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Abstract

Whilst in the early stages, neoplastic development is predominantly triggered by environmental genotoxic and non-genotoxic
carcinogens, tumour progression becomes more and more autonomous at later stages. In this context a dysregulation of arachi-
donic acid metabolism seems to play a disastrous role. Conversely, non-steroidal anti-in¯ammatory drugs (NSAIDs) rank among

the most potent and most promising agents for cancer chemoprevention probably because of their ability to inhibit prostaglandin
biosynthesis, in particular, at the level of the `pro-in¯ammatory' enzyme cyclooxygenase-2 (COX-2). A pathological overexpression
of COX-2 resulting in excessive prostaglandin production has been found already in early stages of carcinogenesis and seems to be a

consistent feature of neoplastic development in a wide variety of tissues. COX-2 overexpression is thought to occur along signalling
pathways of in¯ammation and tissue repair which become activated in the course of tumour promotion and, due to autocrine and
auto-stimulatory mechanisms, ®nally lead to some autonomy of tumour development (self-promotion). Prostaglandins formed

along a dysregulated COX pathway have been shown to mediate tumour promotion in animal experiments and may play a role, in
addition, in other processes involved in tumour growth such as angiogenesis, metastasis and immunosuppression. Moreover, gen-
otoxic byproducts such as organic free radicals, reactive oxygen species and malondialdehyde produced in the course of prostanoid
biosynthesis may contribute to genetic instability (mutator phenotype) of neoplastic cells thereby promoting malignant progression.

Such mixtures of physiologically highly active mediators and genotoxic byproducts are, in addition, formed along the various lipoxy-
genase-catalysed pathways of arachidonic acid metabolism some of which also become dysregulated during tumour development
and, therefore, provide novel targets of future chemopreventive approaches. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

An excessive activation of arachidonic acid metab-
olism has been found in a wide variety of tumours, both
in man and experimental animals. In a few cases this
dysregulation could be causally related to tumour
development. In particular, the ectopic overexpression
of cyclooxygenase-2 (COX-2, prostaglandin H synthase-
2) is presently a focus of interest since this enzyme seems
to represent a major target of the cancer chemopreven-
tive e�ect of non-steroidal anti-in¯ammatory drugs
(NSAIDs). In fact, a rapidly increasing body of

evidence indicates that COX-2 plays a crucial role in
multistage carcinogenesis, in particular in tumour
promotion.

2. Multistage carcinogenesis

Most human tumours have a long history of patho-
logical development during which they pass through
several preneoplastic and premalignant stages before
becoming malignant. This situation o�ers the opportu-
nity to interrupt or reverse tumour development at a
still harmless stage, for instance by properly adjusting
lifestyle (stop smoking, eat more vegetable diet, etc.) or
by chemoprevention, i.e. by taking drugs acting on dis-
tinct molecular processes of tumorigenesis. An essential
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precondition for the evaluation of chemopreventive
measures is the knowledge of these processes.
The clinical stages of tumour development have been

correlated with speci®c genetic alterations such as acti-
vation of proto-oncogenes and deletion of tumour sup-
pressor genes. At present, the most convincing example
of such a correlation is human colorectal cancer. By
providing, as it were, a series of `snapshots' of molecular
defects, human cancer genetics strongly, though indirectly,
supports the concept of multistage carcinogenesis
implying that malignant neoplasia is the result of mul-
tiple genetic defects which successively accumulate over
a long period of time. However, only animal models
and, if properly controlled by in vivo approaches, cell
culture experiments can provide information on the
underlying mechanisms and enable a ®nal proof of the
multistage concept. The animal models of multistage
carcinogenesis that are presently fairly well de®ned are
skin cancer in mice and liver cancer in rats [1]. Both
models allow a clearcut distinction and mechanistic
investigation of individual stages of carcinogenesis and
may, therefore, be used as a guideline in developing
cancer chemopreventive measures. The results obtained
by studying the skin model, in particular, appear to be
of relevance also for a more in-depth understanding of
human epithelial cancer, such as colorectal cancer.
The very ®rst step leading to cancer is called initiation

and is thought to consist of a single gene mutation that
is caused in most cases by environmental genotoxic
agents, such as chemicals, radiation or viruses. Initiated
cells frequently undergo the additional genetic altera-
tions thought to be required for neoplastic progression
faster than would be expected from the statistics of
accidental genotoxic insults. Cancer development is
considered, therefore, to be a self-accelerating process.
The putative mechanism underlying this phenomenon is
called `genetic instability' and has been proposed to be
due to errors in DNA replication and spontaneous
hydrolytic alterations of DNA such as depurination and
deamination in combination with an impaired ability of
premalignant cells to repair DNA damage [2].
As another endogenous `mutator' mechanism, oxida-

tive DNA damage has gained increasing attention [2,3].
This mutagenic process is thought to occur through an
overactivation or dysregulation of metabolic reactions
which give rise to reactive oxygen species such as
hydroxyl and superoxide anion radicals, singlet oxygen,
hydrogen peroxides, and nitrogen oxide, as well as to
organic free radicals and peroxides. Normally speci®c
cellular defence mechanisms take care of eliminating
such genotoxic metabolites but may be over-run in
situations of `oxidative stress' [4]. The concept implying
that oxidative stress plays a critical role in cancer
development is supported by a steadily increasing body
of evidence. For example, antioxidant nutrients such as
the vitamins A, C and E, as well as phenolic and sul-

phide compounds from plants, can e�ectively prevent
cancer in man and experimental animals [5,6].
The concept of genetic instability implies that whilst

cancer initiation is generally assumed to be caused by
environmental genotoxic agents, the additional mutations
required for neoplastic progression may be attributed to
endogenous reactions and factors, provided that the
corresponding mechanisms of cytoprotection (ranging
from detoxi®cation to the removal of damaged cells by
apoptosis) are temporarily or permanently unable to
cope with genotoxic processes. It is easily conceivable
that the probability of such genotoxic events vastly
increases once the cellular `mutator' processes are
induced and the number of genetically predamaged tar-
get cells is increased.

