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Abstract

Mouse skin tumourigenesis occurs through a series of discrete steps associated with
specific genetic alterations, from an initiated cell, to a benign papilloma, and subsequently
to a malignant squamous carcinoma. A proportion of these malignant tumours undergo a
dramatic change in cell phenotype, which is accompanied by substantial alterations in the
expression of several markers of epithelial differentiation. These spindle cell carcinomas
have been well characterised biologically, but the genetic events which are responsible for
the transition to these invasive tumours are not well understood. The work presented in
this thesis was designed to address the genetic basis of the spindle transition by

cytogenetic, molecular genetic and functional approaches.

Amplification of the mutant H-ras allele and / or loss of the normal H-ras allele are
consistently found in spindle cell carcinomas, which also frequently show imbalances of
chromosome 7. The mechanistic basis for these ras / chromosome 7 changes was
investigated by Fluorescence in situ Hybridisation using chromosome paints. In the
squamous carcinoma cell line, B9, increases in mutant H-ras were caused by whole
chromosome duplication, while in the clonally-related spindle cell lines, A5 and D3, a
further increase in expression was achieved by localised amplification of the mutant H-ras

gene on double minute chromosomes.

To establish the nature of the gene(s) lost at the squamous-spindle transition, somatic cell
fusions were carried out between the clonally-related B9 and A5 cells. The hybrids were
epithelial in morphology and expressed characteristic epithelial proteins, such as E-
cadherin and the Keratins. In addition, they were found to be suppressed in their ability to
form tumours following injection into nude mice. These experiments demonstrate that

spindle cells arise by a mechanism involving loss of a tumour suppressor gene.

To identify putative tumour suppressor loci, we developed an approach using hybrid cells
generated between a keratinocyte cell line, C5N, and the spindle carcinoma cell line,
carB. Tumourigenicity was initially suppressed in these hybrids, but the tumours which
did arise, after a long latency, were poorly differentiated squamous carcinomas or
undifferentiated

spindle carcinomas. Allelotype analysis of the tumours enabled us to identify regions on
mouse chromosomes 4 and 7, which harbour putative tumour suppressor genes involved

in mouse skin tumourigenesis.

vi




In order to determine the function and relevance of each of these loci in the acquisition of
the spindle phenotype, the syntenic regions from the human genome were introduced by
microcell-mediated monochromosome transfer into spindle carcinoma cell lines. This
strategy, involving a single human chromosome on a mouse background, facilitates finer

mapping of the loci in revertant clones.

Using this approach, we have identified a locus on chromosome 15 corresponding to the
locus identified on mouse chromosome 7, which may cause growth inhibition of A5 cells.
Introduction of human chromosome 9 into A5 and carB cells caused a partial reversion to
the squamous phenotype and tumour suppression. The loss of the p16 tumour suppressor
gene located on human chromosome 9p21, is known to be associated with the loss of
differentiation which occurs in the transition to the spindle phenotype. Therefore the
effect of human chromosome 9 on spindle cells may be partly explained by the
consequences of introducing pl6. However, several lines of evidence point to the
existence of a second locus on human chromosome 9 which may be important in the
conversion to spindle carcinomas. Future work will focus on the identification of this

gene(s) and the role it plays in this last stage of mouse skin tumourigenesis.
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Chapter 1 : Introduction,

1. Mouse skin - a model system.

The mouse skin carcinogenesis model has provided remarkable insights into the
biology, biochemistry, pharmacology, and genetics of carcinogenesis. Many of the
landmarks of cancer research have evolved from studies of mouse skin : the mechanism
of action of tumour promoters, the common origin of benign and malignant tumours,
the hereditary susceptibility to tumour formation, and the requirement for multiple
changes to accumulate during malignant progression. The fact that so many of the
general principles defined from such studies find parallels in human squamous cancers,
suggests that the conceptual framework established in mouse skin keratinocytes serves
as a prototype for understanding the pathogenesis of most epithelial neoplasms. This, in
time, should contribute to better diagnosis, and preventive and therapeutic approaches

for the treatment of human cancers.

1.1. The regulation of normal epidermal growth and differentiation in the skin.

A fine balance exists in a normal cell between the regulation of cell proliferation and
differentiation. It has long been recognised that the successive loss of certain
differentiated features of epithelial cells is an important hallmark of malignancy.
Epithelial cells which usually grow within highly ordered tissue structures, often
become much less organised in a carcinoma, changing interactions with their
neighbouring cells, and with the basement membrane, and altering their apical-basal

polarity.

In a stratified epithelium such as the epidermis, keratinocytes in the basal layer contact
adjacent cells, and adhere to an epithelial-specific basement membrane. The basal layer
is the proliferating layer, and migration of cells into the more superficial spinous layer
is associated with the loss of proliferative capability. The terminal phase of
differentiation is initiated once cells have migrated to the granular cell compartment,
where the cells become larger and flatter. Finally, at the cornified layer, the plasma
membrane of the cells is replaced by a rigid, cornified envelope, the nucleus
disintegrates, and the cells become nonviable squames, which form a skin barrier
(Fuchs,1990). If cancer represents a disease of aberrant differentiation, then the study of
the mechanisms regulating expression of the differentiated state in normal cells should
provide insight into the possible defects in malignant cells.

