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Abstract.

In the present study I have explored the feasibility of using retroviral
mediated gene transfer to study the role of given genes during chemically induced
carcinogenesis of the mouse skin.

Retroviral vectors expressing parts of the murine c-Ha-ras gene as antisense
RNA were compared to their sense counterparts for their ability to revert the
transformed phenotype of cells containing a mutant Ha-ras gene. I have shown that
one of the antisense retroviral constructs (pZN(X)RAS-1, containing exons 1 and 2
and 1.3 kb of the 5' untranslated region of murine c-Ha-ras) was effective in altering
the transformed phenotype of NIH3T3 cells transformed by a Ha-ras gene containing
a mutation at codon 61. Expression of this antisense Ha-ras retroviral construct
altered the ratio of morphologically transformed to untransformed colonies compared
to vector alone controls. Furthermore the ability to form colonies in soft agar of the
Ha-ras transformed NIH3T3 cells was reduced by 68% after infection with
PZN(X)RAS-1 compared to vector alone infectants. Infection of cells with the sense
counterpart of pZN(X)RAS-1 did not reduce the ability of these cells to grow in soft
agar. No significant reduction in soft agar cloning efficiency was observed with the
other antisense or sense retroviral constructs.

Metalloproteinases have been implied to play a role in progression of
tumours to an invasive and metastatic phenotype. The rat transin cDNA was
introduced into murine epithelial cells. However no evidence was observed of transin
expression influencing progression towards invasion or metastasis as assayed by a
spontaneous metastasis assay following subcutaneous injection of cells in athymic
nude mice. )

The feasibility of histochemically tagging mouse keratinocytes through
constitutive expression of a bacterial lacZ gene expressed within a retroviral vector
was examined. Results suggested successful infection and expression of the lacZ gene
in keratinocytes in vitro and in vivo. However a retroviral vector containing both the
v-Ha-ras and lacZ genes failed to induce tumours in mouse skin. This appeared to be
due to lack of efficient expression of the v-Ha-ras gene in murine epithelial cells.

The results presented in this study show the potential and limitations of
retroviral vectors to study an in vivo tumour model system such as mouse skin
carcinogenesis. The successful reversion of the transformed phenotype of cells in
vitro using antisense Ha-ras expression may suggest this approach could be used to
reverse or inhibit transformation in such tumour model systems.

xvi



Chapter 1

Cancer: A Multistep Process.



1. Cancer: A Multistep Process.

1.1. Genetic Events Involved in Neoplasia.

The hypothesis that genetic events are a major component of neoplasia
is based on evidence accumulated over recent years involving studies on
hereditary predisposition to cancer (HANSEN and CAVENEE, 1987,
PONDER, 1990; HABER and HOUSMAN, 1991), studies on association of
clonal karyotypic changes in cancers (HEIM et al, 1988) and the
demonstration of the mutagenic capacity of most carcinogens. Direct evidence
for causal genetic changes in cancer emerged with the identification and
cloning of genes involved in neoplasia either in a dominant or
recessive/dominant negative manner: oncogenes Or tumour Suppressor genes,
respectively.

Oncogenes were first identified as part of oncogenic retroviruses
(ELLERMANN and BAN, 1908; ROUS, 1911; GROSS, 1970), but are
derived from normal cellular proto-oncogenes by mutations which activate the
transforming activities of these genes. There are extensive examples of
activation of proto-oncogenes by means other than retroviral transduction.
Activation of proto-oncogenes involves either qualitative (by point mutations
or larger scale events such as truncation and gene fusions as a result of
chromosomal tanslocations) or quantitative changes (by elevated expression
caused by a number of mechanisms including gene amplification,
chromosome translocation, insertional mutagenesis and/or epigenetic events)
(BISHOP, 1987; VARMUS, 1989). Most of the oncogenes isolated to date
have been identified either by cellular transformation of mouse NIH 3T3 cells
induced by DNA transfection (SHIH et al., 1979 and 1981; COOPER et al.,
1980; KRONTIRIS and COOPER, 1981), by isolating new oncogenes located
within amplified sequences present in tumour DNA (KINZLER et al. 1987) or
adjacent to breakpoints of chromosomal translocations found in tumours
(TSUJIMOTO et al., 1984 a and 1984b; TSUJIMOTO and CROCE, 1986;
BISHOP, 1991). It has become clear in recent years, that the products of the
very highly conserved proto-oncogenes are elements of a cellular signaling
network whose functions range from external ligands and growth factors,

through cytoplasmic protein kinases and GTP-binding proteins, to nuclear



transcription factors. (reviews for oncogenic function: EISENMAN, 1989;
HUNTER, 1989 and 1991; McCORMICK, 1989; VARMUS, 1989;
FORREST and CURRAN, 1992; PAWSON, 1992).

The existence of tumour suppressor genes has been postulated for a
long time based on chromosomal deletions found in vivo in several inherited
predispositions to cancer (KNUDSON, 1971), and on chromosome transfer
and cell fusion experiments between normal and tumour cells in vitro where
normal-tumour cell hybrids predominantly display a non-malignant phenotype
(HARRIS, 1988; STANBRIDGE and CAVANEE, 1989). However, such
genes have only recently been localized and cloned by using polymorphic
DNA markers to search tumour cell genomes for repeated instances of loss of
heterogenicity (LOH) and by gene mapping using linkage studies in families
and chromosomal-rearrangement mutations in patients (SAGER, 1989;
STANBRIDGE and CAVANEE, 1989; MARSHALL, 1991; MASSAGUE
and WEINBERG, 1992; WHITE, 1992). Tumour suppressor genes have been
hypothesized to act "recessively” at the cellular level (HERSKOWITZ, 1987),
so that both copies of the allele must be inactivated or lost in order for the

growth-suppressive function to be eliminated (KNUDSON, 1985).

1.2. The Multistep Nature of Carcinogenesis.

There is now compelling evidence that cancer is a multistep process as
proposed by FOULDS (1954 and 1958) and KLEIN and KLEIN (1985).
Evidence collected in vitro is based primarily on transformation of primary
rodent fibroblasts. It has been demonstrated that there is a requirement for co-
operation, in the classical sense, of two or more independent oncogenes
(LAND et al., 1983a and 1983b) or, in a broader sense, the activation of one or
more proto-oncogene(s) has to occur in conjunction with the loss of tumour
suppressor genes. Evidence of co-operation is also found in vivo (HUNTER,
1991; BISHOP, 1991). So far relatively few tumours have been identified that
contain two different activated oncogenes, whereas there are numerous
examples of alterations of two or more tumour suppressor genes within one
tumour (MARSHALL, 1991; FEARON and VOGELSTEIN, 1990).

Epidemiological studies also support the concept that cancer is a

multistep process. Cancer development in humans shows a clear exponential



relationship of cancer incidence and age. Statistical analysis of age-incidence
curves has suggested that 4-7 rate limiting steps are required for the
development of carcinomas and 3-4 in leukaemias (KNUDSON, 1973; PETO
et al., 1975; FARBER and CAMERON, 1980; DIX, 1989). Rate limiting steps
are considered to reflect the minimum of events required, as non-rate limiting
events will also contribute to the development of cancer.

Discrete morphological and histological stages have been identified in
many cancers, again suggesting a stepwise progression towards malignancy.
Molecular and karyotypic analysis of human cancers show multiple genetic
events such as chromosomal translocations, gene amplification and point
mutations in a single cancer of clonal origin which is accompanied by the
successive emergence of more aneuploid subclones during tumour
development (HEIM et al., 1988).

Animal model systems are invaluable resources for studies aimed at
understanding the molecular mechanisms underlying carcinogenesis. Indeed,
animal model systems helped to establish the now accepted concept of
multistage tumorigenesis; comprising tumour initiation, promotion and
progression (HECKER et al., 1982). The value of such animal model systems
lies in the controllable and reproducible induction of specific tumour types by
particular chemical and physical carcinogens; in contrast to the situation in
most human tumours, for which the causative agents have only started to be
identified (CAIRNS, 1981; MILLER, 1970; AMES, 1983; WILBOURN et al.,
1986; AMES and SWIRSKY GOLD, 1990 and references therein).
Carcinogen-induced animal tumour models therefore provide an ideal
opportunity to investigate the molecular events associated with defined stages
of carcinogenesis. Chemically-induced animal tumours like hepatocarcinomas
in rats or mice (DRINKWATER, 1990), mammary tumours in rats
(SUKUMAR, 1989 and 1990) and mouse skin carcinomas (BALMAIN and
BROWN, 1988) are examples of the most studied experimental multistage
carcinogenesis model systems. The activation of oncogenes in the various
animal models of carcinogenesis has been summarized by GUERRERO and
PELLICER (1987), BALMAIN and BROWN (1988) and SUKUMAR (1989,
1990).



1.3. Mouse Skin Carcinogenesis.

The two stage or initiation - promotion model of mouse skin
carcinogenesis involves the single application of a subthreshold dose (i.e. one
which will not induce tumour formation by itself) of a complete carcinogen or
initiator followed by frequently repeated applications of a tumour promoter
(SLAGA, 1983). The promotion stage can be subdivided into two further
stages: conversion and propagation (BOUTWELL, 1964,
FUERSTENBERGER et al., 1981; SLAGA et al.,, 1980). The mouse skin
carcinogenesis model is of particular importance in the elucidation of genetic
and/or epigenetic events associated with carcinogenesis involving epithelial
tissues, keeping in mind that most human cancers are of epithelial origin
(Cancer Statistics, Ca 1989). Molecular and cellular characterisation of the
two stage model has now shown multiple events associated with
tumorigenesis.

The initiation-promotion model of mouse skin carcinogenesis results in
the appearance of benign papillomas within 6 to 20 weeks after the start of
promotion by repeated treatments with a tumour promoter such as 12-O-
tetradecanoylphorbol 13-acetate (TPA). Papillomas have a cauliflower-like
structure consisting of several folds joined by one or a few stalks, linking them
to the underlying skin. Each fold consists of epithelial projections covering
vascular connective stalks. The basic stratified structure of the epidermal
component is retained although tends to be thicker than normal.
Approximately 5 to 10% of these papillomas will progress to malignant
carcinomas. Macroscopically, carcinomas are firm expanding nodules which
often ulcerate. They are characterized by a disorderly proliferation of
epithelial cells and can be classified as grade 1 to 3, with grade 3 showing
least differentiation, highest mitotic index and marked nuclear and cellular
pleomorphism. The most differentiated tumours (G1) show extensive areas of
keratinization and groups of terminally differentiated cells making up the so
called "horny pearls” (KRUSZEWSKI et al., 1987).



1.3.1 Requirements for Chemical Carcinogenesis in Mouse Skin.

The requirements for tumour formation in mouse skin are summarized
in Figure 1.1. Two basic protocols can be applied to induce mouse skin
carcinogenesis:

a) complete carcinogenesis, which entails the application of either a
single large dose or fractionated doses of a known carcinogen (protocols 1 and
2);

b) two-stage or initiation - promotion carcinogenesis using optimal
doses of a carcinogen and tumour promoter (protocols 5, 6 and 11) (BURNS
et al.,, 1984; SLAGA, 1984). The two protocols differ in the kinetics of
appearance of benign papillomas and malignant carcinomas. The two-stage
protocol has a relatively low conversion rate from benign papillomas to
malignant carcinomas (only between 5 - 10% of the papillomas progress to
carcinomas) (protocol 5). In contrast, complete carcinogenesis induces fewer
papillomas (with a longer latency period) but has an increased efficiency to
induce malignant carcinomas both in terms of incidence and shorted latency
period compared to the two-stage protocol (HENNINGS et al., 1983).