3. Tumour promotion in mouse skin and human colon
epithelium

Although tumour promotion has been considered to
be of critical importance for carcinogenesis in man [1],
its signi®cance can only be indirectly derived from stud-
ies on human cancer, whereas it is clearly documented
from animal experiments. In fact, the term tumour pro-
motion has been coined to describe the very strong
synergism between genotoxic and non-genotoxic
carcinogens observed in animal models of multistage
carcinogenesis. In such models, initiation is achieved by
application of a very low-dose of a genotoxic carcino-
gen. If the experimental conditions are carefully con-
trolled `initiated' animals will not develop tumours
unless they are repeatedly treated with a tumour pro-
moter. Tumour-promoting e�cacy is apparently not
linked to genotoxicity since even the most potent
tumour promoters do not cause gene mutations in the
customary assay systems and initiate tumorigenesis only
very weakly, if at all. Nevertheless, they evoke a strong
tumour response in initiated tissues and may, therefore,
be classi®ed as non-genotoxic carcinogens [3,7]. Thus, in
properly designed initiation-promotion experiments,
two mechanistically di�erent treatments each of which
is essentially non-tumorigenic (since the carcinogenic
agents are applied in `subthreshold' doses) dramatically
induce tumour development when combined. The most
plausible explanation of tumour promotion is that it
makes use of subtle di�erences in the susceptibilities for
mitogenic and antimitogenic signals of normal versus
initiated cells. Provided that the latter cells respond
more sensitively to growth-stimulatory and less sensi-
tively to growth-inhibitory signals (including apoptotic,
di�erentiation-inducing and cytotoxic stimuli) a
repeated application of such signals would result in a
constant expansion of the clone of initiated cells, i.e.
tumour growth. By this the probability of additional
oncogenic mutations increases, in particular if endogen-
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ous `mutator mechanisms' become induced by the pro-
moting agent.
The mouse skin model of multistage carcinogenesis [8]

has revealed a close relationship between tumour pro-
motion and tissue irritation and damage [9]. The most
potent and most frequently used skin tumour promoters
are the phorbol esters, with 12-O-tetradecanoylphorbol-
13-acetate, TPA (or phorbol-12-myristate-13-acetate,
PMA) as a prototype. Their only known cellular func-
tion is to imitate the e�ects of the second messenger
diacylglycerol (DAG) thereby activating, in particular, a
series of protein kinase C isoenzymes and, thus, inter-
acting with cellular signal processing. Despite this
highly speci®c mechanism of action, phorbol esters
induce a pleiotropic tissue response, which consists of
both skin in¯ammation and epidermal hyperprolifera-
tion. This reaction resembles a wound response, not
only at the cellular level, but even in the biochemical
details [9]. In fact, repeated wounding has been found to
exert a powerful tumour-promoting e�ect in initiated
mouse skin [10]. Under such conditions, a wide variety of
mitogenic and antimitogenic signals, including `wound
growth factors' and pro-in¯ammatory mediators, are
locally released which provide signals for both wound
repair and the clonal expansion of initiated cells. Injec-
tion of wound growth factors, such as transforming
growth factor a (TGFa), in combination with TGFb,
can indeed replace wounding or phorbol ester treatment
for skin tumour promotion [10]. Moreover, mice de®-
cient in TNF were found to be resistant to TPA-pro-
moted skin carcinogenesis [11], and a non-genotoxic
tumorigenic e�ect of chronic chemical and mechanical
irritation has repeatedly been found in other tissues as
well [1,12]. These observations clearly indicate that
tumour promotion can result from an inappropriate
overactivation of endogenous mechanisms of tissue
repair and defence, as had already been suggested
almost a century ago for cancer in general [13] and has
been amply supported by recent observations [1,12].
The benign epidermal tumours (papillomas) arising in

the early phase of an initiation-promotion experiment in
mouse skin apparently carry only a single oncogenic
mutation, frequently resulting in a constitutive activa-
tion of the H-ras proto-oncogene. Ras mutation has,
therefore, been considered to constitute a major initiat-
ing event in mouse skin tumorigenesis [14]. The great
majority of the early papillomas disappear with time
[15]. However, approximately 5% of them inevitably
develop into carcinomas, concomitantly with the
appearance of additional genetic alterations [14,16,17].
This malignant progression occurs `spontaneously', i.e.
even in the absence of any further treatment. It re¯ects
the genetic instability or the `mutator phenotype' of
premalignant papillomas and indicates that the
mechanisms causing this genetic instability become
induced and eventually constitutively expressed in the

course of tumour promotion. It will be shown below,
that amongst these mechanisms an overactivation of
arachidonic acid metabolism resulting in, or at least
contributing to, `oxidative stress' may play a critical
role.
Even human multistage carcinogenesis seems to be

initiated by a single genetic defect. For instance, in the
early phase of colorectal cancer development only a
homozygous mutation of the APC (adenomatous poly-
posis coli) tumour suppressor gene is found [18]. The
conclusion that this mutation constitutes an initiating
event is strongly indicated by the familial adenomatous
polyposis (FAP) disease and the corresponding Min
mouse model (multiple intestinal neoplasia), which are
both hereditarily determined by a heterozygous APC
mutation [18±20]. FAP patients and Min mice develop
numerous intestinal polyps which are characterised by
an inactivation of both APC alleles [19]. The role of
tumour promoters in colorectal carcinogenesis is a mat-
ter of debate. One may argue that in FAP patients the
number of pre-initiated target cells (carrying a hetero-
zygous APC defect) is high enough for an additional
mutation of the second APC allele to occur accidentally.
Moreover, as explained below, an endogenous process
of `self-promotion' consisting of a deregulation of ara-
chidonic acid metabolism seems to be induced upon loss
of the second APC allele. As far as the much more fre-
quent sporadic colon cancer is concerned the situation
may be di�erent. Although this disease, in most cases,
also seems to start with a heterozygous APC inactiva-
tion, this defect occurs probably only in a single cell.
Therefore, and in contrast to FAP, the probability of a
`second genotoxic hit' occurring just in this cell is extre-
mely low. Consequently, tumour development is expec-
ted to require a tumour-promoting stimulus.
Epidemiological evidence and animal experiments

indicate that secondary bile acids, such as deoxycholate,
promote intestinal tumour development [21,22]. It is
intriguing that in the intestinal epithelium these agents
evoke quite similar responses as the phorbol ester
tumour promoters do in skin, i.e. they are irritants
which activate protein kinase C-dependent cellular
pathways [23,24] and induce an in¯ammatory and
hyperproliferative tissue reaction. The increased secre-
tion of bile acids seen upon fat intake has been pro-
posed to play a role in the apparently positive
correlation between dietary fat and colon cancer [25,26].
In contrast, dietary ®bres and calcium phosphate
strongly adsorb bile acids, which may explain the
protective function of these agents against large bowel
cancer [27]. Such observations lend considerable
support to the notion that chronic tissue irritation
caused by dietary factors plays a major role in the
development of colon cancer. The relationships between
skin and colorectal carcinogenesis are summarised in
Fig. 1.
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4. Cancer prevention by NSAIDs and the role of
COX-2 in carcinogenesis

