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Summary. There is a wealth of evidence that non
steroidal anti-inflammatory drugs (NSAIDs) can prevent 
colorectal cancer. In this article the role of cyclo
oxygenase 1 and 2, the principle target of NSAIDs, in 
the development of colorectal cancer is reviewed. 
Cyclooxygenase is constituitevely expressed in normal 
colonic epithelium and surrounding stroma and could 
catalyse the generation of malondialdehyde which is a 
known mutagen and could initiate colorectal carcino
genesis. Mutation of APC which is an early genetic 
event leads to the expression of cyclooxygenase 2 which 
may prevents the appropriate apoptosis of mutant 
adenoma cells. Other proneoplastic effects of cycIo
oxygenase include changing the action of Transforming 
Growth Factor /3 from anti-proliferative to pro
proliferative, reducing adherence to extracellular matrix , 
promotes metastasis and angiogenesis. These properties 
of cycIooxygenases suggest that inhibition of both 
isoforms may have important protective effects against 
colorectal cancer. 
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Introduction 

There has been much interest in prevention of 
colorectal cancer in recent years. Current strategies 
depend on either dietary modification (Bingham, 1996), 
removal of adenomatous polyps (Winawer et aI., 1997), 
detection of oncogene products in stool (Sidransky et aI., 
1992) or use of non-steroidal anti-inflammatory drugs 
(NSAIDs). In this article the rationale and mechanism of 
action of NSAIDs in the prevention of colorectal cancer 
will be reviewed paying particular attention to the role of 
cyclooxygenase isoenzymes, their principle therapeutic 
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target. 

Evidence that NSAIDs prevent colorectal cancer 

There are three lines of evidence that NSAIDs 
prevent colorectal cancer. First a number of animal 
studies have shown that a variety of NSAIDs, including 
sulindac (Rao et aI., 1995), piroxicam (Reddy et aI., 
1987) and aspirin (Reddy e t aI., 1993) can prevent 
chemically-induced cancer in rodents. The degree of 
reduction in tumour burden in these studies was 
sometimes as high as 60% and was associated with a 
substantial reduction in the ti ssue concentration of 
eicosanoid products. 

The second line of evidence is that NSAIDs can 
reduce the number and size of polyps in patients with 
familial adenomatous polyposis (FAP). FAP is an 
autosomal dominant condition resulting from mutations 
in the adenomatous polyposis coli gene which located on 
chromosome 5q21 which inevitably results in colorectal 
cancer by the age of 40 (Kinzler et aI., 1991). The 
original observation by Waddell and colleagues in 1983 
that sulindac reduced the number polyps in FAP patients 
has been confirmed by a number of studies including 
two double-blinded, randomised placebo-controlled trial 
of sulindac (Waddell and Loughry, 1983; Labayle et aI., 
1991; Giardiello et aI., 1993). 

However the most compelling comes from prospect
ive cohort studies of the development of spontaneous 
colorectal cancer. In a cohort of over one million persons 
men who used more aspirin more than 16 times a month 
had a relative risk of developing colorectal cancer of 
0.48 (0.30-0.76) and women a relative risk of 0.53 (0.32-
0.87) (Thun et aI., 1991). In a later prospective cohort 
prospective clinical studies of non-medical health care 
workers between ages 40 and 75 who regularly and 
consistently tool aspirin had a relative risk of 0.35 (0.16-
0.75) (Giovannucci et aI., 1994). An important aspect of 
this study was that prior use of endoscopic evaluation of 
the colon and other confounders were controlled for by 
multivariate analysis. In a further cohort study of 89,446 



592 

Cye/ooxygenase, apoptosis and e%reeta/ neoplasia 

nurses Giovannucci and colleagues reported a reduced 
relative risk of developing colorectal cancer of 0.62 
(0.44-0.86) (Giovannucci et aI., 1995). Analysis of 
duration of use showed that the protective effect of 
aspirin did not become statistically apparent unless 
intake had been for 10 years or greater. This was 
attributed to the idea that adenomas take approximately 
10 years to evolve into invasive carcinomas. In contrast 
to these large studies, two randomised controlled clinical 
trials of sulindac in patient with «sporadic» adenomatous 
polyps have failed to show any beneficial effect (Hixson 
et aI., 1993; Landenheim et aI., 1995). However these 
trials were small with inadequate statistical power and 
would not have been capable of detecting a response of 
less than a 50% . However, preliminary results from a 
randomised controlled trial of sulindac 150 mg twice 
daily for one year in patients with patients with 4-12 mm 
rectosigmoid polyps has shown a significant reduction in 
polyp size; the effect of sulindac on polyps number is 
not reported (DiSario et aI., ] 997). 

