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Abstract

Breast cancer, and in particular the metastatic spread of mammary neoplasia, is a
major cause of death amongst women in the developed world, but, despite much effort,
little progress has been made in combating this disease. By exploiting the techniques of
molecular biology, and in particular the production of transgenic animal models of
mammary oncogenesis, it 1s hoped that new targets for drug therapy can be developed that
might help combat primary onset and secondary spread of tumours of the breast.

One gene that has been implicated in the metastatic progression of mammary
tumours in rodent models is p9Ka. This S-100-related, calcium-binding protein is also of
interest since its pattern of expression would appear to be different in rat and mouse
tissues. By producing mice transgenic for the rat p9Ka gene it was hoped that both the
expression of p9Ka and its contribution to mammary neoplasia could be investigated.

Two DNA constructs were thus produced, based on a 10.3 kilobase fragment of rat
genomic DNA harbouring the p9Ka gene. The transgene constructs were different, in that
one contained an insert designed to code for an additional antigenic epitope to which an
antibody was available, there being no antibody available with which to study p9Ka
protein expression when the project was started. Transgenic mice containing multiple
coples of either transgene were produced and analysed, both for expression of the
transgene mMRNA and protein, and for any phenotypic trait associated with either
expression or insertional mutagenesis caused by the transgene.

Differences in both p9Ka mRNA and protein expression between rat and mouse
were confirmed and transgene expression was seen in all lines of transgenic mice
produced, in a wide range of tissues. Independent transcriptional control of expression is
apparently conferred by the transgene construct, since p9Ka-transgene expression in terms
of both tissue specificity and absolute level is more akin to the rat than to the mouse, and is
dependent on transgene copy-number. The implications of the expression patterns of the
p9Ka transgene with respect to control of p9Ka expression are discussed.

Apart from a dwarfism seen in one line of transgenic mice, which was investigated
further, there was no evidence of a phenotypic or oncogenic effect of transgenesis by the
pY9Ka gene. Nevertheless, considering that p9Ka is believed to be involved in progression
to the metastatic phenotype rather than in primary oncogenesis, and bearing in mind the
multi-step nature of tumorigenesis, mice expressing enhanced levels of p9Ka may provide
an invaluable resource for the development of an animal model of metastatic spread of
breast cancer. Since transgene p9Ka expression is not limited to the mammary gland,
models of other metastatic diseases may also be produced by mating of the mice described
here with mice exhibiting enhanced levels of primary neoplasia.
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Introduction . 2

Breast Cancer and Metastasi

Breast cancer is a major cause of death among females in the Western world,
accounting for 20% of deaths from malignant disease whilst afflicting, 1n one form or
another 8% of all women (Vorherr, 1980). Despite a large investment in research
and clinical treatment, there has been little progress in successful treatment of this
disease (Carter, 1980; Baum, 1985, Harris et al., 1992). The &tiological factors of
breast cancer are largely unknown, although environmental agents, heredity,
hormonal exposure and diet (Mant and Vessey, 1991), as well as reproductive
history (Boyle, 1988), are believed to constitute risk factors (Harris et al., 1992).

There is substantial evidence that cancer is a multi-step phenomenon associated
with the cumulative selection of somatic mutations (Foulds, 1958; Nowell, 1976;
Poste and Fidler, 1980a; Seemayer and Cavenee, 1989; Weinberg, 1989; Bishop,
1991) and this would seem to be true of human breast cancer (Groner et al., 1988;
Callahan and Campbell, 1989; Van de Vijver and Nusse, 1990). The mutations
involved may result in gain or loss of function of particular genes, and may involve
gene amplification, gene deletion, gene translocation or point mutation (Weinberg,
1989). The involvement of individual genes (oncogenes) in tumorigenicity, and the
nature of their normal cellular counterparts (proto-oncogenes), have been intensively
studied and reviewed (Bishop, 1987, 1989, 1991; Varmus, 1989; Weinberg, 1989).
Some studies into breast cancer have implicated oncogenes in the establishment of
this disease (Groner et al., 1988; Callahan and Campbell, 1989; Van de Vijver and
Nusse, 1990; Harris et al., 1992) and growth factors are also involved (Groner et
al., 1988; Van de Vijver and Nusse, 1990; Dickson et al., 1992; Harris et al.,
1992). There is some evidence for amplification of c-myc, c-erbB2 and int-2-
related genes (Callahan and Campbell, 1989) and expression of ras oncogenes
(Callahan, 1987) in primary human breast tumours. Loss of heterozygosity 1s
believed to be responsible for unmasking mutations in recessive oncogenes, for
example the retinoblastoma gene (T'ang et al., 1988; Varley et al., 1989) and p53

