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Abstract

The biological progression of breast cancer is uncertain. One hypothesis suggests 

that as invasive ductal breast tumours grow they dedifferentiate, i.e. they evolve 

from well-differentiated grade I tumours to poorly differentiated grade III 

tumours over time. The work presented here addresses the pathological 

hypothesis of dedifferentiation by taking a novel genetic approach. CGH was 

used to screen the entire genomes of 90 invasive ductal breast carcinomas 

stratified by grade (40 grade I and 50 grade III tumours). The different grades of 

breast tumour showed distinct quantitative and qualitative differences. 

Specifically, the genetic changes found could not support the dedifferentiation 

hypothesis for the majority of grade I breast carcinomas. These differences were 

investigated in a subsequent molecular genetic study that provides further 

evidence against dedifferentiation.

The molecular cytogenetic findings have lead to several other lines of enquiry. 

First, the pattern of genetic changes seen in grade I tumours is very similar to 

that seen in lobular breast carcinomas, thus leading to the hypothesis that at the 

genetic level these morphologically distinct tumours may actually be very 

similar. In both these tumour types, the most frequent change, often occurring 

with only a few other genetic changes, is loss of I6q. The target gene on 16q 

known to be important in lobular breast tumorigenesis is E-cadherin (CDHl), 

therefore this candidate gene was tested in grade I ductal breast tumours. 

However, the findings suggest that in ductal breast carcinoma CDHl is not the 

target gene. Therefore, despite the apparent genetic similarity, lobular and grade 

I ductal breast tumours are genetically different.

Second, a number of regions of amplification have been revealed in both grades 

of tumour; some of these are novel changes. Refined mapping of two amplicons 

has been performed, which will be discussed. Taken together, these findings 

integrate molecular cytogenetic, genetic and pathological approaches to provide 

new insights into the biology of breast tumour progression.
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Chapter 1. Introduction

1.1 Genetic changes in cancer

The concept that cancer is a genetic disease is now well established. Cancer can 

be associated with germline mutations but essentially it is a clonal disease 

(arising from a mutation within a single cell) of somatic cells. A single mutation 

is insufficient to lead to cancer, and it has been estimated that at least six genetic 

changes are required for the development of a malignant clone (Weinberg 1983). 

However, it is at this point that agreement ends, with the events underpinning the 

initiation of tumorigenesis still subject to debate. Some authors argue in favour 

of an inherent genetic instability within tumours which gives rise to an increased 

mutation rate (Lengauer, C. et al. 1998), while others argue in favour not of an 

increased mutation rate per se but rather an evolutionary process of natural 

selection driving the tumorigenic process (Tomlinson, I. and Bodmer W. 1999).

L L l Types o f genes involved in tumours

A less controversial issue is the result of these genetic alterations, and the type of 

gene that is affected. Currently these fall into three categories, cellular 

oncogenes, tumour suppressor genes and DNA repair genes. In the normal cell 

the products of both oncogenes and tumour suppressor genes act to control cell 

proliferation, differentiation and apoptosis, and are involved in signal 

transduction pathways. Dysregulation of this normal functioning therefore results 

in critical changes to these important cellular processes. Oncogene activation can 

result from a variety of mechanisms including point mutation, small insertions 

and deletions, amplifications and juxtaposition to other chromosome sequences. 

The latter can be visualised cytogenetically as an inversion or translocation. 

Alteration of only one copy of a cellular oncogene is necessary to exert its 

effects; therefore oncogenes act in a dominant manner.
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Tumour suppressor genes (TSGs) contribute to tumorigenesis by a loss of 

function rather than activation. In contrast to oncogenes, their behaviour is 

recessive and it is therefore necessary to lose both copies. The traditionally 

favoured mechanism for inactivation of tumour suppressor genes was mutation 

of one allele, usually a truncating or missense mutation, with elimination of the 

wild type allele by mechanisms such as chromosome non-disjunction, mitotic 

recombination or gene conversion (Weinberg, R. A. 1991; Devilee, P. and 

Cornelisse C. J. 1994). More recent evidence has challenged the simplicity of 

this model and it is apparent that a variety of mechanisms are important. For 

example, two mutations are responsible for the inactivation of APC in some TAP 

families (Spirio 1998). An important mechanism for inactivation of TSGs is 

promoter méthylation (Jones, P. A. and Laird P. W. 1999). While widespread 

méthylation occurs in tumour cells, it is specifically promoter méthylation that 

inhibits transcription, by interfering with transcription initiation. Méthylation can 

occur in combination with allele loss, mutation or by itself where it is presumed 

to be acting by methylating both alleles.

DNA mismatch repair genes are responsible for recognition and repair of 

incorrectly paired nucleotides therefore influencing the stability of the genome. 

This will be discussed in greater detail below.

1,1,2 Types o f  genetic alteration in tumours

There are several types of genetic alterations that occur within tumour cells, and 

result in the changes to the genes discussed above. The majority of these changes 

are tumour specific in that they are not seen within normal cells. There are four 

main categories of genetic change; numerical chromosomal alterations, gene 

amplifications, chromosomal translocations, and simple sequence alterations. 

The importance of the first three categories is that they all result in genetic 

aberrations which can be detected at the cytogenetic level, and result in 

alterations to cellular oncogenes and TSGs. Historically, it was these changes 

which were first identified. The fourth category can only be detected by 

molecular genetic methods. It also results in damage to the cellular oncogenes



13

and tumour suppressor genes, but also damages DNA mismatch repair genes. 

The different genetic alterations and how they lead to abnormal genetic function 

within tumour cells will be discussed in more detail.

1.1.2.1 Numerical chromosomal alterations

Alterations in chromosomal number can involve both losses and gains of whole 

chromosomes. An abnormal chromosomal number when compared to the normal 

diploid complement is termed aneuploidy and is a constant feature of solid 

tumours, although it should be noted that tumours can also be diploid. While 

translocations result in specific rearrangements in specific tumour types (namely 

the haematological malignancies and sarcomas), it is of interest that the same 

numerical gains and losses occur in a number of different tumour types. It may 

be that these changes are targeting specific genes in these different tumour 

groups, but it is more likely that the same gene is important in a number of 

different tumour types (Devilee, P. and Cornelisse C. J. 1994).

Numerical chromosomal changes are interesting for several reasons. Firstly, the 

way they exert their effects is not entirely clear. It is presumed that gains and 

losses of genetic material (whether whole or partial chromosomes) confer a 

growth advantage by providing extra copies of oncogenes and unmasking the 

effects of tumour suppressor genes respectively. While loss of a whole 

chromosome (with mutation in the other copy) resulting in unmasking of the 

effects of tumour suppressor genes certainly would appear to be a likely event, it 

is the effect of extra copies of a gene that is uncertain. This is in contrast to 

multiple extra copies as occurs for example with gene amplification, see 1.1.2.2. 

However, there is evidence beginning to accumulate that suggests gene dosage is 

important. For example, increased copy number, in the order of 2-5x normal, has 

been shown to increase the expression of MUCl in breast cancer (Bieche, I. and 

LidereauR. 1997).

Secondly, it is not known how aneuploidy arises. There are however at least 

three different mechanisms by which aneuploidy could arise (Pihan, G. A. and
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Doxsey S. J. 1999), and recent work is beginning to provide indirect evidence for 

some of these hypotheses. It could arise as a result of sporadic missegregation of 

chromosomes in tumour progenitor cells. This would lead to a stable cell 

population with a relatively homogeneous DNA content whose abnormality 

would be perpetuated through subsequent normal mitotic divisions. It is thought 

that CLL with trisomy 12 is a good example of this. A second hypothesis 

suggests that aneuploidy is actually preceded by polyploïdisation which in itself 

could arise from a number of means, such as multiple rounds of S-phase without 

mitosis (endoreduplication), mitotic failure (due to spindle or cytokinesis failure) 

or other mechanisms (for example cell fusion). Subsequent and progressive loss 

from the polyploid precursor cell then leads to aneuploidy. This is thought less 

likely by some authors who suggest that this would give rise to cells with 

relatively stable chromosome numbers, which is not what is observed in most 

tumours (Lengauer, C. et al 1997).

The third possible mechanism is the acquisition of a permanent defect in the 

ability to segregate chromosomes in a tumour progenitor cell, i.e. a defect in 

some part of the cell’s mitotic machinery. The predicted result would be the 

DNA content of tumour cell populations not only being heterogeneous but also 

constantly changing. This does fit with recent experimental data (Lengauer, C. et 

al. 1997; Pihan, G. A. and Doxsey S. J. 1999) and also other data on solid 

tumours which show them to have very variable karyotypes and DNA content 

(Hoshino, T. 1984; Mitelman, F. 1994). The various components of the mitotic 

machinery are shown in Figure 1-1, those which to date have most evidence to 

suggest a role in tumorigenesis are highlighted.

The most compelling evidence for defects in the mitotic machinery resulting in 

aneuploidy comes from the study of centrosomes. These are small organelles, 

1pm in diameter (Doxsey, S. 1998) which comprise a pair of centrioles 

(microtubule barrels) surrounded by a protein matrix known as the pericentriolar 

material or centrosome matrix (Pihan, G. A. and Doxsey S. J. 1999). While their 

exact functions are uncertain they are known to play an important role during cell 

division. Prior to mitosis the centrosomes are duplicated only once and the 

resulting two daughter centrosomes form the poles of the mitotic spindle.
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2. Microtubules
Dynam ics; stability; 
chrom osom e tracks

4. Kinetochores
Micro tubule capture; 
chrom osome m ovem ent; 
checkpoint control3. Chromosomes

Condensation, cohesion

1. Centrosomes (spindle poles)
M icrotubule nucléation, severing, 
anchoring; duplication; spindle regulation

5. Molecular motors (—► )
Centrosom e separation; 
chrom osom e movements; 
spindle positioning and bipolarity; 
anaphase B

6. Cytokinesis
Partitioning o f  chromosomes and 
centrosom es into daugther cells

7. Regulation
Cell cycle {kinases, phosphatases, 
degradation); checkpoints; apoptosis

Figure 1-1. Components of the mitotic machinery and their functions.

Adapted from Pihan (Pihan, G. A. and Doxsey S. J. 1999). Defects in several 

mitotic functions have the potential to contribute to chromosome missegregation, 

aneuploidy and tumorigenesis.
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Microtubules, the cellular fibres that form astral arrays in interphase, are 

nucleated from the centrosomes and then undergo a dramatic reorganisation to 

form the mitotic spindle during cell division. They bind to chromosomes and 

organise them at the spindle centre. As the cell leaves mitosis the chromosomes 

move towards the spindle poles along tracks which have been generated by the 

microtubules. This results in the segregation of the chromosomes into two 

daughter cells following cell division. Clearly, if there were defects in the 

centrosomes, this could result in abnormal spindle formation with subsequent 

abnormal chromosomal segregation and therefore the development of 

aneuploidy.

Centrosomes have been studied in tumour cells by using an antibody to one of 

the centrosome proteins called pericentrin (Pihan, G. A. et a l 1998). 

Interestingly, by using this technique it was found that a number of tumours, 

including breast cancer and cancer cell lines, had abnormal numbers of 

centrosomes in each cell, which were also abnormal in size, shape and 

composition. However, these centrosomes were still functional, so resulting in 

abnormal spindle formation and chromosome segregation. In non-malignant cells 

the centrosomes were indistinguishable from normal cells. Although the 

correlation between abnormal centrosomes and aneuploidy in this study was 

good, it could be that these phenomena simply occur together in the malignant 

process without there being a causal effect. There are several lines of compelling 

evidence though, which support an oncogenic role for abnormal centrosomes. 

For example, transient transfection of normal cells with excess pericentrin results 

in the formation of abnormal centrosomes, abnormal spindle formation and 

chromosome segregation similar to that seen in malignant cells (Purohit and 

Doxsey S. 1997).

STK15 is a centrosome-associated kinase, which has been shown to localise on 

centrosomes in interphase and at each spindle pole in mitosis (Zhou, H. Y. et al 

1998). STK15  maps to 20ql3.2 a chromosomal region which is not only 

frequently amplified in breast (see section 1.2.1.4) but in colon and other 

malignancies (Schlegel, J. et a l 1995; Solinas-Toldo, S. et a l 1996). Zhou and
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colleagues have not only demonstrated that amplification and overexpression of 

STK15 is seen in a number of tumours and cell lines, but this overexpression 

results in amplification of the centrosomes in a proportion of transfected rat cells 

with consequent abnormal chromosomal segregation and significantly, malignant 

transformation. Transfection of normal mammary epithelial cells with STK15 

gave a similar result. Another group has replicated these findings and 

demonstrated tumour formation in rats which are overexpressing this kinase 

(Bischoff, J. R. et al. 1998). Therefore, these studies suggest that overexpression 

of STK15 results in abnormal centrosomes which cause assembly of aberrant 

mitotic spindles and missegregation of chromosomes, thus resulting in gains and 

losses of genetic material.

How STK15 leads to centromere amplification is not yet known, nor are the 

biochemical pathways it is involved in. Interestingly another centrosome 

associated kinase PLKl has also been shown to be overexpressed in non-small 

cell lung tumours (Wolf, G. et al. 1997) suggesting that the identification of 

these and other centromere associated proteins will greatly augment our 

understanding of the mechanisms of tumorigenesis.

Other areas related to centrosome function which we currently do not understand 

are the mechanisms of centrosome duplication and the role of p53. Recent 

studies suggest a role for the cdk2-cyclin E protein complex in centrosome 

duplication but its role in tumour cells remains to be established (Lacey, K. R. et 

al. 1999). p53 has been implicated with regard to centrosome function since in 

p53 null cells, abnormal centrosomes have been found (Lanni, J. S. and Jacks T. 

1998), and loss of p53 in cells in culture results in those cells becoming grossly 

aneuploid (Harvey, M. et al. 1993). However, abnormal centrosomes can also be 

seen in cells with wild-type p53, and importantly p53 mutations often occur late 

in tumorigenesis, whereas aneuploidy occurs early (Lengauer, C. et al. 1998). 

Therefore, while p53 malfunction may play a role in aneuploidy, it is unlikely to 

initiate the process.

Other defects in the cell division machinery, which have been shown to be 

important, are those occurring in mitotic checkpoints (Doxsey, S. 1998).
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Progression through mitosis is controlled by at least two checkpoints, one that 

operates in early prophase and controls mitotic entry and one that controls the 

metaphase/anaphase transition. This latter transition checkpoint is activated by 

kinetochores that remain unattached to the spindle so the cell is delayed in 

metaphase until all the chromosomes are attached. This information occurs via a 

complex interaction of several proteins, which includes Mad and Bub. 

Interestingly in colorectal cancer cell lines exhibiting chromosomal instability 

BUBl mutations have been found, suggesting that abrogation of the checkpoint 

can lead to the development of chromosomal instability (Cahill, D. P. et al. 

1998).

While there are many other sites in the mitotic machinery which could 

potentially result in chromosomal instability, as shown in Figure 1-1, the 

evidence in support of these is currently more speculative. However, work in this 

area should provide us in the future with more insights into aneuploidy and the 

target for novel new cancer agents.

1.1.2.2 Gene amp I ification

Gene amplification is the selective increase of gene copy number, and is better 

termed as DNA amplification (Schwab, M. 1999). The result of amplification is 

overexpression of the products encoded by the amplified gene, and is a means of 

increasing the synthesis of specific gene products beyond the transcriptional 

capacity of a single copy gene. While in some species amplification can be a 

normal event, e.g. the ovaries of the fruitfly during development (Spradling, A.

C. and Mahowald A. P. 1980), in mammals it is always a pathological event. To 

date, it has been seen in two situations; in response to exposure to cytotoxic 

drugs, where it seems to be responsible for inducing drug resistance, for example 

(Rao, P. H. et al. 1998) and in tumorigenesis.

DNA amplification appears cytogenetically as one of two forms. It can either 

appear in metaphase spreads as double minutes, small, spherical usually paired 

chromosome-like structures that lack a centromere and may contain circular
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DNA in chromatin form (Schwab, M. 1999). Alternatively they may appear 

within chromosomes as homogeneously staining regions (HSRs); these stain with 

intermediate intensity throughout their length rather than with the normal light 

and dark banding pattern seen in trypsin-Giemsa-stained preparations. Each 

double minute and HSR contains amplified DNA, which varies both in the 

number of extra copies and the amount of amplified DNA. The MYCN gene in 

neuroblastomas was the first amplified gene to be identified and remains the best 

characterised when considering DNA amplification. The range of DNA copy 

number can be from 5 to 700 fold (Schwab, M. and Amler L. C. 1990), and for 

example in neuroblastoma cells the copy number of MYCN  ranges from 50- to 

100- fold. Copy numbers below 5 need to be interpreted with caution, as they 

may be the result of polyploidy rather than true amplification. The significance 

of this increased copy number remains to be established as discussed in section 

1.1.2.1. It is of interest that in neuroblastomas, some of those tumours which do 

not have amplification of MYCN, do have an abnormal copy number of MYCN. 

It has been suggested that maybe this represents either a prelude to amplification 

or simply an alternative mechanism for activation of MYCN (Schwab, M. 1999). 

The size of the DNA segment, which is amplified, varies around the core domain 

containing the amplified gene. So, in neuroblastomas the size of DNA 

surrounding M YCN  can range from 100 kb to >lMb. The large size of this 

surrounding DNA raises the possibility that other genes may be amplified and 

therefore act in a co-operative manner. To date only two genes have been found 

co-amplified in neuroblastomas. DDXl (Amler, L. C. et a l 1996) which is 

amplified in 50% of tumours with MYCN amplification, and has not been found 

to be amplified by itself, and NAG (Wimmer, K. et a l 1999), which has been 

found in one study to be co-amplified with MYCN  in 9 of 13 tumours. Other 

examples of co-amplification have been found in breast cancer, see 1.2.1.1. The 

arrangement of DNA within amplified sequences has been found to be in a direct 

repeating head-to-tail tandem rearrangement, with no mutations of the coding 

sequence when compared to the normal DNA sequence (Amler, L. C. and 

Schwab M. 1989).

The number of oncogenes which have been found to be amplified in solid 

tumours, is increasing all the time. Table 1-1 shows a list of some of the known
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Cellular Oncogene Location Protein function Type of 
cancer

MYCLl lp34.3 DNA binding protein Small cell lung
NRAS lp l3 GTPase Breast
MYCN 2p24.3 DNA binding protein Neuroblastoma, small 

cell lung, 
medulloblastoma, 
adenocarcinoma 
lung,
rhabdomyosarcoma

REL 2pl2-pl3 DNA binding protein NHL

RAFl 3p25 Serine/threonine protein 
kinase

Non small cell lung

MYB 6q22-q23 DNA binding protein 
(essential for normal 
haematopoiesis)

Leukaemias, colon, 
melanoma

EGFR/ERBBl 7pl2 Epidermal growth factor 
receptor

GBM, bladder, breast

MET 7q31 Hepatocyte growth factor 
receptor

Cell lines from non- 
haematopoietic origin

MYC 8q24.13 DNA binding protein Small-cell lung, 
breast, colon, APL, 
cervix, gastric, CML

ABL 9q34.1 Protein tyrosine kinase CML
HRASl llp l5 .5 GTPase Bladder
BCLl llq l3 .3 Gl/S-specific cyclin Dl Breast, SCC head & 

neck, bladder
INT2 llq l3 .3 Fibroblast growth factor Breast, oesophageal, 

melanoma, SCC head 
& neck

HSTFl llq l3 .3 Fibroblast growth factor Breast, oesophageal
KRAS2 12pl2.1 GTPase Adrenocortical
IN Tl/W N Tl 12ql3 Probable growth factor Retinoblastoma
CDK4 12ql4 Cyclin-dependent kinase Sarcomas, breast
MDM2 12ql4.3-ql5 p53 binding protein Sarcomas, ?GBM
ERRBB2 17ql2-21 Growth factor receptor Breast, ovarian, 

stomach, renal, colon, 
adenocarcinoma 
salivary gland

BCL2 18q21.3 Apotosis inhibitor NHL
BTAK 20ql3 Threonine Kinase Breast, pancreas
A lB l 20ql3 Breast, ovary

Table 1-1. Oncogenes known to be activated by amplification.

Taken mainly from review by Knutilla (Knuutila, S. et al. 1999). Note 

abbreviations, NHL non-Hodgkin’s lymphoma, GBM glioblastoma multiforme, 

APL acute promyelocytic leukaemia, CML chronic myeloid leukaemia and SCC 

squamous cell carcinoma.



21

oncogenes and the type of tumour they are associated with. Previously it was 

thought that only a single oncogene was amplified within any one tumour, but 

this probably reflects the technical limitations of visualising amplification in 

cytogenetic preparations. The advent of techniques such as comparative genomic 

hybridisation has revealed many regions of amplification within any single 

tumour, and consistent regions between tumour types. A recent review has 

shown that approximately 30 recurrent regions of amplification have been 

identified in different tumour types (Knuutila, S. et al. 1999) but there are very 

few candidate genes identified to date. It may be that cooperation does not only 

occur within particular amplified regions but between regions, see Chapter 6 and 

7. Furthermore, the introduction of the DNA array technology is beginning to 

inform our knowledge of the differential amplification within amplicons (Pinkel,

D. et a l 1998).

So what is the underlying mechanism of amplification? The answer to this is not 

clearly understood, but it appears that there are different possible pathways and 

several proposed models depending on the eventual site of the amplified DNA, 

i.e. whether it is intrachromosomal or extrachromosomal (Schwab, M. 1999). 

Intrachromosomal amplification could begin in a number of ways. The DNA 

may undergo unscheduled replication during cell division, part of the DNA may 

be excised during loop formation or intrachromosomal recombination could lead 

to long arrays of repeated DNA by unequal but homologous sister chromatid 

recombination. Alternatively in situ amplification could start following double 

chromatid breakage at a fragile site, the subsequent repair results in chromatid 

fusion telomeric to the oncogene. At anaphase the fused chromatids form a 

bridge where the two copies of the oncogene would be arranged in a head-to- 

head position. If this structure then breaks asymmetrically the daughter cells will 

receive either the chromatid with the duplicated gene or a chromatid with the 

gene deleted. If these breakage-fusion-bridge (BFB) cycles were then repeated 

this would result in inverted amplified structures. This is unlikely to be the 

mechanism for neuroblastoma because as already said the rearrangements are 

usually in tandem and not inverted. Alternatively the DNA can be amplified in a 

chromosomal region which is distant from the original site of the gene. An 

inverted duplicated sequence could be derived as described above and then this
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could be transposed to another chromosome where it is amplified. It is proposed 

that intermediates of this scheme could persist extrachromosomally for some 

period of time, where they would be identified as double minutes.

L I .2.3 Chromosomal translocations

The first specific chromosomal translocation involved in tumorigenesis was 

discovered over 30 years ago, and was originally misidentified as a simple 

chromosomal deletion. It was in 1960 that Nowell and Hungerford first identified 

a small morphologically distinct chromosome which they termed the 

Philadelphia chromosome (Nowell and Hungerford 1960). It was heralded as a 

scientific breakthrough, as it was the first tumour specific abnormality to be 

found and it was anticipated that this would be the first of many specific 

chromosomal aberrations. However, it was another 10 years before other tumour 

specific rearrangements were found, the main reason being technical difficulties. 

The karyotypes of other leukaemias either appeared normal or had an enormous 

number of rearranged chromosomes that simply could not be identified. It was 

the introduction of chromosomal banding in 1970 that revolutionised 

cytogenetics, with the result that chromosomes could now be precisely and 

reliably identified.

In 1972 Rowley (Rowley, J. D. 1973) showed that the small Philadelphia 

chromosome was not only derived from chromosome 22 material but that it was 

a translocation. Another 10 years passed before it could be confirmed that the 

translocation was reciprocal, and perhaps more importantly the genes at the 

breakpoints were identified and the molecular consequences of the translocation 

established (see below).

The consequences of translocations are either gene activation or gene fusion. In 

gene activation, overexpression of certain oncogenes is achieved by juxtaposing 

these genes to enhancer or promoter sequences that are active in the cell type 

from which the tumour arises. Typically an oncogene is brought into the same 

chromosomal context as either an immunoglobulin (Ig) or T cell receptor (TCR)
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gene, resulting in B and T cell malignancies respectively (Sanchez-Garcia, I. 

1997). For example in Burkitts lymphoma the most commonly seen translocation 

is t(8;14)(q24;32) which results in the juxtaposition of MYC to the gene encoding 

the immunoglobulin heavy chain (IgH).

In gene fusion, the chromosome breakpoints split the genes on both partner 

chromosomes. Rejoin of the chromosomes results in juxtaposition of part of each 

gene and the creation of a new composite gene. As the breakpoints disrupt each 

gene within an intron, the coding sequences of both genes are maintained in the 

same reading frame, so following fusion with the new partner the chimeric gene 

results in chimeric transcripts which encode for a chimeric oncoprotein. In the 

example of the Philadelphia chromosome, there are alternative oncoproteins 

formed depending on where the breakpoints have occurred. Classically, the 

carboxy terminus of the ABL gene, a protein-tyrosine kinase, on chromosome 9, 

is fused to the amino terminus of the BCR gene on chromosome 22 to yield 

BCR-ABL^^^^ which is found in CML. BCR encodes a serine kinase and ABL 

encodes a nuclear tyrosine kinase. The chimeric BCR-ABL protein relocates 

from the nucleus to the cytoplasm where it has greatly enhanced tyrosine kinase 

activity and becomes a positive regulator of cell growth (Sawyers, C. L. 1992). 

An alternative product is B C R - A BL ^ wh i ch  is found in acute lymphoblastic 

leukaemia (ALL). Another example of gene fusion is the translocation 

t(15;17)(q22;q21) in acute promyelocytic leukaemia, subtype M3, involving the 

RARA and PML genes. While these examples have specific translocation 

breakpoint partners other translocations have a variety of different partners. So 

for example, breakpoints within MLL on chromosome llq23 has a number of 

different potential partners, resulting in a series of acute leukaemia specific 

proteins (Bernard, O. A. and Berger R. 1995).

The majority of these translocations occur in either haematological (leukaemias 

and lymphomas) or mesenchymal malignancies (sarcomas). Specific 

rearrangements have to date been found in very few solid tumours or carcinomas. 

The t(10;17)(ql 1.2;q23) occurring in papillary thyroid carcinoma is one of the 

few notable exceptions. So why should this be? Is it a real phenomenon or an 

epiphenomenon related to the technical difficulties of studying solid tumours?
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Chromosomes are both easy to obtain and to identify from haematological 

malignancies and sarcomas, whereas in contrast they are much more difficult to 

obtain from solid tumours. If chromosomes are obtained then they tend to be 

small and the karyotypes very complex with multiple rearrangements. 

Furthermore, there is often a lot of tumour heterogeneity making it difficult to 

determine the important changes. It is anticipated that the recent advances in 

FISH methodologies, for example multicolor FISH (Schrock, E. et al. 1996; 

Speicher, M. R. et al. 1996) may provide a resolution to this question and 

identify consistent chromosomal translocations in solid tumours. However, if 

translocations really do occur much less commonly in solid tumours as a primary 

abnormality with pathological significance, the reasons for this are not known.

Another difficulty when considering translocations is why there are consistent 

breakpoints with specific rejoining of chromosomes from different chromosomal 

loci within specific tumour types. It has been hypothesised that it may be related 

to functional constraints (Sanchez-Garcia, I. 1997). Clearly there must be 

biological selection at a number of stages, as there are a number of prerequisites. 

The fusion must not result in a lethal effect upon the cell but offer that particular 

cell type a selective growth advantage. The breaks must have occurred within 

specific introns to permit combination of the functional domains while also 

maintaining the reading frame of the two juxtaposed coding regions. The fusion 

transcripts and proteins must be adequately expressed and stable. The analysis of 

various breakpoint regions has shown no substantial homology thus suggesting 

that nonhomologous recombination mechanisms are occurring. However, it 

would seem unlikely that functional constraints are the sole consideration.

1.1.2.4 Subtle sequence changes

Subtle sequence changes involve base substitutions or deletions or insertions of a 

few nucleotides. While these changes can result in the inactivation of tumour 

suppressor genes and the activation of cellular oncogenes, as discussed above, 

there are specific defects which can arise in mechanisms which should correct 

these changes which needs further discussion. The fidelity of DNA replication
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depends upon two mechanisms, DNA polymerization and DNA repair which 

corrects sequence mistakes which have been generated both by polymerases and 

mutagens. No defects have been found to date in DNA polymerisation in 

tumours, but defects do occur in the DNA repair machinery affecting two of the 

major repair systems; the nucleotide-excision and the mismatch repair pathways.

The nucleotide-excision repair (NER) pathway is responsible for the repair of 

damage to exogenous mutagens. The importance of this pathway was established 

following the study of patients with Xeroderma Pigmentosum, an autosomal 

recessive condition which predisposes affected individuals to skin tumours in 

sun-exposed areas. These tumours arise as a result of mutations in the NER 

genes. Interestingly while mutations in NER genes give rise to an increased risk 

of skin tumours, there is no increased incidence of malignancy in the internal 

organs, and patients heterozygous for these mutations have no increased risk of 

tumour formation than the general population.

The first indicator of the importance of the mismatch repair (MMR) system 

followed the study of patients with colorectal carcinoma, when widespread 

alterations in the poly (A) tracts in their genomes were discovered. Subsequently 

other studies found alterations in other microsatellites leading to the term 

‘microsatellite instability’ (MSI). Although occurring infrequently in sporadic 

colorectal carcinoma, the main importance lies in patients with hereditary non

polyposis colorectal cancer (HNPCC). Linkage analysis mapped the genes 

responsible for HNPCC to 2pl6 and 3p21, and were initially thought to encode 

replication or repair genes. However, Strand and colleagues (Strand, M. et al. 

1993) suggested that the defect may actually be within the mismatch repair 

system, following the study of bacteria which had mutations in the mutS or mutL 

genes and microsatellite instability. This hypothesis was confirmed when the 

human homologue of mut2 was mapped to 2pl6 and inactivating mutations were 

found in this gene in chromosome 2 linked kindreds of HNPCC (Leach, F. S. et 

al. 1993). The mutL human homologue was subsequently mapped to 

chromosome 3p21 and found to be mutant in the germline of the chromsome 3 

linked kindreds of HNPCC (Papadopoulos, N. et al. 1994). Currently there are
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six known homologues of the mutL or mutS genes which when mutated are all 

associated with microsatellite instability in human tumours.

It is predominantly through the study of patients with HNPCC that the role of the 

mismatch repair genes in tumorigenesis has been elucidated. As with TSGs, 

mutations in the germline result in only one normal allele, but this is insufficient 

for MMR. Mutations in the wild type result in abolition of MMR and an 

accumulation of mutations. The daughter cells then accumulate mutations with 

resulting tumour formation. Although mutations in these genes do not directly 

lead to a growth advantage, they are selected for during tumorigenesis.

Interestingly MMR mutations do appear to be tumour restricted. While mutations 

are seen in 13% of colorectal carcinomas and a similar percentage of endometrial 

and gastric tumours (Perucho, M. 1996), they are rarely seen in other tumour 

types, including breast, see section 1.2.3. Indeed the low levels of microsatellite 

instability which are seen in other tumour types probably just reflects near

normal rates of mutation which occur during the multiple rounds of cellular 

division that accompany the clonal expansion during tumorigenesis (Lengauer, 

C. e ta l  1998).

1.2 Breast cancer genetics

The genetics of breast cancer remain poorly understood. While our knowledge of 

the types of genetic alterations and the identification of the genes involved is 

increasing all the time, the way in which these genes interact and the relative 

importance of the timing of these changes has yet to be elucidated. There has 

been considerable progress in understanding the genetic events which underlie 

the progression of many malignancies, with the adenoma-carcinoma sequence 

for colorectal carcinoma being the best example (Cho, K. R. and Vogelstein B. 

1992). However, there is as yet, no clearly defined stepwise accumulation of 

genetic changes to explain breast tumour progression. In part the problem of 

establishing a genetic pathway for progression is related to the uncertainties of 

pathological progression which will be discussed in further detail later (see
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section 1.4). Briefly, there is no clear phenotype with which to correlate 

genotype. Furthermore, there are distinct tumour subtypes which are both 

different morphologically and biologically, so it may be expected that these 

tumours will have different genetic changes. However, most studies consider 

breast cancer as a homogenous group.

All types of chromosomal abnormality which have been discussed above, have 

been reported to occur in breast cancer, but certain events are more common than 

others, namely numerical chromosomal alterations and gene amplifications. 

While there is much data on the different genetic regions which are involved, the 

genes which are affected by these changes are often not known. For example, 

CGH has identified a number of consistently amplified regions in breast cancer. 

In a recent review, 19 regions were found (Knuutila, S. et al. 1999) and if the 

number of regions of simple gain are included, this number is even higher 

(Tirkkonen, M. et a l 1998). Yet surprisingly, only three of these regions have 

been associated with established oncogenes, ERRB2 at 17ql2, MYC at 8q24, and 

C C N D l and £  A/5'/  at l lq l3 ,  with two further regions under intense 

investigation. Similarly of the many regions of loss found relatively few tumour 

suppressor genes have been identified.

Conversely, there are many genes which have been found altered and are either 

known or suspected to be involved in the aetiology of breast cancer. The 

literature on this subject is vast and indeed it has been suggested that at the 

current publication rate (which continues to increase), one would need to scan in 

excess of 130 journals and read in excess of 27 papers a day to keep up with the 

field (Baasiri, R. A. et al. 1999)! To cope with such vast amounts of data the 

Breast Cancer Gene Database (BCGD) has been established. The data has been 

extracted from published biomedical literature, and can be found at 

http://mbcr.bcm.tmc.edu/ermb/bcgd/bcgd.html. It contains a comprehensive list 

of genes involved in breast cancer, 60 to date, see Table 1-2. For each gene there 

is information on a specific set of topics including, cytogenetic location, the type 

of gene (oncogene or TSG), the function, size, structure and biochemical type of 

the protein. It can be seen from Table 1-2 that reports of alterations in some 

genes are limited to single publications whereas for other genes e.g. p53, there

http://mbcr.bcm.tmc.edu/ermb/bcgd/bcgd.html
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Gene
symbol

Pseudonyms PubMed
citations

AIBl 10
AKT2 Homologue o f the mouse AKT virus v-akt gene 32
APC Adenomatous Polyposis Coli gene 1307
APS PSA 3495
ATM Ataxia telangectasia, ATI, AT, ATA, ATC, ATD 6277
BCLl B-cell Chronic Lymphatic Leukaemia Gene 1 461
BCL2 B-cell Chronic Lymphatic Leukaemia Gene 2 4663
BRCAl 1044
BRCA2 503
CCNDl Parathyroid Adenomatosis-1, Cyclin D l, PRADl, Cyclin D1 I2I8
CDKN2 A group which includes CDKN2A, CDKN2B, CDKN2C and CDKN2D.

pl6Ink4a, p i6, CDK4 Inhibitor, TP 16, CDKN2A II6I
C0LI8A1 Endostatin 41
CTSD Cathepsin D 709
DCC 570
EGF 4961
EGFR ERBB, ERBB-1 4827
EM Sl 27
ERBB2 EGFR2, NEU, HER2, HER-2, NGL 3495
ERBB3 277
ESR] Estrogen receptor, ER, ESR 7481
FCCl MSH2 268
FCC2 MLHl 202
FGF3 INT2 385
FGF4 HST 319
FGFRl FGF receptor -  acidic, FLG 237
FGFR2 BEK 234
FGFR4 49
GHl Growth hormone, pituitary growth hormone, GH 4098
GRB7 14
HRAS H-Ras, Ha-RAS, Harvey-RAS, RASH, bas (mouse), RAS* 4609
IGFIR IGFl receptor 15
KIT 2179
KRAS2 KRAS, Ki-RAS, Kirsten RAS, RASK, RAS* 1194
LMYC myc 1 249
M6P/IGF2R Receptor for Mannose 6 Phosphate, Mannose 6 Phosphate/Insulin-Like

Growth Factor II receptor, IGFII/M6Pr, M6P/IGFIIr, MPRI 5
MCC 204
MDM2 651
MET 2853
MYC 9582
NF2 338
NM El NM23, NME23, NM23-HI 444
NRAS N-RAS, RASN, RAS* 1065
PGR Progesterone receptor 680
PHB 24
PEG Angiostatin, Plasminogen 3040
PLAT Tissue Plasminogen Activator, TP A 4709
PRL Prolactin 1972
PTH D IIS287. May be a recombinant event between PTH and MEN I

1246
PTPIB 26
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PTPRF HPTPg 1
RBI Rb, Retinoblastoma 6832
SNCG Gamma-Synuclein, Breast cancer specific gene 1, BCSGl 3
SSTR Somatostatin receptor. There are 4 somatostatin genes, SSTR1-SSTR5

502
SRC 5710
TFAP2C AP-2 gamma 1
TGFA TGF alpha 1243
THRA Thyroid hormone receptor, T3alpha, THRAl, erbA 590
TP53 p53 12542
TSGlOl Tumour susceptibility gene 101 27
Urokinase Urokinase Plasminogen activator, PLAU, URK, Urinary plasminogen

activator, u-PA 1650
VIM Vimentin N.D
WNTIOB N.D

Table 1-2. Genes included in the Breast Cancer Gene Database (10/99).

Taken from (Baasiri, R. A. et al 1999). All of the genes listed here are either 

known or suspected to be of aetiologic or prognostic importance in some breast 

cancers.

* Many publications use RAS without specifying HRAS, KRAS or NRAS.
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are numerous (12 542) publications. Some of the more common genes which 

have definitely been established as playing a role in sporadic breast cancer will 

be discussed.

1,2,1 Oncogenes involved in breast cancer

This section will discuss both oncogenes known to be involved in breast 

tumorigenesis and two regions which are currently under investigation, as they 

are either suspected or are known to contain oncogenes, but the identity of 

all/some of these genes are not yet known.

7.27.7 ERBB2, HER2/NEU- 17ql2

ERRB2 or H ER2/NEU  has been extensively studied in breast carcinoma. 

Although overexpression of this gene was first found in approximately 30% of 

breast cancers, it has since been found to be overexpressed in ovarian, lung, 

gastric and oral cancers (Werkmeister, R. et a l 1996; Nessling, M. et a l 1998; 

Ross, J. S. et a l 1999). ERBB2 maps to 17ql2 and encodes a 185 kDa 

transmembrane growth factor receptor, which is a member of the epidermal 

growth factor receptor (EGFR) family, which also includes EGFR, HER-3 and 

HER-4 (Hung, M. C. and Lau Y. K. 1999). All the EGFR family of proteins have 

intrinsic tyrosine kinase activity and are capable of forming heterodimers. To 

date no ligands have been identified which bind specifically to the ERBB2 

receptor. Once activated the ERBB2 protein can interact with many different 

cellular proteins. Downstream substrates of ERBB2 include the following; 

mitogen- activated protein (MAP) kinase, PI-3-kinase. She, PLC-y and GAP, all 

of which play a role in the signal transduction pathway.

The usual mechanism for causing overexpression of ERBB2 is amplification, but 

overexpression without gene amplification can occur. Overexpression is seen in 

less than 3% of tumours (Hung, M. C. and Lau Y. K. 1999), and occurs as a 

result of a point mutation in the transmembrane domain. It is thought that by 

whatever mechanism overexpression arises, the increased formation and
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stabilisation of the receptor dimers, permits the protein to remain in an active 

state (Hung, M. C. and Lau Y. K. 1999). Primary breast tumours examined by 

fluorescence in situ hybridisation (FISH) have shown that the degree of 

amplification can be up to 100 copies (Kallioniemi, O. P. et al. 1992). In tumours 

where high level amplification was seen, it was always seen as clusters 

suggesting intrachromosomal amplification. Furthermore, both the number of 

clusters and the number of copies per cluster were variable.

Studies of patients with HER2-overexpressing tumours have shown that the 

overall survival rate and time to relapse for these patients is significantly shorter 

than in those patients whose tumours do not overexpress the protein (Slamon, D. 