Studies on cancer chemoprevention have led to
remarkable insights into the molecular mechanisms of
tumour promotion in animals and man. Both colorectal
tumorigenesis in man, as well as experimental carcino-
genesis in a variety of organs including mouse skin and
rat colon, have been shown to be inhibited by NSAIDs
such as indomethacin, sulindac, aspirin and ibuprofen.
These NSAIDs have in common that they suppress
prostanoid biosynthesis by inhibiting the corresponding
cyclooxygenases or `COXs'. This is presently the only
molecular mechanism of action which has been ®rmly
established for these agents. An inhibition by NSAIDs
of certain types of human and animal cancer had
already been observed 25 years ago and had at that time
been tentatively explained by a reversal of prostaglandin
E2-dependent immunosuppression (reviewed in [28]).
In 1983, the application of sulindac for treatment of

desmoid tumours in FAP patients was found to quite
dramatically reduce the number of colorectal polyps
[29], and since about a decade ago a whole series of
clinical and epidemiological studies have clearly
demonstrated an impressive chemopreventive e�ect of
NSAIDs against human large bowel cancer (reviewed in
[30]). In fact, regular intake of aspirin over many years
has been shown to lower the colorectal cancer risk by up
to 50%. The incidence of oesophagus, stomach, breast

and lung cancer may also be reduced [31,32], although
for these tumour types the epidemiological and clinical
data are still not fully conclusive.
As far as the metabolic targets of the antineoplastic

NSAID e�ects are concerned, both prostaglandin-
dependent and -independent pathways are discussed in
the literature [30,33±35]. For the supporters of pros-
taglandin-dependent e�ects, the enzyme COX-2 is the
focus of much interest. In contrast to the constitutively
expressed isoenzyme COX-1, COX-2 acts as an `emer-
gency enzyme' in most tissues, in that under normal
conditions its expression is very low, but it is transiently
induced by hormonal stimulation and in particular
upon tissue damage and irritation, as well as in the
course of tumour development (Fig. 2, [36,37]). COX-2
may thus be classi®ed as a product of a pro-in¯amma-
tory immediate-early response gene. A de novo expres-
sion of COX-2 is a characteristic response of mouse
epidermis and other cell types to treatment with phorbol
ester tumour promoters. In fact, COX-2 was originally
detected as a phorbol ester-responsive gene [38,39].
Like phorbol esters, deoxycholate, the putative pro-

moter of colorectal carcinogenesis, also induces COX-2
expression [24]. This ®nding is especially intriguing,
since colorectal tumours of man and experimental
animals constitutively overexpress COX-2, whereas the
level of COX-1 remains unchanged [30]. At the same
time they accumulate an excess of prostaglandins (in
particular PGE2) [30]. Since selective COX-2 inhibitors

Fig. 1. Principles of multistage carcinogenesis in mouse epidermis (left) and intestinal epithelium (right). In both tissues tumorigenesis is experi-

mentally initiated by genotoxic agents such as dimethylbenz[a] anthracene (DMBA) or ultraviolet (UV)-light for skin or azoxymethane or dime-

thylhydrazine for colon. Human colorectal carcinogenesis is thought to be mainly initiated by ill-de®ned dietary factors or, much less frequently, to

be due to hereditary dispositions such as FAP (the corresponding animal model is the MIN mouse). The initiated state in mouse skin is frequently

associated with an oncogenic point mutation of H-ras, whereas the homozygous deletion of the APC tumour suppressor gene appears to be the most

frequent initiating event in intestinal carcinogenesis. In both tissues chronic irritation, as caused by repeated wounding and phorbol ester treatment

in skin or secondary bile acids and ill-de®ned dietary factors in the colon, provides a powerful tumour-promoting stimulus. The early premalignant

lesions induced by tumour promoters (i.e. early papillomas in skin, and dysplastic crypt foci in the colon) show an increased probability to undergo

additional mutations which ®nally lead to carcinomas. Amongst these mutations only the deletion of TP53 (coding for the p53 protein) has been

unequivocally identi®ed for the mouse skin model, whereas in colorectal tumours of man an oncogenic activation of K-ras, as well as an inactivation

of the DCC and TP53 suppressor genes, as well as additional genetic alterations (not shown), have been found to occur in the course of malignant

progression. In both tissues these additional mutations may occur `spontaneously', i.e. along endogenous pathways leading to genetic instability, or

through the in¯uence of genotoxic agents from the environment.
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suppress prostaglandin synthesis in tumour cells, COX-
2 overexpression seems to be the cause of prostaglandin
accumulation.
A direct link between COX-2 and colorectal tumour

development is indicated by the ®nding that speci®c
COX-2 inhibitors suppress intestinal tumorigenesis in
carcinogen-treated rats and APC-de®cient mice [40±42].
Even stronger evidence is provided by the dramatically
reduced tumour incidence seen upon a genetic knockout
of COX-2 in APC-de®cient mice which, like FAP
patients, spontaneously develop a large number of
intestinal tumours [43]. A critical role of COX-2 in
colorectal carcinogenesis is, in addition, indicated more
indirectly by experiments showing that an over-
expression of COX-2 renders intestinal epithelial cell
lines more resistant to programmed cell death [44],
whereas COX-2 inhibitors suppress tumour cell pro-
liferation [45] and stimulate programmed cell death of
human colon cancer cells. The latter e�ect was found to
be reversed by PGE2 [46].
In man, COX-2 overexpression is not restricted to

colorectal tumours of FAP patients but has also been
found in early stages of sporadic colorectal cancer [47].
Moreover, an ectopic upregulation of COX-2 expression
seems to be a widespread phenomenon in human carci-
nogenesis. Thus, increased levels of COX-2 mRNA and
protein were found in biopsies and cells derived from
stomach cancer [48], squamous cell carcinoma of skin
[49±51], lung cancer [52,53], oesophageal carcinoma