The stratified epidermis displays a highly coordinated program of sequential changes in
gene expression which are coincident with the evolution from a proliferating basal cell



to a mature, nonviable squame (Fuchs,1990). These are depicted in Figure 1. The
interaction between basal cells and the basement membrane is mediated largely, if not
entirely, by members of the integrin family of receptors (Tennenbaum et al.,1992;
Hynes,1992). In particular, basal cells express the a634 integrin complex, which is
polarized on the basal surface, although other integrins mediate cell-cell and cell-matrix
interactions to maintain the stratified phenotype (Hertle et al.,1991). Integrins bind to
extracellular matrix proteins such as fibronectin, collagens, and laminin, and translate
these external cues into signals that affect cytoskeletal organization, cell shape and
motility, by way of their direct interaction with cytoskeletal proteins like actin, and
intermediate filaments within the cell (Hynes,1992).

A principle regulator for keratinocyte growth and differentiation is a gradient of
extracellular and intracellular calcium across the epidermis which is low in the basal
cell compartment and high in the granular cell layer (Menon et al.,1985). This, and an
opposing vitamin A gradient may contribute to the regulation of keratinocyte gene

expression (Darmon,1991).

Basal cells express the characteristic epidermal keratins, K5 and K14, which are
replaced by K1 and K10 in the cells of the spinous layer, markers of the early stage of
keratinocyte differentiation. Upon further migration into the granular layer, the
expression of K1 and K10 is suppressed, and the expression of loricrin, filaggrin and
transglutaminase is up-regulated, processes which require the activation of protein
kinase C (PKC) (Dlugosz and Yuspa,1993). The activation of transglutaminase in
granular cells cross-links loricrin and other substrates to form the rigid, permeable
cornified envelope that replaces the plasma membrane in the cells of the cornified layer.
Transduction of the Ca?* signal is associated with increased activity of phospholipase C
(PLC) (Lee and Yuspa,1991; Punnonen et al.,1993), and the associated rise in PLC-
generated diacylglycerol may contribute to the activation of PKC that is essential to the
terminal phase of maturation (Ziboh et al.,1984).

Restraint on cell proliferation in the basal layer is mediated, in part, by TGF31, while
positive growth control is contributed by local expression of TGFa and several other
EGF receptor ligands. Proliferation is strictly confined to the basal layer through
production of the growth inhibitor, TGFp2 and down-regulation of the EGF receptor, in
suprabasal cells (Glick et al.,1993; King et al.,1990; Vassar and Fuchs,1991).

Compartmentalization and differential expression of epidermal-specific genes are the
key to the organization and regulation of epidermal differentiation. Disruption of this
tightly regulated process is at the heart of many cutaneous disorders and neoplasms.
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1.2. Mouse skin carcinogenesis.

The mouse skin model offers a model system for the study of the multistep nature of
tumour formation. The development of squamous cell carcinomas from normal skin
epithelia involves three distinct steps ; initiation, promotion and progression (Yuspa
and Poirier,1988). Each of these defined stages in chemically-induced skin

carcinogenesis is characterised by specific genetic and biological alterations.

The development of skin tumours in mice can be easily followed. After a single
application of an initiator and multiple applications of a promoter, numerous benign
papillomas arise on the back of the treated mouse. About 5-10% of these progress
towards malignancy. The resulting carcinomas can be of two types ; they may be well-
differentiated squamous carcinomas, which retain many of the differentiation features
of the original tissue, including expression of E-cadherin and the keratins, or they may
be a more advanced spindle carcinoma, which has lost these epithelial markers, and is
composed of fusiform cells (Klein-Szanto et al.,1989; Navarro et al.,1991; Diaz-Guerra
et al.,1992).

1.2.1 Initiation.

Treatment of mouse skin with a chemical carcinogen causes a subtle change in the
phenotype of the keratinocyte, which is unrecognisable in the context of the intact
epidermis. However, the fact that these intiated cells can lie dormant in the skin for
long periods, while still retaining the capacity to form benign papillomas following
treatment with a promoter (Van Duuren et al.,1975), indicates that the effect of the

initiating agent is permanent and irreversible.

The observation that different initiating chemicals were associated with specific
mutations in the H-ras gene, led to the proposal that the carcinogen interacts directly
with DNA to cause a genetic mutation (Zarbl et al.,1985a; Zarbl et al.,1985b). In this
regard, over 90% of tumours initiated with DMBA (dimethylbenzanthracene), have the
same A-T transversion mutation at codon 61 of the H-ras gene (Quintanilla et al.,1986).
The causal nature of H-ras mutations in the initiation stage of carcinogenesis was
formally demonstrated when it was observed that direct application of retroviruses
carrying activated H-ras to mouse skin could replace chemical initiation by DMBA
(Brown et al.,1986).

Many human benign and malignant skin tumours contain ras gene mutations, and
members of the ras gene family are found to be activated in a large proportion of
different human cancers (reviewed in Bos,1989), including mutations in codon 12 of



the K-ras gene in premalignant adenomas in the colon (Forrester et al.,1987). In most

cases, activation of ras is regarded as an early event.

