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Preface

HEP Sl 2o G HGNwr ™
havo  Hflemed  Gleua

Notbing seems bard when the time is right and the means are right
Thiru Valluvar
(Tamil Poet, second century, India)
Thirukkural, chapter 48, verse 483

The scientific inquiry into tumour biology over the past few decades has occurred in three
definable phases. One can regard the first five decades of this century as a classical phase of
growth of the discipline and comprised the definition of tumour growth, histogenesis and the
structure and comparative behaviour of tumours. The prodigious advances in our knowledge of
tumour biology in the subsequent decades has in some ways tended to eclipse the significance
of these achievements, which culminated in classical works like Willis’ Pathology of Tumours'
and The spread of tumours in the buman body” and the comprehensive series Cancer edited
by Raven®. Most of the latter day concepts and understanding have their basis in fundamental
work on the definition of the anomalous growth characteristic of tumours, the criteria for
assessing their degree of differentiation, and their application of these criteria in tumour grading
and as markers of malignancy. Some of these tumour attributes are still used in the clinical
setting and make an important contribution to patient management.
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The second phase of emergence of tumour biology can be regarded as a phase of conceptual
consolidation characterised by the formulation of concepts such as two-stage carcinogenesis by
Berenblum and Shubik, and that of tumour progression by Foulds. The latter incorporated
incisive analyses and identification of discrete stages in tumour development and secondary
spread, often described as the metastatic cascade. The emergence of the notion that a cascade
of events is associated with metastatic spread of tumour has enabled a dissection of the
biological processes and the associated mechanisms. This phase also saw the emergence of the
postulate of tumour suppressor concept of Harris and Klein, which has over the years unfolded
into a generalised principle applicable in several areas of cancer research and has led to the
isolation of genes such as the p53, rb, p16/ink genes, the several tumour suppressor genes
associated with the pathogenesis of colonic cancer, as well as the putative metastasis-suppressor
nm23 gene. Thus the concept of Harris and Klein has had far-reaching implications in the
understanding of tumorigenesis, and led to the advocacy and demonstration of the two-hit
hypothesis by Knudson in the pathogenesis of retinoblastoma.

The third phase encompassing the past two decades have witnessed a phenomenal growth of
literature relating to pathogenesis and progression of cancer. One of us has argued prcviously4
that the growth of science is a reflection of the growth of technology, and that peaks of
scientific activity have nearly always accompanied the invention and development of new
technology. The unfolding of some of the intricate mechanisms of cell proliferation and cancer
invasion and metastasis has been enabled by rapid advances in biochemical and molecular
biological techniques. Their influence on the advance of scientific thought through these three
phases, is amply illustrated in two books The biology of tumour malignancy’, and The
metastatic spread of cancer® written by one us (GVS) and by the present volume. The present
phase of expansion of our knowledge of cancer biology, to which this volume addresses itself, is
to a large extent a legacy of advances in the intricate methods of molecular biology, but
scientists may well not regard the means as an end in itself. There are several aspects of the
evolution of the invasive and metastatic phenotype not easily amenable to scrutiny by the run of
the mill molecular biological techniques. Yet, nothing is hard when the means are right and the
time is right. And the time is right for scientific advance on the apparently intractable question
of cancer.

The writing of this book was undertaken after much deliberation, consultation and review,
and as consequence, it has been a pleasurable experience. Several colleagues gave their time to
reading and commenting on different sections of this book, to whom we owe a considerable
debt of gratitude. We wish to express our gratitude especially to Dr M. Edward (University of
Glasgow), Dr G. Pilkington (Institute of Psychiatry, University of London), Dr C. Parker (M.D.
Anderson Cancer Centre, Houston) and Professor P.A. Riley (University College School of
Medicine, London). Their comments and suggestions, as well those of other reviewers, for
improving the presentation and expanding the scope of the book have been invaluable and
were invariably taken on board; yet the overall treatment of the subject and any lapses and
omissions in it are our responsibility. No less valuable was the assistance provided by Miss Paula
Rutter of the Audio-Visual Centre of the Medical School, who prepared the figures with great
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skill, enthusiasm and enormous patience, for which we thank her profusely. The work in the
authors’ laboratory was supported by the North of England Cancer Research Campaign, The
Gunnar Nilsson Cancer Research Trust and the Tom Berry Memorial Fund.
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Introduction

Metastatic disease is the cause of death in two-thirds of cancer patients. An understanding of the
means by which tumour cells achieve metastatic dissemination is obviously of crucial
importance for successful treatment of the disease and for evolving possible strategies for the
prevention of secondary spread. Although in the clinical context the events associated with the
generation of metastatic and drug resistant phenotypes within the tumour contribute signifi-
cantly to failure of treatment, these events are still poorly understood at the biochemical and
molecular biological level. An essential ingredient in the development of successful modes of
cancer treatment and management is understanding of the mechanisms by which cancer cells
disseminate from the primary site into distant target sites where they can develop into
secondary tumours. The main objective of this book is to review these mechanisms and to
examine whether genetic abnormalities or alterations can provide an insight into the progres-
sion of cancers.

Cancer metastasis is a highly complex process that often follows a deregulated phase of
growth and can be described as a cascade divisible into physically and physiologically
definable stages of dissemination (Figure 1). Thus, tumour cell dissemination is aided by: (a)
adequate vascularisation of the tumour; (b) release of the cells from the primary tumour
mediated by proteolytic enzymes produced and often secreted by the tumour into the
extracellular environment; (c) adhesion of tumour cells to the basement membrane com-
ponents prior to invasion of blood vessels and following a direct successful entry into the
vascular system or indirectly via the lymphatic system, the cells which are carried to distant
parts of the body extravasate from the vascular system into the parenchyma of target organs.
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PATHOGENESIS OF METASTASIS
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Figure 1. A diagrammatic representation of the processes occurring in the metastatic spread of
cancers. Reproduced with permission from Welch (1984).

The targeting of the metastatic cells involves interactions between the tumour cell and the
target organs, which are mediated by cell membrane components and aided by the ability of
the disseminated cells to produce growth factors in an autocrine mode or to respond to
factors in a paracrine fashion; here they grow autonomously into clonal metastatic tumours.
Metastatic tumours have themselves the potential to metastasise to tertiary sites (Sugarbaker,
1979; Sherbet, 1982, 1987; Nicolson, 1988).

Malignant tumours are known to be heterogeneous with respect to the expression of
biochemical markers, ploidy, degree of differentiation, immunogenicity, etc. It is now generally
also accepted that they are not composed of cells of equal metastatic potential but contain a
variety of subpopulations with widely differing invasive and metastatic capabilities (Sherbet,
1982, 1987; Nicolson, 1988; Welch, 1989). Foulds (1949, 1969) proposed that tumour
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development involved traverse through different stages where the neoplasm could be seen to
acquire cellular and functional features that could be used to define its progression. Thus, there
will exist subpopulations with diverse biological properties, including metastatic potential,
depending on the degree of progression undergone by the tumour. The inevitable question,
which is posed consistently and which forms the nucleus of discussion here, is whether any or
some of these features can be identified with specific genetic determinants.



Clonal evolution of the metastatic
phenotype

The evolution of cellular diversity within tumours is a significant feature of the development and
progression of neoplasms. Not only is this phenomenon scientifically most challenging and
conceptually most intractable, but it also has deep connotations for the treatment of cancer.
Therefore, the generation of drugresistant variants and variants with different degrees and
patterns of metastatic ability is an area of tumour biology that is currently receiving considerable
attention. It seems that the appearance of drug-resistant variants and metastatic phenotypes may
be linked closely enough to make attempts at understanding the mechanisms involved a highly
worthwhile objective in cancer research. Indeed, it may be fortunate that they may be linked
since our ability to deal with drug-resistant variants and metastatic phenotypes is arguably the
single most important factor that will determine success in the efforts to contain and cure the
disease. These variants are genetically stable phenotypes, although phenotypic drift can and
does occur in metastatic phenotypes under certain conditions. Interactions which might take
place between different subpopulations within a tumour have often been credited with the
maintenance of the stability of the metastatic phenotype (Poste et al., 1981; Miller, 1983).
Tumours are thought to be monoclonal in origin to conform with the mutational concept of
tumorigenesis proposed by Knudson (1971, 1973). Tumours of the lymphatic and haematopoie-
tic system have been regarded as monoclonal in origin (Atkin and Baker, 1966; Preud’homme
and Seligman, 1972; Fialkow, 1976). Conversely, there are many reports which may be
construed as supporting the opposite view which attributes a polyclonal origin to human
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neoplasms (Beutler et al., 1967; Fialkow et al., 1977; Hsu et al., 1983). Metastatic lesions are also
believed to be monoclonal in origin (Poste et al., 1982; Talmadge et al., 1984) but cellular
diversity also occurs with time in these secondary deposits (Poste et al., 1982), presumably by
the same mechanisms as those which operate in primary tumours.

A great deal is known about the genetic switching mechanisms that operate in diverse
biological phenomena such as differentiation, antigenic expression, etc. Genetic instability,
which can be viewed as an inherent property of a dynamic system, may be a primary source of
this genetic diversity. Therefore, studying the role of genetic instability for understanding the
basis of the evolution of the metastatic phenotype has been a logical step forward.

Manifestation of genetic instability

Genetic instability may be indicated by a variety of cellular features at the chromosomal and at
the DNA level. At the chromosomal level, the incidence of aneuploidy, deletions, translocations,
sister-chromatid exchanges, etc., are evidence of the instability of the genome. Instability of the
genome is also manifested at the DNA level as altered DNA repair properties, gene amplification
and deletion and point mutations (Table 1). Much evidence can be cited where genetic

Table 1. Manifestations of genetic instability

At the chromosomal level
(@) aneuploidy
(b) translocations
(¢) deletions
(d) sister chromatid recombinations
(e) fragile sites
(f) homogeneously stained regions (HSRs)
(® Double minute chromosomes

At the DNA level
(a) Point mutations
(b) deletions
(c) insertions
(d) DNA damage/repair
(e) recombination
(f) gene amplification
(g) microsatellite instability
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instability has paralleled the generation of diverse cell subpopulations, including subpopulations
with metastasising ability, within the tumour. Genetic instability can be a source of variability
and this has been regarded as a driving force in the generation of variants with increased
invasive and metastatic potential (Nowell, 1976).

Chromosomal abnormalities in cancer

The abnormal nature of chromosomes of cancer cells was recognised many years ago, but the
potential significance of chromosomal aberrations was realised only after the discovery by
Nowell and Hungerford (1960) of the Philadelphia chromosome in patients with chronic
myeloid leukaemia. The virtual invariability of the association of this abnormal chromosome
with a form of human cancer served to emphasise the significance of chromosomal aberrations
in the pathogenesis of cancer. The importance of cytogenetics as a major discipline of cancer
biology has been strengthened by the non-random nature of chromosomal changes. Most of the
abnormalities are restricted to a few sites of the human genome (Heim and Mitelman, 1987).
Sutherland (1979) showed the presence of non-staining gaps in both chromatids, which are
inherited in a Mendelian fashion. These have been called the fragile sites. These fragile sites
appear to be the major targets of mutagens and carcinogens (Yunis et al., 1987). In some
tumour cell lines, the incidence of sister chromatid recombination shows marked association
with certain chromosomes and it is also predominantly associated with these fragile sites
(Lakshmi and Sherbet, 1990). Reciprocal chromosomal translocations as well as sister chromatid
recombination are now known to involve specific oncogenes, suggesting a mechanism by
which the rearrangement of chromosome might bring these oncogenes into play. Transposition
of genes by chromosomal rearrangement can result in inappropriate gene activation which can
initiate and mediate pathogenesis. Sister chromatid recombination is strongly associated with
the presence of double minute chromosomes, and has therefore been implicated in the process
of gene amplification (Lakshmi and Sherbet, 1989; see pages 11-13).

Chromosomal and DNA ploidy is an important parameter which has served as a marker of
prognosis in breast cancer (Hedley et al., 1987; Clark et al., 1989; Ferno et al., 1992; Grant et al.,
1992; Wenger ef al, 1993), as well as in other forms of cancer such as pancreatic
adenocarcinoma (Porschen et al., 1993), melanoma (Karlsson et al., 1993), endometrial cancer
(Rosenberg et al., 1989), and gastric leiomyosarcoma (Suzuki and Sugihira, 1993). An image
cytometric study carried out in the authors’ laboratory on breast cancer aspirate cells has also
revealed a highly significant relationship between ploidy and prognosis (see Table 2) (G. V.
Sherbet et al., unpublished data). Nevertheless, it should be noted that a dissenting view has
been expressed with regard to the significance of aneuploidy as a prognostic indicator (Lanigan
et al., 1992; Lipponen et al., 1992). Aneuploidy may be a consequence of cells entering the
S-phase of the cell cycle prematurely. This can be inferred from the close association often
observed between aneuploidy and the size of the S-phase fraction in tumours. Aneuploid
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Table 2. Relationship between DNA aneuploidy in breast cancer aspirate cells' and tumour
progression

DNA ploidy® Number of samples Non-malignant M— M+
2n-4n 22 17 5 0
4n-8n 15 0 13 2
8n-12n 17 0 7 10

! Source: Sherbet GV, Lakshmi, MS, Wadehra V, and Lennard TW] (unpublished data).

% DNA content was measured by image cytometry as described in Parker ef al. (1994a).

3 M—, node negative (no distant metastases); M+, node positive (with/without distant metastases). The relationship
of degree of DNA ploidy to nodal/distant metastasis was statistically significant at P < 0.009 in Fisher exact
probability test.

tumours have been reported to show a virtual doubling of the S-phase fraction (Wenger et al,
1993); in that study no information is available about the S-phase fractions of hypodiploid
tumours. In contrast, Balslev et al. (1994) found that hypodiploidy correlated with a high §-
phase fraction. D’Agnano et al. (1996) reported that 68% of aneuploid breast cancers and only
25% of diploid tumours contained >8.2% cells in the S-phase. The cut-off of 8.2% used in that
analysis is somewhat arbitrary and one can conceivably obtain a totally different distribution
using another cut-off level. However, in some tumour systems the prognostic value of S-phase
fraction could be dissociated from DNA aneuploidy (Sigurdsson et al, 1990; Lipponen et al.,
1991, 1992; Amerlov et al., 1992; Suzuki and Sugihara, 1993). Some data obtained in our study
of human breast cancer aspirate cells have revealed no correlation between the size of the §-
phase fraction and the degree of ploidy (Figure 2) (G. V. Sherbet ef al., unpublished data). Thus,
there is not only a serious conflict in the views concerning both the value of DNA ploidy and &
phase fraction as markers of prognosis, but also about the possible relationship between degree
of DNA aneupoidy and the size of the S-phase fraction. Despite this, one ought to take into
account the observations from several quarters that DNA ploidy is associated with expression of
growth factor and hormone receptors (Coulson et al., 1984; Stal et al., 1991; Visscher et al,
1991; Schimmelpenning ef al., 1992). The increase in S-phase fraction could be a consequence
of events such as gene amplification. Amplification of genes such as cerbB2, myc, mdm2 but
not p53 has been reported in adenocarcinoma of the breast (Latham et al., 1996). Schimmelpen-
ning ef al. (1992) also make the interesting statement that mammary carcinomas in situ that
express c-erbB2 (encoding a growth factor receptor with similarities to the epidermal growth
factor receptor, see page 148) proto-oncogene and possess anueploid DNA show a significantly
greater predilection to develop into infiltrating mammary carcinoma. The clonogenic ability of
cells derived from certain human tumours has been found to correlate with DNA aneuploidy
(Verheijen et al., 1985), but this might represent an adaptive phenomenon determined by the
properties relating to the adhesion of cells to the substratum. However, clonal expansion of
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Figure 2. Relationship between ploidy and the size of the S-phase fraction in human breast
cancer aspirate cells. The ploidy and Sphase fractions were measured by using image
cytometric methods. DNA profiles were constructed and ploidy was calculated from the DNA
levels of GoG; cells, and the size of the S-phase fraction by integrating cell numbers in the region
between GyG; and G,M peaks. No relationship has emerged from this study between DNA
ploidy and the size of the S-phase fraction. (From Sherbet GV, Lakshmi MS, Wadehra V, and
Lennard TW]J, unpublished observations.)

tumour subpopulations may be an authentic phenomenon, dependent upon how the com-
ponent cells of a tumour respond to paracrine signals. Thus, even in the face of a degree of
scepticism, DNA aneuploidy may be deemed to have some bearing on the progression of
cancer.

Clonal expansion of tumour cell subpopulations

The diverse phenotypes generated during the expansion of tumours do not continue to
proliferate and expand ad infinitum. They are subjected to a process of selective evolution.
For instance, they are exposed to external pressures such as those imposed by immunological
defence mechanisms, growth factor requirements and the ability of the variants to respond to
these. From these selective pressures emerge variants which are better adapted to the ambient
growth conditions and display more aggressive growth characteristics and metastatic capability.
The proliferative expansion is counter-balanced by selective elimination by switching of cells
into the pathway of apoptosis or programmed cell death. It is not inevitable that metastatic
variants disseminated to distant target organs will develop into overt metastases. If appropriate
growth stimuli are not received by the metastatic cell, a state of dormancy may be encountered
(Alexander, 1984). Similarly, distant tumour deposits will remain dormant if a homeostasis is



Clonal evolution of the metastatic phenotype 9

achieved by apoptotic cell death. Heterogeneity of the potential to proliferate, or the clonal
expansion of the highly adapted variants is an essential ingredient of progression to the
metastatic state and in the development of overt metastases. It follows, therefore, that
progression may be accompanied by the expression of growth factor receptors or genes
which confer such proliferative potential upon the variants. The p53 is a gene, which, as we
will discuss at length in a later section (page 27) controls cell cycle progression, and also shows
marked abnormalities in a majority of human tumours. Abnormalities of this gene may appear
early in tumour development or in late stages of progression of certain cancers. Alterations of
ploidy and chromosomal aberrations may also occur, in parallel with these changes (Sun et al.,
1993; Yahanda et al., 1995), suggesting that the loss of p53 function allows the cells to enter the
S-phase prematurely and a consequence of this would be the appearance of cells with an
abnormal karyotype and ploidy. A further implication would be that p53 abnormalities promote
genetic instability.

The progression of premalignant head and neck lesions has been shown not only to involve an
increase in p53 expression but also a differential expression within the tumour (Shin et al., 1994).
These changes can be a result of accumulation of genetic damage or to the expansion of clones
carrying p53 abnormalities. In gliomas, p53 mutations occur in primary tumours and recurrent
tumours as well as in metastases (Sidransky et al., 1992; Delarco et al., 1993; Kraus et al., 1994).
That clones carrying specific p53 abnormalities may expand with progression is indicated by the
finding that often the same mutations occur in low-grade tumours as well as in high-grade
recurrent tumours (Sidransky et al., 1992; Kraus et al,, 1994). In addition, critical alterations
might occur in this gene in metastatic tumours. DeLarco et al. (1993) found that three out of eight
metastatic tumours contained a mutant allele together with the loss of the second allele. One can
then envisage a situation where a clonal population suffers a further genetic alteration which
might carry the clone along the path of progression leading to metastasis. The pathway by which
this is achieved may be merely by abdication by mutant p53 phosphoprotein of its control over
cell cycle progression, but other pathways such as the regulation of genes coding for growth
factors (Ueba et al., 1994) can also be open for progression.

Genetic instability and the generation of metastatic variants

Nowell (1976) postulated that tumour progression was attributable to the generation of variant
clones within a tumour by genetic instability and that these clones are then subjected to a variety
of selective pressures leading to the emergence of aggressive and malignant sublines. Therefore,
one would expect that the progression of tumours to the metastatic state will be accompanied by
increased genetic instability and that this should be reflected by rates of spontaneous and
induced mutations. The methodology followed in many of these studies is to employ ouabain or
6thiopurine to select for resistant mutants. Resistance to these agents results from a point
mutation in the gene which codes for the plasma membrane associated Na*/K-ATPase (Baker et
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al., 1974). Cifone and Fidler (1981) found that the rates of mutation to ouabain and 6-thiopurine
resistance were three to sevenfold greater in cells with high metastatic potential than in cells
with low metastatic potential. This study also contained two clones, differing markedly in
metastatic ability, derived from the same tumour. The rate of generation of ouabain resistant
mutants in the metastatic clone was 4.6-fold greater than in the low metastasis clone, suggesting
that the highly metastatic clone was more unstable than the clone with low metastatic ability.
These data have been supported by the rates of generation of drug-resistant mutants in B16
murine melanoma cell lines with different metastatic potential. The high metastasis variant, F10,
has been reported to show a fourfold greater rate of generation of methrotrexate- and PALA-
resistant mutations than the low metastasis variant F1 (Cillo et al., 1987). The rate of generation
of EMS (ethylmethane sulphonate)induced ouabain-resistant mutants have been determined in
mammary carcinoma cell lines. Three cell lines isolated from the same tumour were found to
differ markedly in mutation rates for ouabain and G-thioguanine resistance, but mutation rates did
not correlate with metastatic potential (Yamashina and Heppner, 1985). However, the frequency
of EMS-induced mutation for ouabain and G-thioguanine resistance, did correlate with high
metastatic potential. Usmani ef al. (1993) studied both spontaneous mutation frequency for
ouabain resistance and EMS-induced mutation for ouabain resistance, using the B16 murine
melanoma model. Induction of ouabain-resistant colonies upon EMS exposure of F1 (low
metastasis), and BLG and ML8 (both with high metastatic potential) was 5.5-6.0 x 107 in BL6
and ML8 cells compared with 2.9 x 107> in F1, consistent with the differences in their
metastatic potential (Usmani, 1993; Usmani et al, 1993). Bailly et al (1993) found that
spontaneous mutation rates of metastatic cell lines derived from melanomas were 10-50fold
greater than those of poorly metastatic cells. Seshadri ef al. (1987) estimated that mutation rates
for G-thioguanine resistance in human leukaemic cells to be 100-fold greater than in phyto-
haemagglutinin-activated normal lymphocytes.

Chambers ef al. (1988) approached the problem by using temperature sensitive fs-src
oncogene transformation system. They used a normal kidney cell line carrying the fs-src
mutant and this cell line exhibits in vitro features of a typical transformed phenotype at the
permissive temperature of 36°C but behaves like normal cells at the non-permissive temperature
of 39°C. In vivo, upon intravenous injection into chorioallantoic membrane of 11-day chick
embryos, these cells survived in the circulation, arrested and grew in the liver only at the
permissive temperature (Chambers and Wilson, 1985). However, no differences have been
found in the rates of generation of methotrexate-resistant variant at 36°C and at 39°C. Kaden et
al. (1989) measured the spontaneous mutation rates at the hypoxanthine-guanine phospho-
ribosy! transferase (HPRT) locus of tumorigenic and non-tumorigenic Chinese hamster embryo
fibroblasts (CHEF). The tumorigenic CHEF/16 showed generally higher rates of spontaneous
mutation than the non-tumorigenic CHEF/18. They then generated and tested three cell lines
from CHEF/18 and two from CHEF/16, but found no correlation between tumorigenicity and
spontaneous mutation rates.

The rates of appearance of drug resistant mutants in cells with high metastatic potential is in
the range 0.5-1.107> per cell per generation and this is similar to the rate of generation of
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metastatic variants (Harris et al., 1982), although Usmani (1993) and Usmani et al. (1993) have
described somewhat higher rates of mutation in the B16 melanoma system. Chambers et al.
(1988) suggest that these rates may be consistent with point mutations and regard the rates of
spontaneous generation of metastatic variants as compatible with gene amplification, although
others have reported far higher rates of gene amplification (1073 (Tlsty et al., 1989; Tlsty,
1990). It is difficult to resolve the question of whether the appearance of metastastic variants
occurs by a mechanism involving point mutations or gene amplification by the meagre
experimental data available to date. However, genetic instability is measurable using yard
sticks other than mutation rates. Much recent work has applied these alternative modes of
measuring genetic instability.

DNA repair and repair fidelity in metastatic variants

The recognition and repair of DNA damage occurs before the cells enter the S-phase of the cell
cycle and cells are held in the G, phase until the repair process is completed. This checkpoint
control is exercised by the nuclear phosphoprotein p53 whose levels increase when any
damage to the DNA is sustained (see page 28). Defects in DNA damage repair are often
encountered, e.g. as seen in the human autosomal recessive disorder xeroderma pigmentosum
(XP), which are defective in their ability to repair u.v-induced DNA damage (Lehmann and
Norris, 1989). Ataxia telangiectasia (AT) is another example of an autosomal recessive syndrome
comprising progressive cerebellar degeneration, oculocutaneous telangiectasias and immune
deficiencies. AT patients show high cancer incidence (Swift et al., 1991). Cell lines isolated from
AT patients show hypersensitivity to ionising radiation and to radiomimetic agents; this is
believed to be due to defective DNA repair (Painter and Young, 1980). All the features of the AT
phenotype could be corrected by introducing extraneous DNA by means of cell fusion (Lohrer
et al., 1994). Bloom’s syndrome is a further example of an autosomal recessive disorder that is
characterised by chromosomal fragility as reflected, for instance, in the enhanced incidence of
sister chromatid exchange (SCE) in cells derived from patients with Bloom’s syndrome (Kohn,
1983; Kihlman and Andersson, 1985). This fragility appears to result from deficiency of the
repair enzyme DNA ligase I (Willis and Lindahl, 1987). Chromosomal fragility detectable in the
form of SCE has been found to correlate with metastatic potential in the B16 murine melanoma
system (Lakshmi et al., 1988). The incidence of SCE has often been linked with defective DNA
repair properties (Sherbet, 1987). However, no increases in SCE are found in XP, AT or in
Fanconi’s anaemia. Usmani et al. (1993) studied the DNA repair and the fidelity of DNA repair in
metastatic variants of B16 murine melanoma that display marked differences in SCE incidence.
No differences were noticeable in the repair of strand breaks induced by exposure to X-rays or
bleomycin, but they differed markedly in the fidelity of repair. In this study the fidelity of repair
was measured by transfecting the cells with the plasmid PMH16 which carries the gpt gene
(Usmani et al., 1993). A break was introduced into the gene before transfection, and the ability
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Figure 3. This illustrates the direct relationship which appears to exist between the incidence

of sister chromatid recombination (SCE) and double minute chromosomes in tumour cell lines

grown in tissue culture. RPMI and MEL are human melanoma cell lines, BL6, ML8 and F1 are

murine melanoma cell lines, and GUVW and IJKt are human astrocytoma cell lines. (From
Lakshmi and Sherbet (1989).)

of the cell to re-ligate the gene correctly was measured by their ability to grow in medium
containing xanthine, hypoxanthine, adenine and thymidine (XHATM). The high metastasis
clones ML8 and BLO re-ligated the gpt gene with repair fidelities of 98% and 64%, respectively,
but repair fidelity was low (24%) in the low metastasis F1 clone. Thus, although metastatic
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Figure 4. A schematic representation of a postulated mechanism by which homologous but
unequal sister chromatid exchanges can result in gene amplification.
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variants of the B16 melanoma do not differ in their ability to re-ligate DNA strand breaks, they do
differ markedly in fidelity of repair. With due recognition that these studies are manifestations of
the DNA repair properties of tumour cells in culture, it would be desirable to examine whether
primary cloned subpopulations derived from tumours also show such differences in repair
fidelity, because the higher DNA re-ligation fidelity could be an important mechanism for the
maintenance of the metastatic properties of tumour subpopulations.

Genetic recombination in the generation of metastatic variants

Aberrant recombination processes occurring at chromosomal level have been often thought of
as a process leading to chromosomal abnormalities associated with cancer. Reciprocal
translocation are found in several forms of leukaemia and lymphoma, carcinomas and
sarcomas. Chromosomal translocations are found also in a murine plasmacytoma and rat
immunocytomas (see Heim and Mitelman, 1987). Inappropriate activation of oncogenes can
occur as a consequence of these chromosomal rearrangements (see Sherbet, 1987). As stated
previously, chromosomal recombination in the form of SCE occurs at a higher level in Bloom’s
syndrome which is characterised by chromosomal fragility. SCE break points appear to occur
at chromosomal fragile sites (Lakshmi and Sherbet, 1990) and, significantly, some of these sites
also harbour certain oncogenes and genes coding for growth factors. Furthermore, the degree
of sister chromatid exchange correlates positively with the incidence of double minute
chromosomes (DMs) (Lakshmi and Sherbet, 1989) (Figure 3). Double minute chromosomes
are thought to represent gene amplification. Homologous, but unequal, recombinations
involving repetitive elements are known to result in deletion or duplication of exons (Alberts
et al., 1983; Lehrman et al., 1987). Lakshmi and Sherbet (1989) therefore suggest that the
association between incidence of SCE and double minute chromosomes could be a result of
homologous but unequal exchange of chromatid segments (Figure 4). Sager ef al. (1985)
found that tumorigenic CHEF cells can amplify the dihydrofolate reductase (DHFR) gene more
rapidly than non-tumorigenic cells. The ability to amplify DNA has been reported to correlate
with metastatic ability (Cillo et al., 1987). As pointed out previously, it would be of interest to
recall that the rate of generation of metastatic variants is on a par with that of mutation to
methotrexate resistance and DHFR gene amplification. Thus, it is possible that a gene
amplification mechanism may be involved in the progression of tumours to the metastatic
state. Although gene amplification has been demonstrated in models of established tumour cell
lines, it is uncertain whether subpopulations within tumours show a heterogeneity with
respect to their ability for gene amplification.

Homologous recombination of transfected plasmid DNA, at extrachromosomal location, i.e.
before integration and recombination after integration into chromosomes (chromosomal
recombination), has been used as a marker for genetic variability and instability. Usmani and
Sherbet (1996) used the pDR plasmid to study both chromosomal and extrachromosomal
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recombination ability of metastatic variants of the B16 melanoma. The pDR plasmid contains a
selectable marker (gpt gene) and the neo (neomycin resistance) gene. The latter is present as
two truncated, nontandem but overlapping segments. The plasmid was transfected into the
cells and transfectants were selected by growing the cells in XHATM culture medium, indicating
gpt function. The transfectant clones were then expanded and subjected to selection for the
presence of functional neo gene. Only those transfectants carrying stably integrated plasmid
DNA, that have successfully recombined the neo gene fragments into a functional gene, will
come through this selection procedure. This procedure allows one to determine the chromo-
somal recombination events occurring in these cells. Surprisingly, the ability of the low
metastasis variant F1 to carry out chromosomal recombination was three orders of magnitude
greater than the high metastasis variants BL6 and ML8. Extrachromosomal recombination was
measured by introducing pDR DNA into cells and selecting them for neomycin resistance by
growth in G418-containing culture medium. In contrast to chromosomal recombination, the
ability to carry out extrachromosomal recombination, i.e. prior to integration of the plasmid
DNA, was higher in the high metastasis variants BL6 and ML8 than in the low metastasis variant
F1. Previously, Finn et al. (1989) found a higher frequency of extrachromosomal recombination
of plasmid DNA in immortalised transformed cells. The recombination events occurring in the
genomic DNA will depend on the sites of integration of the plasmid. Some integration sites are
believed to be inherently unstable (Murnane and Young, 1989).

Genetic recombination may occur in association with defective DNA repair and reduced DNA
repair can be seen as a condition conducive to recombination at the DNA and at the
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chromosomal level. Decreased extrachromosomal recombination has been reported by Wahls
and Moore (1990) in repair deficient cell lines. The observations of Usmani and Sherbet (1996)
are compatible with this view and demonstrate that cells which are more proficient in DNA
repair also show high extra-chromosomal recombination. The complex relationship between
specific cellular attributes related to genetic instability and metastatic potential is summarised in
Figure 5. This partial picture may indeed reflect to some degree the existence of dynamic
heterogeneity in tumours.

Microsatellite instability in cancer progression

The mutator pbenotype and cancer

The progression of cancer to the metastatic stage is identifiable, as the above discussion implies,
with genomic instability. This conceivably could lead to genetic alterations, primary as well as
cumulative secondary changes, that might confer selective proliferative advantage on variants
generated by this genomic flux. Therefore, clonal expansion of these variants may be
considered to be a major force in tumour progression. The rate of generation of metastatic
variants and the rate of spontaneous mutation of drug-resistant variants in tumours are several
orders of magnitude greater than the rate of background mutations. Loeb (1991, 1994) therefore
proposed the concept of the mutator phenotype in order to account for the high mutation rates
occurring in cancer. This concept is based on the inherent instability associated with
microsatellite loci occurring in the genome. Microsatellites are repetitive nucleotide sequences
of varying lengths which occur in the human genome, between and within genes. The
microsatellite sequences have been found to be unstable in the sense that variations can occur
in repetitive sequence units within the microsatellites, resulting in the expansion or shortening
of microsatellites. The instability of microsatellites can affect non-repetitive sequences of the
genome. Eshleman et al. (1995), for instance, found that a 100- to 1000-fold increase in mutation
rates in the HPRT gene in the RKO colon cancer cell line and, subsequently, that >10% of the
HPRT mutants indeed carried a single 3 bp deletion outside the microsatellite repeats.
Furthermore, one-third of the mutations were transitions or transversions, suggesting a wide
range of features associated with the mutator phenotype (Eshleman et al., 1996). A majority of
microsatellite repeats occur outside the coding regions of genes, and therefore microsatellite
instability (MI) may not directly lead to carcinogenesis, but could destabilise DNA sequences
inside as well as outside the microsatellite repeats and make the genome hypermutable
(Eshleman et al., 1996). As a corollary, one should consider the possibility that microsatellite
instability might be engendered by exposure to carcinogens. Although no direct evidence for
this can be adduced, it would be worthwhile referring to the observation made by Boyd et al.
(1996) that microsatellite instability was an invariable attribute of tumours of the vagina and the
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uterine cervix arising in association with exposure to diethylstilboestrol, but not of those where
exposure to the hormone had not occurred.

Incidence of microsatellite instability in cancer

Microsatellite instability has been encountered in several forms of human cancer, e.g. in colonic
(Aaltonen et al., 1993; lonov et al., 1993; Thibodeau et al., 1993; Patel et al., 1994), endometrial
(Risinger et al., 1993; Burks et al., 1994), gastric (Han et al., 1993; Peltomaki ef al., 1993; Seruca
et al.,, 1995; Dossantos et al., 1996), pancreatic (Han et al., 1993), and oesophageal cancers
(Meltzer et al., 1994). This abnormality was not found in cancers of the breast, lung or testis
(Peltomaki et al., 1993), but recent reports do cite microsatellite instability in these tumours. MI
may occur infrequently in sporadic and in familial breast cancer (Jonsson ef al,, 1995) and at a
high frequency in invasive lobular breast carcinoma (Aldaz et al., 1995). Merlo et al. (1994) has
stated that it occurs frequently in small cell lung carcinoma. Adachi et al. (1995) found no Ml in
small cell lung carcinoma, but did find MI in about one-third of non-small cell lung cancers.
Instability of microsatellite repeats has been seen in a small proportion of cervical carcinomas
and in cell lines derived from them (Larson et al., 1996). The overall incidence of MI in ovarian
carcinomas was 17% of 47 tumours, but it was far higher at 50% in endometrioid type of
tumours (Fujita et al, 1995). MI is apparently not generally involved in leukaemias and
lymphomas (Volpe et al., 1996), although it has been described in follicle centre cell lymphoma
(Randerson et al., 1996). It would be safe overall, to conclude that microsatellite instability is
fairly widespread in human neoplasms and it would certainly be profitable to review the
potential mechanisms by which MI can affect genetic function.

Microsatellite instability and genetic alterations in cancer

Microsatellite instability is associated with mutations in the genes, MLHI, MSH2, PMS1,
PMS2, which are human homologues of mismatch repair genes of Escherichia coli (Fishel et
al, 1993; Leach et al 1993; Lindblom et al, 1993; Bronner et al., 1994; Nicolaides et al,
1994; Papadopoulos et al., 1994). Although not yet extensively studied, preliminary evidence
suggests that one or more of these mismatch repair genes may be mutated in cancer (Umar
et al., 1994; Kobayashi et al., 1996). From the concept of the ‘mutator’ phenotype and the
involvement of the mismatch repair genes with MI follows the suggestion that there should
be less efficient or reduced mismatch repair in cancer. Risinger et al. (1995) showed that cell
extracts derived from cell lines exhibiting MI were unable to carry out mismatch repair, but
cell lines showing no MI were quite proficient. This inability to carry out mismatch repair,
they showed, was a consequence of a defect in the MSH2 gene. However, proficiency of
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mismatch repair does not always correlate inversely with cell transformation or malignancy.
Boyer et al. (1993) compared the fidelity of DNA replication in transformed cells with their
normal diploid counterparts: no differences were found in their ability for mismatch repair.

If mutations of these genes are strewn across in cancer tissue, one can envisage how
microsatellite instability, also known as the replication error positive (RER+) phenotype, can
affect the expression of genes associated with cell proliferation, cell adhesion, invasion and
metastasis. To date, a few studies are available that have examined the occurrence of MI at
some chromosomal loci harbouring genes that are known to be closely involved in these
biological processes. In this context one may cite the Hras oncogene which has been
identified with the pathogenesis of several forms of human cancer. In cancer of the head and
neck, the loss of heterozygosity at the H-ras locus correlates with lymph node metastasis
and, interestingly, some tumours also show instability of a microsatellite repeat which occurs
in intron-1 of the gene (Kiaris et al., 1994). Abnormalities of the Ki-ras homologue have been
found in non-small cell lung cancer in association with MI (Fong et al., 1995a). Conversely,
no mutations in the ras oncogene homologues have been encountered in endometrial
(Carduff et al., 1996) and vaginal and cervical (Boyd et al., 1996) cancers, even though they
showed extensive microsatellite instability. The H-, Ki- and N-vas homologues have been
screened for mutation in renal cell tumours with MI, but no mutations have been found
(Uchida et al, 1994). Another instance of a positive correlation between MI and an
abnormality of a genetic locus is the association between loss of heterozygosity that occurs
at mm23, a putative metastasis suppressor gene (see page 184), with MI, in sporadic
colorectal tumours (Patel ef al, 1994).

Microsatellite instability and cell proliferation-related genes

There are several investigations pertaining to the association of MI with the suppressor gene
P53 which controls cell cycle progression (see page 28). In general, these have not found any
alterations in p53 in parallel with microsatellite instability. The p53 locus is unaffected by MI in
colorectal dysplasias and carcinomas (Suzuki ef al., 1994; Muta et al., 1996). Abnormalities of
D53 such as loss of heterozygosity are not related to MI in gastric cancer (Semba et al., 1996).
Another study has shown that the expression of p53 protein is seen in 28% (12 out of 42) of
gastric tumours, but this is not associated with MI (Lin ef al., 1995). Carduff et al. (1996) found
no correlation between MI and p53 protein expression detected by immunohistochemical
means in endometrial cancers. The low frequency of p53 mutations and the high incidence of
MI in renal cell carcinomas reported by Uchida et al (1994) also suggests that the two
phenomena may not be related. A further observation is that MI is not always present where
p53 protein expression is detectable (Strickler et al., 1994; Lothe et al, 1995). However,
molecular abnormalities in p53 and ras oncogenes have been found in a small number of non-
small cell lung cancers concomitantly with MI (Fong ef al., 1994). Clearcell adenocarcinoma of
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the vagina and cervix also shows some relationship between MI and over-expression of p53
protein, as determined by immunohistochemistry (Boyd et al, 1996). In these systems,
obviously, one is looking at the aberrant or mutant form of p53; but, Boyd et al. (1996) found
that the protein was over-expressed in the absence of any mutations of the gene. In so far as
wild type p53 expression is concerned, it is elevated in response to DNA damage and therefore
the RER+ phenotype cannot be expected and does not appear to be modified in such a transient
fashion (Anthoney et al., 1996). An important line of evidence of how p53 protein might yet
prove to be important in the context of microsatellite instability has recently emerged. The
promoter region of the mismatch repair gene HMSH2 contains a site which bears homology to
p53-binding consensus sequence. In vitro specific binding of p53 to the consensus sequence
has been demonstrated (Scherer et al., 1996). The mismatch repair genes might indeed prove to
be another new target regulated by p53.

Transforming growth factor f§ (TGF-f) has been shown to be inhibitory to growth in several
tumour models. The absence of the TGF-§ receptor or mutation of the receptor may enable the
cell to overcome the growth control exerted by TGF-f. Therefore, this has afforded a suitable
model for examining the relationship between MI and the presence of inactivating mutation in
TGF-f receptor 11 gene. Colon cancers with the RER+ phenotype have been shown to carry
mutation in the TGF-f type Il receptors (Eshleman and Markowitz, 1995; Markowitz et al,
1995). RER+ gastric cancers similarly also contain mutations of the gene (Myeroff ef al., 1995).
Thus, in these tumour models, the RER+ phenotype and the presence of inactivating mutations
of the receptor gene, can confer upon the cells a proliferative advantage. Proliferative advantage
may be conferred also by over-expression of other growth factor encoding genes such as the
erb-B2. The expression of this gene has shown significant correlation with microsatellite
instability in gastric carcinomas (Lin et al., 1995).

Microsatellite instability and cancer progression

Although the evidence available at present is not sufficiently strong or persuasive to conclude
that the RER+ phenotype is germane to cancer development, one should enquire whether
changes in MI occur in the premalignant stage and whether any incremental changes take place
or at one or more relevant loci during tumour progression. The initial studies on the significance
of MI were carried out in colonic tumour where specific genetic alterations can be identified at
definable stages of progression (Figure 18; see page 172). Microsatellite instability occurs
frequently in hereditary non-polyposis coli adenomas (Aaltonen et al., 1993). However, it is
uncertain if the same genes are affected by microsatellite instability as those known to be
associated with the progression of colorectal cancer. Allen (1995) appears to be suggesting that
the progression of colorectal neoplasia may follow two distinct paths, namely, loss of
heterozygosity of the genes as shown in Figure 18, or replication error pathway. If this was
the case, one would not expect the same genetic changes in association with MI during tumour
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progression. The findings of Heinen et al. (1995) that the adenomatous polyposis coli (APC)
protein is not affected by MI, suggest that the progression of colorectal carcinogenesis may
follow two different pathways as Allen (1995) suggested.

Shibata et al. (1994) regarded the occurrence of this abnormality as an early event in sporadic
colon cancer. Similar levels of MI incidence have been reported for colorectal dysplasias and
also in more advanced lesions. There is no tendency for MI to occur at additional multiple loci
detectable in advanced lesions (Suzuki et al, 1994). Recent work has shown that the same
proportion (20%) of primary as well as liver metastases display the RER+ phenotype.
Furthermore, the RER+ phenotype was never encountered in liver secondaries when the
corresponding primary tumours were RER negative (Ishimaru et al., 1995), suggesting that Ml is
an event associated with early stages of tumorigenesis. Microsatellite instability appears to occur
early in the progression of Barrett's-associated oesophageal adenocarcinoma, where MI is
detectable in one in 14 cases of Barrett's metaplasia. Its incidence is far higher in adeno-
carcinomas and in diploid nuclei derived from oesophageal adenocarcinomas. Adachi et al.
(1995) have reported MI in 55% of metastatic compared with only 12% of primary non-small cell
lung carcinoma. They also encountered identical RER+ phenotypes in four out of 10 pairs of
primary and secondary tumours. Egawa et al. (1995) examined MI at several loci on chromo-
some 5 in cancer of the prostate and found that the only clinical feature that correlated with MI
was nodal and distant metastatic spread. Chong et al. (1994) found MI to be a late event in the
progression of gastric cancers. MI occurred more frequently in advanced carcinomas than in
early stages of the disease. This seems to suggest that Ml may be responsible for altering gene
function that propels the tumour along the metastatic pathway. Conversely, Dossantos et al.
(1996) analysed six microsatellite loci of gastric carcinomas. Essentially, their data have
suggested a reduced nodal involvement in tumours which had MI at >2 microsatellite loci.
Furthermore, tumours with MI at > 2 loci showed greater lymphoid infiltration, which indicates
a less aggressive tumour behaviour; the RER+ phenotype also suggested a favourable prognosis
in this study. A lack of correlation between MI and metastatic dissemination of gastric cancer is
also supported by Nakashima et al. (1995) who reported that tumours with high MI showed no
venous or lymphatic invasion. According to Carduff et al. (1996), the RER+ phenotype does not
correlate with invasive behaviour of endometrial carcinomas. Investigation of possible micro-
satellite alterations at several chromosomal loci including the suppressor gene nm23-H1 (see
page 184) locus in colonic cancer has revealed no correlation between MI and metastasis (Patel
et al, 1994). In the light of these dissensions, a definitive conclusion must await further
investigations.

There are indications that changes in MI may occur in a progressive fashion and that this may
be reflected in the association of MI with tumour grade and the degree of differentiation. Poorly
differentiated gastric (Seruca et al., 1995) and endometrial (Kobayashi ef al., 1995) carcinomas
have tended to present an RER+ phenotype. Surprisingly, the clinical stage of gastric cancers
showed no relationship to MI (Seruca ef al., 1995). Relationship between MI and differentiation
is also seen in situ and in invasive human breast cancer. A significant proportion (9/23) of
invasive lobular breast cancers were RER+ compared with only 13% of 52 tumours showing
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ductal differentiation (Aldaz et al., 1995). Muta et al. (1996) have stated that a high proportion
of poorly differentiated colorectal cancer exhibited MI, but Schlegel et al. (1995) found no
correlation between MI and tumour grade or stage. In contrast, Semba et al. (1996) reported
that the RER+ phenotype is detectable in 33% (3/9) differentiated as opposed to 18% (2/11)
poorly differentiated gastric cancers. However, the number of samples examined were far too
small to warrant any serious credence to be attached to the inverse relationship between MI and
the state of differentiation.

To summarise, it would be premature to form definitive views of the relevance of MI to the
biological processes of cancer behaviour, but the evidence for the association of MI with
biological features of proliferation, invasion, differentiation and metastasis, and for the involve-
ment of genes that characterise these aspects of biological behaviour can be described as
ambivalent. This does not diminish the potential value of microsatellite instability as a
mechanism for the modulation of the structure and function of genes. Microsatellite instability
appears to make genetic sequences of repeat motifs hypermutable (Eshleman et al., 1995).
Furthermore, the RER+ phenotype could represent a germ line mutation (Bergthorsson et al.,
1995). The critical experiments would be to test the Nowell hypothesis of genetic instability in
generating the metastatic mosaic during progression and, in particular, it would be interesting to
see whether clonal selection of variants that arise in the growing tumour population, by the
acquisition of selective growth advantage, is related to microsatellite instability. In culture,
invasive phenotypes can be defined and their invasive ability measured, together with
experimental assays for metastatic potential. Realisation of the full potential of MI for the
understanding of the basic biological processes related to behaviour of cells or assessing its
value as a marker of progression, must begin with basic in vitro experimental strategies. The
difficulty of interpreting any information on MI that might be currently available is solely a
consequence of directly applying the technology to tumours in vivo. There is a great deal of
ground work to be done before we can assess the utility and implications of the concept of
microsatellite instability in cancer management.

Telomerase function, genetic instability, cell proliferation and
cancer metastasis

Cellular transformation leading to the immortalisation of cells and to apoptotic death of cells is
associated with characteristic chromosomal abnormalities. The chromosomal entities that are
involved in the generation of these abnormalities have been identified in the past few years and
there has been a significant advance in our understanding of the molecular mechanisms
involved in the immortalisation of cells and limitation of the life span of cells by apoptotic
processes. This area of study impinges also upon deregulation of cell proliferation and the
appearance of variant cell populations characterised by deregulation of the cell cycle leading to
tumorigenesis.
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Telomeres are terminally located chromosomal regions which are essential in maintaining the
function and integrity of the chromosome. These serve as caps at either end of the chromosome
that stop its fragmentation. The cell loses some of the telomeric DNA at each round of
replication. This progressive diminution of telomeres makes chromosomes unstable and leads to
ilegitimate recombinations and degradation of chromosomes (Counter et al., 1994a). For
instance, the loss of telomeric DNA generates ‘sticky’ ends which can cause sister chromatids
to fuse end-end or fuse with other chromosomes to produce chromosomal abnormalities such
as dicentric or ring chromosomes. Telomeres are composed of highly conserved hexameric
repeats of 5“-TTAGGG-3' nucleotide sequences and associated proteins (Moyzis et al., 1988;
Meyne et al., 1989).

Telomeric diminution is a consequence of replication ineffeciency known as the end
replication problem. DNA is synthesised by conventional DNA polymerases unidirectionally
with a 5'-3' polarity and this requires an RNA primer and the lagging strand cannot be
completed. This leaves a gap at the 5" end of the lagging strand (Watson, 1972; see also
Olovnikov, 1996; Villeponteau, 1996). Failure to fill this gap results in a progressive loss of DNA
and a consequent shortening of the chromosome. This loss has been postulated to be the reason
why the replicative life of a cell is limited (Harley ef al., 1990). An enzyme called telomerase has
been identified in Tetrabymena thermopbila (Greider and Blackburn, 1987). This enzyme
solves the end-replication problem by adding repetitive telomeric sequences and maintains the
integrity of the telomere. The telomerase is a ribonucleoprotein with an RNA component
encoded by a single gene (Feng et al., 1995) and two proteins of 80 and 95 kDa (Collins et al,
1995). Telomere shortening has been observed in vitro and in vivo and, in parallel with this
process, the replicative life span is also reduced (Harley et al, 1990; Hastie ef al, 1990).
Elongation of telomeres by experimental means extends the life span of cells (Wright ef al,
1996a). Senescent cells are known to show chromosomal changes such as telomere-telomere
association which are a characteristic feature of the loss of telomeric DNA. Telomeric
association has been regarded as an early manifestation of apoptosis (Pathak et al, 1994).
Telomerase protects cells from apoptotic death and promotes immortalisation and continued
proliferation. Consistent with this, telomerase activity has been detected in the germ cells and
embryonic cells of both Xenopus and human origin (Mantell and Greider, 1994; Wright et al.,
1996b). It is also found in immortalised cells (Counter et al., 1992, 1994b) as well as in human
cancers (Counter, 1994a; Nilsson ef al., 1994; Hiyama E et al., 1995a,b), which as a result do not
suffer losses of telomeric DNA sequences.

The active association of telomerase with the proliferative activity of cells is demonstrated by
the cell cycle dependent expression of the polymerase. Asynchronous cultures and Gy-arrested
cells show similar levels of the enzymes but an increase occurs as cells progress into the S-phase
where the highest levels of the enzyme are detectable. Expression of the enzyme then
diminishes and is virtually absent in GyM arrested cells (Zhu et al,, 1996). Furthermore,
differentiation-inducing agents inhibit telomerase activity in immortal cells (Sharma et al.,
1995; Xu et al., 1996; Zhang et al., 1996), confirming by implication the involvement of
telomerase in cell cycle progression and continued proliferation. This abrogation of cell cycle
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control may involve the cell cycle control genes, p53 and rb. It has been postulated that
diminution of the telomere beyond a critical length might activate p53 leading to M1
senescence. But telomerase-dependent immortalisation of cells, together with the inactivation
of p53 or rb genes by allelic loss or mutation, is postulated to lead to M2 immortalisation.
Furthermore, M2 immortalisation is postulated to lead to progression of tumours to the
metastatic state (Healy, 1995). This fits in with the picture of a late contribution by p53 to the
progression of colorectal cancers (see page 172 and Figure 18). The M2 immortalisation
concept is also compatible with the finding that telomerase activity is detected in colorectal
carcinomas but not in adenomatous polyps (Chadeneau ef al., 1995). Eddington et al. (1995)
believe that the activation of telomerase may be a late event in cancer progression and this may
be associated also with loss of p53 gene function by genetic alteration or allelic loss. K. Hiyama
et al. (19952) noticed changes in telomeric length in 16 primary lung cancers; of these 14
showed telomere diminution. Consistent with the M2 postulate, they found 10 tumours out of
14 with telomere diminution contained allelic loss of both p53 and rb genes. Telomerase
activity is strongly associated with advanced gastric cancers and poor prognosis, but it is
virtually undetectable in early stages of the disease (Hiyama E et al., 1995a). The enzyme has
been found to be expressed in a majority of prostate carcinomas compared with only
approximately one in 10 benign prostatic hyperplasias. In addition, lymph nodes containing
metastatic tumour have been found to be telomerase-positive (Sommerficld et al., 1996). In
carcinoma of the breast, 93% (of 130) of advanced stage cancers expressed telomerase but the
incidence of telomerase positivity in early stage disease was far lower (20-30%). No telomerase
was detected in normal breast tissue or non-malignant conditions, e.g. fibrocystic disease
(Hiyama et al., 1996). Virtually all advanced-stage bladder tumours were telomerase positive and
telomerase activity also strongly correlated with deep muscle invasion by the tumours (Lin et al.,
1996). The telomere length itself has been found to diminish progressively with tumour
progression and telomeres are said to be extremely short in metastatic cells (Counter ef al.,
1994a). Conversely, there is a report that loss of the enzyme occurred in parallel with regression
of some neuroblastomas (Hiyama E et al., 1995b). Notwithstanding such a high degree of
correlation between telomerase function and progression of tumours, reports have also begun
to appear which do not support a significant role for the enzyme in tumour progression.
Telomerase activity in non-malignant and malignant skin lesions shows no indication of any
correlation with malignancy (Taylor et al., 1996). According to Dahse et al. (1996) advanced
stages of renal carcinomas do not show enhanced telomerase activity. Also intriguing is the
frequent expression of the enzyme in small cell carcinomas of the lung, whereas it was highly
variable in non-small cell cancers ranging from a total lack of it in some tumours to very high
activity in others. Similarly, telomerase expression in metastatic disease was also not invariable
(Hiyama K et al., 1995b).



Inefficiency of the metastatic process

Metastatic dissemination of cancers has long been regarded as a somewhat inefficient process.
Conceptually, one can envisage several reasons for this. Invasion of the vascular endothelium is
an important step in tumour dissemination. The degree of efficiency with which the cancer cell
can break through the endothelial barrier will have significant consequences for the overall
success of metastatic spread. Invasive behaviour is in part due to the proliferative potential of
the tumour. The spatial expansion of the tumour will exert mechanical pressures which
naturally result in tumour spread via paths of least mechanical resistance. However, tumours
will resort to actively breaching the basement membrane by secreting a spectrum of proteolytic
enzymes. The diapedesis of tumour cells across the endothelium is also an active cellular
process, but defects in the endothelium will aid this process. Systemic endothelia lack tight
junctions between cells and often show intercellular discontinuities which can serve as ports of
entry or exit. Weiss (1990) has argued, probably without successfully persuading everyone, that
carcinomas in situ (CIS) of the uterine cervix do not penetrate the basement membrane nor
invade the cervical stroma and do not normally metastasise, although untreated disease may
become invasive. The considerable time lag often seen between the development of CIS and its
progression into the invasive phase has been attributed to the requirement of evolution of cell
types which have high motility and also the ability to adhere to and breach the basement
membrane.

Loss of cells which have entered the vascular compartment is another major cause of
metastatic inefficiency. Using experimental animal tumour models it has been demonstrated
that although several million tumour cells may be released into the vascular system, only a small
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proportion of these will be able to survive the mechanical and immunological assaults mounted
by the host and successfully form secondary tumours. The surviving fraction may be as small as
about 0.01% of all cells released from the primary tumour. This surviving fraction has to cross
the vascular barrier again into the parenchyma of metastatic target sites. Here, again, several
constraints may operate, e.g. the enzymes associated with the luminal surface may affect
interaction and adhesion to it. It should be borne in mind that the circulating tumour cells may
have adapted in the first instance to adhesion and interaction with the basement membrane, but
a totally different set of biological properties will be required for the exit of the cells from the
vascular compartment. Furthermore, the tumour cell, having extravasated from the vascular
compartment, will require optimal growth conditions in the parenchyma of the metastatic
target organ and if these are unavailable the cancer cells which have arrested in the target organ
may remain as dormant microscopic metastatic deposits.



Tumour growth and metastatic potential

The size of the primary tumour is an important parameter in clinical staging of cancers. It is
uncertain, however, whether there is a direct correlation between primary tumour burden and
the ability to metastasise. Tumour evolution may be associated with increased genetic instability
which could lead to the emergence of aggressive phenotypes within the primary tumour. Thus,
spontaneous mutation rates are known to be higher in cancer cells compared with correspond-
ing non-malignant counterparts (see page 10). A more rapid growth rate associated with such
higher rates of generation of aggressive malignant cells can lead to highly aggressive primary
cancer.

Tumours also tend to be heterogeneous with regard to the distribution of the proliferative
fraction. The infiltrative or invasive components of tumours in breast cancer, for instance,
possess a higher proliferative index than the intraductal component (Verhoeven and Vanmarck,
1993). Human melanocytic tumours show a marked increase in proliferating cells from a benign
condition to primary and metastatic melanoma (Smolle ef al, 1991). However, proliferative
pressure may only be one of the factors that lead to invasive behaviour. Benign pituitary
adenomas with cavernous sinus invasion are larger in size than those showing no invasion but
there is no relationship between proliferative capacity and invasive behaviour (Kawamoto et al.,
1995). In the B16 murine melanoma a high expression of a-melanocyte stimulating hormone
(MSH) has been demonstrated in the invasive peripheral regions of the tumour (Zubair ef al.,
1992). This hormone has been found to promote anchorage-independent growth of melanoma
cells (Sheppard et al., 1984; Bregman et al., 1985; Parker et al., 1991) and highest levels of MSH
immunoreactivity have been reported in the least differentiated and highly metastatic melanoma
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cell lines (Lunec et al., 1990). In these cases the infiltrative behaviour may be attributable to
other factors than proliferative pressure alone such as, for instance, the up-regulation of genes
which promote metastatic spread (Parker et al., 1991, 1994a,b). Nonetheless, on account of this
possible relationship between tumour cell proliferation and metastasis, genes which are
involved in controlling both cell proliferation and metastasis have been the targets of intensive
investigation in recent years. The genetic deregulation of cell proliferation and the promotion of
metastatic spread will therefore provide a point of focus here.



Cell cycle regulation and pathogenesis of
cancer

Cancer has been described as a disease of the cell cycle (North, 1991). Genomic changes
characterised by chromosomal aberrations, translocations and aneuploidy are associated with
tumour progression and these arise by cumulative genetic changes resulting from loss of cell
cycle control. There have been significant advances in our understanding of the mechanisms
of the cell division cycle. Genetic analyses have revealed the involvement in this process of
suppressor genes such as the p53 and the retinoblastoma-susceptibility gene, rb. Mutation,
allelic loss or inactivation of these genes have been demonstrated in a variety of tumours,
leading to the suggestion that the protein products of these genes exert restraint on
proliferation of the normal cell. The product of the retinoblastoma-susceptibility gene rb is
differentially phosphorylated in relation to the stage of the cell cycle. The tb protein (p1 10
is predominantly underphosphorylated in the G, phase and becomes hyperphosphorylated as
cells enter the S-phase and this state of phosphorylation is maintained until they emerge from
the metaphase (see page 52). Cell cycle progression is controlled by a variety of cyclins. Thus,
progression in G; phase involves cyclins C, D and E and cyclins A and B in the §, G, and
mitotic phases. The phase transition events appear to be triggered by cyclin-dependent kinases
(cdks) which comprise a cyclin regulatory unit and cdc2 kinase unit. The cdks require to be
activated by phosphorylation by the cdk-activating kinase (CAK). The tb protein has been
found to be a substrate for cdk-mediated phosphorylation. The hyperphosphorylation of rb
protein appears to inactivate rb function and enables the cells to transit into the S-phase



28 The Genetics of Cancer

G A | S 1 Ga | M
Cyclin D+ Rb-®) Cyclin A + Cyclin B/A ‘Rb
CdK 2,4,5 CdK 2 Cdc 2 dephosphorylation
Cyclin-E+
CdK2

Figure 6. A representation of cyclin-cdk complexes with cell cycle progression, with
reference to potential sites of their action. The phosphorylation of the rb protein releases it
from its complex with transcription factors such as the E2F, so that the latter can activate the
gene essential for the transition of cells into the S-phase (see also Figure 10, page 54).

(Figure 6). The suppressor gene p53 has been found to induce the expression of certain
inhibitors which block the activation of cdks by CAK. Thus, the p53 gene is able to control
the progression of the cell cycle (El-Deiry et al., 1993; Harper et al., 1993; Xiong et al., 1993a;
Noda et al., 1994).

The regulatory role of p53 in G;-S and G,-M transition in cell
cycle progression

The progression of the cell cycle is monitored for DNA damage at the G;-S and G,M boundaries
and cells with DNA damage are detained at either of these checkpoints pending appropriate
DNA repair. Lane (1992) proposed the renowned ‘guardian of the genome' role for p53,
regulating the entry of cells into the S-phase following DNA repair and failing this the cells enter
the apoptotic pathway. At the G,-§ checkpoint any damage sustained by cellular DNA is repaired
with great fidelity. A normal functioning of p53 is required for the arrest of cells at the G, phase
of the cell cycle following DNA damage. Mutated p53 does not appear to exert this cell cycle
checkpoint control. A similar loss can also occur when wild-type p53 is sequestered by binding
to cellular proteins such as mdm2 (Chen ef al., 1994). There are also indications that other
genes such as 1842/mts1, a dominant metastasis-associated gene, may enable cells to enter
S-phase by sequestering p53 and abrogating its control over the transition of cells past the G;-S
checkpoint (Parker et al., 1994a,b). There is considerable evidence that viral oncoproteins
affect p53 function in this way.

The second checkpoint occurs at the G»M boundary where cells are detained if they have
sustained damage after entering into the S-phase. Recent evidence using temperature-sensitive
mutants of p53 that exhibit conformation-dependent wild-type activity, shows that p53 may
also control G,M transition of cells (Michalovitz et al., 1990; Stewart et al, 1995). Other
investigators have failed to see G,M block by p53, which may be attributable to loss of G,M
cells by apoptosis. Recently, Pellegata et al. (1996) employed two fibrosarcoma cell lines,
namely, HT1080 which had wildtype p53 and HT1080.6TG carrying a mutant p53.
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Synchronised HT1080.6TG cells which had been irradiated showed no G; arrest but were
arrested at the G,M checkpoint. But the cell lines carrying wildtype p53 that had passed
through this checkpoint were not arrested in G, because the radiation damage had already
been repaired. Furthermore, the HT1080 cells irradiated after they had entered the S-phase
were arrested at the G,-M checkpoint and, interestingly, they then showed no G, arrest. The
pattern of arrest of the cell line with wild-type p53 does support the ‘guardian of the genome’
hypothesis of Lane (1992). Although our understanding of the mechanisms by which p53
appears to control the GyM checkpoint is still rather rudimentary, a substantial body of
evidence has accumulated that a gene called stathmin, whose expression seems to be
controlled by p53, may take part at this checkpoint.

The stathmin gene, discovered some years ago, is associated with cell cycle cycle progression.
The stathmin gene product is a 19 kDa cytosolic phosphoprotein. It has recently been shown to
interact with tubulin and may be involved in microtubule dynamics of the cells associated with
the physical process of mitosis (Belmont and Mitchison, 1996). Stathmin is progressively
phosphorylated by mitogen-induced protein (MAP) kinases (Leighton ef al., 1993; Brattsand et
al., 1994; Beretta et al., 1995) as well as kinases of the cyclin-dependent kinase family, in
response to proliferative and differentiation signals. The significance of phosphorylation as a
means of stathmin function is still unclear. Larsson N et al. (1995) found that the transition of
cells past the G,M checkpoint involves phosphorylation of specific sites of stathmin, normally
phosphorylated by cyclin-dependent kinases. The induction of differentiation of PC12 cells by
nerve growth factor has been reported to be dependent upon the phosphorylation of stathmin
by MAP kinases (DiPaolo et al., 1996). However, in some experimental models such as HL-60
cells, the induction of their differentiation into monocyte by 1a,25-dihyroxyvitamin D3 does not
affect the phosphorylation of stathmin, but clearly leads to the down-regulation of its expression
(Bustace et al., 1995). The transfection of anti-stathmin constructs blocks the cells expressing
strathmin at the G,-M boundary. Using inducible p53 constructs, it has been demonstrated that
when p53 is switched on the stathmin gene is down-regulated together with G, arrest of the
cells. The ability of p53 to down-regulate the stathmin promoter has been also demonstrated
recently (E. J. Stanbridge, personal communication).

Genomic organisation of the p53 gene

The p53 gene is located on chromosome 17p13.1 (Benchimole et al., 1985; Umesh et al., 1988).
The gene corresponds to ¢.20 kb of genomic DNA. The genomic structure is highly conserved in
all species studied and the gene consists of 11 exons, of which the first exon is a non-coding
exon. This is followed by a large 10 kb intron (Lamb and Crawford, 1986). The transcription of
the gene is controlled by two regulatory sites. One 400 bp element occurs 5" upstream of exon 1
(P)) and a second promoter element, P,, occurs in intron 1, approximately 1 kb downstream of
P, (Harlow et al., 1985; Reisman et al., 1988; Tuck and Crawford, 1989). The p53 transcript is
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2.8 kb long. The product is a 53 kDa phosphoprotein containing 393 amino acids. Five highly
conserved regions of the protein have been identified, termed regions I, II, IIl, IV and V,
corresponding to codons 13-19, 120-143, 172-182, 238-259, and 271-290 (Nigro et al., 1989;
Levine et al., 1991, 1994; Vogelstein and Kinzler, 1992) and these occur in exons 4, 5, 7 and 8.
Mutations of p53 encountered in human neoplasms have been found to be clustered in
hotspots in the conserved regions 1I-V (Nigro et al., 1989) and therefore these are regarded as
important functional domains and represent the sequence-specific DNA-binding domain of the
protein extending from amino acid residue 90 to 290 (Bargonetti et al., 1993; Halazonetis and
Kandil, 1993; Pavletich et al., 1993; Wang Y ef al., 1993). This core DNA binding domain
contains 10 cysteine residues, suggesting the involvem=nt of metal ions. Indeed, DNA binding
is abolished by metal-chelating agents and the core domain contains zinc: therefore it has been
suggested that p53 is zinc metalloprotein (Pavletich et al, 1993). Oligomerisation is an
important event for DNA binding, and p53 occurs predominantly in a tetrameric form
(Stenger et al., 1992; Friedman et al., 1993). The p53 protein forms stable tetramers, mediated
by a 53-amino acid C-terminal domain (Pavletich et al., 1993) and the binding of the protein to
DNA is allosterically regulated (Hupp et al., 1992; Halazonetis and Kandil, 1993; Halazonetis et
al., 1993). The binding property is regulated by changes in the conformation of the tetramers
between states of high and low affinity to DNA (Halazonetis and Kandil, 1993; Halazonetis ef
al., 1993). The p53 binding DNA sequence contains four pentanucleotide repeats of the motif
PuPuPuC(A/TYA/T)GPyPyPy (Bargonetti et al., 1991; El-Deiry et al., 1992; Funk et al., 1992;
Kern et al, 1992). Each DNA binding domain of the protein recognises one repeat motif
(Halazonetis and Kandil, 1993; Cho YJ et al., 1994) and it follows from this therefore that p53
tetramer would show greater DNA binding than the monomer protein. Tetramerisation is also
important in controlling wild-type p53 function. It has been found that hetero-oligomers
formed between mutant and wild-type p53 are unable to bind to DNA (Milner and Medcalf,
1991; Bargonetti et al, 1992; Farmer et al., 1992; Kern et al., 1992; Shaulian ef al., 1992).
Several other functional domains of the protein, e.g. heat shock proteins, E1B, mdm2, SV40
large T antigen-binding domains have also been identified (Figure 7).

p53 abnormalities and dysfunction

The dysfunction of the tumour suppressor p53 gene has been regarded as a most significant
event in the pathogenesis of cancer. This is known to occur as a consequence of mutation of
P53 resulting from allelic deletions, rearrangement, or base pair substitutions. These aberrant
proteins will have lost their suppressor function and also gained new functions which alter the
phenotypic features of tumour cells. Therefore, the status of p53 abnormalities has been
investigated in a wide spectrum of human malignancies with a view to correlating possible loss
of its function with their development, progression and prognosis. Mutation of p53 occurs in a
wide variety of human cancers including breast, colon, stomach, bladder, ovary, endometrium,
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Figure 7. The structural and functional domains of p53. Based on Lamb and Crawford (1986),
Bischoff et al. (1990), Shaulsky et al. (1990), Soussi et al. (1990), Milner and Medcaif (1991),
Lam and Calderwood (1992), Bargonetti et al. (1993), Halazonetis et al. (1993), Pavletich et al.
(1993), Ruppert and Stililman (1993), Wang Y et al. (1993), Cho Y] et al. (1994), Levine et al.
(1994), Bayle et al. (1995), and other references cited in the text.

testicular tumours, soft tissue sarcomas, melanomas and haematological malignancies (Nigro et
al., 1989; Bartek et al., 1991; Hollstein ef al,, 1991; Caron de Fromentel and Soussi, 1992;
Toguchida et al., 1992; Andreassen et al., 1993; Berchuck et al., 1994; Liu et al., 1994). Levine et
al. (1991) reported that approximately 60% of human cancers show p53 mutations together
with a loss of heterozygosity (LOH) which results in a complete loss of the wild type alleles. A
majority (c.86%) of these are missense mutations; ¢.8% involve deletions or insertions and 5.5%
non-sense mutations or frame shift mutations (Levine et al., 1993). A definable pattern of
location of these mutations has also emerged. Thus, the missense mutations occur predomin-
antly between codons 120 and 290, whereas non-sense mutations tend to occur outside this
region. Loss of suppressor function may be expected, however, to be associated with both types
of mutation and therefore it is intriguing that there should be so marked a loss of uniformity in
the incidence of these mutations in different regions of the gene.

Regulation of p53 function

The phosphoprotein product of p53 is known to suppress cell transformation as well as cell
proliferation (Eliyahu et al., 1989; Finlay et al., 1989; Michalowitz et al., 1990). These functions
of the p53 protein have come to light from its interaction with the products of certain tumour-
promoting genes. The oncogenic proteins of DNA tumour viruses achieve cell transformation by
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forming complexes with the wild-type phosphoprotein p53 (Lane and Crawford, 1979; Linzer et
al., 1979; Sarnow et al., 1982; Lin and Simmons, 1991). The simian virus 40 (SV40) large T
antigen has since been shown to block DNA binding by p53 and its function as a transcription
factor (Mietz et al,, 1992). The adenovirus EI1B 55 kDa protein is also able to bind p53 and
neutralise it (Sarnow et al,, 1982; Kao et al., 1990; Berk and Yew, 1992). The introduction of
wild-type p53 into transformed cells is known to block the growth of transformed cells (Baker et
al., 1990b; Diller et al., 1990).

The p53 protein is expressed at very low levels in normal cells and tissues and it has a short
halflife. However, in cells transformed by SV40 and adenoviruses, much higher levels are
detected (Benchimole et al,, 1982) and this appears to be due to increased stability and a
consequent enhancement of the halflife of the protein. Using a temperature-sensitive mutant of
the large T antigen, Oren ef al. (1981) showed that this depended upon the functioning of the T
antigen. Interaction of p53 with other cellular proteins has also been demonstrated, which may
lead to an inactivation and abrogation of its normal function.

