciated in 

tumours of abnormal cell phenotype, particularly when the expression of S100A4, a 

potential actin binding protein and regulator of cytoskeletal dynamics (Gibbs et al., 
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1994; Davies et al., 1993; Watanabe ef al., 1993), is being expressed in some 

tumours and is influencing the metastatic potential of some of these cells. 

The expression of HPRT was also analysed in these samples, however 

expression was not detected in any samples reflecting the relative low abundance of 

this transcript as determined by the low signal intensity obtained by Reverse 

Northern (Figure 5.1 and 5.2) and by Virtual Northern (Figure 6.1). Hybridisation 

with the HPRT cDNA probe was the last hybridisation experiment performed on 

these Northern membranes suggesting that compromised sensitivity due to repeated 

probing and stripping may have contributed to this lack of detection. 

S100A4 expression was detected with variability in these samples. With 

reference to previous experiments, expression was high in the normal lung tissue and 

low in the brain (Davies et al., 1995, 1996) and was also relatively high in all cell. 

lines examined (Figure 6.2 and 6.3). Expression was weakly detected in all MMTV- 

neu/S100A4 tumours, in mammary gland and spleen but was not detected in the other 

normal tissues or in any MMTV-neu tumours examined (Figure 6.2 and 6.3). This 

weak expression of S100A4, however, is not clearly visible in the figures of the 

scanned autoradiographs. 

6.2.2 Expression patterns of subtracted cDNA clones. 

The same panel of clones screened by Virtual Northern hybridisation (N2G3, 

N1A6, N2F4, N3C3, P1B9, P2B10, P2D6, PN1B9 and Met1D7) was also screened 

by Northern hybridisation to determine the expression in the different samples of 

RNA. 

The expression of clone M1D7 was not detected by Northern hybridisation, 

suggesting this sequence was either expressed to a level below that of the sensitivity 

of Northern hybridisation, or that this sequence was not expressed in these tissues or 

tumour samples. 

Expression of clone N3C3 was barely detectable in any RNA sample (Figure 

6.2) suggesting a normally very low abundance in these tissues or a very specific 

tissue distribution. Expression was detected to equal levels in only three tumours, 

one MMTV-neu and two MMTV-neu/S100A4 primaries (Figure 6.2) after 5 day 

exposure to autoradiographic film. The size of transcript (approximately 1.0 kb) 

matches that reported for Doc-1 (AF011644) to which this clone possesses 

significant sequence identity. 
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The size of RNA transcript detected using clone N2G3 (BRP39) as a probe 

was 1.6 kb. Expression was detected to a low level in mammary gland and brain and 

to a high level in lung. Expression was detected, to a variable level, in all tumours 

examined. MMTV-neu primary tumours exhibited the highest and lowest relative 

level of expression, which differed by approximately 45-fold (lanes 7 and 8, Figure 

6.2). 

Clone P1B9 (mouse endothelial monocyte activation polypeptide I, EMAP I) 

hybridised to a transcript approximately 300 bp in size. Expression was observed in 

mammary gland, lung, spleen, lymph node and kidney, but was not detected in brain. 

All tumours expressed this transcript to an equivalent level (Figure 6.2). 

The expression pattern of osteopontin in these RNA samples was determined 

using clone P2B10 as a probe that hybridised to an RNA transcript of 1.4 kb. 

Expression was particularly high in the majority of mammary gland tissues and in 

kidney. Three out of 7 MMTV-neu primary tumours and 6 out of 8 MMTV- 

neu/S100A4 tumours demonstrated variable levels of expression (Figure 6.2 and 6.3). 

Expression was also high in all the cell lines that were derived from primary tumours 

of the transgenic mice. 

PN1B9 demonstrated very limited expression, being detected in 2 

bitransgenic mammary gland tumours (where 2 transcripts were detected of 2.7 kb 

and 7.5 kb) and in the metastasis (2.7 Kb fragment). The detection of more than one 

transcript in these tumours reflects that detected by Virtual Northern in the two 

primary tumours. The sizes are different however and may reflect the expression of 

different MMTV-transcripts in these tumours. 

Expression of cDNA clone N1A6 was detected in kidney but in no other 

normal tissue examined. Many of the tumours demonstrated expression of this 

sequence yet to a lower abundance than that observed in the kidney (Figure 6.2) and 

to a variable level between tumours. Two bitransgenic mouse primary tumours 

exhibited the highest level of expression of this 1.9 kb transcript. 

Multiple hybridisation signals were detected by Northern analysis with 

probes N2F4 and P2D6, some of which may be non-specific (Figures 6.3). Three 

distinct bands of 2.5 kb, 3.2 kb and >7 kb are observed on different membranes 

hybridised with N2F4. The smaller 2 bands appear as a doublet of equal abundance 

in 3 out of 6 MMTV-neu primary tumours (lanes 8,10 and 11, Figure 6.3), a fourth 

tumour demonstrated lower abundance of the larger of the two transcripts (lane 9). 
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One out of 8 MMTV-neu/SI00A4 tumours (lane 12, figure 6.3) demonstrated 

expression of this doublet to the same low abundance as the MMTV-neu primary 

tumour in lane 9. Faint detection of this doublet, or one of the two transcripts, was 

detected in 2 out of 8 MMTV-neu/S100A4 primary tumours and in the 6 cell lines. 

Hybridisation with clone P2D6 produced signals reflecting the positions of the 28S 

and 18S ribosomal bands, also a signal of a very high molecular weight was detected 

in tumour derived RNA samples only. 

6.3 Conclusions to chapter. 

The expression of several candidate, differentially expressed cDNA clones 

were selected for further investigation on the basis of maintained or enhanced 

expression relative to progressively enhanced S100A4 expression and metastatic 

capability. Virtual Northern analysis has confirmed the expression pattern observed 

by Reverse Northern analysis for 7/9 candidate clones. The expression of the 

remaining clones was proven not to be differentially expressed (clone P1B9) or was 

not detected by these means (clone M1D7). Fold expression differences between 

tumours was relatively consistent between methods. Although quantitative 

comparison was not relevant when clones exhibited detectable expression in one 

tumour and undetectable expression in another. For example, expression of clones 

N1A6, N2F4, N3C3 and PN1B9 were not detected in the metastasis and expression 

of clone P2B10 was not detected in the MMTV-neu primary tumour. Northern 

analysis of the same clones was undertaken and also demonstrated differential 

expression of these sequences between multiple tumours from the transgenic mice. 

Differential expression was not confined to tumours of different transgenic status 

since, for example, the expression of BRP39 was different by approximately 45-fold 

between two MMTV-neu primary tumours of matched grade and histology. Thus it 

appears that despite all the tumours being initiated by the neu transgene and 

displaying similar histological characteristics, they demonstrate some degree of 

tumour heterogeneity. 
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Figure 6.1 Virtual Northern analysis of candidate clones. 

The differential expression of candidate subtracted clones was confirmed by 
hybridisation to Virtual Northern membranes containing SMART PCR- 
generated cDNA for the three tumours utilised to create subtracted libraries. 
Membranes were prepared by electrophoresis of one third and two thirds of 
each SMART PCR reaction amplified for 15 and 18 cycles and transferring to 
mem brane overnight. The size of transcripts detected and the fold expression 
difference for each tumour, relative to the MMTV-neu/S100A4 primary 
tumour is given. ND denotes expression not detected in one or two tumours.
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Figure 6.2 Northern hybridisation of selected candidate cDNA clones. 

Several cDNA clones shown to be differentially expressed by Reverse Northern 
and Virtual Northern have been screened for expression in other tissues and 
tumours from the transgenic mice. Northern membranes contained RNA from the 
following normal tissues: mammary gland (lane 1), lung (2), spleen (3), lymph 
node (4), brain (5) and kidney (6). Several tumours from the transgenic mice were 
also screened, these were from 2 MMTV-neu mice (lanes 7 and 8) and from 5 
MMTV-neu/S100A4 mice (lanes 9-13) and a lung metastasis (lane 14). 10 yg total 
RNA was analysed for all tissues except for the metastasis, where 5 ug total RNA 

was used. Two exposures are given for N1A6, one following overnight exposure 
and the second following a 10 day exposure to autoradiographic film.
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Figure 6.3 Northern hybridisation of selected candidate cDNA clones. 