1.2.2. Promotion.

Application of tumour promoters to initiated epidermis causes the selective outgrowth
of initiated cells to produce benign papillomas (Deamant and Iannaccone,1987;
Iannaccone et al.,1987). This idea of a papilloma being an expanded clone of initiated
cells has gained credibility from both in vivo and in vitro systems. The most potent
exogenous skin tumour promoters, and the agents about which most are known, are the
phorbol esters, which includes 12-O-tetradecanoylphorbol-13-acetate (TPA). Their
effects in vitro, in epidermal cell cultures, and in vivo, in mouse skin, range from rapid
changes in cell membrane properties, leading to an inhibition in intercellular
communication (Fitzgerald and Murray,1980), to more prolonged effects on DNA
synthesis (Yuspa et al.,1976; Fusenig and Samsel,1978), and changes in the expression
of epidermal proteins (Balmain,1976; Cabral et al.,1981; Laskin et al.,1981; Schwezer
and Winter,1982).

It is difficult to predict the relationship of rapid membrane effects to the mechanism of
action of tumour promoters. However, cell-cell communication is thought to play a
crucial role in the control of cell proliferation and differentiation (Lowenstein,1981).

The effects of TPA on proliferation and differentiation.

A separate, more direct role of TPA on epithelial proliferation was demonstrated by
Yuspa's group, who provided evidence for both stimulatory and inhibitory effects
(Steinert and Yuspa,1978; Yuspa et al.,1982). After a brief exposure to TPA, a transient
decrease in DNA synthesis was followed by a five to tenfold increase in synthesis and
mitotic rate (Yuspa et al,1976). In line with this, and other data, they proposed that
initiated epidermis is composed of a heterogeneous population of cells which differ in
their response to TPA. The appearance of a visible tumour is thereby caused by the
preferential proliferation of initiated cells over surrounding normal cells, facilitated by
tumour promoters. Indeed, treatment of mouse dorsal skin with DMBA increased the
population of epidermal cells that continued to proliferate under conditions in which
normal cells are obliged to differentiate (Kilkenny et al.,1980; Yuspa and
Morgan,1981). If tumour promoters accomplish their effects by preventing initiated
cells from entering into terminal differentiation, and thereby maintaining their
proliferation, then an essential role of the initiators must be to disrupt genes involved in

cellular commitment to differentiation.



Phorbol esters exert effects on gene expression through the modulation of the protein
kinase C (PKC) subspecies. The functions of the various PKC proteins are diverse. As
well as inducing the expression of various proto-oncogenes, they also play a negative

role in the control of cellular proliferation (Nishizuka,1986).

PKC is generally thought to play a crucial role in the promotion stage of mouse skin
carcinogenesis. TPA activates PKC by masquerading as a diacylglycerol-like molecule,
which is the normal activator of PKC (Castagna et al.,1982). TPA-induced down-
regulation has been reported in several of the PKC isoforms, including PKC «, 3 and 6
(Olivier et al.,1992). Conflicting observations have been reported regarding the )
isoform, which shows tissue specificity for the skin and lung (Osada et al.,1990).
Gschwent et al., (1992) originally reported that treatment of mouse skin with TPA
caused complete down-regulation of the 1 isoform. However, recently, several groups
have shown that the activity of the 1 isoform was not altered following treatment with
TPA or bryostatin, both activators of PKC (Denning et al.,1995; Reynolds et al.,1994;
Murakami et al.,1996). In agreement with these more recent reports, cholesterol sulfate,
an activator of the ) isoform was found to be a potent inhibitor of the promotion phase

of mouse skin carcinogenesis (Chida et al.,1995).

Staurosporine, an inhibitor of tyrosine and serine kinases, prevented the tyrosine
phosphorylation of PKC®, and induced terminal differentiation in v-rasH and
carcinogen-initiated keratinocytes (Denning et al.,1993; Dlugosz et al.,1991). In vivo,
staurosporine caused irreversible papilloma regression (Strickland et al.,1993).

Thus, differential modification of isoforms of PKC, particularly activation of PKCn
and inhibition of PKC§, produces keratinocytes with enhanced proliferative capacity
and reduced sensitivity to signals for terminal differentiation. In normal keratinocytes,
the effect of TPA-mediated activation of PKC is to accelerate terminal differentiation.
Initiated keratinocytes, in contrast, are resistant to terminal differentiation induced by
activators of PKC. This differential response of normal and initiated cells favours the
growth of the neoplastic subpopulation, enhancing clonal outgrowth and producing

papillomas.

TPA and growth factors.

Exposure to exogenous chemicals is required for the earliest stages of skin
carcinogenesis, as is the case in most internal tissues as well. However, in internal
tissues, the early stages of tumourigenesis may be mediated by promoting agents which

are endogenous to the organism, such as hormones and growth factors.



Numerous in vitro studies have documented alterations in TGFa and its receptor,
EGFR, associated with v-rasH-mediated transformation of epithelial cells. Expression
of v-ras™ in cultured mouse keratinocytes induced a large increase in TGFo mRNA and
protein expression (Glick et al.,1991; Cheng et al.,1993), and treatment of normal
keratinocytes in vitro with exogenous TGFa elicits many of the same phenotypic
alterations as v-ras* (Cheng et al.,1993).

