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Abstract

Modern medicine is increasingly focused towards population surveillance for disease, coupled with the implementation of pre-
ventative measures applied to ‘at-risk’ patients. Surveillance in colorectal cancer is limited by the cost and risk of endoscopy. Trials
of putative chemopreventive agents in colorectal cancer are hampered by difficulties in following up large cohorts of patients over
long periods of time to ascertain the clinical effect. Research into possible pathways of colorectal carcinogenesis has revealed a
range of biological intermediates which could be used in surveillance, the identification of high risk populations and early diagnosis
of cancer. The aim of this paper was to review the possible role of biomarkers in surveillance and the timing of intervention. A
literature review using both Medline and Web of Science was performed from 1995 onwards using keywords: biomarkers, colorectal
cancer, carcinogenesis, chemoprevention, surveillance and screening. Research has identified many potential biomarkers, such as
cyclooxygenase-2 (COX-2), oxidative DNA adducts and glutathione S-transferase (GST) polymorphisms, which could be applied in
a clinical setting to screen for and detect colorectal cancer. Molecular biomarkers, such as COX-2, oxidative DNA adducts and
GST polymorphisms offer new prospects in the detection of early colorectal cancer, surveillance of high-risk populations and pre-
diction of the clinical effectiveness of chemopreventive drugs. Their role could be extended into surgical surveillance for potentially
operable disease and post-operative follow-up for disease recurrence. Research should be directed at assessing complementary

biomarkers to increase clinical effectiveness in determining management options for patients.

© 2003 Elsevier Science Ltd. All rights reserved.

Keywords: Biomarkers; Colorectal cancer; Carcinogenesis; Chemoprevention; Surveillance; Screening

1. Introduction

Colorectal cancer is the second commonest cause of
cancer death in developed countries [1]. An individual’s
lifetime risk of developing colorectal cancer is estimated
at 5% and individuals with first-degree relatives diag-
nosed with colon cancer or adenomatous polyps, have a
risk 2-3 times greater than this [2]. In the US National
Polyp Study, 1418 patients were followed up for
approximately 6 years after colonoscopy [3]. All polyps
were removed and as a result, only five colorectal can-
cers were diagnosed on 5-year follow-up, corresponding
with a reduction in colorectal cancer incidence of 76—
90% when compared with the control group. Further
evidence accrued since then suggests that surveillance of
patients who have polyps, can improve survival from
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colorectal adenocarcinomas [4—6]. An important benefit
of polyp surveillance is that polyps that do escape
detection and progress to cancer, are diagnosed far ear-
lier with a subsequent favourable impact on survival
following resection surgery. Polyps can be used as mar-
kers of a population who have an above average risk of
developing colorectal cancer and also as an intervention
point to prevent cancer from occurring. Endoscopic
screening of the general population might be beneficial,
and it has therefore been advocated. Nevertheless, large-
scale endoscopic screening is a contentious issue,
because the cost is probably beyond the capabilities of
contemporary health services whilst the benefit might be
only modest. Furthermore, not all colorectal cancers
arise from polyps and the polyp to carcinoma sequence
is variable and probably takes many years. In addition,
an invasive procedure is required to both diagnose and
remove them. Therefore, alternative markers are
urgently needed, the detection of which is less invasive
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and cheaper to perform than polyp screening, whilst
offering equal accuracy and reproducibility.

In principle, colorectal cancer prevention can be tar-
geted at the molecular level by interfering with carcino-
genesis via alteration of behaviour, diet or by using
chemical agents. Interference with carcinogenesis using
chemicals is known as chemoprevention. Many putative
chemopreventive substances have been identified and
they can be broadly classified as ‘cancer-blocking’ or
‘cancer-suppressing’ agents according to the site along
the carcinogenesis pathway at which they exert their
action [7,8]. Chemoprevention requires individuals to
take a compound for prolonged periods of time, possi-
bly for life. Furthermore, a chemopreventive agent must
be of low cost, high efficacy, low toxicity and display
little interaction with other medications. Before large
scale studies on chemopreventive agents are under-
taken, smaller pilot studies are needed in which inter-
mediate end-points are assessed, to explore whether the
tested agent has a significant impact on tumour initia-
tion, promotion and/or progression. Intermediate mar-
kers of early carcinogenesis are needed to assess any
clinical effect of these tested drugs. In this review, the
role of biomarkers is discussed with reference to (i)
identification of populations at-risk of colorectal can-
cer, (ii) early diagnosis of colorectal cancer and (iii)
colorectal cancer chemoprevention. Examples of perti-
nent molecular markers are described, and problems are
addressed which may be encountered in the development
of these biomarkers into clinically valid tests.