[54,55], hepatocellular carcinoma [56,57], cholangio-
carcinoma (data not shown), pancreatic cancer [59],
breast cancer [60], as well as in preneoplastic lesions
such as actinic keratoses of skin [51], Crohn's disease
and ulcerative colitis [61±63], and Heliobacter infection
[64]. These observations indicate a susceptibility of these
tumours for chemoprevention by conventional NSAIDs
or novel COX-2 inhibitors and should encourage fur-
ther clinical trials directed, in particular, at high-risk
populations.
However, the antitumour e�ect of NSAIDs has been

proposed to occur, at least partially, also along prosta-
glandin-independent pathways of growth inhibition and
apoptosis (reviewed in [34,35]). The major arguments
raised against a critical role of COX and prostaglandins
in colorectal tumorigenesis are based primarily on cell
culture experiments showing that NSAIDs were able to
induce apoptosis in cells lacking COX expression
(reviewed in [34]). In addition, NSAID treatment of
cells has been proposed to result in an accumulation of
arachidonic acid, which has been found to induce
apoptosis of colon cancer cells along the ceramide path-
way [65]. However, non-physiologically high-doses of
arachidonic acid were used to achieve this e�ect, and the
intracellular arachidonic acid level adjusting in response
to NSAID treatment was not determined. In addition, it
has been argued that the NSAID concentration used in
such cell culture studies may by far surpass the phar-
macologically relevant in vivo dosages [30]. Other argu-
ments raised against a role of prostaglandins in colon
carcinogenesis are based on the ®nding that sulindac
sulphone, a major metabolite of the NSAID sulindac,
protects rats against azoxymethane-induced colon can-
cer, and that salicylic acid induces growth arrest and
apoptosis of colon cancer cells in culture, although both
drugs have been considered unable to inhibit pros-
taglandin synthesis in vitro. However, at least for sal-
icylic acid, the latter assertion cannot be maintained any
longer since this drug has been found to e�ectively
inhibit COX-2 provided that the arachidonic acid con-
centration is kept within a physiological range [66]. The
possibility of the same holding true for sulindac sul-
phone cannot yet be ruled out. Moreover, the metabolic
fate of this drug in tumour-bearing rats requires a more
in-depth investigation before any ®nal conclusions can
be drawn.
Salicylic acid and aspirin have been found to inhibit

the activation of the pro-in¯ammatory transcription
factor NFkB in vitro by an apparently prostaglandin-
independent mechanism [67]. The NFkB-activating
enzyme IkB kinase b has been identi®ed as a target for
the inhibitory activity of aspirin or salicylate based on a
direct competition of these drugs with ATP binding by
the enzyme. IkB kinase b forms part of a kinase com-
plex which phosphorylates and inactivates IkB, the
cytosolic inhibitor of NFkB, thus allowing the nuclear

Fig. 2. Mammalian cyclooxygenases (COX). Cyclooxygenases are

prostaglandin endoperoxide synthases, i.e. they catalyse the oxygena-

tion of arachidonic acid (and related fatty acids) to the hydroperoxy

endoperoxide prostaglandin G2 (PGG2, cyclooxygenase reaction

proper) and the subsequent reduction of PGG2 to the endoperoxide

PGH2 (peroxidase reaction). PGH2 is transformed by additional

enzymes to the various prostaglandins, to prostacyclins and to

thromboxanes. Two COX isoenzymes have been found in mammalian

tissues, i.e. a constitutively expressed COX-1 and an inducible COX-2.

The COX-2 gene is an early pro-in¯ammatory response gene. Both

cyclooxygenases are 72 kDa haemoproteins and are inhibited by non-

steroidal anti-in¯ammatory drugs (NSAIDs) such as aspirin, indo-

methacin, sulindac.
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translocation and activation of this transcription factor
[68]. COX-2 expression has been found to be induced by
cytokines along the NFkB pathway [69,70] suggesting
that an inhibition of NFkB by aspirin may result in
COX-2 downregulation.
Both aspirin or salicylate have also been found to

inhibit ultraviolet light-induced activation of the tran-
scription factor AP-1 [71], which is also involved in
COX-2 induction [72]. In contrast, other transcription
factors, i.e. the peroxisome proliferator-activated recep-
tors (PPAR), were found to enhance COX-2 expression
in vitro upon activation by NSAIDs [73] as well as by
peroxisome proliferators, a variety of fatty acids and
cyclopentenone prostaglandins [74]. Provided that such
an induction of COX-2 by NSAIDs can also be shown
under in vivo conditions, this may represent an adaptive
mechanism which would be expected to counteract the
antineoplastic e�ects of NSAIDs, in particular upon
discontinuation or interruption of treatment, i.e. when
the direct inhibitory e�ect of NSAIDs on COX-2 activ-
ity gets lost. It should not be overlooked, however, that
the concepts on transcriptional control by PPAR of
COX-2 induction are still somewhat contradictory,
since in smooth muscle cells an activation of the a-type
PPAR was found to inhibit COX-2 expression, probably
by blocking the NFkB pathway [75].
Other in vitro targets of NSAIDs include kinases of

the MAP kinase family. p38 MAP kinase was found to
be activated whilst c-Jun N-terminal kinase was inhib-
ited by salicylate or aspirin [76,77]. However, the
NSAID doses applied in these studies were often con-
siderably higher than those required for an inhibition of
COX [30]. Therefore, the pharmacological signi®cance
of these e�ects is still not entirely clear.

5. PGF2� is an endogenous skin tumour promoter

Weighing the pro- and contra-arguments, the anti-
neoplastic e�ect of NSAIDs in the colon appears to
be most easily explained by an inhibition of COX-2-
catalysed prostaglandin synthesis, although other
mechanisms may play a part and additional experiments
are certainly required to settle this issue.
This assumption is strongly supported by animal

experiments. Actually, mouse skin carcinogenesis so far
provides the only model in which prostaglandins have
been de®nitely proved to act as endogenous mediators
of hyperplasia and tumorigenesis. Upon irritation by the
phorbol ester tumour promoter TPA, mouse epidermis
in vivo responds by a complex pattern of prostaglandin
biosynthesis [78]. Immediately following TPA treat-
ment, a rapid but transient accumulation of PGE2 is
observed which is essential for the initial hyperprolifer-
ative response of the tissue, i.e. hyperplastic trans-
formation [79]. Between 2 and 4 h after treatment at

least two sharp peaks of PGF2a synthesis are observed.
In mouse skin this prostaglandin species is essential for
the establishment of sustained hyperplasia and for
tumour promotion, since the antihyperplastic and anti-
promoting e�ects of the NSAID indomethacin could be
speci®cally reversed by low-doses of PGF2a rather than
by any other prostanoid [78]. In fact, under these
experimental conditions PGF2a acts as a bona ®de skin
tumour promoter.
Whilst the initial PGE2 formation is due to COX-1

activation, the appearance of PGF2a coincides with a
transient expression of COX-2 protein in epidermis [80].
Moreover, COX-2 speci®c inhibitors have recently been
found to e�ectively suppress both TPA-induced pros-
taglandin synthesis and tumour promotion [81], as well
as ultraviolet light-induced tumorigenesis [82,83] in
mouse skin. The conclusion that skin tumour promo-
tion is mediated by COX-2-catalysed PGF2a synthesis
has recently been con®rmed by studies on COX-2 de®-
cient mice. These animals exhibited a reduced sensitivity
for multistage skin carcinogenesis, which was overcome
by PGF2a (data not shown). Most interestingly, such an
e�ect was not observed using COX-1 de®cient mice,
although these animals also showed a diminished skin
tumour response [84]. The observation that no PGF2a