J. et al. 1987). As a result of these findings there has been much research effort 

into finding ways to target the HER2/neu protein expression in overexpressing 

tumours. Perhaps the most exciting development to date has been the 

introduction of a recombinant humanised monoclonal antibody directed against 

HER2/neu, called trastuzumab (Herceptin; Genentech San Francisco, CA). This 

agent has been used in clinical trials for the treatment of patients with HER2- 

overexpressing metastatic disease. In a phase III trial of 222 patients (213 of 

whom received treatment) with metastatic disease refractory to conventional 

therapy, single agent trastuzumab gave a response rate of 15%, (8 confirmed 

complete responses and 25 confirmed partial responses) and was well tolerated 

(Cobleigh, M. A. et al. 1999). In another phase III trial it was used in 

combination with chemotherapy, as a first-line treatment for metastatic disease. 

The results of this trial have only been published in abstract form but in those 

patients receiving chemotherapy plus trastuzumab there was an improvement in 

time to disease progression and response rates, compared to those patients 

receiving chemotherapy alone.

Other approaches currently being tested to manipulate HER2 overexpression 

include blocking its expression using antisense constructs, either as DNA or 

oligonucleotides, but this is still in the preclinical stage (Hung, M. C. and Lau Y. 

K. 1999). Another approach is to target the ERBB2 promoter, the El A protein 

has been found to repress ERBB2 promoter function. Phase I clinical trials of 

gene therapy using El A to suppress ERBB2 expression have shown promise and
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a phase II trial is about to begin (Hung, M. C. and Lau Y. K. 1999). The exciting 

development from all this work, however, is that a genetic aberration, which has 

been found in a tumour, has lead directly to novel therapeutic options. As more is 

learnt about the genetics of breast and other malignancies we can hope that this 

will permit more effective therapies to be developed.

MYC is amplified in 4%-41% of breast tumours (Bieche, I. and Lidereau R.

1995). While most overexpression is usually secondary to amplification, 

translocations and/or point mutations have also been described (Bishop, J. M.

1991) and it can be altered by regulatory means (Bieche, I. and Lidereau R.

1995). MYC encodes a 59-62 kDa nuclear protein which is involved in normal 

growth differentiation and apoptosis. MYC acts as a transciption factor which 

has both helix-loop-helix and leucine zipper domains which allows the formation 

of DNA-binding protein complexes. Activity depends upon MYC binding to 

MAX, which is a competitive interaction with several other proteins including 

MAD and M xil. MYC  has been found to be amplified in in situ disease and 

primary tumours thus suggesting it is an important early event, but it has not 

been found in paired métastasés (Driouch, K. et al. 1997), suggesting it is not 

necessary for metastasis.

Gain of the whole of the long arm of chromosome 8 is one of the most common 

changes seen in breast cancer (Tirkkonen, M. et a l 1998). Interestingly it has 

also been correlated with an increased risk of recurrence in node negative breast 

tumours (Isola, J. J. et al. 1995) and therefore a potential marker of poor 

prognostic disease. Whether this is related just to overexpression of MYC or 

whether other genes are involved is uncertain, but it would certainly seem likely 

that there must be overexpression of other genes. A discussion of these potential 

candidate genes will be discussed in Chapter 7.

1.2.1.3 CCNDl andESMl -  l l q l S
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The amplicon at l lq l3  is large spanning between 2.5-5Mb, and is amplified in 

about 13% of primary tumours (Fantl, V. et al. 1993). It is an interesting 

amplicon because a number of candidate genes have been found to be amplified; 

however, not all of these genes are overexpressed. Within the amplicon the genes 

which have been identified to date are INT-2/FGF-3, HST-l/FGF-4, CCNDl and 

E M Sl. Interestingly while both lNT-2 and H ST-1 encode members of the 

fibroblast growth factor family and therefore represent strong candidate genes, 

they are infrequently over-expressed in breast tumours (Schuuring, E. et al.

1992). In contrast both CCNDl and EMSl are overexpressed in tumours with the 

1 lq l3  amplicon. CCNDl encodes the cell cycle regulatory gene cyclin Dl and 

EM Sl encodes a filamentous actin binding protein. It is thought that increased 

EM Sl activity may lead to a disturbance of the cytoskeletal structures thus 

resulting in impaired adhesion and metastasis. An interesting study by Hui and 

colleagues (Hui, R. et al. 1997) has studied the relationship between the different 

genes within the 1 lq l3  amplicon to see whether or not they are co-amplified. 

They found that in 961 tumours examined, EM Sl was amplified in 15.2% of 

tumours, of these 6.7% only had EMSl amplification, 5.4% had co-amplification 

of CCND l and 7.9% had co-amplification of lNT-2. When an analysis was 

performed to assess the degree of concordance of gene amplification, it was 

found that there was a high correlation of amplification between CCNDl and 

lNT-2, which did not exist between EM Sl and INT-2, similarly there was no 

association between amplification of CCNDl and EMSl. This may be explained 

by their relative positions within the amplicon, CCNDl and INT-2 are closely 

associated being only 125-160kb apart, whereas E S M l  is at least 800kb 

telomeric to CCNDl and 640kb telomeric to lNT-2. When the phenotype of the 

tumours was compared with either E M Sl amplification or CCNDlilNT-2 

amplification it was found that several differences emerged. EMSl amplification 

was significantly correlated with patient age (>50), ER and PR positivity, and 

negatively correlated with H E R 2 /N E U  amplification. Tumours with 

amplification of all three genes were associated with an increased risk of relapse 

in patients with lymph node-negative disease. Interestingly however, a 

distinction could then be made depending on the ER receptor status. So, ER 

positive tumours with CCNDl/INT-2 amplification were associated with early 

relapse whereas those with E M Sl amplification were not. In contrast ER
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negative tumours with EMSl amplification showed an increased risk of relapse 

and death whereas those with CCNDl/INT-2 tumours did not. Thus these data 

suggest that differential amplification within this amplicon alone could give rise 

to different phenotypes. Functional studies to try to explain these phenotypic 

differences remain to be done.

1.2.1.4 Chromosome 20q

The importance of genes on the long arm of chromosome 20 in breast 

tumorigenesis was first established by CGH (Kallioniemi, A. et al 1994), where 

it was found that 18% of breast tumours showed high level amplification at 

20ql3. The interest in this region was enhanced when amplification was found to 

be associated with prognosis. In the same study that found gain of 8q to be a 

marker of poor prognosis, node negative tumours which had 20ql3 amplification 

were found to have a shorter disease free interval (Isola, J. J. et a l 1995), which 

was subsequently confirmed by a larger study (Tanner, M. M. et a l 1995).

Subsequently microdissection of HSRs from breast tumour cell lines showed 

amplification of a larger overlapping chromosomal region 20ql 1-13.2 (Guan, X. 

Y. et a l 1996). These discoveries lead to a huge positional cloning effort, by a 

number of different groups, to identify the genes involved. Following the initial 

CGH analysis, the same group went on to define a 1.5Mb minimally amplified 

region at 20ql3.2 (Tanner, M. M. et a l 1994) using interphase FISH with 

cosmid and PI clones. Further investigation revealed a number of tumours which 

showed independent amplification or co-amplification of two other regions on 

20q at 20q ll and 20ql2 (Tanner, M. M. et a l 1996), i.e. within the area 

originally defined by Guan. Guan and colleagues (Guan, X. Y. et a l 1996) 

continued to use chromosome microdissection in combination with hybrid 

selection to clone expressed sequences from 20q, and identified three novel 

genes AIB3 and AIB4 which map to 20ql 1 and AlB l which maps to 20ql2. AlBl 

(amplified in breast-1) has since been confirmed to be amplified in 10% and 

overexpressed in 64% of primary breast tumours (Anzick, S. L. et a l 1997). It is 

a member of the SRC-1 family of nuclear receptor co-activators, and interacts
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with the oestrogen receptor where it functions to enhance ER dependent 

transcription. In view of this function it is perhaps not surprising that it has been 

found to correlate with oestrogen receptor positivity (Bautista, S. et al. 1998), but 

amplification of AIBl has also been shown to correlate with progesterone 

receptor positivity and tumour size. As has been mentioned above CC ND l 

amplification correlates with ER positive tumours, but in this study CCNDl did 

not correlate with AIBl amplification suggesting that these amplifications may 

define two different subsets of ER positive tumours. The function and 

importance of AIB3 and AIB4 remains to be established. Other genes within this 

area have been excluded as candidates, for example, the cellular apoptosis 

susceptibility {CAS) gene at 2Oq 13.1 (Tanner, M. M. et al. 1996).

BTAK (breast tumour amplified kinase) maps to 20ql3 close to the critical region 

of amplification. It was identified at a similar time to AIBl (Sen, S. et al. 1997) 

using cDNA selection of expressed sequences from a Y AC based physical map 

of the amplified region on 20q. It was originally found to be amplified and 

overexpressed in three breast tumour cell lines (Sen, S. et al. 1997) and 

subsequently in primary breast and other tumours (Zhou, H. Y. et al. 1998). It 

was later found that the partial DNA sequence of BTAK  was identical to part of 

another gene which had been termed aurora2 (Bischoff, J. R. et al. 1998), which 

was also identical to another gene which had been called AIKl (Kimura, M. et al. 

1997). Now, the approved gene symbol for the BTAK/aurora2/AIKl gene is 

STK15. It encodes a member of the protein serine threonine kinase family. 

Functional studies of this gene have proven to be very interesting, as has already 

been discussed above (see section 1.1.2.1).

Proximal to the STK15 gene, an approximate 1Mb region on 20ql3.2 with a 

minimal region of amplification of 260-kb has been characterised (Collins, C. et 

al. 1998). It has been found to contain 5 genes and a pseudogene: P IC IL , 

ZNF217, ZNF218, NABCl (TVovel simplified in Breast Cancer-7) CYP24 and 

CRP (Cyclophillin 7?elated Bseudogene). Three of these genes, PICIL, ZNF218 

and CYP24, could be excluded as candidate genes as they were not expressed in 

the breast cancer cell lines which had amplification at 20ql3.2. The other two 

genes are possible candidate genes and have been characterised in some detail.
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NABCl was highly expressed in cell lines which showed amplification, 

furthermore, it was also overexpressed in the absence of amplification in one cell 

line, and was amplified but not overexpressed in another cell line. It is predicted 

to encode a 585-aa protein of unknown function. However, although a functional 

candidate, it does map outside the 260-kb region of minimal amplification. In 

contrast, ZNF217, maps to a narrowly defined region of maximal amplification 

apparently devoid of other transcribed genes. It is transcribed in many normal 

tissues and is overexpressed in cell lines with amplification and also in two cell 

lines without amplification. From the DNA sequence analysis it is predicted to 

encode a transcription factor with eight C2H2 Kruppel-like DNA binding motifs 

and a proline-rich transcription-activation domain.

1.2.1.5 Chromosome 17q

Another region of the long arm of chromosome 17, 17q22-24, has been found to 

be amplified in 18% of breast tumours and independently of E R B B 2 

(Kallioniemi, A. et al. 1994). Interestingly this region is commonly amplified 

(87%) in patients carrying BRCA2 mutations (Tirkkonen, M. et al. 1997). As 

with the long arm of chromosome 20, this has lead to a huge positional cloning 

effort. Also as with the region on 20q, further investigation using FISH has 

revealed the presence of several discrete smaller amplification units (Barlund, M. 

et al. 1997). Within this region there are actually two independently amplified 

regions separated by 5Mb. There are several candidate genes for these regions 

including BCL5, GRB2, HLF, HLRl, PKCA, PRKARIA and ZNF147. Although 

to date there is confirmatory evidence for only one candidate gene. PS6K maps 

to 17q23 (Couch, F. J. et al. 1999), and has been found amplified in breast 

cancer. It encodes a serine threonine kinase, which when activated is thought to 

regulate a wide variety of cellular processes involved in the mitogenic response 

including protein synthesis, translation of specific mRNA species and cell cycle 

progression from Gi to S phase.

1.2,2 Tumour suppressor genes involved in breast cancer
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The number of specific tumour suppressor genes known to be involved in breast 

cancer is limited. However, even from a relatively old review of allelotyping data 

(Devilee, P. and Comelisse C. J. 1994) every chromosomal arm has been found 

to be affected to some extent, with 11 chromosomal arms affected in >25% of the 

tumours studied. It is interesting to note that when studies have been done using 

a high number of markers per chromosomal arm (for example >10 per arm), 

there are a large number of tumours showing a ‘zebra’ or ‘harlequin’ pattern of 

LOH. These are tumours in which there are multiple, alternating regions of 

retention and loss of heterozygosity. This is difficult to explain. It may be that 

the two chromosomal homologues show simple loss at different non-overlapping 

subchromosomal regions. It may be that there really are a large number of 

different target genes within these regions. Whatever the explanation it 

emphasises the complexity of the genetic changes seen in breast cancer.

1.2.2.1 BRCAl andBRCA2

BRCAl and BRCAl are included because of the importance of these genes in 

familial breast cancer; together they are responsible for most of the cases of 

inherited disease which accounts for 10% of all breast tumours. However, 

interestingly their role in sporadic disease remains to be determined. While allele 

loss in sporadic breast cancer, has been seen on chromosomes 17q and 13q at the 

positions where the BRCAl and BRCAl genes map respectively, to date there 

have been no mutations described in the BRCAl gene (Yang, X. and Lippman M. 

E. 1999) and rarely have mutations been seen in the BRCAl gene (Miki, Y. et al.

1996). So, does this mean that these genes are not involved in sporadic breast 

cancer? While there is very little data for the BRCAl gene there are several lines 

of evidence which suggests that the BRCAl gene is involved. It has been shown 

that inhibition of the expression of BRC Al using antisense oligonucleotides 

results in acceleration of the growth of both normal and malignant mammary 

cells (Thompson, M. E. et al. 1995). Transfection of the wild-type BRCAl has 

been shown to inhibit growth of breast and ovarian cells both in vitro and in vivo 

(Holt, J. T. et al. 1996), again supporting a role for it as a tumour suppressor. 

Perhaps most interestingly reduced expression of BRCAl has been found in
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breast tumours (Thompson, M. E. et al. 1995) and this loss of expression 

correlates with the grade of tumour (Wilson, C. A. et a l 1999). High grade 

tumours have absent or weak BRCAl expression compared to low grade 

tumours. Although the mechanism responsible for this reduced expression is 

unclear, there are various mechanisms postulated some of which have been 

confirmed (Catteau, A. et al. 1999a), some refuted (Catteau, A. et a l 1999b; 

Wilson, C. A. et al. 1999) and others for which there is no evidence either way. 

Promoter méthylation is a possible mechanism which has been found to occur, 

but in only a small proportion (11%) of tumours (Catteau, A. et a l 1999a). Thus 

it cannot account for all cases of reduced expression. Mutations in the promotor 

region of the BRCAl gene, while a possible mechanism, have been excluded as 

frequent events (Catteau, A. et al. 1999b). Similarly loss of BRCAl due to 

incorrect subcellular localisation which had been reported previously, has also 

been excluded with the use of more specific antibodies (Wilson, C. A. et al. 

1999). These have confirmed that BRCAl is confined to the nucleus and not 

found in the cytoplasm. Possible regulation of BRCAl at the translational level 

remains to be determined (Wilson, C. A. et al. 1999). However, the decreased 

expression of BRCAl by mechanisms yet to be determined is interesting and 

analogous to our findings for CDHl, in grade I breast tumours (see Chapter 5).

1.2.2.2 CDHl

CDHl maps to 16q22.1 a region frequently lost in breast cancer. The role of 

CDHl in breast cancer will be discussed in Chapter 5.

1.2.2.3 TP53

There is more data regarding the involvement of TP53 in breast cancer than any 

other gene, with the number of publications exceeding 12000 (Baasiri, R. A. et 

al. 1999). While frequently cited as the most common genetic abnormality seen 

in tumours; mutated in up to 50% of tumours, it is mutated in only 20-25% of 

breast tumours (Devilee, P. and Comelisse C. J. 1994). It has been associated 

with advanced stage tumours suggesting that maybe TP53 mutations are a late
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event. Inherited mutations of TP53 are seen in the Li-Fraumeni syndrome which 

predisposes carriers to a number of malignancies including breast cancer. TP53 

encodes a 53kDa transcription factor, that binds as a tetramer to a specific DNA 

sequence, and regulates both cell proliferation and apoptosis. The p53 protein is 

important in the Gl checkpoint of the cell cycle. Following DNA damage p53 

accumulates and results in the cell being arrested in G l. If DNA repair is not 

possible then the cell will undergo apoptosis. The majority of TP53 mutations 

found in breast cancer are missense mutations resulting in p53 proteins which 

have altered or absent transcriptional regulatory activities, and are associated 

with a high concentration of p53 detectable by immunohistochemistry. Missense 

p53 proteins are thought to act in a dominant-negative manner by binding to and 

inactivating wild-type p53. Null mutations due to nonsense, frameshift and 

splice-site mutations result in truncated proteins or products of abnormal 

splicing. These act in a recessive manner at the cellular level. Most mutations 

occur in exons 5-8, but in one study 20% of mutations were found outside of 

these exons and were predominantly of the null type (Hartmann, A. et a l 1995).

The relationship of TP53 mutations to prognosis in breast cancer remains to be 

determined, but evidence is accumulating that TP53 may be a marker of poor 

prognosis. Several studies have shown that TP53 mutations correlate with an 

increased risk for both recurrence and death (Kovach, J. S. et a l 1996). There 

appears to be no difference in outcome, depending on the type of mutation. 

Interestingly in this study TP53 mutations predicted poor outcome in patients 

who were node negative at the time of presentation. This is of particular interest 

as if these findings are confirmed in a larger study, patients presenting with 

node-negative disease, but with TP53 mutations may require more aggressive 

therapy. The reason for an association between poor prognosis and TP53 

mutations is unclear, but it has been suggested that the tumour cells may have an 

increased proliferative activity or an increased resistance to chemotherapeutic 

agents (Hartmann, A. et a l 1997). This latter hypothesis is based upon in vitro 

evidence, but studies in breast cancer have failed to find a correlation between 

overexpression of p53 and a failure of response to chemotherapy (Makris, A. et 

al 1995).
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1,2,3 Microsatellite instability in breast cancer

The role of mismatch repair errors in breast cancer has been controversial. While 

there have been relatively few studies to address this issue, the published work 

has been contradictory. Some studies suggest absent or infrequent microsatellite 

instability (Toyama, T. et al. 1996; Formantici, C. et al. 1999) while other 

studies suggest a high frequency of instability (Walsh, T. et al. 1998) particularly 

in certain histological subtypes. For example, in lobular breast carcinomas the 

reported frequency has been as high as 39% (Aldaz, C. M. et al. 1995). The 

reasons for these discrepancies are difficult to confirm. However, possible 

explanations include technical reasons with PCR artefact resulting in the 

appearance of spurious bands and apparent altered length microsatellites. The use 

of tri- and tetra-nucleotide markers may result in an increased detection of 

alterations compared to di-nucleotide markers (Mao, L. et al. 1994). The small 

number of tumours and/or microsatellite markers analysed in some studies may 

lead to spurious results. Or there may be actual population differences which do 

lead to a true difference in the frequency of MI seen, for example the population 

studied by Toyama and colleagues were Japanese women (Toyama, T. et al.

1996).

The largest and most comprehensive study done to date suggests that 

microsatellite instability and mismatch repair deficiencies occur infrequently in 

breast cancer (Anbazhagan, R. et al. 1999). 267 breast tumours were examined 

using 102 dinucleotide repeat and two mononucleotide repeat microsatellite 

markers from 11 chromosomes. The tumours used were representative of 

different histological subtypes and stages. No single example of microsatellite 

instability was seen. Furthermore, the authors went on to examine a further 61 

tumours looking for mutations in genes which have simple nucleotide repeats, 

TGFPRII, IGRIIR, BAX  and E2F-4 genes. These are frequently mutated in 

patients with MSI but again no mutations were found in the breast tumours 

studied. Other indirect evidence against microsatellite instability playing a 

significant role in the pathogenesis of breast cancer is that in HNPCC kindreds 

where there are germ-line mutations in specific mismatch repair genes, as
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discussed above, the incidence of breast cancer is not significantly increased 

(Watson, P. and Lynch H. T. 1993).

1,2,4 Chromosomal translocations in breast cancer

Specific chromosomal translocations, as discussed above, are rarely seen in 

epithelial solid tumours. Breast cancer is no exception, but perhaps the best 

candidate is the t(l ;16) which is seen in a proportion of tumours (Tsuda, H. et al. 

1999a). However, it is thought not to result in the specific activation of any 

oncogenes, but rather to exert its effects by a dosage effect of the translocation. 

Furthermore, there is doubt as to whether it is a primary event or secondary to 

other genetic changes (Mrozek, K. and Bloomfield C. D. 1998). This 

translocation will be discussed further in chapter 3.

1,2,5 Co-existence o f genetic changes

Another interesting question and one that has not really been addressed 

previously is what genetic changes occur together. Partly this is because genetic 

regions have often been studied in isolation rather than considering all the other 

genetic aberrations that may be present within that tumour. The technique of 

comparative genomic hybridisation together with the new array based 

technologies ideally lend themselves to addressing this particular issue. Courjal 

and colleagues (Courjal, F. et al. 1997) have suggested that genetic alterations 

which occur together may be of biological importance, and furthermore that they 

correlate with phenotype. In a study of 1875 breast tumours they were able to 

define three subsets on the basis of correlating specific regions of amplification 

with phenotypic features. Tumours with amplifications of 1 lq l3  also showed 

amplifications of 8pl2 and 20ql3.2, and were predominantly ER positive and 

lobular in type. Another group had predominantly ER BB2 and/or M YC  

amplification and tended to be ER negative and ductal in type. M Y C  

amplification and ER negative tumours has also been seen by other groups 

(Persons, D. L. et al. 1997). Amplification of 12ql3 could be seen in either
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group. A third group showed no amplifications and these tended to be more 

diploid tumours. However, this work was done from a genetic perspective, 

grouping common genetic changes and then correlating these with phenotype. It 

may be that in terms of identifying important phenotypic correlations, tumours 

should first be grouped according to phenotype and then the question asked what 

genetic changes do these phenotypically, biologically similar tumours share.

A big challenge in the future understanding of breast tumorigenesis is not just to 

identify all the genes involved but to understand how these changes are involved. 

How do they interact to give rise to tumour formation? This in part may be 

answered by the new technologies of expression analysis to understand the 

genetic events occurring together.

1.3 Breast pathology

Before the morphology of the abnormal breast can be discussed it is necessary to 

describe the histological appearances of the normal breast.

1,3,1 The normal breast

Normal mammary epithelium actually accounts for very little of the overall 

breast tissue, yet it is from the epithelium that most breast diseases derive. The 

epithelium is arranged into 10-15 segments per breast, each consisting of a 

branching structure that has been likened to a flowering tree (Millis, R. R. et al 

1999). In this analogy the ‘flowers’ are termed lobules and are connected to their 

‘twigs and branches’ by ductules and ducts, the ‘trunk’ being the main collecting 

duct which opens onto the surface of the nipple. Figure 1-2. Each lobule consists 

of a number of blind-ending terminal ductules (which can also be termed acini). 

Each lobule together with its terminal duct is also referred to as the terminal duct 

lobular unit (TDLU) and it is from this particular region that most pathological 

lesions arise. Throughout the duct system the epithelium is bilayered consisting 

of an inner epithelial layer of cuboidal or columnar cells and an outer 

myoepithelial layer. Within the lobules there is stroma which is a loose
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Acinus

Intralobular 
terminal duct
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terminal duct
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Epithelial hyperplasia 
and most carcinom as

Fbroadenom as, 
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Figure 1-2. A diagrammatic representation of the breast.

Taken from (Millis, R. R. et al. 1999). The terminal duct lobule unit (TDLU) is 

shown. It comprises a terminal duct with its associated lobule and it is from this 

unit that most pathological conditions arise. It can be seen that many TDLUs 

open onto ducts, which in turn join up to form main ducts which open out onto 

the nipple.
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Tumour type Approximate % of different types

In situ carcinoma
In situ ductal carcinoma 5
In situ lobular carcinoma 2
In situ carcinoma with microinvasion 1

Infiltrating carcinoma
Infiltrating ductal carcinoma
Of no special type (NST) or not otherwise
specified (NOS) 72
With special features
Medullary carcinoma with lymphoid stroma
(typical) 1
Mucinous carcinoma (pure) 2
Tubular and/or cribiform carcinoma 3

Infiltrating lobular carcinoma 12

Rare varieties of mammary carcinoma 2
Adenoid cystic carcinoma
Carcinoma with endocrine features
Signet-ring cell carcinoma
Secretory or juvenile carcinoma
Apocrine carcinoma
Metaplastic (sarcomatoid) carcinoma
Squamous cell carcinoma
Carcinoma with particular clinical manifestations
Paget’s disease of the nipple
Inflammatory carcinoma

Table 1-3. A modification of the World Health Organisation classification of 

mammary carcinoma.

Taken from (Millis, R. R. et al 1999).
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fïbrovascular structure whereas the stroma between lobules is much denser. The 

size and number of lobules vary throughout life, most notably increasing 

dramatically during pregnancy and lactation this increase in size and number is 

achieved at the expense of the surrounding stroma.

Historically, pathological lesions arising in the breast were described as deriving 

from either the lobular acini or the larger ducts and were therefore termed 

lobular or ductal lesions respectively. This has been questioned in recent years, 

and it is now thought more likely that both lobular and ductal lesions actually 

derive from the lobule or TDLU, as discussed above (Millis, R. R. et al. 1999). 

However, because lesions do behave differently depending on whether they are 

lobular or ductal this remains a clinically useful subdivision.

1,3,2 Malignancies in the breast

Mammary carcinoma encompasses a number of different pathological subtypes. 

Table 1-3. These can be divided into two major groups, in situ or invasive 

disease. Each of these can then be described as either lobular. Figure 1-3 or 

ductal in type. Figure 1-4. In situ disease accounts for 8% of breast malignancies 

overall. It is the term used to describe proliferation of epithelium that has 

undergone malignant transformation. Critically however the cells have remained 

at their original location and maintain the presence of a basement membrane. 

This is important because the epithelial layer has no blood vessels or lymphatics, 

therefore metastatic spread cannot occur until the malignant cells have crossed 

the basement membrane. Whereas ductal carcinoma in situ is very heterogeneous 

in terms of clinical features, histology, biology and most importantly clinical 

behaviour, lobular carcinoma in situ is a more homogeneous entity. Both are 

precursors for invasive disease. Most evidence for this has come from studies of 

women with lobular carcinoma in situ. Following biopsy alone 20%-35% of 

women will develop invasive disease (Rosen, P. P. et al. 1980), with the 

subsequent carcinoma occurring in either breast, up to 20 years later and can be 

either lobular or ductal in type (Rosen, P. P. et al. 1980). The follow up data for 

ductal carcinoma in situ is rather less well documented, and more controversial.



Figure 1-3. Lobular carcinoma in situ.

The lobular architecture is retained. Acini are distended and distorted by a 
monomorphic population o f  cells with loss o f  cohesion. The lumina are 
completely obliterated.
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Figure 1-4. Ductal carcinoma in situ.

The malignant cells are polarised around sharply defined spaces. The 
cells are relatively small and monomorphic. The overall appearance is 
monotonous.
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Studies have shown the incidence of subsequent carcinoma ranging from 25%- 

75% (Rosen, P. P. et al. 1980). However, the subsequent tumours occur in the 

same breast and usually in the same quadrant as the original biopsy. They are 

always ductal in type.

While the morphology of different invasive carcinomas is distinctive, there are 

less differences in their biological behaviour than the in situ disease, although 

they do behave differently clinically. Lobular breast carcinoma are often 

multifocal and bilateral, whereas ductal carcinoma are unifocal and unilateral. 

Ductal carcinoma metastasise to common sites such as the lymph nodes, lungs, 

liver and bones, whereas lobular carcinoma are more likely to metastasise to 

unusual sites, for example, the gastrointestinal tract, the endometrium, 

retroperitoneum and meninges.

Lobular carcinoma has a variable macroscopic appearance. It can be irregular 

with a concave cut surface and a hard gritty texture but equally it can be poorly 

defined and difficult to see, being more easily palpated. Microscopically, it has a 

classical appearance with the malignant cells lacking cohesion. Figure 1-5. The 

result is that they are either arranged individually or in a linear manner, the so 

called ‘Indian files’ appearance. Typically the malignant cells are smaller, less 

pleomorphic and have fewer mitotic figures than in ductal carcinoma. The 

amount of stroma seen is variable. Normal tissue may be apparent in between 

areas of malignancy. Necrosis is rarely seen.

Ductal carcinoma encompasses a number of different morphological subtypes. 

Table 1-3. The largest group, ductal carcinomas of no special type (NST) 

accounts for over 70% of all breast cancers. This term describes ductal 

carcinoma that has no particular features to permit classification into one of the 

distinctive subtypes, such as tubular or medullary carcinomas. Tubular 

carcinomas should just be mentioned briefly, as they are the tumours that are 

more likely to be picked up by mammographie screening. They tend to be small 

(<2cm) and appear well-differentiated. The importance of their correct 

identification rests with their particularly favourable prognosis.
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Figure 1-5. Invasive lobular breast carcinoma.

This is a classic pattern, note the malignant cells are composed o f  single 
lines o f  cells, the so-called Indian file appearance and lack cohesion.
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Figure 1-6. Grade I invasive ductal breast carcinoma.

There is maintenance o f  the normal tissue architecture. The nuclei show 
relatively little nuclear pleomorphism and the mitotic activity is low.



Figure 1-7. Grade II invasive ductal breast carcinoma.

Note the intermediate appearances o f  this tumour, in terms o f  maintenance 
o f  tissue architecture, nuclear pleomorphism and mitotic activity, between 
that seen in Figures 1-6 and 1-8.
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Figure 1-8. Grade III invasive ductal breast carcinoma.

Normal tissue architecture is lost. There is marked nuclear pleomorphism 
and a high mitotic rate is evident.
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Ductal carcinomas of NST have typical macroscopic appearances. Usually they 

have an irregular stellate outline, although they can be more circumscribed. The 

cut surface always blends into the surrounding tissue and is not elevated. 

Microscopically they have extremely diverse morphologies, Figure 1-6 - Figure 

1-8. Malignant cells can be present in large groups or in sheets of cells, when this 

occurs there may also be necrosis. They show varying degrees of nuclear 

pleomorphism. The number of mitoses, the degree of tubule formation and the 

amount and composition of the stroma are all variable. Myoepithelial cells are 

absent.

As there is such morphological variability it is necessary to further subdivide 

these tumours, particularly as the morphological variability reflects biological 

variability and clinical outcome. This is done by grading or ‘scoring’ the 

appearance of the tumours. Grading is important as together with tumour size 

and type and lymph node involvement, it offers prognostic information. The 

system used is based on a modification of that first described by Bloom and 

Richardson (Bloom, H. J. 0 . and Richardson W. W. 1957a) and takes into 

account the histologic architecture (tubule formation) as well as nuclear features 

(Elston, C. W. and Ellis I. O. 1991) see Table 1-4. There are three histological 

grades based upon a summation of scores, derived from assessing the attributes 

discussed above. It is apparent that grading is a subjective assessment and 

therefore can vary from pathologist to pathologist. While there is a good level of 

reproducibility (Cross, S. S. 1998) there are recent studies trying to standardise 

this assessment by using quantitative analysis. To date this has been done for 

both nuclear grade (Kronqvist, P. et al. 1998b) and mitotic count (Kronqvist, P. 

et al. 1998a). However, more careful evaluation of these new methods is still 

required. Tumours which have a total score of 3-5 are termed grade I tumours, 

tumours with a score of 6-7 are grade II tumours and grade III tumours have a 

total score of 8-9. On the basis of this classification, grade I tumours are 

described as having well-differentiated features and generally have a good 

prognosis, grade III tumours have poorly-differentiated features and a poor 

prognosis and grade II tumours have an intermediate appearance. The survival 

for tubular and mucinous carcinomas is similar to grade I tumours and indeed
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Feature Score

Tubule formation (extent within tumour)
>75% 1
10%-75% 2
<10% 3

Nuclear pleomorphism

Small regular uniform 1
2

Moderate variation in shape and size
Marked variation in shape and size j

Mitotic count per 10 h p f  (dependent on
microscopic field area)

Field diameter 0.59mm diameter 0.274mm^ area
0-9 1
10-19 2
>20 3

Field diameter 0.44mm diameter 0.152mm^ area
0-5 1
6-10 2
>11 3

Table 1-4. The histological grading of invasive ductal breast carcinomas.

Taken from (Millis, R. R. et a l 1999). The grade is derived from a summation of 

scores derived from an assessment of the attributes shown here. For a fuller 

description of how individual grades are obtained see text. The abbreviation hpf 

represents the term high power field.
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carcinomas, lobular and medullary carcinomas have a similar prognosis to grade

II tumours.

While this classification is particularly useful because of the prognostic 

information it can impart, there is still a tremendous amount of heterogeneity 

both within and between grades. Furthermore, although these phenotypic 

appearances provide a guide to tumour behaviour they do not necessarily relate 

directly to biological progression.

1.4 Biological Progression of Invasive Breast Cancer

A major controversy that exists is how do invasive ductal breast tumours 

progress? While there is evidence to suggest that in situ disease represents the 

preinvasive form of breast disease that would naturally progress to invasive 

disease (see section 1.3.2), the mechanism, pathway and time-frame of the 

biological progression to invasive disease is uncertain. Do invasive ductal 

tumours progress by dedifferentiation? That is do tumours arise as well 

differentiated grade I tumours which then evolve to poorly differentiated grade

III breast tumours over time or do grade I tumours arise as grade I tumours and 

remain as grade I tumours, spreading and metastasising as well-differentiated 

tumours? This is an important biological question that has implications for both 

research and treatment of these tumours. Critically there is evidence both to 

support and refute the hypothesis of dedifferentiation.

Once a tumour has been identified, it is necessarily treated by excision. Clearly, 

it is not ethically possible to follow the natural history of the disease in situ. 

Therefore the evidence that is used both to support and refute this hypothesis is 

derived from a number of sources. Some studies have used mammographie data. 

This comes from a variety of different trials, which were established in the 

1980s. The hypothesis being that breast tumours picked up by screening 

theoretically represent an ‘earlier version’ in the natural history of tumours when 

compared with the tumour which is picked up incidentally, and so deductions can 

be made about the biology of breast tumours using this data in a number of ways.
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Some authors compare the features of screened versus non-screened tumours for 

example (Anderson, T. J. et al. 1986; Duffy, S. W. et al. 1991; Rajakariar, R. and 

Walker R. A. 1995). Some have studied the actual tumours (Meyer, J. S. and 

Wittliff J. L. 1991) and others have used mathematical modelling of the data 

(Tubiana, M. and Koscielny S. 1991; Tabar, L. et al. 1996; Tabar, L. et al. 1999). 

Another approach is to compare various features of tumours and their métastasés, 

for example the S-phase fraction and ploidy (Auer, G. U. et al. 1984). Although 

how valid this approach is in assessing progression is uncertain, as it makes 

assumptions that ploidy/S-phase fractions and histological grade are 

interchangeable and this may not be so (see discussion later). Even when studies 

which have possible errors in their interpretation are excluded, the data ore 

frequently directly conflicting which does make it difficult to determine what is 

occurring biologically.

Before discussing the evidence it is necessary to clarify a few points with regard 

to breast screening. The first screening investigation is known as the prevalence 

screen and will have a length-time bias. This simply means that it will pick up 

more well-differentiated tumours as these will tend to be more slow growing 

compared to the poorly differentiated tumours. Therefore, these will still be small 

when picked up by screening and not necessarily palpable, whereas the poorly 

differentiated tumours will grow faster and so will present earlier. In order to 

eliminate this bias, only tumours from the steady-state i.e. those identified during 

the subsequent rounds of screening, should be studied and compared with non

screened tumours. These are known as the incidental screens. Several studies 

although appearing to support dedifferentiation are confounded by not 

considering the lead time bias (Joensuu, H. et al. 1991; Rajakariar, R. and 

Walker R. A. 1995).

The evidence in support of dedifferentiation comes from a number of studies. 

Duffy and colleagues (Duffy, S. W. et al. 1991), compared data from the 

Swedish two county trial, in which 66 741 women aged between 40-69 were 

invited for mammography. 48 678 women were not invited and so formed the 

control arm. After exclusion of length bias they found that tumours in the 

screened group were still smaller and more well differentiated than in the control
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group. Their interpretation of this data was that as tumours grow their malignant 

capacity increases thus becoming poorly differentiated. This theory is supported 

by the work of Tubiana and Koscielny (Tubiana, M. and Koscielny S. 1991) who 

have modelled data taken from a series of 3000 patients at their institute. To 

investigate the relationship between size and histological grade they plotted the 

proportion of tumours with each of the three grades as a function of tumour size. 

From this they found the percentage of grade II tumours remained constant 

whereas the percentage of grade I tumours decreased with increasing size with 

the inverse being true for grade III tumours. Thus suggesting to the authors that 

during growth some grade I tumours progress to grade II while some grade II 

tumours progress to grade III. Furthermore, the constancy in proportion of grade 

II tumours is compatible with an equal flow into and out of this grade i.e. a 

constant rate of progression during breast tumour growth. Tabar and colleagues 

(Tabar, L. et al. 1996; Tabar, L. et al. 1999) have applied mathematical models 

to the data from the Swedish two-county trial to not only provide confirmatory 

evidence for dedifferentiation but to assess more precisely the number of 

tumours capable of progression. It should be noted that grade was classified into 

just two groups, grades I-II and grade III. Interestingly in their model 

dedifferentiation was much more likely to occur in younger women (40-54) than 

older women (55-69) with predicted frequencies of 91% and 38% respectively.

Other evidence cited to support dedifferentiation is generally weaker. For 

example, the thymidine-labelling index is used as a measure of the proliferative 

activity of a tumour. As tumours show heterogeneity for this index (Meyer, J. S. 

and Wittliff J. L. 1991) it is argued that areas of high proliferation could outgrow 

the areas of low proliferation so becoming larger higher grade tumours.

Similarly, the evidence which refutes the hypothesis of dedifferentiation comes 

from a number of studies. Anderson and colleagues (Anderson, T. J. et al. 1986) 

provide evidence which is in direct contradiction to the results of Duffy. 

Examining data from the Edinburgh screening study, it was found that tumours 

identified during the incidence screening rounds were not well-differentiated. 

Indeed they were more aggressive and poorly differentiated. This was the 

predicted result which conforms to screening theory, in that good prognosis slow
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growing tumours are detected at the prevalence screen with the incidence 

tumours including a higher proportion of faster growing aggressive tumours. 

Other groups have found no difference between the screen detected and control 

tumours (Hatschek, T. et al. 1989). There was also no difference in S-phase 

fraction between incidence tumours and controls, and a similar frequency of 

aneuploidy. Hakama and colleagues (Hakama, M. et al. 1995) took data from a 

screening study in Finland, where 34 000 women aged between 40-68 were 

invited for screening. They did find that tumours in the screened group were 

smaller than the controls (which were cancers arising before the introduction of 

screening), but when they analysed the tumours by DNA flow cytometry, which 

they used as a measure of tumour aggressiveness and therefore indirectly of high 

grade, they found no difference between the screened tumours and the controls. 

Therefore suggesting that biological aggressiveness does not increase during 

breast cancer development. Other studies have confirmed this consistency in 

ploidy status between screen detected tumours and controls. A study by Auer and 

colleagues (Auer, G. U. et al. 1984) comparing ploidy status between primary 

tumours and métastasés found concordance between the primary tumour and 

métastasés in 17/18 tumours.

Millis and colleagues (Millis, R. R. et al. 1998) examined 115 patients with 

infiltrating ductal carcinoma, and compared the grade of primary tumour with the 

type of in situ component of the disease and the grade of the 169 locally 

recurrent and metastatic lesions. They found that in the lymph nodes, the local 

recurrences and distant métastasés there was concordance for grade. 

Furthermore, when the in situ component was compared with the primary tumour 

there was general concordance between grade too. Other studies have found 

similar findings, with concordance between grade of primary tumour and 

metastatic disease ranging between 71%-82% (Haagensen, C. D. 1933; Bloom,

H. J. 0 . and Richardson W. W. 1957b). An interesting study by Hitchcock and 

colleagues (Hitchcock, A. et al. 1989) compared the DNA ploidy status between 

primary and métastasés and found that 56% of tumours were concordant for both 

grade and ploidy. However, these were independent variables, thus lending 

support to the idea that grade and ploidy are not interchangeable, i.e. not all 

grade I tumours are diploid and not all grade III tumours are aneuploid.
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However, of the 44% of tumours which did change grade, the change was not 

unidirectional; not all tumours became more poorly differentiated. If 

dedifferentiation does occur then it might be expected that tumours would 

frequently be identified which show areas of different grades. However, this is so 

rarely seen that pathologists do not even know the frequency.