Several cDNA clones shown to be differentially expressed by Reverse Northern 
and Virtual Northern have been screened for expression in other tissues and 
tumours from the transgenic mice. Northern membranes contained RNA from the 
normal mammary gland (lane 1-5) and lung (6,7), from MMTV-neu primary 
mam mary tumours (8-11) from MMTV-neu/S100A4 primary mammary tumours 
(12, 13) and from cell lines derived from transgenic mouse mammary tumours 
(lane 14 =cell line PN1, 15 = PN2, 16 = 4N, 17=4NP, 18 = 8N and 19 = 8NP; 
see text).



Chapter 7. 

Discussion. 

7.1 S100A4 in metastasis 

The role of S100A4 in metastasis is largely unknown yet considerable 

evidence indicates that it has an important part to play in the metastatic progression 

of some cancers. The transfection of S100A4 into normally be.1ign rodent or human 

cells is able to induce metastasis (Davies et al., 1993; Grigorian et al., 1996; Lloyd et 

al., 1998) and the expression of S$100A4 in non-metastatic mammary gland tumours 

of transgenic mice enhances the metastatic capability of these cells (Davies ef al., 

1996; Ambartsumian ef al., 1996). The expression of S100A4 in a series of human 

tumours has also associated elevated expression of this protein with metastatic spread 

of breast and colorectal carcinomas (Platt-Higgins er al., 2000; Rudland er al., 2000; 

Takenaga ef al., 1997). 

7.2 Identifying gene expression changes co-ordinated with S100A4 expression. 

It has been demonstrated that multiple genetic changes are required for the 

generation of a tumourigenic cell population (Hahn et al., 1999) and it has been 

speculated that a minimum of 4-7 genetic changes, and the associated acquisition of 

new cellular properties, are required for the progressive conversion of a normal cell 

to a metastatic cell population (Renan, 1993; Hanahan and Weinberg, 2000). It is 

also widely accepted that the complex series of events required for metastatic 

progression occurs as a consequence of an accumulation of genetic aberrations (Hart 

et al., 1989; Devilee and Cornelisse, 1994). In line with this, specific genetic 

anomalies have been identified in cancer development and progression, some of 

which have been utilised to identify different subtypes of cancer (c-erbB-2; Slamon 

et al., 1987, 1989), or used as markers to indicate the potential of a tumour to spread 

(loss of E-cadherin; Christofori and Semb, 1999; up-regulation of uPA or cathepsin 

D; Duffy, 1996). It has also been inferred that gene expression profiles can be 

utilised to classify tumour types (Perou et al., 1999, 2000; Alizadeh et al., 2000). 

However, it is unknown if specific expression anomalies co-ordinate with S100A4 to 
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induce metastasis or whether alternative changes in gene expression occur in 

different tumours to produce the same effect. 

We have used a transgenic model of metastatic breast cancer to investigate 

gene expression changes that are associated with S100A4-related metastatic 

progression. These mice, discussed in detail earlier, have been generated to contain 

two genetic changes, that of the activated neu oncogene (Bouchard et al., 1989) and 

multiple copies of the metastasis-related gene S100A4 (Davies et al., 1995, 1996). 

Expression of Neu alone is insufficient for tumour development since the occurrence 

of primary mammary gland tumours is sporadic. Expression of the Neu protein is 

also insufficient for metastasis to occur, yet elevated expression of both neu and 

S100A4 in the same cells sporadically enhances the metastatic capability of 

mammary gland tumours. Thus, it appears that elevated level of both these 

transgenes alone is insufficient for completion of metastatic progression (Davies ert 

al., 1996). This difference is unlikely to be associated with the level of S100A4 

expression since as few as 1% of human breast carcinoma cells staining positive for 

S100A4 signifies a poor disease outcome in a group of patients with advanced breast 

cancer (Figure 1.4a; Rudland er al., 2000). It is expected that additional genetic 

changes have occurred in association with elevated S100A4 expression that enhances 

the metastatic capability of some MMTV-neu/S100A4 tumours. The identification of 

these changes would help to determine the difference between tumour phenotype that 

is observed in different animals and the identification of altered gene expression 

patterns that associate with neu and S/00A4 to induce metastasis. 

7.3 Selection of tumours for gene expression analysis. 

Gene expression comparisons were made, by both cDNA array screening and 

in SSH, between an MMTV-neu/S100A4 primary tumour and a metastasis from the 

same bitransgenic mouse as a means of discovering genetic changes directly 

associated with metastatic progression. In addition, the expression profiles of 

MMTV-neu/S100A4 primary mammary tumour(s) were compared with those from 

MMTV-neu primary mammary tumour(s) to identify expression changes that are 

related to, or associated with elevated S100A4 expression. In cDNA array 

experiments, several primary mammary tumours from the two strains of mice were 

pooled so that potential molecular heterogeneity between tumours could be avoided 
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and that cDNAs consistently differentially expressed in multiple tumours could be 

identified. 

Tissue microdissection has become a major aspect in investigating the 

molecular pathology of cancer (Sirivatanauksorn ef al., 1999) particularly in 

determining the expression pattern or mutational state of target sequences (Krizman 

et al., 1996; Weber et al., 1998; Fend et al., 1999; Davies et al., 1999). This 

technology was available for the generation of pure populations of tumour cells for 

these gene expression studies, however, this was not applied, in part because of the 

importance of the reactive stromal tissue that surrounds and interacts with the tumour 

cells. Complex interactions between the growing tumour and its local 

microenvironment are likely to be important determining factors in the overall 

behaviour of a tumour. This is observed by the expression of matrix degrading 

enzymes by fibroblasts and macrophages at the leading edge of an invading tumour 

(Carriero et al., 1994; Tetu et al., 1999; Sternlicht et a/., 2000), and by the activation, 

via paracrine signalling from tumour cells, of endothelial cell growth and 

angiogenesis (Carmeliet, 1999; Kerbel, 2000). Thus, the inclusion of reactive stromal 

tissue in such gene expression experiments is important and therefore enhances the 

prospect of discovering important metastasis-related genes that are not necessarily 

expressed by tumour cells. RNA was therefore extracted from either whole frozen 

tumour lumps, or from frozen histological tissue sections. 

7.4 Technical Issues. 

Several new technologies have been utilised during this project. Some of the 

important technical issues relating to these methods will be discussed prior to 

demonstrating their effectiveness at identifying differentially expressed genes. 

7.4.1 SMART PCR-generated cDNA. 

This technology has been utilised in a number of experiments and so its 

utility in gene expression profiling requires some justification. The inclusion of an 

amplification step prior to investigating differential gene expression patterns raises 

the possibility of PCR bias or amplification efficiency. The misrepresentation of 

transcripts due to over-amplification is an obvious concern for these experiments. 

Careful optimisation of SMART PCR was employed on each occasion it was utilised 

to avoid over-amplification of the cDNA, demonstrated in Figures 3.2 and 4.3. Dot 

Chapter 7 Discussion 99



blot hybridisation was also performed to determine if the representation of 3 cDNAs 

(actin, HPRT and $100A4) was maintained following amplification. The relative 

abundance of the three cDNAs remained the same pre- and post-amplification in the 

tumour samples where both SMART cDNA and sufficient total RNA was available 

(Figure 3.3) suggesting the representation of this limited number of cDNAs was 

maintained following PCR. 

The manufacturers of the technology suggest that the representation of the 

original message profile is maintained following amplification, providing samples 

are not over-amplified. They have demonstrated this in dot blot experiments 

investigating the relative expression of certain cDNAs in multiple samples both pre- 

and post-amplification (Zhumabayeva ef al., 2000), and by studying the 

representation of 45 specific cDNAs in SMART cDNA, synthesised from 50 ng total 

RNA, relative to cDNA synthesised by conventional means from 5 wg poly(A)” 

RNA. 42 out of the 45 cDNAs demonstrated expression pattern that was maintained 

post-amplification (Chenchik ef al., 1998). The use of this technology in gene 

expression profiling was also investigated independently of Clontech researchers. 