accumulation is seen in mouse skin immediately after
irritation (i.e. when PGE2 formation is stimulated) but
occurs only together with COX-2 expression indicates a
speci®c link between COX-2 and prostaglandin F-syn-
thase, which requires further investigation. In contrast
to mouse skin, COX-2 expression and activity are
thought to be involved in PGE2 rather than PGF2a

accumulation in colon epithelium [85].
Major questions still await a ®nal answer including

the mechanism of action of prostaglandins in tumori-
genesis and the mechanism of constitutive COX-2 over-
expression in tumour cells. COXs and their products
may be involved in various stages of carcinogenesis.
Thus, PGE2 speci®cally exhibits strong immuno-
suppressive e�ects which may favour tumour progres-
sion [86]. Moreover, chemical carcinogens are known to
become co-oxidised to genotoxic `ultimate carcinogens'
by the peroxidase component of COX [28,87]. Both
mechanisms may contribute to carcinogenesis. They
cannot explain, however, the tumour-promoting e�ect
of PGF2a (which in contrast to PGE2 is not immuno-
suppressive) in mouse skin.
The presently favoured hypothesis is that prosta-

glandins induce cell proliferation and inhibit programmed
cell death, thus promoting tumour development
directly. An obvious mechanism through which prosta-
glandins may evoke these responses is to interact with
speci®c receptors [88] Ð such as the FP receptor for
PGF2a or the EP1 and EP3 receptor for PGE2 Ð which,
via Gq,11 proteins, stimulate the release of DAG and
inositol-trisphosphate (IP3) and thus activate protein
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kinase C and other components of intracellular signal-
ling. Such receptors are not only localised in the plasma
membrane but, as was recently shown for the EP1

receptor, also in the nuclear envelope of various cell
types [89]. The fact that Gq,11-activating receptors exist
for both E- and F-type prostaglandins implies that the
question as to which prostaglandin type, PGE2 or
PGF2a, promotes tumorigenesis in a given tissue is
determined not only by the pattern of prostaglandin
biosynthesis but also by the expression pattern of those
individual prostaglandin receptors which activate the
DAG/IP3 pathway. This might explain that in mouse
skin tumour promotion is speci®cally mediated by
PGF2a, whereas in intestinal epithelium such a function
is attributed to PGF2.
Both mitogenic and anti-apoptotic e�ects are medi-

ated in a wide variety of tissues and cell types via the
DAG/IP3 pathway. Moreover, protein kinase C pro-
vides the major cellular target of tumor promoters in
skin and probably also in intestine. A major down-
stream e�ector system of protein kinase C in cellular
signalling are the various MAP kinase cascades (see Fig.
3) along which a large number of transcription factors
regulating cell proliferation and programmed cell death
are activated [90]. For instance, PGE2 has been found to
induce the expression of the anti-apoptotic Bcl-2 protein
along the MAP kinase cascade in colon cancer cells [91].
This ®nding also indicates that the decreased suscept-
ibility for apoptosis of COX-2-overexpressing colon
cancer cells is due to prostaglandin production. As
already mentioned, PGE2 has indeed been found to
reverse the apoptosis-inducing e�ect of COX-2 inhibi-
tors and to stimulate clonogenicity of a human colon
cancer cell line expressing COX-2 but not one lacking
COX-2 expression [46]. In con¯ict with this result, other
authors failed to reverse the apoptosis-inducing e�ect of
NSAIDs on colon cancer cells by prostaglandins,
implying a prostaglandin-independent mechanism [92,93].
Whether this discrepancy might ®nd an explanation in
di�erent experimental protocols or indicates multiple
cellular e�ects of NSAIDs remains to be shown.
Beside membrane receptors, nuclear receptors, i.e.

transcription factors of the PPAR type, have also been
shown to interact with and become activated by
prostaglandins, in particular by those of the J2-type [94].
An aberrant expression of the PPARg subtype has
recently been found in human colon cancer cells [95]
indicating that in the course of tumour development
prostaglandin signalling might become overactivated,
not only at the level of signal production, but also at the
level of signal processing. Somewhat in contrast to these
results, loss-of-function mutations in PPARg have been
found to be associated with sporadic human colon
cancer [96]. To complicate the situation even more,
PPARg-activating drugs were shown to promote col-
onic but not small intestinal tumour development in

Min mice [97,98], whereas human colon cancer cell lines
responded to the same drugs by growth inhibition,
increased di�erentiation and decreased tumorigenicity
[99]. These apparently contradictory observations indi-
cate that the function of PPARs in colon carcinogenesis
is still far from being understood.
Intracellular localisation of COX-2 near the peri-

nuclear envelope has led to the hypothesis that COX-2-

Fig. 3. Mechanisms of autostimulation involved in skin tumour pro-

motion. Experimental skin carcinogenesis as initiated in mouse skin by

an oncogenic mutation of the Ras protein (Ras?) is strongly promoted

by repeated wounding. As a major `wound growth factor' involved in

skin tumour promotion, TGFa binds to the epidermal growth factor

receptor (EGFR), a homodimeric transmembrane tyrosine kinase,

which upon activation undergoes autophosphorylation. The autophos-

phorylated EGFR is able to interact speci®cally with a series of signal-

transducing proteins such as, for instance, phospholipase Cg (PLCg)
or the adapter protein Grb2. Whilst PLCg catalyses the release of

diacylglycerols (DAG) from phospholipids and, in turn, the activation

of protein kinase C (PKC), Grb2 couples EGFR to the Ras±Raf±

MAP kinase cascade of intracellular signalling. This cascade consists

of the Ras activating protein mSOS, the regulatory GTPase Ras and a

module of three protein kinases, i.e. Raf-1, MEK, and the mitogen-

activated kinase (MAPK) ERK. Along the cascade various genes,

including those of TGFa and COX-2, are activated, and the release of

arachidonic acid (AA) is stimulated by cytoplasmic phospholipase A2

(cPLA2) upon phosphorylation by MAPK. PGF2a produced along the

COX-2 pathway as well as TGFa are thought to interact with their

cognate membrane receptors. The Gq,11 protein-coupled PGF2a

receptor (FPR) activates phospholipase Cb (PLCb), which like PLCg
catalyses the release of DAG and, thus, the activation of PKC. The