Thus there is a range of independent data giving 
compelling evidence that NSAIDs prevent colorectal 
cancer. How does this occur? Before we attempt to 
answer this question we must first address the biology of 
cyclooxygenase enzymes which are the principle targets 
of NSAIDs. 

Arachidonic acid metabolism 

The therapeutic actions of NSAIDs are believed to 
be due to their effect on prostaglandin (eicosanoid) 
biosynthesis. It is therefore important to review their 
biochemistry. The first step in eicosanoid biosynthesis is 
liberation of arachidonic acid from membrane 
phospholipids by phospholipases. A number of phospho
lipases have been identified including one called 
secretory phospholipase A2 which is found in colonic 
mucosa and may be of particular importance in the 
development of colorectal cancer. In the mouse this 
enzyme is believed to be coded by Moml a gene locus 
which has been shown to modify the number of 
intestinal tumours produced in mice which develop a 
syndrome analagous to FAP as a result of mutation in 
APC. Mice expressing Moml have substantially fewer 
intestinal tumours than Moml null mice (Gould and 
Dove, 1996). The mechanism underlying the anti-tumour 
effects of phospholipase A2 are unknown but may 
involve modification of the lipid environment of 
intestinal epithelial cell. 

Arachidonic acid is a 20 carbon unsaturated fatty 
acid which is metabolised via three main pathways. 
The first is the cyclooxygenase pathway in which 
arachidonic acid is converted to prostaglandin G/H2 by 
prostaglandin G/ H synthase-l (PGHS-l) (8,11,14-
eicosatrienoate, hydrogen donor: oxygen oxidoreductase, 
EC 1.14.99.1). This enzyme is referred to as cyclo
oxygenase-l (COX-I) in this review. COX-l has two 
different catalytic activities: it cyclizes and oxygenates 
arachidonic acid to form PGG2 and also reduces PGG2 

to PGH2 which is an alcohol. PGH2 is then converted to 
PGE2, PGF2a , PGD2a, PGI 2 and thromboxane A 2. 
There is little information on the effects of these 
compounds on colonic epithelial proliferation or death. 
PGE2, PGF2a and PGI2 can induce proliferation in 
human adenocarcinoma cell lines SWl116 and HT-29 
(Qiao et aI., 1995). PGE2 and PGD2 can undergo further 
metabolism to dehydration products termed cyclo
pentone PGs. For example, dehydration of PGE2 yields 
PGA2 while dehydration of PGD2 yields PGJ2 and ~12-
PGJ2. The later can undergo a second dehydration step 
to 15-deoxy-M2-PHlz. These cyclopentone PGs are of 
interest because they have potent antiproliferative 
activity in breast, lung and leukaemia cell lines 
(Fukushima et aI., 1989), though they have the opposite 
effect in the breast cell line M CF -7 (Shahabi et ai., 
1987). 

The second major metabolic pathway of arachidonic 
acid is via lipoxygenases which insert a single O2 to 
form hydroperoxyeicoatetraenoic acids (HPETEs) which 
are then converted into hydroxyeicosatetraenoic acids 
(HETEs). Further metabolism then takes place to 
produce leukotrienes and lipoxins. Whether these 
arachidonic acid products playa role in carcinogenesis is 
unknown. 

The final major metabolic pathway of arachidonic 
acid involves enzymes of the cytochrome P450 family 
which insert an atom of oxygen at various positions in 
the arachidonic acid molecule to produce 5-, 8-, 9,- 11-, 
12- and 15-HETE (Levy, 1997). 