Endege et al., (1999) showed that SMART PCR amplified cDNA libraries 

maintained the representation of the original message profile. 

In the present experiments SMART cDNA transcripts were of full length or 

near to full length which was not achieved by conventional cDNA synthesis in 

Reverse Northern probe labelling reactions. Figure 5.4 demonstrates the inability of 

first-strand cDNA to contain the 5’ ends of mRNAs for a-enolase and transferrin, 

whereas SMART cDNA was used to both produce the cDNA prior to SSH and also 

to detect expression of the subtracted sequences in Reverse Northern hybridisation. 

Detection of the 5’ end of HPRT following SMART cDNA synthesis was also 

evident by Reverse Northern analysis (Figure 5.1). Virtual Northern analysis of 

candidate cDNA clones demonstrated the approximately same sized transcripts to 

those detected for the clones by Northern hybridisation (Figures 6.1-6.3). This 

indicates the utility of this technology in creating near to full length cDNA and also 

highlights its possible use in obtaining full length clones of specific cDNAs, for 

example of previously unknown sequences P2D6 or N2F4. 
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7.4.2 cDNA array hybridisation for identifying differentially expressed genes. 

The availability of mouse Atlas arrays provided an opportunity to screen for 

potential differential expression of 588 known cDNAs (plus 9 control cDNAs). All 

the cDNAs possess a functional relevance to cancer development and metastatic 

progression suggesting that these arrays were ideal for identifying expression 

changes associated with S100A4-related metastatic progression. These arrays have 

been extensively used to identify genes related to cancer progression (for example 

see Smid-Koopman ef al., 2000) 

The relative level of intensity of hybridisation signal was used as a measure 

of the relative mRNA abundance in the tumour samples, thus, the pattern of signal 

intensity was related to the expression profile of cDNAs in the four tumour samples. 

Comparisons of abundance of all cDNAs between tumours revealed a striking 

similarity in the expression profiles of all four tumour samples. Only one cDNA (out 

of a total of 1194 comparisons made) was differentially expressed by > 2-fold, that 

for ‘defender against cell death 1’ (DAD 1, U83628), which was 2.3-fold more 

abundant in the metastasis relative to the primary tumour from the same mouse. The 

expression of the remaining 596 cDNAs between the bitransgenic primary tumour 

and metastasis, and all 597 cDNAs between the two pooled sets of primary tumours 

exhibited expression within this 2-fold difference ratio. 

DADI1 was identified as a suppresser of mammalian cell death, in that 

expression of this cDNA was associated with cells that did not undergo apoptosis 

(Nakashima ef al., 1993; Sugimoto ef al., 1995). It was later found that this protein 

was an integral subunit of the enzyme oligosaccharyltransferase (OST) and that loss 

of DAD1 from this complex results in defective N-linked glycosylation of proteins 

and the induction of apoptosis (Kelleher and Gilmore, 1997). This evidence 

highlights the essential nature of N-linked glycosylation in the survival of 

mammalian cells, and suggests that loss rather than gain in expression of this gene is 

likely to have a greater affect on cell phenotype. 

The same sequences were found to be highly expressed in the four tumour 

samples examined including several members of the cathepsin family of matrix 

degrading enzymes, cathepsin B1 (M14222), D (X53337), H (U06119) and L 

(X06086). Enhanced expression of these sequences have been previously associated 

with invasive breast carcinomas (Duffy, 1996; Lah and Kos, 1998), and so their high 

abundance in each tumour sample may relate to the invasive nature of all of the neu- 
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induced tumours. Several other cDNAs encoding proteins associated with cell 

survival in response to cellular stress were also highly expressed, particularly 

glutathione-metabolising proteins (microsomal glutathione S-transferase (J03752), 

glutathione S-transferase Pi 1 (D30687) and glutathione S-transferase 5 (J04696)), 

heat shock proteins (M38629, M36830, X53584) and clusterin (ApoJ; L08235). 

Glutathione S-transferase has previously been identified as being differentially 

expressed in cancer (Murray ef al., 1993; Salinas and Wong, 1999). Elevated 

expression of clusterin (ApoJ; L08235) protected a human epidermoid cancer cell 

line from apoptosis during cellular stresses such as heat shock and oxidative stress 

(Viard et al., 1999) and has recently been identified as over-expressed in human 

breast carcinoma (Redondo et al., 2000). The transfection and subsequent elevated 

expression of clusterin also protected L929 cells (a murine fibrosarcoma cell line) 

against tumour necrosis alpha (TNF&)-mediated cytotoxicity (Humphreys ef al., 

1997), suggesting clusterin expression plays a protective role in response to cellular 

stresses and TNFa-induced cell death. High expression of this group of genes, and 

the distinctly similar expression profile of the majority of cDNAs may reflect the 

closely matched histology of these, and the majority of neu-induced mammary gland 

primary tumours and metastases in these transgenic mice. However this also suggests 

that the expression screening using these arrays was ineffectual at distinguishing 

between tumours of different metastatic capability. 

A subtle difference in the expression patterns of certain cDNAs was observed 

between different tumours or sets of pooled tumours (Figures 3.4-3.5, arrows; Tables 

3.3-3.4). These were identified by utilising less stringent differential expression 

criteria of >1.25- or < 0.8-fold between tumour samples. The majority of these 

sequences, 33/52 (63%), exhibited slightly higher expression in the metastasis 

relative to the primary tumour from the same mouse (Table 3.3), and includes a 

number of the sequences discussed above. 

The validity of using this selection criterion is difficult to predict since the 

reliability in measuring small changes in expression using cDNA array studies is 

rarely investigated. Often researchers do not need to question this reliability or 

variation since sufficient numbers of sequences differentially expressed by >2-, >5- 

or >10-fold are often identified (Hufton et al., 1999, Sgroi et al., 1999). It must be 

questioned whether these small differences in expression are related to biological 

variation between tumour samples or are acquired due to technical variations in the 
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experiments. If these small differences are related to differences in transcriptional 

regulation, it must also be considered whether a minimal difference in expression of 

specific genes or of a co-regulated group of genes is sufficient to affect cell 

phenotype. This would be difficult to ascertain, yet has been discussed by Hughes er 

al., (2000) with respect to gene expression profiling of yeast (S. cerevisiae). The 

expression of 6,300 genes under 300 experimental conditions were investigated 

which required processing of 700 gene chips and analysis of 10 million data points. 

This is a considerable amount of data, however it enabled groups of co-regulated 

genes of known and similar function and unknown function, to be reliably clustered 

on the basis of different expression profiles, including differences in expression of 

less than 2-fold or less than 1.5-fold. The substantial number of expression profiles 

generated by these experiments highlighted that small changes in expression of 

groups of genes were reproducibly identified and were considered to be important in 

determining cell phenotype. It has also been demonstrated that elevated osteopontin 

expression by 1.6-fold correlated with induced metastasis in an in vivo model of 

metastasis (Chen et al., 1997). Thus, it is possible that the marginal increases in 

expression of the group of sequences in the metastasis (Tables 3.3 and 3.4) can 

contribute towards a gain in metastatic capability. 

Nevertheless, the limitations of the technology mean that the expression of a 

very small fraction of the total number of genes likely to be expressed in a 

mammalian cell (12,000-33,000 different transcripts; Bishop et al., 1974; Axel et al., 

1976) are investigated. Although these cDNAs are potentially very interesting, there 

is no scope for discovering new genes or screening genes not previously implicated 

in cancer development or metastatic progression. S$100A4, for example, was also not 

present on these arrays and so it is also likely that the expression of other genes 

expected to be involved in $100A4-related metastatic progression will be missed 

using this technology. 

7.4.3 Combined SSH and Reverse Northern analysis for identifying 

differentially expressed genes. 