2. Properties of biomarkers of carcinogenesis

Biomarkers of carcinogenesis are quantifiable mole-
cules involved in physiological or pathological events
which occur between exposure to exogenous or endo-
genous carcinogens and the subsequent development of
cancer [9]. Biomarkers could be the consequence of a
continuous process such as an increased cell mass or cell
type, or of a discrete event, such as a genetic mutation
[10,11]. Biomarkers of early carcinogenesis provide a
means of diagnosing very early changes associated with
cancer development before actual tumours or even
polyps are present. In contrast to histological bio-
markers, such as polyp formation or the presence of
high-grade dysplasia, molecular biomarkers can often
be assayed in surrogate tissue such as blood or faeces,
which obviates the need for tissue biopsies. Alterations
of molecular biomarkers are often detectable much
earlier than histological changes, and assays of mole-
cular biomarkers are frequently quantitative, reducing
inter-observer variation.

A molecular biomarker must exhibit properties inti-
mately related to the particular role which it plays in the
development of the specific disease it is intended to

indicate. For example, markers germane to the APC
tumour suppressor gene relate particularly to colorectal
carcinogenesis. The expression of a biomarker which is
to be used in surveillance or early diagnosis of cancer
should correlate with early stage of the disease, i.e. it
should be differentially expressed in normal, pre-
malignant and malignant tissue. Few biomarkers cur-
rently under assessment show such a differential
expression pattern. Cytokines such as interleukin-2 and
interleukin-10 constitute a suitable example because
their levels may be related to colorectal tumours (see
below). The correlation must be reproducible between
individuals, and the biomarker should be detectable
sufficiently early in the carcinogenic cascade to enable
intervention to have a favourable impact on mortality
[12,13].

For the purposes of chemoprevention intervention
studies, levels of biomarkers must also be modifiable by
the particular agent tested [13]. Furthermore, modifi-
cation of biomarker expression should correlate with a
reduction in tumour incidence. Other necessary qualities
in biomarkers include their presence in tissues or excreta
that are easily collected and available for repeated
assays, such as blood, serum, urine or faeces. This point
is exemplified by glutathione S-transferase (GST)
enzymes, which can be measured in blood leucocytes.
Desirable properties of biomarkers are summarised in
Fig. 1.

2.1. Risk biomarkers

Colorectal cancer risk biomarkers are used to identify
individuals who are at a high risk of developing colo-
rectal cancer. Given the molecular complexity under-
lying colorectal carcinogenesis, several potential
biomarkers have been proposed. Among them is the
GST family, or gene mutations such as the APC gene
defect. Most risk biomarkers are, in essence, indicators
of exposure to endogenous or exogenous carcinogens,
e.g. DNA adducts with reactive chemicals such as re-
active oxygen species, and the genetic mutations which
they may eventually engender, such as mutated APC.
There are considerable difficulties in assessing how pre-
dictably a putative risk biomarker manifests itself in the
phenotype of the individual, i.e. how its alteration cor-
relates with cancer risk. The multi-step nature of carci-
nogenesis and the many different pathways which feed
into it, make identification of single biomarkers, which
accurately determine risk, difficult. This difficulty can be
overcome by choosing biomarkers which are pivotal to
the carcinogenesis cascade. Thus, the ability of a bio-
marker to predict risk reflects in part its relative impor-
tance in the development of a cancer. For example, APC
mutation is a key event in the malignant progression of
colorectal cells. Therefore, the presence of a germ-line
APC gene mutation is a strong predictor of an individual’s
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Fig. 1. Flow diagram summarising the steps to identifying biomarkers and the properties exhibited by biomarkers relating to their clinical application.

risk of developing colorectal cancer. However, germ-line
mutations, such as those characterising the familial ade-
nomatous polyposis (FAP) syndrome, account for only a
small proportion of colorectal cancers, and thus their suit-
ability to be used as a screening tool is limited. Markers
with lower specificity and higher sensitivity are required for
cost-effective population screening. The relative risk pre-
diction on the basis of enzyme polymorphisms, illustrated
by that characterising the glutathione-s-tranferase (GST)
family [14], is lower than that associated with germ-line
genetic defects, but it involves a larger proportion of the
population [14]. Identifying groups with an above-average
risk, who can then be targeted for more invasive investi-
gations, is perhaps a feasible strategy for the use of risk
biomarkers. Alternatively, a similar effect may be achieved
by combining combinations of biomarkers, each of which
contributes to overall risk. In the following selections, a
selection of important risk biomarkers are described.