So what conclusions can be drawn from this? With such conflicting data it would 

certainly appear likely that there are no absolutes; not all grade I tumours 

progress. Although this might appear to be an obvious statement, until fairly 

recently the statement that all grade I tumours do progress was an accepted fact. 

When Hitchcock and colleagues (Hitchcock, A. et al. 1989) published their 

findings, they suggested that their data did not support the ‘longstanding dogma 

that selection of clones with metastatic potential results in metastatic tumours 

becoming less well differentiated than the primary tumour’. Conversely, the 

weight of evidence in favour of dedifferentiation makes it difficult to suggest all 

grade I tumours do not progress, but equally it is not possible to prove a negative. 

So perhaps the important question to resolve is what generally happens, in the 

majority of cases? From the evidence currently available it is not possible to 

answer this question, but we clearly need to.

1.5 Genotype/Phenotype Correlations

There are several difficulties when trying to establish genotype/phenotype 

correlations in breast cancer. Firstly, many of the genetic studies which have 

been done have been unselective in the tumours that have been studied. Breast 

tumours have been analysed altogether, as if they represent a single biological 

entity so many different subtypes have been included in the studies. From the 

morphological and biological descriptions above it can be seen that this is 

certainly not so. While there have been studies to look purely at certain subtypes, 

for example lobular breast cancer (Nishizaki, T. et a l 1997a) and phyllodes 

breast tumours (Lu, Y. J. et al 1997), and in situ disease according to type (for 

example (Kuukasjarvi, T. et a l 1997b; Lu, Y. J. et a l 1998)), to date, there have 

been no studies of ductal breast tumours stratified by grade. As discussed above
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different grades not only have different phenotypes but do have different 

biological behaviour and importantly prognosis depends upon grade. Therefore, 

if genotype is to be correlated with phenotype it is important to study a 

phenotypically similar group. One of the disadvantages of not stratifying by 

grade is that grade I tumours actually represent a small subgroup -  accounting 

for only 12% of ductal breast tumours overall (Elston, C. W. et al. 1982). It can 

be seen therefore that changes which may be very important within this subgroup 

would be missed if ductal carcinomas are considered as a single group.

A second important issue when considering genotype phenotype correlations is 

that there is no clear phenotype to study for invasive disease, as we have already 

discussed.

1.6 Aims of the current work

1. To establish whether there are grade specific genetic changes. Once 

identified these changes will be correlated with phenotype, with the aim of 

characterising the genetic events underlying the biological progression of 

mammary carcinoma.

2. To develop a refined taxonomy of grade III breast cancer, by correlating the 

genetic, morphological, immunophenotypic and clinical data. It is anticipated 

that this will yield new information regarding the biology and prognosis of 

this disease and thus allow more precision in targeting treatment strategies.

3. A direct result of this work will also be the eventual identification of new 

genes important for breast tumorigenesis. Within the time frame of this work 

it is anticipated that minimum regions of gain or loss will be identified.
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Chapter 2. Materials and Methods

2.1 Materials

Breast tumours and paired blood samples were collected from patients treated by 

the Breast Group at Guy’s Hospital, London between 1988 and 1996. All 

tumours were initially assessed by a pathologist for diagnostic purposes and then 

a sample of tumour was snap frozen and stored at -70°C until required. Clinical 

details from all the patients were recorded and stored in a data base.

All the tumours were invasive ductal carcinoma, NST. All samples were 

subsequently re-reviewed by the pathologist (Dr Andrew Hanby), for two 

specific goals. First, the initial grading of the tumour was confirmed. This was 

assessed using the Nottingham modified criteria of Scarff, Bloom and 

Richardson (Elston, C. W. et al. 1982). Second, the proportion of admixed 

benign cells was determined. All grade III tumours examined showed at least 

75% tumour cells, although some grade I tumours had more contaminating 

benign tissue (up to 50%). This ratio is important for all the subsequent analyses. 

The effect that contaminating normal cells can have on a CGH experiment has 

previously been quantified (Kallioniemi, O.-P. et al. 1994).

A further collection of trucut biopsy specimens of the prostate gland and paired 

blood samples was obtained from the Queen Elizabeth Hospital (QEH) in 

Birmingham. The original intention was to perform molecular cytogenetic 

analysis on another hormone-responsive solid tumour type. These samples were 

used during the initial development of the technique of CGH in the laboratory, 

but for reasons which will be discussed in Appendix 1, this project was later 

abandoned for technical reasons after the pilot study.

Patients attended a diagnostic day unit at the QEH. Biopsies of the prostate gland 

were taken for diagnostic purposes from an area of clinical malignancy i.e. 

defined by a malignant feeling on palpation and features suggestive of 

malignancy on ultrasound scanning. In addition, a further specimen was taken



62

with the consent of the patient for research purposes. This research specimen was 

snap frozen and stored in liquid nitrogen until required. As these samples were 

taken from areas of clinical malignancy, a pathological diagnosis was confirmed 

by analysis of tissue sections from each sample by Dr Andrew Hanby. If the 

tissue sample contained malignant cells the amount of contaminating normal 

tissue was also assessed.

2.2 Methods

The different methodologies used will be discussed. A complete list of the stock 

solutions required, their preparation requirements (where necessary), where they 

can be purchased and the methods of storage is given in Appendix 2. Items 

which can be found routinely in any laboratory will not be included.

2,2,1 Comparative genomic hybridisation (CGH)

Comparative genomic hybridisation (CGH) is a molecular cytogenetic technique 

used to screen the entire genome for gains and losses of genetic material 

(Kallioniemi, A. et a l 1992). One of the advantages of this technique is that the 

entire genome is examined in a single experiment, so there is no necessity to 

know the genetic region of interest prior to investigation. Thus this technique is 

ideal to use in order to correlate genotypic with phenotypic changes in 

malignancy. Once regions of gain or loss have been identified, these regions 

need to be defined further using FISH or molecular genetic techniques. The 

disadvantages to the technique are the limited resolution discussed below and the 

inability to detect balanced translocations.

CGH is essentially a modified in situ hybridisation. Differentially labelled test or 

tumour DNA (green) and reference or normal DNA (red) are co-hybridised to 

normal metaphase spreads. Differences in the copy number between test and 

reference DNA are seen as differences in the ratio of green to red fluorescence 

intensity on the metaphase chromosomes. Images of the metaphases are captured 

using an epifluorescence microscope, equipped with a triple colour filter set and
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a cooled CCD (charge-coupled device) camera. Quantification of the 

fluorescence ratios is performed using a digital image analysis system. For each 

tumour, 5-10 metaphases are analysed and an average fluorescence ratio for each 

chromosome obtained. Regions of chromosomal gain are seen as an increased 

fluorescence ratio, while regions of loss are seen as a decrease in the 

fluorescence ratio. Conventionally, gains and losses are considered significant 

when the ratio is >1.15:1 and <0.85:1 respectively. Losses are detectable when 

the region affected exceeds 10Mb (Bentz, M. et a l 1998), smaller regions of gain 

are detected if there is high level amplification, for example a 2Mb region which 

is amplified five times will be visualised (Kallioniemi, O.-P. et a l 1994). 

However, distinguishing between high level amplification and simple gain is 

difficult, as currently there are no established criteria for defining amplification 

in the literature. Amplification has been considered when the ratio exceeds 

various limits; the minimum used is 1.4. However, some authors infer high level 

amplification when by visual inspection there are areas of discrete intense green 

signal noted, with a corresponding profile suggesting gain (Solinas-Toldo, S. et 

al 1996), while others feel it is not possible reliably to distinguish between gains 

and high level amplifications at all (Tirkkonen, M. et al 1998).

For a successful CGH experiment all steps in the procedure are critical to 

ensuring a satisfactory result, and there are a number of essential steps. These are 

preparation of the target slides, labelling of the probes, hybridisation of the 

probes to denatured target slides and post hybridisation washes. The principles 

involved and the actual methods for these stages will be discussed.

2.2.1.1 B lood  cultures, harvesting o f  cells and  prepara tion  o f  

metaphase spreads

Metaphase spreads were prepared using blood from a normal healthy volunteer. 

Blood was cultured in the presence of a mitogen (e.g. phytohaemagglutinin 

(PHA)) which specifically stimulates T-lymphocyte cell division. After a period 

of incubation, usually 72 hours, the cells were harvested. Just prior to harvesting, 

cell division was arrested in metaphase by the addition of colcemid. The cells
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were treated with hypotonic solution to make them swell and then fixed using 

methanol/acetic acid. The metaphase ‘spreads’ were prepared by dropping the 

fixed cells onto cleaned microscope slides.

Four millilitres of blood were taken from a volunteer and placed immediately 

into a tube containing 40pl sodium heparin (lOpl heparin/1 ml blood). The tube 

was gently agitated to ensure thorough mixing. (The amount of blood taken is 

arbitrary - 4 ml gives 8 tubes which can be reasonably harvested by one person 

and can yield approximately 160 slides, if good metaphases are obtained from 

each tube). Into separate universal tubes, 0.5ml of heparinised blood was added 

to 9.5ml culture medium and 0.1ml PHA and mixed. The tubes were incubated at 

37°C with 5% CO] for 72h, with the lids left loose. Each day the tubes were 

gently agitated.

On the day of harvesting, lOOpl of colcemid was added to each tube (to give a 

final concentration of O.lpg/ml) and the tubes incubated for a further 15-20min 

at 37°C. The blood was then transferred to 15ml falcon tubes and centrifuged at 

500g for 5 min. All the supernatant was removed and the pellet resuspended in 

the very small amount of remaining medium by gently flicking the tube. 10ml of 

prewarmed hypotonic KCl was added, with the first few drops being added very 

carefully, gently flicking the tube all the time. The tubes were then incubated at 

37°C for 15-20 min. 0.6ml of ice cold fixative solution was then added, as a top 

layer to the hypotonic solution, and the tubes gently inverted to mix the 

solutions. The tubes were centrifuged at 500g for 5 min, the supernatant removed 

and the pellet resuspended completely by gently flicking the tube. At this point a 

few drops of fixative solution were added very carefully while gently flicking the 

tube, and then made up to 10ml gently agitating the tube all the time. These last 

steps of centrifugation, removal of supernatant and addition of fixative were 

repeated at least five times. After the second fixative step the tubes should be left 

overnight at 4°C. Thereafter fixative solution does not need to be added slowly, 

but fresh fixative must be prepared and stored at 4°C before proceeding.



65

After washing the pellet several times it was finally resuspended in 0.5-1ml of 

fixative solution. At this point, using a siliconised glass pipette, one drop of fixed 

material was dropped from a distance of about 40cm onto each end of a clean 

microscope slide, which had been moistened by breathing on it (the slide should 

still be moist when the fixed material hits the slide). Two separate drops on each 

slide allowed two different hybridisations to be performed on the same slide. 

Using a pipette the slides were ‘washed’ with fixative (before they dried) and 

then placed in a warm humid environment to dry (for example, over a water bath 

set at 55-60°C). Slides were then examined under the microscope to ensure an 

appropriate concentration of metaphases. If there were too many then more 

fixative was added to the pellet, if there were too few then the pellet was spun 

again and resuspended in less fixative. The amount of cytoplasm was also noted. 

Even if the slides looked satisfactory when examined under phase contrast 

microscopy they may not hybridise well and so need to be tested prior to 

hybridisation see section 2.2.1.9.1.

Once the slides had dried they were dehydrated in an ethanol series 70%, 95% 

and 100% for 3 min each and then left at room temperature overnight before 

storage. Slides were stored at -20°C, in a box containing a desiccant e.g. a small 

amount of silica gel wrapped in a piece of perforated parafilm, until use. Fixed 

material can be stored temporarily (days) at 4°C, or for longer periods (weeks) at 

-20°C.

Although slides already prepared with metaphase spreads, specially for CGH use 

can be purchased from Vysis UK, I found in a number of test hybridisations that 

the quality of these slides was not uniform and so I preferred to use slides 

prepared in the manner described above.

2,2.1.2 DNA extraction and labelling o f  probes

DNA was extracted from the source material using standard methods. Providing 

there was sufficient DNA (at least Ipg), it was labelled directly by nick 

translation. Fluorescently labelled nucleotides were incorporated directly into the
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DNA, conventionally the test DNA is labelled green and the reference DNA red. 

However, if only a small amount of DNA is available, it must first be amplified 

using degenerate oligonucleotide primed-PCR (DOP-PCR) (Telenius, H. et a l 

1992). This has been reported to give reproducible amplification with as little as 

lOOpg of starting DNA (Speicher, M. R. et a l 1993). However, in my experience 

the use of such small amounts was not feasible. The technique uses a degenerate 

primer and has two stages, initial low stringency cycles, where the specific bases 

at the 3' end of the oligonucleotide theoretically primes every 4kb along the 

template DNA and then an increased number of cycles with high stringency, 

whereby the oligonucleotide 'tailed' DNA from the initial cycles is then 

amplified. DNA amplified in this way can either be labelled by nick translation 

or by further DOP-PCR, with fluorescent nucleotides incorporated into the PGR 

reaction. However, again in my experience a satisfactory sized probe was not 

achieved by nick translation of the primary DOP-PCR product, so the DNA was 

always labelled also by DOP-PCR.

2.2.1.2.1 DNA extraction

DNA extraction from frozen/fresh tissue

Tissue chunks were minced in a petri dish using a scalpel, and then placed in 

approx. 1ml of extraction buffer. Tissue was scraped from slides using a drawn 

out sterile glass capillary tube and then placed into a small eppendorf with 50- 

300|Lil of digestion buffer (depending upon the size of the sections). These were 

then left in buffer at 37°C for 1 hour if very small, or overnight for bigger 

samples. An equal volume of phenol/chloroform was then added and the tubes 

mixed by inversion and spun at 2000g at 4°C for 15min. The top layer was then 

removed and placed in a fresh tube, carefully avoiding the white interface and 

discarding the bottom layer. These last two steps were then repeated. An equal 

volume of chloroform/isoamyl alcohol was then added, the tube inverted several 

times and spun at 2000g at 4°C for 15min. Again the top layer was removed and 

put in a fresh tube, avoiding the interface and discarding the bottom layer. 0.1 

volume of 3M sodium acetate pH5.2 was added and then 2-3 volumes of ice cold
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100% ethanol. The tube was gently inverted and if there was a large amount of 

DNA it was now visible as a precipitate which could be hooped out using a 

sealed glass pasteur pipette. The DNA was then washed briefly in 70% ethanol, 

and allowed to dry briefly before resuspending in distilled water. RNA should be 

removed by the addition of 100)xg/ml RnaseA. The tubes were left at 37°C for 

30min-lh. If however no DNA was visible after the addition of ethanol, and very 

small amounts of DNA may not be, the tube was put at -70°C for 2h to overnight 

and then spun at 2000g at 4°C for 15-30min. A pellet was now usually visible. 

As much of the supernatant as possible was removed, the pellet washed with 

70% ethanol and spun again at 2000g at 4°C for 15min. The ethanol was 

removed, the pellet air-dried briefly at room temperature before resuspending it 

in distilled water. RNAse was again added. The quantity of DNA was 

determined spectrophotometrically and the quality by running on a 1% agarose 

gel. It was stored at 4°C short term but at -20°C for the longer term.

DNA extraction from blood

DNA was extracted from blood to serve as the reference DNA, although normal 

tissue adjacent to the tumour can also be used. It is preferable for the reference 

DNA to be from the same patient as the tumour DNA, but if necessary it can be 

obtained from a healthy volunteer.

5-10ml of blood (which can be fresh or frozen) was added to 50ml tubes. Into 

each tube ice cold water was added to make a final volume of 50ml. The tubes 

were inverted to mix well and lyse the red blood cells, and then spun for 20 min 

at 4°C and 1300g. The supernatant was removed, leaving a white nuclear pellet. 

25ml of 0.1% NP-40 was added to the nuclear pellet and the tubes spun at 4°C 

and 1300g. The supernatant was again discarded and the tube carefully inverted 

over a paper towel to remove the remaining liquid. 3ml of nuclei lysis buffer 

were then added and the tube vortexed to resuspend the pellet completely. 200|xl 

10% SDS and 600p.l proteinase K solution were added, the tubes mixed by 

inversion and then incubated at 60°C for l-2h (or overnight at 37°C). 1ml of 

saturated ammonium acetate was added and the tubes shaken vigorously for 15s.
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The tubes were then left to stand at room temperature for 10-15 min and then 

spun for 20min at 1300g. The supernatant was poured into a separate tube, and 

the DNA precipitated by adding two volumes of cold 100% ethanol to the 

supernatant and mixing gently by inversion. The DNA became visible as a 

precipitate and was hooped out as described previously, and treated in the same 

way as discussed above.

2.2.7.3 Probe labelling

2.2.1.3.1 Nick translation

5|li1 of nick translation buffer, distilled water to make a total volume of 50|Ltl, l|Lig 

DNA, lp.1 FITC-12-dUTP to label the test DNA or l|il Texas red-5-dUTP to 

label the reference DNA, lOp.1 DNA polymerase I/DNase mix and l|Lil DNA 

polymerase I, were combined in that order and the tubes kept on ice. Once the 

fluorochromes were added all the steps were performed in low lighting 

conditions. The tubes were then incubated at 15°C for 2h, then left on ice while 

5p,l was run on a 1% agarose gel. The probe fragments should form a smear 

ranging in size between 500-2000 bps, see Figure 2-1. This is particularly 

important (see section 2.2.1.9). If the fragments were of the correct size, the 

reaction was stopped by adding 2\i\ EDTA and heating to 70°C for 5 min to 

denature the enzymes. Alternatively stop buffer can be added which works in the 

same way. The probes can be stored until use at -20°C.

2.2.1.3.2 DOP-PCR labelling 

Primary reaction

5p,l lOxPCR buffer, 5|il primary dNTPs, 2p,l 6MW, lOOpg-lOOng DNA 

(optimum 20-100ng), 0.5|xl Taq polymerase and distilled water to make a total of 

50jxl were mixed. DNA should be added last. In each experiment a negative 

control was set up; namely a tube containing all the above reagents but
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Figure 2-1. An agarose gel showing probes labelled by nick translation.

Lanes A, B, D, E, G and I contain DNA probes from tumour samples labelled 

with FITC-12-dUTP and lanes C, F, H and J contain DNA probes from normal 

blood samples labelled with Texas red-5-dUTP. The bright spots are the 

unincorporated fluorescent nucleotides. To determine the size of the probe 

fragments a lOOkb pair ladder has been run; a few bands have been annotated. It 

can be seen that all the probes are of the correct size, i.e. between 500bp-2kb. 

However, the intensity of the smears are not identical and probably in lanes G 

and H there is insufficient DNA.
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containing no DNA. The primary reaction conditions were 96°C for 10 min then 

9 cycles of 94°C for 1 min, 30°C for 1.5 min, 72°C for 3 min with ramp to 72°C 

l°C/4.2s, then 35 cycles of 94°C for 1 min, 62°C for 1 min, and 72°C for 3 min, 

with a final extension at 72°C for a further 10 min. 10|il of the PCR product were 

then run on a 1% agarose gel, see Figure 2-2. The PCR products varied in size, 

particularly if the source of DNA was formalin-fixed paraffin-embedded tissue, 

when the fragments were frequently in the range of 50-1000bp. The negative 

control should not contain a smear. If it did then the products were discarded and 

not used. Unused product should be stored at -20°C.

Labelling reaction

l-5gl DNA (depending on the concentration as determined by the gel) from the 

primary reaction, 5gl PCR buffer, 4.4gl labelling nucleotides, 2pl 6MW, Igl 

FITC-12-dUTP (for the test) or Igl Texas red-5-dUTP (for the reference), Igl 

Taq polymerase and distilled water to make a total of 50|xl are combined. Again 

a negative control should be set up. The labelling reaction conditions were 96°C 

for 10 min, then 40 cycles of 94°C for 1 min, 55°C for 1 min, 72°C for 3 min, 

and then 72°C for 10 min. As before lOgl of PCR product are run on a 1% 

agarose gel, and as with the primary product if they are not used immediately 

products should be stored at -20°C.

2.2.1.4 Hybridisation o f  probes to denatured metaphase spreads

Once labelled with their respective fluorochromes the probes were mixed and 

precipitated in the presence of an excess of unlabelled human Cot I DNA. They 

were resuspended in hybridisation mix, denatured and preaimealed, before being 

applied to the denatured metaphase chromosomes on the slides. The presence of 

Cot I DNA and the preannealing step were necessary to suppress hybridisation of 

the interspersed repetitive DNA sequences present in the DNA probes. The slides 

were then left to hybridise for 72 hours.
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Figure 2-2. An agarose gel showing DNA probes following a primary DOP- 

PCR reaction.

In lanes A-D there are examples of DNA amplified by DOP-PCR. To determine 

the size of these probes a lOOkb pair ladder has been run. It can be seen that all 

smears are of the correct size. In lane E the negative control has been run, there 

is no DNA smear visible; it contains only unused primers.
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2.2.1.5 Mixing, precipitating and denaturing o f  probes

l|ig  of labelled test DNA and l|ig  of labelled normal DNA were mixed in an 

eppendorf, together with 50p,l of human Cotl DNA, 0.1 volume of 3M sodium 

acetate and two volumes of cold absolute ethanol. The tubes were placed on dry 

ice for 30 min or could be left at -20°C overnight. The tubes were spun at 15000g 

at 4°C for 15min, and the supernatant carefully aspirated. The pellet was left to 

air dry, taking care not to over dry it, otherwise it would be very difficult to 

resuspend. The pellet was then resuspended in 5p.l of deionised formamide and 

left at 37°C for 30min. 5|xl of 2x hybridisation mix was added and mixed 

carefully by pipetting, to ensure that the pellet had been thoroughly resuspended. 

It was then denatured at 75°C for 5min, and left to preanneal at 37°C for 30min - 

Ih (while the probes were preannealing the slides were prepared). The lOfxl of 

denatured probe was placed onto each half of the denatured slide, which was on a 

hotplate at 37°C. Each probe was covered with a 22x22mm coverslip, taking care 

to ensure there were no air bubbles. The coverslips were sealed with rubber 

sealant and the slides left on the hotplate until the rubber sealant had dried. The 

slides were then left to hybridise in a ‘humid chamber’ for 72h at 37®C.

2.2.1.6 Dénaturation o f  chromosomal DNA on slides

This was a crucial step and each batch of slides must have the optimal 

dénaturation conditions determined. This was ensured by denaturing test slides 

for different times (e.g. range 2-5min), staining them with DAPI (4,6-diamidino- 

2-phenylindole) and then examining them under the microscope. The slides were 

denatured on a hot plate at 73°C for the predetermined optimum time with 

dénaturation solution under a 22x50mm coverslip. They were then placed 

immediately into ice cold 70% ethanol for 3min, and dehydrated through an 

ethanol series for 3 min each. The slides were then air dried and were ready to 

use.

2.2.1.7 Post hybridisation washes
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After hybridisation the slides were washed using solutions of differing stringency 

to remove unbound probe and any non-specific hybridisation. The slides were 

then counterstained with DAPI.

Again, all of these steps were performed in low lighting conditions. The rubber 

cement was first gently removed and the slide shaken to flick off the coverslips. 

If they did not come off easily, then they were encouraged to come off by putting 

the slide in the coplin jar containing formamide solution. The series of washes 

were as follows: 3 x 5  min washes in formamide solution, 3 x 5min washes in 

SSC solution, these were all done in a shaking waterbath. 1 x 5min wash in 

SSCT at room temperature, gently shaking the coplin Jar. The slides were then 

dehydrated in an ethanol series for 2min each and air dried in darkness. They 

were mounted in DAPI solution, approx 30p,l per slide and covered with a 

22x50mm coverslip. Slides were stored in a cardboard folder at 4°C; but the 

images were captured as soon as possible.

2.2.1.8 Image acquisition and analysis

Images were captured using an epifluorescence microscope equipped with a 

triple colour epifluorescence filter set (selective for the fluorochromes DAPI, 

FITC and rhodamine) and a cooled CCD (charge-coupled device) camera. While 

colour changes should be clearly visible down the microscope, they need to be 

quantified and a fluorescence ratio obtained. This was done using digital image 

analysis with commercially available software, (e.g. QUIPS^^, Vysis Inc., 

Downers Grove IL,).

For analysis of each sample, images of 5-10 metaphases were captured and the 

raw data saved, see Figure 2-3 A, B and C. Metaphases were captured using the 

63x or lOOx objective with the field diaphragm closed down to the edge of the 

image acquisition area (this increases the contrast within the image). It is most 

important that the bulb is well focused and that there is homogeneous 

illumination of the optical field, to avoid variations of the fluorescence ratio. 

Metaphases were inspected to ensure that the hybridisation was a smooth intense
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Figure 2-3. A composite picture showing different images of the same 

metaphase spread from a normal (control) CGH experiment.

Normal male DNA labelled in green (panel A) is co-hybridised with normal 

female DNA labelled in red (panel B) to normal metaphase spreads, 

counterstained with DAPI (panel C). The DAPI image is digitally inverted to 

give a banding pattern resembling classical G-banding (panel D). The two X 

chromosomes can clearly be seen appearing excessively red, in the composite 

CGH image (panel E).
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Figure 2-4. The composite CGH profile results from a control experiment.

This is the composite results of the experiment from which the metaphase shown 

in Figure 2-3 is taken. Each pink line represents the fluorescence ratio from an 

individual chromosome. n=, seen below each ideogram refers to the number of 

chromosomes analysed, half n will therefore be the number of metaphases 

analysed. The red bar to the left of the central line represents the threshold of 

0.85, values below this represent loss and the green bar to the right represents the 

threshold of 1.15, values above this represent gain.
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Figure 2-5. The average CGH fluorescence ratio for a control experiment.

This is the average composite result from the CGH experiment shown in Figure

2-3. The blue line represents the average fluorescence ratio, when all the 

metaphases have been analysed. It can be seen that for the autosomes the average 

ratio profile is 1.0 whereas for the X chromosome the ratio is well below 1.0, 

therefore quantifying the apparent loss which was demonstrated by visual 

inspection of the chromosomes in Figure 2-3D. In this example, the average 

fluorescence ratio for the X chromosome is less than 0.6. Loss is shown by the 

red line to the left of the X chromosomal ideogram.
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Figure 2-6. An example composite metaphase spread from a CGH 

experiment using DNA from a grade III invasive ductal breast carcinoma.

A composite image showing DNA from a grade III invasive ductal breast tumour 

(T1087) labelled in green, co-hybridised with normal DNA from the same 

patient labelled in red, to normal chromosomes counterstained blue with DAPI. 

Regions showing gain appear excessively green, regions showing loss appear 

excessively red.
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Figure 2-7. The karyotype of the metaphase shown in Figure 2-6.

The metaphase from the previous picture has been karyotyped using the CGH 

software. Chromosomes showing gains and losses can now be readily identified.
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Figure 2-8. The fluorescence ratio profiles from the experiment analysing 

tumour T1087.

This is the result following analysis of 9 metaphases from a CGH experiment 

analysing tumour T1087. Each pink line represents the fluorescence ratio of an 

individual chromosome. The thresholds used are as for Figure 2-4. Green bars to 

the right of the chromosomal ideograms represent gains and red bars to the left of 

the chromosomal ideograms represent losses.



80

n -  16 n -  18n -  18 n -  18

n -  18 n .  18

Figure 2-9. The average fluorescence ratio for tumour T1087.

This is the final quantitative result from the analysis of tumour T1087. The single 

blue line represents the average CGH fluorescence ratio following analysis of the 

results shown in Figure 2-8. Thresholds are as in Figure 2-4, and green and red 

bars represent gains and losses respectively. The regions of gain on Iq, 8q and 

17q and regions of loss o n l l q  and 13q could be determined from the inspection 

of the chromosomes in Figure 2-7, but as discussed in the text it is necessary to 

quantify these changes.
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colour which was not granular in appearance and the heterochromatin regions 

were not brightly stained. If metaphases showed granular hybridisation then they 

were not analysed further. Usually this was a global problem across the whole 

slide, so the experiment would need to be repeated.

Semi-automated karyotyping and CGH analysis were undertaken using 

commercially available software from Vysis UK. Firstly a digitally inverted 

DAPI image was generated, see Figure 2-3D which gives a banding pattern 

resembling classical G-banding. This was used for karyotyping. The software has 

tools to divide touching and crossed-over chromosomes (alternatively cross

overs can be excluded). The position of axes and centromeres for each 

chromosome were checked. An automated karyotype was then generated, but the 

accuracy confirmed by direct manual examination, and any corrections made. 

Once the karyotype was acceptable the software was used to generate 

fluorescence ratio profiles for each chromosome by calculating the red to green 

ratio, pixel by pixel, along the length of each chromosomal axis. After each 

metaphase had been analysed separately, a collection of 5-10 metaphases were 

combined. Figure 2-4 and an average ratio for each chromosome obtained. 

Figure 2-5. For an improved interpretation of the CGH ratio profiles the analysis 

software can be extended to calculate statistical confidence intervals, and some 

authors advocate the use of t-statistics (Moore, D. H., 2nd et al. 1997). For 

representative images from a CGH experiment using DNA from a grade III 

invasive ductal breast carcinoma, see Figure 2-6 -Figure 2-9.

2.2.7.9 CGH troubleshooting

As discussed above all the steps in a CGH experiment are critical to a successful 

outcome. Furthermore, many of them need to be adjusted until satisfactory 

results can be reliably obtained. In the following discussion I will highlight the 

particular problem areas and the experimental manoeuvres used to try to prevent 

them.
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2.2.1.9.1 Preparation o f  Metaphase spreads

The quality of the slides is probably the single most important factor in 

determining the success of a CGH experiment (Karhu, R. et a l 1997), and there 

are a number of variables which need to have particular attention paid to them. 

The chromosome size and quantity of metaphases is variable. Colcemid times 

longer than 20min will give more metaphase spreads but the chromosomes will 

be more condensed. Therefore a balance needs to be achieved between 

chromosome length and number. One way of obtaining numerous chromosomes 

of a certain size is to synchronise the cell culture, for example with methotrexate, 

which blocks mitosis. However, this is something which we never found to be 

necessary; optimising the colcemid time at 15 minutes was sufficient.

When fixing the cells, it is most important to add the first fix slowly. If it is 

added too quickly, it will result in the pellet clumping, and poor fixation. Proper 

fixation ensures crisp, well-spread chromosomes. Placing the cells at 4°C also 

helps facilitate fixation, and so during preparation the fixed material was left in 

second fix overnight. The more times the pellets are washed with fixative the 

cleaner the final preparation will be, with less cytoplasm, so all my pellets were 

washed between 5 and 10 times.

Spreading of the metaphase chromosomes is variable. Ideally metaphases should 

be well spread with not too many overlapping chromosomes. Metaphases spread 

well when they are well fixed, as discussed above and when the microscope 

slides are clean, hence the importance of storing them in ethanol with a small 

amount of hydrochloric acid and drying them, just prior to dropping the spreads, 

with lint free tissue. The other important factor is the atmospheric conditions. 

However, conditions can vary considerably (temperature and humidity) and so if 

the metaphase spreads did not look optimal on one day, the fixed material was 

stored at 4°C and an attempt made to prepare them on another day. The 

conditions described above are the ones which we found to work well in our 

laboratory. If the conditions are too cold/dry the metaphases will not spread.
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Conversely, if the conditions are too hot/humid the metaphases overspread and 

indeed in extreme cases appear as a ‘chromosome soup’.

The amount of cytoplasm is critical. If the metaphases appear to be embedded in 

too much cytoplasm then washing the pellet and/or the slides with more fixative 

can be tried. The amount of cytoplasm is critical as too much prevents both 

optimal dénaturation and probe penetration, with a resulting poor hybridisation. 

However a small amount of cytoplasm may allow the chromosomes to withstand 

the necessary dénaturation. Some authors pretreat the slides with proteinase K or 

pepsin (Courjal, F. and Theillet C. 1997) to remove excess cytoplasm, but I 

found that if the slides are of sufficient quality pretreatment is not necessary. 

Indeed pretreatment with pepsin using the conditions recommended by other 

authors resulted in overdenaturation with loss of the chromosome structure. We 

therefore abandoned this strategy. If a batch of slides has a large amount of 

cytoplasm, they will not be useful for CGH and so should be discarded for CGH 

use. However, they are usually of sufficient quality for use in FISH experiments. 

Although it is time consuming to prepare a new batch, it is ultimately worthwhile 

compared to setting up many CGH experiments which yield doubtful results. If a 

new batch has to be prepared a longer hypotonic stage may be helpful, in 

reducing the amount of cytoplasm.

It is necessary to test the quality of each batch of slides, prior to use; again if they 

are of insufficient quality then they should be discarded. Slides were quality 

tested by denaturing them (using a range of dénaturation times e.g. 2-5 nun), 

staining with DAPI and then examining them under the microscope. This is 

necessary as slides which look satisfactory down the microscope may not 

necessarily withstand dénaturation well. Optimal metaphase spreads are ones 

which tolerate enough dénaturation to achieve uniform hybridisation along each 

chromosome but do not lose their structure and morphology. By implication 

from this, slides which are underdenatured will not hybridise and if 

overdenatured the chromosomes appear fat without normal morphology. Once an 

optimal dénaturation time has been defined the slides should have a test 

hybridisation with normal male and female DNA; all autosomes should have a 

ratio between 0.9 and 1.1 and the X chromosome should have a ratio of <0.6 see



84

Figure 2-4 and Figure 2-5. Although clearly the sex chromosome ratio should be 

less than 0.5, this is something which is rarely seen (Karhu, R. et al. 1997).

Within each experiment a control was set up with normal male (green) and 

normal female DNA (red). The fluorescence ratios, particularly of the X 

chromosome should be as discussed above. If using DOP-PCR to label DNA a 

useful internal control for an experiment is to pair tumour DNA with DNA from 

the opposite sex. The profile of the X chromosome will be a guide to the quality 

of the experiment, i.e. a ratio which is less than expected will suggest a poor 

quality experiment.

2.2.1.9.2 Probe preparation

The size and quality of the probe is an important step in determining the quality 

of the CGH. If the probe fragments are too large then the incubation time should 

be increased or more enzyme (DNase/Polymerase mix) added, if the fragment 

size is too small then the experiment should be repeated with a shorter incubation 

time or by the addition of less enzyme. If the probes are too large then the 

resulting hybridisation will be poor with typically a spotty or speckled 

appearance. DNA contaminated with protein will label inefficiently and give a 

similar hybridisation appearance. A large amount of contaminating protein will 

mean that the probe will fail to nick at all and in this situation the DNA needs to 

be repurified.

Some authors use less than Ipg of nick translated labelled probe, however in our 

experience this amount gives a strong uniform hybridisation. However if using 

DOP-PCR labelled products, using less probe may be unavoidable.

2 .2 .1.9.3 DOP-PCR

DOP-PCR is a difficult technique. It is often not very reproducible and is prone 

to contamination. Separate pipettes should be used for PCR only. If possible it 

should be done in a dedicated room or area with surfaces, pipettes and tubes
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subjected to UV irradiation. If contamination occurs, this should be dealt with by 

preparing fresh stock solutions and cleaning the pipettes used and taking the 

usual precautionary methods for any PCR. Although such DNA run on a gel will 

look satisfactory, it is only when it is hybridised that the problem will become 

manifest. If the DOP-PCR still fails to work different magnesium concentrations 

can be tried, some authors use PCR buffer containing 20mM magnesium. A 

recent paper recommending an alternate protocol for DOP-PCR (Kuukasjarvi, T. 

et al. 1997c), was not found to be helpful, as it gave very large fragment smears, 

which did not hybridise well (see Appendix 1). The unique problems which arise 

when the tissue has been embedded in a fixing medium will be discussed 

separately in Appendix 1. An alternative approach for DOP-PCR is to use a kit 

which is now commercially available (Boehringer cat no: 1644 963).

2.2.1.9.4 Cotl and Preannealing times

The amount of Cot I and preannealing times are important. If there is insufficient 

suppression of the repetitive sequences this will result in strong staining of the 

heterochromatin regions of chromosomes 1,9, 16 and 19 and high intensity of 

non-specific fluorescence at chromosomal regions which have a high content of 

repetitive sequences. Both these changes cannot be corrected for during image 

analysis and will result in making it difficult to detect small copy number 

alterations in the heterochromatin regions and inaccuracies in the fluorescence 

ratio in regions of repetitive sequences.

2.2.1.9.5 Post-hybridisation washes

The post hybridisation washes are probably subject to the most variability 

between different authors. However, those outlined here give good results with a 

very good signal to noise ratio. Use of more stringent washes for example 0.1% 

SSC resulted in considerable loss of signal.

2,2,2 Molecular methods
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2.2.2.1 Allele imbalance analysis

DNA from both tumour and normal tissue was amplified using the polymerase 

chain reaction and fluorescently labelled primers. PCR products were run on an 

ABI sequencer (Foster City, CA, USA). Assessment of allelic loss was 

performed by comparing the allelic ratios in tumour compared to normal.

2.2.2.1.1 Polymerase chain reaction

For each tumour and paired normal DNA, PCR was performed in 25p.l reaction 

volumes containing 50-100ng of template DNA, 1 x PCR buffer (Perkin-Elmer, 

Norwalk, CT, USA), 0.4pM primer (one of which was fluorescently labelled 

with F AM, HEX or TET), 250|xm dNTPs (Amersham Pharmacia) and 1 unit of 

Taq polymerase (ICRF). Usual cycling conditions were 95°C for 10 min, 

followed by 35 cycles of 95°C/55°C/72°C for 1 min. each, and a final 10 min. 

incubation at 72°C.

Primer sequences for the microsatellite markers were obtained from different 

published resources, including the genome database (gdb) (http://www.gdb.org/i . 

and the cooperative human gene linkage centre fhttp://lpg.nci.nih.gov/CHLCA. 

All microsatellite markers used in the different studies were highly polymorphic. 

Although the aim was to use markers with published heterozygosities of greater 

than 80%, this was not always possible, but markers with a heterozygosity less 

than 70% were not used.

Optimal PCR conditions were established for each primer pair. This was done 

using normal control DNA, in PCR reactions where the magnesium 

concentrations were varied (O.SmM, l.OmM, 1.5mM and 2.5mM) and different 

annealing temperatures were used for each magnesium series, e.g. 55°C and 

60°C. The magnesium concentration and annealing temperature which gave the 

strongest single band of the correct size, when the PCR products were run out on 

a 2% agarose gel, were then chosen. If no products were obtained, additional 

manoeuvres were tried. The PCRs were repeated, again using different

http://www.gdb.org/i
http://lpg.nci.nih.gov/CHLCA
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magnesium concentrations and different annealing temperatures, but with the 

addition of different solutions. These included DMSO (1.25p.l/25pl PCR 

reaction) and WI (1.25|xl/25pl PCR reaction) which were usually used together, 

Q solution (5jLil/25jLil PCR reaction) and BSA (0.25p,l/25pl PCR reaction). For all 

the markers used these manipulations were sufficient to obtain PCR products of 

the correct sizes.

Following the PCR reaction, 8|il of a representative sample of PCR products 

were run on a 2% agarose gel to check that the PCR reaction had worked and 

that the size of the product when compared to a size standard was as predicted. 

PCR products were then stored at -20°C.

2.2.2.1.2 Genescan analysis

By using different fluorochromes to label PCR products of different markers, 

PCR products corresponding to different markers amplified from the same DNA 

sample could be mixed together for analysis. Even if the same fluorochrome was 

used to label different markers, the products could still be analysed together, 

providing the predicted PCR product sizes were at least 20bps different, i.e. they 

would not overlap when run on the gel, see Figure 2-10.