A direct analysis of the gene expression profiles that are specific to these 

different tumours was undertaken by using SSH to clone and identify potentially 

differentially regulated sequences. Reverse Northern hybridisation was subsequently 
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applied to screen large numbers of subtracted cDNA clones to determine differential 

expression profiles for specific cDNAs. 

7.4.3.1 Size of subtracted cDNA libraries. 

Few published experiments employing SSH to identify differentially 

expressed genes have presented the actual size of the subtracted libraries produced. 

Diatchenko et al., (1999) predict 10° clones would be produced by cloning 1 pl of 

the secondary PCR products, equating to a total of approximate 2.5x10° independent 

clones, this is a similar number to that produced in the subtractive hybridisation of 

these transgenic mouse tumours (Table 4.1). Hufton ef al., (1999) created a 

subtracted repertoire of 35,000 clones, which is an order of magnitude lower than the 

four libraries produced here. The size of the library produced, however, is dependent 

on several factors, in particular the number of genes that are differentially expressed 

between the samples being compared, but also the efficiency of the PCR 

amplification, the subtractive hybridisation and the cloning of subtracted cDNA 

fragments. The efficiency of subtractive hybridisation is discussed in detail below. 

cDNA fragments generated by 12 cycles of secondary PCR, used to enrich for 

subtracted cDNA fragments, were cloned into pCR2.1'™ to create the subtracted 

libraries. The Sybr Gold stained gel in Figure 4.6 however, demonstrates that PCR 

products generated by 10 cycles of amplification could also have been cloned. This 

would be expected to produce smaller subtracted libraries due to the smaller number 

of amplified cDNA fragments generated from the fewer PCR cycles. The cloning 

efficiency of secondary PCR products was high, as determined by the average 93% 

of individual colonies picked that contained amplifiable inserts by colony-PCR 

(Table 4.1). 

7.4.3.2 Complexity of subtracted cDNA libraries. 

Estimating the overall complexity of each subtracted library created is useful 

to determine whether the clones that were characterised are representative of the 

whole library or whether studying additional clones would identify more non- 

redundant sequences (singletons). Diatchenko et al., (1999) suggested that, in 

general, this could be achieved by sequencing 500-1000 colonies from a subtracted 

library, however we were unable to analyse this many clones from each of the four 

subtracted libraries. 
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Approximately 200 independent colonies representing an estimated 0.05% of 

each subtracted library were sequenced and identified by nucleotide database 

homology searching. In each library some sequences, representing single mRNAs, 

were identified multiple times, other clones were non-redundant sequences (Table 

4.3). In each library the majority of clones studied were non-redundant, for example, 

76%, 77% and 82% of clones from the P, PN and Met libraries, respectively, were of 

sequence only identified once. This distribution of sequence abundance does not 

reflect the expression profile of these genes in the starting material due to the 

equalisation of mRNA abundance that occurs during subtractive hybridisation (see 

below). However it does reflect the complexity of the subtracted Jibraries created, 

and infers that these three libraries were of an equally high complexity. The portion 

of clones studied from these libraries is unlikely to reflect the full diversity of clones 

present in the whole library. Therefore characterisation of additional individual 

clones from these libraries would be expected to identify more non-redundant 

sequences at a regular frequency. A greater number of redundant clones were 

identified from the N subtracted library, 45% of clones were sequenced multiple 

times. Additional sequencing of more independent colonies from this library, relative 

to the other three libraries, would be required to characterise additional non- 

redundant clones from this less complex library. 

7.4.3.3 Colony Hybridisation. 

Colony hybridisation experiments made it possible to screen a number of 

colonies to determine the distribution of individual cDNAs in the four subtracted 

libraries and also in non-normalised, non-subtracted cDNA libraries. This was of 

particular importance as the rat transgene S100A4 was not identified in any of the 

four subtracted libraries. This was despite S100A4 being known to be differentially 

expressed between the two primary and metastatic tumours, as observed on dot blots 

of total RNA and SMART cDNA (Figure 3.3) and on Reverse Northern membranes 

(Figure 5.1). S100A4 expression was highest in the metastatic lung tumour and 

lowest in the MMTV-neu mammary tumour. Successful subtractive hybridisation 

would therefore see enrichment of S100A4 cDNA fragments in the P and Met 

subtracted cDNA libraries relative to the N and PN subtracted cDNA libraries 

respectively. However S100A4 cDNA was not identified in any these libraries by 

sequence analysis. 
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Approximately 1000 colonies (an estimated 0.2% of subtracted libraries) 

from each of the four subtracted cDNA libraries were screened using an S100A4 

cDNA probe. At the same time approximately 1000 colonies from non-normalised, 

non-subtracted cDNA libraries derived from the same three tumours were also 

screened. Only 6 positive colonies were detected, 2 from the P subtracted library and 

4 from the Met subtracted library (Table 4.2). This supports data indicating 

differential expression of this transgene in the three tumours and suggests that it has 

been subtracted efficiently. The experiment also suggests that picking a minimum of 

500 colonies from the P subtracted library and 250 colonies from the Met subtracted 

library would be required to detect the S100A4 cDNA, further highlighting the need 

to screen more colonies in order to characterise a representative portion of each 

subtracted library. The transgene was not detected in either of the non-normalised, 

non-subtracted cDNA libraries. Unlike the subtracted cDNA libraries, the non- 

subtracted cDNA libraries have not been normalised for mRNA abundance, so the 

number of different cDNA molecules actually screened in these 1000 colonies is 

expected to be few and representative of the high abundant mRNA molecules such as 

glutathione S-transferase, cathepsin Bl, fB-actin, glyceraldehyde 3-phosphate 

dehydrogenase, ubiquitin and cytoskeletal keratin 18, as determined by Atlas cDNA 

array hybridisation experiments in chapter 3. 

Successful enrichment for S100A4 was further emphasised in respect to the 

prevalence of actin and HPRT cDNAs in subtracted and non-subtracted libraries, 

both were only identified once in the non-normalised, non-subtracted libraries only 

(Table 4.2). Actin and HPRT were shown to be more abundant than S100A4 in the 

primary tumours and to not be differentially expressed between any of these tumours 

by dot blot (Figure 3.3) and Reverse Northern (Figure 5.1). Subtraction of these 

sequences would therefore be expected, and this is consistent with results of colony 

hybridisation. 

7.4.3.4 Normalisation of mRNA abundance. 

It was suggested in chapter 3, based on previous reports of distinct abundance 

classes in mRNA prevalence (Bishop et al., 1974; Axel et al., 1976), that as few as 

5% of the different transcripts expressed in these tumours (high abundant sequences) 

contribute to approximately 50% of the message profile. Conversely the majority of 

sequences (70% of transcripts) contribute to less than 20% of this profile. Thus, 
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without equalising mRNA abundance during subtractive hybridisation, subtracted 

libraries are expected to closely reflect non-subtracted libraries, containing 

differentially expressed sequences of high and medium abundance (Wan et al., 1996; 

Kuang ef al., 1998). 

A key aspect of the SSH technique, therefore, is the normalisation of mRNA 

abundance that occurs during hybridisation (Gurskaya et al., 1996) which aids in the 

cloning of rarely transcribed, as well as high abundant differentially expressed 

sequences. This is particularly important as many regulatory proteins are rare 

transcripts. A small change (for example 2-fold) in expression of these mitNAs may 

have profound effects on cellular phenotype. In the present experiments successful 

normalisation of mRNA abundance has occurred in all four subtractive hybridisation 

experiments, demonstrated by the distribution of individual sequences and the 

different hybridisation signal intensities obtained for specific clones in Reverse 

Northern, Virtual Northern and Northern blot analysis. 

The complexity of the four subtracted libraries demonstrates the low 

redundancy of the libraries, particularly those derived from the two bitransgenic 

tumours (libraries P, PN and Met). This alone indicates successful normalisation 

because a non-normalised cDNA library is expected to predominantly contain the 

highly abundant messages, with the less abundant messages in lower prevalence. The 

lower complexity of the N subtracted cDNA library does not reflect poor 

normalisation because many of these redundant sequences were shown to be 

differentially expressed by Reverse Northern, including BRP39, MMTV derived 

sequences, cDNA clones similar in sequence to CRBP and major allergen 

polypeptide and other cDNA clones such as N1A6 (Table 5.2). 