Autocrine activation of the epidermal growth factor receptor by TGFa has also been
implicated in epithelial neoplasia in vivo. Transgenic mice, in which overexpression of
TGFa was targeted to the epidermis, using K1 or K14 promoters, developed
hyperplasia and papillomas following tumour promotion by wounding or TPA
treatment (Vassar et al.,1992; Wang et al.,1994). This indicated that overexpression of
TGFa could substitute for H-ras gene activation as an initiator in two-stage cutaneous
carcinogenesis. TGFo might also act as a tumour-promoting stimulus, since treatment
of TGFa transgenic mice with DMBA led to the production of both papillomas and
carcinomas (Jhappan et al.,1994). High levels of TGFa have been detected in
papillomas generated using the two-stage chemical carcinogenesis protocol (Rho et
al.,1994), again suggesting that oncogenic ras may alter keratinocyte behaviour, at least
in part, via activation of the TGFa / EGFR signalling pathway.

An anomalous situation is found in mice with genetic defects in TGFa expression.
TGFoa homozygous null mice produced the same number of papillomas and carcinomas
as wild-type controls (Ashley Dunn and Ken Brown, unpublished observations),
indicating that TGFo expression is not obligatory in ras-mediated epidermal
tumourigenesis. Furthermore, v-ras! keratinocytes derived from control as well TGFa-
deficient mice both produced squamous tumours when grafted onto nude mice, and
these lesions expressed high levels of structurally-related ‘alternate’ EGFR ligands
(Dlugosz et al.,1995). These findings suggest that another EGFR ligand(s) may be
capable of substituting for TGFa to stimulate the growth of v-rast-transformed
keratinocytes in vitro. The role of these ligands in the physiology of normal or

neoplastic keratinocytes in vitro or in vivo has not yet been defined.

The role of AP-1 and AP-1-dependent transcription in mouse skin tumour progression.

Continuous treatment of DMBA-initiated mouse skin, or benign mouse keratinocytes in
culture, with TPA leads to deregulated expression of a number of genes (Holliday et
al.,1992; Rorth et al.,1990). The expression of these genes is regulated, in part, by TPA-
responsive elements (TREs) in the promoter region (Angel et al.,1987a). The factors
which bind these TREs, and participate in the regulation of gene expression, have been



identified as the AP-1 transcription factor complexes, composed of jun:jun or jun:fos
dimers, as well as other heterodimers (Lee et al.,1987; Chiu et al.,1988).

The fact that AP-1 plays an important role in the conversion to, and maintenance of the
malignant phenotype of squamous carcinoma cells was inferred from experiments in
which a deletion mutant jun protein, which acts as a dominant negative transcription
factor, was introduced into malignant keratinocytes (Bowden et al.,1994).
Transcriptional transactivation of AP-1 responsive reporter constructs was inhibited by
the mutant jun. Furthermore, these cells were inhibited in their ability to form tumours
when injected subcutaneously into nude mice. Thus, inhibition of AP-1-mediated
transcriptional transactivation is sufficient to suppress the tumourigenic phenotype of

some malignant mouse epidermal cell lines.

TPA has also been shown to induce c-jun expression directly (Lamph et al.,1988), and
enhance its transcriptional transactivation potential by phosphorylation of certain
residues (Franklin et al.,1992). The fact that the transcription of many genes is
dependent on c-jun and AP-1 activity, means that this aspect of phorbol esters has more
general consequences, which are important at stages other than promotion. For
example, there are several lines of evidence supporting the view that acquisition of
constitutive AP-1 activity is of importance, particularly at late stages of mouse skin
cancer (Greenhalgh and Yuspa,1988; Domann et al.,1994b; Bowden et al.,1994) . One
of the possible reasons for this is that basement-membrane degrading enzymes, such as
stromelysin and collagenase, are among some of the targets of AP-1 mediated
transcription (Angel et al.,1987b; Sirum and Brinckerhoff,1989; Domann et al.,1994a).

Despite the fact that many of these effects are induced directly by TPA, the same

changes in gene expression, cell growth and differentiation occur in most cancer cells.

1.2.3. Progression.

The progression stage can be further subdivided into premalignant progression and
benign-malignant progression. The former definition deals with the selection and clonal
outgrowth of cells which have acquired a growth advantage, usually as a result of
chromosomal changes, or alterations in the expression patterns of certain proteins.
Some benign lesions go no further than this stage, and some may regress. Benign-
malignant progression can be defined as the transition from papillomas to malignant
carcinomas, and is a result of further genetic changes, although epigenetic mechanisms

may also play a role.



Premalignant progression - high and low risk papillomas.

A subset of papillomas has been identified, which have a high probability of
progressing to carcinomas. This subpopulation is also more sensitive to mutagen-
induced progression (Hennings et al.,1990a). Thus, the factors which determine overall
risk for progression, must increase susceptibility to genetic changes. High risk
papillomas appear early, grow large and do not regress when promotion is stopped
(Hennings et al.,1985; Hennings et al.,1990b), suggesting that tumour cell growth must
be especially enhanced in this group. If these tumours are particularly
hyperproliferative, this, in turn, could enhance the accumulation of genetic or

chromosomal changes.