2.2. Cytochrome P450 enzymes

Cytochrome P450 (CYP) enzymes belong to a multi-
gene superfamily and catalyse the metabolism of both
xenobiotics and endobiotics [15]. Genetic polymorphisms
of several classes of CYPs exist. Polymorphisms in
CYPI1A1, CYP1A2, CYP2C9M, CYP2D6 and CYPEI,
result in altered expression of the active enzyme [16]. The
frequency of certain genotypes, such as those linked with
the CYP2C9*1 and CYP2E1*2 genes are significantly
raised in individuals with a history of colorectal carci-
noma [17,18]. These polymorphisms convey a small
individual risk of cancer, but when applied to large
groups of individuals, they could be used to identify a
population of individuals who would benefit from reg-
ular endoscopic screening. Furthermore, their assess-
ment could be combined with that of other polymorphic
enzymes such as the GSTs (see below).
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2.3. Glutathione S-transferases

GSTs are a family of phase II detoxification enzymes,
which catalyse the conjugation of xenobiotics with glu-
tathione [19]. In humans, GSTs can be divided into iso-
enzyme classes o, |1, © and 0. Each class consists of several
isoenzymes with partially overlapping substrate selectivity
[20]. In humans, the GSTp phenotype is associated with

three alleles existing at the loci GSTM1*A, GSTM1*B
and GSTM1*0U. GSTp enzymes are more effective at
detoxifying potential cytotoxic and genotoxic epoxides
than other GSTs [21]. Patients with the GSTM1* geno-
type have a non-functioning allele, and therefore the iso-
enzyme has a decreased ability to deactivate xenobiotics.
GST0 enzymes also exhibit this polymorphism with a null
genotype being present [22] (Fig. 2). Both null phenotypes
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Fig. 2. GST polymorphisms and carcinogen detoxification: upward facing arrows display the role of GST enzymes in carcinogen detoxification,
downward facing arrows show the polymorphisms found and their effect on cancer risk.
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have been investigated in terms of correlation with an
increased predisposition to colorectal cancer. They were
found to be more common in healthy individuals who
later developed colorectal and gastric cancer [23]. Up to
40% of Caucasians exhibit these null phenotypes, and
these individuals could have a three-fold risk of devel-
oping adenocarcinomas of the stomach or colon when
compared with individuals with normal enzyme expression
[24]. Clearly, the ability to detect approximately half of the
population group which is characterised by an increased
risk of colorectal cancer would be of immense clinical
benefit. GST polymorphisms can be detected reliably in
lymphocytes [25,26], enabling screening or monitoring of
patients via a blood test. This screening strategy would
render large-scale population screening economically fea-
sible. The polymerase chain reaction (PCR) is used to
amplify DNA recovered from blood to allow gel electro-
phoresis of the sample. Alternatively testing can focus on
events ‘downstream’ of the genotype using immunosor-
bent-linked enzyme assays. Recently, it has been sug-
gested that the genotype may not necessarily reflect the
GST phenotype when the two were compared [27]. Hence,
testing for enzyme function may prove to be more reliable
as a screening test.

2.4. DNA mismatch repair genes

Up to 15-20% of colorectal cancers are thought to be
familial [28], and identifying this group of patients
would enable clinicians to implement regular surveil-
lance to detect early cancers. Clinical criteria to detect
these patients, such as the Amsterdam criteria I and II,
rely on a family history of cancer and age at presen-
tation [29]. These clinical criteria lack accuracy, as they
miss up to 30% of patients with defects in mismatch
repair (MMR) genes. Attempts to increase sensitivity,
for example those involving the Bethesda criteria,
improve the detection rate, but are less specific, with a
specificity index of <25% [28]. In clinical practice,
many patients are identified as having a family history
of colorectal malignancies only after several generations
of family members have died early deaths secondary to
cancer. Molecular assays which detect mutations in one
or more of the five mismatch repair genes, hMLHI,
hMSH2, hPMSI, hPMS2, GTBP/hMSHG6 permit a
more accurate detection of these individuals [30]. Such
germ-line mutations can be assayed in DNA extracted
from blood monocytes, allowing an easy and cheap
collection method in relatives of patients who have been
diagnosed with colorectal tumours [31].

3. Biomarkers used in early diagnosis

Risk biomarkers indicate a risk above that of the
general population, but they do not predict early disease

in any given individual [14]. Biomarkers which predict
individual risk accurately could be used to diagnose
early cancer in individuals without clinical evidence of
colorectal cancer. The discovery of a biomarker with a
100% capability of predicting cancer is highly unlikely,
however certain biomarkers are currently under investi-
gation for their usefulness in the clinic to aid the diag-
nosis of suspected colorectal cancer.