Although the amount of cDNA applied to Reverse Northern membranes was 

not consistently the same for all clones, it was usually more than the 10 ng that is 

applied to commercial membrane arrays (such as those from Clontech that were 

utilised in chapter 3), and was generally between 10-100 ng. Therefore the 

hybridisation signal intensity and the length of exposure time required to detect this 

signal, is expected to reflect the relative mRNA abundance of each particular 

sequence in the original tumour sample rather than the amount of DNA immobilised 

to the membrane. The hybridised Reverse Northern membranes (Figure 5.1) 

demonstrated a wide range of hybridisation signal intensities. Strong signals were 

detected after only an overnight exposure to autoradiographic film or 
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phosphorimaging screen, and represent clones expressed with high abundance. 

Transferrin, WDNM1, protein synthesis elongation factor 1-a, kappa casein, 

endothelial monocyte activating polypeptide I (EMAP I) were all highly expressed in 

these tumour specimens. The expression of clones present at a medium abundance 

produced a relatively strong hybridisation signal after an exposure time of one week 

and weak or no hybridisation signal was detected for very low abundantly expressed 

sequences. This indicates that subtracted cDNA clones represent a mixed population 

of high, medium and low abundant mRNAs. The same relative abundance 

demonstrated by Reverse Northern was observed following characterisation of 

selected clones by Virtual Northern and Northern analysis. Actin, BRP39, EMAP 

produced very strong hybridisation signals in these experiments, whereas Doc-1, 

S100A4 and cDNA clone N1A6 required longer exposure times to detect expression. 

The expression of some clones, for example M1D7, was not detected by these 

means. Despite the clear differences in abundance shown here, many of these clones 

were sequenced in a non-redundant manner, indicating normalisation towards 

cDNAs of lower abundance has occurred. 

One major advantage of SSH over other differential screening techniques 

therefore is the normalisation of mRNA abundance and the cloning and identification 

of rarely transcribed messages. However the insufficient sensitivity of Reverse 

Northern and Northern expression screening experiments means that expression of 

some of these have to be investigated using more sensitive techniques such as 

quantitative RT-PCR. 

7.4.4 Validation of Reverse Northern hybridisation. 

The reliability of this technique was analysed to determine how suitable the 

technique was for distinguishing between differences in sequence abundance of 

specific mRNAs between different tumours. For example, hybridisation signal 

intensities for control cDNAs, of redundant clones on multiple membranes and the 

re-screening of redundant and non-redundant clones in multiple experiments gave 

relatively consistent data. Although, this was not always reproducible, as 

demonstrated for clones with sequence similarity to Id2 (section 5.2.3) and for the 

subsequent screening of clone P1B9 (EMAP I, section 6.1.2) by Virtual Northern 

analysis (which discounted this clone from being differentially expressed). Virtual 

Northern analysis did, confirm the differential expression of 7 out of 9 candidate 
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cDNAs, indicating the relative efficiency of Reverse Northern analysis at identifying 

differential expression of subtracted clones. 

7.4.4.1 Data interpretation. 

Careful data interpretation was required to confirm that the Reverse Northern 

quantified data obtained was correct and reflected the expression pattern observed on 

the autoradiographs and phosphorimages. Inconsistencies between the images and 

the data were occasionally identified; this appeared to be due to high background 

signal intensity enhancing the relative expression level of individual clones. This was 

particularly evident for clones which produced low or undetectable hybridisation 

signal or for clones which were adjacent to highly expressed clones producing a 

strong hybridisation signal that interfered with neighbouring spot intensities. As a 

consequence, falsely called differential expression of some clones and missed 

differential expression of other clones was snaountared. yet this was accounted for 

by detailed examination of the hybridised membranes and the quantified data. 

WA 2 eites hybridization. °=_ 

Expression hybridisation experiments such as the Reverse Northern technique 

or the use of microarrays can suffer from cross-hybridisation problems due to 

sequences that are common to gene families or functionally related sequences. This 

can lead to false hybridisation signals and therefore the identification or loss of 

identification of differentially expressed sequences. Manufacturers of arrays attempt 

to overcome this problem with careful design and selection of the cDNA fragment 

regions that are immobilised to the solid support (membrane or glass slide), often 

employing the 3’ untranslated region (UTR) sequences and avoiding repeat 

sequences and poly(A)’ tails. The cDNA expression array hybridisation experiments 

developed by Clontech, and described in chapter 3, enhance the specificity of 

hybridisation signal by reducing the complexity of the labelled probe, this also serves 

to increase the sensitivity of the experiment. Reduced probe complexity is achieved 

by utilising a gene specific primer mix for probe labelling, rather than global 

SMART cDNA amplification or oligo(dT) cDNA synthesis as used in Reverse 

Northern experiments and in routine array hybridisation experiments. This produces 

probes that are complementary only to target sequences on the membrane, thus 

reducing background and cross hybridisation. These technical modifications were 
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sought to minimise cross-hybridisation and therefore ensuring hybridisation signals 

are specific to the cDNA sequences in question. Such luxuries were not available in 

our Reverse Northern experiments due, primarily, to the random selection of colonies 

from the transformed subtracted cDNA libraries. Approximately 30% of these clones 

contain poly(A)" sequences, some also have regions of repeat motifs suggesting that 

cross-hybridisation is a possibility in some screening experiments. 

High stringency hybridisation and washing conditions were applied to limit 

the hybridisation of cDNAs that do not match the full length of the immobilised 

target DNA sequences. This seemed to be relatively effective as many cDNAs did 

not produce a hybridisation signal, suggesting, firstly, that they were low abundantly 

expressed sequences, and secondly that non-specific hybridisation interactions had 

not occurred for these clones. In fact, for those clones where expression was 

detected, a range of hybridisation signal intensities was observed (strong, medium 

and weak signals) reflecting the relative different abundances of the different 

messages. This suggests, not only that probe over-amplification has not occurred, 

which would have resulted in a general, low level of hybridisation signal intensity for 

many medium, low and non-detectable clones, but also that the high stringency of 

hybridisation and washing has limited non-specific hybridisation interactions. 

7.5 Effective cDNA subtraction. 

Comparison of hybridisation signal intensities for specific clones screened in 

different tumours was used to determine which of the subtracted cDNA clones were 

differentially expressed. The numbers of differentially expressed sequences between 

these tumours indicate the success of these subtractive hybridisation experiments. A 

total of 192 subtracted clones (25% of the total number of clones with detectable 

expression) were identified which exhibited differential expression between these 

transgenic mouse tumours by = 2-fold, 80 of these clones exhibit 2 5-fold 

differences in expression. Screening of 540 of the same subtracted clones for 

expression in different tumours of matched histology from the transgenic mice 

identified 47 differentially expressed sequences. 

Comparison can be made between the success demonstrated in the present 

experiments relative to those observed for other systems using the same technology. 

However it must be stated, again, that the number of differentially expressed cDNA 

clones identified is dependent on the similarity in expression profiles between 
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experimental samples and so this comparison can only be utilised to further 

emphasise the efficiency of the procedure. SSH was used for analysing differences in 

the expression profiles of estrogen receptor (ER) positive, MCF7, and ER negative, 

MDA-MB-231, breast cancer cell lines. Characterisation of 42 subtracted clones by 

Northern hybridisation revealed 29 (69%) were differentially expressed (Kuang ef 

al., 1998). Subsequently, 332 clones generated in the same MCF7 subtracted library 

were spotted onto a microarray and screened for expression in the same two cell 

lines. With a differential expression ratio of 3, 76 (23%) were considered to be 

differentially expressed. The same clones were also screened for expression in two 

other breast carcinoma cell lines: ER positive T47D and ER negative HBL-100. Only 

22 clones (7%) were differentially expressed, by the same factor of 3-fola, in both 

ER positive cell lines relative to the ER negative cell lines (Yang ef al., 1999). 