It was demonstrated some years ago that human papilloma viruses (HPV), especially HPV 16,
18 and also some other types, are associated with high-grade cervical intraepithelial neoplasia
(CIN) and invasive cervical squamous carcinomas. The integration of these viruses in the
genome results in increased expression of the proteins known as E6 and E7, and these proteins
have the ability to transform cells into the neoplastic state. Immunohistochemical studies have
shown co-localisation of p53 phosphoprotein and E6, suggesting an association between them
(Liang et al., 1993). It would appear that the E6 protein binds the p53 phosphoprotein (Werness
et al., 1990). This requires another cellular factor called the EG-associated protein (EG-AP). This
event leads to a rapid degradation of p53 protein, mediated by ubiquitin-dependent proteolysis
(Huibregtse et al., 1993). The introduction of a single HPV16-E6 gene causes the immortalisation
of cells and sharply reduces p53 protein levels (Band et al., 1991). The E6-E7 fusion proteins
will also degrade the retinoblastoma protein (rb) (Scheffner et al., 1991, 1992). Therefore, the
concept has emerged that the sequestration of p53 protein by formation of complexes with
oncoproteins such as E6 might lead to the development of cervical neoplasia. In HPV-negative
carcinomas, inactivation of p53 by mutation or allelic deletion, leading to the abrogation of its
normal function of regulation of cell proliferation, can be postulated as a mechanism of
tumorigenesis. But this has not been found to be the case. Park et al (1994) found p53
mutations only in 10% of HPV-negative tumours. There are also other reports that allelic or
mutation of this gene is not a frequent event, irrespective of HPV status (Fujita et al., 1992). In
contrast, another study has reported that HPV-positive tumours contained p53 mutation in only
8% of the tumours examined whereas four out of nine HPV-negative tumours contained point
mutations (Lee et al., 1994). This suggests that tumour development can occur either by
mutation of p53 or by neutralisation of wild-type p53 by interaction with HPV proteins. A
consensus view is that the formation of p53-E6 complex leads to a sequestration of p53 protein
and this prevents it from exercising its normal suppressor function.

There is also the possibility that other oncogenes might be cooperating with HPV in tumour
induction. Some experimental studies by DiPaolo et al. (1989) showed that although HPV types
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are associated with cervical malignancies, transfer of HPV16 or18 DNA into normal cervical cells
caused their immortalisation but did not confer tumorigenicity on them. However, upon
sequential transfection of the HPV-immortalised cells with the oncogene H+as, these cells
were able to produce cystic squamous cell carcinomas in immune-deficient mice.

p53, cancer progression and prognosis

The contribution of abnormal p53 to carcinogenesis has also suggested their potential use in
determining cancer prognosis. This gene is located on chromosome 17p13.1 (Benchimole et al.,
1985; Umesh et al., 1988). Loss of heterozygosity on several chromosomes including chromo-
some 17 frequently occurs in ovarian cancer. Okamoto ef al. (1991a) reported allelic loss of p53
in 16/20 cases. Allelic loss on chromosome 17 is also a common feature of endometrial
carcinoma (Okamoto et al., 1991b). Alielic loss at locus THH59 (17g23-ter) shows a more
significant association with grade III than with grades I+ II ovarian carcinomas. In contrast,
association between loss of p53 and tumour grade is poor (Lowry and Atkinson, 1993).
Therefore, these authors suggested that there may be a putative suppressor gene on chromo-
some 17q23-ter whose deletion may be associated with anaplastic ovarian cancers.

Over-expression of p53 has been reported to occur in 40-50% of stages HI and IV
adenocarcinomas of the ovary and endometrium, but only in 10-15% of early stages of the
disease (Kohler et al., 1992; Berchuck et al.,, 1994). A far higher (79%) incidence has been
reported for ovarian cancers by Kupryjanczyk et al. (1993). An association of p53 immuno-
reactivity with high-grade epithelial ovarian cancer has also been reported by Hartman et al.
(1994), but they found some immunoreactivity also in low-grade cancers. Furthermore, they
found that p53 expression was associated with decreased overall survival in a univariate
analysis. The expression of p53 is generally low in benign endometria, but high expression has
been reported in 15% of atypical hyperplasias and in 23% of carcinomas. Although the
frequency of over-expression is comparatively low, p53 expression per se was consistent with
spread of the disease outside the uterus (Ambros et al., 1994). According to Berchuck et al.
(1994) p53 mutations are infrequent in cancers of the cervix, vulva or vagina. These findings
seemingly contest the concept that p53 is a tumour suppressor gene, or at least the universality
of its suppressor function.

Whether mutations of p53 reflect progression of the disease cannot yet be established. In
order that this may be assessed it is important to determine whether these are temporal changes
and whether they are progressive and cumulative. It is also necessary to examine whether there
is also a topographical change in the pattern of expression of the p53 protein. In oesophageal
and lung cancers, p53 abnormalities arise early (Casson et al., 1991; Bennett ef al., 1992; Sozzi et
al., 1992). A low frequency of point mutation may be found in one in 10 squamous cells and in
one in 14 adenocarcinomas in oesophagus; mutations have also been found in four out of seven
Barrett’s epithelium adjacent to the adenocarcinomas, possibly related to pre-malignant changes
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(Casson et al, 1991). In head and neck squamous cell tumours, the abnormalities are
progressive, i.e. measurements of p53 protein have revealed an increase concomitant with
progressive tissue abnormalities. In the normal epithelium, p53 expression is limited to the basal
layer but in hyperplastic or dysplastic tissue expression of the protein extended to the parabasal
and superficial layers (Shin et al., 1994).

Mazars et al. (1991) studied 30 primary ovarian cancers and four matched metastatic
tumours for p53 mutations. It was found that 36% of the tumours showed a mutated allele.
The mutations were point mutations and were clustered in exons 5 and 7. Interestingly, the
same mutations were found in the matched primary and metastatic tumours. Hyperplasia of
the endometrium show no p53 mutations, although these may show mutation of other
oncogenes such as the Kras (Sasaki ef al, 1993). As stated earlier, p53 mutations occur
frequently with extrauterine disease in invasive endometrial cancers. This suggests the
possibility that these mutations might be a late event in tumour progression (Berchuck et al,
1994). A recent study reports p53 mutations in stage I ovarian carcinomas but not in true
borderline tumours (Kupryjanczyk et al, 1995). Nonetheless, when p53 mutations are
detected in primary ovarian cancers, identical mutations are invariably detectable in intra-
peritoneal metastases (Jacobs et al., 1992). This may lend weight to the suggestion that these
could occur not only as a late event but that metastatic deposits may be clonal in nature,
arising from cells which carry the mutation.

Mutations of p53 occur in 75% of colonic tumours (Fearon and Jones, 1992). In a majority of
these neoplasms mutation of one allele occurs together with the deletion of the second wild-
type allele (Baker et al., 1989; Nigro et al., 1989; Rodrigues et al., 1990). They seem to occur as
a late event (Vogelstein ef al., 1988; Baker et al., 1990a) and follow cumulative prior genetic
changes that might be providing the appropriate genetic background for p53 mutations to
influence progression to the malignant state. However, much uncertainty is associated with p53
mutation status or over-expression of p53 protein and their value in assessing prognosis in
colorectal cancer. There have been claims that p53 over-expression correlates with poor patient
survival (Remvikos et al., 1992; Sun et al., 1992; Starzynska et al., 1992). Hamelin et al. (1994a)
found p53 mutations in 52% of 85 colorectal tumours investigated and that occurrence of a
mutation correlated very strongly with poor survival; others (Scott et al,, 1991; Bell et al., 1993)
found no such correlation.

In chronic myeloid leukaemia (CML) p53 mutations occur in the acute phase or blast crisis
(Ahuja et al., 1989; Mashal et al., 1990, Feinstein et al., 1991). In B-cell lymphoma and multiple
myeloma advanced stages of the disease are also characterised by the incidence of p53
mutations (Ichikawa A et al., 1992; Neri et al., 1993). Loss of heterozygosity involving the p53
locus and mutations of the gene occur at the late stages in hepatocellular carcinogenesis
(Teramoto et al., 1994). Frank et al. (1994) studied p53 expression in squamous cell carcinoma
of the hypopharynx and reported that although p53 abnormalities occur frequently in these
tumours, there was no correlation of p53 expression with tumour grade, DNA ploidy, or S-phase
fraction. However, all p53-positive patients had advanced-stage disease (stages III, IV) compared
with 74% of the p53-negative group.
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Over-expression of p53 protein was reported in >50% of breast cancers (Horak ef al., 1991).
Mutations of the gene are also common (25-40% incidence) in sporadic breast cancer, with the
frequency of G-T transversions generally higher than expected, and these occur predominantly
in the conserved exons 5-8. In many cases mutation of one allele is also accompanied by
deletion of the second allele. In summary, p53 mutation characterises a highly aggressive form
of the disease, associated with poor prognosis in both node-positive and node-negative patients
(Lemoine, 1994). But, in contrast to colon cancer, these tend to be early events. It may be that
the distinction lies in the fact that in tumorigenesis in the colon results from mutations in a
series of genes, including the DCC gene, which produce a progressive alteration in the
phenotype and p53 may have a complementary role (see page 172). Abnormalities of b,
another suppressor gene that actively regulates cell cycle progression, are also significantly
associated with breast cancer. It is difficult to dissociate the functions of these two genes. It
might be worthwhile pointing out here that Ewing sarcomas, where the EWS gene is actively
involved in tumorigenesis, p53 mutations do not correlate with EWS activity (Hamelin et al,
1994b). In primary prostate cancer mutation levels are low (Voeller et al, 1994). The
expression of p53 protein is also less marked, with the exception of metastatic tumours and
stage D primary tumours which show higher p53-positivity, as judged by the proportion of cells
with nuclear staining (Grizzle et al., 1994).

In contrast, loss of heterozygosity with respect to p53 has been reported in both low- and
high-grade astrocytomas (El-Azouzi et al., 1989; Fults et al., 1989; James et al., 1989; Bello et al.,
1994). Mutations of p53 and abnormal expression of p53 protein occur commonly in different
forms of brain tumour (Chung et al., 1991; Mashiyama ef al., 1991; Frankel et al., 1992; Fults et
al., 1992; Louis et al., 1993; Newcomb et al., 1993). Again, these have been found in both low-
grade tumours as well as glioblastomas (von Deimling et al., 1992). Transfection of glioma cell
lines with wild-type p53 markedly inhibits cell proliferation irrespective of whether the cell
lines are derived from low- or high-grade gliomas and in addition induces the expression of
differentiated features in the cell cultures (Merzak et al., 1994a). Similarly, when wild-type p53
was transfected into a medulloblastoma cell line, there was a restoration of cell cycle control in
the transfected cells (Rosenfeld et al., 1995).

Mutation of p53 may not be an obligatory step in neuroepithelial tumorigenesis. There can be
p53 mutation-dependent and mutation-independent pathways to tumorigenesis (van Meir et al.,
1994a). A high frequency of p53 accumulation has been described in low-grade and anaplastic
astrocytomas in the absence of mutations of the gene (Lang ef al.,, 1994). In these cases where
tumorigenesis takes the mutationindependent pathway, wildtype p53 inactivation could
conceivably occur through sequestration of the protein. Saxena et al. (1992) suggested the
possibility of another suppressor gene located close to p53 being responsible for tumour
formation. As van Meir et al. (1994a) have pointed out, one does come across astrocytomas in
which neither heterozygosity at the p53 locus or mutations of the gene is found. They also
examined 13 glioblastoma cell lines for p53 mutation status and found that four of these had
retained their wild-type phenotype. Indeed, if p53 mutations were a significant cause for the
genesis of these tumours, one would have expected that in familial gliomas germ line mutations
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of p53 would be found but this does not appear to be the case and no mutations have been
detected in exons 5-9 (van Meyel et al., 1994a), but the authors do not exclude alterations
outside these exons.

Germ line p53 mutations have been reported by Kyritsis et al. (1994) in six out of nine
patients with multifocal glioma, of which two patients had familial history of cancer, one patient
with another form of primary neoplasm and two with all three risk factors, namely multifocality,
a different primary neoplasm and familial cancer. In contrast, no mutations were found in one
patient with unifocal glioma plus another primary tumour and in twelve patients with unifocal
glioma and without a second malignancy or familial cancer incidence.

There are some reports which suggest that the expression of p53 protein is related to tumour
grade (Bruner ef al., 1991; Ellison ef al., 1992; Jaros et al., 1992; Chozick et al., 1994). But Kros
et al. (1993) have reported a total absence of any correlation between p53 mutation and tumour
features such as grade, mitotic index and ploidy, in oligodendrogliomas. However, these authors
observed that the presence of >75% p53 protein-positive cells within a tumour related strongly
to a very unfavourable clinical outcome.

There is an interesting piece of evidence adduced by Sidransky et al. (1992) which suggests
the association of p53 mutations with disease progression. They studied seven pairs of gliomas
which were high-grade tumours at both presentation and recurrence (group A), and another
group of three gliomas which were low grade at presentation but had progressed to a higher
grade at recurrence (group B). Three out of four recurrent tumours which had p53 mutations
had the same mutation at the primary stage. In group B tumour pairs, a small proportion of cells
of the low-grade tumours contained the same p53 mutation as the tumours which had
progressed to the glioblastoma stage. Iuzzolino et al. (1994) found that median survival time of
patients with low-grade glioma was similar irrespective of p53 protein expression status. But
upon S-year follow-up, there was a marked differentiation between p53-positive and p53-
negative groups. The estimated survival for p53-negative group was 45.9% compared with 21.2%
for the p53-positive group. These data may be interpreted as suggesting that the small
subpopulation carrying the specific mutation may subsequently expand into recurrent tumour
of a higher grade. However, contradictory views have also been expressed. Koga et al. (1994)
have argued that low-grade gliomas not only carried p53 mutations but that they took too long
to recur and therefore mutation of the gene may not be relevant to their progression. The report
by Kraus et al. (1994) supports this view; this report shows that mutations which characterised
17 out of 38 low-grade astrocytomas also occurred in six out of 10 highgrade recurrent
tumours. However, in support of Sidransky et al. (1992) one must cite the work of van Meyel et
al. (1994b) in which 15 astrocytic tumours were screened for mutations in exons 5-9, both at
the low-grade primary stage and recurrent anaplastic stage. They found a highly significant
correlation between mutation status of primary and recutrent gliomas, i.e. primary tumours
with mutated p53 are liable to recur as anaplastic gliomas. Delarco et al. (1993) found that both
low- and high-grade tumours contained mutations but noted a significant difference. The
mutations in the low-grade tumours were heterozygous but in high-grade gliomas both alieles
of the genes had mutated. This suggests operation of the familiar two-hit mechanism.
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Taking a wider view of the situation, one may comfortably postulate that cell subpopulations
carrying p53 mutations may be at a selective advantage in that they are not subject to growth
control normally exerted by this gene and this might enable them to progress to a more
malignant stage. Nevertheless, one must bear in mind that one is considering only a facet of the
process of progression, namely proliferative ability, and the possible relationship between the
incidence of p53 mutation and the acquisition of metastatic ability is yet to be demonstrated.
Possibly, gliomas are not ideally suited as a model for this. These tumours are a remarkable
group of tumours because they are intrinsically highly malignant and can be locally highly
invasive, but they do not normally metastasise to extracranial sites (Sherbet, 1987). It would
appear that enhanced p53 expression may be associated with malignancy but no attention
seems to have been focused upon a possible relationship between invasive ability and p53
expression in gliomas. Such information would be valuable in the management of patients. A
study of gastric carcinomas has revealed that in undifferentiated tumours p53 expression
correlated with depth of tumour invasion (Kushima et al., 1994). High levels of p53 protein
have been detected in both pre-invasive and invasive squamous cell carcinomas of the
oesophagus and mutation of p53 may indeed precede the invasive stage (Bennett ef al., 1992).
In some breast tumours greater nuclear staining for p53 protein has been reported in the
invasive margins of the tumours (Friedrichs ef al., 1993). Laryngeal carcinomas that progress to
the invasive stage tend to be more frequently p53-positive (Munck-Wikland et al., 1994). Over-
expression of the protein is also a feature of pre-invasive male germ cell tumours (Bartkova et
al., 1991).

Cutaneous melanomas show marked p53 immunoreactivity (Bartek et al., 1991; Stretch et al.,
1991; Cristofolini et al., 1993; McGregor et al., 1993). Cristofolini et al. (1993) also examined a
series of 75 benign skin naevi and described 15% of these specimens as p53-positive. It ought to
be pointed out, however, that the criteria for declaring specimens as positive for p53 staining
vary considerably. Cristofolini ef al. (1993) found less than 1% of cells composing the naevi
stained for p53, but the melanomas contained a far higher proportion of p53-staining cells; also
six out of eight metastatic melanomas were p53-positive with up to 10% of cells staining for the
p53 protein. McGregor et al. (1993) found malignant melanoma to be highly p53-positive with
the majority of tumour cells (>75%) staining for p53. These authors regarded tumours with
<10% cells staining for p53 as weakly positive. It seems reasonable therefore to regard the
Cristofolini series of benign naevi as weakly staining or indeed p53-negative, as in the McGregor
et al. (1993) series of benign naevi. However, other investigators, €.g. Campbell et al. (1993),
believe that mutations of p53 tend to be early events, preceding even the invasive stage.

Invasive bladder cancers appeared to be more immunoreactive than superficial tumours
(Wright et al,, 1991). In this tumour type a strong association between tumour stage and grade
and p53 protein expression has been reported also by Moch et al. (1993). Tumours belonging to
stage pT1 and pT2-4 were more frequently p53 positive compared with pTa. Both pTa and pT1
are regarded as non-invasive stages. The differences in p53-positivity of these two stages might
be of some clinical value. The association between p53 expression and incidence of metastatic
lesions was also very strong. In a series of patients, metastases occurred in 77% of 48 patients
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with p53-positive tumours but only in 50% of 24 patients with p53-negative tumours. As noted
previously, metastatic melanomas have been reported to be predominantly p53-positive
compared with primary malignant tumours (Cristofolini et al, 1993), which confirms the
increased detection of mutant p53 protein in metastatic melanoma reported by Stretch et al.
(1991).

It might be of some interest to note in this context that p53 is mutated in MDA-MB-231
breast cancer cells which are more invasive in vitro compared with MCF7 breast cancer cell
line which show no p53 abnormality. This is compatible with the observation that the MDA
cell lines expresses the $-100 family 1842/mtsI gene very strongly. Expression of this gene is
further closely associated with CD44 expression and greatly enhanced metastatic potential
(Sherbet and Lakshmi, 1995). It would appear that the expression of the patriarch $-100
protein is related to the depth of invasion of transitional cell carcinoma of the bladder (Inoue
et al., 1993). Furthermore, p53 positive tumours tend to express epidermal growth factors
and may respond positively to extracellular growth factor signals. Admittedly, most of this
evidence is indirect and circumstantial, but it would be reasonable to assume that invasive
potential and progression of tumours may be reflected in p53 expression status. Thus, the
evidence for the involvement of 53 mutations and interaction with other cellular proteins in
relation to tumour development and progression may be described as overwhelming;
however, one should not lose sight of the fact that some carcinogenic processes do not
appear to involve any alteration of the gene at all. Tobaccorelated oral carcinomas do not
show p53 aberrations. Thirty-cight oral squamous carcinomas, believed to be associated with
tobacco chewing or smoking, have been reported to show low p53 expression by
immunohistochemistry and in only five out of the 38 tumours in which over-expression
occurred have mutations been detected in exons 5-9 (Ranasinghe et al, 1993ab).
Unfortunately, the study does not include p53 abnormalities in a comparable control
sample. Similarly, Matthews ef al. (1993) found no influence of tobacco smoking on p53
protein expression in lingual squamous cell carcinomas. However, earlier studies have
supported a link between smoking and p53 positivity of oral and head and neck cancers
(Field et al., 1991, 1992; Ogden et al., 1992). Point mutations in the conserved exons of the
gene occur only at a very low frequency in chemically induced renal mesenchymal tumours
of rat (Weghorst et al., 1994). Human kidney epithelial cells exposed to and immortalised by
nickel compounds, however, show a T — C transition in codon 238 (Maehle et al., 1992).

It would be worthwhile also pointing out here that there are instances where low levels of
mutations may occur or none may be encountered at all. For instance, mutations of p53 are
detected at very low levels also in myelodysplastic syndrome (Jonveaux et al., 1991; Neubauer,
1993). None have been found in the exons 5-8 of the gene in benign parathyroid adenomas and
carcinomas (Hakim and Levine, 1994). The Li-Fraumeni syndrome which carries germ line
mutations of p53 does not include parathyroidism as a feature (Frebourg and Friend, 1992).
Furthermore, p53-deficient mice, in which a host of spontaneous tumours can arise, do not
develop parathyroid tumours (Donehower ef al., 1992). It can be suggested therefore that p53
modifications may not be associated with the development of parathyroid neoplasia. However,
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aberrations of the rb gene (Cryns et al., 1993) and cyclin D1 (PRADI) (Armold et al., 1992) are
known to occur in these neoplasms. Both of these genes, like p53, are closely involved in the
control of cell cycle progression.

Somewhat intriguing, but nonetheless relevant in this context, is the observation in some
studies that patients who have gliomas with mutated p53 have survived significantly longer than
patients whose tumours contained no mutations (van Meyel, 1994b). According to Jones et al.
(1995), patients with high-grade gliomas showing loss of heterozygosity for chromosomes 17
and 10 also survived considerably longer than patients with tumours that did not exhibit loss of
heterozygosity. To add to the uncertainty, some investigators have claimed that the occurrence
of p53 mutations does not relate to prognosis at all (Danks et al., 1995) while others claim that
they indicate poor prognosis in high-grade gliomas (Soini et al, 1994). Similarly, much
uncertainty exists in the case of advanced stages of non-small cell lung cancer even though
P53 abnormalities have been significantly associated with poor prognosis (Mitsudomi et al,
1993).

The conclusion is inescapable that relating p53 abnormalities to state of tumour progression
and using mutations status is fraught with difficulties on account of the existence of numerous
factors which determine the course of the disease. In addition to the obvious pathways by
which p53 might function, the point at which it might impinge upon tumour progression also
appears to be variable. Whereas in some tumours its involvement might be in the early stages of
development, in others such as colonic tumours, abnormalities of the gene occur as late events.
This may be the reason why the influences of p53 on the clinical course of the disease are so
variable. Furthermore, although it is easy to envisage the impact of the loss of control on
proliferation to tumour development, there are no testable hypotheses as to how p53 might be
involved in cell transformation. For example, mouse astrocyte cells lacking both alleles of the
gene (p53 —/—) have been found to grow faster in early passages than those which possess
both alleles. These cells do not show transformation but upon repeated passaging in culture
they do transform and exhibit changes in ploidy and karyotype (Yahanda ef al., 1995), possibly
suggesting that some other gene, entering into the fray in a different time frame, might be
leading the cells on to the path of transformation.

Subcellular localisation of p53 protein

The p53 phosphoprotein is a nuclear protein. The Cterminal region of the protein contains
signals for nuclear localisation (Dang and Lee, 1989; Addison et al., 1990; Shaulsky et al., 1990).
Mutant proteins with deletions in the C-terminal region show cytoplasmic localisation (Sturz-
becher et al., 1988). Similarly, mutations occurring in the proximity of the nuclear localisation
signal domain can affect the localisation of the human p53 (Diller et al., 1990). Consistent with
this, the protein can show nuclear and/or cytoplasmic localisation. Moll et al. (1992) and
Stenmark-Askmalm et al. (1994) found the protein in both locations. Staining for the protein can
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be exclusively nuclear or cytoplasmic, or a mixture of both (Faille et al., 1994). Non-Hodgkin’s
lymphomas show virtually exclusive (90 out of 96 samples) nuclear staining (Pezzella et al.,
1993a). Its localisation in breast cancer was described as predominantly cytoplasmic (Horak et
al.,, 1991). Both the nucleus and the cytoplasm may be stained in melanomas (Weiss ef al., 1993;
Parker et al., 1994a).

In the light of the interactions of p53 with cellular proteins (see page 31), it seems likely that
the subcellular localisation patterns seen in tumours might be suggestive of the pathways by
which wild-type and mutant proteins might be functioning. Moll et al. (1992) carried out
sequence analysis of p53 cDNAs from breast cancers showing cytoplasmic staining and found
wild-type alleles in six out of seven specimens. In contrast, where nuclear staining of p53 was
encountered, missense and nonsense mutations were found. Furthermore, a sample of normal
lactating breast tissue also showed cytoplasmic p53 staining. Cytoplasmic accumulation of p53
is encountered in non-neoplastic salivary gland but in neoplastic lesions the distribution is
mainly nuclear (Li XW ef al, 1995). Kastrinakis et al. (1995) found that in some hepatic
metastases of colorectal carcinomas nuclear staining for p53 was seen, but not in the
corresponding primary tumours. They further showed that the metastatic tumours carried
point mutations of the gene but no mutations were detectable in the primary tumours. Thus, the
mutant protein might tend to localise predominantly in the nucleus. Parker et al (1994a)
showed that in B16 murine melanoma cells up-regulation of the metastasis-associated 1842/
mitsl gene was accompanied by a parallel increase in the detection of p53 protein, in both
nuclear and cytoplasmic locations and often with marked accumulation in the submembranous
regions. They suggested that the 18A2/mts1 protein, which strongly associates with cytoskeletal
proteins, might be sequestering the wild-type p53 and that this could account for the
cytoplasmic location of p53.

On the basis of these observations, it may be suggested that the subcellular localisation of p53
protein might yield vatuable information about the pathways of p53 functioning, especially in
relation to its cooperation with other cellular proteins which might be involved with or impinge
upon the processes of cellular transformation. It is conceivable, therefore, that the patterns of
p53 protein staining may be related to tumour development and progression. There are several
indicators in this direction. Nuclear p53 staining is far more predominant in aneuploid tumours
than in diploid tumours (Sun et al., 1993). In breast cancer where both nuclear and cytoplasmic
staining is seen, p53 accumulation correlates strongly with DNA ploidy, among other variables
(Stenmark-Askmalm et al., 1994). There are also indications that p53 staining pattern might be
related to cancer prognosis. p53 staining of both the nucleus and the cytoplasm of colorectal
tumours was associated with poor survival of the patients compared with p53-negative tumours
and patients with tumours that showed either nuclear or cytoplasmic staining showed
intermediate survival (Sun et al., 1993). Cytoplasmic staining in the absence of nuclear staining
correlated with survival free from recurrent or distant metastatic disease (Stenmark-Askmalm et
al., 1994), whereas, in sharp contrast, nuclear p53 staining was found with advanced stages of
prostate cancer and metastatic disease in the bone (Aprikian et al, 1994). In a series of
colorectal tumours investigated by Kastrinakis ef al. (1995), nuclear localisation of p53 occurred
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together with point mutations of the gene in hepatic metastases but not in the corresponding
primary colorectal tumours. Although not every study of p53 expression contains unequivocal
information about the pattern of expression, from the data available to date it would be
reasonable to suggest that this would be highly relevant in the prediction of the course of the
disease.

p53 protein as a transcription factor

The biochemical basis for p53 function is the ability of the phosphoprotein to regulate
transcription by binding to DNA. The region between residues 120 and 290 functions as a
specific DNA-binding domain. The consensus nucleotide sequence for p53 binds to DNA is 5-
Pu-Pu-Pu-CA/T-A/T-G-Py-Py-Py-3’ (El-Deiry et al, 1992; Funk et al, 1992). p53 will enhance
transcription of a gene that has a p53 responsive element (Farmer et al., 1992; Zambetti et
al., 1992). There are five conserved regions in the p53 protein, namely I, IL, IIl, IV and V.
Regions II-V carry 68% of missense mutations and the corresponding codons 120-290 contain
86% of p53 mutations. Therefore this section of the protein encompassing regions II-V might
contain a domain essential for p53 function. Missense mutations of abnormal p53 will result
in a defective protein product which cannot bind to a target gene with a p53 responsive
element.

The wildtype p53 phosphoprotein can down-regulate a variety of promoters including f-
actin, hsp 70, cjun, cfos, mdrl and PCNA (proliferating cell nuclear antigen) (Ginsberg et al.,
1991; Chin et al,, 1992; Deb et al., 1992; Subler et al., 1992; Zastawny et al., 1993). Several
promoters, which include SV40 early promoter-enhancer, herpes simplex virus type 1 (HSV-1)
thymidine kinase and UL9, and LTR promoters of Rous sarcoma virus and human immunodefi-
ciency virus, and human T-lymphoblastic virus type 1, are repressed by wild-type p53 (Subler et
al., 1992). A mutation of p53 at amino acid 143 resulted in a significant release of inhibition of
transcription of reporter genes placed under the control of these cellular and viral promoters.
Mutations at amino acid positions 143, 175, 248, 273 and 281 that are commonplace in cancer,
were also associated with the release of inhibition of HSV-1 thymidine kinase promoter (Subler
et al., 1992). Furthermore, whereas wild-type p53 activates promoters with the appropriate
binding sites, transcription is inhibited from promoters which lack these sites. Martin et al.
(1993) have shown that the TATA-binding protein (TBP) interacts with wildtype and with
mutant p53 and that the TBP-p53 complex then binds the TATA box; they suggest that the
nature of the complex might determine the success of transcription. Funk et al. (1992) found
that én vitro p53 binds only when it is used together with nuclear extracts and therefore suggest
that either p53 may need to be post-translationally modified or may need to form complexes
with other nuclear proteins.
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Alternative splicing of the p53 gene transcript

Genetic alterations of the p53 gene and its dysfunction as a consequence leads, as the preceding
pages have shown to a deregulation of cell proliferation and pathogenesis. Other modes of p53
regulation involving post-transcriptional events such as the alternative splicing of pre-mRNA
have been suggested. The generation of splice variants of pre-mRNAs of several genes, including
P53, has been known for some years. In rat tissues, in which alternative splicing of the original
P53 transcript has not yet been found, p53 pseudogenes have been identified which could
result from the integration of spliced mRNAs into the genome of the germ line (Lin and Chan,
1995).

It has been postulated that p53 splice variants may have a role in the regulation of the
function of this gene. A specific pattern of expression of splice variants has been reported in
mouse epidermal cells. The major form of splice variant of p53 here is said to be expressed in
the G, phase and a splice variant, with an additional 96 nucleotides resulting from alternative
splicing of intron 10 sequences, is expressed mainly in the G, phase (Kulesz-Martin et al., 1994).
It is conceivable that this differential expression may have some bearing on the transition of
cells at the G;-S and G,M boundaries, but at present there is no experimental evidence to link
individual p53 transcripts to either checkpoint.

Alternative splicing may modulate the activation of p53 transcription. According to Bayle et
al. (1995), alternative splicing of the mouse p53 pre-mRNA generates a variant in which the
amino acid residues 364-390 are replaced by 17 different residues, which is in accord with the
findings of Kulesz-Martin et al. (1994). The murine p53 has two DNA-binding domains - a
domain spanning amino acid residues 102-290, constituting a sequence-specific binding site,
and another site encompassing amino acid residues 364-390, which is a DNA-binding site
without sequence specificity. Bayle ef al. (1995) found that the alternatively spliced form
(p53as) is constitutively a sequence-specific binding isoform that has lost its non-specific DNA
binding ability. This is consistent with the findings of Wu et al. (1994) who described some
differences in sequence-specific binding of isoform (p53as) generated by alternative splicing.
They noted that p53as exhibited far greater sequence-specific DNA binding than the normal
splice isoform (p53ns). Furthermore, p53as levels were far lower than p53ns and p53as
occurred as a heterodimer with wild-type 53 protein (Wu et al,, 1994). Flaman et al. (1996)
have shown that human lymphocytes express a splice isoform with reduced transcriptional
activity that is expressed only in quiescent cells. Again, in this isoform, the Cterminal region is
affected by alternative splicing. It is possible that p53 function could be regulated by the levels
of expression of individual isoforms and that the sequence-independent DNA-binding site,
which is lost in p53as, regulates sequence-specific binding of p53ns.

The occurrence of alternatively spliced p53 transcripts have been found in many normal
tissues and cell lines, including normal human lymphocytes. There has even been a suggestion
that splice variants may be expressed in a tissue- or even a species-specific fashion (Will et al.,
1995). In analogy with the occurrence of alternatively spliced variants of other macromolecules,
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alternative splicing of p53 may represent a regulatory mechanism from which one can envision
abnormal cell proliferation and aberrant behaviour.

The functions of p53 as a transcription factor may be impaired, as discussed above, not only
by mutation and alternative splicing of the gene transcript, but also consequent to its interaction
with transforming viral proteins. Several cellular proteins have been discovered which can also
inactivate the transcription factor function of p53.

Regulation of mdm2 by p53

The mdm2 (murine double minute 2) was isolated from transformed mouse 3T3 cells and its
expression was associated with high tumorigenic potential (Cahilly-Snyder et al, 1987,
Fakharzadeh et al, 1991). This gene has been mapped to chromosome 12q13. The mdm?2
gene is amplified in a number of human malignancies. Multiple transcripts of mdm2 have been
detected in breast epithelial cells, with protein products ranging from 54-68 kDa to 90-100 kDa
(Gudas et al., 1995a). mdm2 has been shown to bind p53 protein and inactivate its function as a
transcription factor (Momand et al., 1992). Recently, Picksley et al. (1994) have established the
mdm?2 binding site to the sequence TFSGLW in mouse and TFSDLW in man (amino acids 18-23)
at the Nterminal end of p53.

The oncogenic properties of mdmZ2 have also been attributed to p53 inactivation (Momand et
al., 1992; Oliner et al., 1992; Barak et al., 1993; Finlay, 1993). mdm2 expression is itself up-
regulated by p53 (Barak et al, 1993; Otto and Deppert 1993; Wu et al, 1993). The mouse
mdm2 contains two promoters; one of these, Py, is located upstream of the gene and the
second promoter P, occurs within the first intron. Transcription from P, has been shown to be
strongly p53-dependent, but the up-stream promoter P, is only mildly responsive (Barak ef al,
1994). The human mdm?2 also contains the highly p53-responsive intronic promoter (Zauber-
man ef al., 1995). This activation pattern results in two distinct transcripts which translate into
mdm2 proteins with different p53 binding ability (Barak et al, 1994). When there is a
suboptimal induction of p53, as in ataxia telangiectasia (AT) cells, there is also a suboptimal
induction of mdm2 and other proteins such as Gadd45 and p21 (wafl/cipl) (Canman et al.,
1994). Transfection of wildtype p53 has been shown to restore wild-type p53 function and
increase the levels of mdmZ2 expression (Rosenfeld et al., 1995).

mdm?2 abnormalities in cancer

Amplification of mdm2 and/or abnormal expression of mdm2 protein has been described in a
variety of human neoplasms. Earlier studies reported an increase in tumorigenic potential in
cells which exhibited amplified mdm2, often accompanied by mutations in p53. However, it is
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still unclear whether mdm2 has an intrinsic tumorigenic ability and whether the degree of its
expression is indicative of tumour progression. The amplification of mdm2 has been reported in
a number of human sarcomas, with approximately 10% of the tumours carrying both mdm2
amplification and p53 mutation (Oliner et al., 1992; Cordon-Cardo et al., 1994). In bladder
cancer, high levels of mdm2 and p53 proteins have been described and in 18% of the tumours
both the proteins were highly expressed (Lianes et al, 1994). In Hodgkin’s disease co-
expression of these genes in the same cell is also quite common (Chilosi et al, 1994). A
significant association between p53 mutations and over-expression of mdm2 protein, without
mdm2 gene amplification, has been described in a study of thyroid carcinomas (Zou et al,
1995). However, mdm2 abnormalities do not always occur wherever there are abnormalities of
D53. Esteve et al. (1993) identified p53 mutations in exons 5-8 in 12 out of 24 oesophageal
carcinomas, but none of these had mdm2 amplification. No amplification or over-expression of
mdm2 was detectable in ovarian carcinomas where 50% of the tumours contained p53
mutations (Foulkes ef al., 1995). Similarly, p53 and mdm2 abnormalities did not coincide in
human melanomas (Florenes et al, 1994), nor is inactivation of p53 by HPV oncoprotein
accompanied by mdm2 amplification (Miwa et al., 1995). Abnormalities of mdm2 can occur
with or without mutations of p53, e.g. in leukaemias (Quesnel et al., 1994a; Schottelius ef al.,
1994). In human malignant gliomas which had mdm2 amplification no p53 mutations were
detectable (Reifenberger et al., 1993). Watanabe et al. (1994) found low mdm2 expression in
normal B-cells but there was a 10fold greater expression in 28% of chronic lymphocytic
leukaemias and non-Hodgkin's lymphomas. The mdm2 protein is expressed at very low levels in
non-small cell lung carcinoma, irrespective of p53 status (Maxwell, 1994; Marchetti et al,
1995a). Paediatric tymphoblastic cell lines which expressed wild-type p53 also invariably over-
expressed mdm2 protein, although no amplification of the gene was encountered (Zhou et al.,
1995).

mdm2 binds to the N-terminal end of p53 and mutations in the DNA-binding domains
(corresponding to conserved regions 11-V) of p53 do not affect mdm2 binding to p53 (Marston
et al., 1994). Furthermore, not all mdm?2 isoforms possess equivalent p53 binding ability, and a
splice variant lacking the N-terminal region was found to be devoid of p53-binding capacity
(Haines et al., 1994). Nonetheless, it is possible that mdm2 is regulated by wild-type p53 but
may be expressed independently of mutated p53. As noted earlier, mdm2 contains two
promoters, Py and P,, which are differentially responsive to p53 and this results in the
generation of two transcripts which conceivably might have different biological functions.
Interestingly, p53 and mdm2 appear to be functionally independent during cell proliferation
and, whereas p53 synthesis parallels DNA synthesis, that of mdm2 does not (Mosner and
Deppert, 1994). Furthermore, there is evidence that over-expression of wild-type p53 can occur
without the involvement of mdm2 protein (Maestro et al, 1995). Therefore, one might
legitimately raise the question whether p53 sequestration by another gene product might play
an important part in cell proliferation and also in tumorigenesis.

mdm?2 has been regarded as a component of an autoregulatory feedback system relating to
D53. A transcription regulatory role independent of p53 has been suggested for mdm2 on the



Cell cycle regulation and pathogenesis of cancer 45

basis of its ability to interact with human TATA-binding protein in vitro and in vivo in the
absence of p53 (Leng ef al., 1995). There are probably other proteins which have not yet been
characterised that might interact with mdm2 proteins (Gudas et al., 1995a). It would appear
that p53 and mdm2 abnormalities might represent distinct but not mutually exclusive pathways
of tumour development and progression. This conclusion is further supported by the observa-
tion that the suppressor retinoblastoma-susceptibility gene (rb), another major player in
neoplastic progression and cell cycle regulation, is also known to be negatively regulated by
mdm?2 (Xiao et al., 1995).

mdm2 and tumour progression

It would be premature to weigh the significance of over-expression of mdm2 and p53 in relation .
to cancer prognosis, although the studies discussed above have suggested a possible relation-

ship between them, Cordon-Cardo et al. (1994) reported that high expression of both genes in

the same tumour correlated with poor survival. In leiomyosarcomas, abnormalities of either p53

or mdm2 appeared to be associated with a more advanced clinical stage of the disease

(Patterson et al., 1994). Three cases of Ewing’s sarcomas which had metastasised showed

mdm2 amplification, whereas only one of 15 mdm2-negative primary tumours had metastasised

(Ladanyi et al.,, 1995). However, the cyclin-dependent kinase CDK-4 gene was co-amplified in

the tumours that had metastasised and therefore it is difficult to evaluate the significance of
mdm2 amplification alone in relation to the metastatic process, from this study. Nilbert et al.

(1995) found mdm2 amplified in five malignant fibrous histiocytomas, whereas in 11 other
tumours, which included pleomorphic liposarcomas and atypical lipoma, 2-5 other genes were

also amplified. Thus, although mdm2 may be the major target of amplification, other genes in

the 12q13-15 amplicon may also be co-amplified.

In breast cancer, no correlation is seen between clinico-pathological and biological
parameters and mdm2 protein levels (Marchetti et al, 1995b), where amplification of the
gene may be a rare event (Quesnel et al., 1994b; McCann AH et al., 1995). Co-amplification of
certain oncogenes, and of growth factor and oestrogen receptor genes has also been reported,
e.g. Wnt-2, myc, ras, erbB2, etc. (Fontana et al., 1994; Habuchi et al., 1994; Marchetti et al.,
1995b). This only emphasises the importance of examining the significance or functions of the
genes which are co-amplified with mdm2.

There is a suggestion that high mdm2 expression may be related to the degree of
differentiation of liposarcomas (Nakayama et al., 1995). Increase in p53 and mdm?2 positivity
seems to correlate with loss of differentiation in premalignant and malignant lesions of the
oropharyngeal mucosa. In the late stage of this disease a far higher number of specimens have
proved to be positive for both p53 and mdm2 (Girod ef al., 1995). As mentioned earlier,
multiple transcripts of mdm2 has been identified in breast epithelial cells and the low
molecular weight form of mdm2 is expressed abundantly in normal epithelial cells, whereas
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in tumour cells the level of expression is highly variable (Gudas et al., 1995a,b). Whether this
has any biological significance with regard to tumour differentiation or behaviour has yet to be
studied.

Transactivation of growth factor receptor genes by p53

Epidermal growth factor receptor (EGFr) expression has long been regarded as an indicator of
malignancy in certain forms of human cancer. Therefore, it is of considerable interest that high
EGFr expression has often been found to accompany p53 abnormalities. EGFr over-expression
has shown significant correlation with p53 mutation status in oesophageal carcinomas (Esteve
et al., 1993). p53 overexpression is strongly correlated with EGFr expression in breast cancer
(Horak et al., 1991). Wright et al. (1991) found that p53 and/or EGFr over-expression was
strongly associated with invasive transitional cell carcinoma of the bladder, but there was no
statistically significant association between p53 and EFGr expression. Amplification of c-erbB2
was found together with mdm2 amplification in breast cancer (Fontana et al., 1994). Over-
expression of p53 and erbB2 has been reported in breast cancer (Horak et al., 1991; Tsuda et
al., 1993), in bladder cancer (Moch et al, 1993), and in adenocarcinoma of the stomach
(Sasano et al, 1993). Although there appears to be a general association between growth
factor receptors and p53 broadly in the same tumour, it is unclear whether the amplification
of these markers occur concomitantly in the same cells within a tumour. Co-ocalisation of the
proteins can occur in a proportion of cells within a tumour (Sasano et al, 1993).
Unfortunately, there are too few studies of this rather important feature of co-expression.
Nevertheless, it should be pointed out that wild-type p53 can transactivate the human EGFr
promoter (Deb et al,, 1994). It is therefore conceivable that wild-type p53 will induce EGFr
expression in some cell types and possibly under specific conditions, e.g. post-G; delay for
DNA repair. Since the EGFr induction effect is apparently dose-dependent (Deb et al., 1994), it
is feasible that this could provide a pathway for mutant p53 proteins, which accumulate in
large amounts on account of their significantly long halflife, to participate in cell proliferation.
Alternatively, EGFr and p53 signal transduction may follow independent paths, because EGFr
expression can also occur where no concomitant increase in p53 expression occurs (Gilhus et
al., 1995).

GADD genes and their regulation by p53

Having discussed how p53 influences positive signals for proliferation imparted to the cell by
growth factors, it would be appropriate to discuss the role of this suppressor protein in
regulating genes which impart growth arrest signals. The GADD (Growth Arrest and DNA
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Damage inducible) family of genes are induced by DNA damage and are associated with
growth suppression. GADD45 has a p53 responsive element in the third intron and p53
obtained from irradiated cells binds this to the p53 responsive element (Kastan ef al., 1992)
and GADD45 transcription increases upon the DNA being damaged (Fornace et al, 1989).
Using temperature-sensitive mutant p53 transfectants, it has been shown that activation of
wild-type p53 function induces GADD45, waf1/cip1 (see page 60) and mdm2 (Guillouf et al.,
1995). Obviously, p53 is regulating its expression in order to inhibit the entry into the S-phase.
Thus, p53 regulates two different sets of genes in order to fulfil its function of detaining DNA
damaged cells at the G-S checkpoint and releasing the inhibition when DNA repair has been
catried out.

The MyD genes are a group of genes involved with myeloid differentiation; MyD116 is a
murine homologue of the hamster GADD34. MyD118 and GADD45 encoded proteins from
different species possess a high degree of homology (Carrier et al., 1994; Yoshida et al., 1994).
GADD34/MyD116, GADD45, GADDI153 and MyD118 code for certain acidic proteins and
share this property and pattern of induction by p53 with mdm2 (Zhan et al., 1994). GADD45 is
a nuclear protein and is expressed in normal tissues, especially in quiescent cell populations. Its
expression is high in G, cells but it is reduced in S-phase cells (Kearsey ef al., 1995). Another
feature shared with other p53 regulated genes such as p21 (waf1/cip1) is the ability of GADD45
to interact with proliferating cell nuclear antigen (PCNA) (Smith et al, 1994), which is a
component of DNA replication-repair complexes. GADD45 can also bind to p21 (wafl/cipl)
protein (Kearsey et al., 1995).

Zhan et al. (1995) compared the response of GADD45, wafl/cipl and mdmZ to ionising
radiation (IR) in a panel of human cell lines. All three genes showed similar levels of
transcriptional response to IR and the response was p53-dependent; radiosensitisers enhanced
and caffeine inhibited GADD45 and waf1/cip1 induction by IR. GADD45 and wafl/cip1 also
showed similar growth suppressive effects. In ataxia telangiectasia cells, where p53 induction
by exposure to radiation is delayed, the transcription of GADD45 and waf1/cip1 is also delayed
(Artuso et al., 1995). Wild-type p53 may also modify the expression of other negative growth
regulators. The mitogenic signal provided by insulin-ike growth factor-1 (IGF-1) is inhibited by
IGF-binding protein 3 (IGF-BP3) and it would appear that wild-type, but not mutant, p53 can
induce the expression of IGF-BP3 (Buckbinder ef al., 1995).

Investigations of the association of GADD family members with tumorigenesis have already
begun. GADD153, which is apparently activated by a chromosomal translocation (t12,16) in
human myxoid liposarcoma, has been found to be amplified in two sarcoma cell lines and
tissues derived from human sarcomas. It is possible that the contribution of GADD153 may be
complementary to other genes such as mdm2 which is also co-amplified with GADD153 (Forus
et al., 1994).
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Metastasis-associated 1842/ mts1 gene in cell cycle progression

The genes of the $-100 family encode a host of Ca®* proteins which subserve several important
physiological functions. The expression of these proteins is known to be closely associated with
cell cycle progression. Several members, e.g. S-1008, calcyclin, etc., are expressed in specific
stages of the cell cycle. In common with these other members of the §-100 family, the mouse
homologue of 1842/mts1 gene also shows cell cycle-related expression ( Jackson-Grusby e al.,
1988). Its expression is also associated with microtubule depolymerisation (Lakshmi et al,
1993). Both Lakshmi ef al. (1993) and Parker et al. (1994a) have therefore examined whether
the expression of 1842/mts1 and p53 are related. In these studies, they have demonstrated that
an experimental modulation of 1842/mts! expression also produces variations in p53 protein
expression. The detection of p53 increased or decreased in parallel with increase or decrease in
1842/mts] expression. In B16F10 murine melanoma variant cells carrying transfected 1842/
misl gene, switching on its expression markedly increases p53 detectability (Parker et al.,
1994b). It should be pointed out that Pedrocchi et al. (1994) found no correlation between p53
and 1842/mts] expression. It is difficult to assess this work, since they provided no data
concerning p53 in the human cancers they studied. However, we would like to emphasise that
we have consistently found a correlation between these two features in a variety of
experiments, which included gene transfer studies.

The mutated forms of p53 have a longer halflife and are therefore detectable by immuno-
histochemical staining. Increased levels of wild-type p53 can be detected when these proteins
form complexes with other macromolecules and thus become stabilised (Reich et al., 1983;
Jenkins et al., 1985). Baudier et al. (1992) have recently shown that the $-100f protein, which
has a 55% sequence homology with the 18A2/mts] protein in respect of the Ca**binding
domains (Ebralidze et al., 1989) forms a complex with the p53 phosphoprotein. This has
therefore led to the suggestion that the correlation between 1842/misl expression and p53
phosphoprotein may be due to the formation of such a complex and the consequent
stabilisation of p53, allowing its detection immunohistochemically (Parker et al., 1994a) (see
Figure 8).

The formation of the 18A2/mtsl-p53 complex may effectively sequester p53 and thereby
result in the loss of control of cell proliferation which is normally exercised by wild-type p53.
We know that melanoma cells in which 1842/mis1 is up-regulated show greater anchorage and
localisation in the lung (Parker et al, 1991, 1994b). Therefore it seems possible that p53
sequestration by 18A2/mts1 may conceivably be involved in the 1842/mtsl-induced metastatic
spread.

The $-100 proteins are known to inhibit phosphorylation of target proteins such as annexin
II (Bianchi et al., 1992). $-100 proteins also modulate tyrosine phosphorylation of a number of
substrate proteins by pp60°™, but not by protein kinase C, which suggests that $-100 might
interact with substrate-binding sites of tyrosine kinases and regulate tyrosine phosphorylation
(Hagiwara et al., 1988). However, Baudier et al. (1992) reported that S-100f binds to p53 in a
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Figure 8. Possible pathways of function of the 18A2/mts1 protein in cell cycle regulation and
cancer invasion. Induction of 1842/mts1 expression drives the cells into the S-phase of the cell
cycle and concomitantly causes an increase in the detectability of p53 protein. It is suggested
that the 18A2/mts1 protein forms a complex with and stabilises p53. This complex formation
also sequesters p53 and thereby prevents it from exercising its normal function of restraining
the cells in the G, phase. Enhancement of 1842/misI expression has also severe effects of
depolymerisation of cytoskeletal structure, which has been regarded as a signal for G;-S
transition of cells. Furthermore, enhanced expression of 1842/mis1 is also conducive for
greater membrane deformability and therefore enhanced invasive propensity. This schematic
presentation was constructed in consultation with Dr C. Parker.

calcium-dependent fashion and inhibits in vitro the phosphorylation of p53 by protein
kinase C. Therefore, the further possibility that the 1842/mis1 product might interfere with
the phosphorylation of p53 and thereby regulate G/S transition of cells should also be
considered.

We have recently drawn together the correlations demonstrable between 1842/misl
expression and p53 detection levels and their relationship to microtubule depolymerisation
to postulate a model by which the 18A2/mts] protein might control cell invasion and
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metastasis, as well as affect growth control (Figure 8). We have suggested that the 18A2/mts1
protein may have a dual function, namely sequestration of p53 leading to loss of growth
control, and a second possible function being a direct inhibition of tubulin polymerisation in
analogy with S-1005.

The depolymerisation of microtubules has been regarded as a regulatory signal for the
transition of cells from the G; phase to the § phase. Crossin and Carney (1981a,b) have
demonstrated that drug-induced depolymerisation of microtubules initiates DNA synthesis and,
using taxol, which stabilises microtubules, they have shown that the depolymerisation of
microtubules is an essential signal for the induction of DNA synthesis. Human cancer cell lines
in which the 1842/mts] gene is constitutively highly expressed also contain a larger
proportion of cells in the S-phase compared with cells that are low 1842/mts1 expressors
(Sherbet et al, 1995). Furthermore, there is now evidence that enhanced 1842/mitsl
expression drives cells into the S-phase (Parker et al., 1994b). The sequestration of p53 by
18A2/mts] may compound the direct cell proliferation signal imparted by 18A2/mts1 by
means of cytoskeletal depolymerisation.

We have proposed further that a state of equilibrium between p53 and 18A2/mts1 may
regulate G;-S transition. This proposal subsumes an equilibrium between the two proteins, but
that when high levels of 18A2/mts1 exist, p53 is sequestered and 18A2/mts1 can promote
tubulin depolymerisation, thus providing the signal for G,S transition. Alternatively, with p53
preponderance 18A2/mts1 can be deemed to have been sequestered leading to an inhibition of
tubulin depolymerisation. In the absence of this regulatory signal the cells are arrested in the G,
phase. Whether 18A2/mts1 protein can function independently of p53 has not been studied.

There is now a considerable body of evidence which supports the view that 18A2/mts1 is a
novel p53-binding cellular protein and that 1842/mts1 and p53 genes function in a coordinated
way in controlling tumour growth and also invasion by tumour cells as a prelude to metastatic
deposition (see page 191).

Retinoblastoma susceptibility gene (7b) abnormalities in
cancer

Retinoblastoma is a paediatric cancer arising in the retina of the eye. This disease occurs in both
hereditary and sporadic forms. There are, however, marked differences in their patterns of
development and incidence. In the hereditary form the disease is bilateral and multifocal but
sporadic retinoblastoma is unilateral and unifocal. The incidence of the familial tumour is higher
than the sporadic form. These features of retinoblastoma and statistical analyses of incidence led
to the ‘two-hit’ hypothesis proposed by Knudson (1971). The suggestion was that one mutated rb
allele was inherited and occurred in all cells, including germ cells, of the progeny and that a
mutation of the second allele would lead to the development of the tumour. It was reported many
years ago that retinoblastoma was induced by a bi-llelic inactivation and the retinoblastoma-
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susceptibility gene (rb) was identified and cloned (Friend et al., 1986; Fung et al., 1987; Lee et al.,
1987a).

The rb gene is expressed in all normal tissues and cell lines (Lee ef al., 1987b). It is expressed
in a mutated form or absent in retinoblastomas (Lee et al., 1987b, 1990; Horowitz ef al., 1990).
Abnormalities of this gene have been described in several other human tumours, e.g. small cell
lung cancer (SCLC) (Harbour et al., 1988; Hensel ef al., 1990; Mori et al., 1990). Harbour et al.
(1988) found that 13% of primary SCLC and 18% of SCLC-derived cell lines showed structural
abnormalities of b and 60% of SCLC-derived cell lines showed a loss of the gene. Loss of gene
expression has been reported in 30% of primary non-SCLCs (Xu et al., 1991) and it appears also
from this study that altered rb expression may be related to tumour stage. Inactivation of rb was
reported in two bladder cancer cell lines and lack of expression without gross gene deletion in
another cell line (Ishikawa et al, 1991). Of considerable interest is the suggestion of rb
inactivation with tumour progression. For these authors failed to detect rb alterations in 16 low-
grade non-invasive bladders, whereas only two out of 14 high-grade invasive cancers showed tb
protein expression. Wright et al. (1995) have confirmed the association of the absence of tb
protein expression with invasive growth and high-grade tumours. In this latter study, tumour
growth fraction, as indicated by Ki67 staining, was twice as large in p53+/tb— tumours as in
P53~ /tb+ tumours. Abnormalities of the gene are also associated with carcinomas of the breast
(Lee et al., 1988; T'Ang et al., 1988; Varley et al., 1989), where the gene has been found to be
deleted or rearranged. The same abnormalities were detectable in primary breast carcinomas
and in metastatic tumour where matching specimens had been examined (Varley et al., 1989).
Furthermore, expression of rb appears related to the stage of differentiation of human testicular
tumours (Strohmeyer et al., 1991). Mutations in exons 13-22 of the rb sequence have been
found in 55% (27 out of 49) of thyroid carcinomas whereas no mutations in these exons were
detected in benign tumours. Mutation of both b and p53 genes appeared to be more frequent
in advanced disease (Zou et al., 1994). These data suggest a possible involvement of the gene in
tumour growth and progression rather than its initiation.

Loss of heterozygosity at the rb locus occurs frequently in oesophageal cancers (Boynton et
al., 1991). Structural changes of the gene are associated with human soft tissue tumours (Friend
et al., 1987, Stratton et al., 1989). Other tumour types with rb involvement are cancer of the
prostate (Bookstein et al., 1990a), leukaemias (Cheng ef al., 1990; Furukawa ef al., 1991), and
osteocarcinomas (Toguchida et al., 1988; Shew et al., 1989).

The b gene is located on chromosome 13q14. Cytogenetic abnormalities of chromosome 13
and loss of heterozygosity at the rb locus have been reported in a variety of human cancers, e.g.
lung, bladder, breast, osteosarcomas, etc. Allelic loss at the locus has been found also in ovarian
cancers (Li et al., 1991; Cliby et al., 1993). Dodson et al. (1994) also found loss of heterozygosity
at the rb locus in 25 out of 48 ovarian cancers, but found that functional tb protein was
expressed in 23 out of 25 cancers where loss of heterozygosity had occurred. While loss of
heterozygosity was associated with high-grade tumours, again functional tb protein was
detectable in a majority of these cases (Kim et al, 1994). This suggests that abnormalities
associated with some other gene, but not rb, may be responsible for the aggressiveness of these
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tumours. Consistent with these thoughts is the observation by Wrede et al. (1991) that no
abnormalities of rb or p53 are detectable in human papilloma virus (HPV)-positive cervical
carcinoma cell lines. The tb protein expressed in these cell lines was of the wild-type (Scheffner
et al., 1991), but evidence of abnormalities are found in HPV-negative cell lines. Riou et al.
(1992) found that early-stage invasive cervical cancers which over-express the myc oncogene in
the absence of HPV show a high risk of distant metastases, thus myc gene over-expression may
be deemed as an independent prognostic indicator of metastasis.

Regulation of cell cycle progression by retinoblastoma-susceptibility gene product

When the normal rb gene is transferred into retinoblastoma cells and/or into cells which carry
the inactivated b gene, there is suppression of growth and tumorigenicity (Huang ef al., 1988;
Bookstein et al., 1990b); therefore, it has been regarded as a tumour suppressor gene (Figure 9).
The function of tumour suppression appears to be mainly due to its ability to act as a negative
regulator of cell cycle progression. It has been shown that the product of this gene is a 110 kDa
(p110™) phosphoprotein. This protein is differentially phosphorylated in relation to the cell
cycle (Buchkovich et al., 1989; Chen et al., 1989). The unphosphorylated b protein is found
predominantly in the G, phase of the cell cycle (Pardee, 1989). Stimulation of resting cells by
mitogens is associated with phosphorylation of the rb protein and transition of cells from G; to §
phase of the cell cycle (Chen et al., 1989). Relatively higher levels of phosphorylated rb are
found in the logarithmic phase of growth of cells compared with those arrested in the G, phase
Xu et al., 1989). The unphosphorylated form has therefore been regarded as a suppressor of
cell proliferation. The hyperphosphorylated status of rb protein is maintained throughout the
remainder of the cell cycle and it is dephosphorylated upon the exit of the cells from mitosis.
The cell cycle-dependent phosphorylation of the rb protein is mediated by cyclin D and CDK4/6
(Dowdy et al., 1993; Ewen et al, 1993a). The expression of cyclin E also can lead to b
phosphorylation (Hinds ef al., 1992) and it has been suggested that cyclin E/CDK2 complexes
may mediate this process.

The sequestration of unphosphorylated tb protein will allow the cells to transit into the
S-phase. It is known that functional rb protein forms stable complexes with transforming
oncoproteins such as those encoded by the simian virus 40 (SV40) and human papilloma viruses
(Templeton et al., 1991). HPV E7 binds to rb protein and such binding is necessary for E7
protein to immortalise and transform cells (Dyson et al., 1989; Munger et al., 1989; Gage et al.,
1990). The SV40 T-antigen is known to bind preferentially to the underphosphorylated b
protein (Ludlow et al., 1989). Although these studies suggest a close correlation between
phosphorylation and the transition of cells from G; into the S-phase of the cell cycle,
phosphorylation might be a progressive event and this may be reflected in the molecular
heterogeneity found in rb proteins (Xu et al., 1989). The process of tb phosphorylation may be
an incremental process beginning in late G,, several hours before transition into the S-phase
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Figure 9. A schematic representation of cooperative control of cell cycle progression by p53
and b proteins. The phosphorylation of rb is a major requirement for progression of the cell
cycle beyond the restriction point. p53 may suppress tb phosphorylation by inducing the
expression of CDK inhibitors. The phosphorylation of tb releases transcription factors such as
E2F (see Figure 10) from their complexes with rb, and this allows the transcription of genes
required for entry of cells into the S-phase. Viral oncoproteins may tether underphosphorylated
tb and allow G- transition of the cells. The figure also presents a postulate which implicates
mdm?2 with the function of both p53 and rb.

(Mittnacht et al., 1994). Furthermore, underphosphorylated rb binds to other cellular proteins
such as the E2F transcription factor (Chellappan et al., 1991; Shirodkar et al., 1992) and cyclins
D1 and D3 (Dowdy et al., 1993; Ewen et al., 1993a).

The rb protein needs to control transcription of genes which are essential for the progression
of the cell through the cell cycle and this appears to be effected by rb interaction with the E2F
transcription factors (Figure 10). The latter comprise a family of transcription factors. Five
members of this family have been identified, namely E2F1, E2F2, etc. (Lam and La Thangue,
1994; Hijmans et al., 1995; Sardet et al., 1995). These transcription factors show sequence-
specific binding as homodimers to DNA and this can be enhanced when E2Fs form
heterodimers with the DP1 family of transcription factors (Bandara et al., 1993, 1994; Helin et
al., 1993; Krek et al., 1993; Wu et al., 1995). Other rb-related proteins deemed as members of
the rb family of proteins also interact with E2F in a manner similar to rb itself (Vairo et al,
1995).
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Figure 10. The significance of the complex formation between rb protein and the transcrip-
tion factor E2F-1 is depicted here. Phosphorylation of rb results in the release of E2F-1 from
the complex and this transcription factor mediates the transcription of E2F-1 responsive genes
necessary for the progression of the cell cycle. As shown also in Figure 9, a p53-mediated
control mechanism might be the inhibition of cyclin-dependent kinases by p16/ink4 and
wafl/cipl.

Johnson DG et al. (1993) found that if E2F-1 protein is introduced into a quiescent cell it
enters the S-phase. But interaction between rb and E2F proteins produces a down-regulation of
E2F-dependent transcription (Lam and La Thangue, 1994; Wu CL et al,, 1995). E2F binding
occurs predominantly to the underphosphorylated form of the rb protein (Chellappan et al.,
1991; Helin et al., 1992; Kaelin et al,, 1992; Shan et al, 1992). The phosphorylation of rb
releases it from its association with E2F, thus allowing E2F-dependent gene transcription. E2F-1
is itself differentially regulated. In the late G;-early S phase, E2F-1 is bound by cyclin A/cdk2. The
latter also phosphorylates the DP1 in the DP1/E2F complex. As a consequence E2F-1 loses its
DNA-binding ability and is essentially negatively regulated (Dynlacht et al., 1994; Krek et al.,
1994). This is believed to be the pathway by which the b protein exerts a negative regulatory
control on cell cycle progression (Figure 10).

The cell cycle regulatory function of rb may involve other transcription factors, such as the
Ets family members which are involved in cell cycle progression in activated T cells. The Ets
related transcription Elf-1 has been found to bind rb protein by a sequence motif which is
related to rb-binding motifs carried by viral oncoproteins (Wang CY et al., 1993). As with E2F,
phosphorylation of tb results in the release of Elf-1. The rb protein is also known to bind to
other transcription factors such as the ATF2, causing transcription of ATF2 target genes (Kim et
al., 1992).
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The cooperation of tb and p53 genes in cell cycle regulation

Since both rb and p53 genes are associated with the progression of cells into the S-phase of the
cycle, one would expect a cooperative effect on tumour growth and progression, when both
genes are expressed in the inactive form or undergo deletion. As stated previously, abnormal-
ities in either or both of these genes result in a significantly higher proliferative index than when
tumours do not carry abnormalities of either (Wright et al,, 1995) Also, abnormalities in both
genes are more common in advanced stage tumours (Zou et al., 1994).

It has been suggested that p53 exerts its negative regulatory control over cell cycle
progression by the induction of a downstream target gene p21“¥*?! which codes for a
cyclin-dependent protein kinase (cdk) inhibitor (see page 59). Since these kinases are involved
in the phosphorylation of b, there are sufficient grounds for proposing a cooperation of rb and
p53 in cell cycle regulation. For example, the cyclin-cdk complex phosphorylates rb protein
and this allows E2F to be released from its complex with rb and E2F is then able to activate the
transcription of genes such as the dihydrofolate reductase (DHFR) and thymidine synthase (TS)
genes whose expression is essential for the entry of cells into the S-phase. The p53 protein may
regulate rb phosphorylation. Exposure of cells carrying wild-type p53 to ionising radiation
produces an increase in wafl/cipl protein and an accumulation of underphosphorylated tb. In
contrast, when p53 is abnormal or is functionally inactivated, neither of these changes are
noticed (Slebos et al., 1994). Furthermore, p53 represses transcription from the promoters of a
number of genes such as thymidine kinase gene, c-myc and DNA polymerase o (Lin et al., 1992;
Moberg et al., 1992; Yuan et al., 1993) and these genes are also transactivated by E2F. As stated
earlier, E2F involvement might be impaired by p53 by means of the p21**"/“?! inhibitor
protein. This would appear to be another area where rb and p53 control pathways overlap.
Furthermore, by virtue of its properties as a transcription factor, p53 appears to be able to
regulate the transcription of the rb gene itself and two regions of the gene have been identified:
one of these can stimulate transcription from b promoter and the second one represses rb
transcription (Osifchin et al,, 1994). The mdm2 gene offers another link in the cooperation
between p53 and rb genes. As discussed in an earlier section (see page 43), mdm?2 protein can
interact with and inactivate p53. Furthermore, p53 has been found to up-regulate the
expression of mdm?2. Xiao et al. (1995) found the mdm?2 protein was also capable of interacting
with rb protein and inhibit its negative regulatory control over cell cycle progression. Thus, p53
seems to be subject to a selfregulatory loop, but p53-mediated up-regulation of mdm2
expression may provide the tumour cell a mechanism to override the control imposed upon
cell proliferation by the rb protein (Figure 9).

Other mechanisms for control of cell proliferation may also be envisaged. For instance, we
have discussed the role of E2F transcription factor as a possible positive regulator of G5
transition of cells. E2F, as we have noted before, may be under the regulatory control of rb.
Recently, it has emerged that E2F might interact also with p53. When E2F1 and p53 are co-
expressed the cells appear to undergo apoptosis (Wu and Levine, 1994), presumably upon
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being detained in the G, phase. Other genes, e.g. those encoding growth factors may be prone
to regulation by b protein, as in the case of neu (erb-B2) (Martin and Hung, 1994).

There is therefore an array of evidence suggesting a close cooperation, perhaps even link-up
between rb and p53 in the growth and progression of neoplasms.

Cyclins, cell cycle progression and cyclins as proto-oncogenes

The initiation of DNA synthesis and mitosis are controlled by two key elements: (a) the cyclin-
dependent protein kinases (CDKSs) containing a cyclin regulatory subunit and a cell division
control (cdc2) family kinase subunit, and (b) CDK inhibitors. The cdc2 proteins are expressed
uniformly during cell cycle progression, but another family of proteins, the cyclins, show
variable expression. The formation of complexes between cdc2 and cyclins provide the
regulatory signals required for cell cycle progression.

The cdc2 proteins do not possess protein kinase activity. However, they form a complex with
cyclins which accumulate during various cell cycle phases. The complex known as the S-phase
promoting factor is the best characterised p34°‘“* kinase-cyclin complex. Cyclin B is
synthesised during the S-phase. In the G, phase cdc2 proteins complex with cyclin B and this
induces phosphorylation of threonine 161, which is required for the activation of the enzyme.
In contrast, enzyme activation is controlled by phosphorylations at threonine-14 and tyrosine-15
in the ATP-binding site which inactivate the kinase during the G,-S phase. When these inhibitory
phosphates are removed from the p34°“*-cyclin B complex, the p34°*“* kinase is activated and
this triggers the cells at the G/M boundary into mitosis. The cells exit from mitosis on
degradation of cyclin B by ubiquitin which results in the inactivation of p34°%? (summarised by
Baguley, 1991; Murray, 1992; Sherr, 1993).

There are several cyclins associated with the G, phase. These G, cyclins form complexes and
activate the p34°“? kinase. This activation provides the signal for transition of cells from G, to
the S-phase, by inducing DNA replication. The molecular aspects of regulation of the S-phase
promoting factor, which is in many ways analogous to the maturation promoting factor MPF, are
well understood in yeast but our understanding of the processes in mammalian cells is rather
scanty. In mammalian cells, the association of D type cyclin with CDK2, CDK4 or CDK5 and the
association of cyclin E with CDK2 are required for G, transition (reviewed by Hunter, 1993;
Sherr, 1993).

As discussed in previous sections, G;-§ transition is negatively regulated by the p53
phosphoprotein. How p53 might abrogate the ‘Start’ signal imparted by the S-phase promoting
factor is still unresolved, but this may be mediated by the induction by p53 of wafl/cip1 protein
which associates with and inhibits cyclin-cdk function. Another protein with M, 16 K has been
shown to associate with CDK4 and inhibit the activity of cyclin D-CDK complex (Serrano et al.,
1993) and may be involved in the negative regulation of cell proliferation. Alternatively, the
abrogation of p53 function may also be achieved by the sequestration of the protein by cellular
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target proteins as discussed previously (see pages 31 and 48). The 18A2/mts1 protein alluded to
before is one of these downstream target proteins which appears to be able to trigger G;-8
transition. If, as postulated earlier, the 18A2/mts1 protein were to sequester wild-type p53
phosphoprotein, one could envisage a situation in which p53-mediated induction of the CDK
inhibitor is prevented and this would have the effect of continual activation of the cyclin-CDK
complexes and a continual G, transition of cells and consequent deregulation of tumour
growth. In this context, one should bear in mind that although the induction of wafl protein
was initially believed to be a p53-dependent event, there have been several reports that its
expression may be triggered by a mechanism independent of p53 expression (Jiang et al., 1994;
Steinman ef al., 1994). Indeed, even with p53/p21-wafl activation, constitutive expression of B-
myb can rescue cells from p53-mediated G, arrest (Lin et al., 1994).

It is known that p53 interacts with p34°*? in vivo (Sturzbecher et al.,, 1990) and that the
serine-315 residue of p53 is phosphorylated by cdc2 kinase (Bischoff et al, 1990). In an
analogous fashion, the rb gene product is also a substrate for cdc2 kinase (Lin et al., 1991).
Therefore, it is also conceivable that sequestration of p53 by 18A2/mtsl protein can happen
only when p53 is in the unphosphorylated state. Both p53 and b proteins share the property of
binding to several DNA tumour virus proteins (Green, 1989; Lane and Benchimol, 1990; Lee et
al., 1990). We also know from Ludlow et al (1989) that the SV40 large T antigen binds
preferentially to an underphosphorylated form of the rb protein. Thus, inactivation of p53/rb
can occur by means of mutation, phosphorylation, or their sequestration either by viral or
cellular proteins such as the 18A2/mts1 leading to transition of cells from G, to § phase of the
cell cycle (Figure 11). It is imperative therefore that we take serious cognisance of the
contribution of genes involved in cell cycle control and how the so-called metastasis-associated
genes such as the 1842/mis1 of the $-100 protein family impinge upon their functions before
we finally pronounce upon their potential in relation to the diverse processes of cancer invasion
and metastasis.