Equal amounts of several (3-7) PCR products amplified from an identical sample 

were then mixed. 2|il of loading buffer (70% formamide, 25mM EDTA, 

50mg/ml blue dextran) containing Genescan 350-TAMRA (Perkin Elmer) 

fluorescently labelled size standard was added to 2|xl aliquots of the pooled PCR 

products. 0.5|xl of this mix was denatured for 5 min at 94°C, placed on ice and 

loaded onto a preheated (51°C) 4% polyacrylamide denaturing gel in 1 X TBE 

buffer. Gels were run for 2h at 3000V. Data wefôcollected automatically on an 

automated ABI 377 sequencer (Foster City, CA, USA), and then automatically 

analysed and quantified using the Genescan software (Applied Biosystems); both 

the sizes of the fragments and the heights of the peaks were calculated. Figure 

2 - 11 .
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Figure 2-10. An example of an actual genescan analysis showing two lanes 

from a tumour/matched blood pair containing the PCR products of three 

different microsatellite markers.

The top and bottom panels represent the results from a tumour and matched 

blood respectively. The peaks representative of the PCR products from each 

marker are shown in black, as each marker is labelled with the same dye (TET). 

The size standard in shown in red and the size of the peaks have been annotated. 

It can be seen that the size of the PCR products is different for each marker. 

From this result it can also be seen that tumour T476 demonstrates allelic 

imbalance for markers D8S274 and D8S555 (for how this is calculated see text), 

and is non-informative for marker D8S199.
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Figure 2-11. An example result from an actual genescan analysis showing a 

single microsatellite marker to demonstrate how allelic imbalance is 

calculated.
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Figure 2-12. Example results from marker D8S555 to demonstrate the three 

possible results of microsatellite analysis.

Actual results from marker D8S555 show representative examples of the types of 

result obtained. Profiles of the peaks obtained from analysing tumour DNA and 

paired blood DNA are shown in the top and bottom panels respectively. On the 

far left there is no loss, the middle peaks demonstrate homozygosity and the 

results on the far right show allelic imbalance.
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Homozygosity was scored as non-informative, Figure 2-12. Allele loss was 

scored using standard criteria. It was determined by comparing the ratio of allele 

areas in tumour and control DNA. The ratio Xt = At/Bt was determined for the 

tumour DNA and for the matched normal DNA Xn = An/Bn. The level of allelic 

imbalance was calculated according to the equation AI = Xt/Xn. Assuming a 

tumour sample contains 50% tumour tissue, and is diploid, loss of one allele will 

result in an allele loss ratio of 0.5. Therefore, values below 0.5 or greater than 2 

were considered to be consistent with allelic imbalance. Figure 2-11.

2.2.2.2 16q study

Three polymorphic microsatellite markers spanning the long arm of chromosome 

16 were chosen, D16S285, D16S515 and D16S413 which map to 16ql2.1, 

16q22 and 16q24.3 respectively. Figure 2-13. Map locations were obtained from 

the genome database http://www.gdb.org/. The predicted PCR product sizes for 

D16S285, D16S515 and D16S413 were 107-129 bps, a minimal size of 223 bps 

and 131-149 bps respectively. The sequences and fluorescent labels used were as 

follows: D16S285: forward primer sequence: GCCTAATTTGATCTATAC - 

F AM-labelled, reverse primer sequence: AGTATCTTTACAGCCCTT, 

D16S515: forward primer sequence: C ATT CT G AAATT AG AC AGCG AT AGG - 

FAM-labelled, reverse primer sequence: TGTGACCAGAGGCTTGC, and 

D16S413: forward primer sequence: ACTCCAGCCCGAGTAA - HEX-labelled, 

reverse primer sequence: GGTCACAGGTGGGTTC.

For the specific purpose of testing whether regain had occurred in the grade III 

tumours, possible regain was scored, for informative cases, if the area under 

either allele peak was reduced in the tumour to <10% of its normal value 

(relative to the allelic areas in normal DNA). This value was chosen because 

histological assessment estimated a proportion of 20% or less contaminating 

normal tissue in the grade III cancers. If there had been deletion on 16q, 

associated with mutation of the other allele, and then regain had occurred, only 

the mutant could have been regained. The subsequent ratio of mutant to wild 

type would therefore be more extreme than usual, as the only remaining wild

http://www.gdb.org/
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16

Figure 2-13. Ideogram of chromosome 16.

The microsatellite markers used in the 16q study (chapter 4) are shown together 

with the E-cadherin microsatellite markers, which map to 16q22.1 (chapter 5).
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type allele would have to be derived from contaminating normal tissue. For 

comparison of allele loss frequencies between grades, however, loss was scored 

using standard criteria for both grade I and grade III tumours, namely if the area 

under either allele peak was reduced in a tumour to <50% of its normal value, 

relative to the other allele. The use of this threshold for both grade I and grade III 

lesions is conservative for detecting differences between grades (see discussion 

chapter 4).

2.2.2.3 E-cadherin study

2.2.2.3.1 Allele loss analysis

Three highly polymorphic microsatellite markers, D16S496, D16S398 and 

D16S752 were chosen. Figure 2-13. All three markers mapped to 16q22.1 close 

to the E-cadherin locus. Primer sequences and predicted product sizes were 

obtained from the Genome Database ('http://www.gdb.org/) and the Cooperative 

Human Linkage Centre ('http://lpg.nci.nih.gov/CHLC/). The predicted sizes for 

the PCR products were 209-226 bps for D16S496, 182-194 bps for D16S398 and 

a minimal size of 102 bps for D16S752. The primer sequences and fluorescent 

labels were as follows: D16S496: forw ard prim er sequence:

GAAAGGCTACTTCATAGATGGCAAT - FAM-labelled, reverse primer 

sequence: ATAAGCCACTGCGCCCAT, D16S398: forward primer sequence: 

CTTGCTCTTTCTAAACTCCA - TET labelled, reverse primer sequence: 

G A A ACC A AGT GGGTT AGGT C and DI6S752: forward primer sequence: 

AATTGACGGTATATCTATCTGTCTG- FAM-labelled, reverse primer 

sequence: GATTGGAGGAGGGTGATTCT. Tumours were classified as 

showing LOH at CDHl, if any of the three markers showed loss of an allele.

2.2.2.3.2 Heteroduplex analysis, mutation analysis and cloning o f  the 

CDH l gene

Each of the 16 exons, including the intron-exon flanking regions of the CDHl 

gene was amplified. Oligonucleotide primers were as described by Berx (Berx,

http://www.gdb.org/
http://lpg.nci.nih.gov/CHLC/
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G. et al. 1996). Genomic DNA was used at lOOng per 50p,l PCR reaction, 

containing 5 pi Gene Amp 10 x PCR buffer, Ipl dNTPs at lOmM, primers at a 

concentration of 200ng per reaction and 2.5 units of AmpliTaq DNA polymerase. 

Cycling conditions were generally as described by Berx (Berx, G. et al. 1996), 

although the annealing temperatures for some exons were slightly different 

(specifically 57°C for exon 2, 58°C for exons 6 and 10 and 62°C for exons 13, 15 

and 16). 5pi of PCR products were subsequently loaded on a 2% agarose gel and 

visualised under UV light.

Heteroduplexes were formed by heating 3-lOpl of PCR product either alone or 

mixed with normal DNA (control) at 95°C for 8min, followed by incubation at 

68°C for 40min. Analysis by conformation sensitive gel electrophoresis was then 

done as described (Ganguly, A. et al. 1993). All positive results were confirmed 

by repeating the entire experiment and the data presented were only accepted if 

the same result was obtained on these two separate occasions.

PCR products displaying heteroduplexes were sequenced using a-rhodamine dye 

on an ABI prism 310 sequencer (PE Biosystems, Warrington, U.K) Any product 

displaying apparent abnormalities was sequenced in both directions and the 

finding confirmed by repeating the sequencing from an entirely new PCR 

product. For the cloning experiments, Pfu DNA polymerase (Stratagene) was 

used for the initial PCR and the product was introduced into the PCR 2.1 vector 

(original TA cloning kit, Invitrogen) according to the manufacturers instructions. 

All results were confirmed by repeating the cloning experiments starting from 

new PCRs.

2.2.2.3.3 Immunohistochemistry to detect the E-cadherin protein

The well-characterised HECD-1 monoclonal antibody which recognises an 

epitope of the extracellular calcium binding domain of E-cadherin (generous gift 

from Prof M. Takeichi, Kyoto University, Kyoto, Japan) was used. Staining was 

performed on 3pm thick sections of formalin-fixed paraffin-wax embedded 

tissues. The sections were applied onto Vectabond™ coated slides, dried, dewaxed



95

then rehydrated using alcohol (2 x 3min). The antibody works well on archival 

material but the tissue needs to be subjected to an antigen retrieval step first. The 

test sections were immersed in boiling O.IM sodium citrate buffer at pH6.0 for 

two minutes in a domestic pressure cooker. Following this the pressure was 

released and the sections rinsed in cold running water for lOmin. Slides were 

then rinsed in tris-buffered saline (TBS). Endogenous peroxidase present in the 

sections was blocked by 20% normal rabbit serum, followed by incubation with 

the primary antibody at a concentration of 1:1000 for 1 hour at room 

temperature. Slides were then washed and treated with biotinylated rabbit anti

mouse immunoglobulin diluted to 1:200 in TBS containing 3% human serum. 

Slides were then washed again with TBS and incubated for 30min with a 

streptavidin-biotin complex. Finally a brown reaction product was developed 

with 3,3’ diaminobenzidine tetrachlorohydrate (DAB) and 0.3% hydrogen 

peroxide. The nuclei were counterstained with Mayers haematoxylin. In every 

staining run there were negative controls which were sections which had been 

treated in the same way with the omission of the primary antibody. Benign breast 

tissue co-existent with tumour on most slides acted as an internal control for 

antibody staining. Positive immunoreactivity was seen as sharp membrane 

staining at the site of epithelial-epithelial contacts in the ductal epithelium of 

normal breast; occasionally cytoplasmic staining was seen. An ordinate, 

categorical (semi-quantitative) method, was employed to assess only membrane 

staining (which is the theoretically functional E-cadherin) across the whole of 

each tumour section. The intensity of grading was as follows: 0 = tumours with 

no membrane staining whatsoever, 1 = tumours with rare scattered positive cell 

membranes, 2 = tumours with moderate to strong membrane staining but with 

some cells showing no membrane staining readily detected and 3 = tumours with 

strong membrane staining, uniformly visualised over the whole section; 

equivalent to staining in normal breast epithelium (Tan, D. S. et al. 1999). For 

examples of immunostaining see results in chapter 4.

2.2.2.4 Chromosome 5p microsatellite markers
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For the initial screen 8 polymorphic microsatellite markers were chosen, evenly 

spaced along the short arm of chromosome 5. A further two markers (D5S477, 

D5S1993) were chosen which were located in the region 5pl3-5pl2, as this is a 

region containing known candidate genes (see Chapter 5). The markers together 

with their sequences, fluorescence labels and predicted product sizes are listed in 

Table 2-1. Allelic imbalance was scored if the ratio was <0.6 or >1.5. This is 

based upon the tumour sample containing 50% contaminating normal and the 

gain of a single copy in a diploid cell.

2.2.2.5 Chromosome 8q microsatellite markers

12 polymorphic microsatellite markers were initially chosen spaced evenly along 

the long arm of chromosome 8. A further four markers were chosen which map 

within the region 8ql2-8q22 (D8S279, D8S286, D8S541 and D8S1757) the 

minimal region of gain described by Fejzo and colleagues (Fejzo, M. S. et al. 

1998), see Chapter 7. The markers are listed from telomere to centromere, 

together with their primer sequences and predicted sizes in Table 2-2. Allelic 

imbalance was scored as for the chromosome 5p markers.
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Marker Primer Sequence Fluorescent

label

Predicted

PCR

product size 

(bps)

D5S392 GCTATTCCCACAAAGGCAF

GGCGGATCATTGAGTGCR

PAM 83-117

D5S417 TGGAAACTATGTATCTTGGAGGF

GCNGGCTTTAGGGTGGR

TET 90-104

D5S635 TAACATCCTCCAGGGCF

GTCCATTACATCACAGTTACTTTR

FAM 160-170

D5S667 CCTGAGCAACACATGAGACCF

CCTTAACTTTGGTGGGAACAR

FAM 285-315

D5S477 AGCTGGGTAAAGTCCAAGGTF

TTGCCTCATCAGATTCCTATTR

FAM Min size 180

D5S1993 TCAGTGGAACTCAGGAGGF

AGACGGTAAACTTCTGGAGGR

HEX Min size 189

D5S674 AGAGGACTCATATCCAAACTACAGF

CTTCCAGGTCCAGGGCR

TET 266-276

D5S418 TAGCCTTCAAAACAGGAAATGTTACF

GGAAACAATGATGACATCTCCAAR

FAM 207-223

D5S430 TCTGCCCAGCAATTCCATAGF

GGCAAGCAATTTTCACAGTTTTR

FAM 256-270

D5S645 CTGGTCTTGAACTCCCAACF

AACCAAGTCCCAATGTCTTCR

TET 170-184

Table 2-1. Details of 5p microsatellite markers.

Notes: 1. F = forward primer sequence and R = reverse primer sequence. 2. Only 

the forward primer sequence was labelled. 3. The primers are listed from 

telomere to centromere.
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5pl5.33
5pl5.32
5pl5.31

5pl4

5pl3

5pl2

D5S392
D5S417
D5S635

D5S667
D5S674
D5S418
D5S430
D5S645

D5S1993
D5S477

Figure 2-14. Ideogram of chromosome 5.

The position of the microsatellite markers, used in Chapter 6, from the short arm 

of chromosome 5 are shown.
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Marker Primer Sequence Fluorescent label Predicted PCR 

product size 

(bps)

D8S255 TTTTGGAATTTCTAGCCTCCF

TGAAACCCACAGATATTGGGR

FAM 107-129

D8S507 TTCCTCAGAGCAGTTCAAAGF

TAATCTTGCCCCAGTGAGAGR

FAM 155-169

D8S553 TGAAACCTTGTCTAAAACACACF

GTCGTCTGATGCAATACAGATAR

TET 221-253

D8S279 AAACACAGGTCTGTAGGATTTTAGTF

GTGTCAGGTCGGGGTGR

FAM 229-257

D8S286 GCTGTTTATTTGCCCATGTF

GCATGAAACTGTCACTGAGAR

HEX 220-238

D8S541 CTGCCTGTATTACTCAGGGTF

CCTCAGCCTGTAGGTGGR

TET 194-228

D8S1757 ATGGAGCACTGCCAAGAAF

TTTGAGCCCTATTTTTGAGAGAR

HEX 266-292

D8S167 TTGTTCCTTTTCATGGCTGAF

CAACTTATATATATTCCATGGCR

TET 105-135

D8S270 ATTCAGAACGATGAGGAAGCF

AGAATGGCACATAGTCNCGTR

TET 181-195

D8S558 GGAACCACGCTTCGTTTF

GGGGCTTTAAGACCCATR

HEX 160-180

D8S555 GGCAAAGTTCAGAGGCF

GGAGGGTTCCATATTTCAAR

HEX 165-177

D8S199 AGTCACAGAGTAAATGATGGF

CCTTCTTTTTCTGCTCTGCTR

HEX 204-230

D8S514 CCAGTTGGCAAGCATTGTF

CTGAACCCAGTAGAGTTAGGAGAR

FAM 209-227

D8S284 GGGCATGTTACTGCATGTCF

TTTGAACACAGGTCTGCCAR

FAM 243-273
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D8S274 ATAATCCACTAAGCCCAGCAF HEX 108-118

TAAGTTCCCCAATTTGCACAR 

D8S373 TTGGTCTCCTCTGATGGGTF HEX Min size 206

GGCCTAAGGCGATTTAAGGR

Table 2-2. Details of 8q microsatellite markers.

Notes: 1. F = forward primer sequence and R = reverse primer sequence. 2. Only 

the forward primer sequence was labelled. 3. The primers are listed from 

telomere to centromere.



101

8pl2 ___

8qll.21 \  
8 q l l . 2 2 ^  
8 q ll.2 3 -----

8ql2
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8q21.1
8q21.2
8q21.3
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8q24.1
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D8S255
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8

Figure 2-15. Ideogram of chromosome 8.

The microsatellite markers used in Chapter 7 are shown together with their map 

positions.
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Chapter 3. CGH analysis of Invasive ductai 

breast carcinomas stratified by grade.

3.1 Background

Breast cancer is the most common tumour type to be studied by CGH. The 

literature regarding this tumour type is expanding very rapidly, with almost 

constant release of new data. Indeed the publication rate is so rapid that a review 

of the literature will inevitably be out of date almost as soon as it is written. To 

date there have been 27 published studies representing more than 800 breast 

turbours analysed by OGH (Kâllioniemi, A. e't dl. 1994; Muleris, M. ei a\. Ï994; 

Isola, J. J. et a l 1995; Ried, T. et a l 1995; Courjal, F. and Tbeillet C. 1997; 

James, L. A. et a l 1997; Kuukasjarvi, T. et a l 1997a; Kuukasjarvi, T. et a l 

1997b; Lu, Y. J. et al 1997; Nisbizaki, T. et a l 1997a; Nisbizaki, T. et a l 

1997b: Persons, D. L. et al 1997; Tirkkonen, M. et a l 1997; Hermsen, M. A. J. 

A. et a l 1998; Lu, Y. J. et al 1998; Scbwendel, A. et a l 1998; Tanner, M. M. et 

al 1998; Tirkkonen, M. et a l 1998; Aubele, M. et a l 1999; Buerger, H. et al 

1999a; Buerger, H. et a l 1999b; El-Rifai, W. et al 1999; Isola, J. et a l 1999; 

Loveday, R. L. et a l 1999; Moore, E, et a l 1999; Vos, C. B. J. et a l 1999; 

Aubele, M. et a l 2000; Tirkkonen, M. et a l 2000).

Interestingly, there are some common features which seem to be important 

genetic changes common to the evolution of breast cancer of all histological 

types and stages. These include gains of Iq, 8q, 17q, and losses of 8p, 13q and 

16q. Initially, studies were undertaken on unselected series of tumours but 

gradually more focussed studies have been carried out, analysing tumour groups 

subdivided according to different histological subtypes, stages and other specific 

parameters which will be discussed below. CGH has been particularly useful in 

studies of breast cancer because of its ability to screen the entire genome for 

genetic changes. CGH has identified many regions of amplification common to 

breast cancer and has proved informative in performing genotype/phenotype
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correlations. To fully understand the genetics of breast cancer I will argue that it 

is most important to attempt to correlate genetic changes with phenotype.

The first CGH study on breast tumours was published in 1994 (Kallioniemi, A. et 

al. 1994). It is of interest that this study reports only gains in genetic material. 33 

unselected primary breast tumours (30 IDCs, 1 DCIS and 2 ILCs) were analysed 

and from this first study it became apparent that the use of CGH would help 

rapidly to expand our knowledge of the genetics of breast cancer. For example, 

78% of the chromosomal regions found to be amplified had not previously been 

reported as abnormal in breast cancer. Altogether 15 different regions were 

found to be amplified. Seven years later, at the time of writing we still know only 

a fraction of the genes involved. It was this original study that identified the 

chromosomal regions 17q22-24 and 20ql3 as highly amplified, both in 18% of 

tumours analysed, and lead directly to a tremendous positional cloning effort to 

identify the regions involved, as discussed in Chapter 1. Other changes 

frequently seen were gains of Iq (36%) and 8q (27%).

Two more recent studies on unselected tumours have replicated these findings in 

addition to providing information on genetic losses. Tirkkonen and colleagues 

(Tirkkonen, M. et al. 1998) analysed 55 breast tumours (53 IDC, 2 ILC -  13 GI, 

27 GII and 15 GUI) and reported that the most frequent regions of gain were 1 q 

(67%) and 8q (49%). These changes, occurring either alone or together, were 

seen in 80% of all tumours. However, if these changes were compared with the 

accumulation of other genetic changes then there was a difference. Gains of Iq 

were seen as an isolated abnormality, without genetic changes elsewhere. The 

authors argued that as this change was seen in less genetically complex tumours 

then it must be a relatively early event. In contrast, 8q gains were usually seen in 

association with a large number of other genetic aberrations. Similarly the 

authors suggested that 8q gain may be associated with a later progression step or 

alternatively that tumours with this aberration become unstable and acquire other 

aberrations. Apart from Iq and 8q, 33 regions of recurrent gain were seen in 

more than 18% of the tumours (Tirkkonen, M. et al. 1998). These included 16p, 

5pl2-14, 19q, 1 lql3-14, 17ql2, 17q22-24, 19p and 20ql3. Several regions of 

amplification were also reported at 4q21, 8p22-23, 16p, 17q22-24 and 20ql3.
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Recurrent losses again seen in more than 18% of tumours were 8p, 16q, 13ql2- 

31, 17p, 9p, Xq, 6q, 1 Iq and 18q. Another study examining 39 primary IDCs, (9 

GI, 22 GII and 22 GUI) (Schwendel, A. et al 1998) found these changes together 

with two novel regions of genetic loss on 4q (51%) and 21 q (36%) with a 

minimal region of overlap at 21q21.

There has only been a single study examining ILC, but they appear to have a 

specific pattern of genetic aberrations different from ductal tumours (Nisbizaki, 

T. et a l 1997a). These tumours have fewer genetic aberrations overall, 

predominantly due to fewer gains. Specific changes include a decreased 

frequency of gains of 8q, seen in 21% ILCs compared to -50%  for IDCs and 

20q, seen in 5% compared to -20% of IDCs. This suggests that these changes are 

less important for the pathogenesis of lobular tumours. The interesting genetic 

differences comparing ILC with IDC are a higher frequency of gains of the long 

arm of chromosome 1 in ILC (79% - and the majority of cases involved the 

whole arm) and loss of the long arm of chromosome 16 (63% - again the 

majority of cases involved the whole arm). This suggests that these genetic 

abnormalities play an important role in the evolution of this group of tumours. It 

is interesting to note that these changes occurred together in 53% of cases, 

leading the authors to suggest that these changes were due to a translocation 

(Nisbizaki, T. et a l 1997a), in which pairing occurs between the repetitive 

sequences located within the peri-centromeric heterochromatic regions on both 

chromosomes. While CGH cannot confirm the presence of translocations, 

previous findings of this particular translocation in breast tumours by FISH were 

used to support this hypothesis (Kokalj-Vokac, N. et al 1993). More recently, 

the presence of this translocation has actually been confirmed in lobular breast 

tumours (Flagiello, D. et al 1998). While, the significance of this translocation is 

not fully elucidated, a potential target on 16q has been established. E-cadherin 

(CDHl) maps to 16q22.1 and a number of studies have shown it to be lost in 

lobular tumours, see Chapter 5, including the above study where loss of 16q was 

associated with loss of E-cadherin expression in 47% of tumours (Nisbizaki, T. 

et a l 1997a).
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Analysis of rare breast tumours, for example phyllodes tumours, have found 

specific regions of change (Lu, Y. J. et al. 1997). Phyllodes tumours are an 

interesting pathological entity as unlike IDCs and ILCs they are thought to be 

stromally and not epithelially derived. Yet, despite this histological difference 

they share genetic changes, with gains of Iq the most frequent aberration 

identified, and a predictor of recurrence. Other common changes seen were loss 

of 3p and gain of 7q.

CGH studies have also been reported that examine disease progression. In situ 

disease (both DCIS and LCIS) has been examined alone and in comparison with 

invasive disease and invasive disease has been compared with metastatic disease. 

Six studies have analysed intraductal carcinoma (James, L. A. et al. 1997; 

Kuukasjarvi, T. et al. 1997b; Buerger, H. et al. 1999a; Moore, E. et al. 1999; 

Vos, C. B. J. et al. 1999; Aubele, M. et al. 2000). All these studies draw the same 

conclusions in that in situ disease represents a genetically complex entity and 

shows many of the same genetic aberrations as IDC, when compared either with 

the literature (James, L. A. et al. 1997; Moore, E. et al. 1999), or with their own 

work (Kuukasjarvi, T. et al. 1997b; Buerger, H. et al. 1999a; Aubele, M. et al. 

2000). Consistent with previous literature, common changes that were found 

included gains of Iq, 8q, 17q, 20q and losses of 8p, 13q, 16q. Well differentiated 

in situ tumours were found to have fewer genetic aberrations than poorly 

differentiated in situ tumours (James, L. A. et al. 1997; Buerger, H. et al. 1999a), 

and interestingly, a specific pattern of genetic aberrations. In particular, loss of 

16q was more commonly seen in well-differentiated tumours compared to poorly 

differentiated tumours (James, L. A. et al. 1997; Buerger, H. et al. 1999a; Vos, 

C. B. J. et al. 1999). A bigger study by Beurger and colleagues (Buerger, H. et 

al. 1999a) (38 tumours in total) reported such differences in the genetic 

aberrations between grades that they hypothesised a model for the pathogenesis 

of tumour progression, which suggested that well-differentiated DCIS progressed 

to moderately differentiated DCIS, but poorly differentiated DCIS might arise 

from an altogether different genetic pathway. When DCIS was directly compared 

with adjacent invasive disease, one study found that the invasive component 

contained exactly the same genetic changes as the in situ component in all but 

one of the tumour pairs examined (Buerger, H. et al. 1999a). Two studies found
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a more complex arrangement of genetic changes (Kuukasjarvi, T. et al. 1997b; 

Aubele, M. et al. 2000), with a general pattern of increasing number of genetic 

changes in the IDC. Both studies concluded that there may be no simple linear 

model of progression from in situ to invasive disease, but rather there is clonal 

diversification with subsequent independent progression of the two lesions. It 

should be noted however, that all these studies comparing in situ and invasive 

disease have used extremely small numbers of tumours, so care should be taken 

when drawing conclusions from them.

For in situ lobular carcinoma, just as with lobular carcinoma, only one study has 

been published (Lu, Y. J. et al. 1998). The number of genetic changes reported in 

this study were fewer than those observed in invasive disease (both ductal and 

lobular). While these genetic changes overlapped with those seen in DCIS, 

including loss of 8p, 16q, and 17p, there were significant quantitative 

differences. Importantly, gains of Iq were subsequently seen in ILC but not in 

LCIS. In contrast, gain of 6q was a common change seen only in in situ disease. 

As this latter region is much more commonly lost in invasive disease, the authors 

speculated that gain of this region provides some selective advantage for 

intraductal growth but is not required for subsequent tumour progression. 

Furthermore, none of the cases studied with 6q gain showed progression, so it 

may be that 6q gain correlates with favourable outcome, although this was not 

statistically significant.

Two studies have been reported that examined metastatic disease, but these 

provide conflicting results (Kuukasjarvi, T. et al. 1997a; Nishizaki, T. et al. 

1997b). Kuukasjarvi and colleagues (Kuukasjarvi, T. et al. 1997a) compared 29 

primary breast cancers (21 IDC, 5 ILC, 2 medullary, 1 tubular, 14% GI, 55% 

GII, 31% GUI) with their asynchronous métastasés and found that the mean 

number of genetic changes and overall type of genetic aberrations did not differ 

significantly between the two groups, except for gains of Xql2-q22 which were 

seen only in 17% of the métastasés. By comparing directly primary tumours with 

their respective métastasés, they found that 69% of métastasés shared the same 

genetic changes as the primary, whereas the remaining 31% showed an almost 

completely different pattern of genetic aberrations. Using X chromosome
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inactivation patterns, however, the authors were able to show that the metastatic 

lesions did originate from the same clone as the primary tumours. Thesfdata thus 

lead the authors to conclude that a linear model for the progression of primary 

tumours to metastatic lesions is unlikely. A more likely model is that an early 

stem cell line clone evolves independently in the primary tumour giving rise to 

multiple genetically distinct clones which then metastasise to different sites 

within a given patient, resulting in multiple genetically diverse clones. In contrast 

to these findings, the analysis by Nishizaki and colleagues (Nishizaki, T. et al. 

1997b) found that there was a difference in the overall number of genetic 

alterations between primary tumours and their métastasés. Amplifications were 

only seen in the métastasés and though only a small number of tumours were 

analysed, loss of 18q was seen solely in their lymph node métastasés. So, why do 

the two studies appear so different? There may be several reasons for these 

discrepancies. First, the Nishizaki study was smaller and examined only 16 pairs 

in total. Second, the types of métastasés studied were different. In Kuukasjarvis’ 

study, all the métastasés were asynchronous and distant, from patients who had 

not received any prior chemotherapy or endocrine treatment. In contrast, in the 

Nishizaki study, in 11 pairs the métastasés were from synchronous local lymph 

nodes, in 3 pairs the métastasés were asynchronous from distant sites and in 2 

pairs the métastasés were from local recurrences. Furthermore, 3 of these latter 5 

cases had received prior chemotherapy. No details are given of either histological 

type or grade in the Nishizaki study. From these data it is clear that while some 

genetic changes do appear to be acquired during the metastatic process and that 

there is a tremendous amount of genetic heterogeneity, our knowledge regarding 

the specific events in the metastatic process in breast disease remains very 

limited.

Two studies have been reported that used CGH in an attempt to identify 

prognostic markers by examining tumours from node-negative patients (Isola, J. 

J. et al. 1995; Hermsen, M. A. J. A. et al. 1998). Isola and colleagues (Isola, J. J. 

et al. 1995) took 23 tumours from node negative patients who did not relapse 

within 5 years of follow-up and compared them to 25 node negative patients who 

did have recurrent disease within 5 years. However, a weakness of this study is 

that the absence of lymph node involvement was the only properly matched
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factor in the control group. There was some size matching -  all tumours were 

between 2-4cm (which would be given the same T staging in the TNM 

classification) -  but a significant factor is that these tumours were not matched 

for grade; an important prognostic indicator. The authors found that tumours in 

patients who relapsed had more genetic aberrations overall, and that these 

changes were predominantly due to losses of genetic material. The most 

interesting findings were that high level copy number increases at 8q were 

significantly associated with recurrence, as was amplification of 20ql2-13. 

Significantly 20ql2-13 amplification was not only associated with an increased 

recurrence rate but with an early age of recurrence. In contrast Hermsen and 

colleagues (Hermsen, M. A. J. A. et al. 1998) took 53 tumours without follow-up 

data but correlated genetic changes according to various clinico-pathological 

features, which included their ploidy status as determined by the DNA index 

(DI), the mitotic activity index (MAI) and the mean nuclear area (MNA). In this 

study neither histological type, nor size was taken into consideration during the 

analysis, and the assessment of ‘grade’ was not as complete as standard grading 

(see Chapter 1). The authors drew few firm conclusions. The only significant 

change was an association between gain of 8q and high values of MNA. Overall, 

common changes included gains of Iq, 8q and 1 lq l3  and losses of 8p, 17p and 

22q. Tumours were also divided according to a combination of prognostically 

favourable variables, which comprised a DI=1.0, MAI<10 and MNA>57pm^, 

and tumours with a combination of poor prognostic variables, a DI?^1.0, MAI>10 

and MNA>57]U,m .̂ 7 tumours had the criteria for a good prognosis and 15 

tumours fitted the poor prognostic definition. A qualitative comparison (the 

groups being too small for quantitative statistical comparisons) of the two groups 

suggested that in the good prognostic group gains were rarely seen, but in the 

poor prognostic group several regions of gain were seen including 8q, 1 lq l3 , 

17q and 20q, thus suggesting these gains could be late progression-related 

events.

Some studies have analysed breast tumours according to their ploidy status. Part 

of the rationale for this approach has been an attempt to determine the genetic 

changes which may be associated with aggressive tumour behaviour, as
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aneuploid tumours have been shown to follow a more malignant course than 

diploid tumours (Kallioniemi, O. P. et al. 1987). Therefore markers associated 

with aneuploid tumours may be useful prognostic markers. In a small study 

comparing diploid with aneuploid tumours, diploid tumours on average showed 

fewer genetic aberrations than aneuploid tumours (Ried, T. et al. 1995); 

subsequent studies have replicated these results (Tirkkonen, M. et al. 1998). 

Fewer chromosomal regions were involved in genetic changes in diploid 

tumours, but changes tended to involve whole chromosome arms; amplification 

was rarely seen. Diploid tumours most commonly showed gain of the long arm 

of chromosome Iq and 8q and loss of 17p and 22q, while in aneuploid tumours 

frequent regions of gains were Iq (but less than that seen in diploid tumours), 8q, 

17q and also loss of 17p and 22q. Amplification of ERBB2, CCNDl and MYC 

were seen in one case each of aneuploid tumours and was confirmed by Southern 

blot analysis. The analysis of hypodiploid tumours (of unreported histological 

type) also considered to be a poor prognostic group has revealed another specific 

set of aberrations (Tanner, M. M. et al. 1998), when compared with an 

unselected population. Loss of chromosome 4 was seen in 53% compared to 11% 

in unselected controls and amplification of CCNDl was seen in 60% compared 

to -20%  reported previously. Amplification of CCNDl has been previously 

associated with a poor prognosis, as discussed in Chapter 1, so the authors 

speculated that the poor prognosis seen in this particular subgroup may be due to 

amplification of CCNDl. It is likely that this is the significant change in this 

group as loss of 4q has subsequently been reported in 51% of an unselected 

series of breast tumours (Schwendel, A. et al. 1998).

A different approach has been to analyse tumours according to their different 

genetic profiles. Two studies have analysed tumours from female breast cancer 

patients (Tirkkonen, M. et al. 1997) with BRCAl and BRCA2 mutations and 

tumours from male patients with BRCA2 mutations (Tirkkonen, M. et al. 2000). 

Compared to controls the tumours from patients carrying mutations were both 

qualitatively and quantitatively different. Tumours from patients carrying 

mutations had more genetic aberrations than controls. In the female group this 

may in part be grade related as the majority of tumours were of high grade. 

However, interestingly, changes were reported that seemed specific to the
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tumours with mutations. The genetic changes in the BRCAl group, which were 

seen significantly more frequently than in controls, were losses of 5q, 4q, 4p, 2q 

and 12q. It should be noted that loss of 17q 12-21, where the BRCAl gene maps 

was not seen in any of the BRCAl tumours. This may be due to lack of resolution 

of CGH in detecting a small deletion in a small chromosome, or non-deletion 

LOH. In the BRCA2  tumours from both male and female patients, specific 

changes included loss of 13q and 6q. So in contrast to the BRCAl cases, loss of 

the region where BRCA2 maps (13q) was seen. Furthermore, in the BRCA2 cases 

there were quantitative differences. Gain of 17q22-24 was seen in 87% and 80% 

of female and male cases respectively, compared to -20%  of controls, and gain 

of 20ql3 was seen in 60% and 100% of female and male cases respectively 

compared to -20% in controls. It is of great interest and perhaps rather surprising 

that tumours from male patients (with and without mutations) had the same 

pattern of genetic changes as tumours from female patients (with and without 

mutations). This is surprising considering that the hormonal environment in 

which male and female tumours develop is quite different, and it is known that 

the hormonal environment for the development of breast tumours is important. 

However, it may be that hormonal influences are not important in BRCAl and 

BRCA2 tumours, or possibly the hormonal influence is important for the 

promotion rather than the initiation of tumours, i.e. affecting the rate rather than 

the quality of changes. Taken together, these studies suggest that the specific 

nature of the predisposing gene influences subsequent tumour progression, and 

suggests a collaboration of genetic changes. So for example, common genetic 

changes which occur in all groups may be associated with malignant 

transformation or be involved as early changes. Changes seen only in the 

sporadic tumours may be changes which, although important for that group, 

provide no proliferative advantage if the tumour already has a BRCAl or BRCA2 

mutation. Conversely other changes may provide no selective advantage to the 

cell without a predisposition but together with a germ-line predisposition can 

promote tumorigenesis. The association of BRCAl and BRCA2 with different 

specific genetic events suggests that the predisposition per se is not sufficient to 

account for the differences between patient groups.
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Another recent study has analysed tumours from monozygotic twin pairs 

concordant for breast cancer (El-Rifai, W. et a l 1999). Although a small study, 

and unfortunately the authors did not state whether these samples were from 

BRCAl/2 mutation carriers, they did find a commonly deleted region on lp32- 

pter. This suggests the presence of a potential breast cancer susceptibility gene in 

this region.

Courjal and colleagues (Courjal, F. and Theillet C. 1997), using Southern blot 

analysis initially identified subsets of tumours which shared genetic aberrations 

and clinicopathological features. This study has already been discussed within a 

different context in Chapter 1. Group A tumours had amplification at l lq l3  

and/or 8pl2 and/or 20ql3. They were predominantly ER positive and lobular in 

type. Group B tumours had amplification of ERBB2 and/or M YC  and/or 

MDM2/SAS. They were predominantly ER negative and almost exclusively 

ductal in type. Group C tumours had no detectable amplification. CGH analysis 

was then performed with the aim of identifying all amplifications within these 

groups. 61 tumours were analysed in total, 60% ductal carcinoma, 20% lobular 

and 20% of ‘untyped’ adenocarcinoma. Notably, only 2.5% of tumours were 

grade Is. Overall there was good concordance between the Southern blot analysis 

and gains observed by CGH. However, many more gains were revealed by CGH, 

as may have been expected. Thus in Group A tumours, gains were seen on 8q 

(64%), Iq (45.5%), 16pll-12 (36%) and 17q22-24 (18%), together with the 

regions of gain already identified by the Southern blot analysis. Other interesting 

findings to note were that loss of 1 lq23-qter was only seen in association with 

l lq l3  amplification. In group B tumours again apart from the known amplified 

regions, gains of 8q (80%), Iq (73%), 17ql2 (53%), 17q22-q24 (47%), 20ql3 

(40%), l lq l3  (33%) and 14q (27%) were seen. Following CGH analysis, only 

four Group C tumours remained with no regions of known amplification. 

Regions found amplified in this group included gains of Iq (50%), 8q (33%), 

20ql3 (21%) and 16pl l-p l2  (21%), losses of chromosome 22 (21%) were also 

seen. This study illustrates again the common regions of gain that have been 

identified so frequently in breast cancer, but also emphasises the diversity of the 

genetic changes seen -  all chromosomal regions were found to be affected by 

gains except for chromosome 4. The attempt to classify breast cancers according
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to molecular phenotype is probably premature considering how little we know 

about the number and complexity of genetic events occurring in breast 

tumorigenesis.

However, as has already been discussed both in this chapter and chapter 1, 

ERBB2  is known to be an important oncogene in breast cancer, and its 

importance has been enhanced by the discovery that it is a useful therapeutic 

target. So Isola and colleagues have attempted to define the genetic aberrations 

which occur in association with ERRB2 amplification (Isola, J. et a l 1999). 

Taking 33 primary invasive ductal breast carcinomas of mixed grade, CGH was 

perform ed and E R B B 2  status assessed by CGH, FISH and 

immunohistochemistry. ERBB2 positive tumours were found to have more 

genetic aberrations overall than ERRB2 negative tumours with a predominance 

of losses of 18q and gains of 20q. As 20q has been previously shown by this 

group and others to correlate with poor prognosis (Isola, J. J. et a l 1995; Tanner, 

M. M. et a l 1996), they suggest that 20q should be stratified with ERBB2 in 

prognostic studies. However, this may be premature until the exact association of 

20q with prognosis is established.

Another study analysing tumours depending on certain genetic features has 

examined the genetic changes that occur in association with telomerase activity 

(Loveday, R. L. et al 1999). Telomerase is abnormally expressed in a number of 

cancers including breast cancer. It is hypothesised that telomerase is responsible 

for the ability of cancer cells to continually divide. While some of the genes 

known to interact with telomerase are known, its control remains uncertain, so 

the authors of this study hypothesised that CGH telomerase positive and negative 

tumours may reveal new genetic regions important in telomerase control. Overall 

there was no difference in the total number of genetic aberrations seen in the two 

groups. An unsurprising finding was that gains of 3q and 8q and loss of 17p were 

all found to correlate with telomerase positive tumours, all regions known to 

harbour genes which have been reported to be involved in telomerase control. An 

unexpected finding was that gain of Iq correlated with telomerase negative 

tumours, thus leading the authors to suggest that a telomerase repressor gene may
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be present in this region. As gain of Iq is such an important feature of tumours, 

this would perhaps seem unlikely.