3.1. Serum testing for genetic defects

The APC gene, which is responsible for FAP, was
localised to chromosome 5¢2/ in the late 1980s [32].
Testing DNA from refined phlebotomy samples can
identify the mutation in 60-80% of individuals with this
defect [33]. Germ line mutations involving the APC
gene account for just 1% of all colorectal cancer cases,
the remainder being non-inherited idiopathic APC
mutations, rather than an inherited defect [34].
Attempts have been made to assay APC gene defects in
sporadic colorectal carcinoma cases. In one study
involving patients with a histological diagnosis of colo-
rectal carcinoma, the 4APC gene defect was found in the
serum of 20 out of a cohort of 25 patients [35]. Serum
levels of the oncogene K-RAS have also been shown to
be elevated in patients with histological disease [36].
These tests rely on detecting tumour cell DNA in the
serum, rather than germ-line mutations, and hence a
patient must have a significant haematogenous dis-
semination of tumour before these serum assays can
pick up the mutated 4PC and K-RAS genes. It there-
fore seems doubtful that this detection method can reli-
ably pick up early pre-invasive colorectal carcinoma.

Testing for genetic mutations such as APC and mis-
match repair genes is difficult, because the genes are large
and the mutations scattered throughout [37,38]. Further-
more, many of these mutations may be small deletions or
insertions which could be missed by techniques such as
direct gene sequencing. This fact may account for the
large variation in pick-up rates of APC mutations in
patients with FAP, which varies from 30 to 80% [29,38].
Moreover, direct gene testing is labour-intensive and
therefore not applicable to large-scale screening of popu-
lations. APC gene mutations are characterised by a trun-
cated protein, and this can be exploited by using PCR to
isolate specific gene segments, and hence proteins can be
produced from the amplified gene segments using in vitro
transcription and translation reactions [38]. Truncated
proteins can be analysed quickly using gel electrophoresis
making this method an attractive alternative to direct
gene testing. Alternatively, PCR amplification has been
used followed by mass spectrometry which allows the
identification of nucleic acid fragments corresponding
to genotypes or mutations [39—41]. This combination of
methods offers the advantage of being fast and selective
for clinical APC genotyping.
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Protein truncation testing has not been found to be
effective for mismatch repair mutations, because the
mutations do not always result in truncated protein
products [37]. Little is known about the biochemical
defects associated with non-truncating mutations ren-
dering functional analysis of MMR mutations difficult
[42]. Phenotypic changes associated with MMR muta-
tions such as micro-satellite instability are likely to miss
up to 10% of hereditary non-polyposis colorectal cancer
(HNPCC) associated cancers [37]. An alternative
method is to examine the protein expression of MMR
genes using immunohistochemistry. Although normal
expression of protein correlates well with the absence of
micro-satellite instability [43], there may be no protein
expression in cases without a germline defect leading to
false-positive errors. Immunohistochemistry may be
able to distinguish between AMSH?2 and hMLHI muta-
tions and thus narrow down the search for the genetic
defect with direct gene testing [37].

The examples of APC genes, MMR genes and GST
polymorphisms highlight the difficulty of translating a
laboratory based assay into a clinically reproducible,
efficient and fast diagnostic test. Frequently, functional
assays relating to the phenotype coded by the genes in
question, may be more reliable and accurate than
attempting to directly detect the genetic mutation.

The immune response to a progressing tumour could
be a more accurate detection method than serum testing
for genetic mutations. Because an immune response is a
systemic event serum assays of biomarkers can be made.
The serum levels of cytokines, such as interleukins 2 and
10, differed significantly between normal patients,
patients with adenomas and patients with malignancy,
in that they were higher in relation to the degree of
malignancy [44]. This difference could be exploited in
the surveillance of high-risk patients, obviating the need
for regular endoscopic investigation. Cytokine determi-
nation might be employed in the post-operative surveil-
lance of patients who have had resection of their
primary tumours. Cytokine analysis has the dis-
advantage of lacking specificity, as inflammatory con-
ditions or other tumours can give rise to increased
levels. Antibodies against genetic mutations generated
by the immune system are potentially more specific in
their application. Circulating antibody levels against the
TP53 gene have been shown to correlate with TP53
mutations in colorectal tissue [45]. Such a correlation
could not only be used to make early diagnoses, it could
help detect recurrence in the follow-up of patients with
colorectal cancer.