In the light of their importance in cell cycle regulation, the cyclins may be expected to be
prominently associated with neoplastic transformation and progression. G, cyclins have been
regarded as oncoproteins. Cyclin D1, isolated from parathyroid adenomas, has been reported to
be over-expressed in many tumour types (Arnold et al., 1989; Lammie et al., 1991; Motokura et
al., 1991; Rosenberg et al., 1991a,b; Withers et al., 1991). In Bell malignancies, reciprocal
chromosomal translocation t(11;14)(q13;q32) occurs at break points around the Bcll locus of
11q13 and this is thought to activate cyclin D1 gene (Rosenberg ef al., 1991a). Several genes
which might be relevant to malignant transformation have been assigned to this locus and
complex amplification events take place here, with several core amplicons covering the whole
locus (see below).

Buckley et al. (1993) found higher expression of one or more of cyclins A, B1, D1 or E in
seven out of 20 breast cancer cell lines; cyclin D1 was over-expressed in five out of 20 cell lines.
Of 124 breast cancer biopsies investigated, 56 specimens showed higher cyclin D gene
expression compared with normal breast tissue. Amplification of chromosome 11q13 which
contains the bcll/PRADI (cyclin D1) together with EMSI, (and bst! and int2 only rarely
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Figure 11. Interaction of cyclins and cdks during the cell cycle. The cyclin D/CDK4
complexes are activated by CAKs and this activated complex can now phosphorylate tb and
release transcription factors required for the activation of genes whose expression is required
for transition of the cells into the S-phase (see Figures 9 and 10). Cyclin B is synthesised during
the S:phase and, in the G, phase, it forms a complex with p34°*, Phosphorylation of tyrosine-
161 is believed to activate p34 and this enables the cells to make the G,M transition. A
proposed control mechanism of this transition is the phosphorylation of threonine-14/tyrosine-
15 which are believed to inactivate p34.

G1 cyclins
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expressed in breast cancer) genes has been reported (Faust and Meeker, 1992; Schuuring ef al.,
1992). Schuuring et al. (1992) observed that 11q13 amplification showed a positive association
with lymph node involvement and significantly shorter relapse-free interval and on this basis
have suggested that this may be a predictor of diminished survival in operable breast cancer.
Elevated cyclin D1 expression has also been reported in a B-cell non-Hodgkin’s lymphoma called
mantle cell lymphomas (Bosch et al., 1994; Yang et al., 1994), squamous cell carcinomas of the
head and neck (Callender et al., 1994; Lucas et al., 1994), hepatocellular carcinomas (Nishida et
al., 1994) and colorectal carcinomas (Bartkova et al, 1994a). In breast cancer an over-
expression of the gene has been reported in half of a batch of 170 primary carcinomas studied
by Bartkova et al. (1994b); this occurred as an early event and was maintained through the
progression of the tumours to the metastatic stage. In human laryngeal carcinomas cyclin D1
gene amplification and also elevated levels of its messenger RNA were associated with advanced
local invasion and metastasis of the tumour to the lymph nodes (Jares et al., 1994). Cyclin D1
gene amplification was found in advanced stages of hepatocellular carcinomas exhibiting high
growth rates, suggesting its association with aggressiveness of the disease (Nishida et al., 1994).
However, in tumours of the head and neck cyclin D1 amplification did not correlate with
tumour grade, stage, or degree of aneuploidy (Callender et al., 1994). It should be pointed out
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that amplification is not always accompanied by increased cyclin D1 gene expression (Buckley
et al., 1993). Furthermore, murine tumour cell lines, produced by the use of benzo(a)pyrene,
show high invasive potential in vitro and do possess other features such as p53 mutations,
without attendant amplification or rearrangement of cyclin D1 gene (Ruggeri et al., 1994).
Besides, int-2 (FGF3) and bst (FGF4), which encode growth factors of the fibroblast growth
factor family, have been assigned to the same chromosomal locus as cyclin D1, namely 11q13.
The int-2 gene has been reported to be co-amplified with cyclin D1 gene in hepatocellular
carcinomas. Several of these genes may be amplified in breast cancer and amplicons at the
11q13 locus encompasses a large tract of DNA containing several cores of amplification
(Karlseder et al., 1994). Jaakkola et al. (1993), however, found no amplification of any of these
genes of the 11q13 locus. Nonetheless, the possibility that cyclin D1 may be only one of the
genes in the amplicon relevant in the process of tumorigenesis is worth further investigation.

Induction of cyclin D1 expression does release cells from G,-arrest (Musgrove et al., 1994)
and there is the suggestion that over-expression of cyclin D1 may correlate with rb expression
(Schauer et al., 1994) and is presumably therefore mediated by E2F activation of cell cycle
related genes. In this context, it is of some interest that Lovec et al (1994a) have recently
reported that over-expression of cyclin D1 by means of transfection induces transformation of
primary rat embryo fibroblast lines, with the cooperation of the activated H-ras oncogene.
Cyclin D1 appears to cooperate also with myc gene homologues (Lovec et al., 1994b), but there
are no reports of possible involvement of Bmyb and other cell cycle associated genes.
Nevertheless, there is a general perception that a deregulation of cyclins might be involved
with cellular transformation and tumour progression.

Cyclin-dependent kinase (cdk) inhibitors as tumour
SUpPressors

In recent years, a number of genes which encode proteins capable of functioning as inhibitors
of cyclin-dependent kinases have been identified and cloned. Cyclin-dependent kinases (cdks)
regulate cell cycle progression. The cdks phosphorylate the rb protein which then allows the
progression of cells from G, into the S-phase. The cdks are activated by phosphorylation by cdk-
activating kinases (CAK). The cdk inhibitors block this activation of cdks by CAK. The inhibition
of cdk activation results in the inhibition of tb phosphorylation and consequently in cell cycle
arrest in G, phase. Therefore, consistent with the recognition of p53 and rb genes as tumour
suppressor genes, the cdk inhibitor genes have also been regarded as putative tumour
suppressors. The cdk inhibitors can be considered as two distinct groups of enzymes. Group 1
includes wafl/cipl/[p21}[CDKN1}, kip1/[p27][CDKN4] and kip2/[p57] and Group 2 includes
the cdk inhibitors which are known as ink4B [p15][MTS2], ink4A/[p16][CDKN2] and p18.
There are major differences in the physiological properties of group 1 and group 2 cdk
inhibitors; wafl/cip1, kip1 and kip2 are known to bind cyclins D1, D2, D3, cyclinsE and A and
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cyclin B to a lesser extent. The group 1 inhibitors do not bind or associate with the kinase
subunit unless the cyclins are present. In contrast, the ink4B or ink4A members do bind to cdk4
and cdk6 even in the absence of cyclins, suggesting differences in their specificity (Hall et al,
1995). There are also some differences in their structural features, e.g. the presence of ankyrin
repeat motifs in group 2 cdk inhibitors (Kawamata ef al., 1995).

Structural and functional features of group 1 cdk inhibitors

The cdk inhibitors of group 1 share several features relating to their genomic structure and
functional elements (Table 3). The mouse kip2 protein has four major functional domains: the
N-terminal with cdk inhibitory function, a proline-rich domain, 2 domain containing tandem
repeat motifs consisting of four acidic amino acid residues and a Gterminal domain. This last
domain contains nuclear targeting and possible cdk phosphorylation regions. The kip2 protein
has sequence similarity to kip1 but not to wafl/cipl (Lee et al., 1995; Matsuoka et al., 1995).
The N+terminal domain of wafl/cipl and kipl, as in kip2, possesses cdk inhibitory activity.
Proliferating cell nuclear antigen (PCNA) binding ability resides in the Cterminal domain, but
neither kip1 or kip2 have PCNA-binding ability (Luo et al, 1995). Wafl/cipl and kip1 have a
common DNA-inhibitory motif, which corresponds to residues 49-61 in waf1/cip1 and residues
60-76 in kipl (Nakanishi e al., 1995a). A most important criterion by which a distinction can
be made between the members of the group 1 cdk inhibitors is their response to DNA damage
and cell-cell contact and antiproliferative signals. As discussed in the following sections, waf1/
cipl proves to be a downstream target of p53, regulated by p53 and induced by DNA damage,
whereas kipl and kip2 tend to respond to growth inhibitory signals from inhibitory growth
factors and cell-cell contact phenomena (Reed et al., 1994; Datto et al., 1995a,b). Finally, there
are also notable differences in their tissue distribution. Whereas kip2 has been reported to show
tissue-specific distribution, e.g. in the placenta, heart, skeletal muscle, the distribution of waf1/
cipl and kip1 appears to be more widespread (Polyak et al., 1994a,b; Lee et al., 1995; Matsuoka
et al., 1995).

Regulation of waf1/cip1 gene expression by p53

Several genes have been identified whose expression the p53 gene is able to modulate and,
conversely, others have been identified that may affect p53 supressor function. However, the
mechanism by which p53 exerts control over cell proliferation and growth is poorly under-
stood. The wafl/cip1 is another target gene whose expression has been recently found to be
regulated by p53. El-Deiry et al. (1993) identified this target gene waf1 (wild-type p53 activated
Jragment 1) which suppresses tumour cell proliferation in culture. Concurrently, Harper et al.
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Table 3. Structural and functional features of cyclin dependent kinase inhibitors wafl/cip1,
p27 (kip1), and p57 (kip2)

Wafl/cipl Kip1 Kip2
Loc: 6p21.2! 12p12.3 11p15.5°
p53 regulated Not regulated by p53°
DNA damaged-induced® Induced by cell-cell contact, antiproliferative signals“’lo
May be up-regulated by TGF-8 Up-regulated by TGF-f*°
Cyclin D1, D2, D3, E, A, B?® Cyclin E-cdk2; D2-cdk4; A-cdk2’
2 exons similar intron-exon organisation
Four domains>
N+terminal cdk inhibition®>" N:terminal cdk inhibition>> 1. N:terminal CDK inhibition
2. Prolinerich
3. acidic repeats
Cterminal conserved 4. Cterminal nuclear targeting;
cdk phosphorylation
PCNA inhibition Cterminal® No PCNA inhibition®
DNA inhibition motif’
residues 49-61 Residues 60-767
Widespread tissue distribution® Tissue-specific placenta,

heart, skeletal muscle,
terminally diff. cells>’

' ElDeiry et al. (1993); Demetrick ef al. (1995).
2 Martin E ef al. (1995); Pietenpol et al. (1995); Poncecastaneda et al. (1995).
3 Matsuoka et al. (1995).

4 Polyak et al. (1994a,b).

5 Lee MH ef al. (1995).

6 Luo et al. (1995).

7 Nakanishi et al. (1995a).

® Hall et al. (1995).

° Datto et al, (1995b).
10 peed et al. (1994).
! Goubin and Ducommun (1995).
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(1993) described the gene as cip! (cdk interacting protein 1) and Xiong ef al. (1993a) as gene
P21, and Noda et al. (1994) as sdil. The product of waf1/cip1 has been found to associate with
and inhibit cyclin-cdk complexes and suppress the transition of cell from G, into the S-phase of
the cell cycle (Harper et al, 1993; Xiong et al, 1993b). The gene has been mapped to
chromosome 6p21.2 (El-Deiry et al., 1993).

There is now considerable evidence that wafl/cipl is regulated by the wild-type, but not
mutant, p53 gene, as originally reported by El-Deiry et al. (1993). Expression of waf1/cip1 is
low in LN-Z308 cells where p53 is not expressed. Transfection of wild-type, but not mutant, p53
into these cells, inhibits cell growth with accompanying wafl1/cipl expression (Jung et al,
1995a). Katayose et al. (1995) constructed two adenovirus vectors, one expressing wafl/cipl
c¢DNA (AdWafl) and a second one expressing wild type p53 (Adwtp53). When cells were
infected with AdWafl high levels of waf1/cipl gene expression were found and these were
comparable to levels found in cells infected with the vector carrying wild-type p53.

The wafl/cipl protein is known to form a quaternary complex with cyclin/cdk and
proliferating cell nuclear antigen (PCNA) (Xiong et al., 1992, 1993a,b). The Cterminal region
of wafl/cip1 protein is involved in binding to PCNA, but the importance of PCNA binding to its
ability to inhibit DNA synthesis is unclear, since deletion mutants which are unable to bind to
PCNA and/or cdk? still retain their ability to inhibit DNA synthesis (Nakanishi et al., 1995b). A
cdk inhibitor from 3T3 cells described by Gu et al. (1993) may be a homologue of the human
wafl/cipl protein.

The waf1/cip1 promoter contains a p53-binding site and p53 has been found to induce waf1
expression (El-Deiry ef al,, 1993, 1994). p53 binding sites occur upstream of the transcription
site in the waf1/cipl promoter (El-Deiry et al., 1995). The Cterminal basic domain of p53 is not
essential for the regulation of wafl/cip!I transcription. The expression of this gene is induced
by DNA damage in cells carrying wild-type, but not mutant, p53 (ElDeiry et al, 1994). The
induction of wafl/cipl would then be expected to inactivate the cyclin-CDK complex and
restrain the cells from entering the S-phase. However, it is worthwhile acknowledging that there
may be pathways other than wafl/cipl mediation by which p53 may control cell proliferation
(Hu et al., 1995).

The wafl/cipl gene could be regulated by a p53-independent mechanism. Human breast
carcinoma cells show increased waf1/cipl gene expression upon DNA damage, regardless of
whether they carried wild-type or mutant p53. In these cells serum starvation caused enhanced
gene expression, although the expression of p53 was unaffected (Sheikh et al.,, 1994). Serum
stimulation and EGF can induce wafl/cip1 in quiescent embryonic fibroblasts derived from p53
knock-out mice (Michieli et al., 1994). TGF-x-responsive MCF7 breast carcinoma cells, show an
increase in wafl/cipl expression, whereas in the TGF-a-resistant MCF7 variant no such changes
in wafl/cipl expression have been encountered (Mazars et al., 1995). TGF-f, which produces
G, arrest, enhances wafl/cip1 protein in colorectal cancer cell lines, but this induction does not
occur if the cells are not TGF-f responsive (Li CY et al., 1995). In fact, TGF-f activates the
transcription of wafl/cip1 and a 10 bp sequence has been identified in the waf1/cip1 promoter
which is required for TGF-f mediated activation (Datto et al, 1995a). Indeed, TGF and p53,
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activate transcription through two distinct elements in the wafl/cipl promoter (Datto et al.,
1995b). The suppression of proliferation by TGF-f is believed to be a result of reduced cyclin E
kinase activity which, in turn, leads to suppression of phosphorylation of the rb gene product.
When cells are treated with TGF-f, wafl/cip]l protein and other cyclin-dependent kinase
inhibitors, such as kip1 and ink4B, bind to and inhibit the activity of cyclin-cdk complexes (Li
CY et al., 1995). ,

There is an old adage that cell proliferation and differentiation are mutually exclusive
phenomena - or to put more accurately, cells withdraw from the cell division cycle when they
are committed to the path of differentiation. The wafl/cip1 gene can be induced during the
differentiation of human promyelocytic leukaemia cells with a p53-null phenotype into
macrophage/monocyte pathway by TPA, 1,25-dihydroxyvitamin D3, retinoic acid and dimethyl-
sulphoxide (Jiang et al., 1994). Similar results have been obtained by Zhang W et al. (1995), but
only using TPA, okadaic acid and inteferon-y (IFN-y). In p53-deficient MG-63 osteosarcoma cells,
wafl/cipl is induced in early G, phase in the absence of any detectable p53 protein (Wu LT et
al., 1995). Induction of wafl/cipl expression in leukaemic and hepatoma cells in response to
exposure to differentiation-inducing agents has also been demonstrated by Steinman et al.
(1994).

The members of the MyoD family of basic helix-loop-helix transcription factors play an
esssential role in myogenic cell differentiation and in the transcription of muscle-specific genes.
The muscle differentiation mode!l has been used to investigate the role of wafI/cipl in cell
differentiation and the withdrawal of cells, committed to the path of differentiation, from the
cell cycle. Terminal differentiation of a variety of cell types, e.g. skeletal muscle, skin, cartilage,
etc., correlates with waf1/cipl gene expression (Parker et al., 1995). Induction of wafl/cipl
protein and mRNA was seen during skeletal muscle differentiation, but in 10T1/2 fibroblasts this
occurred only in those cells that had been transfected with MyoD, a skeletal muscle-specific
transcription regulator. MyoD mediated induction of wafl/cip1 occurred independently of p53.
Furthermore, transient transfection of cells with MyoD and induction of wafl/cip1 correlated
with cell cycle arrest (Halevy et al., 1995).

Is the wafl/ cipl gene altered in cancer?

The waf1/cipl gene functions as a downstream target for the p53 gene in its function of G;-S
transition control. As we have seen before, wafl/cip can function independently of p53 to
produce G; arrest and therefore can be regarded as a suppressor gene itself. Using this
reasoning some attempts have been made to seek possible aberrations in wafl1/cip1 in human
cancers. Marchetti et al. (1995c) investigated a large number of breast carcinomas, non-small
cell lung tumours and ovarian adenocarcinomas for mutations in the gene. A polymorphism at
codon 31 was seen in a small proportion (16 out of 183) of cancers and no mutations were
encountered in the wafl/cipl open reading frame. Polymorphism of codon 31 has also been
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reported in colorectal cancer and somatic mutations have not been found in codons 9 through
139 that were screened (Li Y] et al,, 1995). Multiple polymorphisms were seen in human brain
tumours, most frequently of codon 31 - again there were no somatic mutations (Koopmann et
al., 1995). Codon 31 polymorphism occurs also in normal individuals (Li YJ et al., 1995;
Marchetti et al., 1995¢) and, in the brain tumour study, the polymorphisms did not relate to
histological type (Koopmann et al., 1995). Jung et al. (1995b) also investigated gliomas for
waf1/cipl abnormalities. Surprisingly, wafl/cip1 protein levels were low in normal brain tissue
and in reactive gliosis, but were highly elevated in gliomas irrespective of grade. Glioblastoma
multiforme showed elevated protein levels, in tumour samples carrying either wild-type or
mutated p53. No elevation of protein occurred in anaplastic astrocytomas carrying mutant p53.
Jung et al. (1995b) also stated that waf1/cipI gene is not deleted in gliomas. The observations of
enhanced gene expression in gliomas irrespective of grade is somewhat incongruous since
glioma grading closely reflects the enhanced degrees of proliferative capacity and loss of
differentiation. In support of this apparent incongruity one should cite the observations of
Barboule et al. (1995), who found no correlation between proliferation index and levels of
wafl/cipl expression in ovarian carcinomas. Jung et al, (1995b) have argued, however, that in
their study over-expression of wafl/cip1 did not completely inhibit cdk activity. It would appear
that cdk inhibition is stoichiometrically regulated, only when wafl/cipl occurs in molar excess.
In other words, when its levels are below stoichiometric parity, there is no inhibition (Zhang et
al., 1994; Harper et al., 1995). There may be interference on account of growth factors, such as
PDGF, which are present in gliomas. Conceptually, why a putative suppressor gene might be
upregulated in these tumours in response to mitogenic growth factors is a conundrum, but
mitogen-activated protein kinases have been evoked in the transcriptional activation of the
wafl/cipl gene (Liu ef al., 1990). Somatic mutations have been reported in three (out of 18)
primary prostate cancers, whereas none was found in matched normal tissues (Gao et al,
1995a). Nonetheless, the overall assessment at this point is that aberrations of this gene may not
be associated with the neoplastic changes.

Response of kipl/kip2 genes to antiproliferative signals

Extraneous signals such as cell-cell contact and those imparted to the cell by antiproliferative
growth factors, such as TGF-, arrest cells in the G, phase, and it follows therefore that the
transduction of these signals might affect the expression of cdk inhibitors which appear to exert
a regulatory effect on cell proliferation.

TGF-f represents a family of peptides which regulate growth and differentiation. It is
composed of two identical 25 kDa dimers containing 112 amino acid residues. Several isoforms
of TGF-f have been described (Massague, 1987, 1990; Sporn et al., 1987; Roberts and Sporn,
1990). TGF peptides are multifunctional. They inhibit growth in a variety of cell types, such as
epithelial, endothelial and haemopoietic cells and also in keratinocytes, lymphocytes and
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hepatocytes (Sporn and Roberts, 1987, 1988; Roberts and Sporn, 1990). The mechanism by
which TGF-$ brings about growth inhibition involves cdk inhibitors. Accumulation of kipl
occurs in mammalian cells as a result of exposure to antiproliferative agents such as TGF-f. It
was recognised some time ago that the inhibitory effects of TGF-f were related to the inhibition
of phosphorylation and the accumulation of unphosphorylated rb protein (Ewen ef al. 1993b;
Koff et al, 1993). This has led to the suggestion that cyclin dependent kinases might be
involved in bringing about the inhibition of cell proliferation. The antiproliferative effect of this
growth factor is not restricted to kip1, and indeed, it has been shown that TGF-§ also enhances
wafl/cipl and pl15/ink4B protein levels (Hannon and Beach, 1994; Datto ef al, 1995b;
Reynisdottir ef al., 1995). Contact inhibition of cell proliferation also seems to involve cdks, as
shown by Polyak et al., 1994a,b); they found that a 27 kDa protein (kip1) which binds to and
inhibits cyclin E-cdk complexes can be isolated from contact-inhibited and TGF-f-arrested cells
but not from proliferating cells.

Macrophages exposed to mitogenic stimulation by colony stimulating factor 1, show G; arrest
upon cyclic:AMP treatment, and this block of proliferation is associated with an increase in kip1
(Kato et al., 1994). Another instance is that of TPA which inhibits the growth of malignant
melanoma cells and blocks G;-S and G»M transitions. In this tumour model, Coppock et al.
(1995) found high levels of wap1/cip1 and kip1 in G, cells and these levels dropped as the cells
entered the S-phase. This drop in the level of the cdk inhibitors could be prevented by treating
the cells with TPA. Similarly, an increase in the levels of kip1 and wafl/cip1 has been observed
in the inhibition of proliferation of MCF-7 breast carcinoma cells (Watts et al., 1995). Interferon,
which is a powerful antiproliferative agent causes G, arrest of Daudi-Burkitt lymphoma cells,
increases kipl expression, but does not appear to affect wafl/cipl (Yamada H et al., 19953).
Conversely, cdk inhibitors are inactivated by mitogenic signals. Proliferation of human T-
lymphocytes depends upon two mitogenic signals. The first signal, provided by the T-cell
antigen receptor stimulation, causes the induction of the appropriate cyclins and cdks, but
activation of the kinases does not occur owing to the presence of kip1. Interleukin-2 provides
the second signal which facilitates G,-S transition by inactivating kip1 (Firpo et al., 1994; Nourse
et al., 1994). kip2 shows tissue-specific expression and is found predominantly in differentiated
cell types and kip2 mRNA patterns may be related to embryonic development (Lee et al., 1995;
Matsuoka ef al., 1995). Therefore kip2 and, indeed also wafl/cipl, may serve as a signal to
differentiating cells to exit from the cell cycle.

kipl gene expression in neoplasia

The kip1 and kip2 proteins have been regarded as potential suppressors of tumorigenicity, by
virtue of their ability to regulate the entry of cell into the S-phase through the inhibition of cdk
phosphorylation and consequent inhibition of phosphorylation of b protein. Inevitably there-
fore there have been some attempts to see if any abnormalities occur in the kip genes in human
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cancers. These early studies do not suggest the involvement of these genes in the pathogenesis
of cancers. Poncecastaneda et al. (1995) investigated a large number of human primary solid
tumours and detected no mutations in the kip1 gene. Kawamata et al. (1995) also examined a
large number of human cancers (432 cases) and cancer cell lines but failed to find any
aberrations associated with the kip/ gene.

There are a few studies in haemopoietic malignancies which have suggested some
alterations in kipl. A non-sense mutation that can result in the production of truncated kip1
protein has been reported in codon 76 in one out of 42 cases of adult T<ell leukaemia/
lymphoma (ATL), but is not in matched normal tissue. Some polymorphisms have also been
identified in non-Hodgkin’s lymphoma. One non-Hodgkin's lymphoma and one ATL showed
homozygous deletion of kip1 (Morosetti et al., 1995). Loss of heterozygosity has been detected
in acute lymphoblastic leukaemia (ALL) but in none of these cases had inactivation of the
second allele occurred (Cave et al.,, 1995). Pietenpol et al. (1995) have also not found any
mutations of kipl. It must be recognised, however, that deletions of this region (chromosome
12p12-13) do occur in leukaemias in a small proportion of childhood ALL and possibly other
genes occurring at this location may be involved. The fel gene (an ets family gene coding for
transcription factors) is located approximately 1-2 Mbp telomeric from kip! (Sato et al.,
1995). Stegmaier ef al. (1995) found loss of heterozygosity at the tel gene locus in 15% of
informative cases. Allelic loss on chromosome 12, not involving kipI, has been reported also
by Takeuchi S ef al. (1995).

Polymorphisms relating to kip! G — A transition at codon 109 in one case and T—> G
transversion in 26% of breast cancer DNA samples and 31 out of 80 normal individuals were
detected by Ferrando et al. (1996), but they found no somatic mutations of the gene. These
initial studies, albeit a few in number, suggest that kip! alterations may be rare events in the
pathogenesis of cancer. There are no studies on the involvement of kip2. But Matsuoka et al.
(1995) point out that kip2 region of the human chromosome may be involved in sporadic and
with the familial cancer syndrome - the Beckwith-Wiedemann syndrome.

DP16/ink4 putative multiple tumour suppressor gene in tumour
development and progression

We have seen above how the p21/wafl, a powerful inhibitor of cyclin-dependent kinases
induced by p53, is involved in cell cycle progression. Recently, the p16/ink4 and the closely
related p15/ink4b genes which code for an inhibitor of cyclin-dependent kinases, have been
cloned. The product of this gene negatively regulates cell cycle traverse and has been reported
to function as a tumour suppressor gene. A suggested mechanism of action of p16/ink4 is by
repression of E2F transcription factor. The latter regulates the E2F promoter of adenovirus 5
(Kovesdi et al., 1986) and E2F protein-binding sites have been found in several genes, such as
the Bmyb (Lam and Watson, 1993) and the dihydrofolate reductase gene (Means et al., 1992),
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which are known to be associated with cell cycle progression. It is also known that the
underphosphorylated form of tb protein binds to E2F transcription factor and represses its
function (Hiebert et al, 1992; Zamanian and La Thangue, 1992) leading to suppression of
growth. Phosphorylation of tb protein by cyclin D1-dependent kinase will activate E2F and its
target genes and remove the block on cell proliferation; inhibition of this kinase by p16/ink4
will re-impose rb-mediated control of cell cycle progression (see Figure 10, page 54).

This putative suppressor gene (p16/ink4) is located on chromosome 9p21 (Kamb et al., 1994;
Marx, 1994a,b; Nobori ef al., 1994) and both homo and heterozygous deletions involving this
region as well as point mutations have been reported in a variety of human cancers, providing
evidence for its function as a classical tumour suppressor gene.

Kamb et al. (1994) reported that homozygous deletions of p16/ink4 occurred at high
frequencies in cell lines derived from a wide variety of human tumours. Somatic mutations and
homozygous deletions were reported to occur at a high frequency in solid tumours, e.g.
pancreatic adenocarcinomas (85%) (Caldas et al., 1994), human non-small cell lung carcinomas
(30%) (Hayashi et al., 1994), oesophageal carcinomas (52%) (Mori et al., 1994). Deletion of the
gene was reported in 80% of human astrocytoma cell lines and deletion mapping demonstrated
allelic loss of chromosome 9p in 15 out of 30 astrocytomas. However, direct analysis of
Pp16/ink4 itself revealed only a single missense mutation in a high-grade tumour that had lost the
second allele (Ueki et al., 1994). In primary breast cancers also, no mutations of the gene have
been found, although one in five tumour cell lines has shown homozygous deletion (Xu ef al,
1994). In haematological malignancies also the initial reports of its deletions at high frequency
have not been borne out by subsequent studies. Thus initially, Hebert et al. (1994) found
homozygous deletions of p16/ink4 in 20 out of 24 and of p15/ink4b in 16 out of 24 T-cell acute
lymphoblastic leukaemia (ALL) but only one out of 31 ALL of Bcell lineage. Duro et al. (1994)
also reported similar results for T-ALL; they found that such deletions were far less frequent in
lymphomas. In acute paediatric lymphoblastic leukaemia homozygous deletions of both ink4
and ink4b have been found (Okuda et al., 1994). A study by Guidat et al. (1994) of a series of
60 consecutive childhood primary ALL has suggested that the frequency of p16/ink4 alterations
may be far lower than originally believed.

There are two important points which need to be taken into account while considering the
significance of chromosome 9p deletions. One is the possibility that deletions may involve not
only chromosome 9p p16/ink4 genes but also flanking genes (Miller et al., 1994; Silly et al,
1994; Ueki et al., 1994). It is unclear from these early studies whether there have been
mutations of other cell cycle controlling genes such as p53 and rb. Inactivation of these genes
has been reported, together with molecular abnormalities of p16/ink4 (Caldas et al., 1994;
Miller et al., 1994). This putative suppressor gene does not appear to be deleted in cellular
transformation produced by viruses. At present it may be premature to attempt to assess how
critical the changes in this gene are in tumour development and progression.
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Heat shock proteins in development, differentiation and
tumorigenesis

Heat shock proteins (HSPs) constitute a family of proteins which are induced in the cell in
response to exposure to environmental stress such as increase in temperature, and exposure to
heavy metals, toxins, bacterial and viral infections (Table 4). These proteins are generally known
as heat shock proteins because they were first discovered in Drosopbila cells exposed to heat
shock (Tissieres et al., 1974). The ubiquitous nature of the response across the species barrier
(Fink and Zeuther, 1978; Kelly and Schlesinger, 1978; Lemaux et al., 1978; Yamamori et al.,
1978) has suggested a common mechanism by which cells cope with environmental stress. Viral
and certain environmental factors have been regarded as the aetiological agents in carcinogen-
esis, therefore the study of heat shock proteins has assumed some significance in the context of
tumorigenesis and cell proliferation. HSPs are known to associate with microtubules and
participate in their assembly (Gupta, 1990). Furthermore, there is much evidence that exposure
of cells to heat shock disrupts cytoskeletal organisation and affects cytoskeletal components
such as actin filaments, intermediate filaments and microtubules (Coss et al., 1982; Lin et al,
1982; Welch and Suhan, 1985). The disruptive effects of heat shock on these cytoskeletal
clements may be seen as alterations in cellular morphology (Wiegant et al., 1987). Such a
disruption of cytoskeletal integrity may also bring in its wake changes in the proliferative and
invasive behaviour of cells.

The HSP family is made up of several members which are known by the molecular weights
of their component subunits, e.g. as HSP15-30, HSP70, HSP90, and ubiquitin which, in

Table 4. Heat shock proteins in normal and aberrant cell physiology

Environmental signals Physiological functions
Heat shock Protein transport
Viral agents Protein folding/assembly
Heavy metals Protein stabilisation
Toxins Protein ubiquitination
Oxidants Embryonic development

Cell differentiation
Modulation of cell morphology

Cell cycle related target genes Cell mobility?
p53 Polymerisation of tubulin
b DNA repair
18A2/mts1 Hormone receptor transformation

(Based on literature cited in the text)
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comparison with other members of this family, is a small protein of 8 kDa. The high molecular
weight isoforms are highly conserved (Ingolia et al., 1982; Voellmy e al., 1982; Hacket and Lis,
1983; Hunt and Morimoto, 1985; Rochester et al., 1986). The low molecular weight HSPs are
less highly conserved but much homology is seen between members from different species,
although ubiquitin itself is a highly conserved protein (Bond and Schlesinger, 1985, 1986; Finley
and Varshavsky, 1985; Finley et al., 1987; Ozkaynak et al., 1987).

Functions of HSPs

HSPs have been referred to as molecular chaperones in the light of the role they play in the
regulation of protein synthesis, and in the folding, assembly and transport of proteins (reviewed
by Pechan, 1991; Craig, 1993; Hendrick and Hartl, 1993). HSPs may also subserve the function
of stabilising cellular proteins and thereby preventing their degradation (Munro and Pelham,
1984; Pechan, 1991). Conversely, the proteolysis of polypeptides is mediated by ubiquitin,
which has been identified as a heat shock protein (Bond and Schlesinger, 1985). Ubiquitin is
activated by ATP at the C-terminal glycine and this activation results in the process described as
ubiquitination which involves the attachment of ubiquitin to the elysine groups of proteins and
these then become targets for proteolysis. The importance of these proteins in the control of
cell proliferation has been greatly enhanced by their ability to function as molecular chaper-
ones, and their role in stabilising and or ubiquitinating certain cell cycle related nuclear proteins
such as p53, cmyc, E1A, cfos, etc. These proteins appear to be specific targets for ubiquitin-
mediated proteolysis in vitro (Ciechanover et al, 1991) and possibly also their intracellular
degradation. Conversely, p53 may be stabilised and its halflife substantially increased by HSPs.

HSPs in embryonic development and differentiation

HSPs are a group of developmentally regulated proteins. Changes in the pattern of HSP gene
expression has been reported during yeast sporulation (Kurtz and Linquist, 1984). They show a
defined spatial and temporal expression pattern in Drosophila development (Mason et al., 1984;
Glaser et al., 1986; Kurtz et al., 1986; Palter et al,, 1986). Response to thermal stress appears to
be dependent upon developmental stage in early embryonic development of Xenopus. The
induction of HSPs in response to heat shock is seen in Xenopus oocytes but this ceases upon
fertilisation (Browder et al., 1987), although HSP induction occurs again in the neurula stage
embryos (Nickells and Browder, 1985; Heikkila et al., 1987). The HSP isoforms also appear to be
differentially regulated with development (Bienz, 1984; Krone and Heikkila, 1988). This raises
the question whether the regulation of these isoforms might be cell type specific. This has been
shown to be the case in Xenopus oocytes. Bienz (1984) showed that HSP30 gene injected into
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oocytes was strongly heatinducible. In contrast, HSP70 gene was found to be expressed at the
normal temperature, i.e. constitutively expressed. This could not be increased by heat shock.
Mouse embryos at the two-cell cleavage stage constitutively express HSP70 subtype proteins
(Bensaude et al., 1983) and some of these may continue to be synthesised up to the eight-cell
stage (Bensaude and Morange, 1983; Hahnel et al., 1986). There are also indications of possible
presumptive tissue- or lineage-specific synthesis of HSPs (Kothary et al., 1987). A differentiai
expression of HSPs also occurs in erythroid differentiation (Banerji et al., 1984; Morimoto and
Fodor, 1984).

HSPs are cell cycle regulated proteins

The past few years have seen an accumulation of evidence that HSPs are closely associated with
the growth phase of cells. Serum, mitogen or growth factor-mediated stimulation of growth
results in the synthesis of HSPs and it has been suggested that HSP70 expression may be linked
with DNA synthesis (Wu and Morimoto, 1985; Ferris et al., 1988). Milarski and Morimoto (1986)
found that HSP70 expression may be regulated at the G,-§ transition of cells. Pechan (1991) has
further pointed out the occurrence of sequence homologies between HSPs and cyclin
dependent kinase promoters. The yeast cyclin-dependent kinase cdc25 shares 76% sequence
homology over a 42 base region with HSP22 of Drosopbila and 79% homology over a 19 base
sequence with HSP70 of Xenopus (Southgate ef al., 1983; Camonis et al., 1986) in the promoter
regions. The DnakK gene of Escherichia coli, which is required for lambda DNA replication,
codes for a protein which shows 50% amino acid sequence homology with human HSP70
(Zylicz et al., 1983, 1984; Liberek et al., 1988; Sakakibara, 1988).

Interaction of p53 with HSPs

The phosphoprotein p53, as we have discussed previously, is able to regulate the G,-S transition
in the cell cycle. It would appear that p53 is involved, together with HSPs, in a regulatory loop
with several genes whose expression is required for cell proliferation. Thus, p53 protein down-
regulates the activity of the promoters of several genes, prominent among these are promoters
of c-fos and cjun, the immediate early response genes, and also the f-actin gene and the HSP70
gene (Ginsberg et al, 1991). The oncoproteins c-myc and ElA also stimulate the HSP70
promoter (Wu et al., 1986; Kaddurah-Daouk et al., 1987) and E1A is also known to enhance
transcription of p53 (Braithwaite ef al., 1990). Wild-type p53 can down-regulate the HSP70
promoter (Agoff et al, 1993), but mutant p53 causes transactivation of HSP promoter
(Tsutsumiishii ef al., 1995). The transcriptional regulation of HSP genes is mediated by cis-
acting element, known as the heat shock element (HSE). HSE occurs upstream of the
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E1A/ c-myc

HSP 70

Wit p53/p53 (mutant)

Figure 12. The possible involvement of heat shock proteins in the control of cell cycle
progression by p53 is presented here, albeit based on circumstantial evidence. Wild-type p53
down-regulates and mutant p53 up-regulates HSP70 expression. The oncoprotein EIA is also
known to be able to stimulate HSP70 promoter as well as enhance p53 transcription. Based on
sources cited in the text.

transcription start site and has a defined nucleotide sequence consisting of two or three
modules composed of alternately arranged GAA or TTC blocks at 2-nucleotide intervals (Amin et
al., 1988). Tsutsumiishii et @l (1995) showed that the HSE responds to mutant p53 protein.
Further support for the view that wild-type p53 negatively regulates HSP70 comes from studies
of He et al. (1995) using embryonic fibroblasts derived from p53-deficient transgenic mice.
These authors found that cells with p53 —/— phenotype contained 1000-fold more HSP70 than
cells with p53+/+ phenotype, and the p53 null cells grew three- to fourfold faster than the
p53+/+ cells. Thus, HSPs appear to be integrated with wildtype 53 or mutant p53 and
oncogenic proteins such as c-myc and E1A in the machinery that controls cell cycle progression
(Figure 12).

The implication of HSPs in cell proliferation has been strengthened by several reports of the
binding of HSPs or cognate proteins often referred to as heat shock cognate (HSCs) proteins
with p53. We have discussed previously the significance of the formation of complexes
between p53 and cellular proteins in the inactivation or sequestration of p53 that leads to a
suppression of its negative control over cell cycle progression. The mutant inactivated form of
p53 exerts no such suppressor control. It has been found to bind HSP70 subtype proteins
(Pinhasi-Kimhi et al., 1986; Sturzbecher et al., 1987; Clarke et al., 1988; Finlay et al., 1988).
Matsumoto et al. (1994) have recently reported the co-precipitation of wild-type p53 with
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HSP72/73. According to Nihei et al. (1993) p53 binds specifically to HSP73, but in the rodent
system studied by Pinhasi-Kimhi et al. (1986) mutant p53 appeared to bind to HSP70 (HSC68)
and to another 90 kDa protein. Hainaut and Milner (1992) also suggest specific complex
formation of mutant p53 protein with HSP70.

rb protein and HSPs in cell proliferation

Interaction between the retinoblastoma-susceptibility gene (rb) encoded protein, which is
another negative regulator of cell cycle progression, and HSP70 has also been demonstrated.
The HSP-binding site on the rb protein has been determined to be residues 373-579 (Inoue et
al., 1995). Of further interest is the observation by these investigators that the binding of HSP to
tb protein is inhibited by phosphorylation. Binding of HSPs to the underphosphorylated form of
b would allow the cells to enter the S-phase of the cell cycle. Once again, this demonstrates the
involvement of HSPs in cell cycle progression.

18A2/mis1 protein and HSPs in cell proliferation

Another cellular protein which appears to be associated concomitantly with both cell cycle
progression and HSPs, is the 18A2/mts1 protein, a Ca**-binding protein which is associated with
the invasive and metastatic behaviour of cancer cells (see page 191). The cell cycle related
expression of the 18A2/mts1 protein is now well documented. A high level of expression of
1842/misl is invariably associated with large S-phase fractions in murine and in human
carcinoma cells (Parker ef al., 1994a; Sherbet et al,, 1995). Parker et al. (1994b) have further
demonstrated, by means of gene transfer technology, that switching on the exogenous 1842/
mts1 in B16 murine melanoma cells induces them to undergo G,-S transition, and it also appears
to control the cell cycle traverse. In parallel, these studies have revealed an increase in the
detectability of p53 protein (Parker et al, 1994a,b), suggesting that G, transition may be
induced by the sequestration of p53. The concomitant involvement of HSPs in this putative p53/
18A2/mts1-mediated mechanism has emerged from the studies of Cajone et al. (1994) who have
demonstrated that exposure of B16-BL6 melanoma cells to heat shock down-regulates the
18A2/mts gene and, further, that in the heat-resistant derivative cell line HTG of the B16-BL6
melanoma, the gene is constitutively down-regulated. In both heat-shocked cells and the heat-
resistant cells significant changes occur in the pattern of expression of the high molecular
weight proteins (Cajone et al., 1994). The heat-resistant HTG variant cells show a three- to four-
fold enhancement in the expression of HSP28 and a marked reduction in the S-phase fraction
(Sherbet et al., 1996). These experiments suggest that HSP28 may be associated with inhibition
of cell proliferation. This proliferation inhibitory property of HSP28 has been recorded before.
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For instance, HSP28 is highly expressed in quiescent keratinocytes compared with their
proliferating counterparts (Honore et al., 1994). In mitogen-stimulated human B lymphocytes
HSP28 induction coincides with peak proliferation and the onset of arrest of growth (Spector et
al., 1992). HSP28 appears to be regulated in human leukaemic HL-60 cells when they are
induced to differentiate by retinoic acid, since a transient increase of HSP28 levels occurs upon
exposure to retinoic acid with concomitant G, arrest (Spector et al., 1994). The expression of
HSP27 is related to the state of differentiation in cervical cancer and its expression in breast
cancer is considered to be an indicator of good prognosis (see Ciocca et al., 1993). Thus, a
spectrum of studies supports the view that HSP28 is associated with inhibition of cell
proliferation.

Alterations in HSP28 are not simply restricted to changes in their levels, but also involve the
state of its phosphorylation; it appears to be phosphorylated prior to growth inhibition. When
HL-60 cells are induced to differentiate by the phorbol 12-myristate 13-acetate (PMA), HSP28
becomes rapidly phosphorylated and this precedes the increase in its levels (Spector et al.,
1993). PMA is an activator of protein kinase C. TGF-f1, which is a growth inhibitor, increases
HSP28 phosphorylation in the G; phase of the cell cycle when the cells are susceptible to
growth inhibition by this factor. TNF also induces a rapid increase in HSP28 phosphorylation
(Vietor and Vilcek, 1994). Growth stimulatory agents such as the epidermal growth factor TPA
etc., do not affect HSP28 phosphorylation status (Shibanuma et al,, 1992). This suggests that
phosphorylation might activate the growth inhibitory function of HSP28, just as protein
ubiquitination requires the phosphorylation of ubiquitin.

The studies discussed above suggest the possibility that the 18A2/mts1 protein, p53 and HSPs
may all be involved in a coordinated fashion in the control of the transition of the cells from G,
to the S phase. The implication that HSPs may be targeting the products of cell cycle control
genes should not detract from its involvement with the regulation of growth response of cells to
glucocorticoid and steroid hormones. HSPs are known to modify the activity of the receptors for
both these classes of hormones. The high molecular weight HSPs form complexes with these
receptors (Sanchez et al., 1990; Withelmsson et al., 1990). The receptors dissociate from HSPs
before binding to DNA. Thus, HSPs could be transforming these receptors for binding to DNA.
The precise nature of this transformation is unclear but these receptors are in the phosphoryl-
ated form and the transformation and binding to DNA seems to require their dephosphorylation
(Sanchez et al., 1990).

HSPs in cancer and their possible relevance to prognosis

Heat shock proteins have been reported to exert a marked suppressive effect on cellular
transformation. The suppressive effect could be a consequence of the formation of complexes
between HSP and the transforming agents. For instance, transfection of HSP70 into cells
transformed by mutant p53 and ras/myc oncogenes suppresses the process of transformation
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(Yehiely and Oren, 1992). Complex formation between p53 and HSPs has also been shown to
occur in several human tumours. Davidoff et al. (1992) demonstrated p53/HSP70 complexes in
breast cancer. The tumours investigated in this series have been described as primary invasive
breast carcinomas. Unfortunately, no information is available from this study by Davidoff et al.
(1992) about the relationship between the detection of these complexes and the invasive nature
of the carcinomas. Perhaps the value of this approach may be diminished because Iwaya et al.
(1995) state that only a part of the p53 pool may enter into complex formation with HSPs.
Nevertheless, it is noteworthy that the expression of HSP correlated positively with oestrogen
receptor expression and inversely with epidermal growth factor receptor expression (Takahashi
et al., 1994). This suggests that changes in HSP expression could be one of the events associated
with the progression of breast cancer. Elledge ef al. (1994) did not note any correlation between
HSP detection and accumulation of p53. But patients with p53 —/HSP+ tumours showed better
overall survival than those with p53 —/HSP— tumours.

HSP expression has also been examined in other forms of human cancer. The expression of
high molelcular weight (60-90 kDa) HSP levels are said to be significantly higher in circulating
cells of patients with acute myeloid leukaemia than in cells from patients with chronic myeloid
leukaemia, and in both these cases HSP levels were higher than in mononuclear cells of normal
peripheral blood (Chant et al., 1995). The occurrence of high molecular weight HSPs has also
been described in lung cancers (Bonay et al., 1994). Prostate cancers have been reported to
show positive cytoplasmic staining for both p53 and HSP72/73 (van Veldhuizen et al., 1993).
The median intensity of immunochemical staining for HSP70 did not differ markedly between
oral squamous cell carcinoma, epithelial dysplasia and benign oral mucosal lesions (Sugerman et
al., 1995). In summation, it may be premature to judge the value of HSP expression as a marker
of cancer progression and as a tool for predicting prognosis.

Postulated functions of HSP complexes

Several functions have been attributed to protein complexes involving heat shock proteins. The
function of translocating proteins has been of particular interest with the implication that HSPs
might ferry proteins across intracellular membranes and enable efficient antigen presentation
for eliciting immunological responses (Chirico et al., 1988; Deshaies et al., 1988; van Buskirk et
al., 1991). This view is supported by the observation that wherever immune response to p53
was encountered in breast cancer patients p53 protein was found to be complexed with HSP70.
In contrast, patients who had no detectable anti-p53 antibodies contained no p53/HSP70
complexes (Davidoff ef al., 1992). p53 protein is known to form complexes with SV40 large T
antigen and tubulin and this may be an event associated with the intracellular translocation of
these proteins (Maxwell et al., 1991). Although p53/HSP complexes have not been proven to
involve the translocation of p53 to the plasma membrane, this seems to be a possible
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explanation for the detection of higher anti-p53 antibody titres in patients where p53 occurs in
a complex with HSP70.

HSPs may be involved in the translocation of cellular protein, which may be crucial in
maintaining the integrity of cell shape, and in cell mobility and intercellular adhesion. HSP70, for
instance, has been reported to bind to actin microfilaments (Tsang, 1993). It is also involved in
the folding and dimerisation of tubulin (Paciucci, 1994). It has been suggested that proteins
such as the 18A2/mtsl which appear to possess the property of promoting cytoskeletal
depolymerisation may be recruited to the sites of microtubule assembly by HSPs (Sherbet and
Lakshmi, 1997). This is supported by much circumstantial evidence. For example, S-100, a
Ca’*binding protein closely related to-the 18A2/mts1 protein, also shows association with
tubulin (Donato, 1991). HSP70 has a calmodulin-binding site and is known to form a complex
with calmodulin (Stevenson and Calderwood, 1990). By anology with these proteins, it is
conceivable that HSPs form complexes with 18A2/mts1 protein.

Weinberg (1991) has suggested a further function for the formation of p53-HSP complexes,
that they may provide the machinery by which the aberrant p53 is trapped and rendered
ineffective. HSP70 (HSC70) has, in fact, been reported to suppress transformation of rat embryo
fibroblasts by mutant p53. However, HSP does not form complexes exclusively with mutant
p53, although early studies may have suggested a selective, or even a preferential process
(Hainaut and Milner, 1992). The Cterminal domain of p53 is essential for p53 oligomerisation
(Milner et al., 1991) and it is also required for its interaction and binding with HSP which is
dependent upon the tertiary structure of p53 (Hainaut and Milner, 1992).



Apoptosis in tumour growth and
metastasis

Apoptosis or programmed cell death is a natural physiological phenomenon occurring in
embryonic development, differentiation and morphogenesis. It represents a pathway of
control of growth by a selective elimination of cells as distinct from the regulatory pathway
of growth control. Apoptosis is also induced by exposure of cells to various agents and
aberrant physiological conditions. Thus, apoptosis of thymocytes is induced by exposure to
glucocorticoids (Caron-Leslie et al., 1991; Compton and Cidlowski, 1992), cytotoxic agents
such as the topoisomerase-reactive drugs etoposide and teniposide (Walker et al., 1991; Onishi
et al., 1993), gamma irradiation (Sellins and Cohen, 1987; Clarke et al., 1993, 1994) and
hyperthermia (Sellins and Cohen, 1991a). Differentiation-inducing agents such as retinoids and
sodium butyrate are known to induce apoptosis (Sadaie and Hager, 1994; Delia et al., 1995).
Apoptotic changes are induced in target cells by cytotoxic T cells (Sellins and Cohen, 1991b;
Cohen et al., 1992). The DNA fragmentation associated with apoptosis is a Ca**-dependent
process (McConkey et al., 1989), and initial studies have claimed that calcium ionophores
induce apoptosis and calcium chelators suppress it. However, this does not appear to be the
case. For instance, in neutrophils, calcium ionophores suppress apoptosis but apoptosis is
promoted by calcium chelators and the calmodulin-inhibitor W7 (Whyte et al., 1993). Kluck et
al. (1994) also believe that enhanced intracellular Ca®* levels are not involved in the induction
of apoptosis.
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The nature of apoptotic changes

Cells undergoing apoptosis display distinctive morphological changes involving the condensa-
tion of nuclear chromatin and shrinkage of the cytoplasm. The cells break up into apoptotic
bodies comprising membrane-bound cell fragments. The apoptotic bodies are phagocytosed but
not accompanied by an inflammatory response. This sharply distinguishes apoptosis from
necrosis, which is characterised by cell swelling and rupture leading to a marked inflammatory
response. The major biochemical feature of the apoptotic process is the fragmentation of
nuclear DNA by Ca**-Mg?*-dependent endonucleases which cleaves the DNA at internucleoso-
mal sites. The fragmentation of the DNA is visualised in agarose gel electrophoresis by the ladder
pattern of 180-200 bp oligomers (Wyllie, 1980, 1987, 1993; Cohen and Duke, 1984; Caron-
Leslie et al., 1991). It has been recognised that nascent RNA and protein synthesis are often an
important requirement of apoptosis and this has led to the suggestion that apoptosis is mediated
by the activation of a genetic programme designed for a natural process of cell destruction
(Montpetit et al., 1986; Ovens et al., 1991).

Genetic regulation of apoptosis

Several genes that are closely associated with cell proliferation and neoplastic development are
also associated with the apoptotic pathway and this suggests that the regulation of these
processes may be interlinked. It follows from this that deregulation of apoptosis may be
expected to lead to tumorigenesis and further that deregulation of cell cycle control would sway
the cells into apoptotic pathway. An appraisal of this complex scenario is attempted here by
analysing the genetic regulation of apoptosis and assessing the interaction of the cell cycle
control genes in these regulatory mechanisms.

bcl2 and related genes in the regulation of apoptosis

The bcl-2 gene was identified as an oncogene in follicular lymphoma associated with the
chromosomal translocation occurring between chromosomes 18 and 14. The bcl-2 gene occurs
on chromosome 18q21 (Bakhshi et al., 1985; Cleary and Sklar, 1985; Tsujimoto et al., 1985a,b,
1987). Upon translocation this appears juxtaposed with the immunoglobulin heavy chain gene
located on chromosome 14q32. Because the break point in chromosome 18 occurs in the 3-
untranslated region of the bcl-2 gene, this translocation produces a bcl-2/1g fusion gene. The
t(14;18) translocation occurs in a vast majority of follicular lymphomas and, as a consequence of
this translocation, there is an over-expression of bcl-2 RNA and protein, even though the coding
regions of the gene are unaltered (Cleary et al., 1986a,b; Graninger et al., 1987; Seto et al.,
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1988). This is supposed to be the result of deregulation of the bcl-2/Ig fusion gene. But T-cell
lymphomas which do not show this translocation do express bcl-2 protein (Pezzella et al., 1990;
Kondo et al., 1992), albeit at a lower level than B<ell lymphomas (Zutter ef al., 1991).
Therefore, there might be other mechanisms by which bcl-2 expression is deregulated. Two
bel2 proteins, bek-2¢ and bel-2f, produced by mRNA splicing have been identified (Seto et al.,
1988). The bcl-2 protein is associated with the inner and outer mitochondrial membranes
(Hockenbery et al., 1990; Monaghan ef al., 1992; Nakai ef al., 1993; Nguyen et al., 1993a;
Lithgow et al., 1994). However, apoptosis can occur in human mutant cell lines that lack
mitochondrial DNA and can be protected from apoptosis by an overexpression of bcl2
protein. Apoptosis also occurs in anucleated cytoplasts and is prevented by bcl2 over-
expression (Jacobson et al., 1993, 1994). This suggests that the bcl-2 protein may occur at
several intracellular sites. It has since been found to be present in the nuclear membrane and
the endoplasmic reticulum (Chen-Levy ef al., 1989; Alnemri et al., 1992a; Monaghan et al.,
1992; Jacobson et al., 1993; Lithgow et al., 1994). The bcl-2 protein suppresses lipid
peroxidation and its location may be related to its function as a suppressor of the generation
of free radicals (Hockenbery et al., 1993) and in this way it suppresses apoptotic cell death.
The opposite view that bcl-2 acts as a pro-oxidant has been expressed by Steinman (1995). It
is known that bcl-2-mediated apoptosis can occur under anaerobic conditions suggesting that
reactive oxygen species are not required for apoptosis ( Jacobson and Raff, 1995).

The bcl-2 appears to extend cell survival and inhibit apoptosis (Liu ef al., 1991; Strasser et al.,
1991; Borzillo ef al., 1992; Jacobson et al., 1993). This appears to require the fulllength bcl-2.
The truncated form of the protein does not appear to be able to prolong cell survival (Alnemri et
al., 1992b). Expression of bcl-2 extends the life span of memory Blymphocytes and maintains
long-term immune responsiveness (Nunez et al., 1991). This gene is also expressed in cell types
with characteristically long life spans. For example, neurones and haemopoietic stem cells and
also stem cells of differentiating epithelia of skin and intestine show bcl-2 expression. The gene
is also involved in glandular epithelia where hyperplasia and involution are controlled by
hormones. In most instances, gene expression is associated with zones of tissues containing
cells with long life spans or proliferating cells (Hockenbery et al., 1991). This suggests that its
expression exerts a homeostatic effect on cell numbers. In contrast, apoptosis occurring during
the involution and remodelling of the mammary gland is regulated by the induction of bax (bar)
and bclx(S) proteins (Heermeier et al., 1996). The induction of differentiation of leukaemic
cells by interleukin-6 and dexamethasone differentially modulates the expression of several bcl-2
family genes (Lotem and Sachs, 1995).

A family of genes related to bcl-2 have now been identified (Table 5). The protein products of
these genes show high sequence homology within two high conserved domains called BH1 and
BH2 (Yin et al., 1994). The bax protein identified by Oltvai et al. (1993) is a 21 kDa protein
possessing a high sequence homology to the bcl-2 protein. This protein forms homodimers and
also heterodimers with bcl-2. Over-expression of this protein appears to promote apoptotic cell
death and to counteract bcl-2 mediated inhibition of apoptosis. Substitution of an amino acid
residue in the BH1 domain can interfere with heterodimer formation between the bax and bcl-2
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Table 5. The bcl2 family of apoptosis related proteins

Protein References
nomenclature

Inbibitors of apoptosis (promoters of cell survival)

bel-2 Cleary et al. (1986a,b)

bekx(L) Boise et al. (1993)

belx(f) Gonzalez-Garcia et al. (1995)

Al (mouse) Lin et al. (1993)

Promoters of apoptosis

belx(S) Boise et al. (1993)

bad Yang et al. (1995)

bak Farrow et al. (1995)

bax Oltvai et al. (1993), Craig (1995)

proteins and negates the normal bel-2 function of inhibition of apoptosis (Yin et al., 1994). It has
been postulated that the relative levels of bax and bcl-2 proteins might define the pathway of
survival or apoptosis and that the dimerisation between the different components is an essential
event in the differential regulation of bcl-2 function. The bax protein has been found to undergo
selective dimerisation with other bcl-2 family proteins (Thomas et al., 1995). Bclx(L) and Bcl-
x(S) (see below) can themselves regulate cell survival and bclx(S) can counteract the apoptosis-
inhibitory effect of bclx(L). However, in vitro, the binding of bcl-x(S) and bekx(L) is far weaker
than to the bax protein (bar) (Minn et al., 1996). On similar lines, selective dimerisation has
been shown to occur between belx(L) and another member of the bcl-2 family, namely the bad
protein (Yang et al., 1995). Thus, the bcl-2 family proteins show a wide spectrum of activity
ranging from inhibition of cell apoptosis to promotion of the process of cell death. The
formation of dimeric complex may provide a mechanism by which cell population homeostasis
is finely controlled (see Craig, 1993; Thomas et al., 1995). In other words, the nature of the
competing proteins, the strength and the selectivity of their binding can produce a hierarchy of
complexes with apoptotic function. These genes also may be differentially regulated, so that the
relative levels of the proteins available for dimerisation will vary and thereby control and
determine the degree of apoptosis. Among alternative mechanisms suggested is the loss of
apoptosis suppressor function of bcl-2 due to enhanced phosphorylation. Agents which affect
microtubule dynamics are believed to act in this way (Croce, 1997).

Boise et al. (1993) isolated another bel-2-related gene, belx, which also appears to be involved
in the regulation of apoptosis. The bckx protein occurs in two forms, bclx(L) and belx(S), by the
alternative splicing of bck-x mRNA. A third form of belx protein, the bel-x(f), has been described,
which is produced from the unspliced bclx mRNA (Gonzalez-Garcia et al., 1994). The bclx(L)
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protein can inhibit apoptosis and promote cell survival, whereas bcl-x(S) promotes apoptosis and
counteracts bcl-2-mediated inhibition of apoptosis. This is compatible with the high bcl-x(L)
mRNA levels found predominantly in cells which have a long life span, e.g. in neurones and adult
CNS. In contrast, bck-x(S) mRNA levels found in cell types which show a high turnover (Boise et
al., 1993; Gonzalez-Garcia et al., 1995). Microinjection of bcl-x(L) and bcl-x(f) mRNA prevents
the apoptosis of primary sympathetic neurones induced by the withdrawal of nerve growth factor
(Gonzalez-Garcia et al., 1995). Furthermore, transfection of bcl-x(L) gene into the interleukin-2-
dependent CTTL-2 cells promotes their survival even in the absence of the cytokine (Boise et al.,
1996). Cells that over-express bcl-x(L) have been found to be resistant to apoptosis following DNA
damage inflicted by chemotherapeutic agents (Minn et al., 1995), but no differences in the
expression of bcl-2, bckx or bar proteins have been encountered between drug-resistant and
sensitive cell lines isolated from small cell and non-small cell lung cancers (Reeve et al., 1990).
The ced-9 gene of Caenorbabditis elegans is an inhibitor of apoptosis (Hengartner et al., 1992)
and it codes for a protein which shows sequence similarities to the bcl-2 protein (Hengartner and
Horvitz, 1994). Certain other members of the bcl-2 family have also been found to function
antagonistically to bcl-2, such as the bak (Farrow et al., 1995) and bad (Yang et al., 1995). The
bad protein bears sequence homology to the BH1 and BH2 domains of bcl-2 protein and dimerise
selectively with bcl-2 and bcl-x(L) proteins. It is obviously involved in the regulation of the
apoptosis inhibitory function of the bck-x(L)/bax protein complex. It can displace the bax protein
and restore apoptosis (Yang et al., 1995).

Regulation of bcl-2 gene expression by p53

The wide spectrum of biological processes that encompass cell differentiation, morphogenesis
and growth show an absolute dependence on reaching a homeostasis in the kinetics of cell
population expansion. This can be accomplished either by regulation of cell growth, or by the
regulation of apoptotic loss of cells, or by a combination of both. The deregulation of these
mechanisms leads to the population expansion which characterises tumour growth and the
development of overt metastasis. The size of the primary tumour is an important parameter
which relates to its biological behaviour. If the cell growth within a metastatic deposit were to
remain under impeccable control, that secondary deposit would remain dormant. The
appearance of these deposits as overt distant neoplasms may depend upon stimulation of cell
proliferation by growth factor signals. Equally, overt metastasis can appear if population kinetics
were perturbed by deregulation of apoptotic loss of cells. The demonstration that genes
controlling the cell cycle are involved in the pathogenesis of a vast majority of cancers and the
association of bcl-2 family genes with a wide variety of human tumours has suggested that the
operation of a mechanism which co-ordinates their function may be inherent in biological
systems. Therefore, the cell cycle control genes have been a natural target of attention and,
fittingly, investigation of whether they regulate the expression of the apoptosis genes.
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The suppressor gene p53 not only controls the transition of cells from the G; to the S-phase of
the cell cycle, but it is also capable of inducing apoptosis. Yonish-Rouach et al. (1991)
demonstrated some years ago that introduction of wild-type p53 into a murine myeloid cell
line lacking normal p53 function induced their apoptosis. Shaw et al. (1992) transfected wild-
type p53 gene under the control of the metallothionein MT-1 promoter. Switching on the
transfected gene using zinc chloride produced DNA fragmentation and laddering characteristic
of apoptosis. The p53-induced apoptosis was inhibited by interleukin-6 (Yonish-Rouach et al.,
1993), which suggests that the induction of apoptosis was a function of p53 quite distinct from
its ability to regulate the cell cycle. It is possible that the function of p53 as a sequence-specific
transcription factor can be modulated causing a reduction or inhibition of p53-mediated
apoptosis without affecting the ability to control the cell cycle progression. The presence of
D53 is essential for radiation-induced apoptosis of mouse thymocytes. Immature thymocytes
lacking p53 are resistant to ionising radiation (Clarke et al., 1993; Lowe et al., 1993). The
adenovirus E1A protein stabilises and induces high levels of p53 and causes a loss of cell viability
by a process akin to apoptosis (Lowe and Ruley, 1993). The E1B protein, on the other hand,
blocks E1A-induced apoptosis bringing p53 protein to normal levels (Rao et al., 1992; Lowe and
Ruley, 1993). Human cervical cancer cell lines with low p53 expression have been experiment-
ally infected with adenovirus carrying the wild-type p53 gene. These infected cells were found
to undergo apoptosis and greatly reduced cell growth compared with cells not infected with the
adenoviral vector (Hamada et al., 1996). In nasopharyngeal carcinoma p53 expression inversely
correlates with bcl-2 expression (Harn et al., 1996). Therefore, the expression of p53 does seem
to be able to influence that of bcl2 family genes. However, apoptosis can also occur
independently of p53. Mouse thymocytes that are p53-deficient are susceptible to apoptosis
upon exposure to glucocorticoids (Clarke et al., 1993; Lowe et al., 1993). The apoptotic
process set in motion in prostatic glandular cells by the ablation of androgen does not require
D53 (Berges et al., 1993). The topoisomerase II inhibitor etoposide and ca* ionophores also
induce apoptosis in the absence of p53 (Clarke et al., 1993). These experiments suggest the
possibility that the p53-mediated pathway to apoptosis is adopted only where DNA damage in
the form of strand breaks might have occurred (Clarke et al., 1994). The induction of p53
expression is a response to DNA damage so that the cell does not traverse in the cycle into the §-
phase before it can repair the DNA damage and at this juncture the cells which have sustained
extensive and irreparable DNA damage can be selectively destroyed by apopotosis. Consistent
with this is the observation that mutant p53 is unable to induce apoptosis (Lotem and Sachs,
1993). Furthermore, Wang et al. (1996) have shown that human papilloma virus (HPV)-16 E7
protein is able to prevent G, arrest induced by wild-type p53 but did not affect the degree of
p53-induced apoptosis.

It is becoming increasingly evident that p53 may be functioning as a transcription factor in the
mediation of apoptosis. Impairment of this function does affect p53-mediated apoptosis (Roemer
and MuellerLantzsch, 1996). There has also been elegant demonstration of this by using
temperature-sensitive p53 mutants. M1 myeloid leukaemia cells that do not express endogenous
p53 have been transfected with a temperature-sensitive p53 mutant (Selvakumaran ef al., 1994a).
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They found that apoptosis is induced when wild-type p53 expression is induced at the permissive
temperature of 32.5°C and the kinetics of induction of apoptosis by p53 expression is far more
rapid than that induced by transforming growth factor (TGF)-f. Both wild-type p53 expression
and TGF-f down-regulated the expression of bcl-2 protein, and p53 alone up-regulated bax
protein expression in the cells. Miyashita et al. (1994) have also demonstrated the down-
regulation of bcl-2 and up-regulation of bax expression at the mRNA and at the protein level by
wild-type p53. This suggests that p53 and TGF-f induce apoptosis by two distinct pathways,
although TGF-f mediated apoptosis may still operate through genes such as GADD45 and
Myd118, which may be seen as downstream effectors of p53 function. Selvakumaran et al.
(1994b) have, in fact, demonstrated that Myd118 does influence TGF-f induced apoptosis.
Transcription of the bax gene may be directly activated by p53, but overexpression of bax
protein alone is insufficient to drive the cells to the apoptotic pathway (Brady et al., 1996).

The involvement of p53 as a transcription factor in mediating apoptosis is supported by the
observation that mdm2 protein can counteract p53-mediated apoptosis (Chen et al., 1996;
Haupt et al., 1996). The protective effect of mdm?2 is seen only when mdm2/p53 complexes are
formed, which suggests that abrogation of apoptosis is usually a consequence of the abolition of
the transcription factor function of p53.

Induction of apoptosis by myc and ras oncogenes

The proliferative response produced by cells to growth factor stimuli is a normal physiological
event. However, deregulation of cell proliferation in the absence of such stimuli may induce
apoptosis under certain conditions (Green et al., 1996). The withdrawal of cytokines from cells
dependent upon them for normal proliferation initiates an apoptotic cell loss which is
prevented by the overexpression of bcl-2 (Hockenbery et al., 1990; Nunez et al., 1990). The
myc and ras oncogenes promote cell proliferation in the presence of growth factors, but in
their absence the cells undergo apoptosis (Evan et al., 1992; Wyllie, 1993; Tanaka et al., 1994).
Wyllie (1993) has argued that the myc oncogene has a dual function and it leads to cell
proliferation when growth factors are present, but that cells apoptose when growth stimuli are
withdrawn or blocked by the use of some other agent. Furthermore, the cells may be rescued
from apoptosis by the expression of ras or bcl-2 gene. Thus, the mutated form of the ras
oncogene enables the cells to proliferate without undergoing apoptosis (Wyllie et al., 1987).

The retinoblastoma susceptibility gene tb and apoptosis

The tumour suppressor rb gene which also participates in regulating G;-S transition of cells in
the cell cycle (see page 52), is associated with apoptosis together with other cell proliferation
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related genes such as the myc protein, the transcription factor E2F-1, cdc2, and cyclin A. The
phosphorylation of the tb protein is the key to its function as a regulator of cell proliferation.
The underphosphorylated form of the rb protein inhibits cell proliferation by binding to E2F-1
and preventing it from activating cell cycle genes. However, upon being phosphorylated by
specific cyclin-cdk complexes E2F is released from its complex with rb and this leads to the
derepression of cell cycle genes with E2F-1 responsive promoters (Figure 10). We have seen in
the preceding section, the myc protein can induce apoptosis. Other rb-binding proteins such as
the adenovirus protein E1A and HPV E7 proteins (Debbas and White, 1993; Lowe and Ruley,
1993; White et al., 1994); E2F-1 (Qin et al., 1994; Kowalik et al., 1995) induce apoptosis
apparently by interfering with the negative regulatory function of rb. Apoptosis induced by
serum-deprivation causes the up-regulation of a number of genes including c-myc, cjun, cfos
and cdc2 together with the phosphorylation of the rb protein (Pandey and Wang, 1995).
Conversely, mutant b protein which cannot bind to its regular partners, is unable to protect
cells from apoptosis (Haas-Kogan et al., 1995). In the absence of rb protein, the p53-mediated
pathway to apoptosis may be opened up. In the developing lens of the mouse, the loss of rb
function leads to uncontrolled proliferation and also to the disappearance of differentiation
markers and to the apoptosis of lens fibres. This form of deregulation of cell proliferation can
activate p53-dependent apoptosis (Morgenbesser et al., 1994). The exposure of rb—/— mouse
embryo fibroblasts to the anticancer drug methotrexate has been found to induce p53
expression, activation of E2F-1 responsive genes and apoptosis (Almasan et al., 1995). It thus
seems possible that E2F-1 may interact with p53 as well as with rb. Wu and Levine (1994)
transfected a murine cell line carrying a temperature-sensitive 53 mutant with a human E2F-1
expression vector. When the wildtype p53 was expressed by these cells at 32°C, the
transfectants showed enhanced apoptosis. This suggests a close link-up between the rb- and
p53-mediated pathways to apoptosis.

Deregulated expression of bcl-2 family genes in cancer

The bcl-2 genes have been regarded as potential oncogenes in view of their function in
apoptotic cell death and consequent perturbation of the delicate homeostasis of cell population
growth. Transcriptionally deregulated bcl-2 genes would obviously alter tumour growth kinetics
and may profoundly influence clinical outcome. Indeed, over-expression of this gene has been
reported in a variety of human tumours, e.g. adenocarcinoma of the prostate, squamous
carcinoma of the lung, nasopharyngeal carcinoma and haemopoietic malignancies (McDonnell
et al., 1992; Lu et al., 1993; Pezzella et al., 1993b; Akagi et al., 1994). Despite this widespread
association, the significance of deregulated bcl-2 expression, in terms of its relevance to the
expansion of the primary tumour and to the growth of metastatic tumours, is uncertain. This is
partly attributable to the present state of comparative knowledge of the operation of apoptosis
in primary and secondary tumours. A major source of error resides in the assumption that both
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primary tumours and their distant metastases follow similar or comparable kinetics of apoptosis.
This may not be the case as shown by Matsuda et al. (1996). Primary and secondary tumours
differ markedly in respect of the degree apoptosis. As expected, primary tumours show an
inverse relationship between tumour growth and apoptosis but, in contrast, there is an increase
of apoptosis in metastatic tumours. This should be taken as a note of caution in order to avoid
overinterpretation of the state of expression of bcl-2 genes in tumours as independent
predictors of their biological behaviour. Equally, high metastasis variants of the B16 murine
melanoma have been reported to be more resistant to apoptosis than variants with low
metastatic potential (Glinsky and Glinsky, 1996), and apoptosis index per se may also directly
relate to patient survival (Aihara et al., 1995).