Molecular biology of cyclooxygenase enzymes 

COX-l enzyme was first purified from bovine 
vesicular glands in 1976. COX-l is expressed in most 
tissues at a relatively stable level and therefore is not 
considered a site for regulation of prostaglandin 
production. The COX-l gene spans 22.5 kb and is 
composed of 11 exons and 10 introns and maps to 
chromosome 9q32-q33.3. Transcription of COX-l yields 
a mRNA 2.7 kb in size which encodes a 565 residue, 65-
kDa protein. This contains a short signal peptide to 
anchor it membranes and 4 possible N-linked glyco
sylation sites. 

COX-2, also known as prostaglandin endoperoxide 
synthase-2 was identified in 1989 (Simmons et aI., 1989; 
Kujubu et ai., 1991). In contrast to COX-I, COX-2 
expression can be induced by a wide variety of stimuli 
including; forskolin, interleukin-l, tumour necrosis 
factor, epidermal growth factor, transforming growth 
factor-a and retinoic acid. Under resting conditions 
COX-2 expression is virtually absent but is rapidly up
regulated after stimulation with mitogens with 
consequent stimulation of PG production. The COX-2 
gene is 8.3 kb in size. Most of the exons in COX-l are 
preserved but the gene is smaller due to smaller introns. 
It is located on chromosome lq25.2-q25.3. Transcription 
of COX-2 makes a mRNA of 4.5 kb in size which 
encodes a 70 kDa protein which has a 70% homology to 
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COX-I. There are slight differences between the two 
proteins thought the cyclooxygenase and peroxidase 
sites are preserved these differences could account for 
differences between the two enzymes. For example, 
aspirin inhibits COX-l completely but only partially 
inhibits COX-2 allowing it to function as a 15-
lipoxygenase converting arachidonic acid to 15-R
HETE. The 3-dimensonal structure of COX-2 has been 
determined at 3.oA resolution. The overall s tructure of 
COX-I and COX-2 are similar though COX-l has a 
larger NSAID-binding site than COX-2. However there 
are sufficient differences to allow COX-2 to bind 
NSAlDs which are unable to bind to COX-J (Kurumbail 
et aI., 1996). 

With the intestin e both COX-l and COX-2 are 
expressed in the submucosa but only COX-l is express
ed in the epithelial cells (unpublished observations) 
(Williams et aI., 1996). Expression levels are similar in 
the small and large intestine. At a subcellular level both 
isoenzymes are found in the endoplasmic reticulum 
(Song and Smith, 1996). COX-2 is also found attached 
to the nuclear membrane. 

Relationship between COX and genes involved in 
colorectal cancer 

Currently there are two genetic events which are 
known to be involved in initiation of the colorectal 
neoplasia; truncation of the APC gene and mutation of 
mismatch repair genes (Grogan et aI., 1996). Germ line 
mutations to both sets of genes give rise to hereditary 
colorectal cancer though the two syndromes have 
markedly different clinical features. Mutation of APC 
which almost always results in truncation of the protein 
gives rise to Familial polyposis coli in which affected 
individuals develop thousands of colonic adenomas 
during adolescence. One or more of these inevitably 
develop into an invasive fatal carcinoma in the fourth 
decade unless treated by colectomy. Crucially, similar 
truncation mutations also occur in about 85% of sporadic 
colorectal cancers and are again an early event. Roughly 
15% of colorectal cancers demonstrate an inability to 
adequately repair DNA following certain types of DNA 
damage. This genetic abnormality can be identified as 
errors in stretches of dinucleotide or trinucleotide repeats 
found throughout the genome called DNA micro
sa tell ites (Kinzler and Vogelstein , 1996). This genetic 
error is often referred to as replicative error phenotype 
(RER). Patients with Hereditary Non-Polyposis Colon 
Cancer (Lynch syndrome) have inherited mutations in 
one of five DNA mismatch repair genes which results in 
RER. Patients with RER demonstrate a far higher rate of 
mutation which results in faster progression of tumours 
from benign adenoma to invasive carcinoma than 
patients without RER. However they do not have the 
high number of adenomas found in FAP, nor do polyps 
develop in adolescence. 