3.2. Mass spectrometry and CDNA microarray as novel
tools

Advances in mass spectrometry and DNA microarray
offer new possibilities for the identification of bio-

markers. Mass spectrometry is currently being evaluated
in the search for proteins which are over-expressed during
carcinogenesis. This technique is capable of pinpointing
specific proteins, as exemplified by the calcium-binding
protein calgranulin, which was found to be increased by
mass spectrometry in preneoplastic lesions of colonic
mucosa and inflammatory diseases of the bowel [46].
Such proteins can be investigated further to ascertain
their role in cancer development, with the view to use
them eventually as targets for intervention with chemo-
preventive, chemotherapeutic or immunotherapeutic
intent. Characterisation of plasma membrane proteins
has already been undertaken in colorectal cancer cell
lines in an attempt to create a reference database
[47,48]. Another use of mass spectrometry entails the
adoption of a ‘shotgun’ approach, whereby the pattern
of protein expression is recorded, rather than specific
markers individually [49]. Protein ‘finger-printing’ can
be exploited even if the exact nature and function of
each finger-printed protein is unknown. Mass spectro-
metric analysis of urine samples has shown to be a fast
and reproducible tool to detect changes in levels of
methylated purine bases differentiating between patients
with and without tumours [50,51]. This application
could conceivably lend itself to serum and stool analysis
of individuals suspected of having occult primary or
recurrent colorectal neoplasms. Indeed, reports on mass
spectrometry of serum samples suggest that sensitive
and specific identification is possible in more than 80%
of patients with prostate cancer [52,53].

cDNA microarray analysis enables the identification
of up- or down regulated genes in tissues. A large num-
ber of different genes can be studied, and those asso-
ciated with tumour development can be identified. As
with mass spectrometry, specific genes can be studied,
but the technique lends itself particularly to profiling
clusters of genes which differ between normal, pre-
malignant and malignant tissues. Genes which have been
found to be frequently up-regulated in malignant tissues
are those coding for proteins involved in metabolism,
transcription and translation [54]. In one study, fewer
than 50% of the genes found to be up-regulated in
tumour tissue were commonly known genes [55]. The
profile of up regulated genes has been able to distinguish
between normal and cancerous colorectal tissue [54],
and even to accurately predict histological features of
colorectal tumours [56]. Microarray analysis has also
revealed between 40 and 200 genes involved in the reg-
ulation of cell-to-cell adhesion and cytoskeleton remo-
delling, which are important processes in colorectal
metastatic lesions [57,58], offering a potential role in
identifying  occult haematogenous dissemination.
Genetic profiling of colorectal tumours offers the
opportunity for a molecular classification ultimately
perhaps proffering suggestions for highly individualised
therapy tailored to the specific tumour.
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A disadvantage of both mass spectrometry of proteins
and microarray analysis of genes is the large amount of
data generated by these assays. Complex computer-based
algorithms are needed to allow efficient analysis of the
data and to translate it into a practical diagnostic tool.

3.3. Stool testing for genetic defects

Colorectal cancers shed tumour cells in the faeces
even in the early stages of development. As a result,
there has been considerable interest in detection of the
K-RAS proto-oncogene in stool samples [59,60]. This
test can be conducted in a similar manner to faecal
occult blood testing with a possible advantage of
increased specificity. No trials comparing the two
methods have been conducted as yet. Due to the small
yields of DNA from early cancers, it has been techni-
cally difficult to obtain reproducible yields of DNA in
the stool. This methodological problem is likely to con-
found the clinical application of stool testing for K-RAS
mutations [59]. Another disadvantage of this method is
that individuals may exhibit K-RAS mutations in the
stool in the absence of colorectal malignancy [60], lead-
ing to a high false-positive rate and subjecting healthy
individuals to unwarranted anxiety and needless inves-
tigations. Combining K-RAS mutations analysis with
other genetic mutations occurring ‘down stream’ in the
carcinogenesis cascade, such as TP53 or BAT-26, has
improved the specificity of stool DNA analysis,
enabling identification of 71% of all patients with colo-
rectal carcinomas [61]. Analysis of K-RAS mutations in
bile has also been explored as a means of detecting
occult hepatic metastases, but thus far with limited suc-
cess [62]. In contrast, exploration of K-RAS mutations
in liver tissue has proved successful in the identification
of hepatic micro-metastases at the time of surgery [63].
Alterations in K-RAS and 7P53 have been shown to
correlate with the aggressiveness of colorectal tumours
[64]. Tt is conceivable that expression of these genes may
be useful in giving prognostic information regarding
colorectal tumours, and thus they may be used along-
side pathological grading systems such as the Dukes or
TNM criteria to predict 5-year survival in patients
post-surgery.