There are preliminary indications that the deregulation of bcl-2 expression may be an event in
neoplastic development. The bcl-2 gene is frequently expressed in colorectal carcinomas and
cell lines. A majority (19 out 22) of adenocarcinomas and 12 out of 13 adenomas have been
reported to be bcl-2 positive. Expression was also found in metastastic tumour in the lymph
nodes and in cell lines established from nodal metastases (Hague et al., 1994), on the basis of
which these authors suggested that the deregulation of its expression may be an early event in
the progression of colorectal carcinoma. The bcl-2 protein has been reported to increase from
cervical intraepithelial neoplasia (CIN) 1/11 to CIN III which is consistent with their degree of
dysplasia (mild to severe dysplasia from CIN 1/1I to III). Surprisingly, there was also a marked
decrease of expression in the progression to invasive carcinoma (Saegusa et al., 1995).

bcl-2 expression has been studied in a large number of human breast carcinomas, but this has
revealed an ambivalent correlation between gene expression and the accepted clinical criteria
such as nodal involvement, tumour size or differentiation (Leek ef al., 1994). Sierra et al. (1995)
have reported that lymph node metastases were more likely to occur in patients with bcl-2
positive tumours than those with bcl-2 negative tumours. Both these studies show that bcl-2
gene expression correlates positively with oestrogen receptor (ER) status, with 80% of bcl-2
positive tumours being ER positive. Breast tumours that are ER positive tend to be epidermal
growth factor receptor (EGFr)ynegative. Compatible with this, bcl-2 positivity correlated
inversely with (EGFr) status (Leek et al., 1994). They make a further interesting observation
that there is a strong association of bcl-2 expression with invasive breast carcinomas. Since low
ER and high EGFr are regarded as strong indicators of poor prognosis in breast cancer (see page
153) and it has been suggested that bcl-2 may be hormonally regulated (Leek ef al., 1994).
Although these studies indicate that bcl-2 might serve as an independent prognostic indicator in
breast cancer, the work of Lipponen ef al. (1995a) does not appear to support this view; they
believe that it has no independent prognostic value in node-negative breast cancer, but do state
that it might be a weak prognostic factor in node-positive breast cancer. However, in head and
neck cancer, bcl-2-positive status appears to correlate with significantly superior disease-free
survival as compared with bcl-2-negative status (Gasparini et al., 1995). Here, one should
consider the possibility that the patients may have been sensitised to radio- and chemotherapy
by concurrent up-regulation of apoptosis promoting genes, which do not appear to have been
studied.
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These reports should be balanced by the findings in other forms of cancer of a lack of
relationship between bcl-2 and prognosis. In a short series of 70 patients with laryngeal
squamous cell carcinoma, bcl-2 protein was found to have no prognostic value (Spafford et al,
1996). There was no correlation between bcl-2 expression and overall survival in high-grade
Bell lymphoma, but when coupled with p53 protein expression there was a significant
correlation with survival. Expression of both p53 and bcl-2 proteins correlated with poorer
prognosis than p53 protein expression alone (Piris et al., 1994). Similar additive effects or
complementation of bck-2 expression may occur with the expression of other oncogenes, such
as c-myc, as demonstrated in an experimental lymphoma model. Double transgenic c-myc/bcl-2
mice showed a rapid development of lymphomas (Marin et al., 1995). Lipponen et al. (1995b)
examined the expression of bcl-2 together with b and c-myc genes and noted no correlation
between their expression and prognosis of renal carcinomas.

The apoptosis-promoting genes can be viewed as suppressors of tumorigenesis. Among these,
the bax gene has received some attention. Bargou et al. (1995) found that bax-u, a splice variant
of bax, is highly expressed in normal breast tissue but it is considerably down-regulated in
breast tumour tissues. Following upon this, Wagener et al. (1996) transfected this gene into
breast cancer cell lines R30C and MCF-7 and found that the transfectant cells became sensitive
to the chemotherapeutic agent epirubicin. They further demonstrated that this sensitivity was
due to the promotion of apoptosis. Over-expression of bax also sensitises MCF-7 cells to
radiation-induced apoptosis (Sakakura et al., 1996). However, Chou et al. (1996) found no
alterations in the bax in human gliomas and believe that it may not be involved in their
pathogenesis. The importance of focusing on both apoptosis-promoting and apoptosis inhibi-
tory genes is illustrated by the observations made by Aguilar-Santelises et al. (1996) on cells
derived from progressive chronic lymphocytic leukaemia. In these cells bcl-2 and bax proteins
did not individually relate to progressive disease but the ratio of bcl-2/bax-« mRNA expression
was higher in the group with progressive disease.

Perhaps, it would be appropriate also to conduct more incisive studies than mere measure-
ments of the expression of bcl-2 genes may be required. For example, point mutations have
been found in the translocated bcl-2 alleles in human lymphomas and leukaemia, and there is
therefore the implicit potential of these mutated genes to provide tumour cells with a growth
and survival advantage, leading to tumour progression (Reed and Tanaka, 1993). Meijerink ef al.
(1995) have reported the presence of mutations in the highly conserved BH1 and BH2 domains
of bax gene of cell lines derived from haematological malignancies. Such changes may affect the
process of homo- or hetero-dimerisation of the proteins and in this way affect their function.
Thus, point mutations can be activating or gain of function mutations or loss of function
mutations as, for example, the point mutation occurring in ced-9 and bcl-2 (Hengartner and
Horvitz, 1994; Yin et al., 1994). One should be also be mindful of the fact that the array of
apoptosis-related genes discovered to date exhibit a range of properties and the formation of
dimers between various members of the family provides exquisite control over apoptosis and
cell survival. Inevitably, therefore, a range of these genes need to be evaluated in order to obtain
a complete picture of the homeostasis of cell growth in tumours.



Angiogenesis in cancer

Angiogenesis or neovascularisation is an important requirement for several biological processes
such as embryonic development, wound healing and chronic inflammation. Angiogenesis is also a
key prerequisite for the successful establishment, growth and dissemination of tumours. It was
demonstrated many years ago that the growth of tumour is dependent upon adequate vascularisa-
tion (Folkman et al., 1971; Folkman, 1972). Two distinct phases of tumour growth can be
identified: the avascular and vascular phases (Folkman, 1975). The avascular phase constitutes a
selflimiting phase of growth because of constraints on the diffusion of nutrients and catabolic
products imposed by the tumour surface area in relation to its volume. In contrast, the vascular
phase of growth constitutes a phase of rapid exponential expansion. Gimbrone et al. (1972)
demonstrated that tumours implanted into the avascular environment of the anterior eye chamber
show limited growth, but when they attach to the vascular bed of the iris they become
vascularised and grow rapidly. Recent work has shown that tumour growth is adversely affected
by agents which block angiogenesis (Hori et al., 1991; Kim et al., 1993), but it is stimulated by
factors that enhance angiogenesis (Ueki ef al., 1992). The inhibition of angiogenesis has therefore
provided a potentially valuable target for a new therapeutic strategy (Harris ef al., 1996).

Induction of neovascularisation by tumours

There has been a clear perception of the association of neovascularisation with tumours for
several decades, but the idea that a humoral factor may mediate the induction of angiogenesis
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was mooted by Greenblatt and Shubik (1968). Subsequently, Folkman (1974, 1975) demon-
strated that tumours possessed the ability to induce the proliferation of proximal capillaries.
New capillaries arise mainly from small venules in response to the angiogenic stimulus imparted
by the tumour. Initially, local dissolution of the basement membrane occurs, possibly caused by
proteinases whose synthesis in endothelial cells has been found to be induced by the angiogenic
factor, basic fibroblast growth factor (bFGF) (Moscatelli et al., 1986). This is followed by
migration of endothelial cells towards the source of the angiogenic factor. The endothelial cells
then align themselves end to end and form a ‘sprout’ which subsequently develops a lumen
(Ausprunk and Folkman, 1977). Angiogenic growth factors such as the bFGF (see below) are
also known to be able to stimulate endothelial cell motility and the ras oncogene might be
involved in this process. The injection of Ha-ras proteins into bovine endothelial cells appears to
stimulate their motility; antibodies to the ras protein can inhibit bFGF-stimulated motility and
indeed inhibit even the initiation of the process. These experiments demonstrate that presence
of the ras protein is required in the transduction of the motility signal (Fox PL et al., 1994).

Several factors with angiogenic ability have now been identified and some of them are known
to be secreted by the tumour (Table 6). Prominent among these are certain growth factors. An
important group embraces growth factors which are described as heparin binding growth
factors, namely the vascular endothelial growth factor (VEGF), fibroblast growth factors (FGFs),
transforming growth factor-f (TGF-f) and the hepatocyte growth factor (HGF). The binding of
these growth factors to heparan sulphate proteoglycans (HSPG) has been seen as a mechanism
for localising the growth factors on the cell surface and presenting them to their appropriate
receptors in the most favourable conformation, in order to facilitate the interaction of the
growth factors with the receptors. The isoform of FGF known as the basic fibroblast growth
factor (bFGF) has been shown to bind reversibly to a secreted protein which protects it from
degradation (Wu et al., 1991; Czubayko et al., 1994).

The vascular endotbelial growth factor (VEGF)

The vascular endothelial growth factor (VEGF) was originally isolated as the vascular per-
meability factor (Senger et al., 1983) and subsequently by Ferrara and Henzel (1989) as a growth
factor which induced proliferation of endothelial cells but not mitogenic to fibroblasts or
epithelial cells. Four isoforms of VEGF have been identified and these are designated as VEGF,,;,
VEGF 65, VEGF, g, and VEGF,, distinguished by subscript numbers which refer to the numbers
of amino acid residues in the mature protein in each case. The major subtype, VEGF,;, may be
described as providing the primary pattern consisting of exons 1-5 encoding 141 amino acids of
the N-terminal region and six Cterminal amino acids encoded by exon 8. The other isoforms
represent addition of exon 7 in VEGF 45, exons 6 and 7 in VEGF,g9. VEGF, carries, in addition
to exons 6 and 7, an extra short exon 6'. Exon 6 encodes a stretch of highly basic amino acids
and exon 7 encoded region of VEGF shows a mild heparin-binding ability (Ferrara et al., 1991,
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Table 6. Inducers and inhibitors of angiogenesis

Inducers of angiogenesis
Growth factors
Basic fibroblast growth factor (bFGF)
Vascular endothelial growth factor (VEGF)
Hepatocyte growth factor (Bussolino ef al., 1992)
Transforming growth factor f (TGF-f) (Roberts et al., 1986)
Tumour necrosis factor (INF) (Leibovich et al., 1987; Frater-Schroder et al., 1987)
Interleukins: IL-8 (Koch et al., 1992); 11-1,4,6
Angiogenin (King and Vallee, 1991)
Prostaglandins E,, E,
Plasminogen activators (Hildenbrand et al., 1995a,b)
Oestrogen
Angiotensin (Fett ef al., 1985)
Substance P
Lipopolysaccharide (Mattsbybaltzer et al., 1994)
Thymidine phosphorylase (Platelet-derived endothelial growth factor) (Moghaddam et al., 1995)
E- and P- selectin (Koch et al., 1995; Fox et al., 1995¢)
Ganglioside GD3 (Koochekpour and Pilkington, 1996)
Polyamines (spermine and spermidine) (Takigawa et al., 1990a)
Cathepsin B (Mikkelsen et al., 1995)
Cell adhesion molecules (CAMs, selectins)
Integrin receptors (Drake et al., 1991; Bauer ef al., 1992; Brooks et al., 1994)

Inbibitors of angiogenesis

Wild-type p53 (van Meir et al., 1994b)

Interleukin-1 (?)

Interferons (Sidky and Border, 1987; White et al., 1990)

Thrombospondin-1

Tissue inhibitors of metalloproteinases (TIMPs) (Takigawa et al., 1990a; Johnson et al., 1994)
Polysulphonated naphthylureas (Suramin and analogues)

Multimeric YIGSR laminin motif Iwamoto et al., 1996)

Isosorbide mono- and di-nitrates via nitric oxide generation (Pipili-Synetos et al., 1995)

References in text or as cited in the Table; and partly based on Diaz-Flores et al. (1994); Fidler and Ellis (1994).

Houck et al., 1991, 1992). The N-terminal region accommodates eight cysteine residues which
might be enabling the molecules to dimerise. A 32 kDa fragment generated by the use of
plasmin has been found to possess both VEGF activity and the ability to regulate vascular
permeability (Houck et al., 1992). Subsequently, Keyt et al. (1996) have shown that residues
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111-165 from the Cterminal portion of this region are essential for the mitogenic activity of
VEGF. VEGF;, is a soluble form of VEGF and possesses no heparin-binding ability: VEGFgo and
VEGF;¢5 do bind to heparin but VEGF, g9 binds more strongly than does VEGF 4s. Therefore, the
different isoforms may have distinct biological activity, and the differences in their ability to
regulate vascular permeability or their mitogenic activity may involve splicing out of these
important domains of the molecule. Two VEGF-related placental growth factors, PIGF1 and
PIGF2, have been described which may be produced by alternative splicing of pre-mRNA
transcribed from the VEGF gene (Hauser and Weich, 1993; Maglione et al., 1993).

The promoter of the VEGF gene does not possess a TATA box, but has six GC boxes for
transcription factor SP-1 binding and also sites for AP-1 and AP-2 binding (Tischer et al., 1991).
The expression of the gene is modulated by several growth factors such as EGF (Goldman et al.,
1993), TGF (Harada et al., 1994; Pertovaara et al., 1994), and, significantly, by hypoxia (Ladoux
and Frelin, 1993). In some cell types VEGF expression appears to be regulated by other growth
factors such as interleukin-1 (Kvanta, 1995), and bFGF, epidermal growth factor and platelet-
derived growth factors (Koochekpour ef al., 1995). A commonality of mediation of protein
kinase C in the regulation of VEGF by these growth factors is suggested by the experiments of
Kvanta (1995) where enhanced VEGF expression was induced by phorbol esters which activate
the kinase. Ikeda et al. (1995) showed that hypoxia induces VEGF in C6 glioma cells. The VEGF
gene appears to be activated by hypoxia, the effect being mediated by the presence of hypoxia
responsive elements in the 5'-flanking region of the VEGF gene. The oncogene c-src has been
implicated in the pathway of hypoxia-mediated induction of VEGF. Mukhopadhyay et al. (1995)
showed that an inhibition of protein kinases inhibits the induction of VEGF. Hypoxia increases
the kinase activity of pp60™. In addition to this circumstantial evidence, Mukhopadhyay et al.
(1995) have gone on to show that the induction of VEGF by hypoxia is impaired in c-src
negative cells. Therefore, they have suggested that VEGF gene might be a downstream target for
csrc function. Among other oncogenes implicated in angiogenesis is ras, which is frequently
mutated in cancers. The expression of mutant ras has been found to be associated with an up-
regulation of VEGF mRNA and with the secreted protein in human and rodent cell lines. VEGF
expression can be down-regulated by treatment of cells with agents that disrupt the function of
the ras protein (Rak et al., 1995).

VEGF is specific for vascular endothelium, because it binds to receptors which are found
only on endothelial cells. The membrane receptors belong to the tyrosine kinase family of
growth factor receptors. The VEGF receptors constitute a family of which the recognised
members are flt-1 (fmslike-fyrosine kinase) (Shibuya et al., 1990; Finnerty et al., 1993;
Yamane et al., 1994), fit4 (Finnerty et al., 1993; Galland et al., 1993; Pajusola et al., 1994),
and flk-1 (also known as KDR) (Matthews ef al., 1991; Terman et al., 1991, 1992; Sarzani et
al., 1992). These receptors share several features with other tyrosine kinase receptors. They
are transmembrane proteins, with an extracellular, a transmembrane and an intracellular
tyrosine kinase domains. The extracellular domain resembles fms, kit and PDGFr proteins with
regard to the distribution of cysteine residues. The extracellular sections of both fit-1 and flk-1
have been shown to possess seven immunoglobulin-like domains. The second of these
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domains may be involved in the binding of VEGF. The introduction of the second
immunoglobulinlike domain into fit-4, which does not normally bind VEGF, enables the
chimeric flt-4 to bind the ligand (DavisSmyth et al., 1996). The VEGF receptor molecule also
shares some features of the cytoplasmic tyrosine kinase domain.

The angiogenic effect of VEGF has been elegantly demonstrated by Zhang HT et al. (1995)
who transfected a cDNA clone of an isoform of VEGF into MCF7 cells. They showed that the
transfectant clone (called V12) stimulated a directional outgrowth of capillaries upon implanta-
tion into rabbit cornea. V12 tumours grew faster as xenografts than untransfected cells; V12
tumours were also more vascular. VEGF expression has been closely correlated with the degree
of angiogenesis in human epidermoid lung carcinoma. It is also a potent mitogen: for instance,
VEGF levels correlate with high proliferation as indicated by the expression of PCNA, the
proliferation related nuclear antigen (Mattern ef al., 1996).

VEGF functions as a major angiogenic factor in normal and in pathological conditions. Its role
in the development of rheumatoid arthritis is well known (Koch et al., 1994). VEGF has a
prominent function in embryogenesis. It is found in developing organs. Three isoforms of VEGF
occur in the developing human kidney together with two VEGF-specific receptors of the
tyrosine kinase type, fit-1 and KDR (flk-1) (Simon et al., 1995). Both VEGF and its receptors are
required for angiogenesis, and regulation of the process of angiogenesis may relate to the
regulation of the individual components of the ligand-receptor system. Both VEGF and VEGF-
receptor expression is modulated by several agents. As mentioned earlier, VEGF gene expres-
sion is up-regulated by EGF, TGF- and hypoxia. TGF-f and hypoxic conditions also affect the
expression of the receptor. TGF-f down-regulates expression of flk-1 (Mandriota et al., 1996),
but hypoxia produces a 13-fold up-regulation of flk-1 expression (Brogi et al., 1996). Tumour
necrosis factor o« (TNF-n) is known to inhibit VEGF-mediated proliferation of human endothelial
cell. This appears to occur by the down-regulation of flk-1 expression (Patterson et al., 1996).
There also may be some affinity of interaction between the VEGF isoforms and the various
receptors. Isoform PIGF has been found to bind to flt-1 but not to flk-1 (Sawano et al., 1996).
Whether this has a functional significance is yet unclear. Flt4, on the other hand, does not bind
VEGF at all.

Mutations in the ligand lead to its inactivation and this has serious consequences for their
function. Mutation even in one allele of the VEGF gene is lethal for mouse embryos, with
attendant aberrations in angiogenesis. Interestingly, VEGF null embryonic stem cells failed to
form tumours when implanted into nude mice (Ferrara et al., 1996).

Very little information is available regarding the activation of expression of VEGF in tumours.
The expression of VEGF, but not flt-1, is reported to be greatly increased in carcinomas of the
breast (Yoshiji et al., 1996). In endometrial carcinomas, the expression of VEGF was very
strong, as detected by in situ hybridisation; the endothelial cells of the microvessels associated
with these tumours showed a marked expression of flt-1 and flk-1 mRNAs (Guidi et al., 1996).
The expression of both VEGF and receptor have also been found to be up-regulated in human
germ cell tumours and this correlates with the degree of vascularisation of the tumours
(Viglietto et al., 1996). VEGF is abundant in gliomas. Both flt-1 and KDR mRNA are expressed
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in endotheial cells of high-grade gliomas, but not in low-grade gliomas. VEGF receptors are not
expressed in the normal brain endothelium. It is therefore suggested that the neovascularisation
associated with high-grade tumours may be a paracrine response initiated by a coordinated up-
regulation of the receptor genes (Plate et al., 1994). Similarly, in haemangioblastoma associated
with von Hippel-Lindau syndrome, isoforms of VEGF are secreted by stromal cells. VEGF then
interacts with the flt-1 and flk-1 receptors situated on the tumour endothelium (Wizigmannvoos
et al., 1995). The flk-1 receptor is now known to be involved in the growth of a variety of
human tumours (Millauer et al., 1996).

Fibroblast growth factors in angiogenesis

Fibroblast growth factors (FGFs) constitute a large family of growth factors which are
structurally related to each other and participate in several biological processes such as cell
differentiation, motility, proliferation, wound healing and also in angiogenesis and in the
pathogenesis of cancer. The best characterised members of the family are the acidic and basic
fibroblast growth factors. The following discussion is restricted to bFGF and the growth factor
FGF-3 encoded by the int-2 oncogene.

bFGF, an 18 kDa polypeptide belonging to the fibrobast growth factor family, is a potent
angiogenic factor (Shing et al., 1985). It is strongly implicated in cell proliferation, cell
motility, embryonic development, differentiation, wound healing and also in angiogenesis
(Shing et al., 1984; Gospodarowicz et al., 1986, Thomas and Gimenez-Gallego, 1986; Rifkin
and Moscatelli, 1989). It would appear that bFGF is not secreted by cells in the conventional
manner since it does not contain the signal sequence for secretion (Abraham et al., 1986) but
it may be released by damaged or dying cells. Furthermore, it is sensitive to degradation by
proteolytic enzymes. Moscatelli et al. (1991) have shown that bFGF might become localised at
the site of its biological function and indeed retain its activity by virtue of its ability to form
complexes with heparan sulphate proteoglycans. FGF is released with greater ease from
complexes with heparan sulphate than with FGF receptors. The release of FGFs from these
complexes occurs by the action of heparinase (Viodavsky et al., 1988, 1991; Bashkin et al.,
1989; Moscatelli, 1992). The function of FGF (both the basic and the acidic isoforms) involves
its binding to receptors which possess features characteristic of tyrosine kinase receptors of
other growth factors such as the epidermal and platelet-derived growth factors. There are
several forms of the FGF receptor, which may arise from alternative splicing of a single pre-
mRNA product. Since both isoforms of FGF can bind with equal affinity to these receptor
isoforms, there must exist a complex system of regulation of FGF signalling (Dionne et al.,
1991). Inhibition of bFGF by LAMS, a polysulphate derivative of glucan laminarin, inhibits
angiogenesis (Hoffman et al., 1996). Conversely, enhancement of bFGF promotes angiogen-
esis; for example, the angiogenic ability of TNF- is attributed to its ability to enhance the
production and secretion of bFGF (Okamura ef al., 1991).
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int-2 protein (FGF-3)

The int-2 oncogene encodes a growth factor which bears high sequence homology with bFGF.
This is known as FGF-3. The int-2 oncogene is located on chromosome 11q13. The hst-1, EMS],
PRADI and bcl-1 genes also occur at the int-2 locus. The int-2 oncogene is known to be
involved in embryonic development (Jakobovits et al., 1986; Wilkinson et al., 1988, 1989;
Represa et al., 1991) and in mouse mammary tumour virus (MMTV)induced tumorigenesis.
MMTYV induces transcriptional activation of this gene (Gordon et al., 1983; Peters ef al., 1983;
Dickson et al., 1984). Recent work shows that MMTYV integration results in the mutation of
several other genes, e.g. wnt-1,3, 10b, FGF-4, and FGF-8 among others (Callahan, 1996), all of
them with considerable potential for influencing the path of tumour progression. Nonetheless,
int-2 gene expression and amplification, in particular, has been studied in several human
tumours. It is overexpressed in carcinoma of the breast (Fanti et al., 1989), oesophagus
(Kitagawa et al., 1991), ovary (Rosen et al., 1993) and in Kaposi's sarcoma (Huang et al., 1993).
Amplification of int-2 correlates strongly with the presence of lymph node metastases in breast
cancer and is significantly associated with a greater risk of recurrence (Nagayama and Watatani,
1993, Champeme et al., 1995; Pauley et al., 1996). Oral squamous cell carcinomas contain
homogeneously staining regions (HSRs) at 11q13, which indicate that gene amplification may be
occurring there. In fact, int-2 and bst-1 appear to be co-amplified in these tumours (Lese et al.,
1995). No amplification of int-2 gene has been found in breast and ovarian cancers ( Jaakkola et
al., 1993) and in carcinomas of the prostate (Latil et al., 1994).

Amplification of the 11q13 amplicon can affect several genes occurring within the amplicon,
and therefore weighting of individual genes in terms of their relevance to progression is liable to
be a complex exercise. The bst-1 gene is another member of the FGF family which occurs in the
11q13 amplicon, 35 kbp downstream of int-2 in the same transcriptional orientation at 11q13.3
(Wada et al., 1988; Yoshida ef al., 1988). bst-1 is often co-amplified with int-2 (Yoshida et al.,
1988; Adnane et al., 1989; Tsuda H et al., 1989; Tsuda T et al., 1989; Lese et al., 1995). The bst-1
encoded protein is a potent mitogen, but it has not been tested for angiogenic ability. The
association of int-2 with the aggressive behaviour of tumours may be due to the ability of its
product (FGF-3) to induce angiogenesis (Costa ef al., 1994).

The bepatocyte growth factor (HGF)

The hepatocyte growth factor (HGF) described by Rubin et al. (1991) was discovered as the
scatter factor (Gherardi et al., 1989; Gherardi and Stoker, 1990) and the cytotoxic factor
(Higashio et al., 1990). HGF is secreted by fibroblasts and is mitogenic for epithelial and
endothelial cells as well as melanocytes, but does not affect fibroblasts (Rubin et al., 1991). For
example, the addition of HGF to pancreatic cell lines greatly promotes their motility and
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proliferation (Direnzo et al., 1995a) (see also page 127). The paracrine effect of HGF is mediated
by its binding to the tyrosine kinase type receptor protein encoded by the c-met oncogene.

The expression of the c-met protein has been studied in several human tumours. In colorectal
tumours the expression of the protein increased from five- to 50fold with progression in
approximately 50% of 123 primary carcinomas and in 70% of 25 liver metastases examined.
Amplification of the c-met gene was also detected in only 10% of the primary tumours but at a
far greater frequency (eight out of nine) in liver metastases (Direnzo et al., 1995b). A high
proportion (45% of 128) of prostatic carcinoma show the presence of the c-met protein. In
metastatic tumour the frequency has been found to increase to 75% (Humphrey ef al., 1995).
Furthermore, c-met protein staining has been found to be related to tumour grade in another
study of prostatic tumours (Pisters et al., 1995). Expression of the protein in gastric carcinomas
has also been found to correlate with lymph node involvement, serosal invasion and the
dissemination into the peritoneal cavity (Yonemura et al., 1996). Yonemura et al. (1996) also
state that c-met positive tumours were liable to show distant metastases; however, such a clear
relationship with tumour progression has not emerged from studies on breast (Nagy ef al.,
1995) or head and neck carcinomas (Muller et al., 1995). Nagy et al. (1995) found a loss of
heterozygosity at the c-met locus (7q31) in only 4% of the tumours, but c-met protein
expression was significantly greater in carcinomas than in tissues derived from benign breast
disease. In contrast, in head and neck tumours loss of heterozygosity occurred in 23% of the
tumours but this was not associated with lymph node involvement (Muller et al., 1995).

HGF induces angiogenesis and its levels have recently been measured in primary breast
cancer by Nagy et al. (1996). They found tumour vascular volume, determined by immunostain-
ing using anti-CD34 antibody, correlated with HGF levels in the tumour and with tumour
proliferation as measured by Ki-67 index. This accords with the elevation of expression of its
receptor protein to correspond with tumour progression. The involvement of HGF-mediated
angiogenesis in progression is also implied in the observations by Hiscox and Jiang (1996). They
found that c-met transcripts and also the protein are up-regulated by bFGF and TGF-$, which are
powerful inducers of angiogenesis. In contrast, IFN-y, which inhibits angiogenesis, also down-
regulated them. These studies emphasise in a substantial way the paracrine mechanism by
which HGF and c-met protein confer upon tumour cells selective advantages of growth, invasive
and metastatic properties.

Other angiogenic mediators

The platelet-derived endothelial growth factor, now known to be thymidine phosphorylase (TP)
has been found to be angiogenic and to stimulate tumour growth. The induction of angiogenesis
by TP in #n vitro models can be inhibited by neutralising anti-TP antibodies (Fox ef al., 1995a;
Moghaddam et al., 1995). Fox et al. (1995b) raised a monoclonal antibody against recombinant
TP and tested for the state of TP expression in a variety of human tissues. They found TP
expression in endothelial cells, but the expression did not correlate with sites of new vessel
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growth. The expression of TP was found to be up-regulated in both tumour epithelium (in 53%
of 240 primary breast cancers) and tumour endothelial cells, prominently with peripheral
endothelial cells (Fox et al., 1996).

There are also other angiogenic mediators, such as plasminogen activators, which may
function indirectly by promoting the dissolution of the basement membrane to enable exposure
of endothelial cells to angiogenic agents. Hildenbrand et al. (1995a,b) compared urokinase
(plasminogen activator uPA) levels of 42 primary invasive breast carcinomas and tumour
angiogenesis, as determined by microvessel density. They found that uPA levels correlated
with microvessel density, rate of proliferation and vascular invasion. Conversely, angiogenic
factors might themselves induce the production of proteinases.

Cell adhesion molecules such as the vascular endothelial cell adhesion molecule-1 (VCAM-1),
E-selectin, sialyl Lewis-X/A glycoconjugates, etc. (Nguyen et al., 1993b; Koch et al., 1995) also
take part in angiogenesis. The cell adhesion molecules, E- and P-selectins, for instance, may be
expressed more intensely in invasive breast cancer than in corresponding normal tissues and
such expression is prominent at the tumour periphery (Fox et al., 1995¢). Antibodies raised
against E-selectin and VCAM inhibit the angiogenic property and the chemotactic effect towards
endothelial cells exerted by rheumatoid synovial fluid. This is compatible with the observation
that TNF is able to up-regulate the expression of ICAM-1 and also induce angiogenesis. These
molecules are involved in the adhesive interactions between tumour and endothelial cells (see
page 113), but whether they are associated with tumours is uncertain.

In sharp contrast, the active site of laminin which also participates in cell adhesion and
migration (page 102) has an inhibitory effect on angiogenesis. The f1 chain of laminin has an
active site composed of the sequence tyrosine-isoleucine-glycine-serine-arginine (YIGSR) resi-
dues 929-933 (Graf et al., 1987). Synthetic peptides containing this amino acid sequence
promote cell adhesion and migration (Iwamoto et al., 1988). The YIGSR sequence is also able to
inhibit experimental metastasis (Iwamoto et al., 1987). The inhibitory effect on metastasis and
angiogenesis appears to be related to the number of YIGSR motifs in the polypeptide. Thus,
synthetic molecules containing 16 motifs were far more inhibitory than the monomeric YIGSR
motif (Iwamoto et al., 1996). The ability of the pentapeptide to inhibit metastasis has been
attributed to its ability to inhibit angiogenesis (Sakamoto et al., 1991; Iwamoto et al., 1996).
Although this is an attractive hypothesis, it is possible that the multimeric YIGSR peptide may
saturate laminin-binding sites and inhibit the adhesion of tumour cells to the basement
membrane. Kim WH et al. (1994) found that the muitimeric YIGSR peptide can induce
apoptosis of human fibrosarcoma cells.

Inhibitors of neovascularisation

Several factors that inhibit angiogenesis occur naturally. Sidky and Borden (1987, 1989) reported
the inhibition of angiogenesis as well as tumour growth by interferons o and f. IFN« has also
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been used successfully in the treatment of pulmonary haemangiomatosis and angiosarcomas
(White et al., 1990). The role of interleukin-1 in angiogenesis is still uncertain. It has been
shown to inhibit angiogenesis in some in vivo models but not in others. It has been described as
a mitogen for vascular smooth muscle cells and fibroblasts (Sunderkotter et al., 1991).

Angiogenesis has provided a valuable target for developing anti-tumour agents. Earlier, we
alluded to the binding of bFGF to heparan sulphate proteoglycans (HSPG) as a mechanism by
which bFGF may be localised at the site of its action and protected from degradation. This has
inevitably led to the use of heparinoids and related compounds to inhibit the heparin-binding
growth factors. The polysulphonated naphthylurea suramin is a moderate inhibitor of these
growth factors (Myers ef al., 1991; Zugmaier ef al., 1992). It appears to inhibit the binding of
bFGF to endothelial cells (Takano ef al., 1994). Suramin also inhibits VEGF and VEGF-induced
chemotaxis of endothelial cells. The inhibition seems to result from inhibition of VEGF-mediated
phosphorylation of the VEGF receptors (Waltenberger et al., 1996); possibly a mechanism by
which suramin exerts its anti-angiogenic effect could be by interfering with the binding of
angiogenic growth factors with their receptors. Braddock et al. (1994) synthesised several
polysulphonated naphthylureas resembling suramin in their structure and showed that these
could inhibit bFGF-mediated angiogenesis in vitro. Sulphonated derivatives of distamycin A
have been found to be capable of complexing with bFGF and inhibiting angiogenesis (Ciomei et
al., 1994). Firsching et al. (1995) believe that the anti-angiogenic potential of these compounds
is related to structural features other than merely their polyanionic nature. Nevertheless, the
polyamines putrescine and spermidine are inducers of angiogenesis. Firsching et al. (1995)
showed that polyamine-induced angiogenesis can be inhibited by the ornithine carboxylase
inhibitor o-difluoromethylornithine (DFMO). DFMO can also inhibit B16 melanoma-induced
angiogenesis in the chorioallantoic membrane (Takigawa et al., 1990a,b).

Nitric oxide, which is regarded as a regulator of many physiological systems, may have anti-
angiogenic properties. Pipili-Synetos et al. (1995) found that isosorbide mono- and di-nitrates
inhibited angiogenesis in chick chorio-allantoic membrane (CAM) assays. These compounds also
effectively inhibited growth and metastasis of Lewis lung carcinomas implanted into compatible
mice. Both isosorbide nitrates function through the release of nitric oxide and, furthermore, the
nitric oxide synthase inhibitor 1-NAME enhanced pulmonary metastatic spread of animal
tumours.

The suppressor gene p53 which controls the progression of the cell cycle has been shown to
be able to inhibit bFGF-mediated angiogenesis (van Meir et al., 1994b). These authors
transfected wild-type p53 into glioma with p53—/~ null phenotype. The induction of
expression of the wild-type, but not the mutant, gene appeared to produce a factor that
inhibited angiogenesis. Another pathway by which p53 might inhibit angiogenesis is by
modulating the production of thrombospondin-1 (TSP-1). TSP-1 is an extracellular matrix
glycoprotein containing RGD (arginine-glycine-aspartic acid) recognition sequences and binds
to a,f; integrin receptors. TSP-1 regulates cell adhesion, motility and has often been found to
inhibit tumour growth and metastasis. The latter effects have been attributed to its ability to
inhibit angiogenesis. However, in a recent review Roberts (1996) pointed out that TSP-1 can
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interact with several cell surface receptors and that under certain conditions may enhance
metastatic spread and has, therefore, suggested that the modulation of cell behaviour by TSP-1
could be celltype specific. Nevertheless, that TSP-1 can negatively regulate tumour growth is
demonstrated by the observation that the cell cycle controlling genes p53 and rb (see pages 28
and 50), both up-regulate TSP-1 gene transcription. Thus, the transfection of wild-type p53 gene
into fibroblasts from patients with Li-Fraumeni syndrome who carry germ line mutations in the
P53 gene up-regulates the expression of TSP-1 gene (Dameron et al., 1994). In a similar vein,
Chinese hamster embryo cells transformed by nickel show reduced TSP-1 expression while in
the normal cells it is abundantly expressed in the cytoplasm; however, co-transfection with the
retinoblastoma-susceptibility gene rb causes an increase in the transcription of the gene
encoding TSP-1 (Salnikow et al., 1994). Thrombospondin-1 inhibits angiogenesis by suppressing
bEGF function. A loss of wild-type p53 or its mutation may therefore be expected to allow the
normal angiogenic function of bFGF together with the removal of growth restraint. This link-up
of the loss of control of tumour growth with a switch to the vascular phase of development may
prove to be an important event in tumour progression.

Angiogenesis as a predictor of prognosis of cancer

The process of neovascularisation of the tumour is a critical step in the progression of the
disease. Adequate vascularisation is not only essential for continued tumour growth, but also in
dissemination of the tumour to distant metastatic sites on account of the fact that the vascular
and lymphatic systems are the major vehicles of transport of cancer cells released from the
primary tumour. At the metastatic site also, the growth of the secondary deposits is dependent
upon angiogenesis. This was demonstrated by Holmgren et al. (1995) by using dormant lung
metastases produced under conditions where angiogenesis had been experimentally sup-
pressed. They found that a rapid growth of the metastases ensued upon removal of inhibition
of angiogenesis. An intriguing observation was that the dormant metastases exhibited the same
rate of proliferation. This contradiction was explained by the greater than threefold increase in
apoptosis in the dormant metastases compared with actively growing secondary deposits. It
appears, therefore, that in the absence of adequate angiogenesis, metastatic deposits remain
dormant on account of a steady state being reached between the rates of proliferation and
apoptosis of cells. In the light of the enormous significance of angiogenesis to the total process
of metastatic spread, a logical advance would be to explore if the state of angiogenesis can be
employed in predicting prognosis of the disease.

The transformation of cells to the neoplastic state is associated with the acquisition of
angiogenic property (Gimbrone and Gullino, 1976; Brem et al., 1977, 1978; Maiorana and
Gullino, 1978). According to Ziche and Gullino (1982), this precedes the transformation of cells to
the tumorigenic state. Maiorana and Gullino (1978) implanted tissues of rat mammary gland from
virgin, pregnant and lactating animals and noted that only a small proportion (5%) of implants
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elicited angiogenesis. Hyperplastic tissue also produced a low angiogenic response but far more
frequently than normal tissues. At the other extreme, 75-100% of implants of rat mammary
carcinomas induced an angiogenic response. Similar observations were then made in respect of
human breast tissues. Benign tissues, such as those derived from fibroadenomas or fibrocystic
disease, failed to elicit an angiogenic response upon implantation into rabbit iris. Roughly one-
quarter of hyperplastic tissue fragments induced angiogenesis. In contrast, out of 63 tissue
fragments tested from 10 carcinomas, 41 fragments induced strong angiogenic response -
apparently a clear intensification of the angiogenic response with neoplastic progression.
Recently, the exploration of this relationship and the assessment of the clinical value of the
degree of tumour-associated angiogenesis has taken two forms: microvessel counting and the
assessment of the expression of angiogenic factors in tumours (Craft and Harris, 1994).

Clinical significance of microvessel density

The density of microvessels associated with tumours is usually measured by immunohistochem-
ical staining, e.g. using antibodies against von Willebrand factor (factor VIII}related antigen,
endothelial specific antigens such as platelet/endothelial cell adhesion molecule (PE-CAM)
(CD31), or CD34.

The possible correlation of tumour microvessel density with clinicopathological features and
clinical outcome of breast cancer have been investigated by several laboratories. Horak et al.
(1992) used antibodies against ECAM and counted microvessels associated with 103 primary
breast cancers. They found significantly greater vascularisation of tumour tissue compared with
normal breast tissue and, furthermore, the higher microvessel density correlated with lymph
node metastasis. Thus, only two out of 50 tumours with microvessel density of 99 or less per
mm’ showed lymph node metastasis as compared with 31 out of 39 tumours which had
microvessel density >140 mm ™2 They also found that neovascularisation related to tumour
size, grade and differentiation. In another series of 165 early stage breast cancers with median
follow-up of 5 years, tumour angiogenesis was found to be a significant and independent
prognostic indicator (Gasparini et al., 1994). This is supported also by Nagy et al. (1996) who
found tumour vascularisation to correlate with relapse of the disease. In contradistinction,
however, Miliaras et al. (1995) found no correlation between microvessel counts and tumour
size and grade. Tumours with lymph node metastases and those with no nodal involvement
showed similar microvessel density. A study which included 155 invasive breast cancers
showed no correlation between microvessel density and tumour size, histological grade or
lymph node status. However, high microvessel counts were found to correlate strongly with
shorter disease-free and overall survival in these patients (Ogawa ef al., 1995).

Among other forms of human cancer studied are gastric carcinomas. Maeda et al. (1995)
investigated 108 gastric carcinomas for microvessel density and determined the expression of
PCNA to measure cell proliferation. Both features were associated with poor prognosis. High
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microvessel density was also significantly associated with high risk for hepatic metastasis.
Similarly, high microvessel count correlated with poor survival of patients with non-small cell
lung carcinoma (Fontanini ef al., 1995). These authors have also found, upon follow-up of 94
patients, that high microvessel count correlated positively with development of metastases.
Microvessel density appears to be a good prognostic indicator for transitional cell carcinoma of
the bladder, although stage and grade of tumours was not related to microvessel count
(Dickinson et al., 1994). But, Philip et al. (1996) reported a highly significant correlation
between microvessel density and tumour stage, and both TNM stage and also that microvessel
density were significant predictors of survival.

Some of the ambiguities in the data may have resulted from the number of areas of
vascularisation counted. Miliaras et al. (1995) state that they counted three most active areas
of neovascularisation. Whether such a selection produces a bias in the results should be
considered. Furthermore, ability to induce angiogenesis may be another feature of heterogene-
ity. In addition, it should be borne in mind that the vascular endothelium is itself antigenically
heterogeneous (Kazu et al., 1992). Furthermore, PE-CAM (CD31), believed to be a more
sensitive marker, may be more appropriate than factor VIII for the quantification of microvessel
density (Vermeulen PB et al., 1995). 1deally, more than one marker should be employed for
assessing angiogenesis.

The expression of angiogenic factors in tumours

The second approach advocated by Craft and Harris (1994) for assessing the significance of
neovascularisation associated with tumours as a prognostic marker is the assessment of the
expression of angiogenic factors and their receptors in tumours. They postulate that angiogenic
factors produced by tumours may bind to appropriate receptors occurring on tumour-associated
endothelia in a paracrine fashion, and further that the expression of both may be coordinately
regulated in producing the angiogenic response so essential for tumour dissemination. This
postulate has attracted considerable support. Furthermore, as discussed earlier, the expression
of angiogenic growth factors in tumours correlates with the degree of neovascularisation. This
has inevitably led several investigators to focus on the production of these factors in human
tumours. Several angiogenic growth factors, e.g. VEGF, acidic and bFGF and TP, among others,
are expressed in breast cancer (Moghaddam et al., 1995; Harris et al., 1996). The hepatocyte
growth factor is also known to be produced by breast cancers and its expression correlates with
disease relapse and overall survival (Nagy et al., 1996). Basic FGF and FGF receptor (FGFr)
mRNAs have been found to be expressed in a majority of advanced gastric carcinomas - mostly
undifferentiated tumours and invasive adenocarcinomas. In addition, the expression of bFGF
and FGFr correlated with higher incidence of nodal metastasis and poorer survival (Ueki et al.,
1995). The ganglioside, GD3, has been implicated in the release of VEGF by human glioma cell
lines. Koochekpour and Pilkington (1996) found that GD3 was invariably detected in
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glioblastoma multiforme and in a majority of anaplastic astrocytomas, but it was not detectable
in low-grade gliomas. A potential source of incorrect attribution will be the ability of host cell
infiltrates, e.g. macrophages, to produce angiogenic factors (Sunderkotter et al., 1991).
Macrophages do produce angiogenic factors (Koch et al., 1992). This is also suggested, for
example, by the low levels of bFGF found in human colon cell cultures compared with higher
levels of the growth factor found in cells derived directly from tumours grown as xenografts
(McCarty et al., 1995). Furthermore, microvessel density has been found, at least in one study of
invasive breast cancer, to correlate with macrophage count (Hildenbrand et al., 1995a,b). This
is an important issue to resolve because the degree of host cell infiltration is directly related to
differentiation of the tumour and therefore inversely related with the degree of malignancy. It is
essential that the expression of these factors resides demonstrably with tumour cells
themselves.

The expression of the endothelial adhesion factor VCAM-1 shows a close asssociation with
tumour progression. It occurs in 62% of primary melanomas less than 1.5 mm thick and in only
6% of primaries of greater thickness. VCAM is also present on 14% of lymph nodes metastases.
When compared with the presence of this adhesion molecule in 79% of benign naevi, the
conclusion is inescapable that a loss of VCAM may be important in metastasis (Denton et al.,
1992). Presumably, this could be a reflection of its ability to promote angiogenesis. Thus, a
consensus view may be emerging that the expression of angiogenic agents could provide a
practical prognostic tool.

The cardinal query to which most of these studies have addressed themselves was whether
angiogenesis is related to tumour progression, but the answer may be deemed self-evident.
Metastatic disease is the major cause of cancer deaths and the vascular and lymphatic systems
are the carriers of the tumour cells to the metastatic sites. Admittedly, the identification of
angiogenic factors has provided important targets for designing new drugs that can effectively
inhibit angiogenesis and metastatic spread. However, it is of crucial importance that attention is
focused sharply upon the coordinated regulation of genes encoding the angiogenic factors, and
their receptors, and its integration with the complex system of control of cell proliferation. The
ability to elicit angiogenic response apparently seems to precede the state when transformed
cells become tumorigenic. However, tumorigenicity itself does not imply malignancy. The latter
subsumes the notion that tumours have also acquired the invasive ability and the ability to
induce neovascularisation as a means to accomplish metastatic dissemination. Therefore, it
would be legitimate to inquire into how and when the appropriate genes are switched on in this
process of transition to the tumorigenic state and from there to malignant disease. Some of the
angiogenic factors also enhance endothelial permeability, and this may assist the entry of
tumour cells into the vascular system and their extravasation at the metastatic site.



Cell surface glycoproteins and their
receptors

Several families of adhesion molecules have been identified over the past several years and their
synthesis and expression on the cell membrane studied in relation to the invasive and metastatic
behaviour of cancers. These adhesion molecules may be deleted selectively or exhibit specific
patterns of expression. They may also be differentially expressed as a metastasis-associated
phenomenon (Nicolson et al., 1986). Intercellular interactions and also interactions of cell surface
macromolecules with the extracellular matrix are obviously of great significance in many
biological processes of growth, apoptosis, differentiation, cell migration and pattern formation.
Intercellular and cell-matrix (substratum) interactions are also a major element of cancer cell
invasion and dissemination. These functions are mediated by many cell adhesion molecules and
cell surface receptors, of which the integrin receptor family has been studied extensively.

Integrin receptors and their function

Integrins belong to a well-characterised family of receptors. These receptors recognise signals
from the extracellular matrix and these are transduced via the cytoskeletal structures (Arregui et
al., 1994). A new paradigm is emerging in which integrin receptors are regarded as true
receptors capable of tyrosine kinase-mediated transduction of extracellular signals (Juliano and
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Haskill, 1993). The integrins, heterodimeric glycoproteins which form the receptors for the
adhesion-mediating glycoproteins, have also been the focus of much research. They are
composed of two subunits, the « and f§ subunits. A large number of the  and § subunits have
been identified and these combine to form a variety of heterodimers and these serve as
receptors for a large variety of ligands such as fibronectin, laminin, vitronectin, thrombospon-
din, tenascin, osteopontin, and cell adhesion molecules such as VCAM, ICAMs 1 and 2, among
others (see Dedhar, 1990).

The possible role of integrins in tumour progression and use as prognostic markers have been
studied and reviewed extensively (Dedhar, 1990; Chammas and Brentani, 1991; Natali et al.,
1991; Seftor et al., 1992). The integrins appear to be involved with the transduction of
extracellular biochemical signals and their expression is regulated during development and
differentiation. Thus, Kornberg et al. (1991) have recently shown that antibody-mediated
clustering of integrin receptors results in the phosphorylation of tyrosine residues of a
complex of substrate proteins. Recently, in the search for a mechanism by which the src
oncogene produces malignant transformation, an intracellular substrate protein now known as
the p125FAK was discovered (Schaller et al., 1992), which is itself a protein kinase. The p125FAK
is phosphorylated not only by the pp60"™ protein kinase but integrins also trigger its
phosphorylation consequent upon occupancy of the receptor by the appropriate ligand (Guan
et al., 1991; Guan and Shalloway, 1992). Zachary et al. (1992) have found that bombesin,
vasopressin, endothelin and mitogenic neuropeptides also stimulate phosphorylation of
p125™X . This is a most significant development, as Zachary and Rozengurt (1992) point out,
because the process of transduction of this variety of biological signals focuses upon the
phosphorylation of a single substrate protein. Some recent work by Vuori and Ruoslahti (1994)
suggests that these processes might be related to growth factor stimulation of cells. Thus, a co-
ordinated function of growth factors, integrins, and cytoskeletal elements, may be recognised as
an essential ingredient of signal transduction.

Vitronectin receptors

The expression of vitronectin, another adhesion-mediating glycoprotein, appears to be
associated with glioblastomas but it was not detectable in normal glial cells or low-grade
gliomas (Gladson and Cheresh, 1991). The progression of cutaneous melanoma appears to be
associated with the emergence of the vitronectin receptor, «,f; integrin. In MeWo human
melanoma cells, retinoic acid has been shown to inhibit cell differentiation, increase
melanogenesis and induce morphological changes, together with higher levels of vitronectin
receptors (Santos ef al., 1994). The emergence of the a,f; vitronectin receptor in melanoma
progression has also been described by Danen et al. (1994). These authors investigated a
spectrum of cutaneous tissues including common naevocellular naevi, dysplastic naevi,
primary cutaneous melanomas and metastatic melanoma. The vitronectin receptor was found
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to be associated only with primary melanoma and metastasis, but little is known to date
regarding the significance of the association or patterns of emergence of vitronectin receptors
with tumour progression. The expression of «,ff; integrin has been reported to increase by 50-
to 100-fold during the progression of human melanomas to a more metastatic stage (Gehlsen ef
al., 1992). Glioblastomas not only express vitronectin but also one of its integrin receptors, the
a,f5 integrin. The latter was not found in low-grade gliomas or normal glial cells (Gladson and
Cheresh, 1991). The integrins a5, a,, and f; have been implicated in the invasion of the
basement membrane by glioma cells on the basis of the observation that antibodies against
these integrins inhibit the invasion by glioma cells of reconstituted basement membrane
(Matrigel) in vitro (Paulus and Tonn, 1994).

Laminin receptors

Laminin is a major adhesion-mediating glycoprotein occurring in the basement membrane.
Laminin derived from tumour cells is a cruciform trimer of a-1(A), -1 (B1) and y-2 (B2) subunits
of 400, 210 and 200 kDa size, respectively. The long arm of the cruciform structure is composed
of three strands in a coiled-coil conformation (see Timpl, 1989; Burgeson et al., 1994). Laminin
interacts with other macromolecules of the basement membrane, such as type IV collagen,
heparan sulphate proteoglycans and with itself to provide stability and preserve the stability of
the basement membrane. The integrins agfl; (Sonnenberg et al., 1988) and probably also «gfi4
(Hemler et al., 1989; Kajiji et al., 1989) are involved in the binding of laminin molecules to the
cell surface.

There have been several attempts recently to examine the possible correlation between
laminin receptor expression and tumour invasion and metastasis. Initial work by Dedhar and
Saulnier (1990) on chemically transformed human cells demonstrated that, upon transformation,
these cells show a greater than 10fold enhancement of expression of laminin and collagen
receptor integrins agf;, #,f, and a;f, , but fibronectin receptor levels remain unchanged. Some
studies with human tumours have reported a direct correlation between laminin receptor
positivity and lymph node involvement and the presence of distant metastases in gastric and
colorectal cancers (Grigioni et al., 1986; Cioce et al., 1991). In human small cell lung carcinoma
the expression of the 67 kDa receptor for laminin was related to tumour cell proliferation (Satoh
et al., 1992). In contrast, Marques et al. (1990) found an inverse relationship between laminin
receptor levels and relapse-free survival in breast cancer. In node negative breast cancer, a 6-
year follow-up study revealed that laminin receptor status does not possess the potential to
predict prognosis (Daidone et al., 1991). High expression of a4f; integrin has been found in the
highly metastatic B16/129 melanoma and in KLN-205 carcinoma. An antibody, EA-1, which
recognises the o chain inhibits lung colonisation by B16/129 cells when injected into the tail
vein (Ruiz et al., 1993), suggesting that inhibition of integrin-mediated adhesion to laminin may
inhibit lung colonisation.
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Cadherins

Cadherins are transmembrane glycoproteins which mediate calcium-dependent cell-cell ad-
hesion (Takeichi, 1990, 1991). The extracellular domain of cadherins contain several Cca*-
binding domains and these self-associate and cause interceltular adhesion. Several intracellular
proteins, - and f-catenins and plakoglobin, have been postulated to participate in the linking of
the cytoplasmic domains of cadherins to cytoskeletal elements (Ozawa et al., 1989; McCrea and
Gumbiner, 1991; Nagafuchi et al., 1991; Knudsen and Wheelock, 1992). The participation of
catenins is essential for the process of cadherin-mediated adhesion and cell aggregation to take
place (Hirano et al., 1992). The cadherin-catenin complex binds to the cytoskeletal elements
and phosphorylation of catenins appears to regulate the adhesive function of the complex
(Ponta et al., 1994).

Several cadherins and cadherin-like molecules have been identified (Takeichi, 1988, Magee
and Buxton, 1991). Of these E-<cadherin has been studied extensively in relation to its role in
cancer invasion. The E-cadherin gene has been mapped to chromosome 16q22.1. The gene
encompasses approximately 100 kb and has 16 exons. Intron 1 contains a 5-CpG island which
may be involved in the regulation of its transcription (Berx et al., 1995a). In association with
this process of regulation, changes have been found to occur in chromatin structure in the
regulator region of the E-cadherin promoter and in the methylation status of the CpG sites.
The chromatin structure is loosened in cells expressing E-cadherin, but condensed during the
state of repression of transcription of the gene (Hennig et al., 1995). E-cadherin has been
regarded as a suppressor of invasion in vitro (Vleminckx et al., 1991a,b). There has been
notable progress in our understanding of the mechanisms associated with the loss of function
of this gene as a suppressor of invasive potential. Three distinct modes can be identified. It has
been consistently demonstrated that down-regulation of E-cadherin expression occurs con-
comitantly with acquisition of invasive capacity. The down-regulation results from a repression
of transcription of the gene (Frixen et al., 1991; Viemnickx et al., 1991a,b; Brabant et al.,
1993). A mutation of the Ecadherin gene would result in a nonfunctional product.
Biochemical modification such as the state of phosphorylation of the intermediate com-
ponents, catenins and plakoglobin, which link E-cadherin to the cytoskeleton, or a loss of one
of these elements also may be expected effectively to render the cadherin non-functional
(Figure 13).

The loss of E-<cadherin is a characteristic feature of invasive cell types and this invasive ability
can be inhibited by transfecting the invasive cells with the E-cadherin gene. The transformation
by H-ras of Madin-Darby canine kidney (MDCK) cells has been found to reduce E-cadherin
levels in association with changes in cellular morphology and with increased malignancy.
However, when the cadherin levels were restored by gene transfer the cells were found to
regain normal morphology and revert to a benign condition (Behrens et al., 1989, Mareel et al.,
1991). Behrens et al. (1989) demonstrated that MDCK cells acquired invasive ability upon
treatment with antibodies against Ecadherin. MDCK cells transformed with Harvey or Moloney
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Figure 13. A schematic diagram of the transmembrane protein E-cadherin and its interaction
with cytoskeletal elements and APC protein. Based on van Roy et al. (1992).

virus were able to invade collagen gels and embryonal heart tissue and showed no E-cadherin
expression at the cell surface.

The apparent close relationship between the invasive ability of tumours and the state of
expression of E-cadherin has been upheld by several later studies. Pizaro et al. (1994) found that
cadherin levels were reduced in 10 out of 15 infiltrating basal cell carcinomas as compared with
superficial and nodular basal cell carcinomas. Vleminckx et al. (1991b) found that E-cadherin
was not present in invasive MMTV-transformed mouse mammary tumour cells, whereas non-
invasive cells contained high amounts of this glycoprotein. Again, the invasive ability could be
abrogated by transfecting the cells with the E<adherin gene. Frixen et al. (1991) also showed
that invasion could be prevented by transfecting Ecadherin ¢DNA into cell lines derived from a
variety of human carcinomas, e.g. from bladder, breast, lung and pancreas. Using a three-
dimensional collagen gel matrix Chen and Obrink (1991) demonstrated that cells not expressing
E-cadherin invaded the gels but those that expressed it were less invasive. Infiltrating lobular
carcinomas appear to exhibit E-cadherin loss (Palacios et al., 1995a), and this loss may often be
associated with the infiltrating cells (Gamallo et al., 1993). According to Siitonen et al. (1996),
the frequency with which E-cadherin loss or reduction in its expression occurs, increases from
20% in intraductal carcinomas (four out of 20) to 52% (124 out of 239) of invasive ductal
carcinomas and 64% (18 out of 28) of recurrent carcinomas. It has been reported that E-cadherin
loss may be accompanied by the loss of a-catenin (Rimm et al., 1995). A majority of breast
cancer lines investigated by Pierceall et al. (1995) have revealed a loss of E-cadherin as well as its
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RNA transcripts. The relationship between E<adherin loss and invasive nature is apparent also
from studies on bladder cancer. E-cadherin expression is high in normal bladder epithelium and
in cystitis; reduced expression is seen in only 20% of superficial bladder cancers compared with
75-90% of invasive cancers (Bringuier ef al., 1993; Syrigos et al., 1995).

There have been reports that cadherin expression is related to tumour differentiation.
Retinoic acid, which is known to induce differentiation and inhibit the invasive ability of
cancer cells, up-regulates the E-cadherin-catenin functional complex (Vermeulen §J et al.,
1995). In vivo, Ecadherins are highly expressed in well-differentiated hepatocellular carcin-
omas, whereas in poorly differentiated tumours only low levels of the cadherin can be found
(Shimoyama and Hirohashi, 1991a); in a subsequent report of an investigation of gastric
adenocarcinomas, however, Shimoyama and Hirohashi (1991b) failed to find such a clear-cut
association between cadherin expression and differentiation. Schipper ef al. (1991) studied E-
cadherin expression in 32 squamous cell carcinomas of the head and neck and reported that
expression was inversely related to both degree of differentiation and lymph node metastasis.
Reduced expression of E-cadherin has also been reported in poorly differentiated squamous cell
and small cell lung carcinomas. Most metastases also showed reduced levels of E-cadherin
(Bohm et al., 1994).

These studies suggest that E-cadherin might participate in contact and adhesion processes and
could function as an anti-invasive gene. It may be reasonable to suggest, therefore, that E-
cadherin might act to suppress invasion and metastasis. Katayama et al. (1994) found that sera
of cancer patients contained higher than normal levels of E-cadherin fragments. The possibility
should therefore be considered that a deletion of E-cadherin may enable tumour cells to invade.
It is essential, therefore, to examine E-cadherin gene expression as well as the protein in order
that a coherent picture may be drawn of the involvement of this protein in cancer invasion and
metastasis.

Consistent with the potential anti-invasive and metastasis-supressing properties of Ecadherin,
a loss of this adhesion protein has been associated with poor prognosis in patients with several
forms of cancer, e.g. squamous and small cell lung carcinoma (Bohm et al., 1994) and bladder
carcinomas (Otto ef al., 1994). Reduced levels of E-cadherin in bladder cancer was found to be
related not only to invasive ability but also to shorter recurrencefree survival (Lipponen and
Eskelinin, 1995). In breast cancer, Ecadherin expression was related to tumour grade, with
grade 1 tumours being more immunoreactive than grade 2 (Gamallo et al., 1993). Lipponen et
al. (1994) found that its expression was not related to nodal status of patients, the presence of
distant metastases at presentation, or to the size of the S-phase fraction and mitotic index. The
findings of Palacios et al. (1995b) generally support this view. However, it should be noted that
these authors found E-<adherin expression in myoepithelial cells and luminal epithelium of
normal breast tissue and in benign breast lesions, but infiltrating ductal carcinomas showed no
E-cadherin expression.

Most of these studies have been prompted by the putative invasion suppressor function of
Ecadherin and have concentrated upon establishing a link between loss of its expression
with acquisition of invasive potential. However, recent studies show that this might be a
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simplistic interpretation of the invasion suppressor postulate. For instance, there is a tacit
assumption that surface cadherin normally occurs in a functional state: such an assumption is
erroneous because Bracke et al. (1994) found that the E-cadherin occurring on the surface of
MCP-7/6 breast cancer cell lines is non-functional but that it can be activated by treating the
cells with tamoxifen, which leads to the restoration of E-cadherin activity as assessed by cell
aggregation and inhibition of the invasive potential of the cells. In addition, the invasion-
suppressor function of E-cadherin depends upon its ability to form successful attachment to
the actin cytoskeleton. For this, other linking elements of the cadherin complex not only
need to be present but they have to be functionally sound. For instance, a reduced
expression or loss of the linking o-catenin has been reported in breast cancers (Takayama et
al., 1994). However, one can also envisage a situation where Ecadherin may be non-
functional on account of the loss of a- or f<catenin, where the cadherin expression will be
seen as not conforming to the accepted view of tumour suppression. Sommers et al. (1994)
tranfected the E-cadherin gene into the E<adherin-negative invasive breast cancer lines,
BT549 and HS578t and found that the morphology and the invasive behaviour of the cells
was not suppressed even though Ecadherin was expressed, as indicated by the Ca®*-
dependent aggregation exhibited by the transfected cells. The reason for this has been
suggested to be a defective linkage of the transfected E-cadherin to the actin cytoskeleton
because they found that the transfected E-cadherin occurred mainly in a soluble (in Triton
X-100) form, whereas the normally functioning E<cadherin of another breast cancer cell line
MCF7 was found at the cell-cell interphase. Furthermore, Sommers et al. (1994) found that
the level of tyrosine phosporylation of fcatenin of the Ecadherin-transfected BT549 and
HS578t cells was higher than that of MCF7 cells, which may have resulted in a defective
interaction with E<adherin. These experiments demonstrate that the suppression of invasive
potential of cells requires all the components of the E-cadherin complex to be in place and
fully functional.

Other molecular mechanisms may be involved in the regulation of the invasive behaviour by
cadherins. Mutations affecting the exons 8 and 9 coding for the putative Ca**-binding domains
have been found in 50% of diffuse-type gastric carcinomas (Becker et al., 1994). Other types of
mutation have been reported in endometrial carcinomas (Risinger et al., 1994). Mutations of
the gene and allelic loss at its locus (chromosome 16q22.1) may result in the production of
inactive E-cadherin or loss of its expression (Berx ef al., 1995b). Truncation of the extracellular
domain of N-cadherin, for instance, leads to an impairment of intercellular contact and adhesion
(Hertig et al., 1996). To date, no mutations have been detected in the a- or fcatenin genes
(Candidus et al., 1996).

It would be worthwhile pointing out that although investigations have been focused on one
or two major cadherins, the cadherin family has several other members. Suzuki et al. (1991)
have reported eight new molecules with overall structure similar to the wellknown
cadherins. The diversity of this family and the function of several putative members is
largely unknown.
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Tenascin

The extracellular matrix glycoprotein called tenascin has been regarded as a regulator of cell
migration and organogenesis, e.g. the migration of neural crest cells (Crossin et al., 1986;
Bronner-Fraser, 1988). This glycoprotein is reportedly found in higher levels in breast
carcinomas than in fibrocystic disease or normal breast tissue. Tenascin is found more strongly
associated with infiltrating ductal carcinomas than with in situ ductal and lobular carcinomas of
the breast (Gould et al., 1990). Compatible with this is the report that in human astrocytomas,
tenascin expression strongly correlated with the degree of dedifferentiation (Higuchi et al.,
1993). Contradictory results have been reported by Sakakura and Kusakabe (1994) who found
high levels of tenascin expression associated with favourable prognosis in breast and colon
cancers. Moch et al. (1993) also reported no recognisable pattern in tenascin expression with
reference to other prognostic factors such as nodal involvement, invasion of blood vessels, the §-
phase fraction or ploidy, in breast cancer. Tenascin is found in non-neoplastic lung parenchyma
and benign lung tumours, and also in lung carcinomas (Sakakura and Kusakabe, 1994; Soini et
al., 1993).

It would be premature to attempt any rationalisation of these conflicting reports, but tumour
cells appear to be capable of synthesising tenascin in response to extracellular stimuli (Sakakura
and Kusakabe, 1994). One should recall that Chiquetehrisman et al. (1994) have presented
evidence for the existence of more than one member in this family of tenascins. However, the
observation that mice lacking a functional tenascin gene do develop normally, argues quite
strongly against a premature attribution of a role to these glycoproteins in tumour progression.

CD44 and its isoforms

A recent development is the identification of a transmembrane glycoprotein, CD44. CD44 is
expressed as one or more isoforms derived from alternative splicing of the RNA and differences
in the patterns of glycosylation. The splice variants or isoforms have been reported to be
expressed differentially between non-metastatic and metastatic tumours of the pancreas
(Gunthert et al., 1991). The CD44 glycoprotein (also referred to as the Hermes-1 antigen, Pgp-
1 protein, extracellular matrix receptor, lymphocyte homing receptor, etc.) are found on the
surface of diverse cell types such as lymphocytes, bone marrow prothymocytes, fibroblasts,
astrocytes and epithelial cells. CD44 appears to participate in cellular adhesion and binding to
extracellular matrix components, which may be mediated by cytoskeletal elements (see Haynes
et al., 1989). CD44 promotes adhesion to a variety of substrates, e.g. collagen types I and IV,
endothelial cells, etc., and it is the major receptor for the extracellular matrix component
glycosaminoglycan hyaluronate (Aruffo et al., 1990; Miyake et al., 1990), but it may also bind
other ligands such as fibronectin. The CD44 cDNA does not appear to be related to other
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families of adhesion receptors such as the integrins or to cadherins (Berg et al., 1989). By virtue
of these properties, CD44 could participate in normal physiological functions such as T-cell
maturation and activation (Haynes et al., 1989; Huet et al., 1989; Denning et al., 1990) and its
expression may be developmentally regulated (Patel et al., 1995).

Gunthert et al. (1991) demonstrated that one of the splice variation of CD44 conferred
metastatic properties on a non-metastatic variant of a rat pancreatic carcinoma cell line. Sy et al.
(1991) stably transfected B cell lymphoma cells with either CD44-H (haemopoietic) or E
(epithelial) isoforms. Cells transfected with the H form produced tumours in four out of five
nude mice upon subcutaneous implantation, while no tumours were formed by the CD44-E
transfectant. In experimental metastasis assays, the CD44-H transfectants produced tumours in
90% of animals injected. In comparison, CD44-E transfected cells showed a greatly reduced
(20%) metastatic localisation.

In gliomas CD44 has been reported to be highly expressed in high-grade tumours compared
with low-grade gliomas and meningiomas (Kuppner ef al., 1992). Radotra et al. (1994) found no
correlation between glioma grade and tumour-associated CD44 and Li H et al. (1993) reported
that they could not detect any CD44 in human glioblastomas or glioma cell lines. The isoform
CD44H (the haemopoietic form) is believed to figure prominently in normal brain tissue and
brain tumours and they do not express the larger molecular weight variants such as the v6
(Nagasaka et al., 1995), the isoform which has been associated with metastatic spread. This may
be significant in the light of the general observation that brain tumours do not normally
metastasise to extracranial sites, but do show local invasion and will spread to other sites within
the CNS (Sherbet, 1987). Radotra et al. (1994) found that the adhesion of glioma cells to a
variety of extracellular matrix components could be blocked by CD44 antibodies. CD44 may be
associated with the invasive behaviour of these tumours, as indicated by the inhibition by anti-
CD44 antibodies of in vitro invasion by glioma cell lines. Invasion was completely inhibited by
an antisense oligonucleotide for CD44, which, in parallel, also inhibited CD44 expression
(Merzak et al., 1994¢). This also appears to be the case in breast cancer cell lines where invasion
in vitro has been found to correlate with the amounts of associated CD44 (Culty et al., 1994).

In neuroblastomas the CD44 story is entirely different; virtually all early stage tumours
expressed CD44 whereas only 50% of advanced tumours were CD44 positive (Combaret ef al.,
1995; Gross et al., 1995). As these authors have themselves pointed out, this is the first tumour
model where the absence of CD44, rather than its over-expression, correlated with tumour
aggressiveness and proved to be highly predictive of clinical outcome. It ought to be pointed
out, however, that Combaret et al. (1995) used an antibody which was generated against an
epitope common to all CD44 isoforms. Since we know that the isoforms tend to be expressed
differentially in different tumour models, it would be more meaningful to know whether any
specific isoforms might show this correlation between loss of expression with clinical
aggressiveness of the tumour. Nevertheless, an inverse relationship between CD44 and the
state of progression has also been noted by Gross et al. (1995). CD44 expression was lower in
later stages of the disease where n-myc oncogene expression was found at an enhanced level.
Gross et al. (1995) show, however, that CD44 expression and n-myc amplification are not
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directly related, but the former is related to the state of differentiation, as indicated by the fact
that retinoic acid up-regulates CD44 expression in parallel with induction of differentiation. This
ties in with the loss of CD44 with associated n-myc over-expression, since this gene is known to
down-regulate class I HLA antigen expression. This may exemplify cooperative function of
genes.

Tanabe et al. (1993) have reported that 12 out of 14 primary colonic tumours and ali
metastatic tumours that they examined expressed the epithelial variant CD44R1 compared with
two out of 13 normal mucosal specimens. However, the haemopoietic variant CD44H was
found to be expressed in all the specimens studied, suggesting enhanced CD44R1 expression
relative to CD44H in colonic carcinomas. Mulder et al. (1994) have found that CD44v6 variant
expression relates to progression of colorectal tumour in man, with expression associated
closely with tumour-related death and have suggested that CD44v6 expression may reflect a
propensity of the tumours to metastasise. In another study, the expression of CD44 isoforms v8-
v10 has been reported to be significantly greater in carcinomas associated with liver metastasis;
the metastatic tumours themselves showed far greater CD44 v8-10 expression than the primary
tumours (Takeuchi K et al., 1995). The recent report of Ichikawa’s (1994) claims that CD44-H
expression showed no correlation with tumour size, grade, Duke’s stage, or growth patterns of
colorectal carcinomas, but CD44-H positivity correlated significantly with liver metastases and
patient survival. In contrast, however, Heider et al. (1993) found that CD44 variants were
expressed even in early stages of colorectal carcinogenesis, e.g. in adenomatous polyps. Indeed,
CD44 variants v2-v10 may be commonly expressed in normal colonic crypt epithelium, and the
v6 variant, which is often claimed to be important for metastatic spread, is found in benign
colonic tumours and also occurs in normal basal crypt epithelium as well as in colon carcinoma
cells (Gotley et al., 1996).

There have also been investigations into possible correlation of CD44 expression with other
markers, such as p53 expression, which are closely associated with the progression of colonic
carcinomas. Consistent with their previous study, Mulder et al. (1995) reported statistically
significant increases in both CD44 and p53 expression in the late stages of progression.
Furthermore, a significant correlation was also noted between CD44 and p53. Ichikawa (1994)
also studied p53 and nm23 expression in this tumour model but found that only CD44
expression correlated with the incidence of hepatic metastasis and recurrence. Unfortunately,
unlike Mulder et al. (1995), Ichikawa does not appear to have examined possible correlations
between CD44 and other markers.