Taken together, the findings reviewed above clearly demonstrate that our 

knowledge of the genetic events underlying many aspects of breast cancer is 

increasing. However, there is a pronounced paucity of knowledge when 

considering the full spectrum of invasive ductal carcinoma. Several studies have 

looked at DCIS and IDC, and IDC and metastatic disease as discussed above, but 

the sequence of genetic events occurring within IDC, for example is completely 

unknown. Although there are clearly described phenotypes in terms of grades of 

IDC, that indeed provide a guide to tumour behaviour (Elston, C. W. et al. 1982) 

they do not necessarily relate directly to biological progression. The aim of the 

work presented in this chapter was to address this issue directly by correlating 

genotype with phenotype in IDC. The specific aim was to test the pathological 

hypothesis of dedifferentiation, i.e. to see whether grade I tumours progress to 

grade III tumours or whether the grades arise as distinct entities and tumours then 

remain within grade. It was anticipated that this study would not only increase 

our understanding of the biology of IDC but would also reveal the genetic 

aberrations important in low grade tumours. Random series of IDCs have tended 

to comprise predominantly grades II and III, for the obvious reason that in an 

unselected series GI tumours would be expected to account for only 12% of 

tumours overall (Elston, C. W. et a l 1982), or grades are considered together e.g. 

GI and GII v. GUI tumours. Therefore, the changes specific to grade I tumours 

comprise an area where our knowledge is particularly deficient.

The study presented here uses CGH in a novel way to screen the entire genomes 

of 90 IDCs which were stratified by grade; 40 grade I and 50 grade III tumours. 

Our expectation was that if dedifferentiation occurs, then genetic changes seen in 

grade I tumours would form a subset of those found in grade III tumours. 

Extremes of grade were used initially as it was expected that this would be the 

clearest way to see differences or similarities between the grades.
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3.2 Results

The genetic changes in a sample of 90 invasive ductal breast carcinomas (40 

grade I and 50 grade III tumours) stratified by grade were characterised. Figure 

3-1 summarises the gains and losses seen in all the tumours, and the frequency of 

gains and losses seen in grade I and grade III breast tumours is summarised in 

Figure 3-2. The different grades of breast tumour exhibited distinct genetic 

differences, both qualitatively and quantitatively.

3,2,1 Genetic changes in grade 1 invasive ductal breast carcinomas

In three grade I tumours no genetic changes could be found. The mean number of 

genetic changes in grade I tumours was 5.4 (range 0-14). Only four regions of 

change were commonly seen in greater than 25% of tumours - gains of Iq (70%), 

16p (45%) and 8q (30%) and loss of 16q (65%). Overall gains were seen as 

frequently as losses. Unambiguous amplification (ratio >1.4) was seen in 12 

tumours at only 6 different sites; 16p (7 cases), 8q (6 cases), 17ql2 (2 cases) and 

lp32-33, 20q and 1 Iq (1 case each). Two regions were unaffected by either gain 

or loss, chromosome 15 and the short arm of chromosome 12. Chromosome arms 

Iq, 8q and 16p were always gained, while chromosome arms 6q, 16q and 18q 

were always lost. The changes seen in specific chromosomes will now be 

discussed.

Chromosome 1

Four tumours showed loss of the short arm of chromosome 1 (T880, T1081, 

T1145 and T1401). T880 showed loss of the whole arm, while tumour T1145 

showed loss of lpter-lp32. Tumours T1081 and T1401 both showed loss of band 

lp22. Four tumours showed gain of the short arm of chromosome 1, with 

tumours T1440, T1443, and T843 all gaining lpter-lp35. No tumours showed 

loss of the long arm of chromosome 1. 28 tumours showed gain of the long arm, 

with 19 tumours showing gain of the entire arm. This will be discussed in more 

detail later on.
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Figure 3-1. Ideogram showing genomic gains and losses in IDC.

Top panel 40 grade I tum ours, bottom  panel 50 grade III tum ours. Each bar 

represents a single tumour, bars to the right o f the chrom osom al ideogram s represent 

gains and bars to the left represent losses. Three grade I tum ours showed no genetic 

changes so are not represented.
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Figure 3-2. Frequency of chromosomal aberrations in IDC.

Chromosomal aberrations in grade I breast carcinomas (top graph). Each bar on 
the x-axis represents either the short arm (black bar) or long arm (hatched bar) of 
each chromosome. The size of the bar represents the percentage of tumours 
showing that particular aberration. Gains are represented as positive changes and 
losses as negative changes. Chromosomal aberrations in grade III breast 
carcinomas are depicted in the same way (bottom graph). The difference between 
the top and bottom panels with respect to loss of the long arm of chromosome 16 
is clearly apparent.
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Chromosome 2

No tumours showed gain of any region of chromosome 2. T1081 lost the entire 

chromosome, three other tumours all showed loss of regions on 2q.

Chromosome 3

A single tumour, T788 showed gain of 3p24-pl4 and 3q21-q26.1. T1272 lost the 

entire chromosome and T1440 showed loss of 3pter-p25, 3pl3-ql3.2 and 3q24- 

q26.1.

Chromosome 4

No tumours showed gain of any region on chromosome 4. Tumour T1272 lost 

4pl5.3-pl5.1 and the entire long arm. Two other tumours each lost different 

regions from the long arm, 4q24-q26 and 4q27-qter.

Chromosome 5

A single tumour T953 showed gain of 5pl4-5q21. Three tumours showed loss of 

5q with a minimal overlapping region of deletion at 5ql4-21, seen in all tumours.

Chromosome 6

No tumours showed gain of any region on chromosome 6. Tumour T1108 

showed loss of the entire chromosome. A further seven grade I tumours showed 

loss of 6q. Two minimal overlapping regions were seen at 6ql6 and 6q22. In two 

tumours, these bands were lost as discrete changes, tumour T455 lost 6ql6 and 

tumour T1022 lost 6q22.

Chromosome 7
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Tumour T1269 showed loss of the entire chromosome, while T92 gained the 

entire chromosome. Tumour T978 showed gain of the short arm together with 

loss of the long arm suggesting the formation in this tumour of an i(7p).

Chromosome 8

Six tumours (T1346, T1228, T1012, T1269, T843 and T1145) showed loss of the 

short arm of chromosome 8. All of these except for tumour T1228 also showed 

gain of the entire long arm of chromosome 8, suggesting the formation of i(8q). 

T1228 showed gain of 8q24.1-8qter. No tumours showed loss of any region from 

the long arm.

Chromosome 9

Two tumours showed loss of 9pter-9p21 and two tumours showed gain of 9q32- 

qter.

Chromosome 10

A single tumour, (T953) showed loss of the entire chromosome. No other 

tumours showed any gains or losses from chromosome 10.

Chromosome 11

Five tumours showed loss of genetic regions from the long arm of chromosome 

11. Tumours T1401 and T1285 showed loss of 1 lql4-qter, T798 showed loss of 

1 lql4.2-qter and T1066 showed loss of 1 lq21-qter, together with loss of 1 Ipter- 

1 lp l4 . T1012 showed loss of 1 Iql4-q22.2. Gain of Ilq l2 -q l3 .2  was seen in a 

single tumour only.

Chromosome 12

Only two regions were affected in two different tumours. Tumour T1401 gained 

12q23 and tumour T880 lost region 12q23-q24.2.
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Chromosome 13

Six tumours showed loss of chromosome 13, with a minimal region of deletion 

seen in five tumours at 13q21. Two tumours showed gain of regions from 13q.

Chromosome 14

Two tumours showed loss of 14q24-qter. A single tumour, T889 showed gain of 

14ql2-21.

Chromosome 15

No tumours showed any genetic aberrations involving chromosome 15. 

Chromosome 16

26 tumours showed loss of the long arm of chromosome 16, of these 20 showed 

loss of the entire long arm. The minimal overlapping region of deletion was 

16q23-qter, seen in all tumours. 16 tumours showed gain of the entire short arm 

and a further two tumours showed gain of 16pter-pl2 and 16pter-pl3.1. Loss of 

the short arm or gain of the long arm was never seen. This will be discussed in 

further detail later.

Chromosome 17

Two tumours showed gains of the entire short arm together with regions from the 

long arm of chromosome 17. One tumour showed gain of the entire long arm, 

and another tumour showed gain of 17q22-qter. A single tumour, T1145 showed 

loss of 17pl2 and 17q23-qter.

Chromosome 18
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Gain of the entire short arm of chromosome 18 was seen in a single tumour 

T843, and loss of the entire short arm was seen in tumour T953. Gain of the long 

arm of chromosome 18 was never seen. Loss of the long arm was seen in five 

tumours.

Chromosome 19

Loss of the entire chromosome was seen in tumour T953. Five tumours showed 

gain of the entire chromosome, T1272, T1346, T1440, T1443, and T843, while 

tumour T1401 showed gain only of the short arm and T1093 showed gain only of 

the long arm.

Chromosome 20

Loss of the short arm was never seen. Loss of 20ql3.2-qter was seen in a single 

tumour, T1145. Tumours T1188 and T1275 showed gain of the entire 

chromosome 20, tumour T843 showed gain of only the short arm while tumours 

T1093, T1401 and T1108 showed gain of the entire long arm.

Chromosome 21

Tumours T1081 and T981 showed loss of 21q22 and tumour T842 showed gain 

of the entire chromosome 21.

Chromosome 22

Tumour T1401 showed gain of 22ql3. Three tumours showed loss of the entire 

chromosome, tumour T1275 showed loss of 22ql 1.2-ql2 while two tumours, 

T953 and T1012 showed loss of 22ql3.

Chromosome X

Tumour T1443 showed loss of the entire chromosome, gains were not seen in 

any tumour.
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Gains of the long arm of chromosome 1 and loss of the long arm of chromosome 

16 were not only common changes but they occurred together in 21 tumours and 

were the only changes in 4 tumours, Figure 4-1. Fifteen tumours showing gain of 

the long arm of chromosome 1 and loss of the long arm of chromosome 16, had a 

normal 16p copy number, while the remaining six tumours had gain of the short 

arm of chromosome 16. A further nine tumours showed gain of Iq without 16q 

loss, and seven tumours showed loss of 16q and gain of 16p with a normal 

chromosome 1 copy number. An unexpected association was seen between 

amplification of the long arm of chromosome 8 and the short arm of 

chromosome 16. Thirteen tumours showed gain of the long arm of chromosome 

8, six of these tumours showed gain of the short arm of chromosome 16 and in 

five of these tumours it was not simply gain of the arm but high level 

amplification. Furthermore, all six tumours which showed gain of 8q and 16p 

also showed loss of 8p and 16q. Interestingly, only two tumours in our study 

showed loss of 17q, and both of these also had the pattern of high level 

amplification of 8q and 16p and loss of 8p and 16q. Also, interestingly tumours 

which showed a large number of genetic changes (10-14) tended to have a 

normal Ip copy number and loss of 16q.

3,2,2 Genetic changes in GUI invasive ductal breast carcinomas

All grade III tumours showed at least one change. The mean number of genetic 

changes in grade III tumours was 13.8 (range 1-33). Common regions of gain in 

the grade III tumours seen in more than 25% of tumours were; Iq (70%), 8q 

(68%), 16p (34%), 17q (46%), 20q (38%), 5p (32%) and 3q (28%). Common 

regions of loss in the grade III tumours seen in more than 25% of tumours were; 

8p (42%), 1 Iq (42%), 13q (42%), Ip (34%), 18q (30%), 5q (28%), 6q (28%), 9p 

(28%), Xp (28%), 2q (26%), 4q (26%), Xq (28%). All chromosomal arms 

showed both gain and loss of genetic material, except interestingly for 3q, 8q and 

20q, all of which only showed gains.
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Regions of amplification were determined in two ways: those tumours with a 

region of gain that exceeded a ratio of 1 A, and those where there were clear spots 

of amplification and a profile that showed gain but which did not reach the 

threshold of 1.4. All but five grade III tumours showed amplification of at least 

one region by these criteria. The mean number of amplified regions as 

determined by a ratio of >1.4 was 1.4 (range 1-4) and the mean number as 

determined by discrete spots of signal was 1 (range 1-4). Many chromosomal 

arms showed a region of amplification in at least one tumour, except for Ip, 3p, 

4p, lOp, lip , 16q, 17p, 18p, 20p, 21q and chromosomes 2 and X, where no 

amplification was seen. The most common sites of amplification were 8q (38%), 

17q (34%), 20q (28%) and 5p (26%). Interestingly amplification of Iq was only 

seen in 16%. These percentages are a combined total for both amplification >1.4 

and discrete signals.

The complexity of changes seen in grade III tumours was much greater than that 

seen in grade I tumours, therefore it was not possible to describe simple 

associations of genetic changes as was done for the grade I tumours.

Chromosome 1

35 tumours showed gain of the long arm of chromosome 1, of these 18 showed 

gain of the entire arm. Other tumours showed gain in different regions of the 

long arm, resulting in at least two minimal overlapping regions of gain, at lq31 

and lq43-qter. Only two tumours showed loss of regions from the long arm of 

chromosome 1 and these were different regions; one was associated with loss of 

material from the short arm. 18 tumours showed loss of the short arm of 

chromosome 1. Of these three tumours lost the entire arm, and two minimal 

regions of deletion were present at lpter-lp36.1 and Ip31.2-lp22, with 9 and 12 

tumours showing loss of these regions respectively. Three tumours, T1087, T879 

and T929, showed loss of the entire short arm together with gain of the long arm 

of chromosome 1, suggesting i(lq) formation in only a small number of tumours. 

Four tumours showed gain of regions on the short arm of chromosome 1.

Chromosome 2
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One tumour lost the entire chromosome. A further 12 tumours showed loss of 

material from the long arm of chromosome 2, with one of these tumours also 

showing loss from the short arm. Three possible minimal regions of deletion 

were seen at 2q24 (8 tumours), 2q32 (8 tumours) and 2q37 (9 tumours). Two 

tumours showed gain of material from 2p and two tumours showed gain of 

material from 2q, a single tumour showed gain of material from both the short 

and long arm.

Chromosome 3

Gain of the short arm and loss of the long arm of chromosome 3 was never seen.

12 tumours showed loss of the short arm, of these four lost the entire arm. One 

tumour showed loss of 3pter-p24 and 3pl4-pl 1, with other tumours showing loss 

of just one of these regions, thus suggesting they may represent minimal regions 

of deletion. 14 tumours showed gain of regions on the long arm.

Chromosome 4

A single tumour showed loss of the entire chromosome. 11 tumours showed loss 

of the short arm of chromosome 4, four of these lost the entire arm. 13 tumours 

lost regions from the long arm of chromosome 4, with possible minimal 

overlapping regions of deletion at 4q22-q24 and 4q34-q35. Three tumours 

showed gain of regions on the short arm and four tumours showed gain of 

regions on the long arm, of these only two were overlapping.

Chromosome 5

A single tumour showed loss of the entire chromosome. 13 tumours showed loss 

predominantly of the long arm with a minimal region of deletion at 5ql4-q21, 

lost in 12 of the tumours. Two tumours showed gain of the entire chromsome 5.

13 tumours showed gain of regions of the short arm, but this will be discussed in 

more detail in Chapter 6. 5 tumours showed gain of the long arm of chromosome 

5, of these four showed gain of 5q34-q35.
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Chromosome 6

One tumour showed loss of the entire chromosome. 13 tumours showed loss of 

regions from the long arm. A minimal overlapping region of deletion was seen at 

6ql5-ql6; 12 tumours showed loss of this region. Only one tumour showed loss 

of material just from the short arm and one showed loss of genetic material from 

both the short and long arm. Nine tumours showed gain of the short arm of 

chromosome 6 and eight tumours showed gain of regions of 6q.

Chromosome 7

Eight tumours showed loss of regions of the short arm of chromosome 7, of these 

four also showed regions of loss of the long arm. Two tumours showed gain of 

the entire chromosome. Seven tumours showed gain of regions of the short arm 

of chromosome 7 and six tumours showed gain of the long arm.

Chromosome 8

21 tumours showed loss of the short arm of chromosome 8, loss of the long arm 

was never seen. Three tumours showed gain of the entire chromosome, four 

tumours showed gain of the region 8qll.2. 31 tumours showed gain of the long 

arm of chromosome 8. This will be discussed in more detail in Chapter 7.

Chromosome 9

A single tumour lost the entire chromosome. 13 tumours lost regions of the short 

arm, and four of these lost the entire arm. Nine tumours lost regions on the long 

arm of chromosome 9, all of these lost the region 9q34-9qter. Five tumours 

showed gain of regions on the short arm of chromosome 9 and one tumour 

showed gain of both the short and long arms. A further three tumours showed 

gain of the long arm of chromosome 9.

Chromosome 10
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A single tumour lost the entire chromosome. Seven tumours lost the long arm of 

chromosome 10 and three of these tumours also lost regions from the short arm. 

Gain of regions from the short and long arms were seen in three tumours, a 

further three tumours all showed gain of 10pter-pl3.

Chromosome 11

21 tumours showed loss of the long arm of chromosome 11. There were several 

possible overlapping minimal regions of loss at l l q l 4  (13 tumours), l lq23 (19 

tumours) and Hq24-q25 (17 tumours). Six tumours showed loss of regions on 

the short arm of chromosome 11, and all of these lost 11 pi 5. One tumour 

showed gain of the entire chromosome. Eight tumours showed gain of regions of 

the long arm, six tumours showed gain at 1 lql2 and four tumours showed gain at 

l lql4.

Chromosome 12

Six tumours showed loss of the long arm of chromosome 12, with three tumours 

showing loss at 12ql5-q21 and three tumours showing loss at 12q24.1-q24.3. A 

single tumour showed gain of the entire chromosome. Five further tumours 

showed gain of the short arm with two of these showing gain of the entire arm. 

Eight tumours showed gain of the long arm of chromosome 12.

Chromosome 13

19 tumours showed loss of the long arm of chromosome 13. Of these seven 

tumours lost the entire arm. Two tumours showed loss of 13ql2-q21 and 13q33- 

q34, sparing the intermediate bands. This is interesting as other tumours showed 

loss of just one of these regions, thus suggesting that they may represent minimal 

regions of deletion. Seven tumours showed gain of regions on the long arm.

Chromosome 14
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13 tumours showed loss of the long arm of chromosome 14. Four tumours 

showed regions of gain of the long arm.

Chromosome 15

Nine tumours showed loss of regions of the long arm of chromosome 15. Seven 

tumours showed loss of 15q24-25. Four tumours showed gain of regions from 

the long arm.

Chromosome 16

A single tumour lost the entire chromosome and a further seven tumours showed 

loss of regions of the long arm. A single tumour showed gain of the long arm and 

another tumour showed gain of the long arm together with regions from the short 

arm. A further 16 tumours showed gain of the short arm of chromosome 16 and 

of these 10 tumours showed gain of the entire arm.

Chromosome 17

10 tumours lost regions of the short arm of chromosome 17, of these eight 

tumours lost the entire arm. Two of these 10 tumours also lost regions from the 

long arm. Three tumours showed gain of some regions of the short arm, together 

with gains from the long arm. 23 tumours showed gain of regions from the long 

arm, only nine tumours showed discrete regions of gain including 17ql2.

Chromosome 18

Five tumours showed loss of the entire chromosome. 11 tumours showed loss of 

only the long arm and of these nine tumours showed loss of 18q22-23. Six of 

these nine tumours showing loss of 18q22-23 also showed loss of 18pl 1.3. A 

single tumour showed gain of the entire chromosome, with three tumours 

showing gain of regions on the long arm.

Chromosome 19
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Two tumours, T941 and T i l 24, lost the entire chromosome, and two tumours 

T1073 and T959 lost the entire short arm. Two tumours gained the entire 

chromosome, T1094 and T1125, three further tumours. T il  14, T911 and T930 

gained the entire short arm only.

Chromosome 20

Four tumours lost the short arm of chromosome 20, with all tumours losing the 

region 20pl3. No tumours lost the long arm of chromosome 20. Six tumours 

gained the short arm of chromosome 20 but it was always seen as part either of a 

whole chromosome gain or together with regions from the long arm. In total 19 

tumours gained the long arm of chromosome 20 and of these 15 gained the entire 

arm.

Chromosome 21

Three tumours, T911, T1103 and T1060 lost the region 21q21, and one tumour 

T1134 gained the same region.

Chromosome 22

Two tumours, T l l l l  and T1144 lost the entire chromosome and a further five 

lost regions of the arm. A single tumour gained the entire chromosome.

Chromosome X

Five tumours lost the entire chromosome, and a further three tumours lost 

regions from both the long and short arms. A minimal region of deletion was 

seen at Xp22.3-p22.1. Five tumours gained material from the long arm and four 

tumours gained regions from the short arm.
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3.3 Discussion 

3.3.1 Genetic changes in different grades

This study revealed both quantitative and qualitative differences between grade I 

and grade III tumours. The finding of qualitative genetic differences was not 

unexpected and is in agreement with data from other groups showing fewer 

chromosomal aberrations in well differentiated compared to poorly differentiated 

breast tumours (Tirkkonen, M. et al. 1998). Furthermore, it is entirely consistent 

with the concept that the number of genetic changes is related to tumour 

phenotype.

Three of the grade I tumours showed no genetic changes and again this may not 

have been entirely unexpected in that these well-differentiated tumours may well 

have small deletions which are beyond the resolution of CGH. Alternatively, the 

genetic changes present may be balanced rearrangements, or mutations which 

would not be detected by CGH. None of the grade III tumours showed no 

changes and although the range of genetic changes seen was 1-33, only one 

tumour had a single change.

The only change which was seen commonly in the two grades was gain of Iq 

seen in 70% of both grade I and III tumours. This is consistent with other studies 

and suggests that this may be a crucial change to breast tumorigenesis. However, 

it is also a change seen very commonly in other tumour types. Therefore it may 

not be a breast tumour specific change, but rather a common genetic aberration 

in all solid tumour types. It is also interesting to note that in the study by 

Tirkonnen and colleagues (Tirkkonen, M. et a l 1998) where it was commented 

that loss of Iq was an early change because it was seen often in tumours with 

fewer genetic aberrations, it may be that they were identifying not early tumours 

but low grade tumours -  as there were a number in that study.

3.3.2 DNA amplification



129

Amplification was a frequent occurrence in grade III tumours but rarely seen in 

the grade I tumours. This again may not be an entirely unexpected finding as 

amplification is thought to occur with disease progression, and therefore not seen 

in low grade tumours. The decision to subdivide amplification in the two ways 

discussed above for the grade III tumours seems reasonable. As discussed in 

Chapter 2 (Materials and Methods), there is no consensus regarding the criteria 

which should be used for amplification. However, using a limit of >1.4 would 

appear to be sensible as tumours displaying ratios greater than this certainly do 

have very distinct green signal which is different to the intensity seen when the 

ratios are just greater than that used for significance. It is also difficult to assess 

why there should be such intense signal if it does not reflect multiple copies. The 

usage of discrete signals as indicative of amplification is also reasonable when 

one considers that maybe the amplicon is so small that there are problems due to 

the resolution of CGH, and there is some evidence to support this in the 

literature. For example one study found that CGH failed to identify tumours with 

CCNDl amplification, which were found by Southern blotting (Ried, T. et al.

1995). It was suggested that one reason for this may be the limited sensitivity of 

identifying low copy number increases of small amplicons, by CGH.

Interestingly, there were many regions of amplification seen in the grade III 

tumours, 27 in total, which is more than reported in the literature (Knuutila, S. et 

a l 1999). This probably reflects the effects of stratifying the investigation by 

grade. For most of these regions as already discussed (Chapter 1) there are no 

candidate oncogenes. Amplification of the most commonly reported areas were 

seen more commonly also in this study, namely 8q, 17q and 20q, with 

frequencies of 38%, 34% and 28% respectively. However, amplification of 17q 

and 20q are seen much more commonly in our study compared to the literature. 

While this may reflect differences in the reporting of amplification, this cannot 

be the complete reason, for if gains alone are considered then the frequencies 

seen in this study are also much higher than those reported in the literature, 46% 

and 38% for 17q and 20q respectively. This is therefore likely to reflect a 

genuine increase in frequency seen in these grade specific tumours. This will be 

discussed further later. Interestingly the amplification of 5p seen in 26% of 

tumours, has not been previously reported at such a high frequency and also
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appears to be a grade-specific change. This will be discussed in further detail in 

Chapter 6. Another interesting finding was the relatively low frequency of 

amplification of Iq, seen in only 16% of grade III tumours, whereas gains were 

seen in 54%. This suggests that maybe it is a dosage effect of genes on the long 

arm of chromosome 1 which is important in breast tumorigenesis, in contrast to 

amplification of these genes. This would lend support to the discussion of gene 

dosage discussed in chapter 1. Some regions were highly amplified in single 

tumours. For example, 3q25-27, 4q31.1-31.3, 5q34-35, 9pl2, 9q32-34, 10q24- 

25, 12pll.2, 13q22-34, 18q21, 19pl3.1 and 22ql3. The significance of these 

data remain to be determined in a much bigger population.

3,3,3 16q loss

The most striking quantitative difference between grades was the very interesting 

finding of 16q loss. This change occurred very commonly in grade I tumours 

(65%) but very infrequently in grade III tumours (16%), Figure 3-2. While 

previous CGH studies on unselected series of breast tumours have found loss of 

16q ranging from 24-38% of breast tumours (Isola, J. J. et al. 1995; Kuukasjarvi, 

T. et a l 1997a; Tirkkonen, M. et al. 1998) the loss itself was less surprising, than 

the huge differential loss comparing grade I and grade III tumours. Surprisingly, 

genetic material lost in well differentiated tumours was nevertheless present in 

poorly differentiated tumours. Regain of genetic material previously lost during 

tumour progression is extremely unlikely. These results therefore strongly imply 

that the majority of grade I tumours do not progress to grade III tumours. 

Furthermore, as I6q loss occurs as a consistent chromosomal change in grade I 

tumours, it is likely that cells with loss of this region carry a selective growth 

advantage, so it is difficult to envisage how regaining this region has a further 

selective advantage. However, it is possible to envisage a mechanism whereby 

genetic material could be regained during tumour development, for example non

disjunction of chromosome 16, but this is a much less likely possibility. An even 

more unlikely mechanism as a means of regaining chromosome 16 is 

endoreduplication, as it would result in extra copies of all chromosomes; even 

allowing for chromosomal losses following endoreduplication, and this does not
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account for the pattern of gains and losses seen in the grade III tumours. 

However, both these potential mechanisms will be discussed in greater length in 

the next chapter. Overall, these data appear inconsistent with the 

dedifferentiation hypothesis for the origins of most grade III tumours.

3,3,4 Translocation involving chromosome 16

Loss of 16q occurring at such a high frequency and as one of only a few genetic 

changes, suggests that it plays an important role in low grade tumorigenesis, 

although the specific function played by deletion of this region is uncertain. 

Previous studies have led to the belief that loss of 16q is an early change in 

breast tumorigenesis. Some evidence for this comes from CGH analyses which 

have shown 16q loss occurs either as a sole change or in association with only a 

few chromosomal changes (Tirkkonen, M. et al. 1998). The findings from this 

study in grade I tumours confirm these earlier results by showing that loss of 16q 

does occurs predominantly in association with gain of Iq, and in association with 

only a few other changes (mean number of changes 3.9), although it was never a 

sole abnormality in this study.

Loss of 16q in grade I tumours usually involved the whole arm. Figure 3-1 and 

was usually associated with gain of Iq. As already discussed, gain of Iq and loss 

of 16q were seen together in 21 grade I tumours, and were the sole changes in 

four tumours. Gain of Iq without loss of 16q was seen in eight tumours and the 

reverse situation, loss of 16q without Iq gain was seen in six tumours. It is of 

interest that in these six tumours loss of 16q was associated with 16p gain, 

suggesting isochromosome formation as a mechanism for 16q loss. The potential 

role loss of 16q plays in grade III tumorigenesis is even less certain as it occurs 

in only 16% of tumours, and therefore may reflect a change secondary to general 

genetic instability, rather than an important change. It never occurred with just 

gain of Iq; rather it was seen together with a number of other genetic aberrations, 

(range 5 - 14).
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The association of loss of 16q with gain of Iq in grade I tumours was of 

particular interest because it suggests the possible presence of a translocation, 

der(l;16), which has been reported previously in breast cancer in about 20% of 

cases (Pandis, N. et a l 1995). The suggested presence of a translocation is 

necessarily an extrapolation of the data presented here as CGH cannot identify 

translocations. The der(l;16) translocation was originally reported following 

cytogenetic analysis of breast tumours (Dutrillaux 1990). It was found that in 

diploid cases where the translocation was seen, there were two normal 

chromosomes 1 and only one normal chromosome 16 and therefore, the net 

result was gain of Iq and loss of 16q. This translocation has since been 

characterised using FISH (Kokalj-Vokac, N. et a l 1993). Using a combination of 

probes from the alpha satellite regions of chromosomes 1 and 16 and the 

classical satellite sequences from both these chromosomes, it was found that this 

translocation resulted from a variety of different breakpoints, all within the 

heterochromatic regions of these two chromosomes. Of note the a  satellite 

sequence from chromosome 16 was always preserved, leading the authors to 

suggest that as centromeres are located within the alpha DNA containing regions, 

the segregation of the centromeres is normal, with the missing centromere of 

chromosome 16 being replaced by that of the der(l;16). This is an unusual 

scenario as whole arm translocations usually result from centromere non

disjunction. Furthermore, the presence of variable breakpoints suggested that it is 

not the result of the translocation itself that is important, but the consequent 

imbalance of genetic material, i.e. gain of chromosome 1 material, loss of 16q 

material or both. Following characterisation of the translocation it has also been 

reported as a frequent occurrence in lobular breast cancer (Flagiello, D. et a l 

1998), which fits the CGH data on lobular breast tumours (see above).

Perhaps of greater significance though for the current discussion is a more recent 

study where it has been shown that the presence of this translocation occurs 

much more frequently in low grade compared to high grade ductal tumours 

(Tsuda, H. et a l 1999a). However, this study was rather small, including only 2 

grade I tumours. The authors also claimed that der(l;16) is associated with a 

better prognosis, but as they did not separate out the presence of der(l;16) from 

histological type or grade, these claims would not seem to be fully justified.
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However, the same group then took a larger series of 185 tumours (including the 

tumours from their original series) and replicated their results (Tsuda, H. et al. 

1999b). The translocation was found to occur in 64% of grade I tumours and 

16% of grade III tumours, which is extremely interesting in the light of our CGH 

data. The translocation has also been reported in intracystic papillary carcinoma, 

a group of distinctive low grade in situ breast tumours (Tsuda, H. et a l 1997). 

Therefore, these genetic changes certainly seem to play an important role in 

several types of low grade breast tumours. However, their significance as a 

primary i.e. important change has been questioned, as the translocation has been 

found in association with other genetic changes in several tumours types, leading 

the authors to conclude that even though it does occur as the sole finding in 

breast tumours there may be an as yet unidentified molecular event occurring as 

the primary event (Mrozek, K. and Bloomfield C. D. 1998). Even if this 

translocation is not the primary event, a role for it in low grade tumorigenesis 

does appear compelling. Furthermore, it is of interest to consider what are the 

candidate genes affected by these changes.

3,3.5 Regions o f 16q loss

LOH studies of primary breast tumours have identified at least two minimal 

regions of 16q deletion (16q22.1 and 16q24.3) (Cleton-Jansen, A. M. et al. 1994; 

Dorion-Bonnet, F. et al 1995; lida, A. et a l 1997), with some authors suggesting 

an additional minimal region at 16q23.2-q24.1 (Whitmore, S. A. et a l 1998a). 

These data suggest the presence of at least two tumour suppressor genes on 16q. 

Although a number of candidate genes have been identified for these regions, 

none has yet been confirmed. Furthermore, these regions have been found 

deleted in a range of other malignancies, including prostate (Suzuki, H. et a l

1996), hepatocellular and ovarian carcinomas (Kawakami, M. et a l 1999; Piao, 

Z. et al 1999) thus suggesting the importance in identifying these genes will not 

be limited to breast cancer.

j. j. 17  76^227
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In two studies examining loss of the whole long arm of chromosome 16, using a 

similar number of markers, the region 16q22.1 was found to be most associated 

with loss (Dorion-Bonnet, F. et a l 1995; Skirnisdottir, S. et a l 1995). In the 

Dorion-Bonnet study, the patterns of loss within 16q were established. It was 

found that the majority (86%) of tumours showing loss of the whole arm or the 

region 16q22.1-qter were well- and moderately differentiated tumours whereas 

the most common group of tumours showing interstitial loss (67%) were the 

poorly differentiated tumours. Two of these studies found no association with 

loss of 16q and tumour size, nodal status, histological type, ER status 

(Skirnisdottir, S. et al 1995; lida, A. et a l 1997) or survival which was looked at 

in just one study (Skirnisdottir, S. et al 1995).

Within the 16q21-22.1 region there are six cadherin genes (Kremmidiotis, G. et 

al 1998; Thomson, R. B. et a l 1998), including CDHl (E-cadherin), CDH3 (P- 

Cadherin), CDH5 (VE-Cadherin), CDH8, CD H ll (OB-cadherin) and Ksp- 

cadherin. As disturbance of cell-cell interactions, in which the cadherins are 

involved, is necessary for invasion and metastasis of tumour cells, all the 

cadherins are potential tumour suppressor genes. Of particular interest is the 

cadherin gene, CDHl which maps to 16q22.1. Although it lies outside the 

minimal area of deletion (Filippova, G. N. et a l 1998) it is known to play an 

important role in lobular breast carcinomas (Berx, G. et a l 1995), while its role 

in ductal carcinomas remains to be established. The specific question regarding 

the involvement of CDHl in low grade breast tumorigenesis will be addressed in 

Chapter 5. The potential role of the other cadherins remain to be established.

Another candidate tumour suppressor gene for the region 16q22.1 is CTCF  

(Filippova, G. N. et a l 1998), which has recently been identified and shown to 

encode a zinc finger transcription factor. It lies within a region delineated by 

markers D16S186 and D16S496, which contains most of the markers deleted in 

the smallest region of deletion on 16q22.1. It has a number of different binding 

sites for a number of genes including MYC and the POLO-like kinase (PLK) 

genes. As both MYC and P L K  are critically involved in the control of cell 

proliferation, then enhanced ectopic CTCF should affect cell growth, and it has 

indeed been shown that increased expression of CTCF  does lead to growth
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inhibition in cell lines (Filippova, G. N. et al. 1998). It is also interesting to note 

the interaction with PLK genes considering their function as discussed in 1.1.2.1. 

Inactivation or dysregulation of CTCF  is proposed to lead to dysregulated 

expression of these target genes leading to an abrogation of the negative effects 

on cell proliferation. So is there any evidence for mutations in the gene? Analysis 

of 2 breast cell lines by Southern blot analysis has shovm CTCF rearrangements 

and 1/4 breast tumours exhibited a tumour-specific genomic rearrangement of 

CTCF exons encoding its 11-zinc-finger DNA binding domain. However, the 

exact nature or functional significance of the rearrangements has yet to be 

determined.

j .

The minimal region of deletion at 16q24.3 covers a region of 940kb and is 

bounded by the markers D16S3026 and D16S303 (Whitmore, S. A. et al 1998a). 

It contains 7 known genes and 14 potential new transcripts have been isolated. 

However, a number of both the genes and new transcripts have been excluded as 

candidates either because no mutations have been identified or because of their 

expression pattern and known function. Both the renal dipeptidase {DPEPl) gene 

and melanocortin-1 receptor (MCIR) genes have been excluded for the latter 

reason. Genes excluded because no mutations have been seen include the breast 

basic conserved gene (BBCl) (Moerland, E. et al. 1997), FAA (Cleton-Jansen, A. 

M. et al. 1999), the growth arrest-specific 11 (GASH) gene and C16orf3 

(chromosome 16 open reading frame 3) (Whitmore, S. A. et al 1998b). Another 

candidate is the PISSLRE gene (Whitmore, S. A. et a l 1998a), which belongs to 

a family of cyclin dependent protein serine/threonine kinases that are critical for 

cell cycle progression. However, recently it too has been excluded due to the 

absence of mutations (Crawford, J. et a l 1999). Another candidate is the cellular 

senescence gene SEN 16 (Reddy, D. E. et a l 1999). It does however, map distal 

to the marker D16S303, but functional studies have shown that introduction and 

retention of normal sequences from this region into immortal mammary tumour 

cell lines restores cellular and colony morphology and induces progressive 

retardation of proliferation leading to complete growth arrest. The analysis of
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this gene once it is cloned will be of interest. A weak candidate gene for the 

region 16q24.3 is the cadherin gene, CDHl5 (Kremmidiotis, G. et al. 1998)), 

although its expression in breast tissue is not yet confirmed. Another cadherin, 

H-cadherin C D H l3 maps to 16q24.3 but outside this minimal region 

(Kremmidiotis, 0 . et al 1998). Further evidence excluding this gene as playing a 

significant role is that although reduced expression of CDHl3 has been found in 

primary breast tumours (Lee, S. W. 1996) mutations in the gene have only rarely 

been found (1/48 tumours analysed) (Miki, Y. et a l 1997).

3,3,6 Prognostic significance o f  16q loss

A study by Hansen (Hansen, L. L. et a l 1998), used only one marker D16S511 

which maps to 16q23.2-24.2. This study was undertaken to try and correlate a 

marker from an area of known high frequency loss to clinicopathological features 

in an unselected tumour population. Loss was found in 61% of 168 informative 

tumours, and this change correlated with freedom from distant métastasés, 

disease-free and overall survival, leading the authors to claim that loss of 16q 

was an independent marker of good prognosis. If the sub-analysis is looked at it 

can be seen that loss was much more frequent in the grade I tumours (30/34) 

compared to grade III tumours (40/93). How a region could be associated with 

good prognosis was suggested by the authors to be related to loss of a possible 

metastasis-inducing gene or housekeeping gene, together with the tumour- 

suppressor gene. Loss of these genes may result in a slowing down of the growth 

and/or metastatic potential of the tumour cell. Equally it could be that correlating 

loss of this region with prognosis is simply identifying those tumours with a 

better prognosis because they are of lower grade with a different biology. 

Conversely, Lindblom and colleagues (Lindblom, A. et al 1993), who although 

were looking at a different population, patients with a familial history of breast 

cancer, found loss of 16q24 to be associated with the development of métastasés. 

No differential loss in Tow’ compared to ‘high grade tumours’ was found 

although how these tumours were graded and grouped into just two grades is not 

made explicit. Another group (Tsuda, H. et a l 1994) performing deletion 

mapping on 16q found 16q24.2-qter to have the highest incidence of loss (in
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disagreement with the Dorion-Bonnet study discussed above) but there was no 

association between loss of this region, and the presence of invasion and 

metastasis, clinical stage, tumour size histological grade or oestrogen receptor 

status. Therefore both the gene(s) involved and their importance in breast cancer 

very much remain to be established.

i .  J. 7 Significance o f  stratifying by grade

Gains of 8q, 17q and 20q are changes that as already discussed above have been 

previously reported as frequent findings in breast cancer (Kallioniemi, A. et al. 

1994). However, in this current study these are frequent changes seen only in 

grade III tumours. Figure 3-2. In grade I tumours, gains of 17q and 20q were 

seen in only four tumours each. Interestingly, gains of 8q and 20q occurred 

predominantly in grade III tumours, which are known to have a poorer prognosis 

(Elston, C. W. et al. 1982), supporting previous findings correlating these 

changes with a shorter overall survival and more aggressive phenotype (Isola, J. 

J. et al. 1995). Therefore these changes may not be independent prognostic 

markers but rather grade dependent prognostic markers. This is supported by the 

finding that 8q was associated with a higher mean nuclear area in one study 

discussed above (Hermsen, M. A. J. A. et al. 1998).

The findings in grade I tumours of predominant loss of 16q without high 

frequency gain of 8q and 20q are very similar to changes found in lobular breast 

carcinomas (Nishizaki, T. et al. 1997a). It is therefore tempting to speculate that 

at the molecular level the origins of these apparently morphologically different 

breast tumours may be very similar. Furthermore, this similarity in genetic 

patterns also supports the hypothesis that CDHl may be very important in ductal 

carcinomas.

The most striking grade-specific change was seen on chromosome 5. High level 

amplification was seen in four grade III tumours and a further 13 showed gain. 

This was not seen at all in the grade I tumours. The significance of this funding 

and further studies will be discussed in Chapter 6.
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3.3.8 Conclusions

The work presented in this chapter has highlighted the importance of studying 

breast tumours stratified by grade, and has important implications for the 

biological study of breast tumours. Most genetic studies to date have analysed 

breast tumours as a homogeneous group, without specifically considering grade. 