Initiation requires only a single application of an initiating carcinogen
and is irreversible, a delay between the initiating and promoting stage of up to
40 weeks does not alter the tumour incidence (protocol 6) (LOEHRKE et al.,
1983; VAN DUUREN et al., 1975). Initiation by itself or promotion alone,
however, does not result in the formation of tumours (protocol 3 and 4).
Similarly, promotion prior to initiation (protocol 7), or promotion given only
for a short period after initiation (protocol 8) or at increased intervals between
individual promoter treatments (protocol 9) produce very few if any tumours.
Tumour promotion can be subdivided into two stages: first stage or conversion
and second stage or propagation (BOUTWELL, 1964; SLAGA et al., 1980;
FUERSTENBERGER et al., 1981). Although all tumour promoters induce
hyperplasia, not all hyperplastic agents can function as tumour promoters.
However, the latter may complete promotion if the initiated mouse skin has
been exposed to as little as one application of a tumour promoter (protocols 10
and 11). These observations led to the classification of stage 1 promoters (also
named full or conversion promoters) and stage 2 promoters (propagation

promoters). Wounding and TPA belong to the stage-1 promoters, whereas



Figure 1.1. Requirements for chemical carcinogenesis in
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mezerein or 12-retinoylphorbol 13-acetate (RPA) function as stage-2
promoters (HENNINGS and BOUTWELL, 1970; ARGYRIS, 1989; MARKS
et al., 1982).

For many years it has been accepted that around 90% of carcinomas
arise directly from "identical site" promoter-independent papillomas (BURNS
et al., 1978), which in turn were thought to arise from pre-existing promoter-
dependent papillomas in a sequential manner (ALDAZ et al., 1988) This
assumption has recently been questioned. REDDY et al. (1987), using a
combination of photography, tumour mapping, and analysis of the X-linked
polymorphic enzyme PGK, showed that 5 out of 18 carcinomas exhibited
PGK phenotypes different from those detected at an earlier biopsy of a
papilloma at the same site. The incidence of PGK phenotype change could be
twice as high, as there is a 50% chance that a new tumour will have the same
phenotype as the pre-existing lesion. Interestingly, the majority of carcinomas
induced in this way do not appear to arise from visible papillomas (REDDY
and FIALKOW, 1989). The simplest explanation for this is that while
initiators efficiently induce mutations which can aid progression, these events
are rarely induced or must occur spontaneously in initiated cells expanded by
tumour promoter treatment (DRINKWATER, 1990). POTTER (1981) has
suggested that the role of promotion is to increase the size of target cell
population available for a second mutational event. The frequency of this
event can be increased by applying mutagens to papillomas induced by an
initiation-promotion protocol (HENNINGS et al.,, 1983). The mutations
involved in this process have not been identified, but are likely to differ from
those involved in initiation, since chemicals which are good initiators are not

necessarily effective progression agents and vice versa (POTTER, 1981).

1.3.2. Molecular Events at Initiation.

The mutagenic capability of carcinogens (reviewed by SINGER and
KUSMIEREK, 1982) together with the irreversibility of the generally
phenotypically silent initiation event (LOEHRKE et al, 1983; VAN
DUUREN et al., 1975; BOUTWELL et al., 1982) suggests that initiation
involves a genetic event. Some of the target genes for initiation have been

identified. Tumours induced in the skin, mammary gland liver and other



tissues in experimental animal model systems frequently contain activated ras
oncogenes, capable of transforming NIH 3T3 cells after tumour DNA
transfection (reviewed by BALMAIN and BROWN, 1988). Mutations in
members of the ras gene family are also frequently found in human tumours
(BOS, 1989; LEMOINE, 1990). Tumour suppressor genes have also been
suggested as targets for chemical and physical carcinogens, especially in
human cancers (HARRIS, 1991).

The two most commonly used mutagens in initiation of mouse skin
carcinogenesis are 7,12-dimethyl benz(a)anthracene (DMBA) and N-methyl-
N'-nitro-N-nitroso guanidine (MNNG). They belong to two distinct classes of
chemical carcinogens: polycyclic aromatic hydrocarbons (PAH) and N-nitroso
compounds, respectively.

PAHs do not interact with DNA directly but are metabolized and
activated by P-450s (or monoamine oxidases) and an epoxide hydrolase to the
ultimate carcinogen, the 'bay region' dihydrodiol epoxide (or diol epoxide).
The chemical activation of PAHs has been elucidated mainly from studies on
benz[a]pyrene (B[a]P) and its metabolites (reviewed by CONNEY, 1982). The
metabolic activation of DMBA to its diol epoxide is shown in figure 1.2a.
Both the syn and anti forms of the DMBA 'bay region' diol epoxide bind DNA
(SAWICKI et al., 1983), but the carcinogenic properties of the chemical are
largely due to the syn form. The syn form binds almost exclusively to
deoxyadenosine (dA) residues in DNA, resulting in large dA adducts
(CHENG et al., 1988). This predominant dA adduct formation is characteristic
of DMBA and its metabolites, as other PAHs (including B[a]P and
methylcholanthrene (MCA)) form major adducts with deoxyguanosine (dG)
residues (JEFFREY, 1985). DMBA is about 30 fold more effective as an
initiator than B[a]P (DIPPLE et al., 1983b).

Initiation with DMBA and promotion with phorbol esters induce
papillomas and carcinomas with 90% showing activation by an A:T -> T:A
transversion at the second base of codon 61 of the Ha-ras gene, generating a
new Xbal restriction site (QUINTANILLA et al., 1986). The A->T mutation is
consistent with the metabolism and DNA-binding characteristics of this
carcinogen. PAHs, other than DMBA, induce a more heterogeneous pattern of

mutations. B[a]P preferentially induces G:C -> T:A transversions



Figure 1.2. Mechanism of activation of DMBA and MNNG.
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(WEINSTEIN et al., 1976), additional Ha-ras mutations have been reported
(BALMAIN and BROWN, 1988). Only about 20% of MCA-induced mouse
skin papillomas have the A:T -> T:A transversion at codon 61 of the Ha-ras
gene, a further 20% contain G:C -> T:A transversion at codon 13. The codon
13 mutation is found in the majority of MCA-carcinomas (BROWN et al,,
1990).

The N-nitroso compounds, including MNNG, are alkylating agents
(SINGER and KUSMIEREK, 1982). The breakdown of these compounds to
ultimate carcinogens occurs in the presence of a nucleophilic reagent (e.g.
alkali or thiols in the cells) and does not require enzymatic catalysis. The
breakdown of MNNG is illustrated in figure 1.2b. Although alkylation has
been observed at all O and N positions in the deoxyribonucleotides (except the
nitrogen attached to the sugar), the primary mutagenic lesion produced is the
O6-methyl guanine adduct, resulting in G:C -> A:T transitions by mispairing
with thymidine during DNA replication (TOORCHEN and TOPAL, 1983).
Consistent with the mutational mechanism for MNNG, only G-> A lesions (at
the middle base of codon 12) have been detected in the Ha-ras gene in mouse
skin tumours initiated with MNNG (BROWN et al., 1990; BREMNER and
BALMAIN, 1990). The simple methylating agent, MNU, induces G ->A:
mutations in mouse skin papillomas (BROWN et al.,, 1990) and in rat
mammary carcinomas (ZARBL et al., 1985; SUKUMAR, 1989 and 1990).
Interestingly, MNU-induced thymic lymphomas show a spectrum of N-ras
gene alterations (C -> A or A -> T), in addition to the G -> A mutation, that
are not always readily explicable with a simple mutational mechanism of
methylating agents (see BALMAIN and BROWN, 1988).

1.3.3. Activation of ras Oncogenes: An Early or Late Event?

The discovery that the Ha-ras gene was activated not only in DMBA-
induced carcinomas (BALMAIN and PRAGNELL, 1983) but also in benign
papillomas (BALMAIN et al., 1984), suggested that the mutation of the gene
is involved in the early stages of mouse skin carcinogenesis. QUINTANILLA
et al. (1986) showed that the nature of the activating mutation in the Ha-ras
gene reflected the chemical specificity of the initiating carcinogen. They

found that over 90% of DMBA- initiated papillomas and carcinomas



contained an A:T -> T:A transversion in codon 61 of the Ha-ras gene, as
predicted by the known metabolism and DNA-binding characteristics of the
carcinogen both in vitro (CHENG et al., 1988) and in vivo (DIPPLE et al.,
1983a). In MNU-induced rat mammary carcinogenesis, SUKUMAR et al.
(1983) and ZARBL et al., (1985) also found a correlation between the type of
Ha-ras gene mutation introduced and the carcinogen used. Further evidence
that ras gene activation can occur at the initiation stage came from chemically
induced hepatomas in B6C3F1 mice (WISEMAN et al., 1986). Cells from
both liver tumours and hepatic foci, the precursors to hepatic neoplasms
(PERAINO et al., 1983; SUKUMAR, 1989 and 1990), contain transforming,
mutant c-Ha-ras genes following MNU treatment (BUCHMANN et al., 1989).
It was demonstrated by using animal model systems, that the nature of the
activating mutation in the ras gene accurately reflects the chemical specificity
of the initiating carcinogen, but is independent from the tumour promoters
used (QUINTANILLA et al., 1986; FUJIKI et al., 1989). Other examples are
known, however, in which it is more difficult to correlate the mutagenic
activity of the initiating carcinogen with the mutations detected in the
resulting tumour (GUERRERO et al.,, 1985; GUERRERO and PELLICER,
1987; BALMAIN and BROWN, 1988).

The causal nature of mutations in the ras genes in initiating mouse skin
carcinogenesis was demonstrated by BROWN et al. (1986). They found that
chemical initiation with DMBA could be replaced by the application of either
Harvey or BALB murine sarcoma virus (Ha-MSV, BALB-MSYV), retroviruses
containing the activated viral Ha-ras gene, to the mouse skin. As with
chemical initiation, the presence of cells initiated by the stable integration of
either retrovirus, was necessary but not sufficient for tumour formation to
occur. Treatment with a phorbol ester was also required. Subsequently, ROOP
et al. (1986) demonstrated, that keratinocytes expressing the viral Ha-ras gene
(after infection by Ha-MSV) produce papillomas when grafted (combined
with freshly isolated dermal fibroblasts) onto athymic nude mouse recipients.
These experiments firmly established the correlation between initiation and
Ha-ras gene activation in mouse skin carcinogenesis.