In gastric cancers, invasive carcinomas have been reported to stain more strongly for CD44
than dysplasia or intramucosal carcinomas and there is also a correlation between degree of
CD44 staining and patient survival (Washington et al., 1994). Serum CD44 levels have also been
suggested as indicators of tumour burden and metastatic spread, with 20-fold greater amounts of
CD44 being detected in serum from gastric and colonic carcinoma patients compared with
normal subjects (Guo et al., 1994). In general support are the findings of Harn et al. (1995) who
found no CD44 expression in normal gastric mucosa, but high expression in intestinal
metaplasias and in adenocarcinomas. The metaplasias expressed both v5 and v6 variants, but
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tubular and signet-ring cell types of adenocarcinoma were significantly v5 positive, although v6
was also expressed in 30% of the tubular type. Most significantly, only v5 was the most
frequently expressed variant (18 out of 20) in adenocarcinomas which had metastasised to
lymph nodes, compared with v6 expression (seen only in four out of 20). In breast cancer the
v6 isoform appears to correlate with clinical aggressiveness of the disease. CD44 is not
expressed in normal epithelium or hyperplasias, but v3, v5 and v6 are found in most tumour
tissues. The v6 isoform is expressed in 84% of primary tumours and 100% of tumours metastatic
to the lymph node, and v6 negativity has been found to be a good prognostic factor (Kaufmann
et al., 1995).

Of gynaecological tumours, cervical and ovarian cancers have been studied for CD44
expression. In cervical cancer, tumours expressing vO metastasised frequently to pelvic
lymph nodes and vascular invasion, and patients with CD44v6-positive tumours showed poor
overall survival (Kainz et al., 1995). However, in ovarian epithelial cancers where CD44
expression was common, there was no association of CD44 expression with standard
prognostic factors, such as stage and grade of disease or survival (Cannistra et al., 1995). In
typical contrast that has characterised most CD44 studies, patients with CD44v-positive ovarian
carcinoma had a significantly shorter disease-free survival than patients with CD44v-negative
tumours (Uhlsteid! et al., 1995).

The v6 isoform was not detectable in melanocytic lesions, but v5 and v10 were differentially
expressed. In two cell lines generated from metastatic melanomas, the v5 isoform was strongly
expressed (Mantenhorst ef al., 1995). Contrary to this, Guttinger et al. (1995) found strong
expression of v4, v6 and v9 isoforms in hyperproliferative skin disorders, but expression
appeared to be down-regulated in primary skin tumours and their metastases.

In a recent report Fox SB et al. (1994) described a study of CD44 protein expression in a
variety of human tumours and normal tissues using a comprehensive panel of CD44 exon-
specific monoclonal antibodies generated against recombinant CD44 (v3-v10). They found that
CD44v expression varied greatly. Some tumours were found to express low levels of CD44v or
none at all. CD44 variants carrying v3, v4/5 and v8/9 were also expressed in human tumours.
Furthermore, normal epithelial cells expressed high levels of the glycoprotein. Normal
urothelium has been reported to express the v6 isoform and its expression may be down-
regulated in urothelial carcinogenesis (Hong et al., 1995). CD44 expression has been studied in
lung carcinomas by using an antibody which detects all the isoforms (Clarke et al., 1995). They
found CD44 in moderately to poorly differentiated adenocarcinomas, but this did not correlate
with pleural invasion or angio-lymphatic invasion. Consistent with the strain of contradiction
which seems to run virtually through most CD44 studies, Jackson et al. (1994) had previously
found no CD44v6 in any form of lung cancer; not even metastatic deposits expressed CD44v6.
These observations quite clearly argue against the relevance of CD44v6 in metastatic dissemina-
tion. Even if CD44 may have appeared on occasion to dominate the metastatic process, we are
unsure as to the relative significance to metastatic spread of the CD44v0 variants. Conversely, in
the B16 melanoma model, Sherbet and Lakshmi (1995) found no changes in the overall
expression of CD44v0 in association with increased metastatic spread induced by the expres-
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sion of the metastasis-related 1842/mis1 gene, but they noted that upon up-regulation of this
gene, the distribution of CD44v6 changed from a uniform to a focal or capping pattern. The
1842/mts] gene promotes depolymerisation of cytoskeletal structures and therefore these
authours have attributed the changes in the topographical distribution of CD44v6 to changes in
the lateral mobility of the CD44 receptors consequent upon up-regulation of the gene. The
phenomenon of CD44 redistribution and capping has also been reported in lymphocyte-
endothelial adhesion interactions; it is an energy-dependent process and is cytoskeletally driven
(Rosenman et al., 1993). Hyaluronic acid, which is the ligand for CD44 receptor, has been
shown to induce CD44 capping and adhesion of mouse T-lymphoma cells to hyaluronic acid-
coated substratum and together with this a preferential accumulation of and binding to the
membrane cytoskeletal protein ankyrin occurs underneath these CD44 caps (Bourguignon et
al., 1993; Welsh et al., 1995). The highly conserved intracellular domain is of CD44 essential for
cytoskeletal interaction. Lokeshwar and Bourguignon (1992) found that GTP binding signi-
ficantly increases CD44 interaction with ankyrin. There are indications that phosphorylation of
CD44 in vivo requires the presence of serine-323 and serine-325 residues, although phosphor-
ylation of these residues does not control membrane localisation or cytoskeletal interaction
(Neame and Isacke, 1992); binding of CD44 to hyaluronic acid may also be independent of
phosphorylation (Uff et al., 1995). Hyaluronic acid binding has been described in the absence of
the cytoplasmic domain, but dimerisation of the extracellular domain is essential in this case
(Pershl et al., 1995a). But Pure et al. (1995), while confirming that serine-325 and serine-327 are
required for the phosphorylation of CD44, also found that substitution of these residues, e.g.
serine-325 to glycine or serine-327 to alanine resulted in defective hyaluronate binding. These
substitutions also affected CD44-mediated adhesion of T cells to smooth muscle cells and ligand-
induced modulation of CD44 receptor. This suggests that phosphorylation of serine-325/327
may be required for the interaction of the cytoplasmic domain with the cytoskeletal
components. .

It is obvious, therefore, that CD44 capping indicates membrane activity related to cell
adhesion and change of cell shape. The redistribution of CD44v6 demonstrated by Sherbet and
Lakshmi (1995) may be interpreted as indicating a change in such membrane activity in the B16
melanoma system in association with increased metastatic potential brought about by enhanced
expression of 1842/mis1 gene. Although these studies show the importance of the extracellular
domain of CD44 in adhesion-dependent phenomena, there have been suggestions that the
transmembrane portion of the molecule may play an important part in the redistribution of
CD44 (Perschl et al., 1995b).

Many of these studies have concentrated upon the total CD44 expression or have focused on
one or two splice variants in relation to progression. The pattern of relative expression of the
various splice variants has recently received attention and Yokozaki et al. (1994) have pointed
out that the expression of aberrant patterns can show some relationship to gastric carcinoma
progression. According to these authors, all the primary and metastatic tumours that they
studied over-expressed CD44 variants larger than 1.0 kb compared with corresponding normal
gastric mucosa. Whereas six out of nine well-differentiated cancers over-expressed more than
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three aberrant transcripts, 10 out of 11 poorly differentiated tumours over-expressed only one
or two aberrant transcripts. Although it is too early to determine the value of this approach, it
would appear that such a qualitative assessment of the abnormal expression and the generation
of splice-variants may be potentially more valuable than assessing the expression of generic
CD44 or a selected splice-variant.

It would be reasonable to conclude, that although different CD44 glycoprotein isoforms could
be associated with different tumour or cell types, there is no incontrovertible evidence of any
pattern in the expression of the CD44 splice variants in relation to tumour type, tumour
progression or cell lineage. It is certainly premature in the light of the above review of recent
work to consider CD44 expression as a non-invasive method for assessing the progression of
tumours, however desirable maybe the availability of such techniques for determining progres-
sion and prognosis.

Implicit in some studies is the suggestion that the CD44 gene is a candidate metastasis gene.
At present there is only limited evidence to support such a concept. Possibly, CD44 is just
another adhesion mediating protein which is controlled distally by gene(s) that may confer
invasive properties upon cells by linking extracellular matrix proteins to cytoskeletal elements.
Hoffmann et al. (1993) have reported that induction of ras expression brings about changes in
levels of CD44s, a variant said to be associated with lung colonisation, and produces a transient
increase in the CD44v6 variant, believed to be a marker for the metastatic phenotype. The
induction of CD44 over-expression by activated ras and src genes has been demonstrated also
by Jamal et al. (1994). This suggests that CD44 may be only a target gene which might come
into its own at a specific stage of metastatic progression. Further work is needed to establish
whether any other transforming gene or metastasis-associated gene might alter CD44 expression
in parallel with changes in biological behaviour.

Miyake et al. (1990) have shown that hyaluronate is a ligand for CD44 in adhesive
interactions. A number of studies have reported that tumour cells produce far greater amounts
of hyaluronates than corresponding normal cells and large differences have also been reported
between metastasising and non-metastasising tumours (Kimata et al., 1983; Turley and Tretiak,
1985). Kimata et al. (1983) found 27- to 54-fold greater incorporation of {abelled precursors into
hyaluronic acid in carcinoma cells with high metastatic potential than in those with low
metastatic potential. This mechanism, however, may not be a general one since hyaluronate is
not synthesised by some cells, e.g. BI6 melanomas (Edward and MacKie, 1989). But B16
melanomas do show adhesion to hyaluronate substratum (East et al., 1992). Furthermore,
Edward ef al. (1992) have shown that normal fibroblasts can synthesise hyaluronate if they are
grown in melanoma-conditioned medium. It is possible that the different isoforms of CD44 may
differ functionally. Alternatively, CD44 may be bound by other ligands such as fibronectin
which has been regarded as an alternative ligand for CD44.

In summary, it would appear that some glycoprotein mediators of cell adhesion and invasion,
together with their appropriate receptors, may be associated with greater malignancy. These
observations are consistent with the important part that adhesive interactions play in tumour
cell invasion and metastasis.
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Cell adhesion molecules (CAMS) in cancer invasion

The interaction of tumour cells with the microvasculature is an essential prerequisite in
cancer invasion and metastasis. The adhesion of tumour cells to endothelial cells involves
recognition mechanisms that operate also in leukocyte adhesion to endothelial cells. Hence,
the expression of certain leukocyte adhesion factors and their regulation by growth factors
have been studied in cancer cells, in relation to their function in cancer invasion and
metastasis.

Leukocyte adhesion factors can be classified into three families: (a) the leukocyte integrins
CD11/CD18; (b) the intercellular adhesion molecules (ICAMs) comprising ICAMs-1, 2 and 3
and the vascular cell adhesion molecule (VCAM-1); and (¢) the carbohydratebinding
molecules called the selectins, comprising L-selectin, E-selectin (also known as the endothelial
leukocyte adhesion molecule or ELAM-1) and P-sclectin. The cell adhesion molecules function
as ligands for the leukocyte integrins CD11 and CD18. These integrins are normally non-
adhesive, but they are activated by binding to ICAMs. Li R ef al. (1993, 1995) showed that a
peptide derived from ICAM-2 can bind to leukocyte integrins and activate leukocyte adhesion.
This peptide specifically binds to CD11a,b/CD18 and stimulates aggregation of monocytic cell
lines. It also induces integrin-mediated binding of the monocytic cells to the substratum.
Evidence has been presented recently that the binding of ICAM-2 occurs with the
immunoglobulinlike domain of the integrin and, further, that certain threonine and aspartic
acid residues occurring in the immunoglobulinlike domains of the integrins are essential for
the binding of ICAM-1 and C3Bi molecules (Kamata et al., 1995; Xie et al, 1995). A
conserved amino acid motif has been identified in ICAM-3 which functions as its binding
site for the integrin receptor LFA-1. This may be a common integrin-binding motif, since it
has been found to operate also in ICAM-1 and VCAM-1 (Sadhu et al., 1994). Similarly, E
selectin binds to the sialyl Lewis (x) carbohydrate epitope of the leukocyte integrins
(Kotovuori ef al., 1993).

Among other adhesion molecules that have been studied in the context of human cancer
invasion is the neural cell adhesion molecule (NCAM) and the neuroglial cell adhesion
molecule (NG-CAM). Telencephalin (TLN) is a 130 kDa transmembrane glycoprotein found
exclusively in neurones of the telencephanon and localised in the dendritic membrane of the
soma, but not in the membrane of the axons. TLN shows homology with the immunoglobulin-
like domains of the ICAMs (Yoshihara et al., 1994) (Table 7).

The cell adhesion molecules (CAMSs) are constitutively expressed in leukocytes and also
induced to express on vascular endothelial cells. Prominent among CAMs that participate in
the interaction between leukocytes and endothelial cells are ICAM-1, Eselectin and VCAM-1.
ICAM-1 is a glycosylated protein, of approximately 90 kDa size, belonging to the immunoglo-
bulin family of adhesion factors and it is expressed in haemopoietic cells as well as in vascular
endothelial cells, mucosal epithelial cells and Tlymphocytes. ICAM-1 has five extracellular
immunoglobulindike domains. ICAM-1 may be shed from the cell surface in a soluble form
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Table 7. Cell adhesion molecules (CAM) and their integrin/ECM counter receptors

CAM ligand

Integrin/ECM counter-receptor

ICAM-1 (CD54)

ICAM-2 (CD102)
ICAM-2 (CD50)
VCAM-1

E-selectin (ELAM-1, endothelial leukocyte
adhesion molecule)

CD11a (LFA-1),b/CD18
LFA-3 (CD58)

LFA-1
agfy (VIA4)

Carbohydrate epitopes of sialyl Lewis (x)/
Lewis (a) antigens

sPan-1 (Yamada N et al., 1995)
L-selectin
P-selectin

NCAM (CD-56)
NGCAM (Grumet et al., 1993)
Telencephalin

Laminin

Based on references cited in the Table and those in text; LFA: lymphocyte function associated antigen.

which contains these extracellular domains but differs in molecular size from the surface
ICAM. This soluble ICAM is produced by proteolytic cleavage of the surface ICAM. The soluble
form is not the result of alternative splicing of the mRNA (Budnik et al., 1996). The soluble
ICAM has been detected in the circulation (Springer, 1990; Staunton et al., 1994; Viac et al.,
1996).

Endothelial cells and lymphocytes respond to agents such as interleukin-1 (IL-1), TNF-a, [FN-y
and lipopolysaccharides (LPS) which can up-regulate the expression of ICAM-1 (Bevilacqua MP
et al., 1987, 1989; Stoolman, 1989; Springer, 1990; Etzoni, 1994; Klein et al., 1994, 1995;
Momosaki ef al., 1995). P- and E-selectins are also induced by LPS and TNF-x. Both selectins are
induced in the endothelial cells of veins but only E-selectin is induced in arterial endothelial cells
(Gotsch et al., 1994). The induction of CAMs and selectins involves the transcription factor
NFxB which controls the expression of the genes coding for the adhesion factors. Activation of
human umbilical endothelial cells by IL-1f induces the translocation of NF«B to the nucleus and
the induction of Eselectin and ICAM-1 expression, and this results in the enhancement of
adhesion of tumour cells to the counter receptors on the endothelial surface (Tozawa ef al.,
1995). In a complementary fashion, TNF and I1-1§ induce the expression of genes coding for
sialyl and fucosyl transferases which are involved in the synthesis of the oligosaccharide counter
receptors (Majuri et al., 1995).
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The distribution of ICAMs in disease states

A differential distribution of ICAMs has been described between normal and disease states. In
the chronic inflammatory condition of rtheumatoid arthritis, for instance, ICAM-1 is expressed at
higher levels in endothelial cells than in endothelial cells from normal subjects. ICAM-1
expression is also up-regulated in macrophages and lining cells. ICAM-3 is found in normal
resting leukocytes but not in endothelial cells. This differential expression may suggest different
roles for the ICAMs in the pathogenesis of rheumatoid arthritis and ICAM-1 may be associated
with macrophage infiltration and tissue damage (Szekanecz et al., 1994). Activated T-lympho-
cytes infiltrating the synovial membrane show greatly increased affinity for ECM proteins and
VCAM:-1 and ICAMs (Postigo et al., 1993). ICAM-3 is widely expressed in inflammatory
dermatoses (Montazeri et al., 1995). ICAM-1 expression in benign and malignant melanocytic
lesions is similar (Denton et al., 1992). Hepatocellular carcinomas have been found virtually
invariably to express ICAM-1 but it is not detected on normal hepatocytes (Momosaki et al.,
1995). High levels of soluble ICAM-1 were detected in preoperative sera of patients with
epithelial ovarian carcinoma compared with sera from patients with benign ovarian conditions.
However, these ICAM levels did not correlate with International Federations of Gynaecology &
Obstetrics (FIGO) stage or histological grade (Ferdeghini et al., 1995). Neither has any
association emerged between soluble ICAM-1 levels and progression of colorectal cancer
(Reinhardt et al., 1996).

It should be recognised, however, that the expression of cell surface and soluble ICAM is
subjected to the operation of cytokines. It may be recalled here that TNF up-regulates the
expression of ICAM-1 in the progression of malignant melanoma. Therefore the status of
expression of cytokine receptor may provide additional clues to the involvement of ICAM in
tumour progression. Consistent with this is the status of expression of two forms of soluble TNF
receptors TNF-R1 and TNF-R2 in melanomas. Viac et al. (1996) have found TNF-R1 receptors
only in the sera of patients with metastatic melanomas and not in sera from normal subjects. The
TNF-R2 receptors have been found in both primary and metastatic melanomas.

Cancer cell adhesion to endothelial cells can be enhanced by interleukin-A, TNF-« and PMA,
consistent with the ability of these agents to up-regulate ICAM expression (Steinbach et al., 1996).
Transfection of ICAM-1 gene into MCA-105 fibrosarcoma cells also enhances their adhesion to
endothelial cell in vitro (Burno et al., 1996). However, the in vitro demonstration of ICAM’s
ability to enhance adhesion is not supported by adhesion to vascular endothelium and invasion in
vivo. For instance, transitional cell carcinoma of the bladder has revealed no differences between
invasive and superficial types (Witjes et al., 1995). ICAM expression in gastric carcinoma may be
markedly different from benign gastric epithelium but the expression was not related to vascular
invasion. No correlation has been found with disease relapse or patient survival but the ICAM
integrin receptor LFA-3 strongly correlated with the state of dedifferentiation of the tumour and
LFA-3 expression was conducive to adhesion to vascular endothelium and invasion (Mayer et al.,
1995). The picture differs quite markedly in renal cell tumours. ICAM-1 appears to be expressed in
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a majority of renal cell carcinomas and ICAM levels were also lower in cells from patients who
were disease-free over 5 years than in tumours from patients where the disease had relapsed.
Furthermore, the levels of soluble ICAM-1 were far lower in disease-free patients than in patients
where the disease had progressed to the metastatic state (Santarosa ef al., 1995).

Yasoshima et al. (1996) isolated sub-lines from the human gastric carcinoma cell line AZ521
and selected a few cell lines which differed in metastatic potential upon growth in nude mice.
Significantly, both ICAM-1 and LFA-1 showed reduced expression in highly metastatic lines
compared with those with low metastatic ability. This is supported by the inverse relationship
between ICAM-1 expression and the occurrence of liver metastases in gastric carcinomas (Ura et
al., 1996). However, if the postulate that ICAM expression promotes adhesion to and invasion
of microvasculature is to be accepted one should find it expressed differentially between
primary and metastatic lesions. This does not appear to be the case (Zhau et al., 1996).

Thus, it seems imperative that factors which regulate ICAM expression and also the
expression of other components of the system that participate in adhesive interactions are
taken into account when judging the significance of its expression in relation to tumour
progression.

VCAM-1 in cancer invasion

The adhesion of human melanomas to endothelial cells occurs by a preferential recognition of
VCAM:1 and is mediated by the integrin a4f; VLA-4 receptor (Rice and Bevilacqua, 1989; Martin-
Padura et al., 1991). Invasive breast cancers invariably express ICAM-2 but show no detectable
expression of ICAM-3 or VCAM-1 (Fox ef al., 1995¢). ICAM-1 and MUC18 (a melanoma
associated antigen, see page 121) have been found in both benign and malignant cutaneous
lesions but VCAM-1 occurs in 79% of benign skin naevi and in 62% of primary melanomas
<1.5 mm in depth compared with this, these ICAMs are expressed in only 6% of thicker
melanomas. Also only 14% of lymph nodes metastases expressed VCAM-1 (Denton et al., 1992).
These authors have suggested therefore that the loss of ICAM-1 may lead to reduced adhesion
and may be conducive to greater metastatic spread of melanomas.

The role of selectins in cancer dissemination

The cellular adhesion molecules, called the selectins, bind to carbohydrate antigens present on
endothelial cells activated by cytokines. Eselectin, for example, has been shown to bind to the
carbohydrate antigens sialyl Lewis (x) and sialyl Lewis (a) (Lowe et al., 1990; Phillips et al.,
1990; Walz et al., 1990; Takada et al., 1991; Tiemeyer et al., 1991). The selectins are known to
be expressed in human tumours and this could enhance tumour cell adhesion to endothelial
cells. Tumour cells may also activate other cellular elements, such as the platelets, and induce
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them to release factor which may in turn induce the expression of selectins by endothelial cells
(Hakamori and Anderson, 1994). This would result in greater interaction and adhesion between
tumour cells and the endothelial cells, thus facilitating the invasion of the microvasculature.
Antibodies raised against E-selectin inhibit the adhesion of breast cancer cells to TNF-stimulated
endothelial cells (Tozeren et al., 1995) and also inhibit invasion of endothelial cell fayer in vitro
(Okada et al., 1994). Interlukin-1 enhances the formation of lung colonies when A375M human
melanoma cells are introduced into nude mice by the intravenous route. This increase in
experimental metastasis is inhibited by antibodies to the IL-1 receptor (IL-1) and in vitro the IL+
antibodies have been found to inhibit the induction by IL-1 of E-selectin and VCAM-1 expression
on endothelial cells (Chiviri et al., 1993). These findings argue strongly in favour of an important
role for adhesion molecule in tumour cell extravasation from the microvasculature and in the
adhesion processes leading to their anchorage in distant metastatic target organs.

It was shown some years ago that colon carcinoma cells recognise and bind to E-sselectin of
endothelial cells (Rice and Bevilacqua, 1981; Lauri et al., 1991). The expression of E- and P-
selectins is far more intense in the tumour endothelium of peripheral regions of invasive breast
cancer (Fox et al., 1995¢). A pattern might possibly be emerging in the adhesion molecules and
their counter receptors taking part in the tumour celi-endothelial cell interaction and adhesion.
The Eselectinmediated adhesion of several human epithelial tumour cell lines has been
compared with that of leukaemic cell lines (Takada ef al., 1991; Yago et al., 1993). The
adhesion of epithelial cancers to cytokine-activated human umbilical endothelial cells appeared
in these studies to be exclusively dependent upon Eselectin. Of the leukaemia cells, however,
only three out of 12 cell lines studied showed E-selectin-mediated adhesion. The sialyl Lewis (a)
antigen seemed to be used exclusively in the adhesion of six cell lines that were derived from
pancreatic and colon cancers, and this antigen contributed significantly in the adhesion of a
further six cell lines originating from lung and liver tumours. In the three leukaemic cell lines
which showed Eselectin-dependent adhesion, sialyl Lewis (x) antigen was the adhesion
counter-receptor. That the E-selectin/sialyl Lewis (a) interaction may operate in pancreatic
cancer cells is supported by others (Iwai et al., 1993; Takada et al., 1993). However, Yago et al.
(1993) found silayl (x) expression in 14 out of 15 epithelial tumour cell lines and sialyl (a) in
only eight. They also stated that sialyl (x) is expressed exclusively in all leukaemia cell lines
studied and these differences were reflected to some degree in the expression of o«1,3)
fucosyltransferase genes. The possibility that E-selectin might be the major adhesion component
in epithelial cancers is also illustrated by the higher serum level of soluble E-selectin in ovarian,
breast and gastrointestinal cancers than in myelomas (Banks et al., 1993). However, no
differences have been found in the levels of soluble forms of E-selectin, ICAM-1 or VCAM-1 in
sera of bladder cancer patients and control serum samples (Griffiths et al., 1996).

Differential expression of the sialyl antigen may also correlate with metastatic ability. The
endothelia associated with metastatic lesions of colon carcinoma have been reported to express E-
selectin far more extensively than endothelia of corresponding primary tumours, and higher levels
of soluble E-selectin may be found in sera of patients with metastases than in sera of patients with
no metastatic spread (Ye ef al., 1995). This has been confirmed by Wittig et al. (1996) who found
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similar levels of soluble Esselectin, 35 ngml ™' and 40 ng ml ™! respectively, in normal subjects and
in patients with primary neoplasm or patients showing local recurrence of the disease. But the
levels were more than twofold greater in the sera of patients with metastatic disease.

The primary neoplasm may itself activate the endothelial cells and induce the expression of
E-selectin. For instance, the MDA-MB-231 breast cancer cells can interact with and induce the
expression of E-selectin by human umbilical endothelial cells in vitro. The induction process
can be complemented by the addition of mononuclear cells to the culture medium.
Furthermore, antibodies raised against IL-1f inhibit the induction of Eselectin expression
(Narita ef al., 1995). This observation may be interpreted as suggesting that other adhesion
factors besides Eselectin may be responsible for invasion and secondary spread from the
primary tumour and, further, that the primary tumour may be heterogeneous with respect to
the expression of factors, such as cytokines, that induce selectin expression and that these
subpopulations of cells may be a factor conferring a selective ability for forming successful
metastases. At the laboratory level, cell lines derived from a human colon cancer have shown
marked differences in their adhesion to E-selectin-expressing endothelial cells, and this
adhesive ability directly correlated with their metastatic potential (Sawada et al., 1994).
Cutaneous squamous cell carcinomaswhich possess a high potential for metastasis invariably
express sialyl Lewis (a), unlike basal cell carcinoma with a lower metastatic potential (Groves
et al., 1993). Conversely, colon carcinoma-derived cells selected for high expression of sialyl
Lewis (x) are able to metastasise to liver after intrasplenic injection far more efficiently than
cells which express sialyl Lewis (x) at low levels (Tzumi et al., 1995). Looking at the other side
of the coin, one could enquire whether the inability of tumours to metastasise is related to the
expression of these carbohydrate antigens. It is now well known that gliomas rarely
metastasise to extracranial sites. Martin K ef al. (1995) compared the expression of the
selectin-binding carbohydrate antigen, CD15, on glioblastomas and fetal astrocytes with that on
tumours that had metastasised to the brain. It is interesting to note that the anaplastic
astrocytoma and glioblastoma cells revealed the presence of CD15 only at low levels.

It may be that a degree of specificity of interaction is emerging in these adhesive contacts.
Handa et al. (1995) found that cell lines from human solid tumours showed predominantly E-
selectin-mediated adhesion to endothelial cells, whereas two leukaemic cell lines HL60 and
U937 both bound via P-selectin. Handa et al. (1995) then transfected two cell lines (HRT18 and
PC3) which did not express sialyl Lewis (x) or (a), and which showed no binding to P-selectin,
with a ¢cDNA clone coding for the P-selectin glycoprotein ligand-1 (PSGL-1). The PSGL-1
transfected cells were then able to bind to P-selectin and to E-selectin.

Neural cell adbesion molecule (NCAM) in differentiation and cancer

The neural adhesion molecule NCAM and N-cadherin have been studied intensively for their
role in neurite regeneration and neuronal adhesion to other cells. NCAM-mediated cell
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interactions do not require Ca**, whereas N-cadherin is a Ca**-dependent adhesive protein (see
page 103). NCAM, like other CAMs discussed above, also possesses immunoglobulin-like
domains (Cunningham et al., 1987). Transfection of cDNAs coding for NCAM into cells which
do not express these molecules enhances their intercellular adhesive properties (Edelman et al.,
1987) and induces neurite regeneration and outgrowth (Doherty et al., 1989; 1990a,b). NCAM is
found in fetal tissues and in neoplastic tissues, especially of neuroendocrine cells. The
expression of NCAM mRNA is seen in association with the induction of neural differentiation
in the presumptive neural ectoderm during early embryonic development (Kintner and Melton,
1987).

NCAM may occur as more than one isoform. Two transmembrane isoforms, NCAM-140 and
NCAM-180, have been identified. In human sera NCAMs with molecular masses of 110-130 kDa
and 150-180 kDa are present; both these lack the intracellular domains of NCAM-140 and
NCAM-180. Apparently, the serum 110-130 kDa NCAM is found only in sera of normal subjects
but, as far as these studies go, the 150-180 kDa NCAM has been found only in sera of cancer
patients. The two isoforms found in sera differ by the presence in the larger isoform of a(2,8)-
linked N-acetylneuraminic acid, which is a characteristic feature of embryonal form of NCAM
(Takamatsu et al., 1994). A 145 kDa isoform encoded by a 6.2 kb mRNA has been reported in
small-cell lung carcinomas. This is identical to the ICAM isoform found in neuroblastoma, with
the exception that a single base pair is altered without altering the amino acid residue (Saito et
al., 1994). Human granulosa cells have been shown to possess isoforms with a 10-amino-acid
insert in the extracellular domain of the 140 kDa NCAM and this insert may be deleted by
alternative splicing of the message (Mayerhofer et al., 1994).

The interaction and adhesion of several human solid tumour cell lines is mediated by NCAM.
Cell lines derived from human carcinomas show NCAM-dependent adhesion to human
endothelial cells. NCAM appears to be able to promote the formation of adherence-type
intercellular junctions and may cooperate with cadherin in their formation (Michalides et al.,
1994). The adhesion of renal tumour cells to endothelial cells and heparan sulphate in vitro is
inhibited by antibodies to NCAM (Zocchi et al., 1994). Zocchi et al. (1994) also transfected the
renal epithelial cell COS7 with NCAM cDNA and confirmed the involvement of NCAM in the
enhanced cell adhesion. These authors reported that NCAM expression is also associated with
enhanced growth and that it is detectable in the actively proliferating regions of the tumour.
However, rat glioma cells transfected with the 140 kDa isoform of NCAM behaved totally
differently. These transfectants showed reduced migration on collagen. When they were
injected intracerebrally the cells grew in a localised manner with no infiltration of surrounding
brain tissue, which contrasts sharply with untransfected cells which showed pronounced local
invasion (Edvardsen et al., 1994). In further contrast with the findings of Zocchi et al. (1994),
NCAM-transfected rat glioma cells showed a reduction of growth rate. There is some support for
the findings of Edvardsen et al. (1994) from Meyer et al. (1995) who have also described a
distinct inhibition of migration on collagen I of cells transfected with the 140 kDa isoform of
NCAM. However, the in vivo situation appears to be somewhat different. Thyroid carcinomas
which express NCAM show a propensity for capsular invasion (Miyajima et al., 1990).
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Furthermore, NCAM expression appears to be associated with perineural invasion in cancer of
the bile duct, and, less prominently, also in cancer of the gall bladder (Seki et al., 1993, 1995).

Lung cancers have been particularly well studied for the presence of NCAMs in the light of
the neuroendocrine-related paraneoplastic properties of the various subtypes (see Sherbet,
1974; Minna et al., 1982). NCAM is expressed in a high proportion (>75%) of small-cell lung
cancers (SCLC) and only in a small proportion of non-SCLC specimens (Brezicka et al., 1992;
Pujol et al., 1993); Roussel et al. (1994) found no NCAM expression in adenocarcinomas of
the lung. Generally, CAMs may be differentially expressed in lung cancer subtypes. Thus,
ICAM may be expressed in non-SCLCs but not in SCLCs (Schardt et al., 1993), but NCAM may
be found virtually ubiquitously in SCLCs and probably in some non-SCLCs (Table 8). Similarly,
NCAM may be expressed in gastric carcinoids but not in adenocarcinomas (Sakamoto et al.,
1994).

The levels of NCAM in SCLC patients appear to relate to disease activity. Higher levels of
NCAM occur where there is extensive disease compared with only localised disease (Jacques et
al., 1993; Ledermann ef al., 1994) and shorter disease-free survival (Segawa et al., 1993). The
presence of tumour cells in bone marrow aspirates of patients with SCLC can be detected by
immunochemical staining for NCAM. Patients with NCAM-positive cells in bone marrow
aspirates have shown shorter survival times than patients with NCAM-negative aspirates (Pasini
et al., 1995). However, the findings of Vangsted et al. (1994) are not in agreement with this.
They found no differences in the amounts of NCAM in sera between localised or extensive
disease. Although NCAM positivity in non-SCLC is reportedly expressed in only a small
proportion of cases, it has been correlated with shorter survival times of patients (Pujol et al.,
1993). These studies imply an association of NCAM with highly aggressive disease. Mooy et al.
(1995) studied a series of primary melanomas with different metastatic ability and also
metastatic lesions, using an antibody, HNK-1, which recognises a common epitope occurring
in NCAM isoforms. They found NCAM expression in all primary and metastatic tumours and the
more aggressive primaries also showed more intense NCAM expression. Interestingly, they
found reduced levels of NCAM in liver metastases, which may suggest that these metastatic
deposits did not contain NCAM isoforms with the epitope recognised by HNK-1 antibody.
However, it would be premature to attribute organ-specific metastasis to specific NCAM
isoforms.

Table 8. Differential expression of ICAM and NCAM by lung tumours

Lung tumour subtype ICAM NCAM

Small cell lung carcinoma - +
Squamous cell carcinoma
Large cell carcinoma
Adenocarcinoma

+ (some)

+ + +
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The basic features of NCAM function, especially its expression in relation to cell differenti-
ation, the expression in cancers of an NCAM isoform characteristic of embryonal tissues and its
differential expression in parallel with the expression of neuroendocrine properties of certain
tumour types, makes the study of NCAM potentially rewarding. The ambivalent nature of the
relationship between NCAM and invasion and metastasis serves only to recommend further
studies of this aspect of NCAM function.

MCAM (MUC-18) expression in melanomas

MUC-18 is a 113 kDa glycoprotein expressed on the cell surface. The gene MCAM encoding
MUC18 is a member of the immunoglobulin family. The MCAM glycoprotein is an adhesion
molecule bearing homology to other cell adhesion molecules such as NCAM and ICAM and also
to the DCC gene product (see page 177), as well as to MHC2 and MHC-1. MCAM is found in
some mesenchymal tissues, e.g. smooth muscle cells, endothelial cells and Schwann cells but
not in epithelial or haemopoietic cells. MCAM is found consistently in mesenchymal neoplasms
of both smooth muscle and endothelial origin and bears obvious relationship to malignancy
with the exception that, although it is expressed consistently in neurofibromas and schanno-
mas, it is not found in malignant peripheral nerve sheath tumours (Shih et al, 1996).
Interestingly, MCAM is expressed in a subset of capillaries and tumour endothelia but it is not
found in the endothelia of arteries or large veins (Sers et al., 1994). MCAM is not found in
normal melanocytes or in benign cutaneous naevi, but it is highly expressed in malignant
melanomas and metastatic lesions. MCAM-ransfected cells show enhanced adhesion to
endothelial cells and this is inhibited by antibodies to the MCAM glycoprotein. The MCAM-
transfected cells also show differential adhesion to laminin and increased invasive ability in in
vitro assays. These alterations in adhesive and invasive behaviour are reflected in enhanced
metastatic ability (Huang et al., 1996). MCAM expression is up-regulated by transfection of
melanoma cells by carcinoembryonic antigen (Grimm and Johnson, 1995) which is regarded as
a good biomarker for total tumour burden (Sherbet, 1982). Huang et al. (1996) report that the
MCAM transfectant cells also show enhanced expression of MMP-2, which might constitute the
mechanism by which MCAM alters biological behaviour. The expression of MCAM is regulated
by the transcription factor AP-2 which, incidentally, also regulates the genes coding for PAI,
MMP-2, E-cadherin and insulin-like growth factors, and also the bcl-2 and c-kit genes. Thus, a
concerted expression of several adhesion factors and metalloproteinases may be involved in the
regulation of the invasive and metastatic behaviour of melanomas. Furthermore, the presence of
the glycoprotein in tumour endothelia has been linked with endothelial proliferation, suggesting
a close liaison with angiogenesis (Sers et al., 1994).

Another member of the family of immunoglobulin cell adhesion molecules is the basal cell
adhesion molecule (BCAM). BCAM has the characteristic immunoglobulin domain structure and
is closely refated to MCAM (31% sequence homology) and to NCAM (Campbell et al., 1994).
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BCAM promotes cell-matrix adhesion, as may be expected from the amino acid sequence
homology it shares with MCAM and NCAM. It may be expressed in several normal tissues, both
fetal and adult, but is also associated with malignant transformation of some cell types. A
uniform expression of BCAM has been described in epithelial cancers of the ovary, but it is not
found in non-epithelial ovarian cancer, or in lymphomas, sarcomas and tumours of neuroecto-
dermal origin (Garinchesa et al., 1994).



Proteinases and their inhibitors in cancer
invasion

It has long been recognised that normal biological processes of morphogenesis, differentiation,
wound healing, angiogenesis, cell motility and the aberrant processes of cancer invasion and
metastasis require the remodelling of the extracellular matrix (ECM). Remodelling of the ECM
may consist of its degradation by means of excision and deletion of ECM components,
regeneration of the ECM components and their spatial and temporal reorganisation. Several
enzymes are known to be integral components of the ECM, others are secreted and may remain
associated with the cell membrane. The proteolytic function of the enzymes are counter-
balanced and regulated by appropriate protease inhibitors. These proteases and their inhibitors
actively participate in determining the complex structure and biochemical characteristics of the
ECM which lead to the expression of specific forms of biological behaviour. In order
successfully to establish metastatic deposits, the adhesive ability of cancer cells has to be
regulated. In the initial stage of dissemination, the release of cells from the primary tumours
requires a decrease in intercellular adhesion. The cells that are released have to acquire the
ability to adhere to, and penetrate the barriers presented in the form of the ECM, host tissue
stroma and the vascular endothelium. The adaptability of the cell to enter into these interactions
with the ECM and other celiular elements is provided by remodelling of the ECM. This process is
aided by the proteolytic enzymes synthesised by the tumour cells. These may be secreted by
tumour cells or they may remain associated with the cell membrane. The proteolytic activity is
regulated by specific inhibitors and thus both the degradative enzymes and their inhibitors form
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Table 9. Proteinases and their putative ECM targets

Proteinases Function/targets of degradation
Serine proteinases

Urokinase plasminogen activator (uPA) Activation of plasminogen

Tissue-type plasminogen activator (tPA) Activation of plasminogen
Plasminogen

Plasmin Laminin, type IV collagen

Thrombin

Elastase

Catbepsins Collagens, laminin

Cathepsin D (aspartic proteinase)
Cathepsins B, L (cysteine proteinases)
Cathepsin G (serine proteinase)

Cathepsin O2 (similar to cathepsins S and L)

Integral membrane proteinases Localised ECM degradation

Matrix metalloproteinases (MMP)

MMP-1 interstitial collagenase Degradation of interstitial collagen types
L 11, HI, VII
Neutrophil collagenase Collagen 1

MMP:-2 (type IV collagenase, gelatinase) Types I, I, 111, IV, V, VII collagens, fibronectin
(two major forms)

MMP29 (type IV collagenase)

MMP-3 (Stromelysin-1) Types IV, IX collagens, laminin, fibronectin
MMP-10 (Stromelysin-2, transin) Collagens III, IV, V, fibronectin

MMP-11 (Stromelysin-3)

MMP4 a;-chain of type I collagen

MMP-5 Native 3/4 collagen fragments

MMP-6 Acid metalloproteinase Cartilage proteoglycan

MMP-7 (pump-1) Gelatin of types I, III, IV, V collagens, fibronectin

Collated from Liotta ef al. (1981); Lah et al. (1989); Emonard and Grimaud (1990); Mackay ef al. (1990); Chen
(1992), Basset et al. (1993); Bromme and Okamoto (1995).
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essential tools and may be seen as regulating the process of remodelling the ECM. Among the
dramatis personae are serine proteases, cathepsins and matrix metalloproteinases (Table 9).

Urokinase in cancer invasion and metastasis

Urokinase (uPlasminogen-activator, uPA) is a serine proteinase which is secreted as a single-
chain inactive proenzyme which is subsequently cleaved into two chains and these are held
together by disulphide linkage. The pro-urokinase may be activated by other membrane-
associated proteinases such as cathepsin B (Kobayashi et al., 1993). Urokinase activity is
detected predominantly in the cell membrane fraction, perhaps owing to the fact that the
inactive chain A binds to specific membrane receptor and the chain B performs the catalytic
function of conversion of plasminogen to plasmin (Vassalli et al., 1985). Early studies have
shown that urokinase and tissue plasminogen activator (tPA) are both found in breast cancers.
Urokinase-specific receptors have been demonstrated in a number of human tumour cell types,
such as breast and colonic cancers and A431 carcinoma cells (Stoppelli et al., 1986; Needham et
al., 1987; Boyd et al., 1988; Hollas et al., 1991). The invasive ability of cancer cells is not related
directly to the amount of urokinase synthesised or secreted by the tumour cells but depends
upon the expression of the appropriate receptors (plasminogen activator receptors, PARS).
Urokinase not only binds to specific PARs, but it also causes the cleavage of the receptor,
leading to the internalisation of the receptor-PA complex (see Moller, 1993). The PAR is a
highly glycosylated protein which is bound to the plasma membrane by means of a glycolipid
domain, and it interacts with PA by means of an N-terminal domain. The receptor protein can
bind urokinase and also the pro-urokinase and this binding is orientated in such a way that the
inactive proenzyme is activated at the plasma membrane (Behrendt et al., 1995).

The invasion of ECM by cancer cells can be prevented by blocking the urokinase receptors
with antibodies against the urokinase A-chain (Hollas et al., 1991). Plasminogen activator
function is modulated by a glycoprotein inhibitor (PAI) which binds to PA covalently and
inhibits its activity (Loskutoff et al., 1986; Yagel et al., 1988). Two forms of plasminogen
activator inhibitors have been described: PAI-1 and PAI-2 (Kruithof ef al., 1987; Wun and Reich,
1987; Ye et al., 1987). In view of the importance of ECM degradation in facilitating the invasive
behaviour of cancers, much work has been carried out on the expression of plasminogen
activators, their receptors and the PAIs in cancer invasion and metastasis.

The topographical distribution of PAs in tumours has provided good reasons to believe that
they assist the tumour in the invasion of neighbouring tissues. It was demonstrated several years
ago that the metastatic potential of B16 murine melanomas can be modulated by altering the
uPA activity associated with these cells, and the level of uPA activity of B16 cells was reported to
be directly related to their ability to form pulmonary deposits (Hearing et al., 1988). An
inhibition of the binding of endogenous PA to the PA receptors on the membrane can result in
the inhibition of the invasive ability of tumour cells. Kobayashi et al. (1994) synthesised four
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peptides with amino acid sequences found in the growth factorlike domain of PA. The invasive
behaviour and spontaneous metastasis of Lewis lung carcinomas could be inhibited by multiple
intraperitoneal injections of these peptides. It is of considerable interest to note that they were
unable to inhibit the development of lung metastasis in an experimental metastasis assay where
Lewis lung carcinoma (3-LL) cells pretreated with the peptides were introduced into host mice
by intravenous injection and the animals were also subsequently injected with the peptides.
This experimental metastasis assay procedure bypasses the early stages of vascular invasion and
it is therefore significant that the peptides failed to inhibit the formation of lung nodules in this
assay. This reinforces the view that these early stages of invasion are markedly aided by PA.

The importance of a peripheral distribution of this enzyme is supported by the study of
several tumour types. High levels of PA occur at the zone between normal colonic epithelium
and adenocarcinomas (Buo et al., 1993). Endometrial carcinomas show enhanced levels of
urokinase compared with normal endometrium (Gleeson et al., 1993). Gastric carcinomas also
show high PA levels (Plebani et al., 1995). PA receptors (PARs) to which PA can bind and
discharge its proteolytic function, have been found in tissues from invasive breast carcinoma but
not in normal breast tissue (Bianchi et al., 1994). Malignant brain tumours such as the
glioblastoma show high PAR content, and molecular hybridisation studies have shown a high
level of expression of PAR mRNA at the invasive edge of tumours (Mohanam et al., 1994). In
most tumour types, the increase in PA is also associated with an increase of the PA inhibitor, PAI
Gleeson et al. (1993) also discovered that higher PAL-2 levels in endometrial cancers correlated
with greater depth of invasion of the myometrium. One would have expected high levels of the
inhibitor to be inversely related to degree of invasion. Obviously, it is the relative levels of PA and
PAI, and not the PA content alone, that would determine the degree of invasion achievable
and high levels of PAls which tilt the balance in favour of PAls could be expected to reflect a
reduced invasive and metastatic ability.

Hachiya et al. (1995) have provided some experimental evidence in support of a role for the
PAs in cancer invasion. These studies were carried out on the human breast cancer cell lines
MCF-7 and MDA-MB-231 cells. The MDA cells produce more PA than the MCF-7 cells and,
consistent with this, MDA cells have been found to be more invasive than the MCF-7 cells.
Hachiya et al. (1995) then showed that the expression of both uPA and tPA is enhanced in the
human breast cancer MCF-7 and MDA-MB-231 cell lines by treatment with oestrogen and at the
same time a twofold increase in their invasive ability was also noted. That the PA production is
regulated by oestrogen is indicated by the fact that if the cells are treated simultaneously with
oestrogen and its antagonist tamoxifen, the increase in the invasive ability is blocked.
Furthermore, treatment of the cells with progesterone and prolactin, which only marginally
increase PA production, do not affect the invasive ability of the cells. TGF-§ is also able to
increase the PA production and invasion by MCF-7 cells, but in MDA cells the growth factor
decreased PA production and also decreased the invasive ability. The other half of the equation
is the expression of the inhibitor PAI, which should achieve an equilibrium with the PAs in
relation to the degree of invasiveness associated with tumours. Mueller ef al. (1995) transfected
human melanoma cells capable of producing PA with PAI-2 cDNA and showed that this caused a
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total inhibition of soluble and membrane-associated PA, together with inhibition of the matrix
degradation capability of these cells. When the transfected cells were introduced intravenously
in severe combined immunodeficiency (SCID) mice, the PAI-2 expressing tumours grew as fully
encapsulated tumours, whereas untransfected parental cell lines metastasised to lymph nodes
and the lung.

The levels of production of PA and PAI not only reflect the invasive ability of tumours but
have also shown correlation with tumour differentiation, clinical stage and metastastic status
and therefore PA/PAI status has been investigated for its prognostic value. Higher urokinase
levels have been found in gastric tumours with metastatic spread than in tumours without
metastases (Plebani et al., 1995). Poorly differentiated gastric carcinomas contained more PA
than well-differentiated tumours. PAI levels of endometrial cancers have been found to correlate
positively with tumour stage, with stage Il and III tumours showing far higher production of
PAI-2 than stage I tumours (Gleeson et al., 1993). A direct correlation between urokinase levels
and tumour grade has also been found in human gliomas. Higher-grade (grades 3 and 4) tumours
showed four- to fivefold more urokinase than grade 2 gliomas and pilocytic astrocytomas (Hsu et
al., 1995). Therefore, it is possible to read a meaningful correlation between tumour
differentiation and stage and the levels of PA and PAI expression.

High urokinase levels have been reported to correlate with poor overall survival of breast
cancer patients (Grondahl-Hansen et al., 1993; Janicke et al., 1993). Not only are high PA and
PAI in primary tumours associated with increased risk of relapse and mortality, but in node-
negative patients low levels of expression was significantly related to reduced risk of relapse.
Janicke et al. (1993) found that 93% of patients with low PA and PAI showed disease-free 3-year
survival compared with only 55% of patients with high PA and PAI levels. Urokinase may be a
useful prognostic marker, especially for the subgroup of patients with oestrogen-receptor (ER)-
positive and lymph node-negative tumours, but for patients with ER-negative tumours, the
clinical outcome did not appear to be related to PA levels (Duffy et al., 1994). Urokinase
receptors have been examined by Duggan et al. (1995). However, the levels of PAR did not
correlate with tumour size, axillary nodal metastasis, or ER status. Although these authors noted
some correlation of PAR status with prognosis, they believe that PAR status is not as powerful a
prognostic marker as urokinase itself. Ganesh et al. (1994) regard high PA and PAI expression as
strong prognostic indicators in colorectal cancer.

The functional pathway of ECM degradation by PA is believed to be the generation of
plasmin, which is known to be capable of degrading the ECM components laminin and type IV
collagen (Liotta ef al., 1981; Mackay et al., 1990). The regulation of invasive behaviour of breast
cancer cells by oestrogen appears to follow this pathway. Another functional pathway has been
suggested by Mars et al. (1993) who show that PA activates the hepatocyte growth factor (HGF)
(see page 92). HGF bears sequence homology to PA and occurs in the mitogenically inactive
single chain form and in the active two-chain form. Mars et al. (1993) showed that PA cleaves
the single chain HGF to generate the active two-chain form of HGF. They have confirmed this by
demonstrating that HGF which is mutated at the cleavage site cannot be activated by PA. HGF is
a powerful mitogen and can stimulate vigorous angiogenesis. Hildenbrand et al. (1995b) found
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that high urokinase levels correlated with the induction of angiogenesis and vascular invasion.
This apparent new pathway of PA function mediated by HGF significantly increases the
importance of PA as a mediator of cancer invasion.

Cathepsins in cancer invasion and progression

Cathepsins are lysosomal enzymes, but may be found associated with the plasma membrane in
erythrocytes (Bernacki and Bosmann, 1972) and in macrophage endosomes (Diment et al.,
1988). Several cathepsins are known and they are identified by a designatory letter, e.g.
cathepsins D, B, etc. Cathepsin D is an aspartic proteinase, cathepsins B and L are cysteine
proteinases and cathepsin G is a serine proteinase. Cathepsins are glycoproteins containing
phosphomannosyl residues, which bind to mannose-6-phosphate receptors and are delivered to
the lysosomes. Alterations of this system of delivery to, and localisation of, cathepsins in the
lysosomes can occur in disease processes and as a normal biological process in some cell types.
This results in their release or secretion and consequent subcellular and cellular damage.
Cathepsins subserve a variety of physiological functions by means of their proteolytic activity
and their physiological function is controlled by the regulation of their proteolytic activity.

Cathepsin D in cancer

Cathepsin D has been studied extensively for its perceived role of assisting cancer invasion and
secondary spread. It is known to be regulated by intracellular pH, growth factors, hormones and
by specific endogenous inhibitors (Goldberg et al., 1980; Barrett, 1984; Gallo et al., 1987,
Touitou et al., 1988). In breast cancer, cathepsin D is secreted in the form of a 53 kDa
precursor, the pro-cathepsin D (Morisset ef al., 1986). Oestrogen and growth factors such as
insulin-like growth factor I, EGF, bFGF stimulate the expression of cathepsin D in breast cancer
cells (Cavailles et al., 1988, 1989). Paradoxically, its expression has been found, not infre-
quently, to be unrelated to steroid receptor status of tumours (Metaye et al., 1993; Scorilas et
al., 1993; Rochefort, 1994).

The expression of cathepsins D and B has been studied with great enthusiasm and much effort
has been directed to relating cathepsin levels to histopathological and clinical features of
tumours. This is illustrated by a broad spectrum of human tumours where cathepsin D has been
found to be overexpressed or abnormally processed or secreted. Early studies and also more
recent investigations with human neoplasms have shown an enhanced cathepsin D expression in
hepatomas (Maguchi et al., 1988), thyroid dysplasias and carcinomas (Sinadinovic et al., 1989;
Metaye et al., 1993), melanomas (Tsushima et al., 1989), gynaecological malignancies (Galtier de
Reure et al., 1992; Nazeer et al., 1994; Scambia et al., 1995), gastric tumours (Matsuo ef al., 1996)
and carcinoma of the prostate (Kuczyk et al., 1994; Makar et al., 1994), bladder (Nakata ef al.,
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1994; Lipponen, 1996), colon (Adenis ef al., 1995) and of the breast (Rochefort et al., 1990;
Charpin et al., 1993; Johnson MD et al., 1993; Scorilas et al., 1993). Elevated levels of pro-
cathepsin D have been reported in the plasma of patients with breast cancer (Jarosz et al., 1995).

The importance of cathepsin D in cancer invasion has been experimentally evaluated.
Johnson et al. (1993) measured the #n vitro invasive ability of nine clones of the human breast
cancer MCF7 cell line and also the secreted cathepsin D, but found no correlation between
them. Neither was the invasive ability of the cells inhibited by the aspartyl proteinase inhibitor
pepstatin A. Transformed breast epithelial cells do not show any alterations in the expression of
cathepsins D, B and L, even though they are capable of anchorage-independent growth and
show increased invasive ability (Lah et al., 1995). However, MDA-MBA-231 cells showing
marked invasion in vitro have been found to be rich in vesicles that contain ECM material and
cathepsin D (Montcourrier et al., 1993, 1994). The in vitro invasion by glioblastoma cell lines is
inhibited by antibodies raised against cathepsin D (Sivaparvathi et al., 1996a). In vivo, the
invasive behaviour of tumours may be linked to the degree of cathepsin D expression. For
instance, the depth of myometrial invasion may relate to the level of the cathepsin content of
endometrial adenocarcinomas (Nazeer et al., 1994). Transitional cell carcinomas of the bladder
showing muscle invasion express cathepsin D at a high level in the invasive zone (Lipponen,
1996). High cathepsin D immunoreactivity has been detected at the invasion front also in gastric
tumours (Matsuo ef al., 1996).

It follows from the somewhat equivocal nature of the evidence concerning the involvement
of cathepsin D in cancer invasion that its association with cancer progression would be also
uncertain. Several studies of breast cancer advocate no specific role for this enzyme in the
progression of the disease. Cathepsin D levels have shown no relationship to established
prognostic factors (Ruppert et al., 1994). Pro-cathepsin D levels correlate with total cathepsin D
content, but pro-cathepsin D levels appear to have no prognostic value for overall survival or
metastasisfree survival (Brouillet ef al., 1993). Similarly, no correlation has emerged between
cathepsin D expression and tumour grade, steroid receptor status or nodal invasion (Charpin et
al., 1993; Scorilas et al., 1993), although correlation with vascular and nodal invasion has been
noted by others (Charpin et al., 1993; Hahnel et al., 1993). Hahnel et al. (1993) found
localisation of cathepsin D at the tumour periphery and, furthermore, there was a marked
association with high-grade infiltrating ductal carcinomas. Charpin ef al. (1993) found that the
enzyme levels are related to tumour grade and also to the proliferative index. High-grade
prostate cancers show higher levels of the enzyme than low-grade tumours (Kuczyk et al., 1994;
Ross et al., 1995), but Ross et al. (1995) found no correlation with tumour recurrence. In
thyroid neoplasia, cathepsin D expression appears to be related to tumour size (Metaye et al.,
1993), but in pancreatic cancer there is no correlation with nodal invasion or metastasis to liver
or lung (Nakata ef al., 1994). Thus, there is only qualified agreement as to the value of cathepsin
D measurement in the clinical setting.

The ambiguity of the enzyme expression as an indicator of tumour progression stems partly
from measuring the total levels of the enzyme without due cognizance of the possibility of
differential expression of the cathepsins in tumours or the expression of individual cathepsin by
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different cellular elements composing the tumour. Some recent work on breast cancer amply
illustrates this point. Escot et al. (1996) have reported distinct patterns of expression of mRNA
of cathepsin D, MMP3 and uPA in breast cancers. They found cathepsin D mRNA in the
epithelial component of the tumour but not in the fibroblasts, in contradistinction to MMP3
mRNA which was found in peripheral fibroblasts. Urokinase (uPA) mRNA was found in both
cellular elements. These authors further made the point that it is the pattern of distribution of
the three proteases that differentiates carcinomas from benign breast lesions. This appears to
highlight the significance of cathepsin D present in epithelial tumour elements as opposed to
that of the stromal component in tumour invasion. It should be recalled, however, that Tetu ef
al. (1993) assessed cathepsin D levels immunohistochemically and found that the enzyme
occurs in both tumour and stromal cells. A striking feature of the work of Tetu et al. (1993) is
the observation that cathepsin D levels of tumour cells were not related to prognosis, but that
the presence of the enzyme in the stromal cells correlated with shorter metastasis-free survival,
and it is the stromal enzyme levels that also correlated with poor tumour grade, aneuploidy and
steroid receptor status. Tumour macrophages have been reported to show higher cathepsin D
expression in advanced stages of endometrial adenocarcinoma (Nielsen and Nyholm, 1995).
Host cell infiltrates possessing high amounts of cathepsin D have also been reported in
transitional cell carcinoma of the bladder and in gastric carcinomas, especially in the peripheral
invasive zone of the tumours (Lipponen, 1996; Matsuo et al., 1996). However, Matsuo et al.
(1996) did not see any relationship between cathepsin-positive inflammatory cells and the
incidence of metastases. Nevertheless, these reports clearly implicate cathepsin D, produced by
the infiltrating cells, in assisting the invasion of neighbouring tissues by tumour cells. Thus,
there is a shift of emphasis from the cancer cell to the stromal cell, although there is a
fundamental incompatibility in that host cell infiltration is usually inversely related to the
aggressiveness of the tumour.

One must conclude, therefore, that despite the massive effort committed in the cause of this
cathepsin, its importance in tumour invasion is still inconclusive and its value as a prognostic
factor is ambivalent. As Mansour et al. (1994) have pointed out, the biological rationale for
ascribing a role for cathepsins is impeccable, but they attribute the difficulties which seem to
arise in the interpretation of the information to the methods of analysis. There is neither
consistency in the methodology, nor in the design of clinical studies.

Cathepsin B in cancer invasion

Cathepsin B has been widely studied with regard to its possible function in cancer invasion and
metastasis (see Sloane, 1990; Sloane ef al., 1990). The possible importance of this cathepsin was
highlighted by the demonstration that the metastatic potential of B16 murine melanomas
growing as subcutaneous tumours closely correlated with the levels of the enzyme (Sloane et
al., 1981, 1982). This correlation was subsequently confirmed in other murine tumours (Keren
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and LeGrue, 1988; Qian et al., 1989). Cathepsin B activity is associated with the plasma
membrane and in endosomes derived from many forms of murine and human neoplasms
(Sloane et al., 1990). Recently, elevated levels of cathepsin B have been reported in lung
tumours (Ebert ef al., 1994; Inoue et al., 1994), carcinoma of the pancreas (Nakata et al., 1994),
prostate (Sinha et al., 1995), breast (Benitez-Bribiesca et al., 1995; Lah et al., 1995), stomach
(Plebani et al., 1995) and gliomas (Rempel et al., 1994; Mikkelsen et al., 1995).

Cathepsin B is secreted by cells in the form of inactive pro-cathepsin B and is activated in
the extracellular environment (Mort and Recklies, 1986). The inactive pro-cathepsin B is more
stable in the extracellular environment than the activated form. Glioma cells secrete an
inactive 42 kDa pro-cathepsin B which is activated by proteolysis to an active 29 kDa form
(McCormick, 1993). This activation is mediated by other cathepsins, e.g. cathepsin G and the
serine proteinases elastase and uPA (Dalet-Fumaron et al., 1993; Keppler et al., 1994). The
activated cathepsin B is a broad spectrum endopeptidase (Barrett, 1984) and can be expected
to degrade the ECM efficiently. Apart from this, cathepsin B can further assist ECM degradation
by converting pro-urokinase into an active form (Kobayashi et al., 1993; Weiss et al., 1994).
Another mechanism by which cathepsin B could promote cancer cell invasion has recently
come to light. Mikkelsen et al. (1995) found that intense cathepsin B staining was associated
with proliferation of endothelial cells in gliomas. A similar association of cathepsin B with the
plasma membrane of endothelial cells has been found in carcinoma of the prostate (Sinha et
al., 1995). The process of neovascularisation accompanying tumour development begins with
a local dissolution of the basement membrane by proteolytic enzymes which are synthesised
in endothelial cells in response to angiogenic stimuli such as the bFGF. Cavailles et al. (1988,
1989) had previously shown that the steady-state level of cathepsin D mRNA is enhanced by
several growth factors, including bFGF. Interleukin-1 which is an inducer of angiogenesis can
significantly increase cathepsin B levels in human chondrocytes (Meijers et al., 1994).
Therefore, cathepsin B may also be involved in the dissolution of the basement membrane
and promote tumour angiogenesis.

Consistent with the consensus view of a correlation between invasion and the degree of
cathepsin B expression, the latter has also emerged as an important indicator of cancer
progression. The cathepsins B and L occur in significantly higher levels in tumours of the head
and neck compared with corresponding normal tissues (Kos et al., 1995; Budihna et al., 1996)
but the levels of expression of the inhibitors stefins A and B were unaltered (Kos et al., 1995),
suggesting that tumour tissue contains higher levels of the active forms of the cathepsins.
Cathepsin B levels have been found to correlate frequently not only with tumour grade and
lymph node metastasis, but clearly also with overall survival and disease recurrence. Luthgens
et al. (1993) measured cathepsin B and the inhibitors stefins A and B in the bronchoalveolar
lavage fluid (BALF) in lung cancer patients. Cathepsin B levels and that of the inhibitors were
substantially higher in BALF from metastasis as compared with squamous cell carcinoma (SCC)
and small cell lung carcinoma (SCLC). Some of the enzyme was in the form of a complex with
the inhibitors stefins A and B but not with cystatin (see below). The amount of cathepsin B
secreted by adenocarcinomas was also several-fold greater than SCC or SCLC. In adenocarci-
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nomas, the over-expression of cathepsin B has been associated with basement membrane
degradation and nodal invasion (Sukoh et al., 1994). Besides advanced stage IIIA, IIIB tumours
contained significantly higher amounts of cathepsin B than stage I tumours. The levels of
cathepsin B were inversely related to S-year overall survival figures. The favourable state of
prognosis associated with low cathepsin B levels was also reflected in relation to the clinical
stage. Thus, low cathepsin B content in stage I tumours was identified with 94% 5-year survival
as opposed to only 45% of patients with high levels of cathepsin B. Low cathepsin B content
indicated better prognosis also for advanced stages of the disease (Inoue et al., 1994). A grade-
related expression has also been encountered in gliomas and consistently higher proportions
of cathepsin B-positive cells occurred in anaplastic astrocytomas and glioblastomas than in
differentiated astrocytomas (Rempel et al., 1994; Mikkelsen et al., 1995; Sivaparvathi et al.,
1995). Rempel et al. (1994) found that cathepsin B transcripts as well the protein increased
with tumour grade. Characteristically, invasive cells of glioblastomas tended to be cathepsin B-
positive and involved in vascular invasion (Rempel et al., 1994; Mikkelsen et al., 1995). The
overexpression of the proteinase could then assist subsequent metastatic extension of the
tumour. For example, gastric carcinomas with metastatic spread contained more cathepsin B
compared with carcinomas without metastasis (Plebani ef al., 1995). However, in pancreatic
tumours, cathepsin B over-expression does appear to relate to invasive behaviour, without
being indicative of metastatic spread. Thus, on the one hand, Ohta et al. (1994) found that
invasive tubular adenocarcinomas of the pancreas stained more strongly than intraductal
papillary adenocarcinomas, while, on the other, Nakata et al. (1994) saw no correlation
between cathepsin B expression and dissemination of the tumour to lymph nodes, liver or the
lung. Similarly, the association between enzyme expression and progression is unclear in
breast carcinoma (Benitez-Bribiesca et al.,, 1995; Lah ef al., 1995; Thomssen et al., 1995).
Thomssen et al. (1995) noted an association of over-expression of cathepsins B and L with
early recurrence, despite a lack of correlation with vascular invasion and nodal metastasis.

It is often difficult to attribute specific functions exclusively to cathepsin B, since there may
also be parallel contributions to the process of ECM degradation and promotion of local and
vascular invasion by other enzymes or cofactors. This is illustrated by experiments using murine
myeloma cells (P3X63Ag8.653) which secrete a pro-cathepsin (L) and possess high metastatic
potential. However, when these cells were fused with spleen cells from animals immunised
against cathepsin L, the hybridomas continued to secrete the pro-cathepsin and anti-cathepsin L
antibodies, but they had lost their tumorigenic ability (Weber et al., 1994). This essentially
highlights the necessity of using a panoply of markers, as well as emphasising that it is crucially
important that one takes into account the microenvironment of the cancer cell. Unlike
cathepsin D, there is also a paucity of information on whether there is any heterogeneity in
the expression of cathepsin B, and whether there is differential expression in the component
cellular elements of the tumour. Frohlich et al. (1995) claim that cathepsin B is found
exclusively in tumour cells. Rozhin et al. (1994) examined cathepsin B-containing vesicles in
three pairs of cell lines differing in malignancy. These vesicles appeared to be located in the
periphery of cells with greater malignancy and their translocation to the peripheral regions was
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induced by acidic pH in the pericellular region. In malignant cells this resulted in a gradual
reduction in the amount of intracellular cathepsin B detectable, together with an increase in its
secretion. Thus, the intracellular trafficking and secretion of cathepsin B may be an important
feature of cells exhibiting invasive ability. Therefore, the current debate appears to support,
albeit not overwhelmingly, the view that cathepsin B may be a major factor in cancer invasion,
but further substantive evidence about its intracellular and topographical distribution will be
essential to establish its function in cancer cell invasion.

Cathepsins L and H in cancer

Unlike cathepsins D and B, other cathepsins such as L, H and G have not received much
attention from the scientific community. Initial studies do not appear to attribute to them any
substantial part in cancer invasion and metastasis. That they may be implicated in the
tumorigenic process is suggested by the induction of secretion of pro-cathepsin L, for instance,
by the tumour promoter phorbol-12-myristate-13-acetate (PMA) (Hzidtmann et al., 1993). But
PMA is a highly versatile biological response modulator and is also known to induce the
expression of matrix metalloproteinases (see page 137). The expression of cathepsin L has been
found to be greater in gastric carcinomas with metastatic involvement compared with
carcinomas without metastasis (Plebani et al., 1995). However, experiments using murine
mammary carcinoma cell lines have revealed no differences in cathepsin L expression even
when there might be substantial differences in in vitro invasion as well as in their metastatic
potential (Morris et al., 1994). No significant differences have emerged in cathepsin L
expression of human breast epithelial (MCF-10F) cells following neoplastic transformation by
exposure to dimethylbenz(a)anthracene or by c¢-H-ras transfection (Lah et al., 1995). However,
the expression of both cathepsins L and H is far higher in glioblastomas and anaplastic
astrocytomas than in low-grade gliomas and normal brain tissue, and antibodies against these
cathepsins also markedly inhibit the in vitro invasive ability of human glioblastoma cell lines
(Sivaparvathi et al., 1996a,b). Cathepsin H expression is not altered in tumours of the head and
neck, even though the expression of cathepsins B and L is greater in tumour tissue than in
normal tissues (Kos et al., 1995). A differential expression of cathepsins is increasingly being
reported but the evidence is far too tentative to seek correlations with the biological behaviour
of tumours.

Cysteine proteinase inbibitors

The activity of serine and cysteine proteinases and also metalloproteinases is regulated by
appropriate inhibitors. The proteolytic activity of cysteine proteinases is subject to control by
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inhibitors belonging to the cystatin superfamily. The cystatin family is divided into three
subfamilies called the stefins, cystatins and kininogens (Barrett et al., 1986a; Barrett, 1987).
Three stefins A, B and C have been identified. The stefins are single-chain approximately 11 kDa
proteins. Stefin A (human) and cystatin- (rat) occur in epithelial cells and polymorphonuclear
leukocytes, whereas stefin B and cystatin-f show a ubiquitous tissue distribution (Davies and
Barrett, 1984; Katunuma and Kominami, 1985; Barrett et al., 1986b). Cystatins are ¢.13 kDa
proteins found in many biological fluids (Abrahamson et al., 1986; Barrett et al., 1986b).
Cystatin inhibits the conversion of pro-cathepsin to the active form (Heidtmann et al., 1993;
Ryan ef al., 1995). The glycine4 residue of cystatin A is highly conserved; truncation of the
molecule including glycine-4 results in the loss of inhibitory activity. If this residue is replaced
with residues with bulkier side-chains, the inhibitory activity of cystatin is reduced. When
glycine4 is substituted with residues bulkier than valine its inhibitory activity is totally lost
(Shibuya et al., 1995a,b), possibly a consequence of steric hindrance to the binding of the
inhibitor to the target enzyme.

Sloane et al. (1990) reviewed some of the literature where reductions in stefin levels have
occurred with tumour progression and have speculated that this might be responsible for the
enhanced levels of cyteine proteinase activity associated with tumour progression, as discussed
above. The view that endogenous inhibitors may regulate the activity of proteinases, and
thereby control cancer cell invasion, is amply supported by the abolition by the cysteine
proteinase inhibitor E64 of the in vitro invasion by EJ bladder carcinoma, and by the
inhibition #n vivo of vascular dissemination and formation of metastasis by EJ cells (Redwood
et al., 1992). Stefins have been isolated from several forms of human cancer and stefin A, and
not stefin B, appears to be responsible for the inhibition of cathepsin B activity in sarcomas
and ovarian carcinomas (Lah ef al., 1989, 1990). In lung cancers, cathepsin B is found in the
bronchoalveolar lavage fluid, partly in complex with stefins A and B. Possibly, the levels of the
active enzyme are regulated by the stefins, as suggested by the study of Kos et al. (1995) who
found vast differences in cathepsin B activity associated with lung cancers, but the levels of
stefins were unaltered. There is much evidence that stefin A expression inversely correlates
with tumour progression and it has been regarded as a tumour suppressor (see Calkins and
Sloane, 1995). Kininogens strongly inhibit the proteolytic activity of cathepsins L and H
activity and, to a lesser extent, that of cathepsin B. The ascitic fluid from mice bearing
sarcoma 180 contains a cysteine proteinase which appears to be a low molecular weight
kininogen (Itoh et al., 1987; Sueyoshi et al., 1990). Cystatin A, which is the major form of
cathepsin inhibitor in human squamous epithelia, is widely expressed throughout the
epithelium of the normal uterine cervix, but a progressive loss of expression seems to occur
from low-grade to high-grade cervical intraepithelial neoplasia (CIN) and virtually no staining is
seen in epithelia and nuclei of poorly differentiated CIN III (Pollanen et al., 1995). Cystatin C
has been found in the serum of patients with autoimmune diseases (Brzin et al., 1984).
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Matrix metalloproteinases (MMPs) in cancer

In the pursuance of the theme of the important functions subserved by proteolytic enzymes in
the remodelling of the extracellular matrix in normal physiological processes, and in pathogen-
esis, matrix metalloproteinases (MMP) have been accorded a prominent position and there has
been sustained study of the facility with which they seem to promote tumour invasion and
metastasis (Figure 14). A large family of metalloproteinases (see Table 9, page 124) and three
inhibitors of metalloproteinases, called tissue inhibitors of metalloproteinases (TIMPs), have
been identified and characterised.