The epidemiological evidence reviewed above 
strongly suggests that COX in some way promotes the 

development of these crucial mutations. One of the 
products of PGH2 transformation is malondialdehyde 
(MDA) which is mutagenic in bacteria and mammalian 
cells and carcinogenic in rodents (Mukai and Goldstein , 
1976; Basu and Marnett, J 983; Spalding, 1988). MDA 
reacts with DNA to form the adduct Mlguanine which 
can induce transitions to adenosine and transversions to 
thymidine (Moriya et aI., 1994). This biochemistry raises 
the possibility that inhibition of submucosal COX-1 by 
NSAIDs could reduce the mutation frequency in colonic 
epithelium and prevent polyp initiation and could 
explain how NSAlDs such as aspirin or sulindac which 
have far greater potency against COX-1 than COX-1 
inhibit polyp formation. 

APC and COX-2 

There appears to be a close relationship between 
APC mutation, COX-2 expression and the development 
of intestinal tumours. Mice with a mutation at amino 
acid number 716 develop hundreds of adenomas over 
a period of a few months (Oshima et aI. , 1996). 
Examination of these adenomas shows that unlike 
normal intestinal epithelial cells they express high levels 
of COX-2. APC causes upregulation of COX-2 
expression however it is known that one of the functions 
of normal APC protein is to sequester l3-catenin protein. 
Mutation of APC usually results in truncation of APC 
protein, loss of l3-catenin binding and a rise in levels of 
free B-catenin within the cytoplasm (Inomata et aI., 
1996). It has recently been shown that under these 
circumstances l3-catenin can translocate to the nucleus 
and bind to the transcription factor LEF-1 and thereby 
regulate gene ex pression possibly including COX-2 
(Korinek et aI., I 997a,b; Rubinfeld et aI., 1997). When 
APCL\ 716 mice are crossed with homozygous COX-2 
null mice their progeny have seven-fold fewer intestinal 
tumours than APCL\716 controls. Crossing APCL\716 
mice with which are COX-2 (+/ -) mice results in an 
intermediate number of tumours. Furthermore treatment 
of APCL\716/ + mice with an NSAID which inhibits 
COX-2 selectively also reduces tumour formation 
significantly. Together these data suggest that mutation 
of APC causes the upreguJation of COX-2 whose 
products cause further tumour progression. 

Role of apoptosis in colorectal cancer 

COX products may act to prevent apoptosis and 
antagonism of this property may account for some of the 
anticancer actions of NSAIDs. A number of lines of 
evidence suggest that failure of appropriate apoptosis of 
cells with potentially malignant mutations playa 
significant role in the evolution of normal epithelium 
into a malignant tumour. In the small intestine apoptosis 
is targeted to the stem cells whereas in the colon the 
absolute levels of apoptosis are less and are not targeted 
away from the stem cells. This raises the poss ibility that 
the low incidence of small intestinal cancer relative to 
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colorectal cancer is due, in part, to colonic stem cells 
being resistant to apoptosis (Potten et aI., 1992). Support 
for this idea comes from study of the effect of the 
carcinogens N-nitroso-N-methylurea, N-nitroso-N
ethylurea, 1,2 dimethylhydrazine and N-nitrosodimethyl
amine on apoptosis in the small and large intestine. In 
the small intestine all four carcinogens induced 
apoptosis at cell positions 4-6 suggesting that the DNA 
damage induced by these agents efficiently initiates 
apoptosis of stem cells. By contrast, in the colon 
apoptosis was maximally induced at cell positions 5 - 10 
counting from the crypt base, avoiding the stem cells 
located at cells positions 1-2 (Li et aI., 1992; Potten et 
aI., 1992). 

Further evidence for defective apoptosis playing 
a role in colorectal carcinogenesis comes from 
consideration of the function of genes which are mutant 
in colorectal cancer. Overexpression of APC in 
colorectal epithelial cells with mutant APC induces 
apoptosis (Morin et aI. , 1996). 