However, oncogene activation has also been shown to occur as a late

event in experimental animal carcinogenesis systems, e.g. Ha-ras activation in



DMBA mediated progression of mammary hyperplastic outgrowths to
mammary carcinomas in mice (KUMAR et al., 1990a). Activation of the N-
ras gene in MNU-induced thymic lymphomas in mice (GUERRERO et 1,
1985; GUERRERO and PELLICER, 1987) and the neu gene in schwannomas
in rats exposed in uteri to MNU (SUKUMAR, 1989) have not yet been

correlated to a particular stage in carcinogenesis.

1.3.4. Tumour Promotion.

Tumour promotion is an essential component of carcinogenesis in
many in vivo systems (HECKER et al., 1982). Cells initiated by carcinogen
treatment or virus application, do not develop into tumours in the absence of
tumour promoting stimuli (VAN DUUREN, 1975; LOEHRKE et al., 1983;
BROWN et al., 1986). A large variety of chemicals have tumour promoting
activities. Phorbol esters are the strongest among these substances (SLAGA,
1983), whereas others have moderate (tobacco smoke condensate and
benzoylperoxide) or weak tumour promoting activities (some long chain
hydrocarbons). Several agents including asbestos, cigarette smoke, steroid
hormones alcohol and dietary fat, have been identified as tumour promoters in
human carcinogenesis based on epidemiological studies or animal model
systems (PITOT, 1983; KODAMA and KODAMA, 1987; COHEN and
ELLWEIN, 1990; WOODWARD and McMICHAEL, 1991).

Induced cell proliferation is a critical aspect of tumour promotion.
Appropriate tumour promoters have mitogenic activity, inducing a
hyperplastic response in epithelial tissues, such as skin, by increasing the
mitotic activity in the basal cell layers and the number of suprabasal cell
layers (RAICK et al., 1972). The induction of hyperplasia does not require a
preceding initiation event, but appears to reflect the response of the normal
cell population to tumour promotion. Similarly, initiated or preneoplastic cells
are assumed to respond to tumour promotion by increasing their rate of cell
proliferation (DRINKWATER, 1990 and references therein).

Hyperplasia is necessary, but on its own is not sufficient as a
mechanistic explanation for tumour promotion. Other events such as clonal
selection of initiated cells during tumour promotion have also been suggested
to be important (YUSPA et al., 1982; PARKINSON, 1985). The selection
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hypothesis has been based on the reported partial or complete resistance to
TPA-induced terminal differentiation of initiated cells in vitro (YUSPA and
MORGAN, 1981, YUSPA et al., 1983 and 1985). On the other hand TPA
treatment induces terminal differentiation (and accelerates the rate of
differentiation in committed cells) in the majority of epidermal basal cells in
vivo (REINERS and SLAGA, 1983) and in normal keratinocytes in vitro
(YUSPA et al., 1982; REINERS and SLLAGA, 1983). The considerable loss of
basal cells through accelerated differentiation of normal basal cells induced by
the first TPA treatment might indirectly increase proliferation and lead to
clonal expansion of initiated cells into the space left by suprabasally migrating
normal keratinocytes (REINERS and SLAGA, 1983). Thus, enhanced
proliferation and aberrant differentiation could operate synergistically during
tumour promotion.

The target cells for initiation are unknown. The fact that initiation is
irreversible suggests either epidermal stem cells or cells that have irreversibly
dedifferentiated into stem cells as obvious target cell candidates. Furthermore,
target cells for initiation have to be contained within a keratinocyte
subpopulation which is resistant or at least less sensitive to the induction of
terminal differentiation by TPA (YUSPA et al., 1981, 1982 and 1983b;
REINERS and SLAGA, 1983; PARKINSON et al., 1983 and 1984). MORRIS
et al. (1985) suggested that so called "label-retaining cells" (LRCs), located
within a nuclear diameter of the central cell position of each of the numerous
epidermal proliferative units (EPUs) of the mouse dorsal epidermis (for
review see POTTEN, 1983) represents the epidermal stem cells. Groups of
follicular LRC cells have been localized exclusively to the bulge area of the
hair follicle (COTSARELIS et al., 1990). These LRC cells are relatively
undifferentiated and extremely similar to the putative stem cells of the palm
and sole epithelia (LAVKER and SUN, 1982 and 1983). The normally slow
cycling LRC cells in the hair follicle bulge can be induced to proliferate in
response to hyperproliferative stimuli such as TPA treatment. COTSARELIS
et al. (1990) hypothesize that these follicular LRC cells not only represent the
hair follicular stem cells but are also the pluripotent stem cells that can give
rise to hair follicles, the sebaceous gland and the epidermis. A small

percentage of the slow cycling population of mouse epidermal basal cells (2%)
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and of infundibulum and outer root sheath cells (4-5%) have been shown to
retain carcinogen for a long period of time and have been proposed to
represent the target cells for initiation (MORRIS et al., 1986). There was no
evidence of carcinogen retention in the matrix cells of the hair follicle nor the
presence of LRC cells within that region which was previously thought to
harbour hair follicle stem cells. Work by WEINBERG et al. (1991)
demonstrated that interfollicular epidermal cells and some cells of the hair
follicle (probably outer root sheath cells) can be transformed/initiated by a v-
Ha-ras gene in vitro and following skin grafting onto nude mice result in
benign papillomas, indistinguishable from each other. Morphologically
distinct, so called "Dark Staining cells" (DSC), which are present in large
numbers in embryonic epidermis but decrease throughout adulthood, have also
been suggested to be some sort of primitive stem cells and possible target cells
for initiation (KLEIN-SZANTO et al., 1980). DSC keratinocytes are visible in

TPA-treated skin and are abundant in papillomas and carcinomas.

1.3.5. Genetic Events During Promotion.

There is now significant evidence in support of the involvement of
aneuploidy in the development of papillomas on mouse skin. It is not known,
as yet, whether the progressive aneuploidy observed during progression of
mouse skin carcinogenesis is induced by TPA and/or if it occurs as a
consequence of the presence of the activated Ha-ras gene. Karyotyping of
solid tumours established a correlation between increasing aneuploidy,
papilloma age and degree of dysplasia (CONTI et al., 1986; ALDAZ et al.,
1987). Non-random sequential trisomy of chromosome 6 and 7 have been
observed during the development of DMBA/TPA-papillomas (ALDAZ et al.,
1989). Analysis of loss of heterozygosity using F1 hybrids of appropriate
inbred mouse strains demonstrated a high incidence of imbalance between
parental alleles on mouse chromosome 7 in carcinomas carrying activated Ha-
ras genes (BREMNER and BALMAIN, 1990). Thus, activation of the Ha-ras
gene, besides being the initiation event, can also influence the molecular
nature of additional genetic changes occurring later in carcinogenesis.

TPA had been shown to induce aneuploidy in yeast (PARRY et al.,
1981), mouse epidermal cells (DZARLIEVA and FUSENIG, 1982;
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DZARLIEVA-PETRUSEVSKA and FUSENIG, 1985; PETRUSEVSKA et
al., 1988) and human lymphocytes (EMERIT and CERRUTI, 1982). TPA
causes severe numerical and structural chromosomal aberrations in vitro, such
as tri- and quadradial chromatid interchanges, ring chromosomes, induction of
gaps and translocations. In contrast, neither the second-stage tumour promoter
RPA, nor non-promoting phorbol esters, like 4-O-MeTPA or 4-alpha-PDD,
caused any substantial chromosomal alterations. The convertogenic activity of
TPA as a first stage promoter, seems to correlate with cytogenic effects seen
in primary keratinocyte cultures derived from mouse skin treated in vivo with
TPA (PETRUSEVSKA et al., 1988).

1.3.6. Tumour Progression and Metastasis.

Malignant conversion is a result of the stepwise acquisition of more
aggressive growth characteristics and more malignant behaviour (FOULDS,
1957). Clonal expansion of more malignant subclones within neoplasms is a
major force in tumour progression (NICOLSON and ROSENBERG, 1987).
The increased genetic instability of tumour cells compared to normal cells
(NICOLSON, 1987) may be an important factor contributing to clonal
evolution in neoplastic cell populations (NORWELL, 1976; 1986; 1989).
Molecular events responsible for various malignant properties associated with
tumour progression are discussed below.

Malignant conversion is phenotypically associated with invasion,
metastasis and the progressive loss of tissue organization. Changes in the
expression pattern of cytokeratins, differentiation markers in epithelial cells,
are useful indicators of alterations in the hyperplastic and differentiation state
of malignant tumours of the mouse skin (NELSON and SLAGA, 1982 and
references therein). Corresponding to their state of differentiation, benign
papillomas express cytokeratins specific to basal cells (K5 and K14), the
differentiated suprabasal layer (K1 and K10) and hyperproliferative skin (K6
and K16). Repression of the suprabasal keratins K1 and K10 and the induction
of K13 have been observed during the progression of papillomas to
carcinomas (ALDAZ et al.,, 1988; ROOP et al., 1988; LAURIJSEN et al.,
1989). In squamous cell carcinomas, there is a strong correlation between

increasingly dedifferentiated phenotype and a dramatic reduction in
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expression of differentiation specific cytokeratin K1 and K10, whereas the
other cytokeratins seem to be unaffected (TOFTGARD et al., 1985; ROOP et
al., 1988). Progression of squamous cell to spindle cell carcinoma is
associated with the aberrant expression of the simple typell cytokeratins K8
and K18 (endoA and endoB in mouse, respectively). Especially the expression
of K8 correlated strongly with the state of epithelial cell differentiation, the
levels of mutant Ha-ras p21 protein and the tumorigenic capabilities of the
carcinoma cells (DIAZ-GUERRA et al., 1992).

Metastasis is a multistep process requiring successful completion of a
series of complicated tumour-host interactions (reviewed in KERBEL, 1990;
FIDLER and HART, 1982; SCHIRRMACHER, 1985; HILL, 1987; HART et
al., 1989). In addition to growth control, an imbalanced regulation of motility
and proteolysis appears to be required for invasion and metastasis (LIOTTA et
al., 1991). Reviews have been written discussing the role of altered expression
of oncogenes (LIOTTA, 1988; MUSCHEL and LIOTTA, 1988;
GREENBERG et al., 1989), of cell-surface glycoproteins and oligosaccarides
(NICOLSON, 1988; RAZ and LOTAN, 1987; DENNIS and LAFERTE,
1987), of specific adhesion molecules (TAYLOR-SHER et al., 1988) or of
autocrine motility factors (LIOTTA and SCHIFFMANN, 1988) in metastatic
processes. The contribution of basement membranes, extracellular matrix, and
various proteolytic enzymes (LIOTTA et al., 1982; THORGEIRSSON et al.,
1985; LIOTTA, 1986), and of growth factors (HERLYN et. al., 1989) to
metastasis has also been reviewed extensively.

For many years, circumstantial evidence has been accumulating,
suggesting that cellular and secreted proteinases play a central role in
processes involved with invasion and metastatic tendencies of tumours. It has
been suggested that other behavioural traits of metastatic cancer cells, such as
a strong growth preference over their non-metastatic counterparts within the
primary tumour, are probably also necessary, though not sufficient by itself,
for expression of metastatic ability (reviewed KERBEL, 1990). Proteinases
have been implicated in processing of mediators of the transformed state, such
as autocrine growth factors, growth factor receptors, and angiogenic factors
(LATHO and KESKI-OJA, 1989), in induction of angiogenesis (LIOTTA et

al., 1991), in evasion of the host immune system, as has been shown in the
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case of the proteinase cathepsin L (McCOY et al., 1988; KANE and
GOTTESMANN, 1990; GOTTESMANN, 1990) and in the degradation of
basement membrane to allow invasion and metasatsis at later stages of tumour
progression (LIOTTA and STETLER-STEVENSON, 1990 and references

therein).