Although specific genetic events distinguishing the two types of papillomas have not
yet been formally demonstrated, they do differ with respect to their profile of growth
factors. The TGFf3s are potent growth inhibitors of normal keratinocytes in vitro and in
vivo, and TGFf31 is found to be induced in response to TPA treatment of mouse skin.
Despite the presence of TGFf31 and TGF32 mRNA in normal skin and both types of
benign lesions, the proteins are absent in high risk papillomas (Fowlis et al.,1992; Glick
et al.,1993), which explains their increased rate of proliferation. High risk papillomas
are also characterised by several phenotypic markers. In contrast to low risk papillomas,
they do not express keratin 1 (K1), but instead synthesise K13, and a634 integrin is
detectable in suprabasal and basal cells in high risk papillomas, while in normal cells
and low risk papillomas, its expression is restricted to the basal surface of basal cells
(Tennenbaum et al.,1993).

These distinct phenotypic and behavioural characteristics, which are detectable at the
earliest sign of benign tumour formation, suggest that high and low risk papillomas are
derived from distinct populations of initiated cells within the skin. Evidence to support
this notion was gleaned from ras transgenic mice, in which an activated H-ras

transgene was expressed in two different cell types within the epidermis.

When the ras oncogene was placed under the control of the keratin 10 promoter, the
mice developed hyperkeratosis of the skin and forestomach, where the expression of
keratin 10 is high. In addition, at sites of wounding, the mice formed papillomas.
However these did not progress to carcinomas within the time-scale of the experiment
(Bailleul et al.,1990). A K5-ras transgene whose expression was restricted to the hair
follicles, gave very different results. Most animals displayed a ‘mild’ phenotype, in
which papillomas frequently progressed to both squamous and spindle carcinomas, but
some animals developed carcinoma in .situ within the first few weeks after birth.

(Brown et al., submitted for publication). Thus, expression of oncogenic ras in different



cell types within the same lineage led to benign lesions in one case, and frequent

progression to malignancy in the other.

Benign-malignant progression.

Malignant conversion of benign tumours is a relatively rare occurrence since only 5-
10% of papillomas spontaneously convert to carcinomas (Hennings et al.,1983).
Furthermore, since the progression frequency of papillomas to carcinomas does not
change if TPA is continued or discontinued after papilloma formation (Hennings et
al.,1983), the transition from a benign to a malignant lesion is regarded as being
promoter-independent. However, the number of carcinomas can be enhanced and
accelerated by exposing animals bearing papillomas to a mutagen (Hennings et
al.,1990b). This, and other evidence from in vitro experiments, in which papilloma cell
lines were converted to squamous carcinoma cells following introduction of specific
oncogenes (Harper et al.,1986; Dotto et al.,1988; Greenhalgh and Yuspa,1988;
Greenhalgh et al.,1989), supports a genetic basis for progression.

Despite the fact that the involvement of tumour suppressor genes is well documented in
human cancers, until fairly recently, studies using animal models of cancer have lagged
behind, partly because of the widespread use of inbred rodent strains. These do not lend
themselves to the detection of putative suppressor loci through loss of heterozygosity
studies (LOH). Nevertheless, tumours arising in F1 hybrid mice between distantly-
related inbred strains do carry distinct restriction fragment length polymorphisms
(RFLP) (Bremner and Balmain,1990), and this approach is now widely used in LOH
analyses of numerous tumour types. In one such study, LOH was detected on
chromosome 11 in 30% of chemically-induced carcinomas, but was absent in
papillomas (Kemp et al.,1993b). Mutational analysis of the p53 gene, located on this
chromosome, and known to be altered in many human malignancies, revealed that it
behaves as a classical tumour suppressor gene in mouse skin carcinomas. In those cases
where one allele of p53 was lost, the other invariably carried a mutation (Burns et
al.,1991). Since no alterations were found in any of the papillomas examined, the loss
of p53 function must be associated with the benign-malignant transition. Despite the
fact that loss of p53 appears to precede the development of spindle carcinomas, there
are two lines of evidence which support the idea that loss of p53 is also selected for, in

tumours progressing to a less differentiated, more invasive phenotype.

An analysis of the status of p53 in several tumours by immunoprecipitation with an
antibody which specifically recognises mutant p53, indicated that out of the seven
tumours which exhibited alterations of p53, six of them were classified as Stage II

squamous cell carcinomas or greater in their histological grade (Ruggeri et al.,1991).



Secondly, a comparison of the incidence of chemically-induced skin tumours in
homozygous, heterozygous and wild-type p53 littermates indicated that the small
number of papillomas which arose in the null mice showed a 10-fold increase in the
frequency of progression. The resulting carcinomas were also found to be less well
differentiated and showed earlier metastasis than control mice (Kemp et al.,1993a).

The loss of wild-type p53 function by deletion or mutation may contribute to tumour
progression by way of its ability to render cells resistant to the growth inhibitory effects
of TGFp. In vitro, introduction of mutant p53 into neoplastic epithelial cells, which
retained wild-type p53 function, imparted resistance to TGFf-induced growth
inhibition, suggesting a possible link between mutations in p53, TGF@3 and tumour
progression (Reiss and Sartorelli,1987; Gerwin et al.,1992).