As the present study shows, a prerequisite for a meaningful description of grade 

specific changes is the selection of a large number of tumours for study. Grade I 

tumours comprise only 12% of all invasive ductal breast carcinomas (Elston, C. 

W. et al. 1982). Changes which are very prevalent within a subgroup may 

therefore be missed, or their significance diluted, when the whole group is 

considered. This may explain why previous CGH studies have found loss of 16q 

ranging from 24-38% in breast tumours (Isola, J. J. et al. 1995; Kuukasjarvi, T. 

et al. 1997a; Tirkkonen, M. et al. 1998), and why the importance of this 

particular change in grade I tumours has not been emphasised. It also explains 

why the prevalance of gains of 17q and 20q have been overestimated.

In conclusion, the work presented in this chapter shows the utility of taking a 

genetic approach to make inferences about the biological progression of breast 

cancer. By studying a large sample stratified by histological grade, these findings 

show that the majority of grade I tumours do not progress to grade III tumours, 

and this will be further discussed in the next chapter. Breast cancer appears to 

show a more complex biological behaviour than simple progression through 

histological grades. Therefore different grades may present discrete therapeutic 

targets. For a complete understanding of the genetic events which underlie breast 

tumorigenesis a full appreciation of the relationship between genetic events and 

histological grade is required.
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Chapter 4. Is 16q regained In breast cancer 

progression? -  Are there distinct differences 

between loss of heterozygosity on 16q In grade I 

and grade III tumours?

4.1 Background

The preceding chapter used CGH to test the pathological hypothesis of 

dedifferentiation, and concluded that the most likely interpretation of the data 

refutes this hypothesis for the majority of invasive ductal carcinomas, i.e. that the 

majority of grade I tumours do not progress to grade III tumours. This 

interpretation was based mainly upon the differential loss of 16q in low grade 

compared to high grade tumours. However, could this data be interpreted in an 

alternate way? Grade I cancers might progress to grade III lesions through loss of 

chromosomal material on 16q in early lesions being followed by regain of this 

chromosomal arm as tumours progress.

Although regain of genetic material is considered an unlikely event, there are 

genetic mechanisms by which it could occur. Regain could either be a result of 

doubling the entire contents of the cell, i.e. endoreduplication, or extra copies of 

just chromosome 16 through non-disjunction. Most of the models which discuss 

the genetic evolution of solid tumours were proposed about a decade ago and are 

based upon karyotypic analysis of tumours (Muleris, M. et al. 1990; Dutrillaux, 

B. et al. 1991). One of the first models for genetic evolution of tumours was 

described for colorectal carcinomas (Muleris, M. et al. 1990). Colorectal tumours 

were divided according to their karyotypic appearances into two different groups, 

the ‘monosomie’ and the ‘trisomie’ type (Muleris 1988). The monosomie type 

resulted mainly from chromosomal deletions and losses, whereas the trisomie 

type arose from progressive chromosomal gains. The finding of another group of 

colorectal tumours, those which were highly hyperploid required extension of 

this model further. Did they represent a third distinct group in terms of genetic 

evolution or were they related to the two already described groups? Interestingly
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by karyotypic analysis, it was found that the patterns of losses were very similar 

to the monosomie type, but critically, normal chromosomes were present in four 

copies and all rearranged chromosomes, including marker chromosomes, were 

present in two copies, thus suggesting that endoreduplication had taken place, 

preceded by chromosomal rearrangements. Some chromosomes were present in 

three copies suggesting further rearrangements following endoreduplication. 

These results lead to the proposal that these tumours derived from the 

monosomie type (Muleris, M. et al. 1990) with the proposed model being 

chromosomal losses and deletions occurring first, subsequently followed by 

endoreduplication and further specific losses. Supporting molecular evidence for 

this was losses of 17p and chromosome 18, which were present before 

endoreduplication and were still apparent by loss of heterozygosity after 

endoreduplication.

Subsequently a similar analysis was done on breast tumours (Dutrillaux, B. et al. 

1991). There were not such clearly defined karyotypic sub-groups as in 

colorectal carcinomas, but it was still possible to establish a pattern of genetic 

evolution similar to the monosomie type of colorectal carcinoma. In contrast to 

colorectal carcinomas, there were many more genetic rearrangements seen, and a 

weaker tendency to endoreduplication, although it could occur more than once 

and was less strongly associated with specific rearrangements. However, it was 

predicted that the model for the genetic evolution of breast cancer - of 

accumulating unbalanced chromosomal rearrangements leading to deletions, 

followed by endoreduplications and then possible further specific losses - was 

the same as for colorectal carcinoma.

Therefore, if this model was applied to our earlier data it could potentially lead to 

an alternative interpretation of our findings. Thus, breast tumours may evolve 

initially as low grade tumours which have specific rearrangements, resulting 

particularly in 16q loss. Then with time, these tumours undergo 

endoreduplication and by a process of genetic evolution become grade III 

tumours. The overall effect of these changes, would be an apparently normal (or 

near normal) 16q copy number detected by CGH in the grade III tumours.
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Clearly there would be other changes too, but it is critically the long arm of 

chromosome 16 which will be considered.

Similarly non-disjunction of chromosome 16 during progression would result in 

an apparently normal chromosome 16 copy number in GUI tumours. This model 

has been suggested by Varella-Garcia and colleagues (Varella-Garcia, M. et al. 

1998) in non-small cell lung cancer. They hypothesised that duplication of the 

chromosome or chromosomal region may be important in maintaining 

homeostasis, as while monosomy of the critical gene may permit expression of 

the mutant cellular phenotype, it may result in a deleterious dosage effect on 

other genes in particular the housekeeping genes. Alternatively, these authors 

hypothesised that loss of a chromosome arm may occur, with subsequent 

duplication of the abnormal chromosome pair and maintenance of specific loss in 

the daughter cells.

So, although a less likely interpretation of the original data, regain by whatever 

mechanism, was still a hypothesis that it was necessary to test. The premise was 

that if endoreduplication, or non-disjunction, had occurred during genetic 

evolution although the copy number of the long arm of chromosome 16 would 

have appeared normal by CGH, such tumours would have allelic loss as detected 

by molecular markers, as in the example by Muleris and colleagues (Muleris, M. 

et a l 1990).

Furthermore, another possible problem with the interpretation of the CGH data is 

that allelic loss can result from mechanisms other than deletion - such as mitotic 

recombination - which are not detectable using CGH. It is just possible that grade 

III breast cancers actually show a similar frequency of loss to grade I lesions, but 

that the mechanism of loss differs between the two grades, with the result that 

losses in the grade III tumours are underestimated.

This follow-on study therefore had two main aims; to test the two hypotheses 

discussed above. Firstly, to determine whether regain of genetic material through 

endoreduplication occurs in grade III breast cancers, and therefore to test the 

hypothesis that the majority of grade I tumours do not progress to grade III
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tumours. Secondly, whether differences in the frequency of allelic loss, between 

grades are real or simply due to the inability of CGH to detect all mechanisms of 

allelic loss. The first hypothesis was tested using allelic loss (LOH) analysis with 

microsatellite markers on 16q in 48 grade III breast cancers and comparing these 

results to our previous CGH results. The second hypothesis was tested by 

extending the allele loss analysis to 37 grade I tumours, using the same 

polymorphic microsatellite markers, and comparing these results to those found 

in the GUI tumours.

4.2 Results

Microsatellite analysis was performed on 48 grade III tumours. Previously CGH 

had been performed on 33 of these tumours using the same DNA samples. Figure

4-1. Nine tumours that had shown no loss by CGH were found to have lost one 

or more markers by microsatellite analysis. None of these tumours showed loss 

of all three markers. Three of the 9 tumours had a CGH profile of 1.0 along the 

length of 16q, 5/9 showed a trend towards loss which was insufficient to reach 

significance, and 1/9 showed a trend towards gain, which again did not reach 

significance. Figure 4-2. None of these 9 tumours showed LOH reducing the area 

under one allele to a level of less than 10%, showing that LOH was more likely 

to result from mitotic recombination than from deletion of material followed by 

regain.

A total of 19 grade III tumours (40%) showed loss of at least one polymorphic 

marker as assessed using the standard criteria, one tumour being non-informative 

for all three markers. No tumour showed loss of all three markers. The frequency 

of loss at individual markers ranged from 21% to 27%, Table 4-1. All four grade 

III tumours that had shown loss by CGH were found to have lost at least one 

marker by LOH, Table 4-2.

Microsatellite analysis of 16q was performed on 37 grade I tumours. Thirty-one 

of these had been analysed previously by CGH, using the same DNA samples. 

Figure 4-1. A total of 21 tumours (60%) showed loss of at least one polymorphic
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Figure 4-1. An integrated figure showing the combined results of allelic loss analysis of chromosome 16, together with the CGH results for chromosomes 16 and 1 for both grade 1 and 
grade 111 tumours.
The top panel shows grade I tumours, with the results o f  allelic loss o f  MS markers from chromosome 16, including C D Hl  (see chapter 5), with the results from CGH for chromosomes 1 and 16. The bottom panel shows grade III 
tumours represented in the same manner. N .B . there is no C D H l  data for the grade III tumours. For the MS data filled boxes represent allele loss, empty boxes represent no loss, hatched boxes represent non-informative 
results, for tumours where there was no data there are spotted boxes. For the CGH data gains are shown by filled red boxes, loss by filled black boxes, where there is no gain or loss the boxes are empty and spotted boxes again 
represent no data.
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Figure 4-2. Patterns of 16q loss in invasive ductal breast carcinomas.

In the top panel ideograms of chromosome 16 are shown to the left of the 
fluorescence ratio profiles each obtained from the analysis of an individual grade 
III ductal breast carcinoma. The central vertical black line represents a 
fluorescence ratio of 1.0, with the vertical lines to the left and right representing 
ratios of 0.85 and 1.15 respectively. To the left of the chromosomal ideograms 
are diagrammatic representations of the microsatellite allele loss analysis from 
these eight tumours. Filled boxes represent loss of heterozygosity, open boxes 
represent no loss and hatched boxes represent non-informative markers. Group A 
shows the profiles of two tumours where there is concordance between the CGH 
and LOH analysis. Group B shows the two tumours that showed allele loss but 
no loss by CGH with a fluorescence ratio of 1.0. Group C illustrates two tumours 
with allele loss, and a non-significant trend towards loss in the CGH data. Group 
D illustrates the single tumour that showed allele loss, with a trend towards gain 
in the CGH profile. In the bottom panel data is shown from the analysis of four 
grade I tumours, presented using the same conventions as the top panel. Group A 
shows those tumours where there was concordance between allele loss and CGH 
analysis. Group B shows the single tumour where allele loss was seen with a 
CGH profile of 1.0. Group C shows the single tumour that showed allele loss, for 
which there was only a non-significant trend towards loss in the CGH data.
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Locus

Location on 

chromosome 16

No. of informative 

patients

LOH/informative 

cases no. (%)

D16S285 16ql2.1 15 9(60)

D16S515 16q22 26 14 (54)

D16S413 16q24.3 24 11 (46)

Grade III tumours

Location on No. of informative LOH/informative

Locus chromosome 16 patients cases no. (%)

D16S285 16ql2.1 28 6(21)

D16S515 16q22 37 10(27)

D16S413 16q24.3 27 7(26)

Table 4-1. The frequency of allele loss of 16q markers in different grades of 

breast cancer.

37 grade I tumours are represented in the top panel and 48 grade III ductal breast 

cancers are represented in the bottom panel.
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Grade I

Loss by CGH No loss by CGH Totals

>1/2 MS lost 8 0 8

<1/2 MS lost 6 2 8

0 MS lost 8 6 14

Totals 22 8 30

Grade HI

Loss by CGH No loss by CGH Totals

>1/2 MS lost 1 2 3

<1/2 MS lost 3 7 10

0 MS lost 0 20 20

Totals 4 29 33

Table 4-2. Comparison of CGH results with LOH analysis for chromosome 

16, in different grades of breast cancer.

Grade I tumours are shown in the top panel and grade III tumours in the bottom 

panel. The numbers of tumours are shown. CGH results (columns) refer to the 

detection of any region of deletion on 16q. Microsatellite results (rows) refer to 

the proportion of informative markers showing loss. Note the total of grade I 

tumours is only 30 as 1 tumour was non-informative for all 3 markers.
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marker. Two tumours were non-informative for all three markers. The frequency 

of allelic loss for all the markers ranged from 46% to 60%, Table 4-1. Of 23 

tumours showing loss by CGH, 14 showed LOH of at least one marker, 8 

showed no loss of any marker and 1 tumour was non-informative. Table 4-2. 

Two tumours that showed no loss by CGH exhibited loss by microsatellite 

analysis, although neither showed loss of all three markers. One of these tumours 

showed a trend towards loss by CGH that was not significant and one had a CGH 

profile of 1.0 along the length of 16q, Figure 4-2.

Concordance between the LOH and CGH results was assessed for both grades as 

follows. Concordance = (numbers of tumours showing loss by both LOH and 

CGH) + (number of tumours showing no loss by both LOH and CGH)/total 

number of tumours. Table 4-2. Concordance was 67% and 73% for the grade I 

and grade III tumours respectively.

Comparison between the grade I and grade III tumours shows a significantly 

higher frequency of allele loss (Table 1) in the former group of cancers at 

markers D16S285 and D16S515, with p values of 0.019 and 0.038 respectively. 

The other marker, D16S413, showed a trend towards greater loss in the grade I 

lesions, but the difference was not significant (p=0.156).

4.3 Discussion

4.3,1 Pattern o f loss in Grade III tumours

This aspect of the study has used allele loss analysis primarily to establish 

whether regain of genetic material from the long arm of chromosome 16 occurs 

during breast cancer progression, in order to examine more closely the 

hypothesis that grade I tumours which lose 16q do not progress to grade III 

tumours. The CGH data presented in the previous chapter suggest that this does 

not usually occur, and the data presented here provide further support for this. 

The molecular cytogenetic and genetic data are inconsistent with a model where 

the initial change in grade I tumours is specific loss of 16q, followed by regain
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(by whatever mechanism) of the normal chromosome 16 homologue, during 

progression to grade III tumours.

Using the model for genetic evolution of Varella-Garcia and colleagues (Varella- 

Garcia, M. et a l 1998) loss of a chromosome arm (16q) could occur, with 

subsequent duplication of the abnormal chromosome pair and maintenance of 

specific loss (of 16q) in the daughter cells. However, this possibility can be 

refuted on the basis of the molecular cytogenetic data alone, as the net 

cytogenetic result would be loss of the long arm of chromosome 16, which was 

seen infrequently in the grade III tumours. Alternatively, initial loss of a 

chromosome arm (16q) could be followed by duplication of the remaining 

normal homologue. While this event is unlikely from the CGH data alone (as 

CGH examines copy number of chromosomal arms in the context of the whole 

genome) it can be refuted by a combination of the CGH and microsatellite data. 

If this had occurred then copy number of the long arm of chromosome 16 would 

have appeared by CGH to be normal, but the presence of homologous copies of 

the same chromosome arm would have appeared as LOH using microsatellites. 

Furthermore, for this to be true, not only should LOH have been seen, but also it 

must result in an extreme reduction in the dosage of one allele -  estimated to be 

<10% - owing to allelic regain. However, this was not seen. Therefore, these 

findings provide no evidence for regain of genetic material on 16q accompanying 

the progression of grade I to grade III breast tumours.

4,3,2 Comparison o f allele loss in grade I  and grade III tumours

The differences in frequency of loss of 16q between grade I and grade III 

tumours were confirmed as significant by the allele loss analysis. The allele loss 

analysis, scored using a conventional cut-off of 50%, showed a significantly 

higher frequency of allele loss. Table 4-1, in grade I tumours on 16q at markers 

D16S285 and D16S515 compared to grade III tumours. The other marker, 

D16S413, showed a trend in the same direction, but was less informative. 

Overall, these data replicate the principal differences between grades that was 

found using CGH. The differences between grades appear less pronounced in
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this study than those detected using CGH, but this apparent discrepancy may 

result from fundamental differences in the sensitivity and specificity of the two 

methods, see below.

4,3.3 Comparison o f techniques in detecting allele loss

There are a limited number of studies comparing the techniques of CGH and 

LOH (Cher, M. et al 1994; Joos, S. et a l 1995; Visakorpi, T. et a l 1995b) and 

the comparisons have varied widely, with some studies comparing CGH results 

of all the chromosomes with single markers (Joos, S. et a l 1995) and others 

comparing the CGH results of single chromosomal arms with many markers 

(Cher, M. et a l 1994). The concordance rate has been defined inconsistently, but 

reported rates have ranged from 75-92%, with the highest concordance in studies 

which have found no loss by either CGH or LOH (Joos, S. et a l 1995). In this 

study, the concordance was 67% and 73% for the grade I and grade III tumours 

respectively. This is consistent with other studies in which loss was frequent. 

These calculations are based on the number of tumours showing both loss and no 

loss by the two techniques, Table 4-2. Differences in concordance between 

grades arose primarily because loss was seen by LOH and not by CGH for both 

grades, but also in the grade I tumours, loss by CGH was seen without LOH.

An important factor to be taken into consideration when discussing discordance 

between CGH and LOH is the difference in the significance thresholds used by 

the two techniques and effects of the amount of contaminating normal tissue in 

tumour samples. For the CGH analysis, conventional thresholds of <0.85, >1.15 

were used, whereas for LOH the allelic area ratio thresholds were set at <0.5, 

>2.0. Complete loss of a chromosome theoretically should result in a CGH ratio 

of less than 0.5. This should occur for example, for the X chromosome when 

comparing male with female DNA, but for technical reasons, as discussed in 

Chapter 2, such an extreme a ratio is rarely seen (Karhu, R. et a l 1997). 

Therefore, while CGH ratios are derived in a theoretical manner, the biological 

significance of the thresholds chosen is difficult to establish when applied to 

tumours which contain a mixed population of cells, and difficult to compare
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directly with LOH. LOH thresholds are frequently set at <0.5, >2.0 to allow for 

normal contaminating tissue, but a particular problem with the tumours studied 

here is that contaminating normal tissue is likely to be more of a problem for the 

grade I tumours as they tend to have more supporting stroma. If the grade I 

lesions are used as an example, the lower (less stringent) thresholds used in CGH 

may be more sensitive for detecting deletions, while risking decreased 

specificity, whereas the thresholds used by LOH may lack sensitivity but will 

have high specificity.

A further problem in comparing CGH and allelic loss analysis is that the two 

techniques are complementary, but they do not detect identical events. Thus, loss 

by LOH but not by CGH was not unexpected, for while CGH detects loss of 

material, this represents only a subset of allelic losses. In addition, CGH has a 

limited resolution, as discussed in the methods chapter, being unable to detect 

losses smaller than approximately 10Mb (Bentz, M. et al. 1998) and small copy 

number changes when they occur in only a sub-population of cells. In this study, 

relative to the CGH results, more losses were detected by LOH in the grade III 

tumours than the grade I tumours. There are several possible reasons for this. 

First, it is more difficult to strike a balance between sensitivity and specificity 

when analysing tumours such as the grade I lesions which have up to 50% 

normal tissue. Use of the 50% allelic area threshold for scoring LOH is likely to 

miss some tumours with LOH, whereas the same threshold should detect almost 

all LOH in grade III lesions, with comparable specificity. Second, there may be 

actual genetic differences between the grades. Grade III tumours may have only 

small and/or multiple regions of loss (undetectable by CGH) whereas loss in 

grade I lesions may result mainly from deletion of material, be homogeneous 

throughout the tumour, and/or involve large parts of the chromosome arm. The 

latter explanation is supported by the CGH findings. Figure 3-1, where the 

majority of tumours did show loss of most of the arm. Furthermore, loss of 

genetic material seen by CGH but not by LOH -  seen only in the grade I tumours 

- may be due in part to homozygous deletions, which would not be detected by 

LOH analysis.



151

4.3,4, Model fo r  breast cancer progression

The data presented above illustrates two points. Firstly that there is no evidence 

for regain of genetic material on the long arm of chromosome 16 in grade III 

tumours. Secondly, that there are statistically significant differences between the 

frequencies of loss of 16q in GI and GUI tumours, when assessed by a technique 

which is both complementary and provides additional information to the CGH 

analysis. Altogether, this data strengthens the original data interpretation that the 

majority of grade I IDCs do not progress by dedifferentiation to grade III 

tumours.

If most grade I tumours do not progress to grade III tumours then this does 

indeed suggest that groups of breast tumours defined by different grades arise by 

distinct genetic processes and should be regarded as having distinct biological 

behaviours. This view is supported by recent morphological studies in which 

primary tumours and subsequent recurrences and métastasés remain, in most 

cases, within grade, as discussed in chapter 1 (Millis, R. R. et a l 1998). The 

important implication of different grades having broadly different biologies is 

that they may present distinct molecular targets not only for future research but 

for treatment. Therefore, it would be important to stratify studies of IDG by 

grade, to obtain the most meaningful results. Furthermore, in the future it may no 

longer be appropriate to treat IDG as a group but target them selectively 

according to their histological grade.

It is interesting to note that since this study was done, there have been other 

published reports providing data in support of this hypothesis. Buerger and 

colleagues (Buerger, H. et al 1999a) analysed 51 invasive breast tumours using 

GGH. Of these 40 were invasive ductal tumours: 1 GI, 18 GII and 21 grade III 

carcinomas; 6 tubular carcinomas which many pathologists regard as a subset of 

grade I IDGs (see 1.3.2). There were a further 9 tumours analysed which were 

tubulo-lobular carcinomas and of these 3 were GI and 6 GII, eight mucinous 

carcinomas of mixed grades and 14 lobular breast carcinomas. It was found that 

tumours which were highly differentiated showed few genetic changes compared
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to the poorly differentiated tumours, consistent with the data presented here and 

elsewhere (Tirkkonen, M. et al. 1998). Significantly however, they found that in 

the well-differentiated tumours, the predominant changes were gain of Iq and 

loss of 16q. This still holds true even if the lobular and tubulo-lobular 

carcinomas are excluded from the analysis, as clearly these may confound the 

changes seen as already discussed. Furthermore, loss of 16q was not seen at a 

high frequency in the grade III tumours, (19% compared to 66% of tubular 

carcinomas). They also found a much higher rate of amplification in the GUI 

compared to the GI tumours, with some regions of amplification seen only in the 

GUI tumours. The authors drew several conclusions from this data. Differential 

loss of 16q was thought to reflect 16q playing a crucial role in low grade 

tumorigenesis, but being of secondary importance in GUI tumours. Importantly 

they suggested that the changes implied that ‘a sequential progression seems 

unlikely’ from GI to GUI tumours. Furthermore, they too suggest that the 

classification of IDG by Ellis and Elston actually helped define different groups 

of tumours with quantitative and qualitative genetic aberrations. Another study 

by the same group have also looked at different grades in in situ disease 

(Buerger, H. et al. 1999a). Again distinct changes were found in the different 

grades of DCIS and specifically, loss of 16q was seen in well and moderately 

differentiated tumours, but not in high grade DCIS, where an increased number 

of genetic aberrations was seen together with regions of amplification. 

Combining these two studies the authors speculated upon the genetic changes 

involved in the pathogenesis of breast cancer, which were similar to those 

already discussed from our data, see Chapter 8.

In conclusion, this study shows that the differences between grade I and grade III 

breast cancers on 16q, which were shown using CGH, are also seen using 

microsatellite markers and cannot, in general, be explained by regain of genetic 

material during tumour progression. Taken in conjunction with the CGH study, 

these data support the contention that the majority of grade I tumours do not 

progress to grade III tumours. Furthermore, these data do suggest that, while 

CGH and allelic loss analyses have good concordance, the methods are not 

always directly comparable in individual tumours.



153

Chapter 5. Is E-cadherin the target gene for 

deletion In Grade I ductal breast carcinomas?

5.1. Background

The E-cadherin gene (CDHl) maps to 16q22.1, spans a region of over 100kbps 

and contains 16 exons Figure 5-1. It encodes a 120kDa transmembrane 

glycoprotein, mainly expressed in epithelial cells, which mediates calcium 

dependent cell-cell adhesion through homophilic interactions while controlling 

cell polarity and morphogenesis (Takeichi, M. 1991). Through its intracellular 

domain, it interacts with the catenins (a - ,p - ,y -a n d  p i 20-) (Berx, G. et a l 

1998a). Both P~ and y -  catenin (members of the armadillo protein family) 

interact directly with E-cadherin, and they link, via a-catenin, to actin in the 

cytoskeleton Figure 5-2. The function of the p i20̂ "̂ E-cadherin interaction 

remains to be elucidated, although it is known that p l20 ‘̂‘" interacts with a 

number of receptor tyrosine kinases. The interest in the cadherin/catenin complex 

in tumorigenesis, originally arose following in vitro evidence that E-cadherin 

acts as an invasion-suppressor (Frixen, U. H. et a l 1991; Vleminckx, K. et a l 

1991). Later came evidence that E-cadherin has tumour suppressor activity 

(Berx, G. et a l 1995). Subsequent data have revealed the complexity of the 

relationship between the E-cadherin/catenin complex and tumorigenesis, and the 

ways in which the expression and function of its members can be disturbed. For 

example, P-catenin is also involved in the Wnt signal transduction pathway, and 

interacts with the adenomatous polyposis coli (APC) protein. Mutations in APC 

which are frequently seen in colorectal carcinoma, result in truncated protein 

which does not regulate P-catenin properly, the result is an accumulation of P- 

catenin, which can then act as an oncogene (Ilyas, M. et a l 1997).

E-cadherin is just one of many cadherins which belong to a superfamily of 

related proteins, the members of which include the classical cadherins, 

desmosomal cadherins, protocadherins and products of tumour suppressor genes 

such as c-ret and Fat. All of the classical cadherins are involved in cell-cell
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Figure 5-1. A diagrammatic representation of the CDHl gene.

Taken from Berx et al (Berx, G. et al. 1998a). In panel A, there is a 

representation of the different types of mutation seen and where they have been 

found in the CDHl gene. Mutations are designated according to the 

nomenclature of Beaudet and Tsui (1993). In panel B the frequency of the 

different E-cadherin mutations are indicated per codon. The cluster region which 

contains splice site mutations occurring predominantly in gastric carcinomas is 

highlighted (see text). The abbreviations used are as follows; N, N-terminus; C, 

carboxy-terminus; SIG, signal peptide; PRE, precursor sequence; EC, 

extracellular domains with calcium binding motifs; TM, transmembrane domain; 

CP, cytoplasmic domain. Numbers directly on top of the protein denote codon 

numbers at domain borders. Numbers below the protein denote the encoding 

exons.
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Figure 5-2. A schematic representation of the E-cadherin-catenin- 

cytoskeleton complex at the plasma membrane of two neighbouring cells.

Adapted from Berx et al (Berx, G. et al. 1998a). The N terminal ends of E- 

cadherin dimers extend into the intercellular space, where they interact in a 

homophilic zipper-like fashion with similar E-cadherin dimers extending from 

the opposing cell surface. Ca^  ̂ ions are essential for the correct conformation and 

functionality of the cadherins. The C-terminal ends of the E-cadherin molecules 

extend into the cytoplasm, and associate with the catenins (p-catenin, y-catenin 

or plakoglobin, p i20̂ "̂). The p-catenin and plakoglobin molecules associate with 

a-catenin, which then forms a link to the F-actin microfilaments, a-catenin also 

associates with the microtubules through an interaction with APC.
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adhesion and maintenance of tissue integrity and cell polarity. Recently the 

classical cadherins have been further divided into two groups: the type I 

cadherins which include E-, P-, and N-cadherin and the type II cadherins which 

include cadherins -5, -6, -7, -8, -9, -10, -11 and -12. Type I cadherins share 

common structural features but low amino acid homology with type II cadherins. 

Both the type and function of the type I cadherins are fairly well-characterised 

but much less is known about the type II cadherins.

There are several lines of evidence to suggest E-cadherin may act as a tumour 

suppressor gene in a number of different tumour types. Absent protein 

expression, allele loss and mutations of the gene have all been seen. However, 

for most tumour types there is a confusing and incomplete picture. Only in 

gastric carcinoma and ILC, has convincing evidence for a role as a tumour 

suppressor gene emerged, with the demonstration of two genetic hits and absent 

protein expression.

Allele loss of 16q in the region of the E-cadherin gene {CDHl) is a common 

finding in a number of different tumour types, for example prostate carcinoma 

(Suzuki, H. et al. 1996) and of course ductal breast carcinoma, as discussed in 

chapter 3. This will not be discussed further here.

E-cadherin is expressed in most normal epithelial tissues. Typically, in normal 

breast tissue, using antibodies to stain for E-cadherin it appears on the lateral cell 

borders see Figure 5-3. Absent E-cadherin protein expression has been found in a 

variety of different epithelial tumour types, and particularly in advanced 

tumours, for example prostate cancer, where it has been associated with an 

overall poorer survival (Umbas, R. et al. 1994). Specifically in breast cancer, the 

expression of E-cadherin appears to be related to both the histological type and 

differentiation grade (Gamallo, C. et al. 1993; Moll, R. et al. 1993). A number of 

studies have found that the majority of lobular breast cancers have absent protein 

expression (Gamallo, C. et al. 1993; Berx, G. et al. 1996), whereas in IDCs the 

picture is more complex. Approximately 50% of IDCs show decreased 

expression (Gamallo, C. et al. 1993), but a very small number of these tumours
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show completely absent expression (e.g. 2/54 (Gamallo, C. et al. 1993)). These 

authors found the reduction of E-cadherin expression was significantly correlated 

with the degree of tubule formation, but was inversely correlated with mitoses. In 

other words, the reduction in E-cadherin was seen significantly more in grade II 

and III tumours compared to grade I tumours. However, as many of the high 

grade tumours retained normal E-cadherin expression and there was no 

association between expression of E-cadherin and lymph node status, the authors 

suggested that alteration of E-cadherin alone was unlikely to explain the invasive 

and metastatic potential of the malignant cells. Other studies have found that the 

differential expression of E-cadherin is between poorly and well-moderately 

differentiated tumours -  but this may reflect differences in the number of 

tumours studied.

Mutations in CDHl have been found in a number of different tumour types 

including thyroid, endometrial and ovarian carcinoma, but there are only two 

types of tumour in which mutations have consistently been found; diffuse gastric 

carcinoma and ILC (Berx, 0 . et al. 1998a; Berx, 0 . et al. 1998b). Interestingly, 

the two histological types seem to be associated with different mutations. Figure 

5-1. In ILC truncating mutations, caused by frameshift insertions or deletions and 

nonsense mutations, predominate. They occur throughout the extracellular 

domain of CDHl with no hot spot clustering (Berx, G. et al. 1998b). In contrast, 

in diffuse gastric carcinomas mainly splice site mutations are seen. The majority 

cause in frame deletions and 60% affect exons 8 and 9, both of which code for 

highly conserved domains necessary for calcium binding and the adhesive 

functions of the E-cadherin protein. The different mutations seen may explain the 

differences in protein expression seen in the different tumour types. In ILC there 

is usually complete absence of protein expression, so it is likely that in frame 

deletions result in non-functional transmembrane proteins (Berx, G. et al. 

1998b). Occasionally weak cytoplasmic staining is seen (Berx, G. et al. 1996), 

which is thought to be due to truncated peptides which are still secreted and have 

some residual function, but interfere with proper cell-cell adhesion. In contrast, 

diffuse type gastric carcinomas show some membrane protein expression. 

Therefore it is thought that out-of-frame and nonsense mutations result in 

secreted E-cadherin fragments. The types of mutations are different but both
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gastric and ILC share a diffuse growth pattern, which is thought to be due to the 

loss of cell adhesion mediated by E-cadherin (Keller, G. et al. 1999). The typical 

morphological appearance of ILC is consistent with loss of cell-cell adhesion due 

to lack of E-cadherin expression. Columns of dyscohesive cells, with a so called 

‘Indian file’ appearance (Chapter 1), are seen. However, it is unlikely that loss of 

E-cadherin is solely responsible for the morphology seen in these tumours. There 

is evidence to support other molecules in the E-cadherin/catenin complex playing 

a role. Furthermore, in a study of grade I IDC the absolute lack of E-cadherin 

expression seen in some tumours was not associated with a lobular type 

morphology, and indeed the tumours did still produce tubules without obvious 

morphological dyscohesion (Tan, D. S. et al. 1999).

Germline mutations of E-cadherin have been found in families with a particular 

type of diffuse early onset gastric carcinoma (Gayther, S. A. et al. 1998; 

Richards, F. M. et al. 1999), but the evidence for germline mutations in ILC is 

lacking. Of interest a germline mutation has been described in a patient with a 

family history of gastric carcinoma and the same mutation was found in the 

patient’s mother presenting with a metachronous lobular and diffuse gastric 

carcinoma (Keller, G. et al. 1999). However, the data are far from complete. 

Although a germline mutation was found in the proband, no second hit was 

found in the gastric tumour (either LOH or a second mutation) and there was 

normal protein expression. In the proband’s mother, the gastric tumour showed 

no LOH, mutational analysis was not done, but there was abnormal protein 

expression. In the lobular tumour there was also abnormal protein expression but 

LOH or mutational analysis was not performed. Furthermore, it could be that the 

gastric carcinoma represented a metastasis from the lobular tumour, as it is a 

common site of lobular métastasés, see Chapter 1.

CDHl can also be silenced by promoter méthylation (Yoshiura, K. et al. 1995) 

and certainly this seems to be a common mechanism in ILC (Droufakou, S. et al. 

2000). It has been shown that it can occur as a second hit in association with 

LOH or mutations. Méthylation in the absence of either LOH or mutation in a 

tumour with absent protein expression is presumed to have its inactivating effect 

by biallelic méthylation.
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The evidence for CDHl playing an important role in ILC and gastric 

tumorigenesis is compelling. Furthermore, there is evidence that alterations in 

CDHl occur very early in ILC development, as absent protein expression has 

been found in LCIS both adjacent to invasive disease and in isolated LCIS (De 

Leeu^v, W. J. et al. 1997), and mutations have been found in CDHl in LCIS with 

the same mutation in ILC (Vos, C. B. J. et al. 1997). This has lead to the 

hypothesis that it is an important and early change in this tumour type and 

functions both as a tumour suppressor early in development and maybe later as 

an invasion suppressor. While the role of E-cadherin in lobular tumours appears 

to be complete, two specific questions remain unanswered. First, there is a small 

group of ILCs which have absent protein expression, but no detectable mutations 

or promotor méthylation. The mechanism by which E-cadherin is inactivated in 

these cases is not known. Second, some ILC do not show aberrant E-cadherin 

expression; in these cases the mechanism by which they arise is not understood.

The aim of this part of the project was to establish whether E-cadherin is the 

target gene in grade I ductal tumorigenesis. There are several lines of evidence to 

suggest that E-cadherin could be a candidate gene. Firstly, 16q is one of the most 

common regions of loss in grade I tumours, and specifically the region of the 

CDHl gene, see Chapter 3. The frequency of loss suggests that it is an important 

change, and therefore identification of the candidate gene(s) would potentially 

help us understand more about the pathogenesis of grade I tumours. Secondly, 

the pattern of genetic changes which is seen in grade I tumours, namely gain of 

Iq and loss of 16q, without a high frequency of gains of 8q and 20q, suggests 

that maybe ILCs and grade I IDCs which appear different morphologically are 

actually very similar at the molecular genetic level. As E-cadherin is known to 

be the target gene on 16q for ILC, it is possible that E-cadherin is important in 

low-grade ductal tumorigenesis.

Previously, the role of E-cadherin has been examined in ductal breast tumours 

but in only a very small number of studies. The general conclusion that has been 

drawn is that E-cadherin does not play a role in ductal tumorigenesis. However, 

there are important limitations to all these studies that may render such a
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conclusion premature. Principally, these previous studies did not stratify tumours 

by grade (Berx, G. et al. 1995). A randomly selected sample of breast tumours 

will predominantly contain grade II and III tumours, as these represent the most 

common subtypes. Such a sample will therefore significantly under-represent 

grade I tumours. However, as described earlier (Chapter 3), this group actually 

has the highest frequency of 16q loss and so is the group most likely to show E- 

cadherin mutations. Kashiwaba and colleagues (Kashiwaba, M. et al. 1995) 

studied 25 ductal tumours of mixed pathological type, but their study was further 

flawed as they only examined exons 6 through 9. From the above discussion of 

E-cadherin mutations, it is apparent that all exons need to be examined.

In this study 50 grade I tumours were analysed, 42 of which had been analysed 

by CGH, using the same DNA samples (Chapter 3). An integrated approach was 

taken to examine the levels of protein expression by immunohistochemistry, 

allele loss analysis at the E-cadherin locus using microsatellites and mutational 

analysis of the E-cadherin gene using conformation sensitive gel electophoresis 

(CGSE).

5.2 Results

The combined results for E-cadherin expression, allele loss, CGH and mutation 

analysis in 50 grade I ductal breast tumours are shown in Table 5-1.

5,2,1 Immunohistochemistry

Only 1 tumour had absent E-cadherin protein expression as assessed by 

immunohistochemistry, (Table 5-1 and Figure 5-3). Twelve (24%) tumours had 

very occasional membrane staining, equivalent to a score of one, and therefore 

were considered to have reduced protein expression. Table 5-1 and Figure 5-3. 

The remaining 36 (73%) tumours had normal protein expression, i.e. scores of 2 

or 3, Table 5-1 and Figure 5-4. In some tumours the staining for E-cadherin was 

heterogeneous as shown in Figure 5-4. There was one tumour for which no
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DNA No. Immunohisto
chemistry

CGH LOH Mutation*

92 3 YES NO Polymorphism
175 1 YES NO NO
421 2 NO ND NO
445 2 YES NO Polymorphism
455 3 NO ND NO
715 2 ND YES NO
788 3 YES YES NO
798 1 YES YES NO
842 1 YES YES NO
843 1 NO NO NO
880 2 YES NO NO
887 2 YES YES NO
889 3 YES YES NO
935 3 ND NO NO
953 3 YES NO NO
978 1 ND YES Polymorphism
981 2 YES NO NO
1012 2 YES YES ND
1022 2 YES NO ND
1041 2 YES ND ND
1066 2 YES YES ND
1081 1 YES NI Polymorphism
1093 3 NO ND ND
1097 1 NO NO NO
1108 Negative NO NO Heteroduplex

pattern
1145 2 YES YES ND
1186 2 ND NO ND
1188 1 YES NI NW
1226 2 YES YES ND
1228 1 YES YES NO
1248 2 NO NO ND
1264 3 YES NO ND
1269 3 YES YES ND
1272 3 NO NO ND
1275 1 YES YES NO
1281 1 YES YES NO
1285 1 YES YES Polymorphism
1295 2 YES NO ND
1346 2 NO NO ND
1347 2 ND NO ND
1374 No block left ND NO ND
1380 2 ND NI ND
1391 2 NO YES ND
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1401 3 NO YES ND
1440 3 NO NO ND
1443 2 NO NO ND
1466 3 ND YES ND
1467 3 NO YES ND
1547 3 NO NO ND
1573 3 YES NO ND

Table 5-1. Combined data from 50 grade I invasive ductal breast

carcinomas analysed for loss of E-cadherin by immunohistochemistry, 

CGH, LOH and mutation screening.

Notes:

1. The immunohistochemistry scores are coded as follows; (1) represents very 

rare membrane staining; (2) - many membranes positive but frequent negative 

membranes seen; (3) - virtually all membranes positive. A more detailed 

explanation of these categories is given in Chapter 2.

2. NI - non-informative for all 3 markers.

3. ND -  not done.

4. * for a more detailed description of the polymorphisms found see Table 5-3.
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Figure 5-3. Representative examples of E-cadherin immunohistochemistry 

in grade I invasive ductal breast carcinomas.

(A) demonstrates an E-cadherin negative tumour, note the positive internal 

control marked with a large blue arrow. (B) shows a tumour with an E-cadherin 

immunostaining score of 1, the region is marked with a small blue arrow, again 

note the positive internal control marked with a large blue arrow. (C) and (D) 

show tumours with E-cadherin scores of 2 and 3 respectively.
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Figure 5-4. A representative example of the heterogeneity of E-cadherin 

staining seen in grade I invasive breast carcinoma.
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immunohistochemistry data was available as there was no tumour block left to 

analyse.