4. Biomarkers in chemoprevention trials

A major obstacle in the design of chemoprevention
trials is the lack of a suitable endpoint that correlates
with delay or prevention of carcinogenesis. The most
obvious end-point would be the incidence of primary
tumours. Large-scale drug trials of chemopreventive
agents involve large cohorts of individuals who receive
the trial agent over many years, such trials are thus very
expensive. If an agent proves to be ineffective, individuals

do not benefit, if an agent possesses unexpected toxicity,
harm can be done. Therefore, small phase I, pilot trials
are needed to select which compounds could con-
ceivably be taken forward to larger scale phase II/III
drug trials. The duration of such pilot trials should be
short, and they necessitate rapid and sensitive end-
points to permit assessment of biological activity as
‘surrogate’ for clinical efficacy. Biomarkers of early car-
cinogenesis can be used as such indicators, and if levels
of biomarkers in humans are altered indicating efficacy
and if the agent does not cause undue side-effects, it
should be considered for advancement into phase II and
III trials. As in the case of the biomarkers discussed in
the context of early diagnosis and surveillance, assaying
such markers in accessible tissues other than the target
tissue is advantageous, as it allows frequent and easy
sampling. Examples of markers which are potentially
useful in chemoprevention studies are DNA alterations
(such as oxidative or carcinogenic DNA adducts), dif-
ferences in polyamine metabolism (such as ornithine
decarboxylase), cytokine levels (such as prostaglandins
PGE?2 or regulatory enzymes such as COX-2) and mar-
kers of cell cycle events (such as DNA strand breaks).
Below two such biomarkers are described in detail.

4.1. Oxidised DNA adducts

Endogenous oxidants, products of cell metabolism,
directly or indirectly damage DNA by the generation of
adducts. Examples are the pyrimidopurinone adduct of
deoxyguanosine (MG) and 8-oxo-deoxyguanosine [65—
67]. MG is formed from malondialdehyde (MDA)
which is a by-product of lipid peroxidation and pros-
taglandin synthesis. MDA reacts with DNA to form up
to six different adducts, of which MG is the pre-
dominant species and the most carcinogenic molecule
[65]. 8-Oxo0-deoxyguanosine is formed by the reaction of
oxygen radical or singlet oxygen with DNA. In DNA it
induces G—T transversions, which are often seen in
oncogenes and tumour suppressor genes [68]. Oxidative
DNA adducts in general have been shown to be
increased during all stages of colorectal carcinogenesis
[69-71]. Levels of such adducts can be utilised to predict
the risk of malignancy [72,73], and as intermediate end-
points in chemoprevention intervention trials. For exam-
ple, in a murine model of inherited colorectal cancer, a
decrease in M |G levels has been found in polyps fol-
lowing a course of the chemopreventive agent; curcu-
min. This decrease in MG correlated with a decrease in
polyp formation [74]. All cells in the body accumulate
oxidative DNA adducts, accompanied by an increase in
genetic mutations and therefore an increased risk of
carcinogenesis. Suppressing DNA adduct formation
inhibits tumorigenesis at the early stages. DNA adducts
might be important in colorectal carcinogenesis, because
there is no clear link between exposure to exogenous



1048 G. Garcea et al. | European Journal of Cancer 39 (2003) 1041-1052

carcinogens and susceptibility to disease, unlike in the
case of, for example, smoking and lung cancer. It is
possible that oxidative DNA damage contributes sig-
nificantly to the accumulation of genetic damage in
colorectal cells, when compared with other solid
gastrointestinal tumours. An accumulation of harmful
genetic changes eventually leads to uncontrolled cell
replication and hence cancer development. Lipid peroxi-
dation contributes to oxidative DNA damage. One
source of lipid peroxides is the activity of cyclooxy-
genases (COX) [65]. The isoenzyme COX-2 plays a role
in tumorigenesis [75] and the formation of DNA adducts
as products of COX-induced lipid peroxidation may be
an important factor in its role in cancer promotion.