In a separate set of experiments, keratinocytes isolated from p53 +/+, +/-, or -/- mice
were analysed for their ability to form tumours, following introduction of oncogenic
ras. Mice receiving wild-type p53 keratinocytes, transduced with v-rasH developed
papillomas, while both p53 null and heterozygous keratinocytes gave rise to
carcinomas, although in the latter case with a longer latency (Weinberg et al., 1994).
Part of the reason for the difference in the behaviour of the three cell lines may be a
result of the difference in their response to TGF[3 observed in vitro : keratinocytes from
P53 knockout mice were less sensitive to growth inhibition by TGFp1 or TGFf32,
compared with wild-type keratinocytes, while p53 heterozygous keratinocytes were
intermediate in their response. Additionally, it was noted that the responsiveness of p53
null keratinocytes was decreased further when v-rasH was present (Yuspa,1994),
indicating a further co-operation between p53 mutations and oncogenic ras. Cells
harbouring a mutation in p53 may be among the 10% of carcinomas, and 20% of high

risk papillomas which retain TGF[3 expression.

Corroborating evidence, linking the loss of TGFp1 with accelerated tumour
progression, comes from studies using keratinocytes cultured from knockout mice,
which have a targeted disruption of the TGF@1 gene. Introduction of v-rasH into wild-
type, TGF31 null or heterozygous keratinocytes led to papillomas when the cells were
grafted to nude mice. However, in the case of the TGFB1 null cells, carcinomas
developed within four weeks after grafting (Yuspa,1994). This independent study
appears to demonstrate that the TGFf3 family of growth inhibitors serve as suppressors
of malignant progression, and the loss of TGF[3 per se, or, perhaps the loss of response
to TGF, is an important event in the progression to malignancy.
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Apparent contrasting evidence was obtained from experiments in which the expression
of TGFf1, in its active form, was targeted to the epidermis of transgenic mice. This
experiment also helped to settle several anomalies regarding the function of TGFf31.
The mice were more resistant to the development of benign skin tumours, however, the
number of papillomas which converted to malignant carcinomas was greatly increased
compared with control animals (Cui et al.,1996). The carcinomas which did arise were
frequently less differentiated, spindle carcinomas, indicating that TGF31 might actually
enhance malignant conversion. Thus the action of TGF[31 in mouse skin carcinogenesis
is biphasic. At early stages, TGFf3 acts as a tumour suppressor, inhibiting the formation
of benign lesions, but later, it enhances the conversion to a more undifferentiated
tumour. The latter role of TGFf1 in the squamous-spindle transition shall be discussed

in the section on epithelial-mesenchymal transitions.

1.3. Relevance of chemical carcinogenesis to spontaneous tumours.

In the past, it has been argued that the study of the various stages during chemically-
induced tumourigenesis in mice is of little relevance to naturally-occurring tumours
either in mice or humans. It was believed by some, that by forcing the process of
tumour formation along a particular pathway, starting with activation of H-ras, that the
subsequent genetic events would not reflect those involved in spontaneously-occurring

tumours.

This has fortunately proved not to be the case. The genes involved in mouse skin
carcinogenesis have been found to be altered in a wide range of mouse and human
cancers. In addition, in vitro work has shown that cell lines derived from untreated and
carcinogen-treated epidermal cultures do not differ considerably in their morphological
and functional characteristics with respect to clonability, growth in agar, and in vivo
tumourigenicity (Fusenig et al.,1985). Furthermore, carcinogen or promoter treatment
did not significantly increase the probability of obtaining permanent cell lines from
primary epidermal cells. Rather, carcinogens appeared to enhance or accelerate altered
cell growth and cytogenetic changes, which, in their absence took much longer, but

nevertheless still occurred (Petrusevska et al.,1988).

Although the process of skin carcinogenesis has been well defined in mice, distinct
steps in the development of human skin tumours largely remain to be elucidated.
Extrapolation from mouse studies has been of some use in this respect. Three genetic
alterations, identified in the mouse skin model, which are relevant for skin cancer in
man, are mutational inactivation of p53, oncogenic activation of c-rasH and inactivation
of p16 by mutation or deletion. Individuals with mutations in pI6 are susceptible to the
development of melanomas (Hussussian et al.,1994), and homozygous deletions of p16
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are found in many melanoma cell lines, and some primary tumours (Kamb et al.,1994;
Nobori et al.,1994). Mutations in p53 are found in a high number of basal and
squamous cell carcinomas, and the types of mutations are indicative of U.V. irradiation
(Brash et al.,1991; Ziegler et al.,1993). Such mutations have also been found in sun-
exposed but histologically normal skin (Nakazawa et al.,1994), thus, inactivation of p53
is a very early event in human non-melanoma skin cancer. ras was shown to be
activated not only in malignant squamous and basal cell carcinomas, but also in
keratoacanthomas, benign and often spontaneously regressing skin tumours (Corominas
et al.,1989; Pierceall et al.,1991), indicating that, as in the mouse system, ras activation

is also an early event.