(Nigro et al., 1989), but also as yet unidentified genes.
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The most life-threatening aspect of breast carcinogenesis, as with many other
cancers is the metastatic spread of the disease (Fidler et al., 1978; Fidler, 1991).
Clues to the involvement of oncogenes in the malignant progression of breast cancer
have come from correlations of amplification and/or expression of particular
oncogenes in relation to clinical outcome of patients (Callahan and Campbell, 1989).
The study of prognostic indicators of human breast disease has yielded few, 1f any
adequate markers of metastatic potential. One indicator of a positive prognosis
would seem to be expression of the"anti-metastatic" gene nm23 (Henessy et al.,
1991). The primary candidates for negative correlations (i.e. those oncogenes which
are linked with poor clinical outcome and therefore may contribute to the metastatic
phenotype) are amplifications of c-myc, int-2 and c-erbB2 (Callahan and
Campbell, 1989), but reports vary as to whether or not such amplifications are
significantly linked to poor prognosis and there are questions raised as to whether
such indicators are useful in the clinic (Callahan, 1989).

The obvious importance of the metastatic spread of primary tumours in
determining clinical outcome is not, unfortunately, reflected in our knowledge of
how this process operates. Metastasis is a complex process involving many
individual stages, and our understanding is inhibited by the lack of a good model of
this phenomenon as part of breast cancer. The "metastatic cascade” includes several
distinct steps: invasion of surrounding tissue, blood vessels and/or lymphatics, aided
by the ability to degrade the extracellular matrix; survival in the circulation, including
avoidance of immune surveillance; adhesion to the vascular endothelium,
aggregation, or entrapment in the microvasculature; extravasation from the
bloodstream or lymphatic vessel; and, growth in the secondary site including, when
necessary, angiogenesis. Investigators have concentrated on modelling individual
aspects of this multi-step phenomenon using tissue culture and whole animal
systems. The results leading to the identification of the metastatic cascade and
implicating specific factors in the ability of primary tumours to metastasise have been
the subject of many good reviews and editorials (Fidler et al., 1978; Poste and

Fidler, 1980b: Fidler and Hart, 1982; Nicolson, 1982; Liotta et al.,1983; Klein and



Introduction 4

Klein, 1985; Schirrmacher, 1985; Nicolson, 1987: Nicolson, 1988; Hart et al.,
1989; Fidler and Radinsky, 1990; Egan et al., 1991; Evans, 1991a; Evans, 1991b;
Fidler , 1991; Hart and Easty, 1991; Liotta et al.,1991; Evans, 1992; Steeg, 1992).
Much evidence for the involvement of oncogenes in breast cancer, and
metastasis, has come from the use of cultured cell-lines and animal model systems.
The ability to grow cells derived from carcinogen-induced, virally-induced or
spontaneous tumours in tissue culture has allowed not only comparison of mRNA
and proteins expression, in vitro and in vivo studies of oncogene and proto-
oncogene function, but also the possibility of studying causative roles for oncogenes
in tumour formation and metastasis, via transfection and introduction of these cells
into nude mice or syngeneic hosts. One animal model system that has shed some
light on the complexity of mammary neoplasia is that of infection of susceptible
mouse strains with mouse mammary tumour virus (MMTYV; Nusse, 1988; Callahan,
1989; Van de Vijver and Nusse, 1990). Perhaps the most interesting and potentially
the most powerful tool for the study of mammary neoplasia is that by which
oncogenes are expressed in transgenic mice. The use of whole animal systems 1s a
necessity if we are to fully understand the complex series of events leading to

establishment of secondary tumours via metastasis.