1.3.7. Molecular Events Associated with Malignant Progression in Mouse
Skin Carcinogenesis.

Amplification of oncogenes appear to be a major mechanism for
altered gene function, particular in the later stages of human tumour
development (ALITALO and SCHWARB, 1986). A 2 to 20 fold
amplification of the mutant Ha-ras has been observed in some mouse skin
carcinomas (QUINTANILLA et al., 1986; BREMNER and BALMAIN, 1990;
BUCHMANN et al., 1991). The reduction in the normal:mutant Ha-ras gene
dosage seems to be the most significant difference between squamous cell and
spindle cell carcinomas. It is still unclear, however, if the loss of the normal
Ha-ras allele, the increased absolute expression of the mutant allele, or a
combination of both represents the crucial feature of this progression event
(BUCHMANN et al,, 1991; BALMAIN et al., 1990).

Mutant ras genes have been implicated in the induction of the
metastatic phenotype. Thus, evidence is accumulating that the Ha-ras gene
may be involved at both, early and late stages of tumour progression. Other
oncogenes have been tested for co-operativity with ras in the malignant
conversion of mouse skin tumours. So far, only the introduction of v-fos or c-
Sfos into murine papilloma cell lines resulted in the malignant conversion of
these lines to squamous cell carcinomas. Fos activation, however, may not be
commonly involved in the malignant progression of mouse skin tumnours, as
the resultant carcinomas lacked y-glutamyl-transpeptidase activity, which is
present in 90% of all chemically induced mouse skin carcinomas (CHIBA et
al., 1986) and there is so far no evidence for fos gene activation in chemically
induced tumours in vivo.

Functional alterations or loss of tumour suppressor genes are a major
feature of progression in many human malignancies and seem to be also

involved in experimental animal carcinogenesis model systems. The
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progressive reduction in normal:mutant ratio of Ha-ras gene during tumour
progression, resulting in the complete loss of the normal Ha-ras allele in
spindle cell carcinomas (BUCHMANN et al., 1991), could represent such a
loss of suppressor gene function in mouse skin carcinogenesis. It has been
suggested that the normal Ha-ras allele, or a closely linked loci, could be the
proposed tumour suppressor gene on chromosome 7 whose function seems to
be specifically directed against the function of a mutant Ha-ras gene. The
presence of a tumour suppressor gene on chromosome 7 was proposed as a
number of loci on mouse chromosome 7, including the Ha-ras locus, are
syntenic with a group of genes on the short arm of human chromosome 11,
which in turn contains at least two putative tumour Suppressor genes
(SEARLE et al., 1989; BREMNER and BALMAIN, 1990). Inactivation of the
mutant Ha-ras specific tumour suppressor gene, by epigenetic as well as
genetic mechanisms, could be a major event during tumour progression. The
trisomy of chromosome 7 detected in many carcinomas would correspond to
an actual under-representation of this chromosome in the near-tetrapoid
background of the progressing tumours (BREMNER and BALMAIN, 1990:
FUSENIG et al., 1985). Loss of heterozygosity (LOH) for the p53 tumour
suppressor loci on mouse chromosome 11, syntenic to the human p53-
containing chromosome 17, was detected in 7 out of 40 carcinomas analysed,
with the remaining chromosome having inactivating mutations in the p53
gene. LOH on chromosome 11 was not observed in 30 papillomas.
Furthermore, carcinomas without LOH on chromosome 11 had mutations in
both alleles of the p53 gene (BURNS et al., 1991; P.A. BURNS, personal
communication). These results strongly suggest that complete loss of normal
p53 function is associated with the malignant phenotype in mouse skin
carcinogenesis. However, loss of normal p53 function does not appear to be
directly responsible for further progression to undifferentiated spindle cell
carcinoma, as loss of normal p53 function is found in well-differentiated
squamous cell carcinomas (BURNS et al., 1991). Under-representation of
mouse chromosome 4 in carcinomas has also been reported (C.J. KEMP,
personal communication). Mouse chromosome 4 corresponds to the human
chromosome 9 containing a putative tumour suppressor gene for epithelial
tumours in man (GAILANI et al., 1992).
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1.3.8. Transin/Stromelysin Expression and Tumour Progression.

The family of extracellular matrix-degrading metalloproteinases
consists of three sub-groups characterized by the substrate preference of the
various proteinases:

i. Interstitial collagenases, specifically degrade type I, II and IO
collagen found in the dermis and other connective tissues (TEMPELTON et
al., 1990).

ii. Type IV collagenases or gelatinases with substrate specificity for
basement membrane collagen (type IV collagen and gelatins) (FESSLER et
al., 1984). The type IV collagenase, or 72kDA gelatinase, is also able to
degrade type V and VII collagen. A positive correlation between type IV
collagenase activity and tumour cell invasion has been demonstrated both in
vivo and in vitro. The evidence for type IV collagenase playing a role in
tumour invasion and metastasis has been extensively reviewed (LIOTTA et
al,, 1991; LIOTTA and STETLER-STEVENSON, 1990 and references
therein).

iii. Stromelysins (WILHELM et al., 1987; MATRISIAN, 1992). The
subclass stromelysin consists of three related gene products, stromelysin,
stromelysin-2, and matrilysin, also called PUMP-1 (small putative
metalloproteinase) or MMP7 (CHIN et al., 1985; WHITHAM et al., 1986;
MULLER et al., 1988; WOESSNER and TAPLIN, 1988). Stromelysin
proteinases degrade a wide variety of extracellular matrix components
including proteoglycans and non-collagenous glycoproteins (e.g. laminin,
fibronectin and gelatin), the non-collagenous domains of type IV collagen, as
well as type III and V collagens (reviewed in McDONNELL and
MATRISIAN, 1990 and references therein).

Transin mRNA was originally characterized as a mRNA whose levels
are greatly increased following oncogenic transformation of rat embryo
fibroblast cell lines (MATRISIAN et al., 1985). Additional transin-like genes
have since been isolated: transin-2 (BREATHNACH et al., 1987) and matrix
metalloproteinase 7 (MMP 7) (WOESSNER and TAPIN, 1988) or transin-3,
also called matrilysin (QUANTIN et al.,, 1989; MATRISIAN, 1992).

Subsequent studies and primary sequence comparisons have since revealed,
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that the transin gene is the rat homolog of the extracellular matrix-degrading
metalloproteinase (MMP) gene stromelysin described by CHIN et al., (1985)
(WHITHAM et al., 1986; MULLER et al., 1988). Transin-2 and transin-3
genes code for the rat homologues of stromelysin-2 gene and PUMP-1 gene
(putative metalloproteinase-1) (MULLER et al., 1988), respectively. The
transin-like metalloproteinases have been grouped into the stromelysin
subclass of MMPs according to their broad substrate specificity (reviewed in
McDONNELL and MATRISIAN, 1990). The nomenclature for members of
the stromelysin subclass is not consistent, since many of these enzymes have
been given different names by different groups (Table 1.1 reproduced from
MATRISIAN, 1992; reviewed in McDONNELL and MATRISIAN, 1990;
MATRISIAN and BOWDEN, 1990; MATRISIAN, 1992). The regulation of
expression of the transin/stromelysin genes, as well as the structure and
proteolytic activation of metalloproteinases have been reviewed extensively
(LIOTTA and STETLER-STEVENSON, 1990; MATRISIAN and BOWDEN,
1990; McDONNELL and MATRISIAN, 1990; MATRISIAN, 1992).

1.3.9. Transin/Stromelysin Expression During Chemical Carcinogenesis
in Mouse Skin.

Analysis of tumours generated in vivo by the classical protocol of
chemically induced mouse skin carcinogenesis (SLAGA, 1983), a single
treatment of normal mouse skin with the initiating carcinogen DMBA
followed by repeated treatments with the tumour promoter TPA, demonstrated
a correlation between transin/stromelysin gene expression and malignant state
of the tumours analysed. Only 6% of benign papillomas, arising after 15
weeks TPA treatment, had low levels of transin/stromelysin mRNA detectable
(MATRISIAN and BOWDEN, 1990). However, squamous cell carcinomas
(SCC), developing at around week 25 to 30 in 5-7% of DMBA/TPA treated
animals, had an elevated incidence (73%) of high transin/stromelysin
expression (MATRISIAN et al., 1986; MATRISIAN and BOWDEN, 1990).
Similar observations were made in analysis of benign papillomas and SCC,
induced by N-methyl-N-nitroso-N-nitroguanidine (MNNG)-initiation/TPA-
promotion protocol. Transin/stromelysin expression was detected with much
higher incidence in SCCs (80%) than in papillomas (25%) (MATRISIAN et
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The stromelysin family

of matrix degrading metolloproteinases (MMPs).

| 1 I i T i
|Group| Name | Members | Source | Substrate B
L 1
T T T
1 Stromelysin | Stromelysin | Rabbit synovial Proleoglycans |
| | | fibroblasts
l [ : Laminin |
| Transin | Transformed rat |
| | fibroblasts Fibronecton I
I |
| Proteoglycanose | Rabbit bone III, 1v, v, |
| | | | collagen |
| | | Collagenase | Rabbit synovial |
| | | activator | fibroblasts Gelatins }
| I l |
| | | MvMp-3 | Human rheumatoid | |
| | | | synovial cells }
| | | l
|12 | Stromelysin-2| Stromelysin-2 | Human tumour II1I, I1v, Vv ]
| | | | cells collagen ,
| | | l
| | | Transin-2 | Transformed rat | Fibronecton |
| | | | fibroblasts |
| | | MmMP-10 ] Gelatins |
| I | | |
3 Matrilysin | Matrilysin Gelatins |
] (or transin-3) : {
| |
| Pump-1 Human tumour Fibronectons |
| | | cells ‘
| | |
| Small metallo Rat uterus |
| proteinase of |
| the uterus {
|
| | MMP-7 J
Table 1.1.

The stromelysin family of matrix-degrading metalloproteinases (MMPs).