1.3.1. Parallels with colorectal carcinogenesis.

Colorectal cancer is the paradigm for human multistep tumourigenesis. Abundant
clinical and histopathological data suggest that most, if not all, malignant colorectal
tumours arise from preexisting benign lesions called adenomas (Muto et al.,1975). As
further proof of this, cells isolated from a human colonic adenoma can be converted in
vitro to carcinomas (Paraskeva et al.,1992). The salient points regarding the genetic
basis of colorectal tumourigenesis are (i) that alterations in oncogenes and tumour
suppressor genes are involved, (ii) at least seven genetic events are required to reach
malignancy, and (iii) both hereditary and environmental factors contribute to the
development of colorectal tumours (Fearon and Vogelstein,1990; Kinzler and
Vogelstein,1996).

As in the mouse skin model of multistep carcinogenesis, mutation of ras is also an early
event in colorectal cancer. Mutations in K-ras were detected in 58% of large but still
premalignant adenomas. However, examination of smaller, earlier adenomas revealed
that only 9% carried this activated oncogene (Vogelstein et al.,1988). This indicated
that alteration of another gene might initiate colon carcinogenesis, and activation of ras
might enhance the expansion of the small population of cells in early adenomas, into
larger adenomas. The gene responsible for initiation in the colon is thought to be APC.

Germline mutations in APC cause FAP (Familial Adenomatous Polyposis), a syndrome
which predisposes individuals to the development of hundreds or thousands of
adenomatous polyps in the colon (Groden et al.,1991; Nishisho et al.,1991). Kinzler and
Vogelstein (1996) have recently proposed that APC acts as the 'gatekeeper' of colonic
epithelial cell proliferation, and its inactivation is an essential step in the initiation of
these tumours. In normal colonic epithelium its function is to maintain a constant cell
number by ensuring that the response to stimuli for cell growth is appropriate, for
example, following tissue damage. Thus, even if other mutations are present in
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otherwise normal colonic epithelium, these are incapable, in the presence of an intact

gatekeeper, of causing neoplasia.

In mouse skin carcinogenesis, mutations in the H-ras proto-oncogene initiate a
sequence of events by imparting selective pressure on downstream effectors, such as
cyclin D1 and pI6. In this system, H-ras may act as the gatekeeper of epidermal cell
proliferation. Following inactivation of the gatekeeper in either mouse skin or colonic

epithelium, subsequent events occur in both tissues in a fairly defined order.

This concept of a gatekeeper relies on the fact that mutations in other genes in the
presence of a normal gatekeeper do not lead to a sustainable growth perturbation. This
is borne out by studies on the phenotype of colonic epithelial cells harbouring an
oncogenic ras. In fact, cells containing mutations in ras are fairly common and form
foci of hyperproliferative cells (Pretlow et al.,1993). These hyperplastic cells retain a
normal cellular organization, unlike their dysplastic counterparts which carry an APC
mutation (Jen et al.,1994b). In addition, these hyperplastic lesions have little or no
potential to form malignant tumours and may regress by apoptosis (Shpitz et al.,1996).

Mutations in p53 are found in approximately 75% of colorectal cancers (Baker et
al.,1989; Baker et al.,1990), yet in the absence of a second mutation in APC,
individuals carrying a germline mutation in p53 are not at high risk for developing

colorectal cancer, nor do they develop polyposis (Garber et al.,1991).

In the scheme of tumour progression in vivo, p53 is associated with the transition from
late, benign adenomas to malignant carcinomas, and mutations in p53 also occur at this
stage in an in vitro model system of colorectal cancer (Baker et al.,1990; Williams et
al.,1993). The involvement of p53 at the benign-malignant transition is therefore

conserved in human colorectal cancer and mouse skin carcinogenesis.

Alterations in ras and p53 are found in both systems, and this is particularly reassuring
as they are amongst the most common genetic abnormalities found in a wide range of
human malignancies. The stages at which they are important also seem to be conserved,
inferring that the loss of their functions are of universal importance in the development

of many tumours. The genetic alterations in the two systems are illustrated in Figure 2.
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Figure 2 : Genetic changes associated with human colorectal cancer
and mouse skin carcinogenesis.
APC mutations initiate the neoplastic process in colorectal
epithelial cells, while H-ras provides this function in skin
carcinogenesis. Tumour progression results from mutations
in the other genes indicated, some of which, like p53, are
commonly altered in both systems. (ACF = aberrant crypt foci)

Alterations in cell adhesion molecules are found in mouse skin tumours and human
colorectal tumours. However, the stages of tumour development in which these
molecules are implicated are apparently different. Mutations in the APC gene are very
early events in familial and sporadic colon cancers (Kinzler and Vogelstein,1996),
while loss of E-cadherin is generally associated with invasive properties (reviewed in
Birchmeier et al.,1993), and in the mouse skin model system, usually occurs at the

squamous-spindle transition (Stoler et al.,1993).