Hufton et al., (1999) described the use of SSH and Reverse Northern analysis to 

screen a subtracted library created to contain genes over expressed in human 

colorectal cancer (CRC) compared to normal colonic mucosa. Of the 400 clones 

screened 45 (11%) were detectably over expressed in the tumour compared to the 

normal tissue (Hufton ef al., 1999). Similarly, 12.5% of subtracted clones (625 of 

5000 clones analysed) were identified as being differentially expressed by Reverse 

Northern of cDNAs from a rat pancreatic metastatic adenocarcinoma cell line, 

Bsp73-ASML, subtracted from its non-metastatic counterpart, Bsp73-1AS (von Stein 

et al., 1997). The numbers of differentially expressed clones identified in these latter 

experiments is somewhat low considering the nature of the tissue used (cell lines) 

and that only 26% of the genes over-expressed in colorectal cancer cell lines were 

also over-expressed in primary tumour tissue (Zhang ef al., 1997). 

The individual subtracted libraries exhibited different proportions of 

differentially expressed sequences. The N subtracted cDNA library contained the 

greatest enrichment for differentially expressed sequences, where 87 clones (42%) 

were differentially regulated by = 2-fold. This was relative to the other three 

subtracted libraries which, by the same criteria identified 29 clones (17%), 27 clones 

(20%) and 49 clones (30%) in the P, PN and Met subtracted libraries respectively. 

Enrichment for differentially expressed sequences in all four libraries is comparable 

to the examples described from the literature. This also demonstrates significant 

enrichment for differentially expressed sequences relative to Atlas array experiments 

which demonstrated distinct similarities in the expression profiles between the same 
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MMTV-neu/S100A4 primary tumour and metastasis, and also between multiple 

mammary gland tumours from MMTV-neu and MMTV-neu/S100A4 mice. 

The different levels of enrichment for differentially expressed sequences 

exhibited by different libraries is likely to reflect biological differences between 

tumours rather than technical variations between experiments. The N subtracted 

library has been shown to be less complex than the other three libraries, yet this was 

not due to poor normalisation as many of the redundant sequences were differentially 

expressed. A high level of normalisation was achieved in the P, PN and Met libraries, 

as demonstrated by the high library complexity and the mixed range of abundance 

exhibited by P, PN and Met cDNA clones. The PN library in particular demonstrated 

high level of normalisation due to the high proportion of low abundant sequences 

identified (27%; Table 5.1 and as shown clearly in Figure 5.1). 

It appears, therefore, that many technical aspects employed for generating the 

subtracted libraries and screening the subtracted clones was relatively efficient and 

comparable between libraries. Thus, the differences observed between the N 

subtracted library and the P, PN and Met subtracted libraries are expected to reflect 

differences between the tumours themselves. The two primary tumours were of a 

carefully matched grade and histology yet differed in S100A4 expression and 

metastatic capability. On face value, therefore, elevated S100A4 expression in the 

bitransgenic primary tumour appears to correlate with the down-regulated expression 

of many genes, more so in fact than the up-regulation of genes, as demonstrated by 

the large number of differentially expressed sequences (by > 2-fold and by > 5-fold) 

in the N subtracted library and the few identified in the P library. The similarities in 

gene expression profiles between the MMTV-neu/S/00A4 primary tumour and 

metastasis is evident by the few numbers of differentially expressed sequences in the 

PN and Met libraries, and also by considering the expression of the majority of 

differentially expressed N and P clones exhibiting similar expression patterns in the 

two MMTV-neu/S100A4 tumours (Tables 5.2 and 5.3). This suggests that the two 

bitransgenic tumours are more closely matched, in terms of their gene expression 

profiles, than either of these tumours are to the MMTV-neu tumour. The reasons for 

this can be speculated on, not least that these two tumours are from the same animal 

suggesting the distinct possibility that the metastasis is a clonal expansion of cells 

derived from the primary tumour. Alternatively, elevated expression of S100A4 in 

both tumours may be associated with the same changes in gene expression observed 
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between these two tumours and the MMTV-neu tumour. Determining the identity of 

such changes in expression that are consistently related to S100A4 expression will 

aid in the discovery of sequences whose expression is directly related to the gain or 

suppression of metastatic capability in these mice. 

7.6 Characterised subtracted cDNA clones. 

Sequence analysis and expression screening of subtracted cDNA clones has 

identified many interesting sequences, some of these have only been characterised by 

DNA sequencing because Reverse Northern hybridisation failed to detect :heir 

expression. Other clones have been shown to exhibit differential expression in the 

three tumours utilised to create the subtracted libraries and in other tumours from the 

same strains of transgenic mice. 

7.6.1 Rarely transcribed cDNA clones. 

Many of the sequences of low abundance (not detectable by Reverse Northern 

analysis) were uncharacterised ESTs or novel sequences suggesting that they may be 

expressed at similarly low levels in other mouse tissues or in other species. Table 5.6. 

highlights some low abundant sequences of particular interest to the development 

and progression of cancer. Namely maspin that was originally identified by 

subtractive hybridisation to be down regulated in mammary carcinoma versus normal 

breast epithelial cells (Sager et a/., 1997). A member of the serpin family of protease 

inhibitors, maspin expression limits tumour cell invasion and metastasis and has been 

linked with improved patient survival in breast, prostrate and oral squamous cell 

carcinomas (Seftor et al., 1998; Xia et al., 2000). The identification of these 

sequences does not necessarily indicate differential expression. Detection of 

expression of maspin, and other interesting sequences by more sensitive techniques 

such as quantitative RT-PCR may indicate differential expression in these tumours. 

7.6.2 Differentially expressed cDNA clones. 

Many differentially expressed sequences were identified by Reverse Northern 

hybridisation (Tables 5.2-5.5) including a number of known sequences with previous 

associations with cancer development and/or progression, and known sequences that 

have not previously been linked with this disease. A number of ESTs and potentially 

novel sequences were also identified as being differentially expressed in this system. 
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For example, clone Met2F6 was expressed nearly 3-fold higher in the metastasis 

relative to both primary tumours (Table 5.5). This clone possessed sequence 

similarity to mouse MRP 14, also known as S100A9, a member of the same family of 

calcium binding proteins as S100A4. Like S100A4, this protein is normally 

abundantly expressed in immune cells of a normally motile behaviour. There is 

reported evidence that S100A9 expression in neutrophils enhances metastasis of co- 

injected mammary adenocarcinoma cells in a syngeneic rat model of metastasis 

(McGary ef al., 1997), and also that S1OOA9 expression mediates transendothelial 

migration of mongeyees (Keukhoff et al., 1999). Thus, expression of S100A9 in its 

normal cell type may contribute to metastasis in MMTV-neu/S/00A4 transgenic 

mice, or abnormal expression in epithelial tumour cells may also enhance metastatic 

capability by mediating the motility (possibly in association with S100A4) or intra- 

and extravasation properties of tumour cells. 

The mouse mitochondrial genome (Bibb ef al., 1981; accession number 

gb/J01420) consists of 16kb of sequence, every part of which is utilised for the 

production of transfer RNA (tRNA) molecules, 12S and 16S ribosomal RNA 

molecules and several proteins. Between the four libraries, a total of 38 clones 

represented sequences derived from this genome. These included clones with 

sequence similarity to cytochrome oxidase subunit I (N=5, P=5, PN=0, Met=2), 

subunit II (N=3), subunit III (N=1, P=3, Met=1) and to ATPase 6 (N=5, P=2, PN=1, 

Met=2). It is possible that changes in expression of mitochondrial genes play a part 

in tumour progression as mitochondrial mutations have been detected in some 

tumours (Polyak ef al., 1998; Fliss et al., 2000). The expression of several 

mitochondrial genes involved in oxidative phosphorylation have also been shown to 

be increased in cells transformed by viral or cellular oncogenes (Glaichenhaus et al., 

1986; Torroni ef al., 1990). Sequences corresponding to different mitochondrial 

genes were differentially expressed in these tumours. For example, clone N2B3 

represents two subtracted clones with homology to unknown ‘protein 4’, expression 

of these were significantly higher in the MMTV-new primary tumour relative to the 

two bitransgenic tumours (Table 5.2). 