The stromelysin family of MMPs is subdivided into three groups:
group 1 is represented by stromelysin, group 2 by stromelysin-2 and group 3
by matrilysin. The names given to purified enzymes or cloned cDNAs, their
source, substrate specificity and classification within the family are indicated

in this table. References are given in the text.




al., 1990). The correlation between transin/stromelysin expression and
malignancy was even more striking in SCCs developing after repeated
treatments with MNNG; 100% of these malignant tumours (5/5 SCC) showed
very high levels of transin/stromelysin mRNA (OSTROWSKI et al., 1988;
MATRISIAN and BOWDEN, 1990). These results correlated well with the
observation that repeated MNNG treatment of mouse skin produces malignant
tumours with a high probability of invading and metastasizing (PATSKAN et
al., 1987). In none of the chemically induced SCCs, expressing
transin/stromelysin at high levels, was any evidence found of amplification or
rearrangement of the transin/stromelysin gene (MATRISIAN and BOWDEN,
1990). The induction of transin/stromelysin gene expression occurred solely at
the transcriptional level. A very high percentage of mouse skin tumours
initiated by ionizing radiation (JAFFE and BOWDEN.,, 1987), express
transin/stromelysin (MATRISIAN and BOWDEN, 1990). The high
percentage of transin/stromelysin expression found in benign tumours (near
100%) might be an indicator, that these tumours could be premalignant, as
evidence suggested a high rate of conversion of radiation initiated papillomas
to SCCs (JAFFE and BOWDEN. 1987). The fact that radiation initiated basal
cell carcinomas (BCC) did not express transin/stromelysin, was consistent
with the observation, that BCCs show little evidence of invasive behaviour
(MATRISIAN and BOWDEN, 1990).

OSTROWSKI et al. (1988) found an apparent decrease in the level of
transin/stromelysin transcripts in metastatic lesions (1 lung metastasis and 2
lymph node metastases) when compared to the transcript levels found in the
primary tumour, induced by repeated Benzo[a]pyrene (B[aJP) or MNNG
treatment over a period of over 40 weeks, from the same animal. In one case
(lung metastasis), no transin/stromelysin transcripts were detectable. They
speculated that the level of transin/stromelysin expression could be
downregulated in metastatic tumour cells, as its proteolytic activity might not
be required for the process of establishing and maintenance of the metastatic
colony at its new location (OSTROWSKI et al., 1988). Transin/stromelysin
levels also correlated with the metastatic potential of a series of oncogene
transformed rat embryo cells in vitro (POZZATTI et al, 1986). After
transfection of the T24/EJ c-Ha-ras oncogene (PARADA et al., 1982), normal
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rat embryo fibroblasts, as early as passage 3 to 4, exhibited great propensity to
form metastatic lesions after intravenous injection into nude mice. Rat embryo
fibroblasts transfected with cloned c-Ha-ras and adenovirus 2 Ela gene,
however, gave rise to tumours, but no, or very few metastatic, lung nodules
(POZZATTI et al., 1986). Unpublished results by POZZATTI (MATRISIAN
and BOWDEN 1990), showed that 5/5 c-Ha-ras transformed cell lines had
elevated levels of transin/stromelysin mRNA, whereas only 1/5 c-Ha-ras/Ela
transformed cell lines expressed transin/stromelysin mRNA. These results
were explained when VAN DAM et al. (1990) and OFFRINGA et al. (1990)
showed that E1A protein suppresses the transcription of the collagenase gene
by abolishing the transactivating function of AP-1 (Jun/Fos) which binds to
the TRE element of the collagenase gene (AUBLE et al., 1991).

In summary, the induction of transin/stromelysin expression seemed to
be a relatively late event in the process of tumour progression as demonstrated
for ionizing radiation and chemically induced mouse skin carcinogenesis in
vivo (MATRISIAN et al.,1986; MATRISIAN and BOWDEN, 1990) and for
v-ras/v-fos-expressing keratinocytes upon grafting onto the backs of nude
mice (GREENHALGH and YUSPA, 1989). There was a strong correlation
between its expression and the invasive and metastatic potential of chemically
induced mouse skin tumours, papilloma cell lines in vitro and human T24/EJ
c-Ha-ras oncogene transformed, tumorigenic rat embryo fibroblasts
(POZZATTI et al., 1986; KRIEG et al., 1988; GREENHALGH and YUSPA,
1989; MATRISIAN and BOWDEN, 1990). The observation that tumours with
the greatest probability of becoming invasive and metastatic have the highest
levels of transin/stromelysin (OSTROWSKI et. al., 1988; MATRISIAN and
BOWDEN, 1990) leads to the speculation that the metalloproteinase
transin/stromelysin might play a causal role in promoting invasion through the

basement membrane.

1.4. The Ras Gene Family.

1.4.1. Structure and Function of the ras Proto-Oncogenes.
Three functional ras genes have been isolated from several

mammalian species: Ha-ras 1, Ki-ras 2 and N-ras, alongside two
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pseudogenes identified in rats and humans: Ha-ras 2 and Ki-ras 1
(BARBACID, 1987). The genes encode closely related proteins of 21
kDa, referred to as p2lras. By alternative splicing of its two fourth exon
(IVA and IVB), the Ki-ras 2 gene can generate two forms of p21 (Ki-ras
2A and Ki-ras 2B), proteins of 188 amino acids and 189 amino acids,
respectively, that differ in their C-terminal residues (McGRATH et al,,
1983, CAPON et al., 1983). Whereas Ha-ras and Ki-ras have known
retroviral homologues in the transforming genes of Harvey- and Kirsten
murine sarcoma viruses (Ha-MSV and Ki-MSV), no such homologue has
been identified for the N-ras gene (HALL et al., 1983; SHIMIZU et al.,
1983). The p2lras proteins encoded by the various members of the ras
gene family, have been shown to bind magnesium complexes of guanine
nucleotides (GDP or GTP) (SCOLNICK et al., 1979; SHIH et al., 1980,
TAMANOI et al., 1984; TEMELES et al., 1985; WITTINGHOFER and
PAI, 1991), possess GTPase activity (GIBBS et al., 1984; McGRATH et
al., 1984; SWEET et al., 1984; MANNE et al., 1985; TEMELES et al.,
1985), and are associated with the plasma membrane (WILLINGHAM et
al., 1980; WILLUMSEN et al., 1984). p21ras proteins show a significant
sequence homology with G proteins, a group of signal-transducing
proteins with intrinsic GTPase activity and an intracellular localisation on
the inner surface of the plasma membrane similar to p2lras proteins
(HURLEY et al., 1984; TANABE et al., 1985; LOCHRIE et al., 1985;
ITOH et al., 1986). There is also a high degree of similarity, especially for
the nucleotide binding site, between p2lras proteins and other GTP-
binding proteins involved in polypeptide chain elongation, such as the
bacterial EF-Tu factor (JURNAK, 1985; McCORMICK et al., 1985). The
determination of the crystal structures of EF-Tu in its GDP-bound form
(JURNAK et al., 1985; LA COUR et al., 1985) and the three dimensional
structure of c-Ha-ras in both, its GDP-bound and GTP-bound forms (DE
VOSS et al.,, 1988; PAI et al, 1989) confirmed the similarity at the
nucleotide binding site of the two proteins. The three dimensional
structure of p2lras proteins has been described in a number of reviews
(WITTINGHOFER and PAI, 1991; SCHLICHTING et al., 1990;
McCORMICK, 1989; BARBACID, 1987). These sequence and structure
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similarities, especially to G proteins, and the properties of p21ras proteins
suggest that they may function as molecular switches in signaling events
of cell growth and differentiation. When bound to GTP p2lras proteins
are in their active state ("on" switch); their GDP complexes comprise the
inactive form ("off" switch) (BOURNE et al., 1991 and 1990; CHARDIN,
1991; KAZIRO et al., 1991).

The promoter regions of the cellular ras genes lack characteristic
TATA boxes, but are highly GC rich (BARBACID, 1987), contain
multiple potential GC-box SP1 protein binding sites (GGGCGG or its
complement CCGCC) (YAMAMOTO and PERUCHO, 1988; ISHII et
al., 1986; BROWN et al., 1988; NEADES et al., 1991; PLUMB et al.,
1991) and a putative CCAAT box (BROWN et al., 1988) with two further
potential CTF-1 binding sites (NEADES et al., 1991; JONES et al., 1987).
The untranslated 5'-non-coding exon (E-1), located immediately
downstream from the promoter region, contains multiple transcription
start sites (BROWN et al., 1988; PLUMB et al., 1991). In the Ha-ras
gene, the exact position and regulation of these multiple start sites are still
disputed.

The amino acid sequence of the p2lras proteins are very similar
and can be divided into four domains. The first 85 amino acids at the
amino-terminus are identical in each member of the family, and the
adjacent 80 amino acids show only a slight divergence with 85% identity.
The third region between amino acids 165 and 185 is highly heterologous,
but the sequence homology is restored in the last four amino acids. This
fourth domain of four amino acids comprises a characteristic motif of
Cys(186)-A-A-X-COOH ('A' representing any aliphatic amino acid; 'X'
representing any amino acid) in all mammalian ras genes (BARBACID,
1987). The CAAX motif has an important signalling function in post-
translational modification(s) of the p2lras proteins, necessary for their
maturation into the membrane-bound forms (DER and COX, 1991).
Three closely coupled post-translational modifications are required for
efficient membrane binding of p21ras (HANCOCK et al., 1991): First, the
addition of a prenoid derivate or a farnesly group to the cysteine of the
CAAX sequence (HANCOCK et al., 1989; CASEY et al., 1989); second,
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the removal of the AAX amino acids by proteolysis (GUTIERREZ et al.,
1989) and third, the methyl-esterification of the now C-terminal cysteine
residue (CLARKE et al., 1988; GUTIERREZ et al., 1989). The CAAX
motif of p21 proteins must combine with a second "membrane
association” signal, either a cysteine palmitoylation site (Ha-ras, N-ras
and Ki-ras 4A) or a polybasic domain comprising six consecutive lysine
residues (Ki-ras4B), contained within the hypervariable domain of the
protein to target plasma membrane localization (HANCOCK et al., 1989;
1990 and 1991b). Post-translational modification of the p2lras proteins
are essential for membrane localization and oncogenic activity
(HANCOCK et al., 1989; WILLUMSEN et al., 1984). Recently it has
been shown that irreversible myristylation of normal p21 ras activates the
transforming properties of this protein (BUSS et al, 1989). Post-
translational processing is also required for the interaction of the p2lras
proteins with GDP dissociation stimulators (GDS) (MIZUNO et al.,
1991).

Mammalian ras proteins have been implicated in a variety of
biological events: p2lras proteins are capable of inducing proliferation
and transformation in certain types of mammalian cells (fibroblasts,
epithelial cells) (STACEY and KUNG, 1984; MULCAHY et al., 1985;
YUSPA et al., 1985) and of inducing differentiation or growth arrest in
others (rat pheochromocytoma (PC) 12 cells, Schwann cells) (NODA et
al., 1985; BAR-SAGI and FERUMISCO, 1985). In contrast to normal
p21ras, oncogenic p2lras proteins can induce terminal differentiation of
PC12 cells. Microinjection of PC12 cells with antibodies against p21ras
proteins inhibits neurite formation induced by NGF but not by cAMP
(HAGAG et al., 1986). There is also evidence that in some cell types
p2lras may promote transformation by inhibiting differentiation. The
introduction of ras oncogenes into skeletal myoblasts (OLSEN et al.,
1987) or mouse keratinocytes (YUSPA et al., 1983 and 1985) blocks the
normal differentiation programme of these cell types (OLSEN et al.,
1987). The high expression levels of p21ras in brain tissue (FURTH et al.,
1987; CHESA et al., 1987) further supports a role for this protein in

neural differentiation and offers an explanation for the lack of association
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between ras gene activation and tumours of neuroectodermal origin
(BOS, 1989). Detection of high levels of ras expression in both
proliferating and terminally differentiated cell types (epithelial cells of the
endocrine gland; neurons of the central nervous system) support the
concept that ras genes can interact with diverse intracellular pathways
involved in basic cellular proliferation and in certain specific functions of

terminally differentiated cells.