4.2. COX-2 expression
COX is an enzyme which catalyses the metabolism of

arachidonic acid to prostaglandins (Fig. 3). Two COX
isoforms have been identified. COX-1 is constitutively

Phospholipases

Fatty acids Arachidonate
r
Cyclooxygenase
COX-1 PGG,
G2 Peroxidase
~

PGH,
Prostaglandin

& thromboxane
synthetases

Prostaglandins
& thromboxanes
Inhibition of apoptosis
Induction of angiogenesis

Increased cell growth

Increased growth and
loss of differentiation

Cancer progression
and promotion

Fig. 3. Figure showing the role of cyclooxygenase-2 in colorectal carci-
nogenesis. Arrows show the relationship between COX-1 and COX-2
enzyme and their involvement in tumour progression via the prosta-
glandin synthesis pathway.

expressed in all tissues, and the prostaglandins the for-
mation of which it catalyses, are involved in many reg-
ulatory functions [75]. COX-2 is induced by
inflammatory cytokines, tumour promoters and onco-
genes [75]. Elevated levels of COX-2 have been found in
85% of colorectal tumours [76], raising the possibility
that it plays an important role in colorectal carcinogen-
esis. This notion is further supported by evidence that
COX-2 inhibitors can delay or prevent the development
of colorectal adenocarcinoma in rodent models of car-
cinogenesis [77-79]. Prostaglandin levels as products of
COX-2 may be a suitable intervention end-point bio-
marker, because levels are modulated by some chemo-
preventive drugs such as the non-steroidal anti-
inflammatory agent (NSAID) naproxen and sulindac
and the COX-2-specific inhibitor celecoxib. Such mod-
ulation has been shown to correlate with a decreased
incidence of adenoma formation in patients with FAP
[77-79]. The notion that FAP patients may derive long-
term benefit from treatment with NSAIDs has recently
been challenged. In a randomised double-blind placebo-
controlled trial of sulindac in genotypically-positive
FAP patients who had not yet developed adenomas,
sulindac had only a short-lived effect on polyp forma-
tion with any effect lost after 9 months of treatment [80].
Significantly, this lack of long-term efficacy was never-
theless accompanied by reduced prostaglandin levels in
the treated group. This finding hints at the possibility
that long-term sulindac therapy can select for non-
COX-2-dependent or NSAID-resistant tumours. Thus,
there is the real possibility that chemopreventive strategies
may impose selective pressure which engenders tumours
refractory to intervention.

Other potential biomarkers for selecting chemo-
preventive agents are phase II drug-metabolising
enzymes such as the GSTs. It is arguable that agents
which up-regulate their concentration might reduce an
individual’s risk of colorectal cancer by increasing
metabolism of putative dietary carcinogens, such as
heterocyclic amines common in barbecued or roasted
meats. NSAIDs such as celecoxib, have been shown not
only to reduce COX-2 levels [77-79], but also to up
regulate GST levels in the rat colon [81]. The multiple
mechanisms by which NSAIDs might achieve their
action is typical of many chemopreventive agents. It
highlights the importance of studying combinations of
biomarkers together rather than focusing on single ones
individually. Thus, full assessment of chemopreventive
compounds should involve exploration of their effect on
several biomarkers involved in colorectal carcinogenesis.

5. Biomarkers in tumour staging

B-catenin is a multifunctional protein involved in a
variety of cellular processes including cell-cell adhesion
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and intracellular signalling [82]. Normally very low
levels of B-catenin exist in the nucleus and cytoplasm of
cells, but in the presence of APC mutations, the ability
of the cell to downregulate B-catenin is lost, secondary
to resistance to proteasome-mediated destruction [82].
Alternatively, direct mutations of the B-catenin gene
leading to B-catenin overexpression can also be found in
some colorectal cancers [83]. The corollary of either
event appears to be cytoplasmic and nuclear accumula-
tion of B-catenin. Once in the nucleus, B-catenin inter-
acts with Tcf transcription factors leading to activation
of targets genes such as c-myc, c-jun, cyclin DI, and
Wisp, ultimately eliciting uncontrolled cellular pro-
liferation [84] (Fig. 4). B-catenin could prove to be a
useful biomarker in detecting early colorectal cancer
and also in determining its aggressive potential, as a
significant correlation has been found between the levels
of cytoplasmic B-catenin and ability of colorectal
tumours to invade blood vessels [85]. This relationship
between cytoplasmic B-catenin accumulation and meta-
static potential has been observed also in cancers other
than colorectal cancer, such as hepatocellular carcino-
mas and pancreatic carcinomas [86—88].

Molecules involved in cell-to-cell adhesion have also
been shown to correlate with tumour aggressiveness and
hence with prognosis. Other proteins, such as CD44, have
been found to give prognostic information regarding

APC gene mutations p-catenin gene mutations
B-catenin protein

Resistant proteasome

Mediated destruction

Loss of down-regulation
of B-catenin protein

B-catenin migrates
to nucleus

Transcriptional factor TCE/LEE

C-MYC activation

H—I

Deregulation of cell
cycle progression

CYC D1 activation

Unscheduled proliferation

Cancer progression

Fig. 4. B-Catenin overexpression and colorectal cancer. Arrows dis-
play mutations leading to direct and indirect loss of down regulation
of B-catenin expression and its subsequent accumulation in the cyto-
plasm and nucleus leading to uncontrolled cell proliferation.

tumour grade and, more importantly, long-term survi-
val and recurrence-free survival in a cohort of 194
colorectal cancer patients [89].