Molecular organisation of metalloproteinases and their inhibitors

The members of the metalloproteinase family are closely related in structure of which the basic
plan is provided in Figure 15. Four major domains can be identified: the translocation signal
domain, the ‘pro’ domain which is involved in the maintenance of the enzyme in the latent
form, the catalytic domain and haemopexin domain. The translocation signal domain is at the V-
terminal end of the molecule which contains the peptide sequence that provides the signal for
the translocation of the product to the endoplasmic reticulum. The MMPs are secreted in a pro-
MMP form which are then activated by a mechanism called the cysteine switch followed by
proteolytic processing. The ‘pro’ domain contains the conserved amino acid sequence
PRCGXPDY and this sequence is involved in the maintenance of the enzyme in the proMMP
form. The cysteine residue has been shown to be involved in the process of activation. The
cysteine switch postulates that the N-terminal part of the molecule is folded in such a way that
the cysteine residue interacts with the Zn atom of the catalytic site which includes the Zn**-
binding domain. The disruption of this interaction is regarded as the first step in the activation
of the pro-MMP (Nagase et al., 1990; Springman et al., 1990; Salowe et al., 1992) resulting from
the exposure of the active site of the enzyme (Vallee and Auld, 1990). This is followed by
proteolytic cleavage of the PRCGXPDV peptide at the carboxyl end of the peptide. The
activated MMP removes the ‘pro’ domain by autoproteolysis (Stetler-Stevenson et al., 1989b)
and is thus able to maintain the activated form. The fourth domain at the carboxyl end is the
haemopexin domain/vitronectin-like domain which appears to be involved in the binding of the
MMP inhibitors to the enzyme (Fridman et al., 1992; Murphy et al., 1992). The haemopexin
domain occurs in all MMPs with the exception of MMP-7 (pump-1).

Three MMP inhibitors have been identified, of which TIMPs 1 and 2 have been cloned and
fully characterised (Docherty et al., 1985; DeClerck et al., 1989; Stetler-Stevenson et al., 1989a).
A third member of the inhibitor family is TIMP-3 (Pavloff et al., 1992). The TIMPs recognise and
tightly bind to the MMP molecule. The cDNAs for both TIMP-1 and 2 code for 21 kDa proteins,
but TIMP-1 is glycosylated and exhibits a 28 kDa molecular size in SDS polyacrylamide gel
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Figure 14. The significant role that MMPs play in ECM remodelling and in cancer invasion and
metastasis is depicted here. MMP expression is influenced by a variety of biological response
modifiers, such as growth factors, cytokines, tumour promoters and oncogenes. MMP function
is controlled by appropriate inhibitors (TIMPs) and modulated by retinoids and corticosteroids.
Other proteinases, e.g. the serine proteinase associated with tumours, also affect MMP activity.
Serine proteinases may be directly involved with ECM degradation in addition to achieving the
same objective via activation of cathepsins.
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Figure 15. The functional domains of matrix metalloproteinases. Based on Stetler-Stevenson et
al. (1993).
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electrophoresis. TIMP-1 contains 184 amino acids, as deduced from its cDNA (Carmichael et al.,
1986). It occurs in body fluids, and tissues which synthesise MMPs also produce the inhibitor
(Herron et al., 1986a,b). Their molecular structures are closely related. Especially characteristic
is the occurrence of 12 cysteine residues which enter into six disulphide bonds and provide a
distinct tertiary structure to the molecule and demarcate two major domains, each containing
three disulphide linkages - the inhibitor domain, which is available for binding to the active site
of MMPs, and a second domain which may be involved in forming complexes with pro-MMP
molecules (Stetler-Stevenson et al., 1989b; Williamson et al., 1990; Kolkenbrock et al., 1991).

Regulation of MMP syntbesis

Several biological response modifiers have been shown to be capable of regulating the synthesis
of MMPs. Emonard and Grimaud (1990) have reviewed the effects of these agents on MMP
production (Table 10). Cytokines and growth factors have been shown to enhance the
production of MMP-1 and MMP-3 and it appears that regulation occurs at the transcriptional
level. The production of neutrophil collagenase is stimulated by phorbol esters.

An early event in the growth factor signalling pathway is the transient expression of the so-
called immediate early response genes, cfos and cjun. The transcription factor AP-1 is a
complex between the products of the immediate early response genes. The promoters of
collagenase and stromelysin contain AP-1 recognition sites, which mediate the response to
growth factors and cytokines. Both positive and negative regulation of MMPs is mediated
through the AP-1 recognition site. Thus, the induction of stromelysin RNA by EGF requires the
stimulation of both fos and jun (McDonnel et al., 1990) and antisense c:fos RNA blocks this
process (Kerr et al., 1988; Schonthal ef al., 1983). The transcriptional activation of collagenase
and stromelysin genes by phorbol esters and tumour necrosis factor is also mediated by the AP-1
recognition site (Angel et al., 1987a,b; Brenner CA et al., 1989). Conversely, retinoids and
corticosteroids inhibit the synthesis of MMP-1 and MMP-3. Retinoic acid (RA) represses the
transcription of the rat stromelysin gene. It has been shown that the RA-RA receptor complex
represses transcription of the gene by blocking the AP-1 binding promoter element of the gene
(Nicholson et al., 1990). Glucocorticoid receptors are also potent inhibitors of AP-1 activity
(Yang-Yen et al., 1990). Similarly, inhibition of stromelysin gene expression by TGF-f is
mediated by the AP-1 recognition sequence (Kerr et al., 1990).

The regulation of MMPs and TIMPs function appears to be a highly coordinated process. TIMP-
1 is expressed in a variety of cell types, e.g. macrophages (Campbell ef al., 1991; Shapiro et al.,
1991), fibroblasts (Stricklin and Welgus, 1983; Clark et al., 1985; Murphy et al., 1985; Overall et
al., 1989a) and endothelial cells (Herron et al., 1986b; DeClerck ef al., 1989). Its expression is
regulated by growth factors such as bFGF, TGF-f, EGF (Edwards et al., 1987; Overall ef al.,
1989b), TNF-a (Chua and Chua, 1990), interleukins (Murphy et al., 1985; Le Febvere et al., 1991;
Lotz and Guerne, 1991; Maier et al., 1993), and also by retinoids (Braunhut and Moses, 1994),
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Table 10. Inducers and inhibitors of metalloproteinases

Inducers of MMP expression Target MMP
Cytokines

Interferons «, f§, y MMP-1,3

Interleukin-1 (Frisch and Ruley, 1987) MMP-3

TNF MMPs 1,23
Growth factors

EGF (Matrisian et al., 1985, 1986b;

Edwards et al., 1987) Transin, MMP-1,2

bFGF (Edwards et al., 1987) MMP-1,3

PDGF (Bauer et al., 1985) MMP-1

NGF (Machida et al., 1989, 1991) Transin

Tumour promoters

Phorbol myristate acetate (Brinckerhoff et al., 1986) Neutrophil collagenase, MMP-2,3
TPA (Angel et al., 1987a,b) MMP-2
1,25{OH),vit D4 MMP-2

Oncogenes

H-ras (Schonthal et al., 1983; Matrisian et al., 1985, 1986b)
mos (Schonthal et al., 1988)
fos, jun (Kerr et al., 1988; Schonthal et al., 1983)

Other agents ‘
Heat shock MMP-3
Colchicine
Calcium ionophores

Inbibitors of MMP
Retinoids
Corticosteroids
TGF-f

Based on Emonard and Grimaud (1990), and references cited in the table and in the text.
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phorbol esters (Clark et al., 1985; Murphy et al., 1985), glucocorticoids (Shapiro et al., 1991)
and steroid hormones (Sato ef al., 1991). These biological response modifiers may differentially
modulate their synthesis. For example, glucocorticoids and tumour necrosis factor are known to
decrease the production of MMPs but increase TIMP expression (Clark et al., 1987). In rat
ovarian granulosa cells, luteinising hormone (LH) and 12-O-tetradecanoylphorbol 13-acetate
(TPA) can enhance the expression of the inhibitor and thus provide control over the proteolysis
and remodelling of the follicular connective tissue associated with ovulation (Mann et al., 1991).
Thus, the regulation of MMP activity appears to be controlled not only by differential induction
of proteinase and inhibitor expression, but also by compensatory modulation of expression of
the appropriate inhibitor. In breast carcinoma cell lines, oestrogen is known to enhance invasive
behaviour, accompanied by increased degradation of type IV collagen (Thompson et al., 1988).
In oestrogen-responsive T47D and MCF-7 cells, oestrogen does not alter the expression of MMP-2
but does down-regulate TIMP-2 expression by 50% (van den Brule et al., 1992). The regulation of
the MMP/TIMP may also be tissue specific and the overall proteolytic response may be governed
by several factors. EGF is able to induce stromelysin (transin) expression in fibroblasts (Matrisian
et al., 1986b; Kerr et al., 1988), but in PC12 cells only nerve growth factor and not EGF appears
to be able to induce stromelysin expression (Machida et al., 1989). In MRC-5 fibroblasts, bFGF
and EGF stimulate both collagenase and TIMP expression but when TGF-f is present the latter
modulates the overall balance between the collagenase and TIMP. It appears that TGF-f
suppresses collagenase expression while, at the same time interacts with bFGF and EGF to
promote excessive TIMP induction (Edwards et al., 1987). This complex process of regulation of
proteolytic activity is also exhibited by cancer cell apparently concomitantly with invasive and
metastatic behaviour (see below).

Developmental regulation of MMPs

The remodelling of the ECM in early embryonic development involves several matrix
metalloproteinases (MMP), such as collagenases and stromelysin whose expression can be seen
to modulate with developmental processes (Alexander and Werb, 1989; Brenner CA et al., 1989;
Werb et al., 1989), and this remodelling allows embryonic cells to participate in intercellular
and cell-ECM adhesive interactions, which are so crucial in cell migration, growth and
morphogenesis. Remodelling of the ECM is responsible for the release of cells that form the
blastema in the regeneration of appendages in Ambystoma and this process appears to be
mediated by MMPs whose expression is up-regulated in response to limb amputation (Yang and
Bryant, 1994). The induction of differentiation of F9 embryonal carcinoma cells by exposure to
retinoic acid or dibutyryl cAMP increases the expression of collagenase and stromelysin genes,
and also that of the gene coding for an inhibitor, namely the tissue inhibitor of metalloprotein-
ases (TIMP) (Adler et al., 1990), thus emphasising the fact that the control of ECM remodelling
may be achieved by the MMP-TIMP system.
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The role of MMPs and TIMPs in cancer invasion and metastasis

The significant role played by proteolytic enzymes in the invasive behaviour of embryonic cells
has been known for many years (see Sherbet, 1982, 1987). Embryonic trophoblast cells invade
the uterine epithelium, the basement membrane, connective tissue and blood vessels in the
processes of implantation and the development of the placenta; process which bear consider-
able analogy with the processes involved in the invasion and metastatic dissemination of cancer
cells. The trophoblast cells adhere to the basement membrane and degrade it by the agency of
the metalloproteinases, type IV collagenase and interstitial collagenase, and also serine
proteases. The metalloproteinase activity associated with the invasive faculty of trophoblasts is
controlled by the induction of TIMPs by TGF-f which is produced by the decidua (reviewed by
Lala and Graham, 1990).

A direct correlation between invasive and metastatic ability and the production of MMPs by
cancer cells was documented several years ago. Type IV collagenase was shown to be associated
with the degradation of basement membrane collagen and with the invasive and metastastic
potential of tumour cells (Liotta et al., 1980; Turpeenniemi-Hujanen et al., 1985; Nakajima et al.,
1987, Reich et al., 1988; Murphy et al., 1989). Cell transformation produced by exposure to
chemical carcinogens has been known to produce alterations of stromelysin-2 gene transcripts
(Matrisian et al., 1986a; Ostrowski et al., 1988; Matrisian and Bowden, 1990). Transformation of
cells with the H-ras oncogene has similarly been shown to result in the secretion of collagen
type IV, together with the gain of metastatic properties (Collier ef al., 1988). Oncogenic
transformation by ras and myc genes often also generates phenotypes with metastatic ability,
but this can be inhibited by the introduction of the E1A gene. Coincidentally, the introduction
of the E1A gene also causes an inhibition of MMP (Bernhard et al., 1995). Similar experiments
on rat embryo cells transformed by ras and ras + EIA oncogenes, were also described by
Sreenath et al. (1992) who confirmed 2 high level of production of stromelysins 1 and 2 by
transformed cells with high metastatic potential compared with transformed cells of low
metastatic potential. Antibodies raised against type IV collagenase inhibited the invasion in
vitro of reconstituted basement membrane by A2058 human melanoma cells (Hoyhtya et al.,
1990), emphasising the role played by the MMP. It was found that TIMP-2 could inhibit this
invasive and metastatic ability. Ponton et al. (1991) detected reduced expression of TIMP in
metastatic variant cell lines derived from SP1 murine mammary adenocarcinoma compared with
non-metastatic variant lines. Indeed, alteration of either component of the MMP-TIMP system
would be expected to, and does, modulate the invasive and metastatic properties. Antisense
RNA-induced TIMP down-regulate in Swiss 3T3 cells which are non-tumorigenic, conferred
invasive properties on them (Khokha et al., 1989). The TIMP-1 gene has been transfected into
human gastric cancer cells, and upon subcutaneous implantation into nude mice, these
transfectant cells have been found to possess greatly reduced ability to metastasise (Watanabe
et al., 1996). Albini et al. (1991) showed that alteration of the balance between MMP and TIMP-
2, brought about by the addition of extraneous TIMP-2 or antibodies to MMP-2, affected the
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invasive ability of HT-1080 human fibrosarcoma cells. DeClerck et al. (1992) transfected an
invasive cell type of rat embryos cells with TIMP-2 cDNA and demonstrated that TIMP-2
expression in the transfectants suppressed the invasive ability of these cells as well as inhibiting
the formation of tumour nodules in the lung upon intravenous injection. Compatible with these
observations, we have found a down-regulation of TIMP-2 expression in six invasive glioma cell
lines tested compared with non-invasive cell lines and human fetal brain cells (Merzak et al.,
1994b). Curiously, in one non-nvasive cell line, TIMP-2 was in fact found to be down-regulated,
which provides further support to the view that a balance between MMP and TIMP needs to be
achieved in the manifestation of a given degree of invasive behaviour. As noted above, the ras
oncogene and the adenovirus E1A gene modulate the expression of MMPs. Compatible with this
is the observation of the influence of the metastasis-promoting gene 1842/misl (page 191) in
relation to invasive behaviour. Merzak et al. (1994b) demonstrated that invasive glioma cells
show high levels of 1842/mis1 transcription and in parallel show a total down-regulation of
TL :P-2. In contrast, the non-invasive glioma line and fetal brain cells do not have detectable
levels of 1842/mts1 transcripts but these cells do express TIMP-2. The implications of these
observations to the invasive process is significant. We have postulated that 1842/mis] genes
may confer invasive and metastatic properties by remodelling the ECM and presumably this is
achieved through enhancing MMP activity by down-regulating the expression of the TIMPs.
With the vast amount of data available on the association between the MMP/TIMP system and
the invasive and metastatic phenotype may be regarded by some as beyond debate. Never-
theless, there are important questions which have remained unanswered over the past decade.
Ostrowski et al. (1988) noted no differences in the levels of MMP secretion between some
primary tumours and their metastatic deposits. This suggests that the expression of MMP may be
heterogeneous and further that the subpopulation of cells which metastasise may not produce
MMPs. The expression of MMP-2 and MMP-9 has been reported in the plasma membrane of
breast carcinoma cells, but a considerable variability in expression has also been described
(Visscher et al., 1994). These authors found no relationship between MMP expression and the
clinical course of the disease, but the expression of TIMP-2 did relate to progression.
Furthermore, they found that TIMP-2 activity was detectable in the stromal component of the
tumours. The contribution of stromal cells to the proteolytic pool has been documented by
others. Basset et al. (1990, 1993) found high expression of stromelysin-3 in stromal cells of
breast cancer and stromelysin is expressed in this way in other tumours such as head and neck
cancers (Muller et al., 1993) and basal cell carcinomas (Wolf et al., 1992). Kawami et al. (1993)
found the expression of stromelysin-3, rather than type IV collagenase to correlate strongly with
metastasis of breast cancer to the lymph nodes. They suggested that the MMP might be
produced by stromal cells surrounding the cancer cell. MMP expression occurs at higher levels
in the connective tissue stroma of colorectal carcinomas compared with adenomas and normal
mucosal tissue and the most intense staining was found in the stromal component associated
with neoplastic glands. The pattern of expression of TIMP was similar to that of MMP (Hewitt e?
al., 1991). MMP-2 and also MMP-9 were expressed at significantly higher levels in transitional
cell carcinoma of the bladder than in normal bladder tissue. Both MMPs were associated with
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invasive rather than with superficial tumours and were expressed chiefly in stromal tissue rather
than in tumour cells (Davies B et al., 1993). Presumably, the secretion of the proteinases by
stromal cells might aid the dissemination of the metastasising subpopulation. In other words,
the faculty of invasion and metastasis may be a paracrine phenomenon. Metastatic deposits
themselves can disseminate and presumably, again, the paracrine phenomenon might account
for this.

It is obviously of great significance to determine the intratumoral distribution of the
proteinases, and whether the absence of MMP in metastatic deposits reported by Ostrowski et
al. (1988) is a one-off event. It may be recalled, however, that the fraction of the tumour cell
population producing MMPs, in this case type IV collagenase, has been found to correlate with
nodal spread as well as with the presence of distant metastases (Grigioni et al., 1986; Cioce et
al., 1991). A study of 186 cases of node-negative breast cancers revealed that the occurrence of
a high proportion (>80%) of type IV collagenase (MMP-2) positive cells is associated with
greatly increased local invasion and recurrence, but tumours with far lower MMP-2 positivity
showed significantly higher incidence of distant metastases (Daidone ef al., 1991). These data
seem to imply essentially that metastatic dissemination occurs as an event distinguishable from
local invasion and recurrence. A further inference from this study is that local dissolution of
basement membrane might be occurring around only a small proportion of tumour cells. This
generates a further conundrum that a small subpopulation of cells might be responding to
paracrine signals and begin to express proteolytic enzymes that will enable them to access the
vascular compartment for dissemination.

The metalloproteinases, MMP-3, MMP-7 (pump-1), and MMP-10 have been studied in human
gastric and colon carcinomas. Of these, only MMP-7 has been found to be expressed in a
majority of these tumours and this expression appears to be restricted to tumour cells and is not
found in stromal cells or lymphocytes (McDonnell ef al., 1991). After an investigation of the
expression of MMP-2 in lung cancer cell lines, Zucker et al. (1992) concluded that factors other
than MMP alone might be involved in the invasive and metastatic process. This is based on two
important observations. They found that high levels of MMP-2 were associated with high
tumorigenicity and invasive and metastatic potential of lung cancer cell lines. They then
transfected these cells with K-rer-1 which reverts them to a less malignant phenotype. Zucker
et al. (1992) noted that the revertants produced MMP-2 at the same levels as the parent cell line,
but possessed slightly lower invasive ability and a vastly reduced metastatic potential.

Even after more than a decade of studies, there is much uncertainty about many aspects of the
expression of the MMP/TIMP system in relation to cancer invasion and metastasis. Undoubtedly,
there has emerged a clear correlation between the expression and regulation of MMP activity
and the invasive process, with MMP expression often prominent in the invasive zones of a
tumour, or at the interface between tumour and stromal component of the tumour. Apparently,
no stringent substrate specificity is exhibited by MMPs. Nevertheless, some MMPs have been
claimed to be more tumour-associated or related to progression than others. The significance of
these perceived specificities of association is not understood at present. No solid evidence is yet
available about whether MMP expression constitutes an autocrine or paracrine function of the
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cancer cell and this is a very important question that needs to be addressed. The influence of
other genes, such as those coding for growth factors and metastasis suppressor and dominant
metastasis genes, on the possible modulation of MMP/TIMP, together with possible repercus-
sions for the invasive and metastatic properties of the cancer cell, also needs to be studied in
depth. Here again we have correlative conclusions rather than incisive experiments providing
insights into the mechanisms of gene interactions. Not surprisingly, therefore, there have not
been any significant studies of the importance of MMP/TIMP expression as a prognostic aid and
presumably this reflects these uncertainties.



10

Oncogenes and cancer metastasis

Metastatic ability is a heritable property. Therefore, the progression of tumours to the metastatic
state implies changes in the expression of genes. These differences in biological behaviour are
not transient but are attributable to genetic alterations. The precise nature of the genetic
changes undergone by tumours during progression in general or in the acquisition of metastatic
potential are poorly understood (Weiss, 1990). The implication of genes as driving forces of
invasive and metastatic behaviour raises the questions of which genes might be associated with
the invasive and metastatic abilities of cancer cells and of how they might be regulated. A prime
objective, therefore, is to identify these genetic changes.

Experiments aimed at elucidating the role of known oncogenes in the metastatic cascade
using gene transfer techniques, or by comparing their structure and expression in primary and
secondary tumours, have provided little direct support for a universal association between
modulation of cellular oncogene expression and the acquisition of metastatic ability. Several
oncogenes have been tested for their ability to confer invasive and metastatic abilities upon
normal cells, and among these are the ras homologues, which have been studied rather
extensively (see below). Comparatively less well studied oncogenes are src¢ (Chambers and
Wilson, 1985), fes/fps (Sadowski et al., 1988), and mos (Gao et al., 1988), and the $-100 family
genes (Parker et al., 1991, 1994a,b; Davies BR et al., 1993), among others.

In general, it should be stated that although gene transfer experiments have provided some
insight into cellular features that can be related to or occur in parallel with neoplastic
transformation, only a few studies have made an unequivocal contribution to our understanding
of the process of tumour progression. Often, this has been due to technical difficulties. For
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instance, there are two major in vivo assays for metastatic ability: the experimental metastasis
model of intravenous injection of cells and measuring their lung colonisation, and the
spontaneous metastasis model which measures different features of the metastatic cascade.
The former, an extensively used assay, cannot provide a full picture of the spectrum of the
associated events, since the introduction of cells directly into the vascular system obviously
bypasses several early stages of the metastatic cascade. Furthermore, there seems to be little
appreciation of genomic perturbations occurring as a consequence of transfection and stable
integration of extraneous DNA into the cellular genome. Some years ago Kerbel ef al. (1987)
noted that Ca;(PO4),mediated DNA transfer itself caused alterations in the biological behaviour
of cells. They found that 17% of CBA/J mouse mammary adenocarcinoma cells transfected with
pSV-neo carrying no known oncogene, showed lung colonisation. The Graham and van der Eb
(1973) method of DNA transfer has consistently been used in a large number of studies and
there does not appear to be much support for the view expressed by Kerbel and colleagues. It
cannot be denied, however, that integration of extraneous DNA is liable to cause considerable
perturbation in the genome of the recipient cells and it is possible that in Kerbel and colleagues’
experiments plasmid integration may have occurred in areas of the DNA-harbouring genes liable
to change the biological behaviour of cells.

It now appears that on occasions oncogenes might be cooperating with other genes, rather
than function as candidate genes. It is interesting to note in this context, that transfection with
ras enhances the expression of the $-100-related protein p9ka/42a (De Vouge and Mukherjee,
1992) which is the rat homologue of the murine 1842/mits1 gene product. We know that some
members of the $-100 family show cell cyclerelated and metastasisrelated expression, as
discussed in a later section (see page 191). Furthermore, the activated ras gene induces
expression of the surface glycoprotein CD44 (Hoffman et al., 1993; Jamal et al., 1994) which
has been associated with increased metastatic potential. Thus, it seems possible that activation
of other genes might be involved in certain events of metastatic dissemination.

Davies BR ef al. (1993) transfected rat mammary epithelial cells with p9Ka gene. The p9Ka-
transfected cells produced tumours at a higher frequency, with a reduced latent period, and
showed a higher incidence of metastasis than untransfected parental lines. We transfected its
murine homologue, the 1842/misl gene, placed under the control of the dexamethasone-
inducible mammary tumour virus promoter into B16-F10 murine melanoma cells and demon-
strated an increase in fung colonisation by the transfectant cells, when the transfected gene is
switched on. In these cells alterations were seen in the cytoskeletal organisation of the cells
accompanied by the accumulation of a greater number of cells in the S-phase fraction (Parker et
al., 1994b). In both these studies the genes were transfected into either continuous cell lines or
into transformed cells and it is suggested that these genes may be capable of altering the
biological behaviour of cells only when they have undergone cellular transformation. It would
be of considerable value to study the effect of transferring these genes into non-transformed
cells or primary cell cultures, since such studies would enable one to distinguish between
transforming genes and those associated with invasion and secondary spread of already
transformed cells and this could allow one to establish whether they merely advance the stage
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of progression while not being able to achieve cell transformation on their own. There do not
appear to be differences in the structure and expression of oncogenes between primary
tumours and their metastases (Bos, 1985; Albino et al., 1989; Rochlitz ef al., 1989) but the
expression of certain oncogenes such as the ras, cerbB2 and myc, among others, has been
reported to change at different stages of tumour progression (D'Emilia et al., 1989; King et al.,
1989; Ro et al., 1989; Borg et al., 1990; Field and Spandidos, 1990).

The ras oncogene in tumorigenesis

Increased ras expression has been described in several human tumours (Slamon et al., 1984;
Spandidos and Agnantis, 1984; Viola et al., 1985, 1986). Egan et al. (1987) subsequently showed
that ras expression level correlated with metastatic potential in 10T1/2 and NIH-3T3 cells. The
relationship between ras gene expression and cell transformation has been studied by several
groups. The ras proto-oncogene and also the mutant forms of the gene can produce cellular
transformation upon transfection (Egan ef al., 1989). There are several other gene transfer
experiments with ras (Chambers and Ling, 1984; Spandidos and Wilkie, 1984; Bondy et al.,
1985; Pozzati et al., 1986; Collard et al., 1987a; Chambers et al., 1990), which have generally
supported its role in achieving neoplastic transformation. However, transfection of human
melanocytes by ras does not produce the morphological and cytogenetic changes which are
known to characterise melanoma in vivo (Albino et al., 1992). More recently Davies BR ef al.
(1993) found no conferment of tumorigenicity or metastasis on rat mammary epithelial cells
transfected with the ras oncogene. A study of activating ras mutations in breast cancers and
their metastases has revealed no differences in the incidence, suggesting that activating
mutations of the oncogene may not be significantly involved in metastatic progression (Rochlitz
et al., 1989). This is consistent with the view expressed by Bos (1985) that ras activation is not
an obligatory event in tumour progression, since activating mutations reveal no pattern of
incidence or relationship to clinical or biological features of malignancy. However, the ras
oncogene appears to stimulate endothelial cell motility (Fox PL et al., 1994), which is essential
for the formation of microvasculature that enables the tumour to disseminate to distant
metastatic sites.

The members of the ras oncogene family have also received much attention in recent years
on account of the diverse role the ras proteins play in the transduction of extracellular signals
which affect cell proliferation, differentiation and the regulation of cytoskeletal dynamics. Ras
proteins are membrane-bound guanine nucleotide-binding proteins. These are bound to GDP in
the resting state. The release of GDP is promoted by an exchange factor and this leads to the
formation of a complex with GTP. Signalling by ras protein is activated by GTP binding and
inactivated by GTP hydrolysis. Mutations in the ras proteins lead to reduced GTPase activity and
to constitutive binding to GTP, and consequently the ras gene appears to acquire oncogenic
potential. Mutated oncogenic forms of ras have been reported in a variety of human cancers,
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e.g. carcinomas of the colon, pancreas, lung thyroid, lymphomas and myeloproliferative
disorders. Although attempts have been made to assess the clinical significance of ras activation,
there is no incontrovertible evidence of its association with disease stage or recurrence,
although some studies have suggested that it may serve as a marker related to the malignant
potential of tumours (Harada et al., 1992). Ras mutation appears to be an infrequent event in
bronchioalveolar adenocarcinoma (Rusch et al., 1992) and of little clinical relevance in lung
adenocarcinoma (Rodenhuis and Slebos, 1992). Gulbis and Galand (1993) have critically
examined the question of whether ras protein expression can be regarded as a criterion of
malignancy. Their study reveals that an insufficiency of information makes it difficult to
determine whether ras expression can serve as a marker in tissues of the colon, lung, bladder,
ovary, and neural and odontogenic tissues and their corresponding neoplastic counterparts. In
other tissues, e.g. pancreas and stomach, the status of ras protein does not distinguish between
malignant and corresponding normal tissues. However, in liver tumours, salivary adenocarcin-
omas and uterine carcinomas, the ras proteins are detectable only in malignant tissues.

There is little valuable information on ras activation status in gynaecological cancers. Some
years ago Enomoto et al. (1990, 1991) reported that K-ras activation was not a characteristic of
cervical carcinomas or ovarian epithelial tumours, with the exception of mucinous adenocar-
cinomas. Point mutations have been described in some endometrial carcinomas (Lester and
Cauchi, 1990). A recent study by Carduff et al. (1995) indicates that aithough a small proportion
(11.6%) of endometrial carcinoma shows point mutations of K-ras, there was no evidence of any
correlation with stage, grade, depth of invasion or clinical outcome. It is possible that ras
activation by mutation may be compounded by allelic deletions involving p53 and other
suppressor genes such as nm23 (Imamura et al., 1992). Such an accumulation of sequential
genetic abnormality is known to be associated with other neoplasms such as colon carcinoma
(see page 172).

Erb genes as predictors of cancer progression and prognosis

A family of genes have been cloned in recent years whose protein products belong to a family of
receptor tyrosine kinases. The genes are called erbB (erbB1,EGFr), erbB2 (neu/HER-2), erbB3
(HER-3) and erbB4 (HER-4). The products of this family of genes are transmembrane tyrosine
kinases, each with a single transmembrane domain, a cysteine-rich extracellular domain and an
intracellular catalytic domain. They act as receptors for a number of peptide growth factors
such as EGF, TGFx and neuregulins. The binding of the ligands leads to dimerisation and
autophosphorylation of the receptors. The activated receptors are then able to bind to proteins
containing srchomology-2 (SH2) domains. The SH2 domain proteins recognise and bind to
specific phosphotyrosine-containing sequences of the activated receptor (Moran et al., 1990,
Margolis ef al., 1992; Pawson and Schiessinger, 1993; Songyang et al., 1993). These SH2-
containing adaptor molecules then trigger downstream signalling pathways, ultimately resulting
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in gene activation. Because of the involvement of the erb family gene products in extracellular
signal transduction, much work has been targeted upon these genes in order to see if they are
implicated in neoplastic development and progression.

The erbB2 (neu/HER2) gene is located on chromosome 17p21. It codes for a 185 kDa
transmembrane glycoprotein related to, but quite distinct from, the epidermal growth factor
receptor (EGFr) (Padhy et al., 1982; Schechter et al., 1985; Bargmann et al., 1986a; Hung et al.,
1986; Yamamoto et al., 1986). The EGFr bears sequence homology with the erbBI product
(Downward et al., 1984). The erbB2 gene is activated by a point mutation which results in the
change of amino acid residue 664 from valine to glutamic acid (Bargmann ef al., 1986b) and this
change is associated with its ability to transform cells (Stern et al., 1986; Bargmann and
Weinberg, 1988). Alterations in and amplification of this gene have been reported in a variety of
human cancers such as carcinomas of the breast, bladder, colon, lung and gastric carcinomas.

Expression and amplification of etbB2 in breast cancer

Amplification of erbB2 was studied extensively in breast and ovarian cancers and found to
correlate with lymph node involvement and relapse-free survival, and also overall survival of
patients (Slamon et al., 1987, 1989). This relationship has not been borne out by some
subsequent studies, such as those by Ali et al. (1988), Zhou et al. (1989) and Kury et al.
(1990). The expression of the protein appears to be associated with tumour grade (McCann et
al., 1991; Tervahauta et al., 1991). Studies using immunohistochemical methods show that
erbB2 protein expression does not differentiate between invasive and in situ breast carcinomas
(Moe et al., 1991; Porter et al., 1991). McCann et al. (1991) detected no correlation between
over-expression of erbB2 protein and lymph node status. But McCann et al. (1991) have
themselves stated that over-expression of the oncoprotein was significantly related to shorter
disease-free survival. Furthermore, over-expression of the protein in node-positive patients was
predictive of poor prognosis. Watatani et al. (1993) found erbB2 amplification in all stages of
breast cancer and also that amplification was linked to lymph node involvement. Tervahauta et
al. (1991) also regarded low expression of the oncoprotein as predictive of longer survival.
Recently, the results of a study of 942 invasive ductal carcinomas has been presented by Quenel
et al. (1995) which confirms the prognostic value of c-erbB2 expression. They found that it
correlated not only with tumour grade but also very significantly with overall survival as well as
relapse-free and metastasesfree survival.

There have also been some attempts to examine whether the predictive value of c-erbB2
expression can be increased by the simultaneous assessment of other prognostic factors. As
alluded to earlier, erbB2 protein is an EGFr-related protein. The co-expression of both these
proteins was associated with poorer prognosis than when either protein was expressed alone
(Osaki et al., 1992). The expression of c-erbB2 was not found to be associated with long-term
(>8.5 years) disease-free survival. However, within a group of patients who showed tumour
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recurrence in less than 2 years after presentation, c-erbB2 amplification and expression was
significantly associated with shorter survival (Pauley et al., 1996).

The data presented by Tiwari ef al. (1992) shows erbB2 amplification in 17 out of a series of
61 primary breast cancers studied and, most importantly, 16 of these 17 patients presented with
metastatic disease. A detailed investigation of micrometastases in the bone marrow of breast
cancer patients has recently been carried out; it has revealed the presence of breast cancer cells
in the bone marrow of 75% of patients who had overt metastases (M1 stage). Of much interest is
the further observation that metastatic cells from the bone marrow of 48 out of 71 patients were
positive for erbB2 expression (Pantel et al., 1993). However, an opposite view has been
expressed that erbB2 aberrations may be an early event in the pathogenesis of breast cancer and
co-amplification of this gene with other genes, e.g. cmyc and inf-2 may also play an important
part in breast cancer development (see Chen YH et al., 1995). It would appear that over-
expression of the oncoprotein may occur in all stages of breast cancer, suggesting that it may
play a role in breast cancer development if not obligatory for progression. However, its over-
expression may be inversely related to clinical outcome.

The erbB2 gene expression in gynaecological cancers

Generally, one in three of epithelial ovarian cancers may show amplification of the erbB2 gene
(Botrensen, 1992). Five to 68 copies of the gene have been encountered in 14% of carcinoma of
the uterine cervix (Mitra ef al., 1994). Whether gene amplification and/or over-expression of
the gene product is related to the stage of the disease is unclear. There does not appear to be
any relationship between the biological behaviour of ovarian cancers and their erbB2
expression status (Haldane et al., 1990; Zheng et al., 1991; Fajac et al., 1995). Mileo et al.
(1992) found only sporadic amplification of the gene and found similar levels of gene expression
in normal ovaries and ovarian tumours. Fajac et al. (1995) have reported >2.5-fold amplification
in 9 out of 65 adenocarcinomas but not in benign and borderline tumours. Over-expression of
cerbB2 is reportedly associated with poor survival in advanced epithelial ovarian cancer
(Berchuck et al., 1990). Amplification appeared to correlate with poor prognosis in univariate
analysis but in multivariate analysis of stage, histological type, grade and residual tumour, gene
amplification did not appear to be an independent marker of prognosis (Fajac et al., 1995).
Borrensen (1992) confirms that ovarian cancers with erbB2 amplification and consequent over-
expression of its product reflects more aggressive disease, accompanied by greater growth
potential of the tumour and poor survival. In endometrial carcinomas over€xpression of the
gene was associated with advanced stage disease and the occurrence of distant metastases
(Berchuck et al., 1991a). It may be pointed out, however, that only in 9 out of 95 carcinomas
was erbB2 staining more intense than in normal endometrial samples. Three of these nine
samples belonged to FIGO stage 1A and B and the remaining six to stage IIIC and IVB with
lymph node involvement and distant metastases. Whereas investigations of breast cancer have



150 The Genetics of Cancer

provided a sanguine picture of erbB2 association with clinical outcome, such a picture has not
emerged from the studies of gynaecological cancers described above. However, it should be
borne in mind that there have been far fewer studies of gynaecological cancers than breast
cancers and it would be premature to discard it as a marker of progression and prognosis of
gynaecological malignancies.

erbB2 expression in other forms of buman cancer

Work is less clearly focused upon other forms of human cancer. There is a study on
nasopharyngeal carcinoma where erbB2 expression seemed to relate to both overall as well as
disease-free survival (Roychowdhury et al., 1996). Underwood et al. (1995) have found erbB2
amplification in 16 out of 89 patients with recurrent transitional cell carcinoma of the bladder,
but found no amplification in non-recurrent or normal bladder tissues. Roughly half of the
patients with recurrent disease showed characteristics of progressive disease, and of these one-
third showed gene amplification. It is of considerable interest to note in this context that gene
amplification was detectable only after disease progression to the invasive stage (Underwood et
al., 1995). No amplification of this gene has been encountered in carcinoma of the prostate
(Latil et al., 1994).

In summary, it would be safe to conclude that the current evidence overwhelmingly confirms
the clinical predictive value of this oncogene, in terms of overall survival and of recurrence- and
metastasisfree survival. Whether this applies with equal force to other tumour types than
carcinomas of the breast is uncertain. Expression and amplification of erbB2 currently appears
to possess greater predictive value for breast than for ovarian carcinoma, but the possibility that
its expression and/or predictive value may not be universally applicable should also be
considered. The erbB2 protein is expressed only in non-small cell lung cancer but not in small
cell lung carcinoma and, moreover, its expression correlated with lymph node metastasis in
squamous cell carcinomas but not in adenocarcinomas (Shi et al., 1992). The significance of
such differential expression is still unclear.

Experimental studies of the role of erbB genes in cancer invasion and
metastasis

The evolution of the belief that amplification and overexpression of erbB2 gene may be
associated with tumour development and progression, and may be potentially valuable in the
prediction of prognosis, has inevitably led to experimental studies aimed at assessing the
influence of erbB2 expression on the invasive behaviour and the metastastic potential of
tumours and at elucidating the likely mechanisms of its involvement.



Oncogenes and cancer metastasis 151

The erbB2 gene was first identified as transforming gene neu in neuroblastomas induced by
ethylnitrosourea (Schubert et al., 1974; Shih et al., 1981; Schechter et al., 1984). An over-
expression of the normal erbB2 and also the expression of genetically altered protein is able
to transform human mammary epithelial cells and increase colony-forming efficiency and
tumorigenicity in athymic mice (Pierce et al., 1991). Yusa et al. (1990) transfected the
activated c-erbB2 gene into a clone of murine colon adenocarcinoma cell lines and noted an
increase in their metastatic potential. ErbB2transfected NIH-3T3 and Swiss Webster 313
(SW3T3) cells show an enhanced invasive ability, assessed by Matrigel invasion and enhanced
lung colonisation upon introduction into host animals via the tail vein (Yu and Hung, 1991).
Both transfectant clones showed lung colonisation in all injected animals, but none of the
controls produced any lung colonies. Unfortunately, the controls did not include cells
transfected with plasmid not carrying the mutated gene. Nevertheless, there is little doubt
that introduction of the mutated gene markedly aiters the behaviour of these cells. The
adenovirus E1A gene products have often been shown to inhibit oncogene-mediated cell
transformation. They can also reduce the transforming activity of erbB2 gene (Yu et al.,
1991), in addition to negating or mitigating the enhancement of invasion and lung colonisation
induced by erbB2 transfection (Yu et al., 1992a). Yu et al. (1992a) also attempted to
understand the mechanisms involved in the ElA-mediated inhibition of invasion and lung
colonisation. They found that erbB2 transfectant cells showed greater adhesion to mouse lung
endothelial cells than did the parental cells. The phenomenon of intercellular adhesion is
mediated by several proteins, of these E-cadherin is believed to be a suppressor of the invasive
ability. As discussed eatlier (see page 103) in this book, the loss or reduction in the expression
of E-cadherin has been linked with poor cellular differentiation and higher invasive potential.
The over-expression of erbB2 in human mammary epithelial cells results in the reduced
expression of E-cadherin and ajintegrin genes. Using an antibody that inhibits the phos-
phorylation of erbB2 protein, D’Souza and Taylor-Papadimitriou (1994) have been able to
show that erB2-transfectants regain their ability to form three-dimensional structures in
collagen gels together with up-regulation of expression of E-cadherin and aintegrin genes.
This suggests that functional erbB2 protein may be linked with the regulation of these
adhesive proteins. However, an extensive study including 226 infiltrating ductal carcinomas
suggests that erbB2 and E-cadherin expression may not be related (Palacios et al., 1995a).

The ability to degrade the endothelial basement membrane is an essential requirement for the
intravasation of tumour cells into the vascular system. The invasive ability of tumour cells is
closely linked with their ability to secrete degradative enzymes (see page 123). Cell lines
carrying transfected erbB2 have also been shown to secrete degradative enzymes such as type
IV collagenases at levels approximately tenfold greater than corresponding controls (Yu et al.,
1992a; see also Zhau et al., 1996). These transfectants are also known to produce enhanced
quantities of plasminogen activator (Gum et al., 1995). E1A products partially reduced the
adhesive properties of erbB2-transfectants, but reduced their invasive ability. These inhibitory
effects of E1A on erbB2-mediated transformation, invasion and metastasis are compatible with
the ability of EIA to down-regulate or repress erbB2 expression (Yan et al., 1991). Other
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pathways of erbB2 inhibition have also been discovered. The suppressor gene rb (the
retinoblastoma-susceptibility gene) has been shown to be able to suppress erbB2-induced
transformation of cells by repressing erbB2 transcription (Yu et al., 1992b).

It is obvious from the above discussion that there are reasonable grounds for attributing a
major role to erbB2 gene in invasion and metastasis. The recent work of Zhau et al. (1996) has
provided some further insights into how erbB2 might influence the process. They transfected
the gene into PC3 human prostate epithelial cells. A transfectant clone N35 showed enhanced
growth rate and anchorage-independent growth in parallel with enhanced erbB2 expression.
They then tested clone N35 for its metastatic potential by subcutaneous and orthotopic
implantation into the dorsal-lateral lobe of prostates of athymic mice. A striking difference was
encountered in the metastatic spread, as assayed by these two methods. Upon subcutaneous
introduction, the transfectant cells showed no change in their ability to form lung colonies, but
they metastasised extensively when adminstered orthotopically. Subclones derived from
tumours and metastases originating from clone N35 cells showed increased levels of type IV
collagen and vimentin, but reduced levels of cytokeratin and ICAM-1. These results suggest that
erbB2 may not be a primary genetic factor capable of inducing invasion and metastasis, and that
the alterations in the behaviour of the transfectants may result from secondary genetic changes.
It is conceivable that orthotopic implantation might elicit responses from other transforming
genes and the net effect might be a function of the cooperation between erbB2 and other
transforming genes.

erbB2 oncoprotein expression and tumour proliferation

Since the erbB2 oncoprotein is an EGFrrelated protein, there have been some attempts to
examine possible correlations between levels of expression of this oncoprotein with tumour
proliferation. The transduction of growth factor signals by tyrosine kinase-type receptors
involves the transphosphorylation and/or activation of substrates, such as phospholipase Cy
and phosphatidylinositol kinases. The activation of these substrates results in the production of
two second messengers, phosphatidyl 1,4,5-trisphosphate (IP;) and diacylglycerol (DAG). 1P,
induces the release of Ca** from intracellular stores, and DAG activates protein kinase C. The
phosphatidylinositol signalling pathway appears to be involved in signal transduction by erbB2
protein. The erbB2 oncoprotein possesses an intrinsic tyrosine kinase activity (Stubblefield and
Sanford, 1987) and the ability to activate phospholipase C-y (Peles et al., 1991). Moreover, the
erbB family oncoproteins arc known to affect cell growth, together with changes in intracellular
Ca** and phosphatidylinositol levels (Pimentel, 1987). The levels of erbB2 protein and EGFr do
not always relate to each other in a given tumour (Moe ef al., 1991; Osaki et al., 1992), but they
may independently relate to the proliferative state of the tumour. Poller et al. (1991) found that
breast ductal carcinomas n situ which are immunoreactive for erbB2 protein tended to possess
higher DNA indices and generally a higher proportion of cells in the S-phase than erbB2-
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negative tumours. Proliferative activity, as indicated by *H-thymidine labelling, was higher in
tumours over-expressing erbB2 than in tumours where its expression was within normal levels
(Tommasi et al., 1991).

Epidermal growth factor receptors in cancer

It was mentioned in the previous sections that the giycoprotein products of the erb gene family
function as membrane receptors for growth factors. The growth of a variety of cancers is
controlled and modulated by the binding of EGF to its specific receptor (EGFr). Therefore, there
have been a large number of studies on EGFr status in breast cancer to determine whether EGFr
expression is a marker for breast cancer progression and prognosis. The presence of EGF
receptors has been regarded, on an empirical basis, as an indicator of clinical aggressiveness and
higher metastatic potential of tumours. Thus, EGFr positivity in primary tumours is higher in
patients with axillary node involvement or lymphatic invasion by the tumour than in node
negative patients (Imai ef al., 1982; Sainsbury et al., 1985a, 1987; Battaglia et al., 1988; Spyratos
et al., 1990; Toi et al., 1990; Hainsworth et al., 1991). Metastatic tumours also have been
reported to contain higher levels of EGFr than corresponding primary tumours (Sainsbury et al.,
1985a,b; Battaglia et al., 1988). Furthermore, EGFr positivity correlates with poor differentiation
and tumour grade (Sainsbury et al., 1985c; Harris and Nicholson, 1988; Bolla et al., 1990; Toi et
al., 1990; Hainsworth et al., 1991). EGFr positivity is also regarded by many as the most
important single predictor of prognosis, since it indicates poor relapse-free survival (Sainsbury et
al., 1987; Macias ef al., 1991; Nicholson et al., 1991). The EGF receptor status of breast cancer
appears to be closely related clinically to tumour progression and metastasis. Further evidence
for a direct correlation of EGFr levels with metastatic potential has been provided by Radinsky et
al. (1995). They found consistently higher (more than fivefold) levels of EGFr protein and also
EGFr mRNA in cells of human colonic carcinoma with high metastatic potential than in cells
with low potential for metastasis. Furthermore, EGFr positive cells produced a high incidence of
liver metastasis upon inoculation into nude mice.

EGF and TGF-« (which can also bind to EGFr) are produced by a variety of human neoplasms
and these can provide mitogenic stimulus to cells in an autocrine or in a paracrine fashion. EGFr
is not only overexpressed in endometrial cancers but EGFr status also strongly correlates with
histological grade and metastatic spread (Khalifa et al., 1994). Higher levels of EGF/TGF« or
similar peptides have been reported in ovarian cancers than in corresponding normal tissues
(Arteaga et al., 1988; Kohler et al., 1989). Ovarian cancers which express EGF receptors also
show high cell proliferation (Henzen-Logmans et al., 1994). According to Owens ef al. (1991) a
majority (88.5%) of ovarian cancers produced TGF- and only 27.6% of tumours produced EGF.
TGF-« shows much higher expression in endometrial cancer biopsies where there is myometrial
invasion (Leake et al., 1991). Cell lines derived from ovarian epithelial tumours have been
shown to express genes coding for A and B chains of PDGF. These proteins have also been
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demonstrated in frozen section using antibodies against PDGF, but their receptors are not
expressed (Versnel ef al., 1994).

Berchuck et al. (1991b) found a majority (82%) of ovarian cancers to express EGFr, while
Scambia et al. (1992) placed EGFr positivity at a lower level (54%). Unlike for breast cancer,
neither of these studies nor the earlier study by Bauknecht et al. (1988) have found any
relationship between EGFr status and any clinical or pathological features of the tumour. Owens
et al. (1991) investigated 150 consecutive patients with ovarian cancer and reported occurrence
of EGFr in only 39.7% of the cases and this bore no relationship to stage of the disease; neither
has a more recent study by van der Burg et al. (1993) found any correlation between EGFr status
and FIGO stage. However, Scambia et al. (1992) have observed a tendency for omental
metastases to be EGFr positive compared with the primary tumour. Furthermore, they have
also suggested that in advanced disease higher EGFr expression could identify a subgroup which
has poorer prognosis. Indeed, the median length of survival in patients with EGFr-positive
tumours was 40 months compared with 26 months for the EGFr-negative group (Berchuck et
al., 1991b).

There is considerable evidence that EGF/TGF- receptor function can be modulated by other
factors such as steroid hormones, as shown in the case of endometrial cancers by Murphy
(1994) who has argued, therefore, that constitutive expression or over-expression of the growth
factor and/or its receptors might be an important element in the growth of endometrial cancers.
This argument can be applied with equal force to other neoplasms. Among other factors known
to affect EGFr function is the HPVIGES gene which amplifies the mitogenic signals from
activated EGFr (Pim et al., 1992). Furthermore, we know that high-affinity EGF receptors are
linked with the cytoskeletal elements. It follows, therefore, that certain genes, such as the
murine 1842/mts1 gene, which promotes cytoskeletal depolymerisation (Lakshmi ef al., 1993)
and nm23 which is involved in the process of microtubule polymerisation, could decisively
affect the transduction of signal by activated EGFr. In this context, it should be noted that
human breast cancer cells which constitutively express the human homologue b-mts1 are also
high expressors of EGFr and contain large S-phase fractions (Sherbet et al., 1995). Therefore,
one can envisage situations where growth factor signals are amplified by genes such as 1842/
mts and HPV16-ES. Such deregulation of signal transduction can lead to aberrant growth which
is so characteristic of cancers.
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Developmental genes and their putative
suppressor function

It was recognised many decades ago that developmental and neoplastic processes shared several
features, and the range of these shared features has suggested that neoplastic transformation
could be a pathological counterpart of normal differentiation and development, and further that
it might result from inappropriate and misprogrammed gene expression (Markert, 1968;
Sherbet, 1974). These concepts and ideas have been expounded at length by Sherbet (1982).
Most salient among these is the invasive ability which tumour cells share with embryonic cells.
Often cited as examples are trophoblast cells which invade the endometrium, and embryonic
mesenchymal cells which are regarded as a highly invasive cell type. Much of this invasive
ability is lost together with the acquisition of differentiated functions and organisation (Sherbet,
1970). In contrast, neoplastic development is characterised by loss of organisation and
acquisition of motility. A process reminiscent of metastatic deposition also occurs in embryonic
development, e.g. in the migration and secondary distribution of the neural crest-derived
argentiffin cells in the primitive gut and its derivatives, and the distribution of chromaffin cells,
again a neural crest derivative, as paraganglionic chromaffin bodies (Sherbet, 1982). The genesis
of paraneoplastic syndromes involving the ectopic and inappropriate synthesis of hormones can
be related to the degree of differentiation of the tumour (Sherbet, 1974).

The identification and cloning of genes which participate in tumorigenesis has led to their
designation as ‘oncogenes’, which, with the benefit of hindsight, may be described as in-
appropriate nomenclature. The unrelenting pursuit of their mode of function in carcinogenesis
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has revealed that several so-called oncogenes also show development-related modulation of
expression. Recently, several genes that control differentiation and embryonic development have
been identified and some of them also function as tumour suppressor genes. The finest examples
are the wnt family of genes and Wilms’ tumour gene wt-1, which merit a detailed discussion of
their normal function and their participation in neoplasia.

wnt genes in cell differentiation and neoplasia

The wnt family of genes comprises several members which figure prominently in embryonic
development, differentiation and pattern formation, as well as in neoplastic transformation and
tumorigenesis. Many wnt genes are expressed in developing and in adult nervous systems. In
P19 embryonal carcinoma cells, retinoic acid induces neural differentiation and together with
this characteristic changes also occur in the profile of expression of nine wnt genes. The wnt-1
gene is not expressed in undifferentiated P19 cells. It is expressed in early neuroectodermal
differentiation, together with the loss of expression of the SSEA-1 antigen which is a
characteristic feature of undifferentiated P19 cells. Furthermore, wnt-1 itself appears to induce
the expression of other members of the family (Smolich and Papkoff, 1994). Expression of wnt-1
may be induced by a factor, described as the wnt-1 inducing factor (WiF-1). A region of the wnt-1
promoter appears to contain a binding site for WiF-1. This factor is not detectable in
undifferentiated P19 cells. Also, Wif-1 is not detectable in P19 cells induced to differentiate
into mesodermal derivatives by dimethylsulphoxide (Starnaud and Moir, 1993). This seems to
suggest that wnt-1 expression can directly commit these cells to the neural differentiation
pathway and, possibly, that other wnt members might be involved with the induction of
mesodermal differentiation. This view is supported by some preliminary work in Xenopus,
where presumptive ectoderm isolated from embryos injected with Xwn#-8 RNA at the gastrula
stage of development, could be seen to differentiate into mesoderm (Sokol, 1993).

The expression of wnt genes shows a temporal and a spatial relationship with identifiable
stages of embryonic development, especially the development of and pattern formation in the
central nervous system (CNS). The differentiation of the CNS begins in the embryonic disc, which
is composed of the epiblast and the hypoblast (Figure 16, see page 158). An initial identifiable
feature of the beginning of morphogenesis is the formation of the primitive streak in the midline
of the clear area of the epiblast which is termed the area pellucida. The primitive streak is formed
by cell migrations occurring in the area pellucida and with the continued cell migrations towards
the primitive streak it becomes narrower, elongates anteriorly and subsequently develops a
median groove and the terminal Hensen’s node. Cells migrate and invaginate along the primitive
streak groove and form the mesoderm and the endoblast (Rao, 1994). The axial polarity of the
embryo is now established. Following this process of gastrulation, one can note the formation of
the neural plate, the development of the neural groove and the formation of the neural folds. The
neural folds then fuse along the midline to form a neural tube. During further development,
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morphogenesis of the brain becomes evident in the form of the prosencephalon (forebrain), the
mesencephalon (the midbrain) and the thombencephalon (the hindbrain).

There have been many studies aimed at establishing whether wnt genes show any patterns of
expression which can be related to these early developmental stages. These have been carried
out starting with the earliest discernible stages of chick embryo development. A newly
discovered member of the family, Cwnit-8c, for instance, may be expressed in the primitive
streak and Hensen's node of the chick embryo (Hume and Dodd, 1993); these authors also
showed that injection of exogenous Cwnit-8c mRNA induced duplication of the embryonic axis
and dorsalisation of mesodermal tissue, i.e. the gene possesses the potential to determine the
formation of the neuro-axis. Cwnt-8c expression may be restricted during neurulation to certain
regions of the hindbrain (Hume and Dodd, 1993). Subsequently, Hollyday et al. (1995) reported
the activity of at least six members of the wnt gene family in the central nervous system of chick
embryos. The expression may be spatially restricted to different sections of the developing
neural tube; yet, temporally, there can be an overlap of expression of different genes. Thus, wni-1
and wnt4 are initially expressed in the neural plate region corresponding to the presumptive
mesencephalon, whereas wnt-3 is found in the presumptive rhombencephalon. These genes
then show overlapping expression when distinct subdivisions become apparent in the closed
neural tube. Thus wnt-1, 3a and 4 show overlapping expression in the posterior diencephalon, a
subdivision of prosencephalon, and in the rhombencephalon and spinal cord. The earlier work
by Parr et al. (1993) has suggested that the wn#-3, -3a and -7b expression pattern may relate to
the subdivisions of the prosencephalon. Admittedly, there are obvious differences in the
described patterns, but these studies do underline a basic fact that these genes are actively
involved not only in the determination of the embryonic axis, but also in both neuro-ectodermal
differentiation and pattern formation.

The wnt genes also play a role in the differentiation of limb buds. Mouse embryo forelimb
primordia show a uniform expression of wnt-3, 4, -6 and -7b and gradients of expression of
specific genes have also been found (Parr et al., 1993). However, a different set of wnt genes
have been reported to be involved in pattern formation in the chick embryo limb bud (Dealy et
al., 1993). wnt4 and wnit-5a have been implicated in cell proliferation and differentiation of
murine mammary gland (Olson and Papkoff, 1994).

The nature and function of wnt proteins

The wnt genes code for proteins which are secreted as glycosylated proteins of 35-42 kDa
molecule size. The wnt proteins carry conserved structural features and may exhibit similar
biological and biochemical properties. Sequence homology has been reported between wnt
proteins derived from different species. The wnt4 and wnt-11 genes from chicken encode
proteins comprising 351 and 354 amino acid residues respectively, and both have 24 cysteine
residues shared with other wnt proteins. Chicken wnt4 and wnt-11 have been reported to bear
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Figure 16. The beginnings of morphogenesis are illustrated here with examples from chick embryo development. A, B and C represent the
embryonic blastoderm, composed of the epiblast and the endoblast. The central clear area is called ‘area pellucida’. Here the primitive streak
forms as a consequence of cell migrations occurring in the epiblast (D). The cell movements are shown in the cross-section (E) and sagittal
section (F) of the blastoderm. In (F) a and p indicate the anterior-posterior polarity of the blastoderm. These cell migrations also cause the
primitive streak to elongate in an anterior direction and to form a median groove. Cells continue to migrate and invaginate into the primitive
groove and form the primary mesoderm. The primary mesoderm then induces the presumptive neuroectoderm above to differentiate into
neural tissue and form the neural axis. G shows a later stage of development where the neural grove is formed, and this folds and fuses along
the midline to form the neural tube. H and I show the morphogenesis of the brain. A-C, E and F reproduced with permission from Rao (1994).
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partial sequence homology with Xenopus wnt4 and mouse wnt-11 (Tanda et al., 1995).
Murines wnt-11 and wnt-12 show 38% and 49% homology, respectively, in certain regions of the
protein, with other murine wnt proteins (Adamson et al., 1994).

The wnt proteins associate tightly with the extracellular matrix upon secretion, but they
may be released into the culture medium upon treatment with suramin (Blasband et al., 1992,
Papkoff, 1994). These findings have been confirmed by Smolich ef al. (1993) by transfecting
seven wnt genes into AtT-20 cells and characterising the products of the exogenous genes.
However, there are indications that wnt proteins may be released spontaneously into the
culture medium (Bradley and Brown, 1995). Barras and McMahon (1995) found that murine
wnt-1, -3a, -53, -5b, -6 and -7b are released into the culture medium by suramin, but treatment
with heparin releases only wnt-1, -6, and -7b, which suggests that there might be differences
with regard to the association of different wnt proteins with the ECM.

The chromosomal location of some human wnt genes has been provisionally established: e.g.
wnt-3 has been mapped to chromosome 17q21 (Roelink et al., 1993) and wnt-5A to
chromosome 3p21 (Clark et al., 1993). The chromosomal locations of several murine wnt
genes are also known.

Mammalian wnt-1 has been found to be homologous to wg protein encoded by the
wingless (wg) gene and the arm (armadillo) gene, which are segment polarity genes of
Drosophila. The arm and wg genes exert similar effects on embryonic development (Peifer et
al., 1991). The arm gene is a component of signal transduction pathway of the wg gene and
it is regulated by wg (Riggleman et al, 1990). Similarly, in vertebrates, f-catenin and
plakoglobin (homologues of the Drosophila arm protein) are components of the signal
transduction pathway of the wnt gene and both the arm protein and f-catenin are associated
with cell-cell adherence junctions in epithelia and Ca**-mediated cell-cell adhesion (Hinck et
al., 1994; Peifer, 1995) (see Figure 13, page 104). wnt expression enhances the accumulation
of fcatenin and plakoglobin and the binding of f<catenin to cadherin which mediates cell
adhesion. Expression of wnt protein parallels that of E<adherin and a-N-catenin in embryonic
mouse brain (Shinamura et al., 1994). In PC12 cells, wnt expression correlates with enhanced
steady-state levels of plakoglobin and alterations in its intracellular distribution. E-cadherin
expression is elevated in these cells, together with the stabilisation of its binding with f-
catenin, and this results in Ca**-mediated cell-cell adhesion (Bradley ef al., 1993; Hinck ef al.,
1994). In the light of these findings, one can justifiably conclude that the wnt genes may play
a significant role in modulating the behaviour of cells, e.g. cell motility and invasive behaviour
in the context of tumorigenesis.

wnt genes in cell proliferation, transformation and tumorigenesis

Cell differentiation and proliferation are integral but mutually exclusive components of growth,
development and morphogenesis. The demonstration that wnf gene expression may modulate
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cellular behaviour by altering cellular adhesion has inevitably raised questions concerning the
possible implications of their expression for cell proliferation, neoplastic transformation,
invasion and tumorigenesis.

As stated before, several wnt genes are expressed in the proliferation and differentiation of
murine mammary glands. C57MG mammary cells respond to mitogenic stimulation by growth
factors such as EGF, FGF and TGF-f, but their partial transformation by wnt-1 can substitute
for these growth factor signals. Furthermore, wn#-4 and -5a, which are normally expressed in
these cells, are down-regulated by FGF or partial transformation by in#-2. A transformation of
cells by the oncogene neu completely suppresses the transcription of wnt-4 and -5a (Olson
and Papkoff, 1994). Expression of wnt-1 suppresses the ability of rat PC12 phaeochromo-
cytoma cells to respond to neurite growth factor (NGF) (Shackleford et al., 1993a). That
induction of proliferation can be achieved by wnt proteins is indicated by the experiments
reported by Bradley and Brown (1995), who demonstrated that conditioned medium obtained
from a mammary cell line which expresses wnt-1 can induce proliferation and transformation
of cells.

Both wnt genes and their Drosophila homologues are efficient inducers of cell transforma-
tion. The wg gene of Drosophbila can transform and induce proliferation in mouse mammary
epithelial cells, and RAC311c mammary cells carrying the wg gene have been found to be
tumorigenic (Ramakrishna and Brown, 1993). The ability to transform cannot be uniformly
attributed to all members of the wnt gene family. According to Wong et al. (1994), wnt-3a
and wnt-7a possess high transforming ability. wnt-2, wnt-Sb and wnt-7b were less efficient
than wnt-3a and wnt-7a. At the end of this spectrum wni-4 and wnt-5a, which are expressed
in the normal state, have no transforming ability (Wong et al., 1994; Bradley and Brown,
1995). The expression of these genes has been examined recently in human cancer and
cancer-derived cell cultures. There are reports of differential expression of wnt genes in
human breast cancer cell lines and tumour tissue. The wnt-3, 4, -7b genes have been found in
cell lines and in tumour tissue, and wnt-2, in addition, has been found in tumour tissue alone.
wnt-2 and 4 expression was found to be 10-20-fold higher in fibroadenomas than in normal
breast tissue or in carcinomas, and in a small proportion of tumours wnt-7b was expressed at
30-fold higher levels in tumours than in normal or benign breast tissue (Huguet et al., 1994). It
has emerged, from another study from the same laboratory, that wnt5a expression is
considerably up-regulated in benign proliferative conditions and invasive breast cancer tissue
compared with normal breast tissue (LeJeune et al., 1995). Clearly, the expression of some of
these genes correlates with proliferative capacity, but further studies are required to assess the
implications of the levels of their expression for progression to invasive and metastastic stages
of the disease, since in the study described by LeJeune et al. (1995), wnt-5a expression did
not relate to any established markers of malignancy such as lymph node metastasis and EGF
receptor status.

Possibly, several wnt gene combinations may be involved in cellular transformation and
wnt genes may cooperate with other oncogenes to transform cells. Experiments with
bitransgenic mice, with wnt-1 and int-2 (FGF family gene), have shown that mammary
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tumours appear in bitransgenic, especially male, mice carrying both genes at a far higher
frequency than in either parent line. Whereas all bitransgenic males developed mammary
tumours within 8 months, only 15% with wnt1 alone and none carrying int-2 alone
developed tumours (Kwan et al., 1992). Further evidence that wn#-1 might cooperate with
FGF family genes, int-2 and bst, to accelerate mammary tumorigeneis has been provided by
Shackleford et al. (1993b).

Cell transformation by wnt genes can occur as a paracrine phenomenon. Cells expressing
wnt-1, although not themselves transformed, can induce transformation of target cells grown
in co-culture (Jue et al., 1992). Similarly, RAC311c mammary epithelial cells carrying the
wnt-1 homologue wg gene are able to transform cells grown in co-culture (Ramakrishna and
Brown, 1993). Parkin et al. (1993) believe that the paracrine effects can be mediated by
membrane-bound wnt proteins. However, the possibility that the transformation of target
cells in co-culture may be due to wnt proteins released from effector cells cannot be ruled
out.

Activation of wnt genes

There are suggestions that wnt family genes and #nt proto-oncogenes may be transcriptionally
activated by MMTYV insertion mutations (Sarkar ef al., 1994; Sarkar, 1995). Sarkar (1995) found
that out of 79 tumours derived from different genetic backgrounds 31 showed insertional
mutations in wnt-1, and only 14% of the tumours contained int-2 mutations. Activation of wn#-1
can conceivably enhance expression of other wnt genes as downstream events (Smolich and
Papkoff, 1994). Starnaud and Moir (1993) attempted characterisation of the wnt-1 promoter of
P19 embryonal carcinoma cells. These cells can be induced to differentiate along the
neuroectodermal pathway by exposure to retinoic acid but, in contrast, they differentiate into
mesoderm when treated with dimethylsulphoxide (DMSO). Starnaud and Moir (1993) have
identified a 230 bp region of the promoter from positions —278 to —47 5 upstream of wn#-1
sequence which appears to be involved with retinoic acid-mediated transcription. This region
contains a GCrich binding site for a nuclear protein which has been called the wnt-1 inducing
factor (WiF-1). This factor is detectable in P19 cells treated with retinoic acid and not those
treated with DMSO. WiF-1 is a 65 kDa protein which appears to function as a GC-box-binding
transcription factor. The wide spectrum of differential expression of the wnt genes may be an
indication of their regulation in a temporal and spatial programme, possibly mediated by
different transactivating factors.

With the demonstration that wnt genes are actively associated with cell proliferation, the
possibility that they may be subject to regulation by p53 has been examined. In wnt-1
transgenic mice that are p53 deficient (953 —/—) tumours appear earlier than in hosts which
carry normal p53 alleles (Donehower et al., 1995). This observation clearly implicates p53 in a
regulatory role in the induction of proliferation and tumorigenesis by the wnt gene.
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Wilms’ tumour gene wtl in embryonic development and
neoplasia

Incidence and pathogenesis of Wilms’ tumour

Wilms' tumour is a paediatric nephroblastoma, with an incidence rate of 1/10000 live births.
Wilms’ tumour occurs both sporadically and in a familial fashion, although only 1% of tumours
show a familial history (see Tay, 1995). It is associated with aniridia, genito-urinary malforma-
tion and mental retardation (Miller et al., 1964; Ricardi et al., 1978). The total syndrome has
therefore been described as the WAGR syndrome. Three basic components can be identified
in Wilms’ tumour and these are the blastema, immature epithelium and stroma, and the
genesis of the tumour is a result of aberrant differentiation of nephric stem cells consequent
upon loss of suppressor effects normally exerted by tumour suppressor genes associated with
its pathogenesis.

Chromosomal deletions associated with the WAGR syndrome

Some years ago, an interstitial deletion of chromosome 11p13 was reported to occur as
constitutive abnormality in a small group of patients with the WAGR syndrome (Ricardi ef al.,
1978, 1980; Francke et al., 1979). This deletion has been confirmed subsequently using short-
term cultures of tumour tissue (Reeve et al., 1984; Scott et al., 1985; Kumar et al., 1987).
Loss of DNA at chromosome 11p13 was demonstrated in Wilms' tumour suggesting that the
Wilms' tumour gene (wtI) occurs within this band (Fearon et al., 1984; Koufos et al., 1984;
Orkins et al., 1984; Reeve et al., 1984). The wt-1 gene has been mapped to 11p13 (Call et al.,
1990). The WAGR may be a reflection of the contiguity of genes at the 11p13 locus (Porteous
et al., 1987). Indeed, the WAGR genes occur between the catalase gene and the gene coding
for the f-subunit of follicle stimulating hormone (FSH-f) (Figure 17). The Wilms’ tumour gene
is found 700 kb centromeric to the aniridia gene named PAX6. The region showing deletions
associated with mental retardation occurs pterminal to the PAX6 and the region which
shows abnormalities in association with genito-urinary malformations occurs centromeric to
the Wilms' tumour gene (Turleau ef al., 1984; Glaser et al., 1986, 1987; Gessler et al.,
1989a,b; van Heyningen et al., 1989). The Wilms’ tumour gene spans less than 345 kb (Rose
et al., 1990). Wt33, the longest cDNA cloned, is approximately 2300 bp long (Call et al.,
1990).

Often, allelic loss in Wilms’ tumour is also associated with chromosome 11p15 (Mannens et
al., 1988, 1990; Wadey et al., 1990). It has also been found that tumours from WAGR patients
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Figure 17. The organisation of WAGR locus at 11p13. Based on references cited in the text.

with chromosome 11p13 deletions can also show loss of heterozygosity at 11p15 (Henry et al.,
1989; Jeanpierre ef al., 1990). These observations suggest that a second gene, which leads to a
predisposition to form Wilms’ tumour, occurs at 11p15. Indeed, sporadic Wilms' tumours do
show loss of heterozygosity at this locus (Reeve et al., 1989). The chromosome 11p15 region
also represents the Beckwith-Wiedemann syndrome (BWS) locus. Patients with BWS show loss
of heterozygosity at this locus and frequently develop Wilms' tumour with loss of heterozygosity
at 11p15 (Waziri ef al., 1983; Turleau et al., 1984; Henry et al., 1989; Mannens et al., 1990). The
oncogene H-ras also occurs at this chromosomal region, and Wilms' tumours have been
reported to show allelic loss of H-ras (Reeve et al., 1984). Baird et al. (1991) screened six
Wilms’ tumours showing loss of heterozygosity at 11p13 for ras mutations, but no sequence
mutations were found. Cowell ef al. (1993) did not detect any mutations of the gene from
tumours which had 11p13 deletions. Neither were mutations found in the zinc finger region of
wtl most prone to mutate frequently. Considering that only a small, although not insignificant,
proportion of Wilms' tumours show w¢] abnormalities, it would be reasonable to assume that
other genes may also be involved in the predisposition to Wilms' tumour development. As
stated above, chromosome 11p15 is often deleted in Wilms’ tumours. To this locus a second
Wilms' tumour gene (wt2) has now been assigned. There are other genes mapped to this
region: e.g. insulin-like growth factor Il (Reeve et al., 1985; Scott et al., 1985) and FSH f-subunit,
and these cannot be excluded from possible participation in the pathogenesis of the tumour. A
third Wilms’ tumour susceptibility gene (wt3) is believed to be located on chromosome 16, in
the light of the frequency of allelic loss associated with this locus in Wilms’ tumours (Maw et al.,
1992; see also Tay, 1995).
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Wilms’ tumour gene function in development and differentiation

The wtl gene shows a definable pattern, both temporal and spatial, of expression in the
developing kidney. Its expression is first detectable in the intermediate mesenchyme lateral to
the coelomic cavity of 13-somite early 9-day embryos, then in the urogenital ridge (early
mesonephric tubules). The uninduced metanephric mesenchyme shows wt! expression by 11
days and soon this is followed by enhancement of its expression in the induced mesenchyme of
the kidney and markedly in the nephrogenic condensations; later in the development of the
kidney, it is restricted to the glomeruli (Armstrong et al., 1993). No expression is found in the
proximal or distal tubules and loop of Henle. The genital ridge, fetal gonad and mesothelium are
other major sites of wt] expression. No expression is found in fetal heart, skin, adrenal gland,
stomach, liver, eye or muscle (Pritchard-Jones et al., 1990). The suppression of myogenesis
during kidney development may also be a normal function of wt! (Miyagawa et al., 1994).