1.2 Tr nic Mi

From the time of the initial success of microinjection of embryos with cloned
genes to produce transgenic mice (Gordon et al., 1980), the technique has been
widely used for a number of different purposes, and new and exciting techniques
have become available which allow targeted disruption of specific genes. I would
therefore like to limit this introduction and concentrate particularly on three areas
(gene expression, neoplastic breast disease and metastasis) and to refer to several
reviews and books dealing with not only' the technology (Brinster et al., 1985;
Hogan et al., 1986; Palmiter and Brinster, 1986) but also its applications
(Cuthbertson and Klintworth, 1988; Jaenisch, 1988; Hanahan, 1989; Westphal,

1989; Grosveld and Kollias, 1992), in particular to models of neoplastic disease
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(Groner et al., 1987; Hanahan, 1988; Pattengale et al., 1989; Adams and Cory,
1991; Berns, 1991; Dickson et al., 1991; Muller, 1991; Kioussis, 1992).

Since microinjection of single-cell mouse embryos is the technique of choice 1n
most laboratories producing transgenic mice, it is worth considering some of the
factors that influence the production of these mice and expression of the transgenes in
their tissues (Brinster et al., 1985; Hogan et al., 1986; Kollias and Grosveld,
1992). Techniques of DNA preparation, microinjection and implantation, and the
strains of mice used (both for embryo production and pseudopregnant foster
mothers) vary between laboratories and account, in part, for the various efficiencies
of transgenic mouse production. Skill also plays a major part, as does the quality of
the embryos and of the foster mothers. Over 90% of injected embryos can survive
injection with 20% surviving to term, and of these as many as 25% can be found to
carry the transgene. If transgene integration does occur, it is usually at a single,
random chromosomal locus, but can be at two or more positions, and usually the
transgene is inherited in a simple Mendelian fashion. The number of copies inserted
varies from one to over one hundred, and multiple copies often integrate in a head-to-
tail array. The size of the DNA used seems only to be dependent on the size which
can be cloned, produced cleanly in relatively large amounts, and injected without
significant shearing (caused by microinjection). Since inclusion of prokaryotic DNA
in some transgenes has been shown to inhibit or interfere with transgene expression
(Chada et al., 1985; Townes et al., 1985; Shani, 1986), it 1s now common to
exclude such DNA from transgene constructs. Although the use of a cDNA- or
genomic DNA-based construct is dependent upon the particular experiment to be
performed, it is now considered wise to include introns within the transgene

construct, in order to achieve its enhanced expression (Palmiter et al., 1991).

1.3 Transgenic Mice 1 3 dv of Gene Expression

One major use of transgenic mice is in the study of gene regulation, and
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whenever a new gene is used to produce transgenic mice this deserves some
consideration. Transgenic mice offer some distinct advantages, over in vitro and in
vivo cell culture techniques, which stem mainly from the fact that the gene of interest
1s present (or should be) in every cell type from the single-cell embryo stage. This
enables gene regulation to be studied in cell types which are not available in culture,
or which are not easily transfected. Since the gene is subject to the chromatin
changes (methylation as well as conformation) that accompany development and
cellular differentiation prior to expression, rather than being presented to the cell as
naked DNA, the influence of these factors can be studied. Also there is no need to
introduce a second gene as a selectable marker (as is common in transfection
experiments), a technique which selects for integration into an "active" region of host
cell chromatin.

Although the advantages of using transgenic mice in the study of gene
regulation are considerable, it is worthwhile to consider the disadvantages. The most
obvious disadvantage to anyone wanting to set up such experiments is the cost 1n
terms of time and of money. Given that equipment can be expensive and the time
needed to train personnel, to produce and maintain animal stocks, and, once
microinjections have been performed, to complete the breeding and screening for a
full round of experiments, is a matter of months, if not years, these experiments
require a great deal of time and effort, even before any results can be obtained. On a
more fundamental note, it could be argued that transgenic mice are best used to study
the developmental and chromatin organisational factors effecting gene expression,
whereas promotor-enhancer interactions and local control regions can be studied in
stable transfection systems, and promotor function be can satisfactorily investigated
in in vitro experiments (Sippel et al., 1992).