Levels p53 of protein rise as a result of DNA 
damage to induces either G1 arrest or apoptosis and is 
mutant or deleted in 80% of cases of colorectal cancer 
(Baker et aI., 1990). Radiation-induced DNA damage 
induces substantial apoptosis at the base of the crypts in 
p53 wild-type mice when examined 4.5 h later. This 
apoptosis is mediated by p53 as it completely blocked in 
p53 null transgenic mice. Furthermore p53 is expressed 
at the same cell positions in the small intestine as those 
which undergo apoptosis whereas in the colon the 
correlation is much less precise corroborating the idea 
that stem cells from the colon are much less susceptible 
to apoptosis than those from the small intestine. p53 has 
no influence on spontaneous apoptosis as this is 
unaltered in p53 null mice (Merritt et aI., 1994). We have 
obtained similar results following administration 
40mglkg 5-FU (Pritchard et aI., 1997). 

Bcl-2, an anti-apoptotic protein, is expressed in 
colonic tumours with a higher proportion of adenomas 
than cardnomas being positive (Watson et aI., 1996). In 
the normal intestine bcl-2 is expressed at cell positions 1 
and 2 the colon where the stem cells are believed to be 
located. It is barely expressed in the small intestine. 
Experiments in bcl-2 null transgenic mice have shown 
that bcl-2 acts to suppress both spontaneous and 
radiation and 5-FU-induced apoptosis in the colon 
(Merritt et aI., 1995; Pritchard et aI., 1996). Of the other 
bcl-2 family members studied so far in colorectal 
neoplasia Bcl-xL is over-expressed in 60 % of 
carcinomas while the pro-apoptotic protein bak has 
reduced expression compared to normal tissue in 90% of 
carcinomas. There is little change in bax (Krajewska et 
aI., 1997). 

Overall these data support the idea that colonic stem 
cells are relatively resistant to apoptosis so that stem 
cells with potentially malignant mutations be escape 
deletion and go on to develop into neoplastic clones. 
Once polyp initiation has occurred the accumulation of 
mutations result in the tumour becoming more resistant 

to apoptosis. Direct evidence for this has been obtained 
by comparing apoptosis rates in cells isolated from 
carcinomas, adenomas and normal colonic epithelium 
and showing a gradient of apoptosis with most being 
found in normal tissue and least in carcinoma (Bedi et 
aI., 1995). 

The relationship between chemoprevention of 
colorectal cancer by NSAIDs and apoptosis 

There is currently little information on the induction 
of apoptosis in normal intestinal epithelium by NSAIDs. 
This is of importance as it is not clear at what stages in 
evolution of colorectal cancer NSAIDs act. Clinical and 
animal studies suggest that NSAIDs can not only cause 
regression of pre-existing adenomas but also reduce the 
number of adenomas forming by presumably acting on 
normal or near normal stem cells. Apoptosis has been 
observed in biopsy specimens from patients NSAID
induced colitis (Lee, 1993) and a flow cytometric study 
of isolated rectal epithelial cells from FAP patients has 
shown increased apoptosis (Pasricha et aI., 1995). 
However there is currently little information on the site 
of apoptosis along the crypt/villus axis and whether 
putative stem cells are involved. We have been studying 
the effect of sulindac sulfide (a COX-1 inhibitors), 
sulindac sulfone (an inactive structural control for 
sulindac sulfide) and SC-58625 (a selective COX-2 
inhibitor) on apoptosis in the large intestine . We find that 
sulindac sulfide causes a 2-fold increase in apoptosis at 
the level of the stem cell (positions 1-4). Sulindac 
sulfone is without effect suggesting that the apoptosis is 
due to inhibition of COX-l. SC-58625 is also without 
effect (unpublished data). This is probable because very 
little COX-2 protein is expressed in normal colonic 
epithelium. A number of studies have shown that 
sulindac sulfide and aspirin can induce apoptosis in a 
number of adenoma (Elder et aI., 1996) and carcinomas 
cell lines (Piazza et aI., 1995; Shiff et aI., 1995; 
Yoshikawa et aI., 1995). The mechanism by which 
NSAIDs induce apoptosis is currently unclear. One 
attractive hypothesis is that they act by inhibiting COX-2 
reducing the production of COX-2 products which can 
induce apoptosis (Watson and DuBois, 1997). In favour 
of this hypotheses rat intestinal cells over-expressing 
COX-2 are resistant to butyrate-induced apoptosis which 
can be restored by addition of sulindac sulfide (Tsujii 
and Dubois, 1995). Significantly, over-expression of 
COX-2 increased bcl-2 expression. Sulindac may also be 
able to reduce expression of COX-2 protein (Boobol et 
aI., 1996). Sulindac has also been reported to both 
induce apoptosis and a G1 /S block in HT-29 cells. The 
cell cycle block was associated with a rise in p21 waf/! 
and a decrease in Rb and mutant p53 protein level but 
none of these changes correlated with apoptosi s 
(Goldberg et aI., 1996). 