1.4.2. Downstream Cellular Signalling Pathways Regulated by p21ras
Proteins.

The elucidation of cellular signalling pathway(s) affected by
normal or oncogenic activated p2lras proteins have made progress in
recent years. One of the candidate intracellular pathways which
mammalian p2lras proteins may influence is the phosphoinositide
system, a system which regulates several processes including metabolism,
secretion, neuronal activity and cell proliferation (BERRIDGE and
IRVING, 1989). Evidence that p21ras may be the G protein involved in
transducing a variety of signals from the cell surface to the enzyme
phospholipase C (PLC) was inferred from the observation that p2lras-
transformed cells contain elevated levels of inositol 1,4,5, triphosphate
(IP3) (FLEISCHMAN et al., 1986; HANCOCK et al., 1988). The second
messengers IP3 and diacylglycerol (DAG) are normally released
following the PLC-catalysed hydrolysis of phosphatidyl inosito 4,5-
biphosphate (PIP2). IP3 induces an increase in the level of intracellular
Ca2t (BERRIDGE and IRVINE, 1989), while DAG, in conjunction with
Ca2+, activates Protein kinase C (PKC) (NISHIZUKA, 1986 and 1988). It
has been suggested that different p2lras proteins couple different
receptors to PLC: the bombesin receptor via p21N-ras (WAKELAM et
al., 1986) and the PDGF receptor via p21Ha-ras (MARSHALL, 1987).
However, mutant p21ras has been observed to induce an increase in DAG
in the absence of, or well above, any increase in inositol phosphates
(LACAL et al., 1987a and 1987b; WOLFMANN and MACARA, 1987,
SEUWEN et al., 1988; MORRIS et al., 1989). It has therefore been
suggested that p21ras may mediate the breakdown of other phospholipids,
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such as phosphatidylcholine (PC), phosphatidyl ethanolamine (LACAL et
al., 1987a), or the substrates of phospholipase A2 (BAR-SAGI and
FERAMISCO, 1986). However, downregulation of PKC by prior
treatment with phorbol esters blocks ras-induced PC hydrolysis and
elevation of DAG (PRICE et al., 1989), implying that DAG increase is
downstream of PKC and that p2lras activates PKC by a novel
mechanism.

More recently, activation of mitogen activated protein (MAP)
kinases has been identified as an early consequence to p2lras
deregulation following scrape loading quiescent cells with oncogenic
p2lras (LEEVERS and MARSHALL, 1992). MAP kinases are
constitutively activated in p2lras-transformed cell lines, suggesting that
continued stimulation of these kinases is required for the transformed
phenotype of the cells (LEEVERS and MARSHALL, 1992). Although
initially described as the direct target for receptor linked tyrosine kinases
(receptor for insulin, epidermal growth factor (EGF) and fibroblast
growth factor (FGF)), the activation of the protein-serine MAP kinase is
catalysed by a MAP kinase kinase which in turn is dependent on
serine/threonine phosphorylation for its activity. There is evidence that
the serine kinase product of the proto-oncogene c-raf is involved in
activation of the MAP kinase kinase by directly phosphorylating the MAP
kinase kinase (BRUDER et al., 1992; KYRIAKIS et al., 1992). Dominant
negative Raf mutants inhibit p21ras-mediated signalling (BRUDER et al.,
1992) and dominant negative p21lras mutants inhibit activation of c-raf-1
by mitogens (KYRIAKIS et al., 1992). It has been shown in vitro that
MAP kinases specifically modify by phosphorylation two serine residues
within the transactivation domain of c-Jun, a component of the AP-1
transcription factor complex (PULVERER et al., 1991). Activation of c-
Jun/AP-1 protein complex through phosphorylation seems to be necessary
for deregulation of cell growth by p2lras proteins. However, the

immediate downstream target for p21ras proteins is/are still elusive.
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1.4.3. Oncogenic Activation of ras Genes.

The structural alterations responsible for the activation of ras
genes are well documented (BARBACID, 1987; McCORMICK, 1989).
The activating mutation of the c-Ha-ras gene of the T24/EJ bladder
carcinoma cell line was the first to be determined. A single nucleotide
substitution (G to T) at codon 12 results in an altered p21ras gene product
containing a Val rather than a Gly residue at position 12 (TABIN et al.,
1982; REDDY et al., 1982; TAPAROWSKY et al., 1982). Since then,
codon 12, 13, and 61 mutations have been identified in activated ras
oncogenes detected in naturally occurring tumours and in chemically
induced tumours (GUERRERO and PELLICER, 1987, BARBACID,
1987; BALMAIN and BROWN, 1988; BOS, 1989; McCORMICK, 1989;
SUKUMAR, 1989 and 1990; LEMOINE, 1990). In addition, an activating
codon 59 mutation has been detected in viral Kirsten and Harvey ras
genes (DHAR et al,, 1982; TSUCHIDA et al., 1982), but never in an
activated cellular ras gene. /n vitro mutagenesis studies extended the list
of activating mutations to include codons 63 (FASANO et al., 1984), 116
(WALTER et al., 1986), 117 (DER et al., 1988), 119 (SUAL et al,,
1986b) and 146 (SLOAN et al., 1990; ORITA et al., 1991). Except for
codon 146 mutations identified in a range of naturally occurring human
tumours including colon cancer, lung cancer and lymphoid malignancies
(ORITA et al,, 1991), these mutations have never been described in
human tumours.

In general, ras gene activating mutations fall into two functional
groups, those affecting codons 12, 13, 59, 61 and 63 residues have
reduced intrinsic GTPase activity (GIBBS et al., 1984; McGRATH et al.,
1984; SWEET et al.,, 1984; MANNE et al., 1985; TEMELESS et al.,
1985) and are unable to respond to the stimulating effect of GTPase
activating proteins (GAPs) (ADARI et al.,, 1988; CALES et al., 1988)
while those at codons 116, 117, 119 and 146 have an increased GDP/GTP
exchange rate (SIGAL et al., 1986a; WALTER et al., 1986).

Ras genes can also gain transforming properties by quantitative
mechanisms. Overexpression of ras-proto-oncogenes as a result of

linkage of normal ras genes to powerful enhancer elements such as
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retroviral LTRs (CHANG et al., 1982) or obtained after integration of
multiple copies of a normal human Ha-ras1 DNA clone (PULCIANTI et
al., 1985) result in the malignant transformation of NIH 3T3 cells.
Amplification of ras has also been seen in a variety of human tumours,
although the overall incidence of ras gene amplification in human
neoplasia is estimated to be around 1% (PULCIANI et al., 1985; for
reviews: BARBACID, 1987; BOS, 1989, 1990).

1.4.4. Ras Gene Activation in Human Tumorigenesis.

Oncogenic activation of members of the ras gene family plays an
important role not only in mouse skin carcinogenesis and other animal
model systems but is also implicated in human tumorigenesis, although
the incidence of ras gene activation differs greatly in human tumours
(LEMOINE, 1990; BOS, 1989). The highest incidences are found in
adenocarcinomas of the exocrine pancreas, colorectal carcinomas, benign
and malignant tumours of the thyroid gland and Acute Myeloid Leukemia
(AML). Although lung carcinomas have a relatively low incidence of
activating ras gene mutations, one histological type of lung carcinoma,
adenocarcinomas have a high incidence of Ki-ras gene activation, there is
also evidence that the mutational event could be a direct result of the
presence and action of carcinogenic ingredient(s) of tobacco smoke
(RODENHUIS et al., 1988). However, in several other types of tumours
the incidence of ras gene activation is very low (less than 5%), these
include carcinomas of the breast, cervix, ovaries and esophagus as well as
glioblastoma, neuroblastoma, large cell lung cancer and chronic
lymphocytic leukemia (LEMOINE, 1990; BOS, 1989; McCORMICK,
1989). The reason for the high incidence of ras mutations in certain
tumours and their absence in others may relate to the tissue distribution of
carcinogens and/or the sensitivity of individual tissues to ras-induced
transformation. Studies using transgenic mice have demonstrated that the
pancreas is particularly sensitive to ras-induced neoplasia whereas
tumours arising in mammary (SINN et al., 1987) or lung tissue (SUDA et

al., 1987) occur only after a long latency period.
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A specificity regarding the activation of a particular member of
the ras family is observed in certain tumours: the strong association
between Ki-ras mutation and tumours of the colon, lung and pancreas
(BOS, 1989; LEMOINE, 1990); highly significant incidence of activated
N-ras genes in myeloid neoplasia and melanomas (BOS, 1989;
LEMOINE, 1990; VAN'T VEER et al., 1989; ALBINO et al., 1989); Ha-
ras gene mutations in rodent skin and mammary tumours and
predominantly in mouse liver tumours (BALMAIN and BROWN, 1988;
BALMAIN, 1990). This specificity is still not completely understood.
The suggestion that ras genes have separate function may explain the
specificity of activation of certain ras gene family members in certain
tumours. However, the putative effector domains are identical in all three
p21ras proteins (SIGAL et al., 1986a; WITTINGHOFER and PAI, 1991
and references therein) which speaks against the "separate function"
theory and suggests the induction of the same effect in all cells upon
activation of any one of the ras genes. However, the direct downstream
effector for any of the ras genes has not yet been identified. On the other
hand, the tissue specificity could reflect differential expression of the ras
genes in different tissues. However, expression of all three ras genes is
detected in most tissues, although at dissimilar levels (MULLER et al.,
1983; LEON et al., 1987). Thymus and skin have high expression of N-
and Ha-ras, respectively, consistent with the preferential activation of
these genes in tumours derived from these tissues (GUERRERO and
PELLICER, 1987; BALMAIN and BROWN, 1988).

1.5. Analysis of Carcinogenesis in the Mouse Skin Model.

1.5.1. Inhibition of Cell Transformation by Antisense ras RNA.

The Use of Artificial Antisense RNA in Regulation of Eukaryotic Gene

Expression.

The identification of antisense RNA as a fine tuner of complex

regulatory processes in prokaryotic systems (GREEN et al., 1986b; INOUYE
1988; TAKAYAMA and INOUYE, 1990; EGUCHI et al., 1991) lead to the
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idea of developing methods where artificial antisense RNA genes could be
used as specific inhibitors of gene expression in eukaryotes. The use of
antisense RNA would make it possible to determine the function of genes by
examining the consequences of the lack of expression of these genes and thus
simulating dominant-negative "mutant” phenotypes.

Artificial antisense RNA genes are constructed by cloning the coding
sequences of a gene in opposite orientation relative to the promoter and
polyadenylation signal provided by the expression vector. The antisense RNA
can be transcribed in vitro and microinjected into the cytoplasm of cells
(ROSENBERG et al.,, 1985; CABERERA et al., 1987). Alternatively, the
plasmid carrying the antisense gene can be transfected into cells and the
antisense RNA is transcribed in the cell nucleus IZANT and WEINTRAUB,
1985; TREVOR et al., 1987).