5.2.2 Allele loss analysis

20/43 (47%) informative tumours lost one allele of the E-cadherin gene. Figure

5-5. Typical results from marker D16S398 are shown in Figure 5-6. Three 

tumours were uninformative for all markers. The frequency of allele loss for 

individual markers ranged from 16%-56%, Table 5-2. The one E-cadherin 

negative tumour by immunohistochemistry showed no allele loss.

5.2.3 Mutation Detection

All 16 exons of CDHl were screened for mutations in 25 tumours by CSGE. 

Those tumours chosen for mutational analysis all had E-cadherin 

immunohistochemistry scores of 1 or 2 and included the one E-cadherin negative 

tumour by immunohistochemistry. Six heteroduplex patterns were identified by 

CSGE, and further characterised by direct sequencing. Five of these were found 

not to be tumour restricted. The remaining sample had no abnormality detected 

after sequencing both tumour and blood. Figure 5-7 shows the sequencing results 

from two patients with polymorphisms compared to normal control DNA. Four 

of the non-coding germline polymorphisms have been previously reported, and 

one is a novel polymorphism. The details of these polymorphisms are shown in 

Table 5-3.

5.2.4 CGH analysis

42 tumours included in this study also had CGH analysis, see Figure 4-1. 

Concordance between tumours showing loss by CGH and loss by allele loss 

analysis are shown in Table 5-4. It can be seen that there is the same degree of 

concordance as for the 16q study reported in chapter 4.
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Figure 5.2. Allele loss in 46 grade I ductal carcinomas.

The pattern o f allele loss for the three markers at the C D H l locus is shown. Filled boxes represent allelic loss, open boxes represent no 
allele loss, hatched boxes represent non-informative markers, and boxes containing dots represent those tumours for which there was no data.
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Locus

No. of informative 

patients

LOH/informative 

cases no. (%)

D16S496 16 9(56)

D16S398 28 13(46)

D16S752 38 6(16)

Table 5-2. The frequency of allele loss of markers at the CD H l locus in 46 

grade I invasive ductal breast carcinomas.

The markers are listed in order from the centromere to the telomere.
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Tumour

\

Blood

A
No loss Non-informative Allele loss

Figure 5-6. Representative examples of the results from marker D16S398.

The marker has been labelled with the dye HEX, which is why the profiles are 

seen in green. The top row shows samples from blood and in the bottom row are 

the paired tumour samples. The first example shows no allele loss, the second 

example demonstrates a non-informative result and the third result illustrates 

allelic loss, as indicated by the red arrow.
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Patient 47 exon 12

, A AC T A AC AC A M G G G G C G A G T G C  
210 220 230

t
1896 O T

Exon 12 normal

T A A C T A A C A C A C G G G G  C G A G  T G C  
210 220 230

B

Patient 38 exon 1

T C A G T T C A G A C T G C A G C C C G C T C C  
80 90 1

t
7 1 0 G

Exon 1 normal

flG TCA G TT C RG A CT CO V G C O C QCTCC 
70 80 90

Figure 5-7. Examples of sequencing data of the CDHl gene from two 

patients.

Two examples of CDHl polymorphisms are shown. In both examples the 

sequencing data from the tumour is uppermost with a normal exon for 

comparison. Both (A) and (B) show examples of a substitution.
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Site Nucleotide change 
(common allele > rarer 
allele)

Tumour
restricted

Observed 
frequency 
(rarer allele)

exon 1
(untranslated
region)

7 1 C - ^ G  
actccag ->  actgcag

known polymorphism

NO 1/26

exon 1 33C ->G

(CTC (L) CTG (L)

new polymorphism

NO 1/26

intron 4 531 + l O C ^ G  
(gtagagaaac ->  gtagagaaag)

known polymorphism

NO 3/26

exon 12 1896C-^T
(CAC (H) CAT (H)) 

known polymorphism

NO 1/26

Table 5-3. Polymorphisms identified in the CDHl gene in 26 grade I invasive 

ductal breast carcinomas.

Note that all the tumours studied for mutations had scores of 0 or 1 by 

immunohistochemistry.
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Loss by CGH No loss by CGH Totals

MS loss 14 3 17

No M S loss 10 9 19

Totals 24 12 36

Table 5-4. Comparison of CGH results for chromosome 16 in grade I 

tumours with LOH analysis at the CDHl locus.

The numbers of tumours are shown. CGH results (columns) refer to the detection 

of any region of deletion on 16q. Microsatellite results (rows) refer to the number 

of tumours showing loss of at least one marker at the CDHl locus. Note the total 

number of grade I tumours is 36, as two tumours were non-informative for all 3 

markers and are therefore not represented.

Concordance between the allele loss and CGH is 67%, for a description of how 

concordance is calculated see Chapter 4.
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5.3 Discussion

This study has used an integrated approach to determine whether E-cadherin is 

important in low-grade ductal breast tumorigenesis. E-cadherin is a candidate 

gene in low-grade ductal carcinoma for a number of reasons, including the 

observation of 16q loss by CGH in 65% of grade I tumours (chapter 3). The 

pattern of genetic aberrations seen in grade I tumours very closely resembles the 

pattern of genetic aberrations seen in lobular breast tumours (Nishizaki, T. et al. 

1997a), where E-cadherin is known to have an important role in tumorigenesis.

In this study decreased expression of E-cadherin was seen in 12 tumours (24%), 

but only one tumour showed completely absent E-cadherin expression (T1108) -  

Table 5-1. The cohort of tumours studied here actually forms a subset of a much 

larger group of grade I tumours which has been examined for E-cadherin 

expression, together with cell polarity and has recently been published (Tan, D. 

S. et al. 1999). In this larger group, a higher number of tumours (15/149; 10%) 

were completely E-cadherin negative, but a similar frequency of tumours (29%) 

showed decreased E-cadherin expression. The frequency of decreased expression 

seen in our study is comparable with that previously reported in the literature for 

breast tumours overall (Gamallo, C. et al. 1993; Moll, R. et al. 1993), although 

this comparison is probably not meaningful for a number of reasons. First, few 

studies have included a reasonable number of grade I tumours and only the study 

described above (in which the tumours described here form a subset), has 

actually looked only at grade I tumours. Second, different studies have used 

different methods for scoring E-cadherin expression. Therefore the interpretation 

of decreased expression is variable.

In our study, only scores of 1 or zero were considered representative of 

decreased expression, while scores of 2 and 3 were considered normal 

expression. Gamallo and colleagues (Gamallo, C. et al. 1993) used a cumulative 

scoring system, depending on both the intensity of immunoreaction and the 

relative abundance of positive cells, on a scale from 0-7. In contrast Moll and
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colleagues (Moll, R. et al 1993) used a two point scoring system, with two 

pluses considered normal and one plus representative of decreased expression.

Allele loss analysis showed that 47% of tumours showed loss of at least one 

marker at the CDHl locus. However, crucially, no mutations were detected in 

26 tumours analysed, including all the tumours which showed decreased and the 

one tumour which showed absent E-cadherin expression. Therefore, while E- 

cadherin expression is not normal in 22% of tumours this is not due to mutations 

in the CDHl gene. Although no mutations were found, five polymorphisms were 

identified, as shown in Table 5-3. Four of these have been reported previously. 

The one novel polymorphism was found in exon 1 where there was a base 

change 33 C to G, which resulted in no change to the amino acid.

Although allele loss was seen in 47% of tumours and decreased expression was 

seen in 24% of tumours, there was not perfect concordance between them, see 

Table 5-5. Of the 10 tumours with decreased E-cadherin expression and 

informative allele loss data, 7 tumours did show allele loss but 3 did not. Of the 

31 tumours which showed normal protein expression and had informative allele 

loss data, 18 tumours showed no loss but 13 tumours showed allele loss. These 

results therefore raise a number of very interesting questions. Firstly, what is the 

mechanism by which E-cadherin is down regulated in ductal breast carcinomas? 

In particular, is the down-regulation important - it was seen in almost one quarter 

of tumours, - and can a single hit be sufficient to cause decreased E-cadherin 

expression? The pattern seen in grade I ductal breast carcinomas; decreased 

protein expression and allele loss in the region of the gene, but without evidence 

of a second hit is analogous to that seen in prostate carcinomas (Umbas, R. et al

1994). Interestingly there are very few published studies which look for the 

second hit in the CDHl gene in prostate carcinoma. The focus of previous 

research has been to establish decreased expression without looking to find the 

cause. So, although decreased E-cadherin expression is not an isolated 

phenomenon, is it really important? It has been suggested that decreased E- 

cadherin staining seen in ductal breast carcinomas has no biological significance 

and that it merely reflects an artefact due to technical problems such as fixation 

of the tissue blocks (Berx, G. et a l 1995). This would seem unlikely as it has
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Im m unohisto

chemistry

LOH

No. (%)

No LOH  

No. (%)

Totals 

No. (%)

3 6 (14) 8(19) 14 (33)

2 7(17) 10(24) 17(41)

1 7(17) 3(7) 10(24)

Negative 0(0) 1(2) 1(2)

Totals 20 (48) 22 (52) 42

Table 5-5. Correlation of allele loss analysis at the C D H l locus with the 

score for E-cadherin immunohistochemistry in 46 grade I IDCs.

Note three tumours were non-informative for all three markers and so are not 

represented, and one tumour had LOH data but there was no tumour left to do the 

immunohistochemistry, so also cannot be included.
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been reported for both frozen and paraffin-embedded material (Moll, R. et al. 

1993) and most studies have compared ductal and lobular tumours (Gamallo, C. 

et al. 1993; Moll, R. <3/. 1993).

Therefore, it would seem that a true reduction in E-cadherin expression is likely, 

but how could this arise? One possibility is that as tumours become more 

advanced, the protein is lost simply as an epiphenomenon. An alternate 

possibility is that loss of just one allele may be sufficient to result in decreased 

expression, i.e. haploinsufficiency. It is known that promoter méthylation plays 

an important role in transcriptional silencing of E-cadherin in ILC, as discussed 

above (Droufakou, S. et al. 2000). Méthylation of one allele alone might be 

sufficient to result in decreased expression, and explain the results in the three 

tumours that showed decreased protein expression but no allele loss.

A third possibility is that the expression of E-cadherin is reduced because of 

changes in the other components of the E-cadherin/catenin complex. This may be 

the most plausible explanation as it would fit with the findings of an increased 

loss of E-cadherin in high grade ductal breast tumours (Gamallo, C. et al. 1993), 

where the frequency of allele loss on 16q is at its lowest see Chapter 3. Any of 

the catenins could potentially be involved. However, the mechanism by which 

they are involved is uncertain, and has predominantly been studied in the context 

of lobular tumours to try to answer the question of how E-cadherin expression is 

altered in the absence of mutations in E-cadherin. However, rather than 

providing answers to these questions, previous studies just raise more questions.

Expression of the catenins has been examined, in both ductal and lobular breast 

carcinomas, and losses or reduced expression have been reported for all the 

catenins in both tumour types. However, whether there is an association with loss 

is unclear. One study examined the expression of a-, (3-, and y-catenins in breast 

carcinoma and found that in all the lobular tumours which had lost E-cadherin, 

a- and p-catenin were also lost and in 50% of cases y-catenin was lost too (De 

Leeuw, W. J. et al. 1997). In ductal tumours with decreased E-cadherin
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expression, all three catenins also showed decreased expression, with one 

exception, where an E-cadherin positive tumour showed absent a-catenin 

expression. Other studies have shown a less complete, but a significant 

association nevertheless. Gonzalez and colleagues (Gonzalez, M. A. et al. 1999) 

also examined the expression of a2- and pi-integrins which link the E- 

cadherin/catenin complex to extracellular matrix proteins. While concurrent loss 

of these proteins was often seen, there was no statistical association between 

their loss and the E-cadherin complex. In contrast, another study of primary 

breast tumours of which only 7 were lobular found that 46% had reduced E- 

cadherin expression, but 63%, 50% and 50% of tumours showed reductions in a- 

catenin, P-catenin, and y-catenin respectively (Bukholm, I. K. et al. 1998). 

Analysis of the patterns of loss found there were no associations between E- 

cadherin expression and any of the catenins, or between a-catenin and p -  or y- 

catenin, but expression of p- and y-catenin were significantly correlated (97% of 

cases saw both catenins reduced).

Whether or not loss of the catenins causes decreased E-cadherin expression there 

is no dispute that the expression of catenins is lost/decreased in a significant 

proportion of breast cancers. It is interesting to note that a-catenin maps to 5q31 

and p-catenin maps to 3p22-21.3, both regions that are frequently lost in breast 

cancer. While mutations have been found in both genes in cell lines (Pierceall, 

W. E. et al. 1995), to date there has been only one published study looking for 

mutations in these genes in tumours (Candidus, S. et al. 1996). 21 gastric 

tumours (16 diffuse and 5 intestinal type) and 11 breast tumours (9 lobular and 2 

ductal) were analysed and no mutations were found in a -  or p-catenin in any 

tumour. If such a reduction in immunoreactivity cannot therefore be explained by 

two hits then what could it be due to? It is of course interesting to note that this 

scenario is directly analogous to the E-cadherin story in ductal breast tumours. It 

has been suggested that impaired transcription, or translation of the a-catenin 

gene or destabilization of the a-catenin transcript or protein should be considered 

as possible explanations (Candidus, S. et al. 1996). Indeed a post transcriptional 

regulatory mechanism for a-catenin has been described in vitro. If  this is also 

relevant in vivo then tumour cells with down regulated cadherin expression will
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not preserve a-catenin expression, resulting in tumour cells with neither E- 

cadherin or a-catenin expression, which as discussed above is seen in some 

cases. For P-catenin the story appears even more complex with possible other 

interactions being important if mutations are not seen. Clearly, the possible 

defects in the E-cadherin/catenin system are complex and not fully elucidated. 

Furthermore, it would be interesting to extend the mutational analysis of both the 

catenins in breast cancer, as there has only been one small published study to 

date, which included only two ductal breast tumours.

A second question raised by this work is what is being targeted by the allele loss 

if E-cadherin is not the target gene? As already discussed, because loss of 16q is 

such a frequent and relatively isolated change in grade I tumours, it is likely to be 

of significance, rather than simply lost through general genetic instability, as may 

be the situation in grade III tumours. Evidence to support another gene being 

involved is the finding of allele loss in the region of the E-cadherin gene in 13 

tumours, without a decrease in E-cadherin expression. Allele loss was seen at 

D16S496 and D16S398 at similar frequencies of 56% and 46% respectively -  

see Table 5-2. It is interesting to note that the frequency of allelic loss between 

markers D16S398 and D16S752, differs between 46% and 16% respectively, 

thus indicating that a tumour suppressor gene may be located within the region of 

the D16S398 marker. Furthermore, two tumours showed discrete loss of marker 

D16S398 without loss of the two adjacent markers, thus suggesting that this may 

be a minimal region worth investigating further. However, a further discussion of 

candidate genes on 16q will not be undertaken here as this has been discussed at 

length in Chapter 3.

A third interesting question is why both grade I IDG and ILC show the same 

pattern of gross genetic aberrations. In both tumour groups it appears that 16q 

loss is an early event. This is suggested by the fact that it is seen in LCIS and 

ILC and in low grade DCIS and grade I IDC, see Chapter 3. Yet despite these 

similarities with the same chromosomal arm being lost, the genes targeted by 

these changes are (at least partly) different. The reasons for this are not clear at 

all. Both tumours arise in the same tissue and so have the same environmental
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conditions, the same hormonal exposures, so it is difficult to envisage what the 

different selective pressures there may be driving these differences. Interestingly, 

ductal-lobular tumours are sometimes seen and although only a very small 

number (2) of these tumours have been studied, E-cadherin expression was 

normal and there were no mutations seen (Berx, G. et a l 1996).

In conclusion, this study has demonstrated that E-cadherin is almost certainly not 

the target gene in low grade ductal tumorigenesis. However, it has highlighted a 

number of interesting areas for further study and has illustrated how incomplete 

our current understanding of the E-cadherin/catenin complex remains.
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Chapter 6. Characterisation of the ampiicon on 

the short arm of chromosome 5

6.1 Background

The molecular cytogenetic analysis of ductal breast tumours has revealed novel 

sites of gain/amplification. Perhaps the most interesting region is the short arm of 

chromosome 5. Gain of the whole arm or regions of the arm was seen in 15 grade 

III tumours (30%), and of these 4 tumours showed high level amplification. 

Interestingly, this change was only seen in the grade III tumours. As discussed in 

chapter 1, while the significance of gains is difficult to determine, amplification 

appears to suggest the presence of underlying oncogene(s).

The strategy of positional cloning following data obtained from CGH analysis is 

now well established, with a number of different oncogenes being identified in 

this way, (see chapter 1). Significantly two of the amplified regions which have 

been studied, were initially found to be amplified in breast cancer, but the genes 

involved are known to be important in a number of different malignancies. The 

genes identified include STK15 (Zhou, H. Y. et al. 1998) and AIB-1 (Anzick, S. 

L. et al. 1997) on the long arm of chromosome 20, and PS6K on the long arm of 

chromosome 17. Furthermore, there are ongoing efforts to fully identify the 

genes from the ampiicon at 17q22-q24 (Barlund, M. et al. 1997). In other 

malignancies, the amplification target gene was identified based on candidate 

genes previously cloned and localised to the region of gain indicated by CGH, 

for example, the telomerase gene on 3q26 in cervical and other cancers (Soder, 

A. I. et al. 1997) and the androgen receptor (AR) gene on Xql l-q l2  in hormone- 

refractory prostate carcinoma (Visakorpi, T. et al. 1995a). This was a particularly 

significant finding as amplification of the AR gene may provide an insight as to 

why prostate cancers which are initially hormone-responsive are able to develop 

resistance to treatment by becoming hormone-refractory (Koivisto, P. et al. 

1997). Interestingly, in other malignancies, oncogenes which had previously 

been found to be activated by translocations, have been found at sites of
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amplification, for example, the REL oncogene at 2p l4-pl5  in non-Hodgkin 

lymphoma (Houldsworth, J. et al. 1996) and BCL2 at 18q21.3 in recurrent B-cell 

lymphoma (Monni, O. et al. 1996). In alveolar rhabdomyosarcoma, CGH 

identified amplification of two genetic regions, lp36 and 13ql4 (Weber-Hall, S. 

et al. 1996). It was subsequently demonstrated by molecular genetic studies that 

there was amplification of a fusion gene PAX7-FKHR in these tumours, where 

PAX7 and FKHR map to lp36 and 13ql4 respectively. To date only one tumour 

suppressor gene has been identified as a consequence of CGH analysis. By 

analysing polyps from patients with Peutz-Jeghers disease, Hemminki and 

colleagues (Hemminki, A. et al. 1997) found loss of 19p by CGH. Linkage 

analysis also confirmed the presence of a susceptibility marker on 19p. 

Subsequent mutational analysis found truncating germline mutations in a known 

but previously unmapped gene, LKBl, a serine/threonine protein kinase, in a 

number of patients with Peutz-Jeghers disease (Hemminki, A. et al. 1998).

Gains of 5p have been reported previously in breast cancer but at a variable 

frequency. The majority of studies do not report more than one or two cases with 

gain. For example, in a study specifically looking for amplification in breast 

tumours only 1 out of 61 tumours analysed showed gain of 5p (Courjal, F. and 

Theillet C. 1997). Interestingly, in one study comparing genetic changes in 

familial cases of breast cancer with controls, gain of 5p was seen less commonly 

m B R C A l tumours compared to controls (Tirkkonen, M. et al. 1997). The 

highest reported incidence of 5p gain was seen in 24% of breast tumours 

(Tirkkonen, M. et al. 1998). However, only gains were seen in this region with 

no amplifications. The most likely reason for this discrepancy between previous 

published work and the findings presented here, is that in our study gains of 5p 

have been found to be a grade specific change. Therefore, the frequency will 

appear less in studies where tumours of mixed grade are analysed together, and 

this may also explain the absence of high level amplification. It should be noted 

that in a separate ongoing study in our laboratory, 30 grade II tumours have now 

been analysed and no amplification of 5p has been seen, providing supporting 

evidence that this really is a high-grade specific change.
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Gain of 5p has been reported in a few other tumour types. It has been reported in 

non-small cell lung cancer (Balsara, B. R. g/ al. 1997), squamous cell carcinoma 

of the head and neck (Speicher, M. R. et al. 1995), carcinoma of the cervix 

(Heselmeyer, K. et al. 1997) where interestingly it was associated with a 

progression to advanced stage tumours, osteosarcoma, malignant fibrous 

histiocytoma (Larramendy, M. L. et al. 1997) and paediatric neuroblastomas 

(Schütz, B, R. et al. 1996). In most of these tumours, the entire short arm has 

been reported to show both high and low level gains, but amplification of 

specific bands has also been seen. The pattern of amplification has been variable, 

but includes 5pl4-pter (Larramendy, M. L. et al. 1997) and 5pl3-14 (Balsara, B. 

R. etal. 1997).

When this piece of work was commenced, the short arm of chromosome 5 was 

relatively poorly characterised, with very few known candidate genes. Interest in 

this region from the point of view of cancer genetics was negligible. This was 

largely because 5p gains have not been seen commonly in any tumour type and 

usually it has been the most common or novel regions of genetic change that 

research effort has concentrated on. The main focus of genetic attention on 5p 

lay with the fact that deletions of all or part of this arm gives rise to the condition 

known as Cri-du-chat syndrome. This is the most common human deletion 

syndrome occurring in 1:50000 births and characterised by mental retardation, 

cranio-facial abnormalities, including microcephaly, hypertelorism, epicanthic 

folds and an alert expression, and a characteristically abnormal cry in infancy. 

However, very recently (December 1999), an integrated physical map of the 

short arm of chromosome 5 has been published (Peterson, E. T. et al. 1999). It 

contains 552 YACs and 504 markers covering more than 94% of the short arm of 

chromosome 5 in four Y AC contigs. It bridges the centromere and includes an 

additional 5Mb of 5q DNA. This will be an invaluable resource for the future 

planned work on this region.

While there are several candidate genes on 5p, the evidence to support a possible 

role for them is variable. The strongest candidates are the growth hormone 

receptor (GHR) and the prolactin receptor (PRLR) genes which both map to 

5pl3-pl2 and TERT which maps to 5pl5.33, and encodes the telomerase reverse
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transcriptase protein. These will all be discussed later. Other less impressive 

candidates will be briefly reviewed here. The S phase associated kinase (SKF2) 

maps to 5pl3 (Demetrick, D. J. et al. 1996). It encodes a 45kDa protein, which is 

part of the CDK2/cyclin A kinase complex, and is essential for entry into S- 

phase. The evidence for its function comes from experiments which show that 

cells injected with specific antibodies to this protein are blocked in Gi (Zhang, H. 

et al. 1995). Overexpression of this gene would thus interfere with normal cell 

cycle regulation. Fibroblast growth factor 10 (FGFIO) maps to 5pl3-pl2, but 

there is no evidence to support its role in any tumour type. Other candidate genes 

include CTNND2, the catenin (cadherin-associated protein) delta 2 which maps 

to 5pl5.2, although its predicted function may not be as an oncogene and two 

zinc finger proteins 131 (ZNF131) and 4 (ZNF4) which map to 5 p ll-p l2  and 

5pl4-pl3 respectively.

There are two cadherin families which also map to 5p. CDHIO is a newly 

described cadherin which maps to 5pl3-pl4 (Kools, P. et al. 1999), in the same 

region as another previously described cadherin, CDHl2 (Br-cadherin) (Selig, S. 

et al. 1995), and close to two other cadherins, CDH6 and CDHl8 (cadherin-14) 

(Chalmers, I. J. et al. 1999), which map to 5pl4-pl5.1 and 5pl5.1-pl5.2 

respectively. It should be noted that these latter two were mapped by radiation 

hybrid mapping, which although accurate may not allow assignment to the 

correct chromosomal band, so it has been suggested that maybe these cadherins 

actually localise to the same region (Kools, P. et al. 1999). However, they are 

unlikely candidate genes, partly because of their anticipated function: they are 

more likely to act as tumour suppressors than oncogenes and partly because of 

their expression patterns. CDHIO is predominantly expressed in human brain and 

adult and foetal kidney. There is weak expression in other tissues, for example, 

prostate, and lymph node, but not in most other tissues, including the mammary 

gland (Kools, P. et al. 1999). CD Hl2 is exclusively expressed in human brain. 

CDH6 is expressed in proximal renal epithelia, foetal kidney and renal cell 

carcinoma (Paul, R. et al. 1997), and CDHl8 is expressed only in the central 

nervous system (Shibata, T. et al. 1997). CDH6 and CDHl8 have both been 

found to bind to P-catenin, suggesting a similar role for them in cell-cell 

adhesion, or even other functions. The roles of all these cadherins in
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tumorigenesis, if any, remains to be elucidated. With regard to their probable 

function as tumour suppressors it should be noted that two cadherins have been 

found to be over-expressed in certain tumours, which suggests therefore that they 

may be functioning as oncogenes. CDH2 (N-cadherin), which maps to 18ql 1.2, 

is overexpressed in some breast cancer cell lines (Kazan, R .B . et a l 1997). Its 

normal function is in cohesion of breast tumour cells; over-expression results in 

promotion of their interaction with the surrounding stromal cells, thereby 

facilitating invasion and metastasis. Of note is that in these cell lines up- 

regulation of N-cadherin was associated with down regulation of E-cadherin 

expression. Interestingly, co-expression of these two proteins was never seen. 

CDHl 1 is more curious as it maps to 16q22.1, the site of frequent allelic loss, but 

it has been found to be expressed only in the most invasive breast cancer cell 

lines and not in non-invasive breast cancer cell lines (Pishvaian, M. J. et a l 

1999). Similar to N-cadherin, it is thought to mediate the interaction between 

malignant tumour cells and other cell types that normally express CD H ll, such 

as the stromal cells or the extracellular matrix thus facilitating tumour cell 

invasion and metastasis. Also it too is only expressed in E-cadherin negative 

tumours. Whether expression of N-cadherin and CD H ll are linked has yet to be 

determined.

The aim of this part of the project was to commence the identification of the 

minimal region(s) of amplification of 5p in grade III tumours, with the ultimate 

goal of identifying the oncogenes involved. As already discussed, when this 

work was commenced the short arm of 5p was very poorly characterised, with 

probes available for only a very small region of the arm. Therefore to begin the 

identification of the minimal region, microsatellite analysis was used. This had 

the added advantage that only DNA was required for the analysis. This was a 

plentiful resource from the Hedley Atkins/ICRF tumour bank and meant that our 

fixed tumour material could be saved for later use once the regions were more 

clearly defined.

6.2 Results
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6.2.1 CGH

60 grade III tumours were analysed by CGH, (additional grade III tumours were 

studied following the initial CGH study comparing grades and so are included 

here). 17 grade III tumours showed gain of the short arm of chromosome 5, see 

Figure 6-1. Both high and low level gains of the whole arm were seen together 

with gains of specific regions. Four tumours showed high level amplification, of 

these three tumours (T879, T476, T1067) showed amplification of the whole 

arm, while one tumour (T862) showed two discrete peaks of amplification at 

5pl4-pter and 5pcen-5pl3.3. The discreteness of these two regions of 

amplification is illustrated by examining the actual CGH hybridisation patterns 

from the CGH experiments as illustrated in Figure 6-2. Interestingly, there is 

actual loss or a trend towards loss of all or part of the long arm of chromosome 5 

in these four tumours. Seven tumours showed telomeric gain of the chromosomal 

arm with the minimal region of gain at 5pl5.3. Four tumours showed gain of the 

arm near the centromere, with the minimal region of gain at 5pl4. Two tumours 

(T1077 and T1060) showed gain of the short arm as part of gain of the whole 

chromosome.

6.2.2 Allelic imbalance analysis

96 tumours have been analysed using 12 microsatellite markers, see Figure 6-3. 

Allelic imbalance was assessed as discussed in Chapter 2. It should be noted that 

a ratio of less than 0.6 was used for this study, as this was considered to be 

representative of a single allele imbalance. Theoretically gain of a single allele 

would be detected by a ratio of <0.67 or >1.5, but this is assuming 50% 

contaminating normal tissue, and as already discussed, there is likely to be less 

than that in grade III tumours, hence the value chosen.

55 of the tumours included here had also been analysed by CGH. Five tumours 

(T1116, T1125, T1134, T1055 and T1008) that had been analysed by CGH had 

insufficient remaining normal DNA to perform microsatellite analysis. The 

comparison of the CGH results with the microsatellite analysis is included in
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Figure 6-1. The average composite CGH profiles of chromosome 5 for ail the 

grade III tumours showing gain of 5p.

The figure shows the composite profile results taken from individual CGH 
experiments. Thresholds for gain and loss are set at 1.15 and 0.85 respectively.
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Figure 6-2. The CGH hybridisation patterns of 10 grade III tumours 

showing 5p gain.

The hybridisation patterns are taken from individual CGH experiments. The 

images represent a composite of tumour labelled in green, paired normal DNA 

labelled in red and the metaphase chromosomes counterstained with DAPT 

Regions of gain therefore appear as excessively green regions.
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Figure 6-4. Allelic imbalance frequencies for markers on 5p.

The number of tumours showing allelic imbalance out of the total number of 

informative tumours for each of the 10 microsatellite markers on 5p is shown, 

together with the percentage of tumours showing AT Markers highlighted in bold 

demonstrate the highest frequency of Al, see text for further discussion.
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Figure 6-3. 13 tumours that showed gain by CGH also showed allelic imbalance, 

with only 3 tumours which showed gain by CGH not showing allelic imbalance 

(XIQIC, X I136 and X957). 31 tumours which showed no gain by CGH showed 

allelic imbalance and 8 tumours showed no gain by either CGH or microsatellite 

analysis. Xhe concordance between the CGH findings and allelic imbalance was 

therefore 38%.

Xhe frequency of allelic imbalance for informative markers ranged from 18 to 

39%, Figure 6-4. Xhe marker D5S674 showed the highest frequency of allelic 

imbalance, at 39%. Its neighbouring telomeric marker (D5S1993) showed a 

frequency of allelic imbalance of only 24%, while its centromeric marker 

(D5S418) showed a frequency of 37%. Another marker showing a high 

frequency of allelic imbalance of 38% was the most telomeric marker, D5S392. 

Xhe marker adjacent to this, D5S417, showed a frequency of allelic imbalance of 

only 18%.

6.3 Discussion

6,3,1 Comparison o f CGH and Allelic Imbalance Data

Xhe CGH data shown in Figure 6-1 shows the average fluorescent ratio profile 

results of 5p gains and amplifications for 17 grade III invasive ductal breast 

carcinomas. While the fluorescent profiles clearly give useful information, 

another way of representing this data is to show the CGH hybridisation patterns 

from the individual experiments. Xhese often provide additional information, 

regarding the discrete regions of gain. Xhe CGH data has revealed a number of 

different patterns of gain on the short arm of chromosome 5, but simplified the 

patterns can be divided into 3 groups. Xhose tumours showing gain of the whole 

chromosome arm, those showing telomeric gain with a minimal region at 5pl5.3 

and a proximal region of gain with a minimal region around 5pl4-13. Xhese two 

discrete regions suggest that there are at least two oncogenes, which may be 

important in breast tumorigenesis. It is particularly interesting to note tumour 

X862, which shows both these minimal regions discretely amplified. It is also
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worth noting that only two tumours showed loss of any region of 5p by CGH, 

and this was as part of a whole chromosome loss. Therefore, when discussing the 

allelic imbalance data it is more likely that this does represent gains rather than 

losses, and suggests that the possible candidate genes will be oncogenes, and not 

tumour suppressor genes.

Using microsatellite analysis to assess gains is an unusual method and as such 

the interpretation is difficult. Firstly there are issues regarding whether the 

imbalance is due to loss or gain. However, from the CGH analysis and as 

discussed above, it seems reasonable to suggest that the imbalance in this 

example is due to gain. Secondly there is the difficulty of assessing the relative 

importance of different results. The values we have used for our cutoffs are 

representative of an imbalance of a single allele. While the significance, if any, 

of gains of single extra gene copies remains to be established, as has already 

been discussed, it was felt necessary to include these changes here during the 

initial screening for a minimal region. The significance of these changes can then 

be addressed once the gene has been identified. Perhaps of greater difficulty is 

assessing what represents high level amplification. As this really cannot be 

determined from the microsatellite analysis due to any number of variables, e.g. 

the amount of contaminating normal tissue and the variability of the PCR 

reaction, no attempt at quantification has been made.

The frequency of allelic imbalance for individual markers ranged between 18% 

and 39%, Figure 6-4. There is the suggestion that there may be two minimal 

regions of gain, although clearly more refined mapping needs to be performed. 

One region around the telomeric marker D5S392, which maps to 5pl5.3, has a 

frequency of allelic imbalance of 38%. The adjacent marker D5S417 has a 

frequency of allelic imbalance of only 18%. This would certainly seem to 

suggest that the region around D5S392 warrants further refined mapping. The 

other region appears to be defined by markers D5S674 (5pl5.1) and D5S418 

(5pl4.1) which have allelic imbalance frequencies of 39% and 37% respectively. 

The marker D5S1993 which is telomeric to D5S674 has a frequency of 24%, 

which suggests that D5S674 does mark the telomeric boundary but the markers 

D5S430 and D5S645 which are centromeric to D5S418, have frequencies of
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31% and 29% respectively, which is a less clear demarcation. This is interesting 

because markers D5S447, D5S1993 and D5S674, were chosen because they map 

within the same region and in an area of known candidate genes. From these 

results it suggests that probably the candidate region is slightly more centromeric 

than the proposed region suggesting novel genes may be the target. Furthermore, 

the identification of a clear demarcation between markers D5S1993 and D5S674, 

is likely to be significant as they do map relatively closely to each other.

The concordance between CGH and microsatellite analysis for this data is 

relatively poor, at only 38%. This is much less than that seen for either the 16q 

data (67% and 73% for the grade I and grade III tumours respectively - Chapter 

3) and the 8q data (67% - Chapter 4). Why there was such poor concordance for 

this particular study is a little hard to determine. However, the main discrepancy 

lies with the large number of tumours (31/55) which showed no gain by CGH but 

did by molecular analysis. This presumably reflects the inability of CGH to 

detect small regions of gain (<10Mb of total gained DNA - Chapter 2), but 

clearly this is common to all the different studies. So what is different about the 

5p analysis? It may be that the region(s) of amplification on 5p are small, and 

really are significantly underestimated by CGH. Certainly, if the telomeric region 

on 5p is found to contain a gene, which is gained in some tumours rather than 

highly amplified, it may be difficult to detect, as telomeric regions are often 

difficult to interpret with CGH. Only when the gene is identified will it be 

possible to determine whether this is the correct explanation.

63,2 Candidate genes on 5p

Although the microsatellite data remains preliminary, taking the allelic 

imbalance results together with the CGH analysis, it suggests that there may 

indeed be two candidate regions at 5pl5.3 and 5pl4. Of perhaps greater interest 

is that there are reasonably strong candidates for both these regions which should 

be tested further. As mentioned above TERT maps to 5pl5.3. Its potential role as 

an oncogene is suggested by its function. There is currently no evidence to 

support a role for it directly in tumorigenesis. Normal somatic cells undergo
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senescence, which is triggered by two interdependent mechanisms; one of which 

is the critical shortening of chromosomal ends (Cerni, C. 2000). Telomerase, a 

ribonucleoprotein, circumvents this critical shortening by adding to the telomere 

repeats and has attracted much interest recently for its role in tumorigenesis. 

However, critically the activity of telomerase, is dependent upon two factors, one 

of which is the TERT protein. Ectopic expression of TERT in otherwise mortal 

human cells lead to induced elongation of the telomeres and permanent cell 

growth.

GHR and the PRLR genes both map to 5pl4. The roles of both GH and PRL in 

breast cancer remains to be established although there is an accumulating body 

of evidence that both may be important, either directly through their circulating 

levels or through a paracrine effect (Wennbo, H. and Tornell J. 2000). Both GH 

and PRL are important for normal breast development, and are normally secreted 

by the pituitary. Recent evidence suggests that both normal and malignant breast 

tissue expresses both GH and PRL, which has lead to the suggestion that there 

may be a possible paracrine function for these hormones in tumour development 

and growth. Expression analysis using in situ hybridisation has shown that PRL 

is localised in the epithelial cells of normal tissue and shows a more 

heterogeneous expression pattern in malignant tissue.

Both receptors belong to the cytokine receptor superfamily and are expressed 

predominantly both in normal and malignant breast epithelial tissue although 

there is some expression in the stroma. While GH can activate both GHR and 

PRLR, PRL can only exert its effects via the PRLR. Ligand binding induces 

homodimerisation of two receptor molecules followed by activation of tyrosine 

kinases belonging to the Janus family, phosphorylation of members of the ST AT 

family (mainly STAT 5a and b), and proteins involved in the MAP kinase 

signalling pathway. Crosstalk between these receptors is possible at a number of 

levels.

Historically, the suggestion that pituitary hormones, other than by regulation of 

steroid secretion, were of importance in breast cancer came from the finding that 

in women with advanced breast disease hypophysectomi with anti-oestrogen
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therapy compared to anti-oestrogen therapy alone had beneficial effects. 

However, further studies to identify the effects of circulating hormones have 

been inconclusive. Studies of patients with tumours secreting GH have suggested 

an increased incidence of malignancy in general with some studies finding an 

increased incidence of breast cancer. In contrast there is no correlation between 

patients with PRL secreting tumours (prolactinomas) and breast cancer, although 

there are some confounding factors, namely that at autopsy microprolactinomas 

are fairly common and so the incidence of a high PRL may be underrepresented. 

However, if the converse is examined; PRL levels in women with breast cancer, 

some studies have found an association between high levels and malignancy 

while others have not.

However, maybe the significance lies not with the circulating hormones but with 

local hormonal production and its effects on the receptor. There is evidence to 

support these local effects. Firstly, blocking the PRLR has been shown to result 

in growth inhibition in cultured breast tumour cells (Fuh, G. and Wells J. A.

1995). Secondly, activation of the PRLR in mice has resulted in mammary gland 

tumour formation, whereas activation of the GHR did not (Wennbo, H. et al. 

1997). It is tempting to speculate that upregulation of receptors could therefore 

result in tumour formation, by PRL and possibly other ligands activating the 

receptor in a manner analogous to ERBB2 receptor activation. This clearly needs 

to be tested further.

The gain of 5p as has already been discussed is specific to grade III tumours. 

Therefore, it could be suggested that activation of oncogenes in these tumours 

results in a more aggressive phenotype. It is interesting to note that in cervical 

carcinoma, which also shows 5p gain, the gain was associated with progression 

to more advanced tumours. The role of these oncogenes in conferring a more 

aggressive phenotype, is another area that needs to be studied further.

6.4 Future work
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Although this work remains at a preliminary stage, in attempting to define a 

minimal region(s) of amplification, it has provided data which can be used to 

guide future experimental work. Perhaps the first step should be to test the 

candidate genes of TERT, GHR and PRLR. Concurrently work should continue to 

further define the regions of gain using microsatellites. The identification of the 

site of maximum increase in copy number also needs to be determined. This 

work will continue until the existing polymorphic markers have been analysed, 

which will be aided considerably by the recent map publication and until 

minimal regions of gain have been identified. Detailed cytogenetic mapping of 

gain of 5p in grade III breast cancers using YACs from public databases that map 

to the minimal regions defined by microsatellites will then be done and clearly it 

is the use of this technique that will give valuable information regarding actual 

copy numbers. Regions of gain will be refined using sub-clones from these 

YACs and other existing clones mapped to the region of interest on 5p. Further 

physical mapping is likely to be necessary (for example, to place in map order 

the clones used for FISH). Once small clones (ideally a few kb) with consistent 

gain have been identified, transcript isolation will be performed using cDNA 

selection and each transcript tested for gain and for mutation. Detailed 

characterisation of these genes, including functional data, will be performed. The 

importance of 5p gain in breast cancer will be established by examining the large 

number of breast tumours available in the database and correlating the findings 

with the existing morphological and clinical data available for these tumours.
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Chapter 7. Characterisation of the ampiicon on 

the long arm of chromosome 8

7.1 Background

CGH analysis of grade I and grade III IDCs has revealed both gains and high 

level amplification of the long arm of chromosome 8. However, these changes 

were seen at different frequencies within grades. In grade III tumours it was seen 

in 68% of tumours and was the second most frequent change after gains of Iq, 

(seen in 70% of tumours). In grade I tumours although it was seen much less 

frequently (30%), it was the third most common region of gain, after gains of Iq 

(70%) and 16p (45%). There are two reasons why gains of 8q are so interesting: 

firstly, because it is such a common region of change, suggesting it is an 

important change; secondly, it has not only been reported for breast cancer but 

occurs commonly in a number of different malignancies including prostate, 

colorectal, and bladder carcinoma (Cher, M. et a l 1994; Ried, T. et al. 1996; 

Koo, S. H. et al. 1999), therefore suggesting that it is important for a number of 

different solid tumour types. While the patterns of 8q gain are variable within a 

tumour type, the same patterns have been seen in different tumour types. These 

include whole arm gains which are frequently seen in association with loss of the 

short arm of chromosome 8 suggesting isochromosome formation, high level 

amplification of the whole long arm and discrete regions of amplification of 

specific bands, including 8q21, 8q22-23 and 8q24 (Kallioniemi, A. et al. 1994).