Technical aspects of transgene production with respect to expression have
already been discussed (section 1.2) and reviewed (Brinster et al., 1985; Hogan et
al., 1986; Palmiter and Brinster, 1986). There is usually little or no correlation
between the number of copies of a transgene inserted into the embryo and the level of

its expression in tissues. This can be explained in two ways: either the transgene
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does not contain all the necessary regulatory regions, or there is a "positional effect”
on expression due to the site at which integration has occurred (for review see Lima-
de-Faria, 1983; Hogan et al., 1986). In the case of the latter, it is thought that local
chromatin structure, or the presence of regulatory elements proximal to the transgene,
can have either a positive or negative effect on expression. It is possible to achieve
position independence and copy-number dependence in transgenic mice, as
exemplified by the [-globin gene (Grosveld et al., 1987). A region of DNA 50-60
kbp upstream of the -globin gene has been shown to confer these traits not only to
B-globin, but to the a-globin gene (Hanscombe et al., 1989; Ryan et al., 1989), the
Thy-1 gene and the Herpes virus thymidine kinase promotor (Blom van Assendelft
et al., 1989; Talbot et al., 1989). The mechanisms by which such regions (now
know as locus control regions) function and their relationship to other chromosomal
functional domains has been discussed in detail elsewhere (Kollias and Grosveld,

1992; Sippel et al., 1992) and will not be considered here.

1.4 Transgenic Mice in the Study of Mammary Gland Neoplasia

Transgenic mice offer a means to study the in vivo effects of oncogenes in a
system which is not prone to many of the pitfalls of in vitro techniques involving
tissue culture. Whilst the primary culture of cells from tissues does not rely on any
abnormal growth properties which may contribute to a neoplastic phenotype, the
same cannot be said to be true for the use of established cell-lines. Such cell-lines,
merely by their ability to grow, divide and, in some cases, undergo changes similar
to those seen in differentiation, outside of the normal environment of the body, must
be considered to be altered in some way. Such alterations parallel those believed to
be involved in tumorigenesis, and indeed cells which have undergone known
tumorigenic transformation are often those most likely to be established in culture (be
this transformation virally-induced, chemically-induced or spontaneous). Since
tumorigenesis is believed to be a multi-step phenomenon (Weinberg, 1989), it cannot

be ruled out that uncharacterised neoplastic factors contribute to studies utilising

established cell-lines. Indeed, cell-lines in culture may carry additional transforming
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activities to those used to establish them initially, since they can be genetically
unstable (Hart and Easty, 1991). In the case of lines established from spontaneous
lesions, even the primary transforming event is unknown. Nevertheless in vitro
studies provide much of the initial evidence to implicate oncogenes in neoplastic
disease by means of correlations between expression and phenotype, and can be used
to investigate the effects of oncogene expression by transfection (Weinberg, 1989;
Hart and Easty, 1991).

Whilst the transfection of oncogenes into cell lines suffers from the problems
mentioned here, the insertion of oncogenes into mice does not, since the mice are not
artificially altered in any other way. Unlike some other animal model systems,
transgenic mice usually have an intact immune system and hence allow the study of
immune system modulators in disease progression. Also, tumour formation in
fransgenic mice is not usually dependent on the administration of chemical agents
whose non-specific pharmacological actions can have a bearing on experimental data
analysis. Another advantage of using transgenic mice is that, unlike cell culture
experiments, they can reveal the role of humoral or cell-mediated factors in
development or oncogenic transformation. The genetic background of transgenic
mice can lead to some variation in the effect of a particular oncogene, since some
strains of mice are predisposed to certain types of tumour, but often this can be used
to the advantage of the investigator.