Experiments by IZANT and WEINTRAUB (1984) showed for the first
time that the level of transient expression of an exogenous Herpes Simplex
thymidine kinase (zk) gene could be significantly lowered when a mixture of
plasmids containing cloned sense and antisense HSV-zk genes at a ratio of
1:100 (sense:antisense plasmids) was microinjected into mouse LTK" cells.
They could also show, that the inhibition of antisense RNA is sequence
specific, as antisense HSV-tk RNA could not repress the expression of the
chicken tk gene and vice versa (IZANT and WEINTRAUB, 1985). An
antisense HSV-tk RNA complementary to a sequence of 52 nucleotides from
the 5' untranslated region of the target RNA showed the most effective
inhibition; more effective than a long antisense RNA complementary to most
of the tk coding region including the initiation codon (IZANT and
WEINTRAUB, 1985). Transfection of LTK™ cells with plasmids containing
sense Or antisense tk genes (at a ratio of 1:100) gave the same results as the
microinjection experiments. Expressing the antisense HSV-tk gene from a
glucocorticoid-inducible LTR from mouse mammary tumour virus (MMTV-
LTR) showed a dose-dependent decrease in TK enzyme activity of up to 90%
(IZANT and WEINTRAUB, 1985). KIM and WOLD (1985) achieved 80% to
90% inhibition of expression of the tk gene when expressing antisense tk RNA
as part of a chimeric dihydrofolate reductase (DHFR) transcript. The increased

levels of intracellular antisense tk RNA was a result of over-production of
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DHFR message caused by selection of cells resistant to progressively higher
levels of methotrexate. Transient inhibition of SV40 large T-antigen gene
expression by an antisense RNA transcribed by RNA polymerase III was
demonstrated in COS1 cells by JENNINGS and MOLLOY (1987). A 5 to 20
fold reduction in chloramphenicol acetyltransferase (CAT) activity was
achieved by transient antisense inhibition of the bacterial CAT gene
introduced into LTK" cells IZANT and WEINTRAUB, 1985).

Antisense RNAs were also used successfully to interfere with
expression of a series of exogenous and endogenous genes including mouse
hprt (STOUT et al., 1987), B-actin (IZANT and WEINTRAUB, 1985), globin
(MELTON, 1985), tk gene (HARLAND and WEINTRAUB, 1985), and the
murine Tissue Inhibitor of Metalloproteinases (TIMP) gene (KHOKHA et al.,
1989).

Very elegant work has been done in Dictyostelium discoidieum, a
eukaryotic cellular slime mold. Transfection of an antisense construct of the
discoidin gene into Dictyostelium results in the repressed expression of three
endogenous discoidin genes and leads to a >90% reduction in accumulated
discoidin mRNA and protein. More importantly, however, the antisense
transformants show a non-streaming phenotype similar to that of naturally
occurring discoidin-minus mutants. Based on the detection of only low levels
of endogenous discoidin mRNA by Northern analysis and the absence of
detectable steady-state levels of antisense transcripts, sense and antisense
RNA hybrids are believed to form in the nucleus and to be rapidly degraded
(CROWLEY et al., 1985).

Transcription of a transfected antisense myosin heavy chain A (mhcA)
gene leads to reduced accumulation of MHC A protein and subsequently to
developmental abnormalities in Dictyostelium (slow growing, abnormally
large and multinucleate phenotype). Phenotypic reversion can be achieved by
increasing the amount of endogenous mhc A mRNA relative to the expression
of the antisense RNA, as with accumulation of MHC A protein, Dictyostelium
remains mononucleate and proceeds through development normally
(KNECHT and LOOMIS, 1987).

Drosophila proved to be another valuable system where genes

regulating development could be studied using antisense RNA. Wild-type
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Drosophila injected at the syncytial blastoderm state with in vitro transcribed
antisense Kruppel (Kr) RNA, complementary to a 2.3kb Kr cDNA fragment,
developed into phenocopies of Kr mutants. A high frequency of lethal Kr
phenocopies was observed. Phenocopy production is dose dependent and
reflects the naturally found spectrum of Kr mutants. However, extreme Kr
phenocopies indicative of complete Kr(*) inhibition are not produced. The
ratio of 1000:1 (antisense to sense RNA) yielded about 50% of phenocopies,
even the weakest response (4% phenocopies) required a greater than 50 fold
excess of antisense RNA over endogenous Kr message (ROSENBERG et al.,
1985).

Minimal to global wingless embryo phenocopy mutants are caused by
injection into wild-type eggs of an antisense RNA complementary to a 3.0kb
fragment of the wingless cDNA of Drosophila. The wingless gene seems to be
required for cooperation within discrete groups of cells during development.
The wingless gene is the Drosophila homolog of the mouse int-1 proto-
oncogene (CABRERA et al., 1987).

The first successful whole-animal mouse model of antisense inhibition
was demonstrated by KATSUKI et al. (1988) who generated transgenic mice
carrying a 1.2 kb antisense myelin basic protein (MBP) cDNA sequence under
its homologous promoter. Although the transgenic founder mice appeared
phenotypically normal, 10 out of 21 transgenic offsprings from a cross
between one of the founder males with a wild-type female mouse, converted
to a mutant "shiverer" phenotype. The shiverer phenotype correlated with an
observed reduction in MBP mRNA production, amount of MBP protein
synthesized and degree of myelination. The mutant "shiverer" mouse harbours
an autosomal recessive mutation in the MBP gene that results in its MBP
deficiency and hypomyelination in the central nervous system (KATSUKI et
al., 1988 and references therein). The production of an antisense RNA,
complementary to exons 3-7 of the MBP gene, is presumed to be responsible
for the reduced production of MBP protein in the mouse mutant "myelin-
deficient" (mld. shimid). It was found that the mld mouse mutant had the MBP
gene duplicated tandemly and that a large portion of the duplication is inverted
upstream of the intact copy. The antisense RNA detected in mid mice
corresponds to the inverted MBP segment (MIKOSHIBA et al., 1991).
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A more detailed review of artificial antisense genes in eukaryotic
systems has been written by TAKAYAMA and INOUYE (1990).

Application of Antisense RNA Inhibition in Studying Proto-Oncogene
Function.

Antisense RNA targeted inhibition of gene expression has been used in
the study of proto-oncogene function, as an alternative method to the limited
use of specific antibodies directed against proto-oncogenes.

The protein kinase pp60©~ST€ is thought to play an important function
in polyoma virus (Py)-mediated transformation by interacting with the Py-
encoded middle tumour antigen (MTAg). A 80-90% decrease in pp60€-STC
synthesis and protein kinase activity was observed in FR3T3 rat fibroblasts
following the expression of antisense c-src RNA transcribed from a
transfected plasmid containing the entire coding region of c-src in antisense
orientation under the transcriptional control of the heavy-metal inducible
mouse metallothioneine I promoter (AMINI et al., 1986). The expression of
antisense c-src RNA did not result in phenotype revision of Py-transformed
FR3T3 cells. However, an observed reduction in anchorage-independent
growth, focus-formation and rate of tumour growth upon injection of antisense
c-src RNA-expressing Py-transformed FR3T3 cells into syngenic rats was
indicative of a less transformed cell type (AMINI et al., 1986).

In the human promyelocytic leukemia cell line HL60, antisense RNA
expression from a stably integrated human anti-myc gene resulted in a 70%
reduction of the steady-state levels of Myc protein. The antisense RNA
hybridized with its complementary target transcripts in the nucleus and
inhibited myc expression both, at the translational and transcriptional level. An
enhancer-like 920bp fragment of the myc leader sequence is thought to be the
primary transcriptional target region of the antisense RNA. Proliferation of
HL60 cells decreased and an increased commitment of HL60 cells to
monocytic differentiation as opposed to granulocytic differentiation was
observed as a result of antisense RNA-mediated suppression of endogenous
myc gene expression (YOKOYAMA and IMAMOTO, 1987).

A raf-expression dependent modulation in tumorigenicity and

radiation-resistant phenotype of the human laryngeal squamous carcinoma
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cells SQ-20B was demonstrated by KASID et al. (1989), implying an indirect
role of raf in radiation response of tumour cells. Expression of full-length c-
raf-1 antisense RNA following the transfection of SQ-20B cells with antisense
raf sequences fused to the adenovirus 2 major late promoter, resulted in a
greater than 10 fold reduction of the steady-state level of the endogenous c-
raf-1 transcript. Anti-raf transfected cells showed a decreased tumour growth
rate (compared to parental control cells) when inoculated into nude mice and
appeared to have enhanced radiation sensitivity. SQ-20B cells expressing
transfected sense-raf sequences had a significantly increased malignant
potential and maintained a radiation-resistant phenotype compared to
antisense raf RNA expressing SQ-20B cells. Results by KOLCH et al. (1991)
demonstrated a requirement for c-raf-1 expression for proliferation of NIH
3T3 cells, normal and transformed by v-raf, v-Ki-ras and v-Ha-ras, as well as
serum- or TPA-induced proliferation and DNA replication. Expression of
antisense raf RNAs complementary to various portions of c-raf~-1 cDNAs
from the pMNC retroviral vector after transfection into v-raf-transformed
NIH3T3 cells resulted in the partial or complete reversion of the transformed
phenotype in approximately 50% of transfectants, the reversion correlated
with loss of anchorage-independent growth. Morphological reversion of
established v-Ras-transformed NIH3T3 cells was less efficient. However,
transfection of a full-length antisense c-raf-1 construct at a four molar excess
over a v-Ha-ras containing plasmid, could almost completely inhibit the
initiation of p2lras transformation. Expression of dominant negative Raf-1
proteins, such as the kinase-defective Raf-1 mutant protein RRAF 301,
confirmed the antisense raf~RNA results, but were at the same time more
efficient in inhibiting serum- or TPA-induced NIH3T3-cell proliferation and
v-Raf transformation (KOLCH et al.,, 1991). These results point to Raf-1
kinase functioning as an essential signal transducer downstream from serum
growth factors receptors and p2lras but upstream of AP1 (KOLCH et al.,
1991; WOODGETT, 1992 and references therein).

Antisense inhibition experiments provided additional information
concerning function and location within the signalling pathways of the proto-
oncogene c-fos. Following the DNA transfer of a MMTV-anﬁsense-fos-globin

hybrid construct into mouse 3T3 cells, steroid-induced production of antisense



fos-hybrid RNAs, complementary to the 5'-regions of the mouse or human c-
fos gene, resulted in a significant reduction in colony formation and inhibited
cell growth. In contrast, no such changes were observed following the
induction of sense fos- hybrid RNA (HOLT et al., 1986). The use of the
inducible MMTYV promoter for antisense fos RNA production enabled the
examination of the proto-oncogene for which constitutive suppression may
otherwise render it refractory to analysis. Dexamethasone induction of 3T3
cells transformed with multicopies of MMTYV-antisense-c-fos DNA prevented
the usual large increase in c-fos mRNA and protein after platelet-derived-
growth-factor (PDGF) stimulation. DNA replication was also greatly
diminished in these cells. Thus, a large increase in c-fos expression seems to
be required for PDGF-induced re-entry of quiescent cells into cell cycle
(NISIKURA and MURRAY, 1987). Antisense c-fos RNA production in EJ-c-
Ha-ras transformed NIH 3T3 mouse fibroblasts caused a marked reduction in
the amount of c-Fos protein expressed after serum stimulation. Although
antisense-c-fos RNA expressing EJ cells continued to over-express the EJ-ras
oncogene and remained capable of proliferating in vitro, a partial reversion of
the transformed phenotype occurred in form of restoration of contact
:nhibition of cell growth, inhibition of anchorage independent growth,
reduction of tumorigenicity in nude mice and reversion to a more flat
morphology (LEDWITH et al., 1990). These data provide evidence for the
participation of c-Fos in p2lras-regulated signal transduction pathways
(WOODGETT, 1992).