phosphorylation of Raf-1 by PKC provides an additional stimulatory

event for the MAP kinase module. This may also be the mechanism of

action of phorbol ester-type tumour promoters (TPA) which directly

stimulate PKC activity by mimicking the e�ect of DAG. From [166].
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derived eicosanoids may modulate gene transcription by
interacting not only with G protein-coupled receptors
but also with PPARs [89]. Nevertheless, whether COX-2-
overexpressing tumour cells do produce PPAR-activating
J2-type prostaglandins still remains to be shown. How-
ever, COX-2 expression has been associated with PGD2

and 15-deoxy-prostaglandin J2 accumulation in exu-
dates from carrageenin-induced pleurisy in rats, in par-
ticular at the time of in¯ammatory resolution [100].
This, and the pro-in¯ammatory e�ect of COX inhibi-
tors in this model have been taken as an indication that
COX-2 besides its well-known pro-in¯ammatory action
may also have an anti-in¯ammatory function. Whether
and how this relates to the proposed role of COX-2 in
tumorigenesis is not yet known. As already mentioned,
cyclopentenone prostaglandins such as 15-deoxy-PGJ2
and peroxisome proliferators by themselves induce
COX-2 expression via a peroxisome proliferator
response element in the COX-2 gene promoter [73] and
E- and F-prostaglandins probably via the PKC±Raf±
MAP kinase cascade. These results indicate a complex
pattern of positive and negative feedback control of
COX-2 gene expression which is presently barely
understood.
Apart from the proposed role of COX-2 in tumour

promotion, this enzyme may still be involved in other
stages of carcinogenesis. Thus, a correlation between
COX-2 expression and enzyme activity and the meta-
static potential of colon cancer cells has recently been
found indicating that along the COX-2 pathway the
production of proteolytic enzymes thought to be
required for tumour cell invasion is induced [101].
Moreover, COX-2 has been reported to regulate colon
cancer cell-induced angiogenesis by modulating the
generation of angiogenic factors [102], and COX-2
expression was found to be associated with angiogenesis
induced by human gastric endothelial cells in vitro [103].
Prostaglandins may also stimulate tumour angiogenesis
[104,105] whereas NSAIDs have been found to exert an
anti-angiogenic e�ect [106]. These exciting observations
(for a review see [107]) urgently require further investi-
gation, since they indicate that under certain conditions
NSAIDs might even be able to inhibit the growth and
spread of advanced malignant tumours though the data
available at present do not support such a notion.
The COX reaction is not only the source of physio-

logically highly active signalling compounds but also of
genotoxic products such as malondialdehyde (a break-
down product of prostaglandin endoperoxide) and
reactive oxygen species [28,108]. Genotoxic by-products
are also generated along the various lipoxygenase
(LOX)-catalysed pathways of arachidonic acid metabo-
lism (see Fig. 4, [109]). It is intriguing that in the course
of mouse skin carcinogenesis distinct LOX isozymes
become constitutively overactivated at least as strongly
as COX-2 [110], and that the corresponding arachidonic

acid metabolites, i.e. 8- and 12-hydroperoxy-eicosatetra-
enoic acid, cause chromosomal damage in epidermal cells
[111]. Moreover, like COX inhibitors, LOX inhibitors
have been shown to suppress mouse skin carcinogenesis
[112,113]. Interestingly, 8- and 12-LOX-catalysed ara-
chidonic acid metabolism was found to be upregulated
in premalignant rather than in malignant mouse epi-
dermis [111]. A related observation regarding 15-LOX-2
expression was recently made for human prostate
cancer [114] whilst the isoenzyme 15-LOX-1 has been
reported to be overexpressed in human colorectal cancer
tissue [115]. It may, therefore, be speculated that an
overactivation of both the COX and the LOX pathways
of arachidonic acid metabolism leads to an endogenous
genotoxic potential that, together with an impairment
of DNA repair, is required for the spontaneous malig-
nant progression of tumours, i.e. genetic instability. In
addition, LOX-derived metabolites such as 12-hydroxy-
eicosatetraenoic acid have been found to directly pro-
mote tumour cell invasiveness [116]. These ®ndings and
implications strongly indicate that LOXs may represent
novel targets of cancer chemoprevention. It remains to
be shown to what extent arachidonic acid metabolism
contributes to oxidative stress and whether or not the
antineoplastic e�cacies of antioxidants such as found in
vegetables, green tea and certain spices can, at least
partially, be explained by an inhibition of LOX-cata-
lysed arachidonic acid metabolism. Presently the ®eld of
LOX research is still somewhat overshadowed by the
booming interest in COX.

6. How eicosanoid formation may become deregulated
in mouse skin tumour cells

In the dysregulation of eicosanoid biosynthesis pro-
cesses of auto-ampli®cation seem to play a major role.
An overproduction of eicosanoids requires ®rst of all a
constant supply of COX and LOX with arachidonic
acid. Since arachidonic acid is normally sequestered in
membrane phospholipids and released only upon
demand by phospholipases, it has been postulated that
these enzymes become permanently activated in the
course of tumour development. Amongst the A2-type
phospholipases catalysing arachidonic acid release, the
cytosolic forms (cPLA2) are constitutively expressed in
most cell types and are apparently activated pre-
dominantly at the post-transcriptional level, whereas the
secretory types (sPLA2) are more likely to be regulated
at the transcriptional level. These activation processes
are induced by a wide variety of pro-in¯ammatory and
mitogenic signals including various cytokines and
growth factors [117±119]. cPLA2, for instance, is acti-
vated by MAP kinase-catalysed Ser-phosphorylation
[120]. Therefore, the vast number of extracellular signals
activating the MAP kinase cascades are expected Ð and
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have partially been shown Ð to evoke arachidonic acid
release. At least one of the MAP kinase cascades, i.e. the
Ras±Raf±ERK cascade, is also activated by PKC-cata-
lysed phosphorylation of Raf [121] implying that beside
phorbol esters various endogenous factors which acti-
vate protein kinase C, for instance along the Gq,11 pro-
tein±phospholipase Cb±DAG pathway, may also induce
cPLA2 activity. Along such pathways even prosta-
glandins themselves may act as auto-ampli®ers of eico-
sanoid formation by interacting with Gq,11-coupling
EP1, EP3 and EF prostanoid receptors. Since COX-2
expression is induced via the MAP kinase cascades (see
above), as a result, not only cPLA2 activity, but also the
COX-2 level may become upregulated. An upregulation
of COX-2 expression by PGE2 has indeed been found in
prostate cancer cells [122]. Analogous results were
obtained by studies on non-neoplastic cell types
demonstrating that both COX-2 and cPLA2 can be
induced at the transcriptional level by PGE2 [123,124].
Whether this also occurs along the MAP kinase cas-
cades remains to be shown. Such an autocrine co-
induction of key enzymes of eicosanoid formation may
explain the coordinated increase of COX-2 and PLA2

activity in neoplastic tissues of man and animals, as
reported by several authors [125±127]. Unfortunately, a
detailed investigation of PLA2 expression in the course
of multistage tumour development in skin or large
bowel has not yet been performed.
The positive feedback of autocrine and self-amplifying

processes (summarised in Fig. 3) requires a tight control
at the various stages of signal transduction. In the long
run, even a minimal weakening of this control would be
expected to result in potentially dangerous consequences.