Molecular bases of wtl function

The changes in the pattern of expression of the gene during embryonic development is
compatible with the notion of switching differentiation from mesenchymal to epithelial cells.
The wt1 protein suppresses transcription of genes encoding several growth factors, e.g. PDGF-A
(Wang et al., 1992), IGFI (Drummond et al., 1992), TGF-f1 (Dey et al., 1994). The expression
of growth factor receptors also appears to be modulated by wt1 (Werner et al., 1994; Englert et
al., 1995). Furthermore, wtl also contains the DNA-binding sequence found in the transcription
factor induced by nerve growth factor (Milbrandt, 1987). It is conceivable, therefore, that its
inactivation could lead to unregulated cell proliferation and aberrant differentiation, leading to
tumorigenesis.

A variety of stimuli that regulate cell growth, e.g. growth factors and inducers of cell
differentiation are transduced by the expression and regulation of transcription factors, which
are encoded by oncogenes such as myc, myb, fos and jun. Another family of genes is known,
vis., the early growth response (Egr) gene family and this includes five transcription factors,
Egrl1, Egr2, Egr3, Egr4 and the wtl protein. These transcription factors are related by virtue of
the presence of highly homologous zinc finger domains that participate in binding to DNA. The
sequence of the wtl protein does indeed show that it can function as a DNA-binding factor. wtl
is a ¢.53 kDa protein with a proline and glutamine rich N-terminal domain and four Kruppel-type
zinc finger domains situated at the cterminal end (Gessler et al., 1990). A lysine-threonine-
serine (KTS) region occurs between zinc fingers 3 and 4. Alternative splicing of wt-1 pro-mRNA
results in the generation of wt1 isoforms in which exon 5 and the KTS regions may be excluded.
Alternative splicing at exon 5 is only seen in mammals, but splicing at the KTS regions occurs in
a wide range of species (Kent et al., 1995). The nucleotide sequence of wtl is conserved among
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several species, with both the zinc finger regions and transregulatory domain exhibiting marked
similarity.

In analogy with the occurrence of proline-rich regions in several DNA-binding proteins and
the Kruppel gene product, wtl has been suggested as a sequence-specific DNA-binding
protein and regulator of genetic transcription. The zinc-finger domain recognises the DNA
sequence 5-GCG(G/T)GGGCG-3' (Rauscher et al., 1990). This represents the binding site for
Egr-1, which is a transcription factor (NGF1-A) encoded by a gene which is induced by nerve
growth factor (Milbrandt, 1987). wtl has now been shown to repress the expression of IGF-II
gene through this Egrl-binding element represented by nucleotides —87 to —65 of the IGF-I
P4 promoter (Lee and Kim, 1996). The repressor function of wtl has been attributed to the
proline-glutamine rich region of the protein and if this region is fused with zinc finger domain
of Egr-1, Egr-1 converts into a transcriptional repressor (Madden et al., 1991). Since both Egrl
and wtl bind to the same DNA-binding element, the relative concentration of the activating
and repressor proteins might be significant in determining the direction of regulation.

Hamilton et al. (1995) state, however, that considerations of the mechanisms of zinc finger
interactions with DNA suggest the occurrence of a recoghnition site larger than the 9 bp Egr-1
binding site. They showed that wt1*™ showed very high affinity to a 12 bp sequence
GCG-TGG-GCGAT/G) (G/A/T) (T/G). Nakagawa et al. (1995) have identified a 10 bp sequence,
5“GCGTGGGAGT-3' from murine genomic DNA to which wtl binds with high affinity.
Mutations in the zinc fingers II-IV abolished the binding to this motif, whereas mutations in
the zinc finger I only reduced the binding. Thus, although Egr-1like genes may be involved in
growth regulation, wtl may function by binding to higher affinity recognition sites than the
Egr-1 motif.

The presence of splice isoforms of wt-1 may have a functional significance. Egr-1 site is known
to occur in the promoters of several genes and wtl can therefore bind to these promoters.
However, the KTS isoform can bind to promoter 3 of human insulinlike growth factor 2, the
(tccn)n of the transcription initiation site of PDGF-A, in which the Egr-1 consensus sequence has
been identified. The KTS+ isoform, on the other hand, shows far less binding affinity. An
abnormal balance between the two isoforms results in severe developmental abnormalites. The
wtl point mutations occurring in the Denys-Drash syndrome could be exerting their effects by
generating such an isoform imbalance (see Little et al., 1995). A significant proportion of Wilms’
tumours also show wt1 isoforms lacking the 17 amino acid region encoded by exon 5 (Simms et
al., 1995). Splice variants resulting from exclusion of the exon 5 encoded 17 amino acid region
also exhibit major differences in their ability to function as transcriptional regulators. Reddy et
al. (1995) have reported that the wt isoform which contains the 17 residues encoded by exon 5
was a more powerful activator of transcription that the isoform without these 17 amino acid
residues. It is therefore worthwhile reiterating that an imbalance in the expression of the
isoforms may be associated with developmental abnormalities and tumorigenesis.

Alternative splicing of the wt protein appears to influence its intracellular distribution. The wt
KTS+ isoform shows nuclear localisation with splice factors whereas the wt KTS— isoform
localises with transcription factors (Charlieu et al., 1995). Using antibodies raised against wtl
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and splicing complexes (snRNPs, small nuclear ribonucleoprotein particles), it has been shown
that wtl colocalises with snRNPs (Larsson SH et al., 1995) and may indeed be associated with
complexes containing snRNPs called coiled bodies (Carmo-Fonseca et al., 1992). Thus, an
intriguing aspect of wtl function is its ability to subserve two distinct functions, namely
regulating gene transctiption and acting as a splicing factor. The demonstration that wtl
associates with snRNPs does not per se justify designating it as a splicing factor, aithough it
could be regulating the splicing process.

Inactivation of wt1 suppressor function

The inactivation of wtl function may be seen as a consequence of genetic abnormalities of the
gene. It is believed that up to 10-15% of Wilms’ tumours may carry point mutations (Coppes ef
al., 1993; Gessler et al., 1994). Mutations occur in the coding sequence of the gene, but not in
the wtl promoter (Grubb et al., 1995). Somatic mutation appears to be an early event.
Nephrogenic nests are regarded as the precursors of Wilms' tumour. In two cases of Wilms’
tumour where a somatic mutation was detected, an identical mutation has been found in the
nephrogenic nests (Park et al., 1993). It has been reported that >95% of Denys-Drash
syndrome patients carry wt] mutations (Coppes et al., 1993). These occur in the zinc finger
domain of wt!. Patients with Denys-Drash syndrome who develop Wilms’ tumour, suffer from
renal failure and show male pseudohermaphroditism and gonadal dysgenesis. These mutations
totally abolish the DNA-binding ability of wt1 protein (Little et al., 1995).

Although major mutational events appear to be associated with the zinc finger domain, exon
7 mutations also have been found. Gessler et al. (1993) reported an exon 7 single-nucleotide
deletion in the second allele of the wt1 gene in a WAGR patient. An insertional mutation has
been described in a WAGR patient where a 14 bp sequence, a tandem duplication of an
upstream exon sequence, is inserted in the intron part of the splice donor of exon 7 (Santos et
al., 1993). These authors have argued that this mutation may result in the abnormal processing
of the wt1 pre:mRNA and produce a non-functional protein. Large deletions at the 3’ end of the
gene result in the generation of truncated transcripts for wtl protein lacking the fourth zinc
finger (Algar et al., 1995). In Denys-Drash syndrome, non-sense mutations can result in the
formation of wtl protein lacking two zinc fingers and this abnormal wtl possesses no DNA-
binding ability (Little et al., 1995).

Cell proliferation in Wilms’ tumour

The cellular components of Wilms’ tumour show marked differences in proliferative activity.
Delahunt ef al. (1994) assessed this by measuring the expression of proliferating cell nuclear
antigen (PCNA) and silversstaining nucleolar organiser region (AgNOR). They found that the
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blastemal and epithelial components showed far greater proliferative ability than the stromal
component and there was also an indication that the proliferative activity, as determined by
these methods, might be related to prognosis of the disease.

Several oncogenes are regulated by wtl, and among them are c-myb, bcl-2 and c-myc (Hewitt
et al, 1995; McCann § et al, 1995), which are associated with the proliferation and
differentiation of immature haemopoietic cells. Several genes encoding growth factors and/or
their receptors are also known to be regulated by wtl. Among these is IGF-I which is over-
expressed in Wilms' tumour (Waber et al., 1993) and this growth factor may provide an
autocrine stimulus for growth. This could be a result of the induction of IGF-II receptors by wt1
expression. Stable transfection of wt! into RM1 cells induces the expression of these receptors
and this is enhanced if wt! carries a mutation in the transactivation domain (Nichols et al.,
1995). For a dissenting view, one should cite the lack of inverse correlation between expression
of wtl on one hand and the growth factor genes IFG-II and PDGF-A genes on the other
(Langerak et al., 1995). The expression of IGF-I receptor (IGF-Ir) is greater in Wilms' tumour
compared with normal kidney tissue, and IGF-Ir mRNA is inversely related to the levels of wt1
mRNA (Werner et al., 1994). Werner et al. (1995) determined the activity of IGF-Ir gene
promoter fragments in reporter gene constructs in two cell lines. One of these is G401, 2 Wilms’
tumour-derived cell line where wt! expression is not detectable, and a human embryonic cell
line 293 in which high levels of wt] mRNA are detectable. They found far higher levels of
endogenous IGFI receptor mRNA in the G401 compared with those in cell line 293. They also
transfected G401 cells with a wt! expression vector and found that expression of the
exogenous wt! inhibited proliferation of the transfectant cells, together with a reduction in
the levels of IGF-Ir gene transcripts. From this work it is also obvious that the gene is able to
control anchorage-independent growth, which is a characteristic feature of the transformed
phenotype. Another growth factor receptor whose expression is modulated by wtl is the
epidermal growth factor receptor (EGFr), which has been regarded as a marker of poor
prognosis in certain human cancers (see page 153). wt! can also down-regulate the expression
of EGF receptors. It seems to repress transcription of the EGFr gene by binding to two TC-rich
repeat sequences. In the developing kidney, the decline of EGFr expression has been linked to
wtl expression (Englert ef al., 1995). Microinjection of wt! mRNA apparently can block the
entry of cell into the S-phase induced by serum stimulation, and this block can be removed by
an over-expression of cyclin E-CDK2 and cyclin D1-CDK4 complexes, suggesting that wtl
might be controlling the progression of the cell cycle (Kudoh et al., 1995).

It would be therefore of considerable interest to see if proliferation-related genes such as p53,
rb and mdm2 cooperate with wt1 in determining the growth characteristics of Wilms’ tumours.
A preliminary study showed that the retinoblastoma susceptibility gene (rb) and the ras
oncogene may not be altered in Wilms' tumour (Waber et al., 1993), but more extensive
studies are required to support this conclusion.

Since Wilms’ tumours often show abnormalities associated with chromsome 17, there have
been several studies which have been aimed at elucidating the possible relationships between
wild-type and mutant p53 in the regulation of the function of the wtl protein as a transcription
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factor. wtl modulates transcription of PDGF-A gene by binding to the Egr-1 element which
occurs in the PDGF-A promoter. But this has been found to be dependent upon p53 status, in
the sense that wt1 and PDGF-A are co-expressed where mutated but not wild-type p53 occurs.
This has led to the suggestion that wtl acts as a transcriptional activator in the absence of p53 or
in the presence of the mutated gene and as a transcriptional suppressor when wild-type p53 is
present (Rodeck et al., 1994). Nichols ef al. (1995) also state that induction of IGF-II by wtI may
be related to the presence of mutated p53. Consistent with the perceived stabilisation of p53 by
cellular proteins (see page 28), wtl has been reported to form a complex with p53. This
interaction causes both proteins to transactivate their respective target genes. wtl expression
also seems to enhance the steady-state levels of p53 protein attributable to stabilisation and an
enhancement of its halflife (Maheswaran et al., 1993, 1995). Thus, there are clear implications
of an interaction between wtl and p53 for the control of cell proliferation.

Expression of wtl may be related to prognosis of Wilms’ tumour

The emergence of a possible link between wt1 expression and the expression of growth factors
and their receptors, together with p53 mutation status and cell proliferation, has inevitably led
to the study of wtl expression as a marker for tumour progression and possibly in assessing
prognosis of the disease. Whereas in some studies Wilms’ tumours showed no associated p53
abnormalities (Waber et al., 1993), others have found interesting correlations between wt1/p53
expression and disease progression. Malkin et al. (1994) reported a low level of p53 mutation
(two out of 21). These two mutations were in exons 6 and 9 and they resulted in amino acid
substitutions. Both tumours in which they were found were in advanced stage. Bardeesy et al.
(1994) screened a large number of Wilms’ tumours for p53 mutations and mutations of this gene
were found in eight out of 11 anaplastic tumours.

There is very little information about whether wt! expression correlates with invasive
behaviour of tumours. Bladder cancers which show loss of heterozygosity at a high frequency
at the wt1 locus as well as at 11p15 might be ideally suited for this type of study because these
tumours occur as invasive or superficial tumours that are clearly distinguishable in histology and
a small proportion of superficial tumours may recur as invasive tumours. Judging by its
involvement in cell proliferation, differentiation and morphogenesis, it may be expected that
the gene might bring about secondary changes in cell adhesion properties and preliminary
studies do indicate that expression of the gene modulates the levels of several extracellular
matrix components (Peringa et al., 1994).

Does wtl expression relate to prognosis in other buman tumours?

Information concerning wt! expression is now available for a number of tumour types.
Investigations of ovarian cancers have revealed frequent deletions at 11p13, but without any
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apparent abnormalites or loss of heterzygosity of the wt! gene. In these tumours the gene may
be expressed in a large proportion of tumours (Bruening et al., 1993), but the level of
expression can be highly variable (Viel ef al., 1994). The wt! gene is not involved in colorectal
carcinomas (Cawkwell et al., 1994) or primary brain tumours associated with Wilms’ disease
(Rainov et al., 1995). wt1 expression has been detected in seven out of nine melanomas, but not
in normal melanocytes (Rodeck et al., 1994). In a study of bladder cancers loss of heterozygosity
at the wt1 locus occurred in seven out of 14 cases and less frequently (two out of seven) at the
11p15 region containing the IGF-II gene (Shipman et al., 1993).

Wt1 gene transcripts are not detectable in non-small cell lung carcinoma cell lines and lung
cancer tissue (Amin et al., 1995). Loss of heterozygosty at the wt1 locus was found in five of 53
cases of non-small cell lung cancer and this was associated significantly with advanced tumour
stage and nodal spread. Loss of heterozygosity (LOH) correlated with nodal involvement in the
squamous cell carcinoma subtype and patients with tumours with LOH at 11p13 showed poorer
survival than those without LOH at this locus (Fong et al., 1994). Bepler and Garciablanco
(1994) have identified three other regions at 11p13 and 11p15 which suffer somatic loss
associated with these tumours, suggesting that these genetic loci might harbour suppressor
genes that might be involved with their pathogenesis.

The expression of wt1 is detectable in a majority of cases of malignant mesotheliomas (Amin
et al., 1995) but this may be variable (Langerak et al., 1995). Although the wt1 protein is known
to act as transcriptional repressor of IGF-Il and PDGF-A, Langerak et al. (1995) found no inverse
relationship between wt! expression and the levels of IFG-II and PDGF-A gene transcripts, nor
was cellular morphology related to wt! expression.

The expression of wt! in acute myelocytic leukaemia (AML) has been studied by Brieger et
al. (1994) who reported that wtl expression is detectable in 41 out of 52 untreated AML
patients. In contrast, a majority of patients in complete remission had lost all wt] expression
and, interestingly, in three out of four cases where there was recurrence, expression of the
gene was detected before relapse. According to Menssen et al. (1995) the wtl protein can be
found only on the nuclei of leukaemia blast cells but not in normal CD34+ progenitors, and
blast cells from 12 out of 20 leukaemia patients showed wt! expression, together with strong
immunofluorescence for wtl protein. Thus, wtl expression could serve as a marker for
malignant blast cells.
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Tumour suppressor genes

The basic concept that neoplastic transformation of cells and their progression to the metastatic
state may be a result of the abrogation of control mechanisms of cell proliferation, intercellular
adhesive and invasive behaviour of normal cells has been in vogue for over two decades. The idea
of suppression of malignancy was articulated by Harris ef al. (1969) and Knudson (1971). Harris et
al. (1969) demonstrated that fusion of tamour cells with normal cells resulted in suppression of
tumorigenicity. Some hybridomas appeared to regain tumorigenic potential and this reacquisition
was related to chromosomal loss. Sidebottom and Clark (1983) then found that metastatic ability
could be similarly suppressed by cell fusion. Knudson (1971) provided further evidence for the
occurrence of a suppressor gene from epidemiological studies on retinoblastomas. This
subsequently led to the identification and cloning of the retinoblastoma susceptibility gene (rb)
(Friend et al., 1987) and to the development of the concept of tumour growth inhibition by the tb
gene product and that the lifting of this control by deletion or mutation of both gene copies results
in the development of tumours. The characterisation of tumour suppressor genes is based on the
identification of genetic deletions or alterations of specific chromosome loci associated with
tumour incidence or with a predisposition to tumour development. The presence of a putative
suppressor gene is revealed by one of three ways: the loss of function of the gene accruing froma
mutation in one of the alleles and the loss of the second allele by deletion of the relevant region of
the chromosome; the occurrence of mutations in both alleles; or by homologous deletion of both
alleles. The subsequent discovery that p53 and rb function as tumour suppressor genes and that
their inactivation causes profound deregulation of cell proliferation, which often leads to
tumorigenesis, has inevitably led the search for metastasis suppressor genes.
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Figure 18. Genetic changes associated with the development and progression of colon cancer.
Based on Bos et al. (1987), Forrester et al. (1987), Baker et al. (1989), Nigro et al. (1989),
Fearon et al. (1990), Fearon and Vogelstein (1990), Remvikos et al. (1990), Kinzler et al.
(1991a,b), Nishisho ef al. (1991), Shirasawa et al. (1991), and other references cited in the text.

Progression of colorectal neoplasia

The pathogenesis of colorectal cancer has provided a most suitable model for analysis of the
genetic events occurring in colonic epithelium leading to a hyperproliferative state and
formation of adenomas, with their further growth and progression leading to the formation of
overt colorectal carcinomas. These events are summarised in Figure 18. It can be seen that
specific genetic changes may be associated with particular tumour phenotypes. There is an
initial phase of hyperproliferation of the colonic epithelium which leads to the formation of
adenomas, and this is associated with mutations of the suppressor genes APC (adenomatous
polyposis coli) and MCC (mutated in colonic cancer). This is followed by a growth period
characterised by mutations in the c-Ki-ras gene and subsequent progression into the develop-
ment of carcinomatous foci. This phenotypic change is associated with mutations in DCC
(deleted in colon carcinoma), and mutations of the suppressor gene p53 occur as late events,
culminating in the formation of overt colorectal carcinoma. Thus the process of neoplastic
progression from normal mucosa to the development of benign polyps progressing further to
frank carcinomas not only involve several genetic events but the appearance of the carcinoma is
a cumulative effect of these genetic changes.

The car gene in colon cancer

Pullman and Bodmer (1992) have cloned a gene (car) which appears to be able to regulate cell
adhesion. The car gene was cloned from cells from a colon cancer cell line selected for their
ability to adhere to collagen. They reported that cells with reduced ability to bind to
extracellular matrix regain the ability when transfected with car. This gene is located on
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chromosome 16q. Pullman and Bodmer (1992) have argued that since there is a high incidence
of allelic loss on 16q in the car region in breast and prostatic cancers car might function as a
candidate tumour suppressor gene.

APC and MCC genes in colonic tumours

In familial adenomatous polyposis (FAP) the patients develop numerous benign adenomatous
polyps which, if left untreated, progress into carcinomas. The APC gene, which is located on
chromosome 5q21 (Bodmer et al., 1987), has been identified as causing FAP. The APC gene and
the MCC gene, also present at the same locus, are both believed to act as suppressor genes
(Kinzler et al., 1991a,b). Mutations of the APC gene, leading to a loss of its suppressor function,
have been implicated in FAP (Groden et al., 1991; Joslyn et al., 1991; Kinzler et al., 1991a;
Nishisho et al., 1991). Both germline (>150) and somatic (>300) mutations have been
reported in colorectal adenomas and carcinomas from FAP and non-FAP patients (Miyaki et al.,
1995). The suppressor function has been confirmed by transfecting a fulllength normal APC
gene into colon cancer cell lines. Some of the clones carrying the exogenous normal gene have
been found to exhibit altered cell morphology and suppression of tumorigenicity when
implanted in nude mice (Groden et 4l., 1995). The association of APC mutations with the
progression of adenomas is supported by the finding that their detection increases with the size
of the adenomas. Mutation frequency also tends to be higher in tubulovillous and villous
adenomas, which are prone to frequent malignant transformation, than in tubular adenomas
which only infrequently undergo malignant changes (De Benedetti et al., 1994).

The mechanisms by which APC protein functions and suppresses the neoplastic process are
currently being investigated with much fervour. The mutations of APC are predominantly
truncating mutations and it has been suggested that the mutated protein can associate with the
wildtype APC protein, but this is not supported by the work of Oshima et al. (1995).
Alternatively, APC protein may associate with cellular proteins, which might affect their
function. Su et al. (1995) showed that proteins encoded by a novel gene called EB1 interacted
with the APC protein, both in vitro and in vivo. The truncated APC protein may be unable to
function appropriately. For instance, it is associated with cytoplasmic microtubules and the G
terminal region, which is frequently deleted in cancer, is required for the interaction of the APC
peptide with microtubules, and the protein may be an essential component in the assembly of
microtubules (Munemitsu et al., 1994). APC protein has been found to co-localise with a-catenin
in intestinal epithelium, especially along the lateral cytoplasmic membrane (Miyashiro et al.,
1995). The association with catenins, which in turn are linked to actin cytoskeletal elements,
implicate APC proteins in cellular adhesion. It should be remembered, however, that a-catenin
gene also occurs on chromosome 5 and therefore a co-expression with APC protein might be
expected. The introduction of chromosome 5 into PC3 prostate cancer cells results in the re-
expression of a-catenin in these cells and can suppress their tumorigenicity. However, this can
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occur only if the cells are able to express E<cadherin at the same time (Ewing et al., 1995)
(Figure 13).

f-catenin is another E-cadherin-associated protein and the gene has been assigned to
chromosome 3p22 (Trent et al., 1995). The 3p22 region is also frequently affected in human
neoplasia. Therefore, one would expect to see some relationship between APC and E-cadherin
expression, both of which appear to function as suppressors of malignancy (see page 104). Both
E-<cadherin and the APC protein compete for binding to f-catenin and the N-terminal domain of
fcatenin mediates the binding of its complexes with Ecadherin or the APC protein, to the
cytoskeleton (Hulsken et al., 1994). Furthermore, wild-type APC protein appears to reduce f-
catenin levels by promoting its degradation. The mutant APC protein lacks this ability to regulate
fcatenin levels and this has been attributed to the loss of the central region of the APC protein
(Munemitsu ef al., 1995). This is liable to alter the adhesive and cohesive properties of epithelial
cells, and these may indeed be reflected as changes in biological behaviour.

APC isoforms

The APC gene has 15 exons. In addition to the transcript which encodes these, several mRNA
isoforms have been detected and these are produced by alternative splicing of coding as well as
non-coding regions (Horii et al., 1993; Oshima et al., 1993; Sulekova et al., 1995; Xia et al.,
1995). These isoforms have been found to be differentially expressed and often in a tissue-
specific manner. This has led to the suggestion that the splicing mechanisms themselves might
be tissue-specific (Horii et al., 1993). The multiple isoforms may be transcribed into APC
proteins differing in biological properties. For instance, the APC isoform transcribed from cDNA
lacking exon 1 does not contain the heptad-repeat which is required for the formation of protein
homodimers (Thliveris ef al., 1994). The manifestation of atypical FAP phenotypes, reduction in
APC severity, and the variability in the onset of disease, etc., may also be an attribute of the
incidence of different APC isoforms (Samowitz ef al., 1995; van der Luijt et al., 1995).

APC/MCC gene abnormalities in other buman neoplasms

Although studies of colonic tumour progression have highlighted the role of the APC gene, it
has been also implicated in the pathogenesis of other human tumour types. Mutations of APC
has been detected in six out of 30 gastric adenomas, together with the deletion of the second
allele in three tumours leading to a complete inactivation of the gene (Tamura et al., 1994). In
primary breast carcinoma, loss of heterozygosity (LOH) has been reported to affect APC exons
11 (nine out of 35 cases) and 15 (four out of 34 cases) and MCC exon 10 in seven out of 40
samples (Medeiros et al., 1994), but the frequency of APC mutations might be low (Kashiwaba
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et al., 1994). LOH has been found in 25% of oral squamous cell carcinomas (Largey et al., 1994).
LOH involving markers near the gene at 5q21 was found in 10 out of a group of 20 epithelial
ovarian cancers (Weitzel et al., 1994). A similar frequency of LOH, but not mutations of the APC
gene, has been described in another study (Hayashi et al., 1995). A high frequency (29%) of
LOH at the APG/MCC locus was found in non-small cell lung cancer. In this study, LOH at 5q21
correlated significantly with poor patient survival, and in a most frequently affected tumour
subtype LOH was also associated with tumour spread to mediastinal and/or hilar lymph nodes
(Fong et al., 1995b).

In contrast to the above, neither LOH at 521 nor mutations of APC in breast carcinomas
showed any relationship to any clinical or pathological features (Kashiwaba et al., 1994). APC
appears to be unaffected in oesophageal and papillary thyroid carcinomas (Curtis et al., 1994;
Ogasawara et al., 1994). In oesophageal cancers, truncating mutations have been discovered in
the APC mutation cluster region (Powell et al., 1994), namely codons 1286-1513. However, in
view of the low frequency at which these occurred and the high rate of LOH reported at 5q,
Powell et al. (1994) have suggested that other genes may be involved in allelic deletions and the
pathogenesis of these tumours.

It is not known if MCC mutations occur in sporadic colorectal cancers; nor is it clear if MCC
mutations are associated with FAP condition. Although LOH of APC and MCC may both be
involved with the early stages of carcinogensis, they might follow different pathways in
influencing the cell phenotype. There is a suggestion of this in the observation by Hsieh and
Huang (1995) who found that loss of heterozygosity for APC occurred in three out of 15
differentiated gastric carcinomas, but none occurred in undifferentiated tumours. In contrast,
LOH for MCC was found in undifferentiated but not in differentiated neoplasms.

The DCC gene in colon cancer

The suppressor gene DCC is involved in the late stages of the pathogenesis of colorectal
neoplasia. It has been been mapped to a region on chromosome 18q21.3 that is frequently
deleted (Fearon et al., 1990; Fearon and Vogelstein, 1990). The DCC is a large complex gene
containing 29 exons and encompassing 1.4 Mb (Cho KR et al., 1994). It is highly expressed in
normal colonic mucosa and many other tissues, including the brain and neural crest-derived
cellular elements, but its expression is greatly reduced in colonic carcinomas. Presence of the
DCC protein has been demonstrated immunohistochemically in normal colonic epithelium and
in reticuloendothelial cells from human thymus, tonsil and lymph nodes (Turley et al., 1995). A
homologue of the DCC gene, called XDCCu, has been isolated from Xenopus, and the protein
product of this gene appears to be developmentally regulated. Its expression is detectable at
developmental stages 19-46 and is localised to the developing brain (Pierceall et al., 1994b).
The suppressor function of DCC is restored when the gene is re-introduced or additional
copies of chromosome 18 are introduced into tumour cells. Klingelhutz et al. (1995) transfected
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a fullength ¢DNA clone of DCC into HPV-transformed human epithelial cells and obtained
suppression of tumorigenicity. Similarly, the introduction of chromosome 18 into endometrial
carcinoma cell lines has resulted in a reduction of their tumorigenicity in nude mice together
with an increase in gene expression (Yamada et al., 1995b).

As stated previously, the development of frank carcinomatous foci in villous adenomas is
characterised by allelic loss of the DCC gene, rather than the growth of the adenomas (Froggatt
et al.,, 1995) and, not surprisingly, much attention has been focused upon whether DCC
abnormalities correlate with metastatic potential. LOH on chromosomes 17p, 18q (containing
the DCC locus) and 22q, but not 5q (containing the APG/MCC locus), have been reported to
occur far more frequently in advanced colorectal carcinomas than in intramucosal carcinomas.
LOH on 17p (the p53 gene occurs at 17p13.1) correlated with vascular invasion, but 18q LOH
was related to lymphatic spread and incidence of hepatic metastases. Thus loss of DCC
expression was found in five samples of metastatic tumour and five out of seven advanced
primary carcinomas which had metastasised to the liver. In contrast, only five out of 15
carcinomas which showed no hepatic involvement exhibited a loss of DCC expression (lino et
al., 1994). This indeed shows a strong relationship between loss of DCC in the primary cancers
and their potential to metastasise. The potential role of this gene in conferring metastatic ability
on the tumours is further confirmed by the observation that LOH on chromosome 5q (which
contains the APC gene) did not correlate with the ability of the tumours to invade and
metastasise (lino et al., 1994). Compatible with this view, DCC protein is found in differentiated
cells of the intestinal epithelium, but it is lost in colorectal tumours that do not differentiate into
mucus-producing cells (Hendrick et al., 1994).

Mutations of DCC are not restricted to colonic neoplasia. Allelic losses on chromosome 18
and DCC mutations have been reported in several other human cancers. The aberrations
affecting the DCC gene have been studied in gynaecological cancers. Deletions of the
chromosomal region including the DCC locus have been reported in 26% of endometrial
cancers, and loss of DCC expression has been seen in tumour samples and also in tumour-
derived cell lines (Gima et al., 1994; Enomoto et al., 1995). The gene is expressed in normal
endometrium, cervical epithelium and normal ovarian tissue, but expression is markedly
reduced in the corresponding cancers. Furthermore, the expression of the gene may be down-
regulated more markedly in advanced ovarian cancers than in early stages (Enomoto et al.,
1995). LOH at the DCC locus is not only very frequent in breast cancer, but appears to occur in
invasive disease (Kashiwaba et al., 1995). The involvement of DCC aberrations in breast cancer
has been confirmed in another study, but LOH on another locus close to the DCC locus also
takes place, suggesting the presence of more than one suppressor gene in this region of the
chromosome (Huang et al., 1995). Association of LOH with invasive behaviour has been
encountered in bladder carcinoma (Brewster et al., 1994b). Allelic loss of the gene in
oesophageal cancers tends to occur in poorly differentiated tumours and shows a marked
association with distant spread of the tumours (Miyake et al., 1994), although Shibagaki et al.
(1994) have found no DCC involvement in their series of oesophageal carcinomas. Allelic
deletions occur at a high frequency in germ cell tumours. The expression of DCC is detected in
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normal testes, but it is reduced in germ cell tumour cell lines and tumour tissues (Murty et al.,
1994). LOH is found in non-small cell lung cancers but this does not appear to be related to the
stage of the disease (Fong et al., 1995b).

The DCC is now known to be altered in non-Hodgkin's lymphoma (Younes et al., 1995),
tumours of the head and neck (Rowley et al., 1995), and gastric tumours (Barletta et al., 1993)
but none have been reported to date in some others, such as pancreatic tumours (Barton et al.,
1995).

The DCC protein is a cell adbesion molecule

The DCC gene encompasses approximately 1.4 Mb of DNA and contains 29 exons (Cho KR et
al., 1994). It encodes a transmembrane glycoprotein of the immunoglobulin family containing
1447 amino acid residues which shows significant homology to the neural cell adhesion
molecule (N-CAM) (Fearon et al., 1990; Hedrick et al., 1994; Reale et al., 1994; Cho and
Fearon, 1995) (see also page 118). The extracellular domain which has approximately 1100
residues has four immunoglobulinlike domains and six fibronectin type Ill-like domains.
Alternative splicing of DCC transcripts has been detected and protein species 175-190 kDa are
transcribed (Reale et al., 1994). The DCC protein also appears to share with N-CAMs the ability
to stimulate neurite outgrowths in non-neuronal cells. The cytoplasmic domain of the protein is
essential for stimulating neurite extension (Pierceall et al., 1994a). The DCC glycoprotein is
abundant in brain tissue and neural crest-derived cells and not infrequently found in low levels
in other normal tissues (Reale et al., 1994). Hedrick et al. (1994) demonstrated its presence in
the axons of the central and peripheral nervous system. Pierceall et al. (1994b) isolated a
homologue of the human DCC gene, called XDCCu, from Xenopus. The gene encodes a protein
which has 1427 amino acid residues and bears >80% sequence homology with the human
protein. As in the human protein, XDCCy also contains four immunoglobulin-ike domains and
six fibronectin type IIHike domains in the extracellular domain and has 325 amino acid residues
in the cytoplasmic region of the protein.

BRCA1 tumour suppressor (breast and ovarian carcinoma
susceptibility) gene

A putative tumour suppressor gene called BRCAI has been identified and mapped to
chromosome 17q21. This gene has been found to confer susceptibility to breast and ovarian
cancer, since it has been associated with more than 45% of inherited breast cancers without
ovarian cancer and 80% of families with breast and ovarian cancers (Easton et al., 1993).
Germline mutations of this gene appear to link the gene with this state of predisposition to
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cancer development (Miki et al., 1994; Szabo and King, 1995). To date, 63 germline mutations
have been detected and these are distributed across the entire coding region of the gene (Xu
and Solomon, 1996). The BRCAI gene has been recognised as a classical suppressor gene, in the
light of the data on the loss of its heterozygosity in familial cancers. This suggests the possibility
that somatic mutations may also occur in breast and ovarian tumours. Somatic mutations have in
fact been reported in about 10% of sporadic ovarian tumours (Merajver ef al., 1995) but, in
general, somatic mutations of BRCAI have not been regarded as a critical event for the
development of breast and ovarian cancer in the absence of germline mutations (Futreal et al.,
1994). Sporadic breast cancers do not carry BRCA1 mutations (Friedman et al., 1994; Miki et al.,
1994; Hosking et al., 1995: Shattuck-Eidens et al., 1995).

It should be unnecessary to emphasise that there may be other suppressor genes at
chromosome 17q21 that might be potential participants in the neoplastic process; BRCAI
spans 100 kb of genomic DNA (see Xu and Solomon, 1996) of the 17q21 region. Friedman et al.
(1995) have cloned 22 genes - some novel genes and others already identified or homologues of
known genes - from a 650 kb section of 17q21. They have also identified several mutations of
these genes in tumours or BRCAI-linked families, but undetectable in controls. It has been
possible to confer tumorigenicity and the capacity for anchorage-independent growth on breast
cancer cells by transferring into these cells chromosome 17 not containing the BRCA1 region
(Theile et al., 1995). Gao et al. (1995b) investigated the loss of heterozygosity at five
microsatellite loci encompassing the BRCA1 region in prostate cancer. They found 45% and
40% LOH at the D175855 BRCA1 intragenic locus and at D175856, respectively, but far fewer
cases were LOH-positive for other loci, suggesting that BRCAI and genes occurring between
these two microsatellite loci might be involved in the pathogenic process. Tangir et al. (1996)
reported a deletion at a locus approximately 60 kb centromeric to BRCAI gene in epithelial
ovarian cancer, again suggesting that suppressors other than BRCA1 may be involved.

The characteristics and intracellular distribution of BRCA1 protein

The BRCAI codes for a protein containing 1863 amino acid residues with two zincfinger
domains at the N-terminal region and an acidic Cterminal domain, suggesting that it may
function as a transcription factor (Miki et al., 1994; Vogelstein and Kinzler, 1994). A 220 kDa
nuclear phosphoprotein considered to be a putative BRCA1 protein has been detected in
normal cells and in cell lines derived from a variety of human tumours, including breast and
ovarian tumours (Chen YM et al., 1995). The BRCA1 protein is localised mainly in the nucleus of
rodent cells and human breast cancer cells (Rao et al., 1996) but it has been detected also in the
cytoplasm in breast cancer biopsies. Occasionally, in some tumour cell lines, the protein has
been found in both nucleus and the cytoplasm, or subpopulations have been identified that
have the protein at either nuclear or cytoplasmic site (Chen YM et al., 1995). However, the
protein expressed in cells stably transfected with BRCA1 gene has been found to be a 190 kDa
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protein (Holt et al., 1996). Furthermore, using antibodies raised against the BRCA1 protein,
Jensen et al. (1996) have demonstrated that BRCA1 is indeed a 190 kDa protein.

From the search for functional homologues for the BRCA1 protein, it has emerged that BRCA1
protein bears many similarities to proteins of the granin family. Granins are calcium-binding
acidic proteins found in the trans-Golgi network and secretory granules. Their secretion results
from the activation of cyclic AMP and they are regulated by oestrogen (Gorr et al., 1989;
Huttner et al., 1991; Thompson et al., 1992). Recently, Jensen et al. (1996) reported the
existence of a perfect granin consensus sequence from amino acids 1214-1223 of the BRCA1
protein. The MDA-MB468 cells show unusually high levels of the 190 kDa BRCA1 protein. This
is found predominantly associated with membranes, with smaller amounts in the nucleus and
the cytoplasm. Jensen et al. (1996) showed that the protein is secreted into the conditioned
medium in which these cells are grown. BRCA1 also appears to be hormonally regulated (Gudas
et al., 1995b; see below). However, granins are said to be involved in the packaging and
processing of peptide hormones (Huttner ef al., 1991). Although the function of granins
themselves is still to be established, it is uncertain whether the BRCA1 suppressor protein is
functionally homologous to granins. It is interesting to note that the BRCA2 protein also
possesses the granin consensus motif (Jensen et al., 1996).

The germline mutations invariably result in the production of a truncated BRCA1 protein
(Szabo and King, 1995) that may be functionally impaired. Several BRCA1 peptides of different
molecular sizes may be expressed in varying levels in normal and in tumour cells (Gudas et al.,
1996; Rao et al., 1996). Two distinct mRNA transcripts of BRCA1 occur in normal and in
immortalised human mammary epithelial cells (Gudas et al., 1996). Xu et al. (1995) had
previously identified a new 5' exon and reported the occurrence of two mRNA transcripts
differing in respect of this new first exon. The significance and function of these BRCAI
transcripts and their relationship to the several forms of BRCA1 proteins detected are yet to be
elucidated.

The biological properties of the BRCAI protein

Although the full identity and function of the BRCA1 protein is yet to be established, there are
indications that it may function as a negative regulator of tumour cell proliferation and growth
and alterations in its expression may accompany tumour progression. Thompson et al. (1995)
demonstrated that inhibition of expression of BRCA1 using antisense oligonucleotides resulted
in the acceleration of proliferation of normal and also malignant epithelial cells. Similarly, the
inhibition of the expression of endogenous BRCA1 protein in NIH3T3 cells transfected with
antisense BRCA1 RNA, not only accelerated growth of the transfected cells, but the cells also
showed anchorage-independent growth and enhanced tumorigenic ability (Rao et al., 1996).
Further experimental evidence has been provided by Holt et al. (1996) in respect of the
growth inhibitory role of the BRCA1 protein. They transfected the wild-type BRCAI gene into
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breast and ovarian cancer cells and found that it inhibited the in vitro growth of both breast and
ovarian cancer cells, but not that of lung or colon cancer cells. Transfection of mutant BRCA1
did not inhibit growth of breast cancer cells. The growth of ovarian cells was not affected by
BRCA1 with mutation in the 5"-region, but was inhibited by mutations in the 3"region. The wild-
type, but not the mutant, gene inhibited tumour formation by MCF-7 human breast cancer cells
in nude mice. Finally, Holt et al. (1996) also obtained inhibition of growth of established MCF-7
tumours in nude mice, upon intraperitoneal treatment of the animals with viral vectors carrying
the wild-type BRCAI gene. Thus, there is adequate evidence to support the view that the
BRCA1 protein functions as a suppressor of proliferation and tumour growth.

The BRCA1 gene in embryonic development

The BRCAI gene appears to play a significant part in embryonic development and differenti-
ation. Studies using BRCAI knock-out mice have demonstrated that interference with the
normal expression of the gene produces marked developmental abnormalites. Boyd et al.
(1995) showed that BRCAI (+/—) mice do not show tumours, but embryos of BRCAI (—/-)
mice die before birth and develop conspicuous neural tube defects. Hakem ef al. (1996) have
confirmed that BRCA1 (+/—) embryos develop normally, but noted that BRCA1 (—/~) mouse
embryos die early in embryogenesis prior to gastrulation, apparently due to a total failure of
mesoderm formation. In embryonic development, the primary mesoderm is formed during the
gastrula stage by the invagination of epiblast cells through the primitive groove and the newly
formed mesoderm interacts with and induces the differentiation of neural tissue from the
presumptive neural ectoderm (see page 158). Therefore, any abnormalities in the formation of
the mesoderm would inevitably lead to interference with the process of induction of neural
tissue differentiation and consequently to neural tube defects.

The expression of the mouse homologue of the BRCA1 protein has been described by Lane et
al. (1995). A definite pattern of expression has been found in relation to the terminal
differentiation of tissues of ectodermal and mesodermal lineage. The gene is expressed in
differentiating epithelial cells of several organs. The alveolar and ductal epithelial cells of the
mammary gland show BRCA1 expression and during pregnancy there is an increase in the level
of gene transcripts, suggesting that gene expression may be related to functional differentiation
(Lane et al., 1995). The work of Marquis ef al. (1995) also strongly suggests a role for BRCAI in
cell differentiation. They found high expression in proliferating cell types undergoing differ-
entiation in résponse to ovarian hormones. Indeed, the levels of both BRCAT transcripts and the
protein are regulated by oestrogen and progesterone in human breast cancer cells. Both show
reduction in levels upon withdrawal of oestrogen from cell cultures of MCF-7 and Bt20T cells.
The expression of BRCA1 is restored by f-oestradiol and this is accompanied by the expression
of markers indicating the transition of cells into the S-phase (Gudas et al., 1995b). The
expression of the BRCAI mRNA may be cell cyclerelated: in synchronised human breast



Tumour suppressor genes 181

epithelial cells, BRCA1 mRNA expression has been found to be high in the exponential growth
phase, but it decreases upon withdrawal of growth factors. The level of expression increases in
the late G; phase prior to entry of the cell into the S-phase of the cell cycle (Gudas et al., 1996).
Conceivably, the hormones switch the cells from proliferation to the differentiation pathway
and the BRCAI gene may be implicated as a regulatory factor in this process.

BRCA1 mutations and tumour progression

Since germline mutations result in the production of truncated BRCA1 proteins one should
contemplate the possibility that this could lead to deregulation of cell proliferation and thus be
reflected in cellular features that form a part of the pathological assessment of tumours. BRCA I-
related hereditary breast cancers tend to be aneuploid and show higher rates of proliferation
(Eisinger et al., 1996; Marcus et al., 1996) and germline mutations of the gene may be reflected
in tumour grade (Eisinger ef al., 1996) indicating an aggressive phenotype. This is also suggested
by the observation that the transition of breast tumour #n situ to invasive stage is accompanied
by a decrease in BRCAI expression (Thompson et al., 1995). Furthermore, loss of hetero-
zygosity at the BRCAI and BRCA2 loci are far more frequent in liver and brain metastases than
in the corresponding primary breast cancers (Hampl et al., 1996). There is therefore a
reasonable body of evidence implicating BRCA! in tumour growth, invasion and progression
to the metastatic state.

DPC/BRCA2 tumour suppressor genes

Pancreatic carcinomas have shown a consistent loss of heterozygosity at chromosome 13q12
often described as the DPC (deleted in pancreatic carcinoma). The DPC region at 13q12.3
encompasses approximately 250 kb. The DPC region lies within the 6cM region that contains
the BRCA2 breast cancer susceptibility gene, representing the loss of two loci. Two DPC genes,
DPCI and DPC2, have been mapped to this region (Schutte ef al., 1995a,b). This has placed in
perspective the LOH described in approximately one-quarter of pancreatic cancers (Hahn et al.,
1995) and the comparable levels of LOH occurring in breast cancer (Sato et al., 1990; Devilee et
al., 1991b; Thorlacius ef al., 1991). The DPC genes and BRCA2 have been considered as the
prime targets of deletion in these cancers and regarded as tumour suppressor genes.

Another locus which is subject to consistent and high level of allelic loss is chromosome 184
(Hahn et al., 1995). Approximately one-third of pancreatic cancers show homozygous deletion
at 18q21.1. The target of this deletion has been identified as DPC4 (Hahn et al., 1996a,b). The
p16/ink4 located at chromosome 9g21 (Kamb et al., 1994) (see page 66) is also frequently
deleted in pancreatic cancer (Caldas et al., 1994) and this gene has been called, albeit somewhat
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unhelpfully, DPC3. In a series of 36 pancreatic carcinomas, the frequencies of homozygous
deletion of p16/ink4 and DPC4 were 42% and 39%, respectively (Caldas et al., 1994; Hahn et
al., 1996a) and the frequency of deletions found at one or more of DPC1,2/BRCA2, p16/ink4
and DPC4 loci was 64% (23 out of 36) (Hahn et al., 1996b). The relatively high frequency of
inactivation of DPC4 in pancreatic cancers (48%) compared with breast and ovarian cancers, at
only 10% reported by Schutte et al. (1996), advocates a possible close association of DPC4
inactivation with the pathogenesis of pancreatic carcinomas rather than with other forms of
human cancer, although, admittedly, it would be premature even to speculate on this aspect.

A functional role for DPC4 has been deduced on the basis of its sequence similarities to the
Drosophila melanogaster gene mad and the Caenorbabditis elegans genes sma homologues
of the mad gene (Hahn et al., 1996a). The mad gene codes for a TGF-flike protein. It is
possible that, in analogy to the function of TGF-f as an inhibitor of cell proliferation (see page
64), the DPC4 protein may function as a negative regulator of cell proliferation.
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Metastasis suppressor genes

The development of metastases is an aftermath of the interplay and cumulative function of a
number of changes in the spectrum of biological properties of the cell and for this reason
invasive and metastatic behaviour of tumours may be regulated by more than one gene.
Nevertheless, the search for a candidate metastasis gene has made unrelenting progress in the
past few years.

There are several investigations of note in this area. Subtraction hybridisation has allowed
Dear et al. (1988, 1989) to identify two genes, the WDNMI1 and WDNM2 in rat mammary
adenocarcinoma DMBA 8 cell lines. These genes have been reported to be expressed at levels
20fold higher in non-malignant tumours compared with their malignant counterparts. Initial
Northern analyses have led to the identification of two WDNM1 transcripts (Dear et al., 1988)
generated by alternative splicing of a single exon (Dear and Kefford, 1991). The predicted
amino acid sequence of the spliced version shows strong homology with a family of proteins
that includes inhibitors of human antileukoprotease (Seemutler ef al., 1986) and red sea turtle
proteinase inhibitor (Kato and Tominaga, 1979). The secretory leukoprotease inhibitor (CLPI) is
a 12 kDa protein (Abe et al., 1991) which can inhibit the degradation of ECM proteins, e.g. by
neutrophil elastase (LlewellynJones et al., 1994). Therefore, one could envisage that the
WDNM1 protein, by analogy with its putative homologue, might function as a metastasis
suppressor protein by preventing ECM degradation caused by tumour-associated proteinases.
On the negative side, it should be recognised that despite the apparent tissue-specific
expression of the CLPI gene, it is also expressed in several forms of human cancer (Garver et
al., 1994). This would be incongruous with a putative tumour suppressor function for the
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WDNMI protein. Glucocorticoids have been shown to up-regulate the transcription of the CLPI
gene (Abbinantenissen et al., 1995), and this could provide a means to test whether the
leukoprotease inhibitor affects metastatic ability in experimental systems and, further, to test if
WDNM1 expression can be modulated by glucocorticoids. The second gene, WDNM2,
identified and found to be down-regulated in metastasizing tumours has been reported to code
for an enzyme involved with the reduction of quinones and redox dyes in the cell (Dear et al.,
1989).

Another report has recently appeared which indicates the occurrence of a putative suppressor
gene on chromosome 11. This demonstration was by means of introduction of human
chromosome 11 into a highly metastatic rat prostate cancer cell line. The introduction of this
chromosome appeared to suppress the metastatic ability of these cells without affecting in vivo
growth or tumorigenicity of the cells (Ichikawa et al., 1992). It may be recalled that chromosome
11 contains genes such as the Wilms’ tumour gene wt1 and WAGR-associated genes, cyclin D1
and the cyclin-dependent kinase inhibitor kipI gene, as well as a host of fibroblast growth factor
family of genes. However, Ichikawa ef al. (1992) have further demonstrated that the metastasis
suppressor ability resides with chromosome region 11 p 11.2-13, excluding the Wilms’ tumour
locus in the suppression of metastasis.

The putative metastasis suppressor function of the nm23 gene
nmz23 gene expression in metastasis

A putative metastasis suppressor gene (nm23) has also been described in murine melanoma
(Steeg et al., 1988a,b, 1990), reportedly expressed at low levels in the highly metastatic K-1735
melanoma compared with corresponding cell lines with low metastatic ability. Subsequently,
two human homologues of the murine nm23 gene - nm23-H1 (Rosengard et al., 1989) and
nm23-H2 (Stahl et al., 1991) - have been cloned. These are located on chromosome 17g21.3.
There are several studies in the literature which suggest a high expression of nm23 gene or its
product the NDP (nucleoside diphosphate) kinase is consistent with low metastatic potential.
There are, however, an equal number of studies which do not bear out the inverse relationship
between nm23 and metastatic potential of cancers.

After the initial reports of the metastasis suppressor property of the nm23 gene, much work
has been focused upon its expression in human tumours. The interest in its potential use in the
clinical context has been of such magnitude that except for the study by Steeg et al. (1988a,b)
there has been only one report using an animal tumour model (Caligo ef al., 1992). This latter
study confirmed the inverse relationship originally reported by Steeg et al. (1988a,b). Recently,
there have been several studies on a variety of human tumour types. In a short series of human
breast tumours, high levels of nm23 expression were found in tumours where there was no
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metastatic involvement of the lymph nodes (Bevilacqua G et al., 1989). Hennessy et al. (1991)
studied a larger series of 145 tumours and have confirmed the inverse relationship between
nm23 expression and lymph node involvement. Low nm23 expression was associated with
poor differentiation and the absence of oestrogen receptors (ER). In a much smaller series of
breast cancers, Albertazzi ef al. (1996) have been unable to confirm this direct relationship
between nm23-H1 expression and oestrogen receptor status. The metastasis suppressor effect
of nm23 expression was not clear-cut; they found that 10 out of 18 patients with nm23-positive
tumours had nodal metastasis, and seven patients out of nine with nm23-negative showed nodal
involvement. They reported, further, that nm23-positive tumours segregated into roughly equal
ER-positive and ER-negative groups, but nm23-negative tumours tended to be more ER-negative
than ER-positive. Ura et al. (1996) reported reduced nm23 expression in gastric cancers with
lymph node or hepatic metastases compared with primary tumours without metastases. A
recent report by Florenes et al. (1992) has shown that in patients with melanoma developing
metastases in the first two years after diagnosis, lower nm23 messenger RNA levels were
detected compared with patients with less aggressive tumours. Caligo et al. (1994) have
reported that levels of nm23 transcripts were higher in tumours of patients who showed
diseasefree survival of more than 24 months compared with tumours from patients with less
than 24 months disease-free survival; but these authors also found lower nm23 transcript levels
in benign naevi than in melanomas.

The metastasis suppressor function of the gene has also been studied using experimental
systems. Transfection of the nm23 gene into the highly metastatic cell line K-1735 appears to
reduce both tumorigenicity and metastasis (Leone et al., 1991b). In high nm23-expressing
transfectant clones, a 90-96% reduction in pulmonary metastasis has been reported by these
authors. In another experimental model, nm23 has apparently not displayed any metastasis
suppressor ability. Thompson et al. (1993) investigated two cell lines, MIIl and MCF7/LCC1
which were isolated from the human breast cancer cell line MCF-7. These cell lines possessed
markedly enhanced metastatic ability in nude mice, but showed no loss of nm23 expression.

Although in some tumour types and under certain experimental conditions nm23 has
behaved like a metastasis suppressor gene, in others the expected inverse relationship
between gene expression and malignancy has not been observed. For example, nm23 is
expressed in all thyroid tissues, such as multinodular goitres, adenoma and carcinomas and the
levels of expression were comparable in these. Indeed, in advanced (stage IV and anaplastic)
carcinomas the expression was twofold greater as compared with stage I-IIl tumours and
multinodular goitres (Zhou et al., 1993). In neuroblastomas high levels of nm23 expression
were associated with advanced stages of the disease (Hailat ef al., 1991). Keim et al. (1992)
found significantly higher levels of the nm23 protein in advanced (stages HI-IV) neuroblastomas
compared with early stage (I-II) disease. Haut et al. (1991) reported that nm23 expression
increased in the early stage of the development of colon cancers and remained at a high level
in metastatic disease, but recent work has shown an association between allelic deletions of
nm23-H1 with progression of colorectal carcinoma (Cohn et al., 1991). In a study by Ayhan et
al. (1993) colorectal carcinomas over-expressed the nm23 gene compared with non-neoplastic
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tissue. Increased nm23-H1 (in 33 out of 41) and nm23-H2 (in 28 out of 41) expression has been
reported by Myeroff and Markowitz (1993) in the absence of mutations in colonic cancers.
However, there are several reports that nm23 expression is down-regulated in metastatic
tumours. Thus, Ayhan ef al. (1993) reported that metastatic tumour in the lungs and liver
showed reduced nm23 expression compared with the corresponding primary carcinomas. A
similar situation appears to exist in human gastric cancers, where higher nm23 expression has
been seen in primary gastric carcinomas than in corresponding normal mucosa, but 52% of
secondary tumours showed reduced nm23 levels compared with the primary carcinomas
(Nakayama et al., 1993). Both H1 and H2 homologues of nm23 have been found over-expressed
in ovarian carcinoma tissue compared with benign tumours. However, within stage Il
carcinomas, the expresssion of the gene may be lower in tumours with lymph node metastasis,
and stage IV has shown lower gene expression than stage HI tumours (Mandai et al., 1994).
Kapitanovic ef al. (1995) also found marked differences in nm23 expression between 73 benign
and 54 malignant ovarian cancers. Furthermore, they have claimed that carcinomas that had
metastasised contained significantly less nm23 protein than those that had not metastasised.
Ferrandina et al. (1996) found nm23-H1 expression in 62% of human ovarian cancers, but the
expression was not related to tumour grade or stage, nor was any relationship evident between
nm23 expression and lymph node involvement. However, they did note that far more nm23-
negative tumours were EGFr-positive. These studies may be seen as providing some qualified
support for its putative suppressor function in ovarian cancers. A loss of chromosome 17 has
frequently been associated with gynaecological cancers, but the possibility that progression may
have been due to the loss of functional p53 which is located on this chromosome rather than to
the loss of nm23 cannot be excluded. However, allelic loss at 17q23-ter is strongly associated
with high-grade ovarian carcinomas (Lowry and Atkinson, 1993). Therefore, it is possible that
there might be genetic repercussions of this on the expression of nm23 located at 17¢21.3.

It is difficult to rationalise some of the observations which essentially reflect a situation where
tumour development is apparently aided by nm23, but it is then down-regulated to promote
metastatic spread. It is possible that nm23 expression in the primary tumours is heterogeneous
and that the nm23-negative subpopulations could be successfully forming metastases. There is
now evidence which suggests that nm23 may be co-regulated with other genes which have the
ability to promote metastasis (Parker ef al., 1991; Parker and Sherbet, 1992b).

Alternative explanations have been sought to explain the many inconsistensies seen in the
expression of nm23 in relation to metastatic progression. One of these is possible allelic
deletions, as reported by Cohn et al. (1991) for colorectal carcinomas. Previously, Leone ef al.
(1990) had reported allelic loss of nm23 in lung and renal carcinoma. Genetic changes in nm23-
H1 either in the form of a deletion in the coding sequence or allelic deletion was found by Wang
L et al. (1993) to be associated with four out of eight colorectal adenocarcinomas with lymph
node metastasis, but no molecular alterations were found in a further 12 tumours which had no
metastatic involvement. Florenes ef al. (1992) examined whether the differences in nm23
expression could be related to allelic deletions. They studied the loss of heterozygosity in the
relevant area of chromosome 17q in 24 matched pairs of tumour tissue and peripheral blood
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cells. Of 13 cases informative for the nm23-H1 locus only two (15%) showed a deletion of one
of the alleles. In both these cases LOH was also observed for D17574 which is close to the
nm23 locus. In colorectal carcinomas, three out of 20 informative cases showed LOH (Ayhan et
al., 1993). However, Campo et al. (1994) found the loss of nm23-H1 but not that of p53 (locus
17p13) was significantly related to shorter disease-free and overall patient survival. In human
prostatic carcinoma, only one out of 21 high-grade stage cancers showed LOH at the nm23-H1
locus (Brewster et al., 1994a).

Most intriguing is a recent report by Caligo et al. (1994) that breast tumours with nm23-H1
allelic deletion were less invasive to axillary lymph nodes. Furthermore, these authors have
found that 40% of tumours with nm23-H1 allelic loss also showed allelic loss for pYNZ22, a
marker for 17p13.3 (the locus of the p53 suppressor gene). These recent reports thus strongly
emphasise the degree of divergence of observation.

Another postulate implicates possible molecular changes in nm23, e.g. deletion or substitu-
tion mutations and gene amplification, being associated either positively or negatively with
malignant progression. Leone ef al. (1993) reported that in childhood neuroblastomas
amplification of nm23-H1, but not H2, occurred in six out of 18 cases of stage Il and IV
tumours. Genomic amplification of nm23-H1 was associated with increased gene expression
and reduced patient survival. Direct sequencing of nm23-H2 in a stage IV tumour has suggested
a mutation of leucine to valine at position 48.

nm23/NDP kinase in buman cancers

The nm23 story now shifts to the study of the protein products, namely the NDP kinases
encoded by the nm23-H1 and -H2 genes, which is probably more enlightening and conclusive
than studies which concerned the expression of and abnormalities associated with the genes.
The nm23 gene product has been found to be identical to nucleoside diphosphate (NDP)
kinase (Gilles ef al., 1991). In fact, the NDP kinase isoenzyme forms A and B from erythrocytes
are identical to deduced sequences from nm23-H1 and nm23-H2 genes respectively (Rosen-
gard et al., 1989; Stahl et al., 1991) and these exhibit similar NDP kinase activity (Urano et al.,
1992). In the wake of this identification of the nm23 protein, there have been several studies
in which NDP kinase levels of a variety of tumours have been measured and attempts have
been made to correlate these with clinicopathological features of the tumour and prognosis of
the disease.

Leone et al. (1991b) also examined the expression of the nm23 protein in metastatic deposits
of nm23-transfected melanoma cell lines. They described a heterogeneous distribution of the
protein in 75% of metastatic deposits with nm23 protein expression predominantly in the
invasion zone of the deposits. A total of 10% of the metastatic nodules examined showed low
nm23 protein expression and in another 15% there was no correlation between the expression
of nm23 protein and metastasis development. For the first group, Leone et al. (1991b) appear to
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suggest that loss of the transfected nm23 gene may have occurred after the invasive phase and,
for the second group, earlier than the invasive phase. It would have been of great value to
compare the expression and distribution of the nm23 protein in the primary tumours with
those in the secondary tumours, especially in the metastases where low protein expression was
seen. The situation regarding its role in the invasion phase is, to say the least, uncertain. As we
have argued elsewhere (see page 200), the nm23/NDP kinase may be expected to inhibit
invasion, which is contrary to what Leone et al. (1991b) appear to be suggesting. Compatible
with our view is the demonstration by Kantor et al. (1993) that transfection of murine and
human cells with nm23 inhibits invasion in vitro in response to serum and other growth
factors, but nm23 does not appear to inhibit invasion of unstimulated cells.

Low NDP kinase expression has been correlated with reduced survival in patients with
infiltrating ductal breast carcinomas (Barnes ef al., 1991). A recent study by Royds et al. (1993)
supports the findings of Barnes ef al. (1991). In hepatocellular carcinomas NDP kinase levels
were lower in the primary tumour where metastatic spread had occurred. Furthermore, the
enzyme levels were lower in the metastatic deposits than in the primary tumours (Nakayama et
al., 1992). All these investigations are supportive of the metastasis suppressor role for the NDP
kinases, but much experimental evidence can be cited which suggests that they may not be
relevant per se to the process of metastasis. In pulmonary adenocarcinomas NDP kinase was
expressed independently of tumour pathology and patient survival (Higashiyama ef al., 1992).
High levels of NDP kinase expression occur in several solid tumour types and also in some
benign tumours. NDP kinase immunostaining may be found in non-invasive and in invasive
ductal breast carcinomas with or without lymph node involvement (Lacombe et al., 1991).
Kobayashi et al. (1992) reported that NDP kinase staining was intense in a majority of
intraductal components of human breast cancers compared with normal breast epithelium. A
majority of invasive components also express the nm23 protein at levels comparable with that
of normal epithelium. Another study by Sawan et al. (1994) determined the NDP kinase A
(nm23-H1) expression in 198 breast carcinomas. Of these 81% were NDP kinase positive. They
found that the NDP kinase expression was not related to disease relapse or patient survival.
Neither was the expression of NDP kinase related to other prognostic factors such as tumour
grade, oestrogen and progesterone receptor status or p53 expression. In pancreatic tumours,
positive staining for nm23/NDP kinase was associated with higher lymph node metastasis and
perineural invasion and also with shorter overall survival and relapse-free survival (Nakamori ef
al., 1993). The levels of nm23 proteins did not correspond with the high nm23 transcript levels
found in gastric cancers with metastasis to regional lymph nodes (Muta et al., 1994). The nm23
protein levels show no inverse correlation with the progression of oligodendrogliomas from the
benign to the malignant type. Thus, the protein was detected in non-proliferative normal brain
tissue and increased amounts of it appear in tumours with more pronounced cell proliferation.
However, 76% of the malignant form of the tumour, glioblastoma contained no nm23 protein
(Pavelic et al., 1994). In colorectal cancer nm23 protein expression showed no relationship to
tumour size, grade, Duke’s stage, metastatic spread or patient survival (Ichikawa, 1994). Thus,
the inverse correlation between nm23 gene expression and indicators of poor prognosis and
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the postulate that this gene functions as a metastasis suppressor has not been borne out by
studies at the protein expression level. This may suggest the existence of post-transcriptional
control mechanisms and therefore further studies of the expression of the products of both H-1
and H-2 genes are imperative. There has also been a suggestion that nm23/NDP kinases may
have other biochemical properties. An acid-stable phosphorylation of serine44 has been
reported and the level of this phosphorylation rather than NDP kinase activity is now suggested
to correlate with metastasis suppressor function (Macdonald et al., 1993). This has therefore
raised the question whether the empirical negative correlation between nm23 and metastatic
potential reported previously is an effect of the gene per se or an indirect effect associated with
some other feature of the metastatic phenotype.

Leone et al. (1993) found that not only reduced nm23 expression but also mutations in the
gene can lead to tumour aggressiveness. Consistent with this Wang L ef al. (1993) have reported
genetic alterations constituting either allelic deletions or deletions in nm23-H1 coding
sequences in some colorectal adenocarcinomas. Whether genetic changes in nm23 will
explain the erratic behaviour of the gene in human tumours remains to be seen. There is
bound to be a burst of activity in the detection of possible mutations in this gene. Our overall
assessment from review of the current literature is that the putative suppressor role of nm23
needs to be reexamined and that the use of its expression as a marker of progression is
premature, if not unwarranted. However, one should consider the possibility that other genes
such as the murine 1842/mts1 and its homologues might act in concert with this suppressor
gene in bringing about the phenotypic properties of invasiveness and metastasis. There are
sound reasons for believing this to be a viable hypothesis, as will be discussed in Chapter 14.
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Dominant metastasis-associated genes

The search for metastasisassociated genes expressing as a dominant trait has proceeded
alongside the exploration for suppressor genes, albeit at a torpid pace. The natural candidates
were oncogenes, which have been studied extensively as they were identified and cloned.
However, there has been no unequivocal demonstration of the involvement of known
oncogenes in cancer spread. Differential screening of cDNA libraries of non-malignant and
corresponding malignant tumour cell lines has revealed a number of differentially expressed
genes, including those coding for fibronectin (Schalken et al., 1988), and the protease transin
(Matrisian et al., 1986a,b). These have been alluded to earlier.

mtal gene expression in mammary carcinoma and
adenocarcinoma cell lines

Toh et al. (1994, 1995) isolated 10 differentially expressed genes using the 13762 rat mammary
adenocarcinoma model. One of the clones, designated mta1 has been studied in detail by these
authors. mtal is expressed at a low level in several organs, with the exception of testes where
its expression is very high. The gene shows markedly greater expression in metastatic tumours
compared with non-metastatic ones. For instance, a fourfold higher expression is found in the
highly metastatic MTLn3 cell line than in the non-metastatic cell line, MTC4. The levels of
transcripts of the human homologue of mtal were examined in human tumours. A marked
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increase in the transcription of the gene was noted in association with increase in the invasive
and metastatic abilities of MCF7 and MDA breast cancer cell lines. The ratio of expression for
MCF7 (non-metastaic): MCF7/LCC1 (invasive): MCF7 (LCC2) (metastatic) was 1:2:4 and for
MDA-MB468 (non-metastatic): MDA-231 (metastatic) 1:4 (Toh et al., 1995). The full-length
transcript of mtal encodes a protein with 703 amino acid residues. The sequence of the clone
was found to be novel. There is a proline-rich stretch of sequence at the Cterminal domains,
which shows homology with the SH3 domain-binding motif. This observation is significant, for
one can envisage a potential function for the mial protein. A group of non-receptor
intracellular kinases have been identified which have been found to bind to activated growth
factor receptors. These signalling proteins contain non-catalytic domains known as src
homology (SH) domains and transduction of growth factor signals involve interaction of SH
domains with activated growth factor receptors. Activation of these receptors can also lead to
the phosphorylation of phospholipase C (PLC) and PLC-y. PLCy can interact with cytoskeletal
structures and its targeting may be mediated by SH3 domains (reviewed by Sherbet and
Lakshmi, 1997). Therefore, the mtal protein might contain the necessary elements that might
allow the protein to be targeted to cytoskeletal elements and provide a possible mechanism for
its apparent association with invasion.

The role of murine 18A2/mts1 homologues and other $-100
proteins in cancer progression

The structure and function of S-100 family proteins

The $-100 proteins were first reported to occur in abundance in nervous tissue (Moore, 1965).
They are a family of low-molecular-weight acidic proteins formed of homo- or hetero-dimers of «
and f subunits which show 58% sequence homology (Isobe and Okuyama, 1978, 1981) and
contain multiple copies of Ca**-binding regions with a common structural motif known as the
EF hands. The EF hands bind calcium selectively and with high affinity. Typically, the EF domain
consists of a loop of 12 amino acids flanked by two a-helices. The S-100 family proteins have a
variant loop of 14 amino acids. The EF-hand proteins may take part in Ca®* signalling and
control processes which are Ca**-dependent. Some EF-hand proteins interact with other cellular
proteins in a Ca**-dependent manner and regulate their biological activity.

The structure and organisation of $-100 family genes

The $-100 family genes exhibit a common intron-exon organisation. S-100f has three exons and
two introns. The first exon codes for the 5-untranslated region and the second and third exons
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each encode an EF-hand (Allore et al., 1990). The genetic organisation of the human
homologue, b-mtsl, of the murine 1842/mtsl gene, has been described in some detail by
Ambartsumian et al. (1995). This has four exons interspersed with three introns of 232, 657
and 720 bp. The first and second exons of 54 bp and 49 bp, respectively, are non-coding exons,
and exons three and four with 136 bp and 165 bp, respectively, contain the coding sequences
for the mts1 protein. This organisation of the b-mts] is similar to that found in another member
(5-100D) of the family. The mouse homologue, along with a majority of S-100 family genes,
however, contain only three exons (Engelkamp et al., 1993). Ambartsumian et al. (1995) have
also reported the occurrence of two alternatively spliced variants of the h-mts! cDNA and also
that alternative splicing occurs within the 5 untranslated region of the original h-mtsi
transcript. The second non-<oding exon mentioned above is found only in the variant form.
This insertion, nevertheless, retains the main open reading frame (ORF) for the mts1 protein,
without creating a new longer ORF (Figure 19). In contrast, we have recently detected the
expression of a shorter b-mts] transcript in some breast carcinomas (Albertazzi et al., 1996).

The significance of the occurrence of splice variants is currently being debated. Alternative
splicing has been regarded as a widespread mechanism in the regulation of gene function
(Green, 1991; Maniatis, 1991). It has been suggested also that the mutually opposing functions
of genes in cell proliferation and differentiation and apoptosis may involve alternative splicing of
pre-mRNAs as a molecular mechanism (Mikulski, 1994). Similarly, the antagonistic functions of
proto-oncogenes and suppressor genes may be seen as a consequence of alternative splicing of a
parental gene (Calin, 1994). This implies that splice variants may be functionally different, if not
invariably antagonistic to one another. If this were the case, one would expect a differential
expression of variants in different tissues and possibly also modulation of expression of
individual splice variants with tumour development and progression. Ambartsumian et al.
(1995) found that the b-misl and b-mits1(v), the variant form, are differentially expressed in
human tissues. The b-mts1(v) variant is prominent in the colon but not in the liver and there is
also a semblance of the variant in fetal liver. The b-mis! splice variants also show marked
variation in tumour cell lines. They may be equally represented in some tumour cell lines, while
a variant may predominate in others. However, it would be premature to speculate whether the
pattern of expression is related to the histogenetic origin of tumours.

Transcriptional regulation of $-100 family genes

The promoter region of S-1008 contains several potential regulatory elements, e.g. the cAMP
responsive element and AP2 (Allore et al., 1990). The calcyclin promoter region also contains an
AP-1ike binding sequence, which, in competition assays, showed no binding by AP-2, AP-3 or
NF1 transcription factors. In neuroblastoma cells induced to differentiate using retinoic acid,
calcyclin mRNA levels increase together with the binding of AP-1-like transcription factor
(Bottini et al., 1994).
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Figure 19. The generation and characteristics of alternatively spliced variants of h-m#s1. Reproduced with permission from Ambartsumian
et al. (1995).
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The transcriptional regulation of 1842/mts1 homologues has been investigated recently. The
5 flanking region of the mouse homologue has been sequenced and homology has been
identified with promoter regions of rat fibrinogen and human prethrombin, and also with the
enhancer elements of SV40 (Tulchinsky ef al., 1990, 1992). Its transcription may indeed be
controlled by cis-regulatory elements, although Tulchinsky et al. (1992) found no cis-acting
control elements in the 5" regions of the gene. Subsequently, Tulchinsky et al. (1993) have
identified a 16-nucleotide cis-acting transcription regulatory element in the first intron of gene
which shows a high degree of homology to the enhancer element of the CD delta gene. The
promoter region of the 1842/mts1 contains motifs that show a high degree of homology to p53-
binding negative regulatory elements and AP1-ike enhancer elements in the 3 region (Parker et
al., 1994a). This evidence, albeit preliminary in nature, indicates that the pathways of function
of §-100 genes are under the control of transcription factors. Upon failing to find any cis-acting
control elements in the promoter region of the gene, Tulchinsky et al. (1992) argued that the
control of its expression may occur at a different level. The possibility of DNA methylation in
this processs has been envisaged. The methylation of the first exon and the first intron has been
implicated in the repression of transcription (Tulchinsky et al., 1995).