However not all data is compatible with NSAlDs 
inducing apoptosis via inhibition of COX-2. Sulindac 
sulfide and piroxicam can induce apoptosis in HCT-15 
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cells which do not possess COX-2 transcripts (Hanif et 
aI., 1996). There is also evidence that other arachidonic 
acid metabolites such as PGE2, LTB4, a lipoxygenase 
product and and 12 R-HETE, a P450 product can 
stimulate proliferation in HT-29 cells but without effect 
on apoptosis (Tang et aI., 1993; Qiao et aI., 1995; 
Bortuzzo et aI., 1996; Korystov et aI., 1996). 

In summary although the majority of current data is 
compatible with the notion that inhibition of COX-2 
induces apoptosis it remains to be proved that this is the 
mechanism of the chemopreventive effects of NSAIDs 
in vivo. Moreover it is not known whether inhibition of 
COX-2 induces apoptosis in stem cells or cells less 
likely to give rise to neoplasms higher up the villus . Nor 
has it been fully explored whether NSAIDs induce 
apoptosis via changing levels of bcl-2 or other family 
members or by a separate pathway. 

Other pro-neoplastic actions of COX-2 products 

Expression of COX-2 by malignant intestinal 
epithelial cells has a number of other effects not related 
to apoptosis which enhances their malignant potential. 
TGF-B inhibits proliferation in normal intestinal 
epithelium but this anti-proliferative effect is frequently 
lost after malignant transformation (Barnard et aI., 1989; 
Hoosein et aI., 1989; Manning et aI., 1991). This change 
in the action of TGF-B from anti-proliferative to 
proproliferative may be due to interactions between 
COX-2 expression, and TGF-B (Sheng et aI., 1997). In 
addition, Tsujii and Dubois have shown that RIE-l cells 
expressing COX-2 adhere to extracellular matrix better 
than cells without COX-2 activity (Tsujii and Dubois, 
1995). Furthermore in preliminary studies, Tsujii and 
colleagues have shown that forced over-expression of 
COX-2 in Caco-2 cells results in induction of vascular 
endothelial tubular morphogenesis vascular endothelial 
cells implicating and role of COX-2 in angiogenesis and 
metastasis. These effects are inhibited by treatment with 
NSAIDs (Tsujii et aI., 1997). 

Conclusions 

From the therapeutic point of view the major 
question concerning the relationship between 
prostaglandins and colorectal cancer is the relative 
contribution is of COX-1 and COX-2 to the trans
formation of normal colonic tissue' into a metastatic fatal 
cancer. This is because the majority of currently 
available NSAIDs are predominately COX-1 inhibitors 
and cause significant morbidity and mortality as a result 
of peptic ulceration. New selective COX-2 inhibitors 
hold the promise of largely avoiding these adverse 
reactions, though they may provoke other undesirable 
adverse reactions. COX-l would appear to be of 
importance in the initiation of colorectal carcinogenesis. 
It is constitiutively expressed, capable of generating 
carcinogens including malondialdehyde and is potently 
inhibited by the NSAIDs which have been demonstrated 

to prevent the formation of colorectal cancer in 
epidemiological and clinical studies. Currently it unclear 
whether COX-2 plays any role in these early stages. 
Once polyp initiation has occurred COX-2 is expressed 
in epithelial cells and acts to inhibit apoptosis and drive 
the growth of the tumour through interactions with 
growth factors such as TGF-B. COX-2 also enhances 
angiogenesis and cell migration thereby aiding 
metastasis. As selective COX-2 inhibitors are only 
starting to be used in the clinical area there is no 
information on whether inhibition of COX-2 is of any 
clinical benefit in the treatment of colorectal cancer. 
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