Eight clones from the Met subtracted cDNA library possessed sequence 

identity to PSP-c. This is reported to be a lung specific protein and so it is perhaps 

not surprising that it was not sequenced from the other libraries. Expression of these 

clones were significantly higher in the lung metastatic tumour sample relative to the 
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two primary tumour samples (Table 5.5). It is expected that this sequence was 

derived from the normal lung tissue surrounding the metastatic tumour rather than 

the mammary gland derived tumour cells, and represents the only known lung tissue 

specific sequence identified in the Met library. This indicates the success of the 

subtraction procedure in enriching for a gene expressed in a small proportion of the 

cells per frozen section. 

To determine whether the expression of subtracted cDNA clones were 

directly associated to $100A4-related metastatic capability and to exclude the 

possibility that expression occurred irrespective of metastatic propensity, several 

Reverse Northern membranes were re-screened with additional tumours from the 

transgenic mice. A group of 8 clones demonstrated comparable expression patterns 

in these tumours (Table 5.7). These were BRP39 (3 clones), MMTV sequences (3 

clones) EMAP I (clone P1B9) and a mouse kidney cDNA (clone N1A6). The 

expression of these, and a further 5 clones exhibiting significant sequence identity 

and expression associated to S100A4 expression were further analysed in multiple 

tumours by Northern hybridisation. With the exception of clone M1D7, all 

candidates exhibited detectable expression in some or all of these tumours, often this 

was considerably different between tumours. However this was not confined to 

differences between tumours of different transgenic type suggesting a molecular 

heterogeneity exists, contrary to that observed by array hybridisation, between 

tumours of matched grade, histology and presence or absence of S100A4 expression. 

Many sequences, in particular clones from the N subtracted cDNA library, 

demonstrated sequence identity to the mouse mammary tumour virus genome. The 

majority matched numerous different database entries based on MMTV sequences, 

however to facilitate the identification of the specific coding sequence of each clone, 

the region of homology to three commonly matched entries (Table 4.3) was mapped 

out. Individual clones, or contigs of clones, possessed similarity to all regions of the 

MMTV genome, including the gag, pro-pol polyprotein transcript, pol, env and sag 

genes. This indicates that these sequences are distinct from the MMTV-LTR 

sequence involved in regulating the expression of the neu transgene, which does not 

contain these additional gene sequences. Thus suggesting the presence of an 

endogenous MMTV integrated into the mouse genome, or infection with an 

exogenous MMTV, which is transmitted from mother to pup in the milk during 

suckling. Some clones, however, demonstrated homology to the LTR sequence that 
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could be transgene derived. The 3' LTR of both endogenous and exogenous MMTVs 

contain an open reading frame (ORF) encoding the sag, superantigen, protein (Choi 

et al., 1991; Acha-orbea and MacDonald 1995), which may explain why expression 

of this regulatory sequence was detected in these tumours. MMTV-like ENV gene 

sequences have been discovered, by PCR analysis and hybridisation studies, to be 

expressed in 37% of human breast tumours, the same sequences have not been 

detected in normal breast tissue (Wang ef al., 1995; Etkind et al., 2000). 

Reverse Northern experiments demonstrated that 18 out of 32 MMTV- 

derived sequences were differentially expressed. All were more abundant in the 

MMTV-neu primary tumour, and tended to display decreasing expression as S100A4 

expression increased and as metastatic capability increased (Tables 5.2 and 5.4). This 

' May be an important correlation, in that S100A4 expressing cells that appear to have 

a greater tendency to metastasise, may not express these MMTV sequences. 

Virtual Northern hybridisation confirmed this particular pattern of expression 

for clone PN1B9 that was not expressed in the metastasis (Figure 6.1). Three cDNA 

fragments of different sizes were identified (Figure 6.1). These are expected to 

represent different MMTV derived sequences or different spliced variants of the 

same sequence. They are unlikely to be derived from the neu transgene regulatory 

sequences because this would have also been detected in the metastasis. The MMTV 

genome consists of a number of genes that are sometimes co-transcribed as a single 

transcript, for example, gag, pol, pro genes can be transcribed individually or as gag- 

pol, gag-pol-pro polyproteins, which is expected to have occurred to produce these 

three distinct bands. Northern analysis also demonstrated evidence of two transcript 

being expressed in other tumours. This also demonstrated, however that this MMTV 

sequence is expressed in MMTV-neu/S100A4 tumours, including in the metastasis 

(Figure 6.2). 

A group of commonly identified sequences have previously been associated 

with primary mammary tumours developed by the expression of the neu and/or ras 

oncogenes in transgenic mice (Morrison and Leder, 1994). These sequences tended 

not to be expressed in primary mammary tumours induced by myc and int-2 

oncogenes, reflecting possible differences in intracellular signalling pathways 

occurring following the activation of the different oncogenes (Morrison and Leder, 

1994). Several of these markers appear to be expressed in one or more of these three 

MMTV-neu and MMTV-neu/S100A4 transgenic tumours, as expected due to neu 

Chapter 7 Discussion 116



activated tumour initiation. BRP39, kappa casein, transferrin, WDNM1, and several 

mouse ESTs that show sequence similarity to human cellular retinol binding proteins 

(CRBP I and II) were identified (Table 4.3). Sequence redundancy of some of these 

clones, in particular BRP39 and CRBP, indicated potential differential expression in 

these tumours. This was confirmed by Reverse Northern hybridisation (Table 5.2) 

and for BRP39 (clone N2G3) also by Virtual Northern hybridisation (Figure 6.1). 

Expression was considerably higher in the MMTV-new tumour relative to the two 

bitransgenic tumours, which expressed equally low levels of this transcript. The 

expression of this cDNA was also variable between other RNA samples analysed by 

Northern hybridisation (Figure 6.2). Expression was particularly high in the lung and 

in three of the primary tumours, was relatively low in the mammary gland, brain, the 

other four primary tumours and in the metastasis. No expression was detected in the 

spleen, lymph node or kidney. The most significant expression data obtained for this 

clone is the 45-fold difference in expression between the two MMTV-neuw primary 

tumours analysed on this Northern membrane (Lanes 7 and 8, Figure 6.2). This data 

suggests BRP39 expression is potentially up-regulated in the some of the neu- 

induced tumours, as suggested by (Morrison and Leder, 1994), however expression 

does not appear to be related to the ability of cells to metastasise. 

The expression of osteopontin has previously been shown to enhance 

metastatic phenotype on transfection into normally benign rat mammary cells (Oates 

et al., 1996), this protein is also over-expressed in human tumours (Brown et al., 

1994; Tuck et al., 1999). The expression of osteopontin in this system was enhanced 

as S100A4 expression increased as determined by Reverse Northern (Table 5.3) and 

by Virtual Northern (Figure 6.1). High expression was also detected in each of the 

normal mammary gland tissues examined and also in the cell lines derived from the 

transgenic mouse primary tumours (Figures 6.2 and 6.3). Kidney also exhibited 

relatively high expression consistent with that observed in the rat (Oates, 1995). The 

tumours examined demonstrated variable expression patterns that did not appear to 

correlate with transgenic status or tumour phenotype of the different mice. For 

example, expression was high in 3/6 MMTV-neu primaries and 2/7 MMTV- 

neu/S100A4 primaries, and lower, but detectable in the other 3 MMTV-neu primaries 

and 4/7 MMTV-neu/S100A4 primaries, expression was not however, detected in the 

metastasis. 
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Four cDNA clones, NIA6, N2A1, N2E4 and N3C9 possessed sequence 

similarity to the same mouse ESTs (Figure 4.10), that were predominantly derived 

from sequencing of mouse kidney cDNA libraries. Differential expression was 

identified by Reverse Northern (Table 5.2) and by Virtual Northern (Figure 6.1), a 

pattern of expression that was higher in the MMTV-neuw tumour relative to the two 

bitransgenic tumours. Northern analysis confirmed the expression that was expected 

to be identified in the kidney tissue (Figure 6.2), the other normal tissues did not 

express this transcript to detectable levels. Expression was also detected in the 

majority of tumours, however, only after long exposure to autoradiographic film 

(Figure 6.2). The size of the EST transcript detected was 1.9 kb. 