Mechanisms Involved in Gene Regulation by Artificial Antisense RNA.

As has been demonstrated in prokaryotic systems, artificial antisense
RNAs in eukaryotic systems are likely to mediate their inhibitory effects on
gene expression by annealing to the complementary region within the target
mRNA. In eukaryotic systems, antisense RNA:target RNA duplex formation
could occur in different cellular compartments, in the cytoplasm and in the
cell nucleus.

The formation of antisense:sense globin RNA hybrids in the cytoplasm
of Xenopus oocytes has been proven by MELTON (1985) after microinjection
of in vitro synthesized RNAs into the oocyte cytoplasm. The duplexed RNA is
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thought to inhibit gene expression by preventing initiation of translation
(MELTON, 1985). WALDER and WALDER (1988) found that hybrid
arrested translation using antisense oligodeoxynucleotides in vitro was
predominantly due to cleavage of the mRNA by RNaseH at the site of the
RNA:DNA heteroduplex, especially when antisense oligonucleotides were
used that hybridize within the coding region of the mRNA or over the
initiation codon. Hybridization of the oligodeoxynucleotides to the very 5' end
of B-globin mRNA, also inhibited protein synthesis directly, with cleavage of
the mRNA by RNaseH as the predominant pathway of hybrid arrest
(WALDER and WALDER, 1988). SHUTTLEWORTH and COLMAN (1988)
confirmed in vivo that antisense oligodeoxynucleotides appear to act
specifically by directing RNaseH cleavage and destabilization of their
complementary mRNA. RNaseH is required for DNA replication and is
mainly a nuclear protein, but it also appears to be present in the cytoplasm,
especially in Xenopus oocytes (WALDER and WALDER, 1988).

The formation of RNA:RNA duplexes in the nucleus was reported by
KIM and WOLD (1985). The formation of antisense:sense RNA hybrids in
the nucleus is thought to interfere with processing of the pre-mRNA and/or the
export of the RNA into the cytoplasm. MUNROE (1988) demonstrated that
antisense RNA inhibits splicing of pre-mRNA in vitro. Antisense RNAs
complementary to >80 nucleotides downstream of the globin 3' splice site
inhibited splicing at least as efficiently as those extending across the splice
sites. Inhibition is mediated by factors which affect the annealing of antisense
and sense RNAs. MUNROE (1988) could further identify an activity in HeLa
nuclear extracts which promotes the rapid annealing of the complementary
RNAs in an ATP-independent manner. RNA:RNA duplexes themselves are
rapidly degraded by double strand specific ribonucleases such as RNaselll.

The mode of action and the degree of inhibition of gene expression by
artificial antisense RNAs in eukaryotic systems are dependent on a number of

different factors:
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i) Determination which part of the target mRNA is most susceptible to
antisense RNA inhibition: It has been suggested that for effective inhibition of

gene expression, antisense RNA should be complementary to the 5'-
untranslated region of the target RNA, including the ribosomal binding site
(LIEBHABER et al., 1984). Results by IZANT and WEINTRAUB (1985)
confirmed the importance of the 5' untranslated region in antisense RNA-
mediated inhibition of tk gene expression. However, KIM and WOLD (1985)
using antisense constructs complementary to either the 3' or the 5' end of the
HSV-tk gene, achieved the same degree of inhibition. Similarly, antisense
transcripts complementary to only the 3'-terminal coding region of the
Xenopus tibosomal protein L1 mRNA were found to repress translation as
effectively as antisense RNAs spanning the entire L1 coding region
(WORMINGTON, 1986). Antisense RNA complementary to large portions of
the coding region of genes have also been described as efficient in inhibiting
gene expression (COLEMAN et al., 1984; BEVILACQUA et al., 1988). The
results listed above demonstrate, that the effectiveness of antisense inhibition
is variable. There is also variability for preferred target regions in different
genes for inhibition by antisense RNA. For any given gene the most effective
sequence to be targeted needs to be determined empirically.

i1) Half-life of the target mRNA: The half-life of the target mRNA is a
critical factor in antisense RNA mediated inhibition of gene expression.
Antisense RNAs targeted against unstable mRNAs may not complete the
duplex formation before the target mRNAs degrade. In prokaryotes, the
expression of a gene producing an unstable mRNA can be targeted only at the
transcriptional level, since protein synthesis can cease soon after the
transcription of the gene is terminated. Antisense RNA class III-type
regulation may also be possible in eukaryotic systems, if the mechanism for
transcription termination in the eukaryotic cells are elucidated. Antisense
RNAs complementary to relative stable mRNAs, on the other hand, can
undoubtedly hybridize with the target RNAs. The expression of a gene
producing a stable mRNA continues until the pool of the mRNA is degraded
due to degradation of the RNA:RNA duplex by ribonucleases. The design of
an antisense RNA with a 3' or 5' extra tail sequence containing a ribozyme

activity has been suggested. Such a ribozyme may be able to specifically
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digest, and hence inactivate, the target mRNA (INOUYE, 1988;
TAKAYAMA and INOUYE, 1990).

iii) Stability of antisense RNA: Data concerning stability of antisense
RNA are sketchy. IZANT and WEINTRAUB (1984) found that antisense tk
lines contain a lower steady state concentration of antisense tk RNA than
sense t¢ RNA. Antisense tk and antisense CAT RNAs injected into frog
oocytes, however, were as stable as their sense counterparts (WEINTRAUB et
al., 1985). Results by BEVILACQUA et al. (1988) show that the stability of
guanosin-5'-triphospho-5'-guanosine  (GpppG) capped [-glucuronidase
antisense RNA 1is greatly enhanced as compared to the uncapped antisense
RNA in the early stages of pre-implantation mouse embryo development. As a
result of the increased stability of the antisense RNA the inhibitory effect of
the antisense RNA is also increased. The incorporation of structural features,
like stem-and-loop structures, into the design of antisense RNAs has been
suggested to enhance their stability and resistance to cellular nucleases
(INOUYE, 1988). As shown during the inhibition of Xenopus membrane
skeleton protein 4.1 expression, the insertion of the antisense sequences into
the coding region of a second gene, like CAT, may also lead to increased
stability of the antisense RNA. Furthermore, the antisense transcript is
expected to appear in both the nuclear and cytoplasmic compartments as a
normal messenger ribonucleoprotein, thus being able to interfere with the
processing and transport of the target mRNA as well as with its translation
(GIEBELHAUS et al., 1988).

iv) Structure of sense and antisense RNAs: The negative regulation of
ColEI plasmid regulation by RNAI in E. coli is a good example for the
importance of the secondary structure. Mutations that interfere with the three
stem-loop-secondary structure of RNAI decrease the inhibitory effects of the
regulatory RNA (GREEN et al., 1986b). A high degree of secondary structure
within the targeted region of the sense RNA can also prevent the inhibitory
effect of antisense RNA (expression of ompF in E. coli) (GREEN et al.,
1986b). In mouse pre-implantation embryos, the secondary structure of the -
glucuronidase antisense RNA does not seem to be important (BEVILACQUA

et al., 1988). However, stable secondary structures within the complementary
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region may prevent formation of the hybrid with the target mRNA (INOUYE,
1988).

v) Gene dosage effect of antisense RNA inhibition: Results by IZANT
and WEINTRAUB (1985), KIM and WOLD (1985), ROSENBERG et al.
(1985) and others clearly show that the degree of antisense RNA-specific
inhibition is depending on the ratio of antisense:sense RNA. Generally, an
excess of antisense over sense RNA is required for maximal inhibition; the
ratio needed for inhibition of gene expression may vary from gene to gene.
High expression of antisense RNAs can be obtained through the use of strong
promoters, such as the SV40 promoter, cytomegalo virus (CMV) promoter
and retroviral LTRs, or inducible promoters for the conditional inhibition of
target gene expression, such as mouse metallothioneine promoter or MMTV-
LTR. High levels of antisense RNA transcripts are achieved in cells resistant
to selection by progressively higher levels of methotrexate when antisense
RNA sequences are transcriptionally fused to the DHFR protein coding
region, generating chimeric DHFR-antisense RNA (KIM and WOLD, 1985).

It has to be pointed out that a 100% inhibition of gene expression by
antisense RNA has never been observed (ROSENBERG et al., 1985), but
rather a reduction in expression level of the target gene, which in turn has

important consequences depending on the phenotype examined.

Delivery of Antisense RNA: Use of Retroviral Vectors.

Two methods have been predominantly used to introduce antisense
RNA into cells in vitro:

i) microinjection of in vitro synthesized RNA into the cytoplasm of
cultured cells (MELTON, 1985; ROSENBERG et al., 1985; CABERERA et
al., 1987),

ii) stable transfection of a target cell with a plasmid carrying an
antisense gene; the target cell then expresses the antisense RNA (IZANT and
WEINTRAUB, 1985; TREVOR et al., 1987).

The latter of these two possible approaches is the more feasible foe
analysing large number of cells expressing antisense RNA and for approaches
to gene inhibition in vitro. The degree of inhibition of a target gene is largely

dependent on maintaining an excess of antisense RNA over the target mRNA
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(IZANT and WEINTRAUB, 1985; ROSENBERG et al, 1985). The
maintenance of an excess of antisense RNA can be achieved by microinjecting
large amount of in vitro transcribed antisense RNA or by increasing the
stability of micrionjected RNA. Increased antisense RNA in cells transfected
by an antisense gene construct will depend on methods to optimize expression
of the antisense gene. The stability of antisense RNA is increased when the
antisense RNA is GpppG-capped at the 5'-end (BEVILACQUA et al., 1986),
is transcribed as part of another gene into which coding regions the antisense
sequences have been inserted (GIEBELHAUS et al., 1988) and by including
stem loop structures into the design of antisense RNA sequences (INOUYE,
1988). Excess of antisense RNA can also be ensured by achieving high
expression of the antisense RNA through the use of strong promoters such as
SV40 early promoter, CMV promoter or retroviral long terminal repeat
elements (LTR).

The use of retroviral mediated gene transfer to introduce antisense
RNA into cells not only presents one of the most efficient ways of
introduction of exogenous genes/DNA sequences into a much broader range
of host cells (BERNSTEIN et al., 1985; VARMUS and BROWN, 1989), it
also ensures high expression of the antisense RNA through the strong LTR
promoter (WEISS, et al., 1985) and as a capped and polyadenylated RNA
speci