Another interesting feature for such a common change is that very little is known 

about the specific genes involved. The gene that is usually reported as being the 

target for amplification of 8q is MYC. However, MYC maps to 8q24.3 and as 

already discussed, many tumours show gain of the whole arm, gains of multiple 

different regions of the long arm, or significantly, regions that are proximal to the 

site where MYC maps. Therefore it is extremely unlikely that MYC  is the only 

candidate gene and indeed in many cases it is likely that it is not even involved.
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The role of MYC has been discussed in chapter 1 so it will not be discussed 

further here.

There are surprisingly few other candidate genes, with little evidence to support a 

role for them in breast tumorigenesis. SLUG and MOS both map to 8ql 1. SLUG 

is a zinc finger protein, whose role remains to be elucidated, and whose 

expression in breast tissue is not even confirmed (Cohen, M. E. et al. 1998). 

However, there are several lines of evidence to suggest it may play a role in 

tumorigenesis. It has been suggested that it acts as a transcriptional repressor 

whose activation by E2A-HLF promotes the aberrant survival and eventual 

malignant transformation of mammalian pro-B cells otherwise destined for 

apoptotic death (Inukai, T. et al. 1999). Intriguingly cells transiently transfected 

with SLUG result in an induction of desmosome dissociation and disruption of 

the cell-cell adhesive junction (Savagner, P. et al. 1997), while stable 

transfectants expressing the SLUG protein result in cells with a less epithelial 

morphology, increased cell spreading and cell-cell separation. It is therefore 

tempting to speculate that it may play a role in breast tumorigenesis via one of 

these functions. MOS, a serine threonine protein kinase, and the homologue of 

the v-mos Moloney murine sarcoma viral oncogene, is a potential candidate 

through its functions, but there currently are no data to support its role in breast 

tumorigenesis. A number of genes map to 8ql2 including PLAGl (Kas, K. et al.

1997), the pleomorphic adenoma gene 1, which has been found to be involved in 

consistent translocations in pleomorphic adenomas, but whose involvement in 

other tumour types remains to be determined. LYN, is a src family tyrosine kinase 

which maps to 8ql3. As with MOS apart from its function there is no other 

evidence to date to suggest a role for it in breast tumors. MYLBl maps to 8q22 

and encodes a nuclear protein, that functions as a transcriptional transactivator 

(Oh, I. H. and Reddy E. P. 1999) and belongs to a family of similar proteins. 

However, it appears to exert a negative regulatory effect on transcriptional 

transactivation function. Therefore its function as an oncogene would seem 

unlikely, and any role for it in tumorigenesis remains to be established. Other 

possible candidates include MOS (8ql2) and E2F5 (8q22). However, in a study 

looking specifically for amplification of these genes in breast cancer, their copy
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number never exceeded a 5-fold gain (Courjal, F. et a l 1997), making them 

weak candidates.

A potentially interesting candidate is the p40 subunit of eukaryotic translation 

initiation factor 3 (eiO) which maps to 8q23 approximately 12Mb centromeric to 

MYC (Nupponen, N. N. et al 1999). In contrast to the genes discussed above, it 

has been found to be amplified and overexpressed in 20% of breast tumours. In 

most tumours it was co-amplified with MYC, thus suggesting that the 8q23-24 

amplicon may contain a number of amplified genes like the amplicons at 1 lq l3 , 

20ql2-13 and 17q22-24 discussed in chapter 1. Furthermore, it is an interesting 

candidate as it is involved with translation and to date, no oncogenes have been 

described with such a function.

An interesting region which is under further investigation is a minimal region 

(approximately 1Mb) mapping to chromosome 8q 12-22 which has been found to 

be amplified in both breast tumours and breast cancer cell lines (Fejzo, M. S. et 

al 1998). There is as yet no candidate gene for this region, as it lies distal to the 

oncogenes MOS, LYN  and PENK and just proximal to the ETO gene involved in 

translocations in AML.

The aim of this part of the project was the same as for the 5p work, to commence 

the identification of the minimal region(s) of amplification of 8q in grade III 

tumours, with the ultimate goal of identifying the oncogenes involved. Only 

grade III tumours were chosen to look at for several reasons. Firstly, gains of 8q 

were seen at a much higher frequency in the grade III tumours and secondly it is 

likely that the same genes are involved in both grades as similar pattern of gains 

were seen. The third consideration was that much more DNA was available to 

study from the grade III tumours, for this initial screening study. The 

confirmation of involvement of any genes identified could then be confirmed in 

our panel of grade I tumours. Although 8q was much better characterised than 5p 

and more markers were available, the same strategy of microsatellite analysis 

was used.
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7.2 Results 

7.2.7 CGH

Of the 60 grade III invasive ductal breast carcinomas analysed by CGH 

(additional tumours have been analysed since the initial CGH experiments), 41 

showed gains of the long arm of chromosome 8, Figure 7-1. Loss of 8q was 

never seen. There were a variety of patterns of gain as illustrated in Figure 7-1, 

consistent with the literature (Kallioniemi, A. et a l 1994). 15/41 tumours 

showing gain showed high level amplification, while in 9 cases this was of the 

whole arm, and frequently associated with loss of the short arm, thus suggesting 

isochromosome formation. Discrete bands of high level amplification were also 

seen. This was usually apparent from the CGH profiles but in some cases more 

information could be obtained only by studying the hybridisation pattern on 

individual chromosomes from each CGH experiment. Some examples of discrete 

amplification, are shown in Figure 7-2. The hybridisation pattern of tumour 

T1144 illustrates this very well. The composite CGH profile essentially shows 

high level amplification of most of the chromosomal arm but when the 

hybridisation pattern is examined it can be seen that actually there are four 

discrete regions of amplification. Tumours T352 and T879 also provide 

interesting examples. They appear to have high level amplification of the whole 

arm when only the CGH composite fluorescence ratio profile is considered, but 

when the hybridisation pattern is examined it can be seen that there are one and 

two discrete bands of amplification respectively, on a background of high level 

gain. The patterns of simple gains also vary, between gains of the whole arm, 

gains which are predominantly telomeric and gains which actually spare the 

telomere (e.g. T353, T905 and T957). Only two tumours (T1077 and T1146) 

showed gain of the long arm as part of a whole chromosomal gain, and unusually 

one tumour (T1103) showed apparent high level amplification of the whole 

chromosome, presumably reflecting multiple copies of that chromosome. Two 

tumours showed gain of the long arm in association with high level amplification 

of8p (T1136andT1021).
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Figure 7-1. The average composite CGH profile results of all the grade III 

tumours which showed gain of 8q.

The profiles represent the composite CGH results from individual experiments. 

The thresholds for gain and loss are set at 1.15 and 0.85 respectively.



201

T1111 T1060 T1087

T1144 T352 T879 T1134 T1116

T941 T959 T929

iili>
T957 T905

Figure 7-2. The hybridisation patterns of 13 grade III tumours showing 8q 

gain.

These are representative examples of the hybridisation pattern of chromosome 8 

taken from individual CGH experiments. Tumour DNA is labelled in green, 

normal DNA is labelled in red and the metaphase chromosomes are 

counterstained with DAPI. Regions of gain appear as excessively green and 

regions of loss appear as excessively red.
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Al/Informative cases 

No. (%)

D8S255 13/37 (35)

D8S507 4/12 (33)

D8S553 22/56 (39)

D8S279 29/63 (46)

D8S286 19/46 (41)

D8S54I 15/37 (41)

D8S1757 25/56 (45)

D8S167 27/50 (54)

D8S270 15/58 (26)

D8S558 18/62 (29)

D8S555 25/57 (44)

D8S199 11/47 (23)

D8S5I4 19/42 (45)

D8S284 30/55 (55)

D8S274 15/39 (38)

D8S373 31/64 (48)

Figure 7-4. The frequency of allelic imbalance on chromosome 8.

The number (and percentage) of tumours showing AI of the total number of 

informative tumours for each microsatellite marker in 96 grade III tumours.
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7,2,2 Allelic imbalance analysis

96 tumours were analysed using 12 polymorphic microsatellite markers, Figure 

7-3. Of these 55 tumours had been previously analysed using CGH. 5 tumours 

(T il 16, T1125, T1134, T1055 and T1008) which had been analysed by CGH 

were not included in this study as there was insufficient remaining normal DNA 

left for microsatellite analysis. The results of the CGH analysis are also included 

in Figure 7-3. Of the tumours showing gain by CGH, the majority (34/36) 

showed allelic imbalance, with only two tumours (T1077 and T1146) showing 

gain by CGH but no allelic imbalance. It should be noted that for tumour T1077, 

there were results from only two markers, with the other markers either being 

non-informative or there simply was no data available, therefore it may be less 

surprising that allelic imbalance was not observed in this case. Conversely, 16 

tumours which showed no gain by CGH demonstrated allelic imbalance, with 3 

tumours which showed no gain by CGH also showing no allelic imbalance. The 

concordance between the CGH results and allelic imbalance was therefore 67%.

The frequency of allelic imbalance seen for individual markers ranged from 23% 

to 55%, Figure 7-4. The highest frequency of allelic imbalance of 55% was seen 

at marker D8S284, its adjacent centromeric marker showed allelic imbalance of 

45% with the next adjacent centromeric marker showing the lowest frequency of 

allelic imbalance of 23%. The adjacent telomeric marker to D8S284 showed a 

frequency of 38%. Marker D8S167 had a frequency of allelic imbalance of 54% 

with its adjacent telomeric marker a frequency of only 26% and its adjacent 

centromeric marker of D8S1757 having a frequency of 45%.

7.3 Discussion

The patterns of gain illustrated by analysing the CGH composite fluorescent 

profile results together with the CGH hybridisation patterns suggest that there are 

several discrete regions of amplification. This is exemplified by several tumours, 

including T1144, T352 and T879, as already discussed. Furthermore two 

tumours, T1134 and T i l  16 both have two discrete regions of high level
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amplification, which for T1134 was suggested by the CGH profile but for T1116 

was only revealed by analysis of the hybridisation pattern. These results are 

interesting for a number of reasons. Firstly the patterns of amplification provide 

support for the hypothesis that several different genes are amplified in breast 

tumorigenesis from the long arm of chromosome 8. As discussed above this 

region is a common site of amplification in a number of different tumour types, 

so it may be suggested that these will be important targets in the tumorigenesis of 

other solid tumours. Furthermore, many of these amplification bands map 

proximal to 8q24.3, therefore suggesting that not only is MYC not the sole target 

in a number of these tumours but that it is unlikely to be the candidate for many 

of these tumours.

As discussed in chapter 2, there are limits to the resolution of CGH. So for 

example, the amplicon has to be at least 10Mb to be visualised. Furthermore, the 

resolution is affected by the degree of condensation of the target metaphase 

chromosomes. So when the chromosomes are short it is more difficult not only to 

identify the chromosomes themselves, but to distinguish discrete bands of 

amplification (or loss). It is for this reason that a third chromosome has been 

included on the far right of the panel showing the hybridisation pattern of tumour 

T1144, Figure 7-2. This less condensed chromosome clearly demonstrates the 

four discrete bands of amplification better than the two shorter chromosomes to 

its left. It follows from this discussion that even when the hybridisation patterns 

are considered together with the CGH composite profile results the number of 

regions of amplification are likely to be underestimated. Therefore this raises the 

second interesting implication of these results and that is regarding the 

mechanisms of amplification. As discussed in chapter 1 it was originally thought 

that amplification of only single genes occurred in tumorigenesis. The 

introduction of CGH revealed that many different chromosomal regions could be 

amplified within any one tumour. The results presented here and other evidence 

accumulating in the literature (Pinkel, D. et al. 1998) suggest that many different 

regions from within the same chromosomal arm may all be amplified together. 

How this occurs is not known, nor is it known whether these regions are all co

operating or whether there is a bystander effect of nearby genes merely being co

amplified. It is likely that the advances in DNA CHIP technology will help to
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provide answers to these questions, as has already been shown for chromosome 

20 .

The allelic imbalance analysis has demonstrated a range of allelic imbalances 

between 23% and 55%, Figure 7-4. As loss of 8q was never seen by CGH, it is 

most likely that allelic imbalance does reflect gain. The data suggest that there 

are at least two minimal regions of gain. One region occurs around marker 

D8S284, which maps to 8q24.13, and showed a frequency of allelic imbalance of 

55%. The telomeric marker adjacent to D8S284 showed a frequency of allelic 

imbalance of 38% which suggests that this may represent a boundary. The 

markers which map centromerically to D8S284, D8S199 and D8S514 showed a 

difference in frequency of allelic imbalance of 23% and 45% respectively 

suggesting that the boundary may lie between D8S199 and D8S514. The other 

region maps around the marker D8S167 which maps to 8q21. This marker has a 

frequency of allelic imbalance of 54%. Again the centromeric boundary for the 

region of amplification is less clear with the more centromeric markers of 

D8S1757, D8S541 and D8S286 showing frequencies of 45%, 41% and 41% 

respectively. However, the adjacent telomeric marker to D8S167, D8S270 

showed a frequency of allelic imbalance of only 26% suggesting that this may be 

the boundary of the region. Again it is interesting to note such a clear 

demarcation between markers D8S167 and D8S270, as markers D8S1757, 

D8S167 and D8S270 were all chosen as they map closely within the region 

8q21, which falls within the region identified by Fejzo and colleagues (Fejzo, M. 

S. et al. 1998) as possibly containing a candidate gene. Therefore the 

identification of such a clear boundary between markers D8S167 and D8S270 

may well be significant and certainly this area would seem to warrant further 

refined mapping. Marker D8S373 which maps to 8q24.3, the region where MYC 

maps has an allelic imbalance frequency of 48%. This was not unexpected and 

provides confirmatory evidence that MYC is important in breast, but is unlikely 

to be the only amplified gene from 8q.

As with the 5p data; these are preliminary results and further refined mapping is 

required. However, cautiously interpreting the current data it shows that regions 

of allelic imbalance do occur in regions found amplified by CGH. Interestingly
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the concordance of 67% between the CGH and allelic imbalance results, was 

much better than for the 5p data, (Chapter 6) and comparable to that seen in 

Chapter 4 and 5. It is unclear why the concordance should be better for this study 

than the 5p study. The main difference is that in this group of tumours, allelic 

imbalance did not detect such a high proportion of tumours which had not shown 

gain by CGH. Although allelic imbalance demonstrated when there is no gains 

seen by CGH is relatively straightforward to explain, and as discussed elsewhere 

(Chapter 4) is related to the limited ability of CGH to detect changes less than 

10Mb, why there is such a discrepancy between studies is unclear. It is tempting 

to speculate that it may be related to the regions of amplification being larger on 

8q than 5p. For this work there were only two tumours which showed gain by 

CGH and not by molecular analysis and as already discussed above, for one of 

the tumours there were results from only two markers.

Unlike the 5p data there are currently very few candidate genes to test. 8q24.13 

currently has no candidate genes, but 8q21 is potentially very interesting. As 

discussed above 8ql2-21 is a region under investigation (Fejzo, M. S. et al.

1998), and a potential candidate gene has recently been identified (personal 

communication. Dr M Baron, Manchester University). Work is currently in 

progress aimed at establishing whether this may be one of the targets of the 8q 

amplification.

As with the 5p work discussed in chapter 5 much further work needs to be done 

to further map the minimal regions of gain and identify the genes involved.
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Chapter 8. General Conclusions & Future Work

The work presented here has permitted a number of important conclusions to be 

drawn. The molecular cytogenetic data has demonstrated both quantitative and 

qualitative genetic differences between the different grades of invasive ductal 

carcinoma studied. Considering the molecular genetic data together with the 

molecular cytogenetic data, there is a strong suggestion that the majority of grade 

I tumours do not progress to grade III tumours, thereby refuting the hypothesis of 

dedifferentiation. This initial study then provided the basis for further 

investigation. The importance of 16q loss in the pathogenesis of grade I tumours 

has begun to be investigated and a candidate gene, E-cadherin has been 

excluded. A grade III specific amplicon on the short arm of chromosome 5 has 

been identified and work begun on investigating this region further. Preliminary 

data suggest that there are minimal regions of gain worthy of further study, 

together with the identification of a number of candidate genes which need to be 

tested. The identification of novel oncogenes from this region may be very 

important for future therapeutic targeting. The very common amplicon on 8q 

found in both grades of tumour has also been investigated further, with the 

preliminary identification of regions requiring further detailed mapping.

This work also illustrates some important general points regarding the 

investigation of tumour genetics. It has highlighted that using an integrated 

approach when studying cancer is essential. In particular, it has shown how very 

important accurate pathological assessment is in combination with genetic 

studies. It is only because the breast tumours studied here were stratified by 

grade that is has been possible to draw a number of significant conclusions.

The predominant conclusion from this study is that the majority of grade I 

tumours do not progress to grade III tumours. If  this finding is taken in 

conjunction with the data from Buerger and colleagues (Buerger, H. et a l 

1999b), then we can begin to tentatively describe possible pathways for the 

genetic evolution of breast cancer. Figure 8-1. It is likely that grade I and grade 

III tumours do have distinct genetic origins and follow different genetic
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pathways. Work is ongoing in our laboratory to examine grade II tumours but the 

preliminary data suggests that they have genetic changes more similar to grade 

III tumours than grade Is. Examining CGH data from the literature, which 

usually contains a combination of grade II and grade III tumours, suggests that 

grade II tumours might form an ‘intermediate’ group, i.e. quantitatively more 

genetic changes than grade I tumours, but not so many as grade III tumours. 

Gains of Iq, 8q, 17q and 20q might be expected at a relatively high frequency, 

but the crucial question is how frequent will loss of 16q be? If it occurs at the 

same frequency as grade I tumours this might suggest that grade I and grade II 

tumours have similar origins. Conversely, if the grade II tumours have similar 

changes to grade III tumours this suggests that grade I tumours are the distinct 

entity and maybe grade II tumours are simply a less aggressive grade III tumour. 

Alternatively grade II tumours may have loss of 16q at a frequency which is 

more than that seen in the grade I tumours but less than that seen in grade III 

tumours. This may suggest that some share common pathways with grade I 

tumours, while others share a pathway with grade III tumours, or that they arise 

separately and represent another distinct entity. It is this latter hypothesis which 

is supported by the data of Buerger and colleagues (Buerger, H. et al. 1999b), 

and is the pathway as shown in Figure 8-1. 5p, as already discussed, is a grade III 

specific change, but at present it is very difficult to assign other genetic changes 

within the pathways. This pathway does provide a framework for further study 

and illustrates the complexity of the progression of breast cancer. As already 

discussed in chapter 1, the model for colorectal cancer with a stepwise 

accumulation of genetic changes is unlikely to be seen in breast cancer.

There are many other interesting questions which this work has raised, which 

need to be answered by further study. Perhaps one of the most interesting 

questions is, what is the role of 16q loss in grade I tumours? Once the candidate 

genes targeted by loss are identified, functional studies may provide answers to 

this question. However, why is it that this change confers a good prognosis? 

Does loss of 16q keep the tumours in a well-differentiated phenotype, by 

preventing them acquiring more genetic changes (and so becoming a more 

aggressive phenotype)? One way of investigating this further would be to use ex 

vivo cultures in nude mice of grade I tumours which do and do not show 16q
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loss, to see what the patterns of progression may be. Spontaneous progression 

could be assessed by histology of tumour biopsies taken at regular intervals, to 

assess whether grade had changed. Mutagens could be used to encourage 

progression if this did not occur spontaneously. In addition to histological 

assessment, sequential biopsies would clearly need to be subjected to genetic 

analysis. In this way the genetic changes acquired during progression could be 

identified and of particular interest would be the status of chromosome 16. 

Ideally, these samples would be analysed not just by CGH but by expression 

arrays to determine the genes important in the biological progression of breast 

cancer.

What are the target genes on 5p? As grade III tumours are a particularly 

heterogeneous group of tumours both morphologically and with regard to their 

clinical behaviour, identification of novel markers which may provide a guide to 

behaviour and/or treatment are urgently required. The potential therapeutic 

benefits of identification of the 5p target is exemplified by the recent elucidation 

of the role of ERRB2 in breast tumorigenesis and the consequent introduction 

into clinical practice of Herceptin, a monoclonal antibody to the ERBB2 

receptor. The identification of the genes from the 8q amplicon, it is tempting to 

speculate, would be important because of their role in a number of different 

tumour types.

Another very interesting aspect that has not really been examined from this 

study, is what genetic changes co-operate together? The sample size of the 

tumours analysed here was too small for multivariate statistical analysis to 

establish the patterns of genetic changes which occur together within individual 

tumours. Although work is currently in progress to examine whether there are 

any simple correlations between the genetic changes seen by CGH and clinical 

parameters. However, if multivariate analysis looking for patterns of genetic 

aberrations could be done on a bigger sample size, it is anticipated that this could 

provide very interesting information. Firstly it would provide insight into the 

biology of breast cancer, by identifying distinct genetic subgroups. These groups 

could then be correlated with morphology and clinical outcome measures, to 

provide better prognostic information than is currently available. This is less
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likely to be fruitful for the grade I tumours as there were few events within the 

follow up period, but may yield interesting information for the grade III tumours. 

Secondly, it may be informative regarding the underlying genetic pathways. For 

example, it may be that certain genetic changes are not seen together because 

they are unnecessary. It is interesting to speculate that amplification of MYC and 

ERRB2 will not be seen together, as M YC  is downstream of ERRB2 in the 

signalling pathway. Therefore if ERBB2 is amplified, there is no need to also 

have amplification of MYC. From the grade III data, 9 tumours had unequivocal 

amplification of 17ql2, the region where ERBB2 maps, and of these only four 

also had 8q24 amplification, the region where MYC  maps. Obviously no firm 

conclusions can be drawn from such small numbers and even if the numbers 

were bigger, it remains a fairly crude correlation. However, a much better 

method for doing this would be to use expression array technology, in order to 

confirm the patterns of gene overexpression.

Ultimately it is anticipated that the genetic studies of breast cancer will provide 

us with a new molecular classification of breast tumours. This would be useful 

not only for further research but particularly for clinical practice. It is anticipated 

that by using a molecular classification, tumours could be targeted more 

effectively, and then treated more or less aggressively. For example, a good 

prognosis grade I tumour may not need adjuvant therapy whereas a poor 

prognosis grade III may need intensive adjuvant therapy. As discussed above 

biological targeting is starting to reach the clinic and once more specific markers 

are identified this should only increase. For the establishment of a molecular 

classification, utilisation of expression arrays would be ideal. The expression 

data could be analysed using cluster analysis to identify tumours which show 

similar expression profiles. This would distinguish tumours with distinct genetic 

pathways and help to provide novel insights into breast tumour biology. 

Furthermore, the expression data could be integrated with other tumour data 

including biological data (morphology, immunohistochemistry for breast cancer- 

associated proteins and adhesion molecules, and molecular cytogenetic data for 

sub-chromosomal gains and losses) and clinical data (treatment modalities and 

clinical outcome). By using cluster analysis and other statistical methods on 

these data, primary determinants of patient outcome could be identified. These
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primary determinants, if molecular, could be investigated further by, for 

example, mutation screening in the tumours (and where appropriate the 

germline) and by studies of protein expression. These targets may then be of 

therapeutic benefit both in improving current treatment strategies and in 

developing new treatments, as discussed above.

In conclusion, this study has revealed interesting new insights into breast tumour 

biology. It is anticipated that further investigation of the areas discussed above 

and the utilisation of new technologies, will increase our future understanding.
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Appendix 1: A pilot study - moiecuiar cytogenetic 

analysis of small prostatic biopsy specimens.

A .l Background

This study was conducted to assess the feasibility of using small pro static biopsy 

samples for molecular cytogenetic analysis. If the samples proved suitable the 

aim of the work was to identify consistent genetic aberrations in another 

hormone responsive solid tumour type. Genetic aberrations found would be 

correlated with the grade of disease and other clinicopathological features.

The prostatic tumour specimens were core biopsies, which as discussed in the 

materials section of chapter 2 were very small. A core was approximately 1 cm 

in length and l-2mm in diameter. Also as mentioned in chapter 2, these samples 

were taken from areas of clinical malignancy, meaning that it looked malignant 

on ultrasound scanning and felt malignant on palpation. However, clearly an 

actual diagnosis depends on histopathological assessment of the tissue. 

Furthermore, in order to correlate genetic changes with the pathological features, 

it is necessary to know the grade of tumour and ideally other pathological 

features such as the amount of vascular invasion. For technical reasons it is 

necessary to know the amount of contaminating normal tissue present, see 

Chapter 2. In order for the pathologist to assess these features, each core needed 

to be sectioned and a section stained with haematoxylin and eosin (H&E). The 

small size of these cores added a level of complexity, as they could not be cut as 

a bigger piece of tissue might be. Put very simply, as the cores are so small they 

would thaw very easily and cutting them in this condition may be likened to 

trying to thinly slice a piece of string lengthways. So in order to facilitate easy 

sectioning, the tumours were embedded in a fixing medium called OCT 

(optimum cutting temperature) compound. When frozen this compound forms a 

solid 'frame' which maintains the tissue architecture but does not actually 

penetrate the tissues.
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Samples were then cut by the ICRF histopathology department into 6|xm 

sections, with the first and last section H&E stained for pathology review. It was 

also necessary to section the samples so that the tumour could be microdissected, 

to ensure minimal benign tissue contamination. DNA was extracted from tumour 

and blood using the standard phenol chloroform extraction method described in 

Chapter 2. As these samples were so small, the yield of DNA was such that nick 

translation was not possible so all samples had to undergo DOP-PCR. The PCR 

products produced smears, when run on an agarose gel that looked normal. They 

were of the expected size, the amounts appeared reasonable and the negative 

controls within experiments showed no evidence of any DNA. CGH was then set 

up in the way described in Chapter 2.

A.2 Results and Discussion

Problems arose when analysing the results of the CGH experiments. The 

hybridisation was very poor but in a specific way, and not in the ways described 

in chapter 2, when considering the quality of a CGH experiment. There was no 

evidence of granular hybridisation, nor was there evidence of poor hybridisation, 

in that the colours were bright. The problem was that the hybridisation was very 

uneven. It appeared that there was preferential hybridisation, with some regions 

appearing excessively green, while other regions appeared excessively red, 

Figure A-1.

Initially, this was very curious, for a number of reasons. Firstly the preferential 

hybridisation did occur in 'expected' regions for example, there was loss of 6q, 

13q and 18q all regions which have been reported as commonly lost in prostate 

cancer (Visakorpi, T. et a l 1995b). Furthermore, other tumour samples set up 

using the same method did not give this pattern. Therefore the problem was not 

immediately apparent. Secondly, there was no obvious step in the setting up 

procedure which could be said to have been suboptimal and so needed 

improvement. The step which was considered to be the most likely one that 

could introduce variability was the DOP-PCR. So many alterations to the 

standard DOP-PCR technique were tried, most of these were variations which



235

, .  ■* ■> »  

' 4'  V  ^

Figure A-1. A metaphase spread from an experiment using prostatic DNA.

Prostate DNA labelled in green using DOP-PCR (A) co-hybridised with normal 

DNA labelled in red using DOP-PCR (B) to normal metaphase spreads 

counterstained with DAPI (C). The abnormal staining pattern is evident in the 

composite picture (D). However, when the individual colours are examined, it 

can be seen that it is only the tumour (A) which has an abnormal hybridisation 

pattern and not the blood (B).
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were used by other authors. These included altering the number of initial low 

stringency cycles (from 9 to 5), varying the PCR volume between 50-100[il, 

varying the amount of DNA in the reaction, and using a hot start. The new 

method of DOP-PCR which was published while I was working on this problem 

(Kuukasjarvi, T. et al. 1997c) was also tried. None of these manoeuvres 

dramatically altered the quality of either the PCR, the smears that were produced 

always looked satisfactory, or the subsequent CGH. However, it should be noted 

that the new DOP-PCR method did result in a PCR product that was less 

satisfactory, so this was quickly abandoned. A protocol was settled upon, which 

was as described in Chapter 2. Although it remained unreliable in that it worked 

some but not all of the time, when it did work, the size and amount of PCR 

product appeared consistent.

When all the alterations to the DOP-PCR/CGH protocol resulted in no alteration 

in the quality of the hybridisation, the results were scrutinised again. It became 

apparent that all the CGH profiles looked exactly the same. As other tumour 

samples set up in the same way did not give this pattern, this suggested that 

maybe it was something to do with the prostate tumour samples themselves. One 

of the first tests was done by setting up a CGH experiment using DNA from 

several of the cores which had been identified as containing only benign prostate 

tissue. These gave exactly the same pattern too, therefore demonstrating that 

there was something specific to these prostate samples that was causing 

problems. Examining the CGH hybridisation patterns more closely, the tumour 

hybridisation seemed to follow an alu-banding pattern, with the reference DNA 

hybridising smoothly. This therefore provided further confirmation that the 

problem was with the tumour DNA and not the blood DNA, Figure A-1 A and B.

As discussed above, the other evidence that there was something unique to the 

prostate samples, which was interfering with the DOP-PCR/CGH, was that the 

technique worked well with other samples. These included a number of different 

test and experimental samples. DOP-PCR labelled male DNA extracted from 

normal blood when set up with DOP-PCR labelled female DNA from normal 

blood, gave consistently good CGH results with the expected profile of the X 

chromosome. CGH set up using DOP-PCR labelled DNA from a patient with
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Rieger Syndrome also gave the expected result. This patient had a well 

characterised interstitial deletion at 4q25-27 (Flomen, R. H. et al. 1998). This 

particular test sample was set up in a blinded fashion; I knew only that one of the 

samples to be analysed carried a deletion, but I did not know the chromosome 

involved nor the size of the deletion, until after the analysis. Lastly, a study using 

DOP-PCR/CGH to analyse paediatric brain tumours (PBTs), was working well 

in our laboratory. These tumours were also stored frozen before use and all 

subsequent procedures were the same as for the prostate samples. Furthermore, it 

was not an operator dependent problem, in that I set up some of the PBTs and 

obtained satisfactory results and the prostate samples were set up by the 

technician and gave the usual poor results.

So why did the PBTs work and the prostate samples (both benign and malignant) 

give this alu-banding pattern? Both PBTs and prostate tumours had been frozen 

prior to extraction of DNA. The prostate samples had been optimally frozen. The 

biopsies were taken from the patient and immediately placed in liquid nitrogen, 

in the clinic, so this seemed unlikely to be the cause. It is possible that the 

prostate tumours were contaminated in some way, which resulted in the PCR 

amplifying not only tumour DNA. However, the same pathology technician who 

cut the prostate samples also cut the PBTs, and in the same manner, so this 

seemed unlikely. However, fresh samples were cut with the pathology technician 

taking extra precautions. It made no difference to the result. It was necessary to 

consider whether anything else could be affecting the prostate samples in any 

way. The prostate samples, to permit easy sectioning were embedded in the 

fixing medium OCT as discussed above. When it is frozen it forms a solid 'frame' 

which maintains the tissue architecture, but it does not actually penetrate the 

tissues. When it thaws it forms a very gooey substance which it is impossible to 

fully remove from the tissue samples. OCT was known to interfere with protein 

extraction from samples, therefore maybe it was affecting the DNA extraction. 

This did not seem likely as the PBTs were also embedded in OCT. There was a 

difference though, in that the PBT samples were a lot bigger than the trucut 

biopsies of the prostate. Maybe the critical factor was the surface area to OCT 

ratio i.e. if the tumour was relatively large there would be more tumour to OCT,
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but if there was a small tumour there would be relatively much more OCT 

present.

This was tested in the following ways. DNA was extracted from several 

remaining 'lumps' of tumour. This was the tissue left from the cores after the 

initial sections had been taken. They had been saved for future FISH/molecular 

analysis. In these samples there was a lot of tumour compared to OCT. DNA was 

also extracted from large frozen tissue sections embedded in OCT obtained from 

another source, where again the ratio of tumour to OCT was large. Both these 

groups of DNA samples were DOP-PCR labelled and CGH set up. Both showed 

no abnormal alu-banding pattern, and gave satisfactory CGH results. Therefore 

the cause of the inefficient hybridisation seemed to be explained. OCT when 

present in excess, appears to contaminate the DNA such that it will not label 

efficiently. It may either affect the initial DOP-PCR reaction or maybe interferes 

in some way with the incorporation of the fluorochromes during the labelling 

reaction. Whatever the actual effect, the outcome is a poor hybridisation and no 

result.

A possible solution therefore would be to section these very small pro static 

biopsies without embedding them in OCT. Although technically difficult, this 

option was explored and test 30pm sections were cut. It was not possible to cut 

the sections any thinner, as they simply curled up into a ball of tissue. DNA was 

extracted, DOP-PCR/CGH was performed and the subsequent CGH showed no 

alu-banding pattern. Therefore this provided a resolution to the technical issues, 

confirming that there is a critical limit to the amount of 'contaminating' OCT 

which can be tolerated in a DNA sample, if it is to be used for CGH and labelled 

by DOP-PCR. However, while providing a resolution to the technical issues, 

there remained other problems. 30pm sections were an inefficient use of the 

biopsy material, as only a few sections could be cut. More importantly, there 

remained the issue of needing accurate pathological diagnoses on these samples, 

and histopathological assessment was not possible on such thick sections. Of the 

40 biopsies which we had sectioned and examined histopathologically only 50% 

contained malignant cells, which clearly demonstrates the importance of the
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histopathological assessment, if meaningful genetic and pathological correlations 

are to made. Therefore, the pilot study of these prostatic biopsy samples was not 

pursued further.
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Appendix 2: Stock solutions
Blood cultures and preparation of metaphase slides

1. Sodium heparin: 50mg/ml stored at 4°C.

2. Phytohaemagglutinin (PHA) lyophilized stored at 4°C. It is made up in sterile 

water to 9mg/ml and stored in aliquots at -20°C.

3. Culture medium: RPMI 1640, foetal calf serum (10%), L-glutamine (4mM).

4. Colcemid solution: 10|Xg/ml, stored at 4°C.

5. Hypotonic solution: 0.075M potassium chloride warmed to 37°C prior to use.

6. Fixative solution: 3 volumes: 1 volume methanol:acetic acid (glacial), prepared 

freshly prior to use and kept at 4°C.

7. Clean 76 x 26mm microscope slides stored in 500mls 70% ethanol with 0.05% 

concentrated hydrochloric acid and dried immediately with lint free tissues (e.g. 

Kimwipes) before cells are dropped.

DNA extraction 

DNA extraction from  fresh/frozen tissue

1. Digestion buffer: lOOmM NaCl, lOmM Tris-HCl pH8.3, 25mM EDTA, 0.5% 

SDS, 0.1 mg/ml proteinase K. The buffer should be prepared freshly prior to use. 

All stock solutions, except the proteinase K, should be autoclaved. Stock 

proteinase K should be 20mg/ml and stored in aliquots at -20°C.

2. Phenol/chloroform: 50:50 buffered phenol and chloroform, stored at 4°C.

3. Chloroform : isoamy lalcohol (24:1), stored at 4°C.

4. 3M sodium acetate pH5.2: 246.12g anhydrous sodium acetate dissolved in 

800ml of water, and pH adjusted to 5.2 with glacial acetic acid, before making up 

to a total volume of 1 litre. Stored in autoclaved aliquots prior to use.

5. RNase A solution lOmg/ml. Made up in lOmM Tris-HCl pH7.5 and 15mM 

NaCl, and heated to 100°C for 15 min before cooling slowly to room temp. 

Stored in aliquots at -20°C.
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DNA extraction from  blood

1. Nuclei lysis buffer: lOmM Tris-HCl, 400mM NaCl, 2mM EDTA. (0.6g Tris,

11.70g NaCl and 0.37g Na-EDTA dissolved in 500 ml of water). Autoclaved and 

stored at 4°C, prior to use.

2. Proteinase K buffer: 2mM EDTA, 1% SDS, autoclaved prior to use and stored 

at4°C.

3. Proteinase K solution: 2mg proteinase K dissolved in 1ml of proteinase K 

buffer, and prepared freshly prior to use.

6 . Saturated ammonium acetate: 148g NH4AC in 100ml water.

Labelling o f probes

Nick translation

1. lOx nick translation buffer: 0.2mM dATP, 0.2mM dCTP, 0.2mM dGTP in 

500mM Tris-HCl pH 7.8, 50mM MgCl], lOOjiiM P-mercaptoethanol, 1 OOpg/ml 

BSA (nuclease free), stored in ready-to-use aliquots at -20°C.

3. Fluorochromes: Fluorescein (FITC)-12-dUTP and TexasRed-5-dUTP.

4. DNA polymerase I (0.5 U/|j,l)/DNAse I (0.4 mU/|Lil) enzyme mix (Gibco 

BRL).

5. DNA polymerase I (lOU/p.1) (Promega).

DOP-PCR

1. lOx PCR Buffer: 30mM MgClz, 500mM KCl, lOOmM Tris-HCl, pH8.4, 

1 mg/ml gelatin. All stock solutions should be autoclaved prior to preparation of 

the buffer.

2. Nucleotides for primary reaction: 2.5mM of each dATP, dGTP, dCTP and 

dTTP made up in sterile distilled water.

3. Nucleotides for labelling reaction: 2.5mM of dATP, dGTP and dCTP and 

1.25mM dTTP made up in sterile distilled water.
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4. 6MW primer: 50pm 5'CCG ACT CGA GNN NNN NAT GTG G3' where 

N=A,C,G or T in roughly equal proportions.

1-5 of the above should be stored in ready to use aliquots at -20°C.

Mixing, precipitating and denaturing o f  probes

1. Human Cot 1 DNA (1 mg/ml) (Gibco BRL).

2. Deionised formamide (molecular biology grade) stored at -20°C, in ready to 

use aliquots.

3. 2Ox SSC (saline sodium citrate): 175.3g of NaCl and 88.2g of sodium citrate 

dissolved in 800ml of water, pH adjusted to 7.0 with a few drops of a ION 

solution of NaOH, before volume adjusted to 1 litre. Stored in autoclaved 

aliquots.

4. 2x hybridisation buffer: 20% dextran sulphate, 4x SSC pH 7.0, stored at -20°C 

in ready to use aliquots.

Denaturing o f  chromosomal DNA on slides

1. Dénaturation solution for slides: 70% formamide (deionised as above), 2x SSC 

pH7.0.

Hybridisation

1. Rubber sealant.

2. Moist chamber e.g. plastic slide box with a lid and a layer of moistened paper 

in the bottom. The slides can then be placed horizontally in the boxes resting on 

the side ‘ledges’ above the moistened paper. Boxes should be sealed with tape.

Post hybridisation washes

1. Formamide solution: 50% formamide, 2x SSC pH7.0.

N.B. the formamide used here does not need to be deionised.

2. SSC solution: 2x SSC pH7.0.
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Solutions 1 and 2 should both be prepared freshly prior to use and then warmed 

to 42°C. It is important to check they are at the correct temperature prior to use.

3. SSCT: 4x SSC, 0.05% Tween 20 pH7.0.

4. DAPI solution: 4,6-diamidino-2-phenylindole (DAPI) which is a counterstain, 

made up in citifluor, a mounting medium containing antifade, (0.15p,g/ml), 

stored in aliquots at 4°C.