Two cDNA clones, N2F4 and P2D6 (Figure 4.11) possessed sequence 

unrelated to any in the databases that were searched, suggesting that potentially novel 

cDNA sequences were identified. cDNA clone P2D6 was more highly expressed in 

the bitransgenic tumours relative to the MMTV-neu primary tumour, although there 

is some element of disagreement between Reverse Northern (Table 5.3) and Virtual 

Northern (Figure 6.1) as to whether expression was higher in the metastasis or not. 

Northern analysis does not provide data to solve this anomaly, nor does it provide 

sufficiently clear data to determine the expression of this sequence in these additional 

RNA samples. The transcript size of this unknown sequence was 2.1 kb, as 

determined by Virtual Northern hybridisation. Transcripts detected by Northern 

include a very high molecular weight band only identified in transgenic mouse 

tumour derived RNA samples, i.e. this was not detected in normal tissues. A set of 

two bands detected in all samples on the second membrane (Figure 6.3) are the same 

size as 28S and 18S ribosomal RNAs, suggesting that these are either non-specific 

hybridisation signals, or that this clone has ribosomal sequence or ribosomal-like 

sequence. 

The expression of clone N2F4 correlated inversely with S100A4 expression 

as determined by Reverse Northern (Table 5.2) and Virtual Northern (Figure 6.1). 

Northern analysis demonstrated that this clone hybridised to multiple RNA 

transcripts, some of which may be non-specific (Figure 6.3). The expression levels of 

these transcripts detected were quite low, determined by the exposure times required 

to detect expression, suggesting a potentially low abundantly expressed sequences. 

Three distinct bands of the same size are observed in different RNA samples. The 

smaller transcripts (3.2 kb and 2.5 kb) appear as a doublet and are specifically 
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detected in 3 out of 6 MMTV-neu primary tumours (lanes 8, 10 and 11, Figure 6.3), 

and to a lower abundance (by approximately 3-fold) in a fourth tumour (lane 9, 

Figure 6.3). Expression of these transcripts were detected in MMTV-neu/S100A4 

tumours and cell lines but to a lesser extent to that observed in MMTV-neu tumours 

suggesting expression is possibly influenced or down-regulated by increases in 

S100A4 expression. 

Using cDNAs as probes on Northern blots we were able to demonstrate some 

degree of tumour heterogeneity. Not all tumours of the same transgene genotype 

expressed these cDNAs to the same extent. This phenomenon was not previously 

detected when screening the Atlas arrays with individual tumours and pooled 

tumours, where similar expression profile were obtained for MMTV-neu primary 

tumours, MMTV-neu/S100A4 primary tumours and a metastasis. Yet this clearly is 

evident by Northern blot analysis and is occasionally marked by vast differences in 

expression between tumours of the same transgenic type and histology, for example 

BRP 39 in MMTV-neu tumours (Figure 6.2). 

7.7 Further Work. 

7.7.1 Identifying additional metastasis-related genes. 

Hierarchical clustering of gene expression profiles of multiple tumours has 

demonstrated the utility of expression profiling to classify tumours (Perou ef al., 

1999, 2000; Alizadeh et al., 2000). The effective combination of SSH and 

microarray technology has also been previously reported (Von Stein et al., 1997; 

Yang et al., 1999). Thus cDNA microarray technology provides the opportunity to 

perform further expression characterisation of a larger repertoire of subtracted cDNA 

clones in multiple tumours from the transgenic mice. Whilst a proportion of these 

may be redundant clones that were identified by previous screening, such as BRP39, 

MMTV-sequences and PSP-c, screening arrayed subtracted clones may lead to the 

identification of more sequences which exhibit expression associated with metastatic 

progression. Repeated hybridisation experiments of multiple tumours from the 

transgenic mice would be possible to generate gene expression profiles of these 

subtracted clones. Cluster analysis of expression patterns to identify co-ordinated 

expression profiles of groups of genes could aid the discovery of gene sequences 

whose expression is consistently related to S100A4 expression and therefore also to 

metastatic progression in multiple tumours in these transgenic mice. 
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7.7.2 Further characterisation of specific candidate metastasis-related genes. 

Of all candidate cDNA clones screened, the expression of clone N2F4 

appears to be the most interesting, not least because it is of novel sequence and the 

fact that it demonstrates decreased expression associated with increased S100A4 

expression. Considerable further characterisation of this clone will determine more 

about whether the expression of this sequence is associated with suppressing 

metastatic progression. Complete characterisation of the full length cDNA sequence, 

available through screening non-normalised, non-subtracted libraries or 5’ and 3’ 

rapid amplification of cDNA ends (RACE) of SMART PCR-generated cDNA, may 

aid in the identification of a possible function for this gene, by related sequence 

similarity to other genes. Expression screening in tumours by in situ hybridisation 

and functional studies involving the expression of the protein in normally non- 

metastatic cell lines (e.g. Rama 37 cells, Dunnington ef a/., 1983) and in metastatic 

cell lines (e.g. Rama 800 cells, Dunnington, 1984) provide an opportunity to study 

the effect of elevated expression on various aspects of the metastatic process, such as 

in in vitro assays for cell motility and invasion and more importantly in in vivo 

metastasis assays. Conversely, it is possible to investigate the consequences of 

reducing the expression of the protein on metastatic capability by transfection of a 

ribozyme or antisense molecule directed to the mRNA transcript. The effectiveness 

of this has been reported in targeting the expression of S100A4 (Maelandesmo et al., 

1996; Bjornland et al., 1999). 

Further characterisation of known differentially expressed genes where 

antibodies are available for the translated protein, by immunohistochemical staining 

of tumour sections, will provide important information concerning the specific cell 

type expressing the particular candidate. In addition, this may indicate whether the 

expressed protein is, for example, secreted like matrix degrading enzymes (Duffy, 

1996) or is concentrated to specific cells around the leading edge of an invading 

tumour, as observed for S100A4 in these transgenic mouse tumours (Davies ef al., 

1996) and in human cancers (Takenaga et al., 1997). Such a staining pattern may 

indicate a potential role in the metastatic spread of these tumours. 

The significance of a change in expression of a particular gene lies in its 

ability to affect cellular phenotype. Thus the functional role of the related protein, 

and not simply the expression pattern of the RNA and protein, is the determining 

factor as to whether expression affects metastatic progression or cellular phenotype. 
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Expression studies involving the transfection of the full length cDNA or genomic 

DNA fragment containing the gene of interest into in vitro rodent model systems 

such as the Rama series of mammary tumour cell lines, has provided an opportunity 

to observe the metastasis inducing properties of S100A4 and osteopontin in breast 

cancer (Davies et al., 1993; Lloyd et al., 1998; Oates et al., 1996). Such studies are 

vital in ascertaining the functional significance of elevated expression of candidate 

sequences on metastatic progression. 

The utility of the transgenic mice described here in providing a model of 

human breast cancer, in particular of subtypes of the disease related to elevated 

expression of c-erbB-2 and S/00A4 was discussed previously. The fully in vivo 

model has provided the opportunity to discover gene expression changes that co- 

ordinate with these two genes to induce the metastatic phenotype. Therefore the 

identification of genetic anomalies occurring in these transgenic mouse tumours may 

also be occurring in human breast cancers, especially those associated with the 

elevated expression of c-erbB-2 and/or S/00A4. The identification and cloning of 

human homologues to identified metastasis-related candidate genes and expression 

screening of such genes, and their related proteins in human breast tumours is 

therefore important in determining the utility of such genes as markers and possible 

targets for the therapy of human breast cancer metastasis. 
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