The mouse skin model of carcinogenesis provides an
illustrative example of such a deregulation. In initiated
epidermis cells carrying an oncogenic H-ras mutation
the negative control of autocrine processes may be
impaired at the level of Ras-controlled signalling
because of a defective GTPase activity of the H-Ras G
protein [14]. Due to this failure in signal transduction,
initiated cells may not only respond more sensitively to
exogenous tumour promoters, such as phorbol esters,
but may also become unable to keep endogenous path-
ways of auto-activation under control. In fact, perma-
nent formation of TGFa, an activator of epidermal cell
proliferation, has been observed in the course of skin
tumour promotion [128,129]. Through binding to the
EGF receptor and activation of the Ras±Raf±ERK
(MAP kinase) cascade, TGFa activates the enzyme
cPLA2 and, at the same time, its own expression
[130,131]. Moreover, in epithelial cells including keratino-
cytes, TGFa not only stimulates arachidonic acid
release but, in addition, the expression of COX-2
[132,133]. Upon repeated activation of Ras-dependent
signalling, for instance by wounding or phorbol ester
tumour promoters, an initiated cell would thus gain a
selective advantage, ®nally ending up in an autonomous
state of `self-promotion' due to a permanent autocrine
stimulation of growth factor formation, COX-2 expres-
sion, arachidonic acid release and prostaglandin syn-
thesis [129,134]. An induction of COX-2 expression by
an activated H-ras gene along the ERK pathway has
recently been shown [135].
The critical role of self-stimulating processes in mouse

skin carcinogenesis is emphasised by experiments showing
that the need for ras mutation in papilloma formation is

Fig. 4. Metabolism of arachidonic acid by lipoxygenases. Lipoxygenases are non-haem iron proteins which catalyse the oxygenation of arachidonic

acid (and other polyunsaturated fatty acids) at speci®c positions, such as C-atoms 5, 8, 12 and 15. These reactions yield the hydroperoxy eicosa-

tetraenoic acids (HPETEs) shown. In vivo the HPETEs are rapidly reduced to the corresponding hydroxy compounds (HETEs) or provide precursors

for various other signalling compounds such as leukotrienes, lipoxins, and hepoxilins. From [165].
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obviated by a targeted overexpression of TGFa in
mouse epidermis [136,137]. Of course, such a role of an
autocrine tumour promoter may not be restricted to
TGFa alone, since various other cytokines are released
upon skin wounding or tumour promotion, some of
which have been shown to stimulate eicosanoid
formation as well. In this context, it is intriguing that
PLA2 activity [138,139] and COX-2 expression
[69,72,133,140,141] are also induced via the Jun
N-terminal kinase and p38 MAP kinase, as well as
NFkB pathways. These transduce signals of pro-
in¯ammatory cytokines such as interleukin-1b and
TNFa, a putative endogenous skin tumour promoter
[11], and of cellular stress factors including oxidative
stress. Recently, evidence has been provided that in
human keratinocytes COX-2 transcription is regulated
along the ERK pathway, whereas COX-2 mRNA sta-
bility is controlled via the p38 MAP kinase pathway
[133].

7. How eicosanoid formation may become deregulated
in human colon cancer cells

At ®rst glance, initiation and promotion of colorectal
tumorigenesis seems to occur along mechanisms which
widely di�er from those proposed for experimental skin
carcinogenesis. Thus, a deletion of the APC tumour
suppressor gene as found in Min mice and leading to an
initiation of intestinal cancer does not sensitise the ani-
mals for skin carcinogenesis (data not shown), whereas
a mutation of the ras protooncogene, a frequent initiat-
ing event in mouse skin, seems to occur only at a more
advanced stage of colorectal cancer development in man
[19]. Moreover, according to our present knowledge the
Ras and APC proteins are components of quite di�erent
signalling cascades (Figs. 3, 5, 6).
The regulatory GTPase Ras conveys signals emitted

from membrane receptors to various downstream e�ec-
tor systems including the MAP kinase cascades [142]
along which eicosanoid formation can be stimulated at
the levels of arachidonic acid release and COX-2
expression (see above). The APC gene encodes a 312
kDa protein (consisting of 2843 amino acids) with no
detectable enzymatic activity but with binding sites for
several other proteins and putative multiple functions in
intracellular signalling. In FAP patients, Min mice and
the majority of sporadic intestinal tumours, the APC
protein is truncated due to nonsense mutations of the
corresponding gene [143]. This truncation results in a
constitutive upregulation of the b-catenin/LEF-1 (leu-
cocyte enhancing factor, also called TCF, T-cell tran-
scription factor) pathway of intracellular signalling
[144], which had originally been found to play a role in
Drosophila and Xenopus development, where it trans-
duces the signals of the Wingless/Wnt growth factors

from the cell periphery to the genome. The mammalian
homologue Wnt-1 was found to act as a mouse mam-
mary oncogene when inappropriately expressed [145].
Upon interaction of these growth factors with their
cognate receptors (called `frizzled', Fz) at the cell sur-
face, b-catenin (or the Drosophila homologue Arma-
dillo), which is normally sequestered in a complex with
cell adhesion molecules of the cadherin type [146,147],
accumulates in the cytoplasm and nucleus, where it
interacts with the transcription factor LEF-1. The
heterodimers thus formed seem to stimulate a series of
target genes controlling speci®c steps in embryonic
development and, as indicated by the studies on mam-
mary and colon cancer, in certain types of neoplasia.
The cytoplasmic/nuclear accumulation of b-catenin

seen upon stimulation of cells with Wingless/Wnt is due

Fig. 5. Negative regulation of b-catenin-dependent intracellular sig-

nalling by the APC tumour suppressor. In the cell, free b-catenin is

normally kept at a low level due to sequestration by cadherin-type cell

adhesion molecules and rapid degradation. For this negative regula-

tion the interaction of b-catenin with APC and the phosphorylation of

both APC and b-catenin by glycogen synthase kinase 3b (GSK) is

essential. Wnt/wingless-type growth factors inhibit b-catenin degrada-

tion through interaction with the Fz receptor, a protein with seven

transmembrane domains, and subsequent activation of the protein

Dsh, an inhibitor of GSK. As a consequence of GSK inhibition, the

intracellular level of free b-catenin increases and heterodimers of

b-catenin with LEF-1-type transcription factors are formed, which

speci®cally activate a series of genes. The mechanism of COX-2 over-

expression seen in intestinal tumour cells with inactive APC is not

known. From [164].