The expression of $-100 proteins in cell proliferation, differentiation and
neoplasia

The $-100 family of proteins now occupy a pre-eminent position with the discovery that some
of the $100 genes are associated with a variety of biological processes such as cell cycle
regulation, cell differentiation and tumour progression. They interact with cytoskeletal
structures and alter cell shape and motility. Glial cells of the brain are known to express
$-100f predominantly (Kahn et al., 1983; Kato and Kimura, 1985). $-100f is also found in
Schwann cells; melanocytes and chondrocytes express both $-100x and f, but muscle cells
express only S-100x (Takahashi et al., 1984; Haimoto et al, 1987). S-100f takes part in
neuronal development and it is identical to the neurite extension factor (Kligman and
Marshak, 1985). In glial cell cultures, inhibition of S-100f produces changes in cellular
morphology, cytoskeletal organisation and cell proliferation (Selinfreund et al., 1990). Other
functions such as regulation of protein phosphorylation, ATPase, adenylate cyclase and
aldolase activity have also been attributed to S-100 proteins (Donato, 1991). The gene coding
for S-100f has been assigned to chromosome 21q22 (Duncan et al., 1989) and therefore it has
been implicated in the neurological abnormalities associated with Down’s syndrome (Allore et
al., 1988).

Calcyclin or 2A9, which shows a 55% sequence homology to S-1008, has been reported to
exhibit not only cell cycle-related expression but it is also over-expressed in human myeloid
leukaemias and some breast cancer cell lines (Calabretta et al., 1986; Murphy et al., 1988). In
human melanomas, expression of the calcyclin gene has been found to correlate with metastatic
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potential (Weterman et al., 1992). Calcyclin RNA expression was higher in metastatic lesions.
Immunohistochemical staining has revealed the presence of higher proportions of cells strongly
staining for calcyclin in the vertical growth phase of primary melanoma (Weterman et al.,
1993). $-1008 is expressed in large amounts in neuroectodermal tumours but it is not detectable
in several cell lines derived from carcinomas of the colon, breast, lung and ovary (Marks et al.,
1990). §-100 protein-expressing dendritic cell (§-100DC) infiltration has been recorded in
transitional cell carcinoma of the bladder and the extent of S-100DC infiltration found to be
related to tumour grade and its invasive behaviour (Inoue ef al., 1993).

A cell proliferation-related gene, 1842, was cloned by Jackson-Grusby et al. (1988). The 18A2
mRNA was found to show homology to known calcium-binding proteins and was expressed in a
wide variety of normal tissues (Jackson-Grusby ef al., 1988). This gene, subsequently called
mis1, has been found to be expressed strongly in haemopoietic cells of both murine and human
origin (Grigorian et al., 1994). A dominant metastasis-associated gene (mtsI) was reported to be
highly expressed in highly metastatic murine tumours and human tumours grown as xenografts
(Ebralidze et al., 1989, 1990), and it is identical to the 1842 gene belonging to the $-100 family.
This gene was independently cloned by other groups, e.g. 42a from PC12 cells following
stimulation by nerve growth factor (Masiakowsi et al., 1988), p9Ka from rat myoepithelium-like
cells (Barraclough et al., 1984), and pEL98 from Balbc/3T3 cells (Goto et al., 1988). The 1842/
mis1 homologous product derived from bovine retina has a M, of approx. 11000 (Polans et al.,
1994). Ebralidze et al. (1990) found that the 1842/mts1 protein shows 55% sequence homology
to S-100f in the Ca**-binding domains. Some investigators have preferred to call the murine
1842/mis1 and its homologues as CAPL (Engelkamp et al., 1993). The product encoded by the
gene has been called metastasin 1 (Grigorian et al., 1993) and calvasculin (Watanabe et al.,
1992), although in the light of the spectrum of activities in which this product is implicated,
neither of these appellations would seem appropriate.

Here, the mouse homologue of the gene is referred to as 1842/mts1 and the human
homologue as bmisl. This nomenclature also serves to distinguish these genes from the
putative multiple tumour suppressor MTS1 gene frequently inactivated or mutated in human
tumours (Kamb et al., 1994). The p16/ink4 is a product of this multiple tumour suppressor
MTS1 gene and it inhibits the cyclin D-cdk4 kinase (Serrano et al., 1993). The role played by
this gene has been discussed in some detail in a previous section (see page 66).

The mouse homologue 1842/mts1 is highly expressed in highly metastatic variants of the
B16 melanoma but not in low metastasis variants (Parker et al., 1991). The expression of this
gene is altered by agents which modulate invasion and metastasis by B16 tumours. Thus,
retinoic acid inhibits metastasis by B16 melanomas and also reduces the expression of the
1842/mis1 gene. In contrast, o-melanocyte-stimulating hormone which enhances metastatic
behaviour, up-regulates the 1842/mts1 gene expression (Parker et al., 1991). Davies BR et al.
(1993) transfected benign rat mammary epithelial cell lines with the p9Ka gene, which is the rat
homologue of the murine 1842/mtsI gene. The transfectants showed higher tumour incidence
and greater ability to metastasise than the untransfected control cells. We recently transfected
the murine BI6F10 melanoma cells with the 1842/mts! placed under the control of the
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dexamethasone-inducible mammary tumour virus (MMTV) promoter. We found that switching
on the expression of transfected 1842/misl gene by exposure of the transfectant cells to
dexamethasone induced a sevenfold increase in lung colonisation by these cells indicating a
causal relationship between 1842/mts1 expression and lung colonisation (Parker et al., 1994b).
Meanwhile, Grigorian et al. (1993) transfected antisense mts! constructs into a highly
metastatic cell line, CSML-100, and tested the effects of the expression of the anti-sense
message on the metastatic ability of the transfected cells. Cells expressing high levels of the
anti-sense message were injected subcutaneously and were found to develop into tumours
which were poorly metastatic to the lungs. Thus, 1842/mts] expression indubitably enhances
the metastatic potential of cancers. Albertazzi et al. (1996) recently studied a series of human
breast carcinomas and has shown that b-mt1 expression strongly correlated with the presence
of metastatic tumour in the lymph nodes. Furthermore, tumours which expressed b-misi were
generally oestrogen/progesterone-receptor negative. The expression of b-misl is quite
obviously indicative of aggressive disease. Possibly, therefore, the expression of this gene may
be a useful prognostic factor, although much further work needs to be done in this area.
Albertazzi et al. (1996) also found a shorter variant h-mts] transcript in some breast cancer
specimens. Whether this is an alternatively spliced variant and whether its presence is related to
tumour aggressiveness is currently being investigated.

The members of the $-100 family of genes, with the exception of $-1008, have been found to
occur as a tight cluster on chromosome 1q21 (Dorin et al., 1990). Thus, four members occur in
a head-to-tail series 5-S100E-CAPL-S100D-CACY-3'. Two further members, S-100L and S-100x
have been linked to the gene cluster, by pulse-field gel electrophoresis, within a 450 kb DNA
tract (Engelkamp et al., 1993). It is interesting to note that S-1008, which shares sequence
homology with $-100a, has been localised to chromosome 21q22 (Duncan et al., 1989) and thus
stands out as an aberrant member of the family. The b-mts1 gene was provisionally assigned to
chromosome 7q21 by Lakshmi et al. (1991). Therefore, one should consider the possibility of a
pesudo b-mts! gene occurring on either location.

In this context it should be noted that chromosome 1 is the single most involved
chromosome in structural alterations in solid tumours (Trent, 1985), and the S$-100 gene cluster
locus is involved in a variety of tumours such as breast (Devilee ef al., 1991a; Wolman ef al.,
1992) and gastric carcinomas (Sano et al., 1991) and B-cell leukaemic clones (Ghose et al.,
1990). There are several reports that human malignant melanomas contain abnormalities
(rearrangements) associated with chromosome 1, among others (Fountain ef al., 1990). Extra
copies and rearrangements of chromosome 1 and chromosome 7 have been reported also in
several other human tumour types (Heim and Mitelman, 1987; Presti et al., 1991; Jhanwar ef al.,
1992). As stated before, Lakshmi ef al. (1991) provisionally mapped the b-misl gene to
chromosome 7q22 and detected no hybridisation to chromosome 1. There is also considerable
evidence of abnormalities of chromosome 7 in a variety of human tumour types (Collard et al.,
1987b; Priest et al., 1988; Fountain et al., 1990; Bertrand et al., 1991). Admittedly, the probe
used by Lakshmi ef al. (1991) is a murine probe; nevertheless, the hybridisation results may not
be affected by this on account of the extensive sequence homology between the murine and
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the human clones. Engelkamp et al. (1993) have made a good case for chromosome 1 as the
locus of the human 1842/mts1 gene; unfortunately they have provided no #n situ hybridisation
evidence for this, but only for $-100x and D. Therefore, it would not be unreasonable to suggest
that the assignment of these genes to chromosome 1q21 may be deemed as provisional. One
may recall that S-1008 is located on chromosome 21q22 and not in the gene cluster on
chromosome 1q22 described by Engelkamp et al. (1993).

Apart from the apparent association with malignant processes, S-100 proteins are known to
be expressed in a cell cyclerelated fashion. This has been reviewed by Kligman and Hilt
(1988). $100f appears to be differentially expressed in the cell cycle, with enhanced
expression in the G; phase. Marks et al. (1990) examined S-1008 expression in cell lines
derived from two melanomas and the C6 rat glioma. They found that whereas 80-95% of cells
in the S$+G,+M phases expressed $-1008, only 50-70% of cells in the GG, expressed the
protein.

$-100f is also known to inhibit microtubule polymerisation (Baudier et al., 1982; Baudier and
Cole, 1988). Its involvement in microtubule assembly is further supported by the down-
regulation of the $-100f gene when microtubule assembly is disrupted by chemical treatments
(Dunn et al., 1987); this again may be a reflection of the involvement of S-100f in the cell
division cycle. Lakshmi et al. (1993) and Parker et al. (1994b) have shown that enhanced
expression of the 1842/mts1 gene promotes microtubule depolymerisation in B16 murine
melanoma cell lines. These studies clearly indicate that the expression of both $-100f and the
18A2/mis1 protein could be a prerequisite for the progression of cells into the synthetic phase
of the cell cycle.

$100f and 2A9 (also known as calcyclin) show high levels of expression in the G, phase of
the cell cycle. In LANS cells calcyclin gene expression is detectable upon treatment with
retinoic acid together with an accumulation of cells in the G;-phase and cell growth arrest
(Tonini et al., 1991). Recent work shows that the regulation of proliferation by calcyclin may be
mediated by binding to CAP-50 which is a calycyclin-specific annexin (Minami et al., 1992;
Hidaka and Mizutani, 1993).

The expression of murine 1842 and the human h-mtsl genes can be modulated by
mitogens such as lipopolysaccharides, IFN-y and concanavalin A (Grigorian et al., 1994). It is
expressed abundantly in the S-phase, although its homologue 42A shows markedly increased
expression following mitosis in certain species. The demonstration that there might be some
discernible pattern of expression of §-100 family of genes in relation to the stage of the cell
cycle, however, does little to illuminate whether they actually control the cell cycle traverse.
Empirically, human carcinoma cells which constitutively express the 1842/mtsI homologous
gene have been reported to have large S-phase fractions compared with cell lines with low
expression levels (Sherbet ef al., 1995). The first experimental demonstration that it might
induce G,-S transition has been reported by Parker et al. (1994b). They constructed a vector
inserting the 1842/mtsI under the control of the dexamethasone-inducible mammary tumour
virus promoter. This vector was transfected into B16 melanoma F10 variant cells. Upon
switching on expression of the transfected gene there was a 2.5-fold increase in the number of
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cells in the S phase, whereas no such changes in cell cycle distribution were noted in control
cells that had been transfected with plasmid not carrying the insert and in untransfected
parental lines. This indicates that the gene product is driving the cells into the S-phase. This
has been suggested to be due to the promotion of microtubule depolymerisation by the 1842/
mts, which might serve as a signal for G-§ transition of cells (Lakshmi et al., 1993; Parker et
al., 1994b). A second possibility is that this protein may form a complex with the p53
phosphoprotein and sequester the latter, effectively removing the control exerted by the
phosphoprotein on G;-$ transition. Both of these postulated modes of cell cycle control are
discussed in detail in an earlier section (see page 48). The possibility that the 1842/mis] may
be involved in the deregulation of cell cycle progression and as a late or a distal event in the
metastatic progression of cancer has to be taken seriously. These observations have prompted
an in-depth investigation of the relationship between metastatic potential and the expression
of the 1842/mis1 gene in several laboratories.

Cell differentiation and 1842/ mtsI gene expression

It has been postulated that metastatic potential is possibly related to defective differentiation of
the tumour cell and the induction of melanogenesis has often been cited as an indicator of the
differentiated phenotype of melanomas. The process of melanogenesis is regulated by
melanocyte-stimulating hormone (MSH), together with changes in melanocyte morphology
(Lerner and McGuire, 1961; Dexter and Bennett, 1987; Preston et al., 1987, Jimenez et al.,
1988). The inter-relationships between induction of differentiation, i.e. melanogenesis and
malignancy are not well understood. Riley PA (personal communication, 1987) argued that the
level of pigmentation in melanocytes is controlled by its dilution during cell division and that the
average degree of pigmentation, i.e. the degree of differentiation as indicated by the degree of
melanisation, is inversely related to the rate of proliferation of melanocytes. Aubert ef al. (1980)
found no relationship between phenotypic features expressed in vitro and tumorgenicity and
metastatic ability in vivo. They suggest that melanogenesis is not related to malignancy. In
contrast, Silagi and Bruce (1970) reported that the malignancy and pigmentation can be
modified simultaneously and have suggested, therefore, that the two processes are regulated
by similar mechanisms. A direct correlation between melanogenesis and metastatic ability was
also noted by Kameyama et al. (1990).

It has been demonstrated, however, that while MSH treatment of the B16 cells enhances
metastasis (Bennett et al., 1986; Parker ef al., 1991) it also enhances melanogenesis (Bennett et
al., 1986). Furthermore, MSH immunoreactivity appears to be associated with peripheral
invading zones of the B16 murine melanoma (Zubair et al., 1992). This contradicts the view
that metastasis and cell differentiation are mutually incompatible features. MSH treatment of the
B16 cell variants has been shown to enhance both lung colonisation and melanogenesis
(Sheppard et al., 1984; Bennett et al., 1986; Parker et al., 1991). However, the Ca** channel



Dominant metastasis-associated genes 199

IMELANOGENESIS| METASTASIS
nm23 MTS1 LUNG
l EXPRESSION| | EXPRESSION| { COLONISATION
NO EFFECT
s )

! VERAPAMIL ‘ ' NO EFFECT

THAPSIGARGIN| NO EFFECT ' NO EFFECT

RETINOIC ' '

ACID NO EFFECT

Fi are 20. This figure summarises the effects of MSH and retinoic acid on 1842/mits1
expression and lung colonisation by B16 melanoma cells. MSH enhances 1842/misl expres-
sion and also lung colonisation. In contrast, retinoic acid has opposite effects on both. MSH
not only enhances metastatic ability but also induces melanogenesis. The effect of verapamil,
which is a Ca** blocker, is included here because it has been found to have no effect on the
formation of metastatic deposits in the lung, but markedly increases melanogenesis. These data
suggest a possible uncoupling of melanogenesis and metastatic potential. Based on data from
Parker et al. (1991) and Parker and Sherbet (1993). Figure constructed in consultation with Dr
C. Parker.

blocker verapamil was found to have no effect on lung colonisation but markedly enhanced
melanogenesis in the B16 cell variants (Parker and Sherbet, 1993). In addition to this, it has been
demonstrated that MSH up-regulates the expression of the dominant metastasis-associated gene
1842/mts] whereas verapamil down-regulates it (Parker et al., 1991; Parker and Sherbet,
1992b) (Figure 20). Therefore it can be said that the processes of melanogenesis and metastasis
can be uncoupled both at the genetic and phenotypic levels.

Retinoids have been known to produce a wide range of differentiation-related phenotypic
changes in a variety of cell types (Jetten, 1985). Retinoic acid (RA) suppresses the invasive
ability of A549 human lung carcinoma cells (Fazely and Ledinko, 1990) and melanoma cells
(Wood et al., 1990). RA is known to induce differentiation in a variety of cell types and several
genomic targets have been indentified in the induction of differentiation (Parker and Sherbet,
1992a). We have shown that lung colonisation by B16-ML8 murine melanoma cells injected into
the tail vein of mice is significantly reduced if the cells are exposed in vitro to RA before
injection (Parker ef al., 1991). We have argued that if RA is capable of inhibiting both invasion
and metastatic dissemination, it is possible that exposure to RA would modulate the effects of
the putative metastasis-suppressor nm23 and the dominant 1842/misI genes.
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Are 1842/mits1 and nm23 genes functionally related?

We have recently probed three B16 murine melanoma cell lines possessing demonstrably
different metastatic ability for nm23 and 1842/mtsl expression. The expression of nm23 did
not show the expected inverse relationship with metastatic ability, whereas 1842/misl
expression was directly related. Treatment of highly metastatic cells with RA, a differentiation-
inducing agent, down-regulated 1842/mitsl expression. RA up-regulated nm23 expression,
albeit not in a consistent fashion. An examination of the relative expression of these genes (i.e.
the ratio of nm23: 1842/mts1) has shown that in low metastatic variants, the ratio remained
virtually constant over the 48-h RA treatment period, but it showed a steady increase in highly
metastatic variants, suggesting that the two genes may be coordinately regulated in low
metastatic tumours, but their regulation may be uncoupled in the highly metastatic tumour
variants (Patker et al., 1991). The possibility that the two genes may be uncoupled is
supported by another line of experimental evidence. We isolated a heatresistant cell line,
HTG, from the BL6 murine melanoma and another cell line, the HUT, from a human hepatic
tumour. In both cases, the parental cells expressed 1842/mtsl or b-mtsl (the homologous
human gene), respectively, at a high level, but nm23 at a lower level. In contrast, both the
heat-resistant cell lines HTG and HUT, showed low murine or human mts! with unaltered
nm23 expression.

The apparent uncoupling of 1842/mts] and nm23 expression in potentially malignant
tumours has been confirmed by further work carried out by our research group using the B16
murine melanoma line F10-192/10 which is a transfectant cell line that carries the 1842/mts1
placed under the control of dexamethasone-inducible mammary tumour virus promoter. When
the cells were exposed to the steroid, 1842/mtsI expression increased, together with several-
fold enhancement of lung colonisation, but the expression of nm23 appeared to be unaffected
(Parker et al., 1994b). We have reported recently that c* signalling is a common regulation
pathway of these genes (Parker and Sherbet, 1992b) and there may be an uncoupling of this co-
regulation in highly metastatic variants. At the mechanistic level, their co-regulation may be
reflected in the physiologically opposite functions attributable to the proteins encoded by these
genes. We know that the 18A2/mts1 promotes depolymerisation of microtubules but, in sharp
contrast, nm23/NDP kinase is closely implicated in promoting polymerisation of these
cytoskeletal structures.

1842/ mts1 and nm23 genes and cytoskeletal integrity

The 1842/mts1 gene codes for a protein which has sequence homology with S-1008 protein,
which is 2 member of the Ca**binding protein family (Ebralidze et al., 1990). $-1008 is known
to form a complex with the microtubule-associated fau protein and this complex inhibits
microtubule polymerisation (Baudier ef al., 1982; Baudier and Cole, 1988). $-100 proteins bind
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to annexin I and p11 proteins which are the heavy and light chains of calpactin I (Bianchi et al.,
1992). $100 proteins also bind to glial fibrillary acidic protein (GFAP) and inhibit its
polymerisation in a Ca**-dependent manner into glial filaments, which constitute the major
cytoskeletal component of glial cells (Bianchi et al., 1993). Whether the inhibition of
polymerisation always involves an intermediate target protein is uncertain. Bianchi et al.
(1993) suggest that S-100 protein dimers may crosslink GFAP units and suggest that $100
could bind to tubulin in a similar fashion with a tubulin dimer:$-100 dimer linkage. The 1842/
mis1 protein could be directly binding to tubulin in promoting the depolymerisation of tubulin
reported to be a consequence of over-expression of the gene (Lakshmi ef al., 1993). In fact, the
protein encoded by the p9Ka, the rat homologue of murine 1842/mts1, also shows association
with cytoskeletal elements (Davies BR et al., 1993; Gibbs ef al., 1994). The association of pEL98
(the 1842/mits1 from Balbc/3T3 cells) protein with cytoskeletal proteins has also been
demonstrated (Takenaga et al., 1994a). Watanabe et al. (1993) found that the disorganisation
of microfilaments in rat fibroblasts transfected with the src oncogene corresponded with
increases in the levels of the protein encoded by 1842/mis1.

Amino acid sequence homology has been demonstrated between #m23 and the awd gene
in Drosopbila (Rosengard et al., 1989) and also a nucleoside diphosphate kinase found in the
slime mould Dictyostelium discoideum (Lacombe et al., 1990; Wallet et al., 1990). There is
considerable evidence, therefore, that nm23 and the awd genes code for a nucleoside
diphosphate kinase (Biggs ef al., 1990; Wallet et al., 1990). The nm23/NDP kinase is also
involved with the polymerisation of spindle microtubules which requires transphosphoryla-
tion of GDP to GTP (Nickerson and Wells, 1988). This is consistent with the demonstration
that the nm23 proteins also form complexes with tubulin (Lombardi et al., 1995). There are
also suggestions that nm23 expression may be related to cell proliferation. It has been
reported that the level of nm23-H1 expression declines in serum-deprived cells in culture and
increases rapidly upon serum supplementation (Igawa et al., 1994). There does not appear to
be any pattern to H1 expression during the cell cycle, hence the details of the involvement
of the gene in cell proliferation need to be studied further. However, microtubule
polymerisation might be the point of expression where nm23 and 1842/mis1 genes exert
their specific suppressor or dominant effects on the biological behaviour of tumour cells. A
new possibility that has emerged from the work of Postel et al. (1993) is that the nm23
protein might function as a transcriptional regulator of the myc oncogene. These authors
have found that the c-myc transcription factor PuF shows sequence identity to the human
nm23-H2 protein.

We have recently reported that modulation of the expression of the 1842/mis1 and nm23
genes alters the state of polymerisation of tubulin and that treatment with MSH, which up-
regulates the 1842/mts1 gene, increases the proportion of the depolymerised form of tubulin,
whereas RA, which down-regulates 1842/mtsl (and up-regulates nm23), decreases the
depolymerisation of tubulin (Lakshmi et al., 1993) thereby providing a link between the
expression of 1842/misI and the invasive behaviour of tumour cells. Further support for this
cell motility function of the 1842/mts1 protein has recently come from two sources: Takenaga
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et al. (1994b) found high expression of the gene in HL-60 cells differentiating into macrophages,
but the levels were low in cells induced to differentiate in the granulocytic direction by all-trans
RA; Merzak et al. (1994b) found that h-misI was overexpressed in cell lines derived from
invasive human gliomas compared with cell lines derived from non-invasive tumours. Finally,
Takenaga et al. (1994c) transfected the pEL98 (1842/mtsI) cDNA into 3Y1-H (src transfected)
cells with low cell motility and found their motility was significantly enhanced. They also
reported that in cell clones derived from the Lewis lung carcinoma, gene expression correlated
with cell motility.

The role of cytoskeletal elements in cancer invasion

Cytoskeletal structures play a leading role in cell motility and invasion, proliferation, differenti-
ation and in the transduction of extracellular signals. In the light of this, there have been
several studies on the changes in cytoskeletal elements consequent upon cell transformation or
induction of differentiation. Changes in cytoskeleton-associated proteins and vimentin were
described in both granulocytic and monocytic leukaemia cells some years ago by Bernal and
Chen (1982) and Bernal and Stahel (1985). For example, alterations in microtubules,
microtubule-associated proteins (MAPs) and intermediate filaments (IF) have been demon-
strated in HL-60 leukaemia cells. Treatment of the leukaemic cells with RA, which induces
terminal differentiation of these cells, has been found to increase the amount of microtubule
protein and vimentin (an intermediate filament glycoprotein). Changes have also been
reported in the microtubule-associated proteins MAP2 and tau (Leung ef al., 1992). It has
been reported that breast cancer cell lines which express vimentin are more invasive than
those which do not have vimentin (Thompson et al., 1991).

There is some evidence that control of cell locomotion and invasion may be mediated by
genes which control the dynamics of microtubule assembly. A striking example of this is the
expression of MSH and its association with the invasive and metastatic behaviour of melanomas.
Zubair et al. (1992) demonstrated that MSH immunoreactivity occurs predominantly in the
peripheral invading zones of a BIGBL6 mefanoma. It has recently been reported that treatment
of B16 melanoma cells with MSH enhances metastatic ability of B16 melanoma cells and up-
regulates 1842/misl expression (Parker et al., 1991). These effects are accompanied, in
parallel, by an increase in depolymerisation of tubulin (Lakshmi et al., 1993). Merzak et al.
(1994b) have recently demonstrated that the 1842/mtsI gene is expressed in invasive gliomas
but not in non-invasive brain tumours or in fetal brain cells. It appears, therefore, that there is a
clear physical link in the form of cytoskeletal dynamics between expression of 1842/mts1 gene
and tumour cell invasion.

Invasion by cancer cells is also regulated by hormones and growth factors. For instance, in
oestrogen receptor (ER)-positive breast cancer cells lines such as MCF-7 and T47D, oestradiol
stimulation increases their invasive ability but this does not occur in the ER-negative cell line



Dominant metastasis-associated genes 203

MDA-MB-231 (Albini et al., 1987, Thompson et al., 1988, 1989). Most interesting is the
observation by Thompson et al. (1991) that oestradiol-regulated alterations are associated with
the occurrence of vimentin. They found that vimentin-positive breast cancer cells showed far
greater increases in invasion in response to oestradiol than cells which were vimentin-negative.
Epidermal growth factor (EGF) not only produces changes in cellular morphology but also
promotes cell invasion in vitro (Shiozaki et al., 1995).

Recently, it has been demonstrated that the proliferative response of cancer cells to
stimulation by growth factors is also associated with the cytoskeletal elements. In the A431
epidermoid carcinoma cell line, EGFstimulated high-affinity EGF receptors are invariably
associated with cytoskeletal structures (Roy et al., 1989, 1991; van Bergen en Henegouwen et
al., 1989). This suggests that cytoskeletal elements play an important role in the transduction of
the proliferative signal imparted by the binding of EGF to its receptor.

Growth factor receptors are associated with cytoskeletal
elements

As discussed in a previous chapter, high EGF receptor (EGFr) expression has been correlated
with axillary node involvement and higher levels of EGFr have been reported in metastatic
tumour than in the primary lesion. Furthermore, high EGFr status correlates with poor
differentiation and high tumour grade. It ought to be stated, however, that there are also
studies which do not subscribe to these views. Nevertheless, for breast cancer an overall picture
has emerged which suggests EGFr status as a strong marker of clinical aggressiveness and
metastatic potential (see page 153).

Recently, we investigated whether the expression of 1842/mis] and nm23 genes was
related to EGFr expression (Parker et al., 1992; Sherbet et al., 1995). We found a constitutively
high expression of b-mis! in the breast cancer cell line MDA-MB-231 and A431 (vulval
epidermoid carcinoma) which are both also high expressors of EGFr. In contrast there was
no detectable expression of this gene in the MCF7 cell line which is a low expressor of EGFr.
The ZR-75-1 breast cancer cells in which h-mts1 expression is low (Pedrocchi et al., 1994)
have also been described as containing low levels of high-affinity EGF receptors (Valverius et
al., 1990). Furthermore, the expression of b-misI correlated with the degree of depolymerisa-
tion of tubulin. These data suggest that EGFr positivity and b-mts! (possibly also nm23)
expression are related. Furthermore, the relative state of microtubule polymerisation strongly
correlated with the expression of these two genes. Thus, MCF7 cells which showed the
strongest expression of nm23 showed the highest expression of polymerised tubulin
compared with A431 and MDA cells in which b-mtsI gene was highly expressed (Sherbet et
al., 1995).

There is currently considerable evidence suggesting that ligand-induced high-affinity EGF
receptors are associated with cytoskeletal elements (Roy et al., 1989, 1991; van Bergen en
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Henegouwen et al., 1989). As pointed out above, both 1842-mts1/b-mtsI and nm23 genes may
be involved in, and possibly interfere with, the process of tubulin polymerisation and therefore
these are reasonable grounds for undertaking a prospective study of the correlation between
EGFr status and the expression of the metastasis-associated genes in breast cancer with a long-
term view of assessing the potential of mitsl/nm23 expression as a marker for tumour
progression and predicting prognosis. Preliminary data do indeed show that b-m#s1 expression
in human breast cancer correlates directly with the potential for nodal metastasis and inversely
with oestrogen receptor status, thus strongly suggesting that the expression of this gene
indicates highly aggressive disease (Albertazzi et al., 1996).

As discussed previously, the proposed mechanism of the up-regulation of 1842/mis1 by MSH
in the B16 murine melanoma is via activation of CAMP-PKA signal transduction, producing a
transient increase in the early response genes and since 1842/mts] contains an AP1-like
enhancer element in the 3’ region of the gene this may induce its expression. EGF receptor
when activated is believed to transduce its signal via subsequent activation of PKC. Conceivably,
a result of this activation will be a transient increase in the expression of the early response
genes which may, in turn, up-regulate the /842/mts1 gene. Therefore, this may suggest that
1842/mts1 expression may be regulated by means of activation of PKC signal transduction by
interaction of EGF with its receptor EGFr. There is now considerable experimental evidence
linking 1842/mts1 expression with metastasis; therefore, one may conclude that the correlation
demonstrated between 1842/mis1 expression with EGF receptor status may be significant and
relevant to the process of progression of tumours to the metastatic state.

The p21™ protein and the transduction of 1842-mts1/b-misl
proliferative signals

The ras proteins are a family of highly conserved proteins and have, in recent years, been shown
to regulate transduction of signals associated with control of proliferation and growth. Since ras
oncogene expression appears to bring in its wake the expression of S-100 related proteins, we
shall only briefly discuss how one might envisage the role of 18A2/mts1 and homologous
proteins and the nm23/NDP kinase in growth signal transduction.

The ras proteins bind to and hydrolyse GTP in a manner analogous to guanine nucleotide-
binding regulatory proteins, viz. the heterotrimeric G proteins. Point mutations in p21™ can, in
addition to over-expression of the native protein, lead to a loss of growth control and can
transform cells to a malignant phenotype. The mutant ras protein shows impaired GTPase
activity. Conversely, the GTPase activity of the native ras protein is increased over 100fold by
interaction with a 120 kDa protein called the GTPase activating protein (GAP). Transforming
p21™ are not activated by GAP. Therefore, the constitutive presence of the active form of a
(p21™/GTP) complex provides a continuous signal for cell proliferation and oncogenic
transformation.
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Recent work has shown that the GAP and two GAP-associated proteins, p62 and p190 are
phosphorylated on tyrosine and serine residues by PDGF and EGF (Molloy et al., 1989, Ellis et
al., 1990; Kaplan et al., 1990). The N-terminal half of GAP contains two src homology SH2
domains which are the site of interaction of PDGF and EGF receptors with GAP or its associated
protein p62 (Anderson et al., 1990; Moran et al., 1990). As we have discussed previously, the
transduction of the growth factor signals also involve the cytoskeletal elements, especially in the
depolymerised state, conceivably because this allows the EGF receptors to dimerise and
autophosphorylate. It is therefore of more than coincidental interest that the two SH2 domains
are separated by a sequence resembling the SH3 domain which Lehto et al. (1988) identified in
a number of cytoskeletal proteins, and this SH3-like sequence could conceivably control the
flow of information by regulating the association of EGF and GAP/GAP-associated proteins with
the cytoskeletal elements.

Oncogenes such as src and ras have previously been shown to affect the regulation of F-actin
w_.ich is 2 major component of the cytoskeleton (Holme et al., 1986; Marchisio et al., 1987;
Sistonen et al., 1987). Sistonen et al. (1987) demonstrated that microinjection of p21™
modified both the amount and pattern of F-actin expression in NIH 3T3 cells. More pertinent
to the subject of this discussion are the findings of De Vouge and Mukherjee (1992) that the
transformation of rat kidney cells with vK-ras resulted in enhanced expression of the $-100
family protein p9Ka, which is a rat homologue of the 18A2/mts] protein (Barraclough et al.,
1984, 1990). This is compatible with the work from our research group described in the various
preceding sections, which brings together the relationships between 1842/bmisl gene
expression, EGF receptor status, and tubulin depolymerisation in the context of the invasive
and metastatic behaviour of cancer cells.

We have argued that 1842-misl/b-misl and nm23 genes are expressed in a coordinated
fashion and have provided evidence that their pathways might converge and have also pointed
out how the state of tubulin polymerisation might be affected in opposite directions by the two
genes. The function of p21™ in signal transduction provides another site of action. As discussed
above, 1842-mts1/b-misl protein expression is enhanced by the ras oncogene, whereas nm23/
NDP kinase has been postulated to phosphorylate GDP to GTP, which is involved in both
microtubule polymerisation as well as in signal transduction.

Molecular mechanisms of regulation of metastasis by
1842/mts1 gene and its homologues

An initial step in uncovering the molecular mechanisms of regulation of metastasis-related
genes and differentiation inducing agents is to identify molecular targets downstream. The
immediate-early response genes fos/jun are involved in the transduction of growth factor
signals to the genetic material, and these may therefore be regarded as the most likely targets.
Changes in the expression of these genes consequent upon exposure of cells to agents that
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enhance invasion and metastasis and to growth factors has been studied. Cfos expression is
induced in response to a variety of growth factors and differentiation-inducing agents (Curran,
1988). The fos protein interacts with the protein encoded by cjunm, which is also an
immediate-early response gene, to form the heterodimeric transcription factor AP1 (Angel ef
al., 1988; Lamph et al., 1988; Quantin and Breathnach, 1988; Rauscher et al., 1988; Ryseck et
al., 1988).

It is now known that deregulation of signal transduction contributes significantly to the
development and progression of tumours (Weinberg, 1985; Kahn and Graf, 1986; Reddy et al.,
1988). Since metastasis manifests itself in the later stages of tumour development, deregulation
of certain elements of signal transduction systems involved in the regulation of metastasis-
associated genes may play a crucial role in determining metastatic behaviour.

We have previously proposed a mechanism by which MSH and RA may control the regulation
of the 1842/misl and the nm23 genes via activation or inactivation of the cAMP signal
transduction pathway (Parker et al., 1991). MSH is known to produce a rapid influx of Ca** ions
across the cell membrane. Therefore, we have also investigated the efferts of verapamil, which
is a Ca** channel blocker (Atlas and Adler, 1981; Janis et al., 1987), and thapsigargin, a
sesquiterpene lactone, which increases intracellular Ca®* levels (Takemura et al., 1989;
Thastrup et al., 1989), on the expression of the metastasis-associated genes 1842/mtsl1 and
nm23 in metastatic variants of the B16 murine melanoma. Since many components of the
various signal transduction pathways may involve Ca**/calmodulin-dependent activation we
have also investigated the effect of the calmodulin inhibitor W-7 on the expsession of these
genes (Parker and Sherbet, 1992b).

Work carried out by our research group has shown that treatment with MSH of the low
metastatic F1 variant of the B16 murine melanoma increases expression of the ‘dominant’
metastasis-associated gene 1842/mits1. The proposed mechanism for this up-regulation is that
MSH treatment increases cAMP levels inside the cell which, in turn, activate the protein
kinase A (PKA) signal transduction pathway. This will produce a transient increase in the
expression of the ‘early response genes' c¢-fos (which contains a cCAMP responsive element
(CRE) in the promoter region of the gene) and junB (C Parker and GV Sherbet, personal
communication), and since 1842/mts1 is known to contain an APl-like enhancer sequence
in the 3' region of the gene, this may result in its increased expression. Recent work carried
out by our group has shown that treatment of the low metastatic F1 and highly metastatic
MLS variants of the B16 murine melanoma with the Ca** channel blocker verapamil and
thapsigargin (which raises intracellular Ca®* levels from intracellular stores), down-regulated
both 1842/mts1 and nm23 expression (Parker and Sherbet, 1992b). From this it would
appear that, while verapamil and thapsigargin have opposite effects on intracellular ca®
levels both agents reduce 1842/mtsI and nm23 expression. A possible explanation for these
effects may be that verapamil and thapsigargin modulate the effects of Ca**/calmodulin-
dependent protein kinases and phosphatases, which are involved in signal transduction.
Furthermore, treatment of the F1 and ML8 cell variants with the calmodulin inhibitor W-7
was also found to down-regulate 1842/mts1 and nm23 expression implicating calmodulin in
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the Ca**-mediated signal transduction pathway and the subsequent regulation of these genes.
The transcription-activating factor CREB (cAMP response element binding protein) has been
shown to be phosphorylated by Ca®*/calmodulin-dependent protein kinase (PKIT) (Dash et
al., 1991; Sheng et al., 1991). This will activate the early response gene fos which may in
turn upregulate 1842/mts] expression. Contrary to this the phosphatases PP-2A and PP-2B,
which are stimulated by Ca**/calmodulin, have been shown to dephosphorylate phosphatase
inhibitor 1 (Klee and Cohen, 1988; Hubbard and Cohen 1989). Phosphatase inhibitor 1 has
been shown to inhibit the activity of the phosphatase PP-1 (Huang and Glinsmann, 1976;
Hemmings et al., 1984; Stralfors et al., 1985). The inactivation of phosphatase inhibitor 1 by
PP-2A and PP-2B may allow phosphatase PP-1 to dephosphorylate CREB thereby rendering it
inactive. Phosphatase inhibitor 1 is also a substrate for calcineurin, a Ca**/calmodulin-
dependent phosphatase. Since calcineurin is reported to have 100-1000 times greater affinity
for calmodulin than PKII it will be preferentially activated when the Ca®* level is relatively
low (e.g. those levels resulting from release of calcium from intracellular stores) (Klee,
1991).

There is ample evidence suggesting that Ca®* influx and release from intracellular stores
have independent roles (Haverstick et al., 1991). It has also been suggested that low levels of
intraceflular Ca®* (in the low micromolar range) inhibit the activity of adenylate cyclase (AC)
in contrast to calmodulin stimulation of AC, possibly mediated by Ca** influx (Cooper, 1991).
Therefore, it may be postulated that the release of Ca®* from intracellular stores may activate
specific components of the signal transduction pathways involved in gene regulation, e.g. via
the activation of Ca**/calmodulin-dependent phosphatases PP-2B and calcineurin, whereas
altering Ca** influx into the cell may modulate Ca**/calmodulin-dependent phosphorylation of
CREB. Thus, there may be two mechanisms by which alterations in the intracellular Ca**
might down-regulate the expression of the 1842/mts! gene. With nm23 expression it may
also be the case that Ca®*/calmodulin-dependent protein phosphatases and kinases are
involved in modulating the activity of specific transcription-activating factors (Figure 21, see
page 208).

Interestingly, contrary to what might be expected, verapamil and thapsigargin reduced nm23
expression (nm23 has been described as a metastasis suppressor gene) in the low metastatic F1
variant, but there was no corresponding increase in lung colonisation. In addition, 1842/mis1
expression (1842/mtsl augments metastasis) was found to be reduced, along with nm23
expression in the highly metastatic ML8 cell variant but again there was no corresponding
change in lung colonisation (Parker and Sherbet, 1992b) (Figure 20, page 199). As mentioned
above, it is only after treatment of the ML8 cells with RA, which caused an increase in the ratio
of nm23:1842/misl, that a corresponding reduction in lung colonisation was seen. These
observations support the thesis that the metastatic phenotype may be determined by the
relative expression of both nm23 and mtsI and not by either gene individually.

By general reckoning, murine 1842/mits1, with its homologues, may be a candidate metastasis
gene. The ubiquitous expression of the gene in normal proliferating tissues and its ability to
drive the cell into the S-phase, together with its apparent involvement and participation in the
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Figure 22. This figure summarises the wide spectrum of biological functions in which the
18A2/b-mis1 gene appears to participate. The gene is strongly implicated in the progression of
the cell cycle by sequestering p53. The promoter region of the murine 1842/mtsl and its
human homologue contain motifs with sequence similarity to the consensus p53-binding site
derived by El-Deiry et al. (1992). The illustration also shows its possible involvement in a cell
cycle indicated by its down-regulation by heat shock, together with the induction of HSP28
which is known to inhibit cell proliferation. The expression of 1842/mts1 has profound effect
on cytoskeletal dynamics and this may be the property which relates it closely with growth
factor signal transduction as well as cell deformability and consequent acquisition of invasive
potential. Invasive behaviour of cancer cells may be modified by the 18A2/mts1 protein and this
is suggested by its apparent ability to down-regulate TIMPs. Invasive behaviour also may be
affected by the changes in the lateral mobility of membrane receptors brought about by the
alterations in the cytoskeletal organisation.

transduction of growth factor signals, clearly suggests that the mts1 gene product subserves
several physiological functions. However, the most exciting feature of the function of the 1842-
misl/b-mis] gene product is its apparent versatility in participation in cell motility and
therefrom it derives a function in metastatic progression of cancer. It seems to participate in
cell cycle regulation and cellular responses to growth factors (Figure 22). Whether the 1842-
misl/b-mis] gene is a metastasis-associated gene or a candidate metastasis gene is unimportant
per se. Possibly, the multifarious functions of the protein confer the invasive and metastatic

Figure 21. (On facing page) Postulated pathways of regulation of expression of 1842/mts1
gene by growth factor and differentiation signals and how expression of 1842/mt1 and nm23
genes might inter-relate in altering the cytoskeletal dynamics and progression of the cell cycle.
Figure constructed in consultation with Dr C. Parker.
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properties on cells which have undergone the early stages of transformation, or there may be
enhanced expression of the gene following cell transformation. Retroviral long terminal repeats
(LTRs) have been shown to activate its transcription in vitro (Tarabykina et al., 1996). LTR-
mediated transcription of the gene has not been demonstrated in vivo but, in the light of the
viral aetiology of some forms of cancer, this cannot be ruled out. Together with its ability to
influence the cell cycle, albeit indirectly, and to modify the ability of the tumour cell to respond
to extracellular proliferative signals, the 18A2/mts1 protein could be aiding the process of
cancer progression. By the definition by Zachary and Rozengurt (1992) that ‘exciting develop-
ments in biology often occur as a result of the discovery that a given protein plays a fundamental
role in diverse aspects of cell function’, the 1842/mts1 and related proteins may indeed provide
an exciting prospect for the understanding of some basic features of cell invasion and cell cycle
control in metastatic progression of cancer and enhance also the prospect of successful cancer
therapy.



Epilogue

The basic features that characterise tumour development and its secondary spread were
recognised many years ago and this is amply testified by the definitions of a tumour as ‘an
abnormal mass of tissue, the growth of which exceeds and is unco-ordinated with that of
normal tissue, and persists in the same excessive manner after the cessation of the stimuli which
evoked the change’ (Willis, 1967). Quite transparently, this definition subsumes a heritable
change, and over the years the question has been consistently posed whether there are
identifiable genetic determinants involved in tumour development and progression. Willis
(1934) had earlier provided a succinct and accurate description of metastatic tumour by
stating that ‘only those growths which are not continuous with the primary growth but have
arisen from detached transported fragments of that tumour are entitled to be called metastases’.
Here we have focused on genetic mechanisms involved in the invasive and metastatic behaviour
of cancers, at the various levels in the cascade of metastatic spread, with special reference to a
panoply of genes which are differentially expressed in normal tissues and their corresponding
neoplastic counterparts and which markedly influence tumour growth and progression. A wide
spectrum of biological processes are implicated in the pathogenesis, progression and prognosis
of cancer. This book represents an attempt to gain insights into the deregulation of the cell cycle
in tumour development and the functions of tumour suppressor genes, oncogenes and
metastasis-associated genes in the clonal evolution of the invasive and metastatic phenotype,
leading to the pathogenesis and progtession of cancer.

Tumour evolution may be associated with increased genetic instability which could lead to
the emergence of variant cell types which have more aggressive properties. Spontaneous
mutation rates are known to be higher in cancer cells as compared with their non-malignant
counterparts. A faster growth rate coupled with high rates of production of malignant cells may
be expected to lead to the pathogenesis of highly aggressive primary cancer. This crucial
relationship between tumour cell proliferation and secondary spread, not highlighted hitherto,
concerns genes which are implicated both in cell proliferation and metastasis. Cancer has aptly
been described as a disease of cell proliferation, and the deregulation of cell proliferation in
tumour development, invasion and progression to the metastatic state, is given due cognisance,
the major themes being the cell cycle control genes, e.g. p53 and rb, and appropriately also,
their downstream target genes. The proteins encoded by these suppressor genes can form
complexes with other gene products and the concept has therefore arisen that there may be
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regulatory loops of gene function. Possibly sequestration of some of these suppresssor proteins
and consequent abrogation of their functions, could lead to a loss of control over cell
proliferation and apoptosis.

A pre-requisite of tumour dissemination is its neovascularisation. This process is extensively
reviewed, both from the point of view of its induction and as a predictor of prognosis of cancer.
There are several dramatis personae on the invasion stage, viz. genes coding for cell adhesion
molecules and those encoding a range of proteases and their inhibitors. These contribute
significantly to the invasive propensity of cancer cell and are powerful modulators of metastatic
behaviour. A part of this book deals with the transduction of signals imparted by extraneous
growth factors, the role of ras oncogene in this process, the involvement of cytoskeletal
elements in signal transduction, and how signal transduction is modulated by genes such as
1842/mts1 and nm23 which affect the polymerisation of cytoskeletal elements, and have the
potential to confer invasive properties.

Finally, there are several oncogenes and metastasis-associated genes which are differentially
expressed between non-malignant tumours and their aggressive counterparts. Several genes
which seriously affect the outcome of the disease have been identified, e.g. the APC and MCC
genes, breast carcinoma suppressor genes, as well as the putative metastasis-suppressor nm23
and the dominant $-100 family genes. Their biological function and the possible relationship
between their expression and the progression of the disease have been the focus of
considerable attention. Surprisingly, both nm23 and the S-100 family genes may be related to
the cell cycle. As we have seen the murine 1842/mts1 and its human homologue h-misl, a
member of this gene family, appear to be able to control cell cycle progression as well as cancer
invasion and metastasis. The latter influences may be attributable to the apparent ability of this
gene to modulate the expression of some genes encoding adhesion factors and tumour cell-
associated enzymes and their inhibitors, which are actively involved downstream in the
metastatic cascade. These observations lead one often to ask whether there are also specific
determinants for metastasis, i.e. are there candidate metastasis genes? The answer to this at the
present is probably no. Admittedly there are several genes which can up-regulate both invasive
and metastatic processes. But this may occur only in cells which have passed into the
transformed state. Therefore these genes may not be metastasis genes per se, but only normal
genes whose inappropriate expression can influence cell behaviour. Several features of invasive
and metastasis-like behaviour may be encountered in normal embryonic development. It would
be rewarding in various ways, not least to reinforce the preceding arguments, to see how the
expression of these metastasis-associated genes relates to the cell behaviour in embryonal
systems.

Continuing with the theme of cell proliferation in cancer: the initiation of DNA synthesis and
mitosis are controlled by cyclin-dependent kinases and their inhibitors. Genes coding for cyclins
have been named as proto-oncogenes and treatment of this topic forms an important part of the
book. Many of their functions are intricately related to the functioning of the tumour suppressor
gene p53. The latter is able to induce a powerful cyclin-dependent kinase inhibitor. The so-
called multiple tumour suppressor gene pI16 k4 has been an important component of this



Epilogue 213

discussion, since its product is also a cyclin-dependent kinase inhibitor. The retinoblastoma-
susceptibility gene 7b is another gene involved with cell cycle progression. All these genes show
a range of abnormalities in a variety of human cancers. Thus we have attempted, and hopefully
achieved here, a conceptual as well as a factual synthesis of the biological processes of invasion,
proliferation, and metastasis, by linking the biological processes of cancer invasion and
secondary spread with cell proliferation and its deregulation.
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remodelling 123

Familial adenomatous polyposis (FAP) 173
Fibroblast growth factor (FGF)

angiogenesis by bFGF 87, 91
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up-regulation of c-met (HGF receptor) by bFGF 93

Fibronectin 112
Follicle stimulating hormone (§) 163, 164

G, transition 28-8, 198
GyM transition 28-9
GADD (Growth Arrest and DNA Damage-

inducible) 46-7

Gall bladder cancer 120
Gastric cancer

cathepsin Bin 132

cathepsin D in host cell infiltrates in 130

CD44in 109, 111

c-met protein in progressive 93
E-<cadherin mutations in 106
microsatellite instability in 16, 20
nm23 expression in 186

ras mutations in 147

telomerase activity in 22

TGF-§ mutations in RER+ 18

urokinase levels and metastatic potential of 127
Gastric leiomyosarcoma, DNA ploidy in 6

Genetic alterations and microsatellite instability 16
Genetic instability

and metastatic variants 9—15
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Genetic instability (cont.)
chromosomal level 5, 5
manifestations of 5-6, 5
Genetic recombination in metastatic variants 13-4
Germ cell tumours, VEGF and receptor up-regulation
in 90
Glioblastoma multiforme (See also gliomas and
astrocytomas)
cathepsinBin 132
cathepsins Land Hin 133
GD3 ganglioside in 98
nm23 protein in ~ 188
P53 aberrations in  35-36
PA receptor levels in invasive regions of 126
wafl/cipl levelsin 64
Gliomas (See also glioblastoma multiforme and
astrocytomas)
18A2/mts1 expression in cell lines from 202
CD44 expression in relation to grade of 108
cathepsin Bin 131
effects of p53 transfection on bFGF-mediated
angiogenesis in 95
growth of NCAM-transfected cells of 119
integrin expression in relation to grade of 102
p53 mutations and survival of patients with 39
VEGF in 90
Glucocorticoids 137, 139, 184
Glycoproteins of the cell surface and their
receptors 10022
Growth factor receptor, interaction with
cytoseleton  203-4
Growth factors
association with cytoskeleton of receptors for 203-
4
down-regulation by wt1 of genes encoding 165, 169
induction of cfos expression by 206
regulation of MMP synthesis by 137
GTP 146
GTPase activating protein (GAP) -204-5

Haemopoietic malignancies
bel-2 overexpression in - 83
kip expression in 66
Head and neck cancer
cathepsin H levels in 133
cyclin D1 levelsin 58
E-cadherin expression in 105
metastatic potential of c-mef positive 93
p53 expression in progression of 9
Heat shock cognate (HSC) proteins (see heat shock
proteins, HSP)
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Heat shock element 70
Heat shock proteins (HSPs) 68-75, 68
induction and down-regulation of 1842/mtsl
expression by 72
cell cycle related regulation of 70
in cell proliferation 72
functions of 69
in embryonic development and differentiation 60~
70
interaction with p53  70-2, 71
relevance to prognosis of p53 complexes with 73—

Heparan sulphate proteoglycans (HSPG)
binding of growth factorsto 87, 95
Hepatocellular carcinoma
cyclin D1 expressionin 58
int-2 coamplification with cyclin DI in 59
P53 alterations in 34
Hepatocyte growth factor (scatter factor)
angiogenic ability 87, 92-3
c-met receptor of 93
expression in human tumours 93
PA-mediated activation of 127
sequence similarity to PA 127
Hermes-1 antigen (See CD44) 107
b-misl
chromosomal assignment 196
modulation of expression by mitogens 197
splice variants of 192, 193
correlation of expression with EGFr status 203
correlation of expression with nodal spread in breast
cancer 196
HMSH2 (human homologue of E. Coli mismatch repair
gene)
mutations and microsatellite instability 16
p53 binding consensus sequence in promoter
of 17
HPV 16E5 gene, amplification of EGF signals by 154
HPV 16-E6 gene
immortalisation of cells by 32
E7 fusion protein mediated degradation of tb 32
sequestration of p53 by 32
HSP-p53 complexes, functions of 74-5
Human papilloma virus (HPV) 32, 52
Hyaluronate
ligand for CD44 112
synthesis of hyaluronates by melanomas 112
Hyperthermia
down-regulation of 1842/mtsI and b-mts!
expression by 72
induction of apoptosis by 76
induction of heat shock proteins by 68
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Hypoxanthine-guanine phosphoribosyl transferase
(HPRT) 10, 15

IFN+y, up-regulation of ICAM-1 by 114
IGF receptor, expression in Wilms’ tumour 168
IGFII
chromosomal location 164
correlation with wt1 expression 168
suppression of gene expression by wtl
IGFH receptor 168
Insulin-like growth factor. See IGF
int-2 oncogene
chromosomal assignment 11g13 92
expression and amplification in human cancers 92
sequence homology of encoded protein (FGF-3) to
bFGF 92
Integrin/ECM counter receptors 114
Integrin receptors  100-1
Intercellular adhesion molecules (ICAMs) 1136, 114,
120
distribution in disease states 115-6
expression in erbB2-transfected cells 152
expression in lung tumour subtypes 120, 120
up-regulation by TNF 94
Interferons a and B, inhibition of angiogenesis and
tumour growth by 94
Interleukin-1 (IL-1)
up-regulation of ICAM-1 by 114
IL-1f and Eselectin expression 118
interleukin and TIMP-1 expression 137
Intermediate filaments (IF) 202

165-6

Kaposi's sarcoma 92

Kininogens 134

kip gene expression, in neoplasia  65-6

kip1/kip2 genes, response to antiproliferative

signals 64-65

Kruppel gene product 166

KT8 (lysine-threonine-serine) region of wtl
DNA binding affinity of isoforms of 166
localisation of 166-7
splice forms 165

Laminin receptors 102
Laryngeal carcinoma
bcl-2 as prognostic indicator in 84
cyclin D1 amplification and expression in
advanced 58
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LFA-1 (lymphocyte function associated antigen)
expression in relation to metastatic ability 116
integrin receptor for [CAM 114
LFA-2
differentiation related expression in bladder
cancer 115
integrin receptor for ICAM 114
LiFraumeni syndrome 38
Lipopolysaccharide (LPS), effect of ICAM
expression 114
Loss of heterozygosity (LOH) 31, 170, 174-7, 181
Lung cancer
allelic loss at nm23 locus 186
bcl-2 expression in squamous cell 83
cathepsin Bin 131-2, 134
CD44 expression in adenocarcinoma 110
erbB2 modifications in 148
ICAM expression in subtypes of 120, 120
inhibition by PA-ike peptides of invasion by
Lewis 126
loss of cadherin in squamous and non-small
cell 105
loss of heterozygosity at APC/MCC locus in non-small
cell 175
loss of heterozygosity in advanced non-small
cell 170
laminin receptor expression in squamous
cell 102
microsatellite instability in 16
microsatellite instability and metastaic potential of
non-small cell 19
NCAM expression in subtypes of 120, 120
ras mutations in 147
rb abnormalities in 51
suppression by RA of invasive ability of A549 199
stefins in 134
telomerase activity in non-smail cell 22
tenascin expressionin 107
wafl/cip1 mutations in non-small cell 63
Luteinising hormone (LH), up-regulation of TIMP
by 13
Lymphoma
bel-2 and myc co-operation in the development
of 85
cyclin D1 expression in B-cell non-Hodgkin’s mantle
cell 58
homozygous deletions of ink4 genes in 67
microsatellite instability in 16
ras mutations in 147
Lysine-threonine-serine (KTS) region of wtl (see under
KTS) 165-167
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Madin-Darby canine kidney (MDCK) cells 103 Mesencephalon 157
Mantle cell lymphoma 58 Mesotheliomas, expression of wtl in 170
Matrix metalloproteinases 124, 125, 136, 13543, Metastasis  144-54
developmental regulation of 139 associated genes  190-210
effect of MCAM transfection on synthesis of 121 development 183
inducers and inhibitors 138 mtal gene expression and 190-1
molecular organisation of 135-7, 136 oncogenes and cancer 144-54
role in cancer invasion and metastasis 140-3 regulation by 1842/mtsi gene  48-50, 49, 205-10,
synthesis and regulation 137-9 209
MCAM (MUC-18) suppressor genes in 171, 183-189
effect on MMP synthesis 121 Metastasis suppressor genes
expression in malignant and metastatic nm23H-1 and H2 183-9
melanomas 121 WDNMI and WDNM2 183-4
protein homology to BCAM and NCAM  121-2 Metastatic cascade 1,2
protein homology to DCC protein 121 Metastatic dissemination 1, 2,
MCC gene inefficiency of 23-4
in colonic tumours  173-4 Metastatic phenotype,
loss of heterozygosity in undifferentiated gastric clonal evolution of 4-22
carcinomas 175 genetic instability in the evolution of 9-22
loss of heterozygosity in non-small cell lung cancer at  Metastatic potential and tumour growth 25-6
locus of 175 Metastatic variants
mutations in breast cancer 174 DNA repairin  11-13
mdm?2 gene genetic instability in evolution of 9-11
abnormalities 43-5 genetic recombination in  13~14
and tumour progression 45-6 Methotrexate 83
regulation by p53 43 Microsatellite instability 15-20
Medulioblastoma, restoration of cell cycle control by and cancer progression 15-20
wildtype p53 35 and cell proliferation related genes 17
Melanocyte stimulating hormone (MSH) and genetic alterations 12-5
effect on fung colonisation 198, 199 and mutations in mismatch repair genes  16-7
effect on melanogenesis 198 incidence 16
effects on melanoma growth 25 Microtubule associated proteins (MAPs) 202
expression in metastatic tumour cells 25-6 Microtubules 202
immunoreactivity in tumour periphery 198 APC protein interaction with 173
up-regulation of 1842/mts! expression by 199, 199 inhibition of polymerisation by $-100f 197
regulation of 1842/mts1 and nm23 gene depolymerisation and G,-S$ transition 49, 50, 198
expression 206 depolymerisation by 18A2/mts1 197
Melanomas Microvessels, clinical significance of density 97-8
1842/mts1 gene expression in heat resistant variants  Mitogen-induced protein (MAP) kinase 29
of B16 200 MLH]1 gene (human mismatch repair gene), and
1842/mts! gene expression in metastasis of microsatellite instability 16
B16 145, 198-200, 199 MMTYV insertion mutations 162
agf, integrin expresion in B16 102 MSH2 (mismatch repair gene)
cathepsin B and metastatic potential of B16 130 mutation in microsatellite instability 16
Chromosomal and DNA ploidy in 6 p53 binding consensus sequence in promoter
effects of MSH on growth and metastasis of 25-6, of 18
201-2 mtal gene in mammary tumours and cell lines 190-2
MCAM (MUC-18) expressionin  121-2 MUC-18 (see under MCAM) 121-2
nm23 expression in experimental 187-8 Mutator phenotype  15-6
D53 expression in 37 myc oncogene
uPA activity and metastatic ability of B16 125 and apoptosis 82

up-regulation of ICAM by TNF in progression of 115 CD44 and expression of N-homologue of 108



myd (myeloid differentiation related) genes 47, 82
Myelodysplastic syndrome, p53 mutations in 38
Myeloproliferative disorders, ras mutatins in 146

Nasopharyngeal cancer
bel-2 overexpression in - 83
erbB2 expression in prognosis of 150
NDP (nucleoside diphosphate) kinase 187-9
Neovascularisation, See Angiogenesis
Neural cell adhesion molecule NCAM) 114
adhesive interactions mediated by 119
and invasive behaviour of tumours 119
expression in subtypes of fung cancer 120, 120
isoforms 119, 120
in neurite regeneration 119
Neuroblastoma
nm23 protein expression in 185
RA-induced alterations in calcyclin mRNA in 192
telomerase expression in 22
Neuroglial cell adhesion molecule (NG-CAM) 114
Nitric oxide, anti-angiogenic effect 95
nm23 tumour suppressor gene  184-9
allelic deletions 186-7
and cytoskeletal integrity 200-2
expression in cancers 184-187
expression in cancers of NDP kinase product
of 187-9
homologues of 184
sequence homology to awd gene 201
nm23/NDP kinase, expression in cancers  187-9
Non-Hodgkin's lymphoma
cyclin D1 expression in mantle cell 58
DCC alterations 177
kip1 polymorphism in 66
Non-small cell lung cancer
abnormalities at p16/ink4 locus in 67
loss of heterozygosity at APC/MCC locus
in 175
loss of heterozygosity of wtl associated with
progression of 170
microsatellite instability in metastatic 19
wafl/cipl abnormalities in 63
Nucleoside diphosphate (NDP) kinase in
cancers  187-9

Oesophageal cancer
abnormalities at p16/ink4 locus 67
abnormalities at 7b locus 51
allelic loss of DCCin 176
microsatellite instability in 16
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Oestradiol, occurrence of vimentin in response
to 202-3
Oestrogen receptor (ER)
Oestradiol stimulation of invasive ability of cells
with 202-3
status and nm23 expresion in breast cancer 185
Oligodendrogliomas
nm23 protein expression in 188
P53 expression and prognosis in 36
Oncogenes 14454, 155-6, 165, 168
Oral squamous cell carcinomas
int-2 (FGF-3) amplification in 92
D53 expression in 38
Ouabain 9, 10
Ovarian cancer
BCAM expression in non-epithelial 122
BRCA!I (breast and ovarian carcinoma susceptibility)
genein 177-81
CD44 expression in epithelial 110
deletions at wtl locus in 169
DPC4 inactivation in 182
EGFr expressionin  153-4
erbB2 expression in 149150
heterozygosity at rb locus in 51
microsatellite instability in 16
p53 mutations in peritoneal metastases of 34

Dp16/ink4 putative multiple tumour suppressor
gene 66-7

p21™ protein, signal transduction  204-5

P53 gene
18A2/mis1 as downstream target of 48-50
abnormalitics and dysfunction 30-1, 34-7
clonal expansion of cells with abnormalities of 9
genomic organisation 29-30
in cancer progression and prognosis 33-9
in cell cycle regulation 28-9, 55-6
inhibition of bFGF-mediated angiogenesis by 95
mediated apoptosis 81-2
microsatellite instability and 17
regulation of bcl-2 gene  80-2
regulation of p53 function 31-3
regulation of GADD genes  46-7
regulation of mdm2 by 43
regulation of wafl/cipl gene 60-3
transactivation of growth factor receptor genes

by 46

transcript, alternative splicing 42-3

p53 phosphoprotein
association with adenovirus proteins 32
association with HPV proteins 31-2
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p53 phosphoprotein (cont.) in quaternary complex with wafl/cipl, cyclin/
as transcription factor 41 cdk 60, 62
binding consensus sequence in MSH2 mismatch Procencephalon 157
repair gene 18 Prostate cancer
complexes with heat shock proteins 70-3 a-catenin expression by introduction of chromosome
interaction with heat shock proteins 70-2, 71 5in cells of 173
intracellular localisation of 39-41 bcl-2 over-expression in adenocarcinoma 83
sequestration by 18A2/mtsl protein 48-50 cathepsin Din 129
Pp9Ka (8100 family) gene c-met expression in 93
enhancement of metastatic potential by intracellular distribution of p53 in 40
transfection 145 rb abnormalities in 51
effect of ras transfection on expression of 205 telomerase expression in 22
Pancreatic cancer Protein kinase A (PKA) 206
cathepsin B levels in 131 Proteinases and their inhibitors in cancer
chromosomal and DNA ploidy in adenocarinomas 6 invasion 12343, 124
DPC/BRCA2 genesin  181-2 P-selectin glycoprotein ligand-1 (PSGL-1) 118

p16/ink4 abnormalities in adenocarcinomas 67
microsatellite instability in 16

ras mutations in  146-7 ras oncogene
Paraneoplastic syndromes 155 and apoptosis 82
Parathyroid tumours and tumorigenesis  146-7
cyclin DI abnormalities in 39 protein and signal transduction 205-6
D53 mutations 38 $-100 protein expression, induction by 205
rb gene abnormalities in 39 Renal carcinoma, allelic loss of nm23in 186
PAXG gene 163, 164 Retinoblastoma susceptibility gene (rb)
Philadelphia chromosome 6 abnormalities 50-6
Phorbol esters, regulation of TIMP-1 expression E2F transcription factor in cell cycle regulation 53-
by 137 4,53
Phorbol-12-myristate-13-acetate (PMA) in apoptosis 82-3
induction of pro-cathepsin secretion by 133 in cell cycle regulation 52-54, 55-6, 53
in phosphorylation of HSP28 73 protein binding to HSPs 72
Phosphatases PP-2A and PP-2B 207 Retinoic acid
Phospholipase C (PLC) 190 down-regulation of 1842/mtsI by 199, 199
Pituitary adenomas 25 effect on lung colonisation by B16
Plasminogen activators 125-8 melanomas 199
activation of hepatocyte growth factor by 127 Induction of differentiation by 199
and cancer invasion 125-6 Retinoids
and cancer prognosis 127 induction of apoptosis by 76
Plasmin 127 regulation of TIMP-1 by 137
Plasminogen activator inhibitor (PAI) in cancer Rhombencephalon 157

invasion 126
Plasminogen activator receptors (PARs) 125

Platelet derived growth factor (PDGF) §$-100 family genes
PDGF-A repression by wtl 165, 169 structure and organisation 191-2
expression in epithelial ovarian cancer 153 transcriptional regulation 182-4
interaction with src homology domains of S$-100 proteins  191-8
GAP 205 calcium binding EF hands in 191
Platelet/endothelial cell adhesion molecule chromosomal assignment 196
(PECAM) 97-8 in cell proliferation, differentiation and
PMS$1/PMS2 (human mismatch repair genes) 16 neoplasia 194-8
Proliferating cell nuclear antigen (PCNA) Selectins, role in cancer dissemination 116-8

down-regulation by p53 41 Serine proteinase (See also cathepsin G) 124, 125
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Sialyl Lewis (a) and (x) antigens 114
expression and metastatic potential 118
in leukaemias 117
in carcinomas 116-7

Silver staining nucleolar organiser region

(AgNOR) 167

Sister chromatid exchange (SCE)
and incidence of DMs 12, 12
in B16 melanomas 11-12
in Bloom's syndrome cells 11

Small cell lung carcinoma
capthepsin Bin  131-2
E<cadherin expression in 105
laminin rceptor expression in 102
microsatellite instability 16
NCAM expression in 120, 120
rb abnormalities in 51

Sodium butyrate 76

S-phase
18A2/mts] protein in entry into 198
cyclins 28, 56
depolymerisation of microtubules as signal for entry

into 50
entry of cells into 28
1b phosphorylation for entry into  52-4

S-phase fraction
correlation with ploidy 6-8
and 1842/mis1 expression 145
and Ecadherin expression 105
and tenascin expression 107

Squamous cell carcinoma of lung
bcl-2 overexpression in - 83
cathepsin B levels in BALF of 131
ICAM expression 120

Squamous cell carcinoma of the head and neck
cyclin DI expresion in 58
E-cadherin expression in 105
p53 expression and progression in 34

Squamous cell carcinoma of the hypopharynx, p53

abnormalities in 34

src homology (SH) domains 191

Stefins 134

Stromelysins (See also matrix metalloproteinases)
and metastatic potential 140, 141, 143

TATA binding protein (TBP) 41, 45

T-cell acute lymphoblastic leukaemia (ALL), p16/ink4
and p15/ink4b expression in 67

Telencephalin (TLN) 113

Telomerase function 20-2

Telomeric diminution 20-1

Tenascin 107
Tenopos de, induction of apoptosis by 76
12-O-tetr idecanoylphorbol 13-acetate (TPA), effect on
[IMP expression 139
Tetraby1 1ena thermopbila telomerase 21
Thapsig: rgin 206, 207
Thromb: spondin and angiogenesis 95
Thymidi e phosphorylase (TP)
angiog enesis and growth stimulation by 93
expre: sion in breast cancer 94
Thyroid « ancer
NCAM =xpression and invasive ability 119
ras mutations in 147
Tissue ink ibitors of metalloproteinases (TIMPs)
develof mental regulation of 139
effect o' 1842/mis1 expression on 141, 209
inducer ; and inhibitors 137
molecu ir features 135
role in + ancer invasion and metastasis 1403
tissue e ¢pression of 137
Tissue pla sminogen activator ({PA) 125
TNF (tusr our necrosis factor)«
effect « n bFGF production and angiogenesis 91
regulat on of TIMP-1 expression by 137, 139
up-regu ation of ICAM-1 by 114, 115
TNF-R1/R2 receptors, expression in metastatic
dis=ase 115
Tobaccorelated oral carcinomas, p53 expression
in 38
Transctiption factors
APl 192
ATF2 54
E2F (1and 2) 53-4, 53-54, 55, 66, 67
Egr1-4 165
NFG1-A 166
Transforming growth factor-a, production by human
neoplasms 153
Transforming growth factor-f (TGF-f)
angiogenic ability of 87, 88
effect on cyclin kinase activity 61, 63
effect on TIMP-1 137, 140
growth inhibition by 64-65
induction of apoptosis by 82
inhibition of rb phosphorylation by 65
in invasive behaviour of trophoblast cells 140
mutations and the RER phenotype 15
Trophoblast cells
invasive behaviour of 155
role of TGF-f in invasive behaviour of 140
Tubulin 202
Tumour cell subpopulations, clonal expansion 8-9
Tumour growth and metastatic potential 25-6
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Tumour necrosis factor (see TNF)

‘Tumour progression 85, 2

Tumour suppressor genes 171-82

Type IV collagen 152

Type IV collagenase 140, 152

Tyrosine-isoleucine-glycine-serine-arginine (YIGSR)
active site in laminin 94
inhibition of metastasis by pentapeptides 94

Urokinase (See also Plasminogen activators)
in breast cancer
in cancer invasion and metastasis 1258

Vascular cell adhesion molelcule-1 (VCAM-1)
and melanoma progression 99
in cancer invasion 116
integrin receptor 113, 114
Vascular endothelial growth factor (VEGF) 87-91
Verapamil
1842/mts1 down-regulation by 199, 206, 207
effect on melanogenesis 199
Vimentin 152
Vitronectin receptors  101-2
von Hippel-Lindau syndrome 91
von Willebrand factor 97

wafl/cipl gene 634

regulation by p53  60-3
WAGR syndrome 163, 167

chromosomal deletions associated with  163-4, 164
WDNM1/WDNM2 tumour suppressor genes  183-4
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Wilms' tumour 156, 163—70
cell proliferation in  167-9
chromosome 17 abnormalities in 168
wt1 expression and cancer prognosis 169
wnt genes  156—62
activation 162
chromosomal location 160
in cell proliferation, transformation and
tumorigenesis 160-2
whnt proteins
composition 157
homology to wg and arm encoded proteins 160
whnt-1 inducing factor (WiF-1) 156, 162
wtl gene 16370
function in development and differentiation 165
inactivation of suppressor function of 167
molecular bases of function 165-7
relationship to prognosis of human tumours
70
relationship to prognosis of Wilms' tumour 169
wt2 gene

169-

XDCCa gene 175, 177
Xenopus

DCC homologue XDCCa of 175, 177

heat shock proteins in the development of 69,

70

wnt4 of 160

Xwnt-8a in developing embryos of 156
Xeroderma pigmentosum (XP) 11

Zinc finger domain of wtl 165-166