The use of transgenic mice to study both the tissue-specific expression and
effect of oncogenes has been widespread (for reviews see: Groner et al., 1987,
Hanahan, 1988, 1989; Pattengale et al., 1989; Adams and Cory, 1991; Berns,
1991; Dickson et al., 1991; Muller, 1991; Kioussis, 1992). By expressing
oncogenes, under their own or other control promotors/enhancers, the role of these
genetic elements in neoplastic disease has been investigated. Also the function of
proto-oncogenes in the cell-cycle, cellular differentiation, transcription and
embryonic development has been probed. The literature contains several excellent

reviews on the use of transgenic animals to probe this area of intense interest (see
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above). Here I shall concentrate on a few examples of oncogenesis in the mammary
gland of transgenic mice, this being of prime interest given the implication that p9Ka
expression in mammary epithelia may contribute to malignancy of breast tumours
(Ebralidze et al., 1989; Davies et al., 1993), as discussed later.

The first observation of mammary neoplasia in transgenic mice was produced
by expression of a c-myc transgene (Stewart et al., 1984), and since that time many
other transgenic mouse models of mammary tumorigenesis have been produced (as
reviewed here). Mostly these arise from the expression of activated oncogenes, or
growth factors, from promotors which predominantly (but not exclusively) express
in mammary epithelia. The promotor elements used are usually mouse mammary
tumour virus long terminal repeat (MMTV-LTR, more commonly referred to simply
as MMTV promotor; Ross and Solter, 1985; Ross.et al., 1990) or whey acidic
protein promotor (WAP; Hobbs et al., 1982). The range of oncogenes and growth
factors used is quite wide: myc has been expressed under the control of both MMTV
(Stewart et al., 1984) and WAP promotors (Schéenenberger et al., 1988); c-Ha-
ras has been expressed under the control of the WAP promotor (Andres et al.,
1987); both v-Ha-ras (Sinn et al., 1987; Tremblay et al., 1989) and N-ras
(Mangues et al., 1990) have been expressed under the control of the MMTV
promotor; as have ret (Iwamoto et al., 1990), wnt-1 (int-1) (Tsukamoto et al.,
1988), int-2 (Muller et al., 1990), int-3 (Jhappan et al., 1992), TGF-a (Matsui
et al., 1990), human c-erbB2 (Suda et al., 1990), activated, rat c-erbB2 (c-neu)
(Muller et al., 1988; Bouchard et al., 1989; Lucchini et al., 1992), SV40 large T
antigen (Choi et al., 1987) and polyoma virus middle T antigen (Guy et al., 1992).
Some strains of these mice exhibited abnormalities in their mammary glands ranging
from hyperplasia, with relatively low tumour incidence, in MMTV-int-1 (Tsukamoto
et al., 1988), MMTV-int-2 (Muller et al., 1990) and MMTV-TGF-o mice (Matsui
et al., 1990), spontaneous, stochastic development of mammary tumours of
differing incidence and latency in MMTV-ras (Sinn et al., 1987), MMTV-myc
(Stewart et al., 1984), Wap-myc (Schéenenberger et al., 1988), Wap-ras (Andres
et al., 1987), MMTV-int-3 (Jhappan et al., 1992), MMTV-ret (Iwamoto et al.,
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1990), and MMTV-c-erbB2 mice (Bouchard et al., 1989), to short latency,
polyclonal tumours with almost 100% incidence in MMTV-c-erbB2 mice (Muller et
al., 1988; Lucchini et al., 1992) and widespread transformation with rapid
production of multifocal mammary adenocarcinomas followed by metastatic
dissemination in MMTV-polyoma virus middle T antigen mice (Guy et al., 1992).

The appearance of multifocal tumours of high incidence with both activated c-
erbB2 and polyoma virus middle T antigen has been interpreted as suggesting single
step oncogenesis, which is not in keeping with the generally accepted model of
multi-step carcinogenesis (Muller et al., 1988; Cardiff et al., 1991; Guy et al.,
1992; Lucchini et al., 1992). It has been suggested that both of these genes code for
proteins which may play a multifunctional role through their involvement in signal
transduction pathways (through tyrosine kinases) and that above a threshold level
they can contribute to more than one oncogenic pathway (Guy et al., 1992).

A lower level of transgene expression may be responsible for the disparate
results obtained with a different MMTV-c-erbB2 construct by Bouchard et al.
(1989). As opposed to multifocal tumours encompassing the whole of the mammary
tissue and arising relatively early (Muller et al. , 1989; Lucchini et al., 1992), these
mice exhibited a stochastic tumour incidence with a later onset<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>