COX-2 may also provide prognostic information
regarding colorectal tumours. Levels of COX-2 in colo-
rectal tumour tissue can predict tumour invasiveness,
likelihood of wvascular invasion, probability of liver
metastases and likelihood of tumour reccurrence
[90,91]. Therefore, patients with a high expression of
COX-2 in tumour tissue could be candidates for further
therapy even in the absence of radiologically-deter-
mined metastases.

Survivin is a recently described member of the family
of inhibitors of apoptosis proteins (IAP). Its expression

GST and CYP450
Accumulation of el
DNA damage
V DNA adducts
Attempted
replication of DNA
u IAPC,K-RAS, TPS3|
mutations
Genetic mutations
V DNA repair
enzymes
Signalling pathways
* B-Catenin
~ . COX-2
Increased cell
proliferation
Adenoma formation Numbar.and
histology of
V polyps
Dysplasia
Grade of
V dysplasia

Invasive cancer

Fig. 5. Outline of carcinogenesis in colorectal cancer and potential
points for biomarker recruitment. The carcinogenic pathway is
detailed on the left and biomarker recruitment is shown in the shaded
boxes. Box arrows show the generic pathway leading to colorectal
cancer. Shaded boxes on right show potential biomarkers of early
carcinogenesis and their interaction with the carcinogenic pathway.
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has been shown to identify patients with stage II colo-
rectal cancer who are at risk of recurrent disease [92].
Other modulators of apoptosis, such as the apoptosis-
regulatory protein BAX have also been linked with
prognosis [93]. Patients with metastatic colorectal can-
cer who were BAX-negative had a 75% better 2-year
survival chance than those who tested BAX-positive
[94]. Impaired apoptosis is associated with a higher rate
of tumour progression and metastatic potential due to
increased survival of tumour cells. Whilst such ‘mole-
cular staging’ of colorectal tumours is unlikely to
replace the present classification, they may provide
valuable additive information postoperatively.

Survivin, like COX-2, is not detectable in normal tis-
sue [95], hence chemopreventive agents which solely
influence survivin levels could hold important benefits.
Chemoprevention will ultimately involve individuals
who consume the putative chemopreventive agent for a
lifetime. When consumed over a long time, chemo-
preventive agents which target a wide range of different
cell signalling pathways may have unforeseen effects
which could cause harm, or even increase the risk of
cancer at certain sites. In the o-tocopherol B-carotene
prevention study [96], it was found that the incidence of
lung cancer was increased in patients who continued to
smoke at least 20 cigarettes daily and amongst those in
the highest quartile of alcohol consumption. Chemo-
preventive agents with a very specific site of action
might therefore be clinically more desirable than those
which are poly-mechanistic.

6. Conclusions

It is important to realise that in the clinical manage-
ment of bowel cancer not all individuals who would be
identified as at-risk by the methods described above
progress to colorectal cancer. Identifying individuals as
having an above-average risk of cancer could have dra-
matic consequences on their psychological morbidity
and may even cause practical problems such as those
pertaining to life insurance and sickness cover. It is well
recognised in breast and cervical cancer surveillance
programmes that individuals experience high levels of
anxiety when they are told that they are at an increased
risk of cancer. The limitations of the use of biomarkers
must be appreciated by the clinician before embarking
on testing large cohorts of the general population.
However, in spite of these caveats several important
conclusions can be drawn from the above discussion.

Early detection of colorectal cancer is essential to
improve long-term survival rates following surgery.
Biomarkers of early carcinogenesis offer the possibility
of identifying high-risk individuals who may then bene-
fit from surveillance methods such as regular colono-
scopic assessment. Biomarkers might also be used in

diagnosing early disease. Their ability to be assayed in
samples other than colorectal mucosa renders them
potentially useful as a screening tool for the general
population. Biomarkers are pivotal in chemoprevention
to measure the ability of a putative chemopreventive agent
to retard carcinogenesis. More work is needed to evaluate
combinations of different biomarkers with the aim to
improve their reliability and sensitivity. It is an ancient
adage that “prevention is better than cure”. Biomarkers
may well provide us with the resource to apply this dic-
tum to the management of colorectal cancer (Fig. 5).
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