F. Marks, G. FuÈrstenberger / European Journal of Cancer 36 (2000) 314±329 323



to a stabilisation of the protein, which otherwise would
be rapidly degraded along the ubiquitin±proteasome
pathway [148]. The degradation of b-catenin is pro-
moted by APC in cooperation with glycogen synthase
kinase 3b which phosphorylates APC and probably also
b-catenin, making them susceptible to proteolysis. The
stabilisation of b-catenin in response to Wingless/Wnt
growth factors is thought to be due to an inhibition of
this kinase induced by the activated Wnt receptor via
the protein Dsh, `dishevelled' [146,148]. Truncated
APC, as found in intestinal tumour cells, has a dimin-
ished binding capacity for b-catenin and is unable to
suppress b-catenin/LEF-1-dependent gene transcription
[143,149]. Moreover, in colonic tumour cells with intact
APC [150] and in certain human melanoma cell lines
[151], b-catenin itself is mutated into a stable form
which acts as an oncogene. Finally, the inherited defect
of DNA mismatch repair responsible for hereditary
non-polyposis colorectal carcinoma of man has been
shown to promote the APC truncation [18,152]. These
results underline the importance of APC and b-catenin
signalling in tumorigenesis. The interactions between
APC and b-catenin signalling are summarised in Fig. 5.
Overexpression of Wnt-1 has been found to result in

activation of COX-2 transcription and prostaglandin E2

production in mouse mammary cells [153]. Considering,
in addition, the relationship between APC deletion and
COX-2 activity in colon tumour cells it is tempting to
speculate that in colon tumour cells COX-2 expression
is induced along the b-catenin/LEF-1 pathway. A

deregulation of this pathway by loss of functional APC
would easily explain the permanent transcription of
the COX-2 gene observed in human colon cancer cells
[154] and the `self-promotion' of colon carcinogenesis
[155]. However, evidence for such a mechanism is still
lacking. Moreover, for colon cells the b-catenin path-
way has not yet been related to the Wnt system. It
must be also emphasised that APC may have other
e�ects besides regulating the b-catenin/Armadillo
pathway [156]. Amongst these the control of cellular
mobility and membrane movements has been discussed
[143,157].
There is evidence that COX-2 overexpression may be

a secondary outcome rather than a direct e�ect of APC
deletion. Such a conclusion is based on numerous ®nd-
ings indicating that, as in skin, an autocrine stimulation
of tumour cells by wound growth factors, such as EGF
or TGFa, and by cytokines seems to also play a critical
role in colorectal tumour development. EGF and sev-
eral EGF-related growth factors such as TGFa,
amphiregulin (AR), betacellulin, heparin-binding EGF-
like growth factor and CRIPTO-1 (CR-1) are produced
by colonic epithelium and enhance epithelial cell pro-
liferation [158]. TGFa, amphiregulin, and in particular
CR-1 were reported to be overexpressed in human colon
tumours and proposed to stimulate tumour growth
through autocrine mechanisms involving EGF receptors
and perhaps other pathways of transmembrane signalling
[159]. Activation of the EGF receptor by TGFa has been
shown to induce COX-2 expression and prostaglandin

Fig. 6. The putative pathways of COX-2 induction during experimental mouse skin carcinogenesis (left) and colorectal tumour development (right).

In the mouse skin model, COX-2 expression is thought to be predominantly induced by growth factors such as TGFa along the Ras-MAP kinase

cascade or by phorbol ester tumour promoters such as TPA by interacting with this cascade (see Fig. 3). In colorectal carcinogenesis, stabilisation of

b-catenin and overactivation of b-catenin signalling resulting from homozygous APC deletion leads to COX-2 overexpression. It is not known

whether this occurs directly or indirectly through the release of TGFa-related growth factors.
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synthesis in a human colon cancer cell line, whereas
COX-2 inhibitors inhibited TGFa-induced cell pro-
liferation [159]. Moreover, simulation of HER2, a EGF
receptor-related receptor tyrosine kinase, by the neu
di�erentiation factor-b1 was found to promote COX-2
transcription and prostaglandin E2 formation, as well as
proliferation and survival of human colorectal cancer
cells in vitro. In the tumour cells, the HER2 receptor is
permanently activated, again indicating some sort of
autocrine deregulation [160]. The critical role of these
autocrine/paracrine growth factors for colonic tumour
growth is underlined by numerous successful attempts
to inhibit the proliferation of colon carcinoma cells in
culture by antisense oligonucleotides directed against
the above-mentioned growth factors and their receptors
[158,161]. As far as the genetics of colon cancer devel-
opment is concerned, it is not known whether the auto-
crine dysregulation of growth factor production is an
early event possibly related to APC deletion or occurs at
a more advanced stage, for instance as a consequence of
the oncogenic activation of Ki-ras (which would resem-
ble the situation in initiated mouse skin cells). Recently,
it has been proposed that deletion of the TP53 gene,
although occurring late in the course of tumour devel-
opment in both mouse epidermis and human colorectal
epithelium, may also contribute to COX-2 expression
since p53 was found to exert a negative regulatory e�ect
on COX-2 transcription and mRNA stability in mouse
embryo ®broblasts in vitro [162].
The current concepts on the mechanisms of COX-2

expression in intestinal epithelium as compared with
skin epidermis are depicted in Fig. 6.

8. Conclusions

Taking into account the close similarities between
phorbol ester- and bile acid-induced tumour promotion
it appears that tumour development in colorectal epi-
thelium of man proceeds along similar pathways as
cancer formation in mouse skin, regardless of di�er-
ences in the initiating events [163]. Notwithstanding the
open questions addressed above, this parallelism o�ers
the invaluable opportunity to reveal underlying
mechanistic principles by making use of one of the most
advanced animal models of multistage carcinogenesis
which, in addition, has the advantage of being most
easy to handle.
The results obtained from studies on man and mice

actually support each other, and the animal model may
serve as a guidance in examining and developing strat-
egies for cancer chemoprevention that are based on
mechanistic evaluations [164]. Not least, the animal
model represents the ®nal measure to corroborate the
numerous and Ð as shown Ð sometimes con¯icting
results obtained from in vitro studies.
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