The APC protein physically associates with the a- and f3- catenins (Rubinfeld et
al.,1993; Su et al.,1993), which form part of the adhesive junction, and it appears that
APC and E-cadherin may directly compete for binding to {3-catenin (Hulsken et
al.,1994; Rubinfeld et al.,1995). The latest evidence indicates that early mutations in the
APC gene could be the cause of changes in intracellular signalling pathways which
result in increased cell growth (Gumbiner,1995). In contrast, E-cadherin loss directly
leads to a reduction in cell adhesion (Frixen et al.,1991), thereby releasing the tumour
cells from the confines of the growth-restraining signals associated with such adhesion,
and thereby permits invasion and metastatic spread.

Finally, interesting parallels can be seen between the two systems with respect to the
loss of response to the growth-inhibitory effects of TGF@. The timing of the events
involved in TGF resistance can be localised at the papilloma to carcinoma transition in
mouse skin (Haddow et al.,1991). In human colorectal tumourigenesis, adenoma cell
lines are more sensitive to the inhibitory effects of TGFf3 than cell lines derived from
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carcinomas, and the conversion of an adenoma cell line in vitro to a tumourigenic
phenotype was accompanied by a reduction in the response to TGF{3 (Manning et
al.,1991). Thus, in both cases, the acquisition of resistance to TGF}3 is associated with

the conversion to a tumourigenic phenotype.

In this respect, it is of interest to note that introduction of human chromosome 18 into a
colorectal cancer cell line partially restored its responsiveness to TGFf3, and in addition,
caused a reduction in tumourigenicity in the nude mouse assay (Goyette et al.,1992).
This effect was likely to be mediated by the DPC4 gene, located at 18q21, which is
commonly deleted in many pancreatic cancers (Schutte et al.,1996), and also in the
transition from intermediate to late adenomas in colorectal cancer (Hahn et al.,1996).
DPC4 and its Drosophila homologue, MAD, act as downstream effectors in the TGF[3 /
DPP signalling pathway (Eppert et al.,1996).

2. Tumour suppression.
Although the tumour suppressor field has lagged behind the study of oncogenes, several
unique techniques have been developed as tools for the identification and functional

characterisation of these genes.

2.1. Somatic cell fusions.

It is now well established that the fusion of a malignant cell with a normal cell produces
hybrids which are suppressed in their ability to form tumours in nude mice, that is, so
long as they retain specific chromosomes from the normal parent (Harris et al.,1969). In
other words, malignancy behaves as a recessive trait, and tumour suppression has a

genetic basis.

Support for this observation came from Stanbridge's group who fused normal human
fibroblasts with the cervical cancer cell line, HeLa (Stanbridge,1976). The initial
hybrids were non-tumourigenic, but still behaved as transformed cells in culture
(Stanbridge and Wilkinson,1978). This proved unequivocally that tumourigenicity and
transformation were under separate genetic control, and was in consonance with the
multistep model of tumour development which states that multiple genetic lesions are
required to produce a malignant cell. After prolonged passage in culture, rare
tumourigenic segregants arose, and the re-appearance of malignancy was associated
with the loss of chromosome 11 derived from the normal parent (Stanbridge et
al.,1981).
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2.2. Loss of heterozygosity studies.

The basic strategy for discovering the location of putative tumour suppressor loci was
based on this type of analysis of chromosome segregation during the growth of hybrid
cells in culture. Genes are now more frequently identified as a consequence of genetic
analysis of loss of heterozygosity (LOH). In fact, the only successful attempts to
identify and clone tumour suppressor genes have resulted from the application of
molecular genetic approaches based on the use of polymorphic markers to find regions
of the genome showing LOH in tumours, followed by positional cloning strategies, and
mutation analyses to identify the gene involved.

Rare familial cancers have allowed the identification of many tumour suppressor genes.
Although activated oncogenes are rarely transmitted as constitutional mutations, many
rare Mendelian cancers arise following inactivation of tumour suppressor genes.
Mapping the genes in these rare families opens the way to identification and cloning of
the tumour suppressor gene. Although few of these cases are as simple genetically as
retinoblastoma, this tumour exemplifies Knudson's two-hit hypothesis.

Retinoblastoma is a rare, aggressive childhood tumour of the retina. Sixty percent of
cases are sporadic and unilateral; the other 40% are inherited as an autosomal dominant
trait. In familial retinoblastoma, bilateral tumours are common. This led Knudson to
hypothesize that two successive mutations were required to convert a normal cell into a
tumour cell (Knudson,1971). Investigations in retinoblastoma families localised the
gene to chromosome 13ql4. Subsequent studies by Cavenee et al (1983) proved
Knudson's hypothesis and established the paradigm for all subsequent investigations of

tumour suppressor genes.

Commonly the first (inherited) mutation is a point mutation or some other other small
change confined to the tumour suppressor gene. Often, the second mutation, whether in
a familial or a sporadic case, involves loss of all or part of a chromosome. The
mechanism may be nondisjunction (leading to loss of a whole chromosome), mitotic
recombination (resulting in loss of those parts of the chromosome distal to the
crossover) or a de novo interstitial deletion. In each case, one allele of any marker close
to the tumour suppressor gene is lost, that is, the tumours become homozygous at this
locus. In this way, LOH is a key pointer to the existence of tumour suppressor genes.
The complementary approaches of linkage analysis in familial cancers, and LOH
analysis of paired tumour and normal samples, have suggested the existence of a
surprisingly large number of tumour suppressor genes, most of which have not yet been
identified.
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