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The evaluation of potential cancer chemopreventive agents requires large, long-term, random-
ized trials in humans. Biomarkers that would allow the identification of subjects exposed to car-
cinogenic agents or of individuals genetically susceptible to cancer would be of great value. 
Similarly, markers of intermediate events on the carcinogenic pathway to cancer would facilitate 
the identification of the stages of carcinogenesis at which such agents might exert their protective 
effect. This could allow selection of smaller numbers of high-risk subjects and a shorter time-scale 
for trials. However, to be useful for such purposes, a biomarker should be highly sensitive and 
specific and, if used as a marker of outcome, must closely relate to the relevant stage of the 
carcinogenic process that the chemopreventive agent is designed to inhibit. 

This volume is the product of an attempt to assess our current knowledge and experience with the 
use of biomarkers in cancer chemoprevention, and is based on an international workshop held at 
the Deutsches Krobsforschungszentrum (DKFZ), Heidelberg, Germany during February 27-29, 
2000. It comprises an expert report on the current state of the art on use of biomarkers in cancer 
chemoprevention, introductory sections covering general topics in cancer chemoprevention, and 
contributions directed to biomarkers of exposure, intermediate effect and susceptibility relating to 
six major cancer sites: skin, colorectum, breast, prostate, liver and upper aerodigestive tract. 

Financial support was provided by the Deutsohes Krebsforschungszentrum, the National Institute 
of Environmental Health Sciences, Research Triangle Park, United States, the Foundation for 
Promotion of Cancer Research, Tokyo, Japan, the Danish Institute of Food Toxicology, 
Copenhagen, Denmark, and the Deutsche Forschungsgemeinschaft, Bonn, Germany. All contri-
butions are gratefully acknowledged. I also should like to thank the local organizers at the DKFZ, 
especially Dr Anthony B. Miller, Dr Helmut Bartsch and Dr Norbert Frank, for their efforts in ensuring 
the success of the workshop. 

P. Kleihues 
Director, IARC 
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Introduction 

Cancer chemoprevention is the inhibition or 
reversal of carcinogenesis (before invasion) by 
intervention with pharmacologically active agents. 
While minimizing exposure to carcinogens and 
changes in lifestyle will eventually reduce cancer 
incidence, chemoprevention offers an alternative 
approach with the potential for more immediate 
results, especially in subjects known to be at high 
risk of cancer. 

Numerous oncogenes, tumour-suppressor genes 
and phenotypic preneoplastic cellular changes are 
being discovered, allowing improved definition of 
events in the process of carcinogenesis. Late events 
are critical in the actual occurrence of cancer, and 
interventions during these stages of carcinogenesis 
are thus theoretically very attractive. With better 
understanding of possible ways to perturb carcino-
genesis, preventive intervention becomes increas-
ingly practical for many cancer sites. 

Objectives of the workshop 

The objectives of the workshop on Biomarkers in 
Cancer Chemoprevention were: 

(i) To summarize the current state of knowledge 
on biomarkers indicative of individual suscep-
tibility or of carcinogenic exposure and on 
intermediate biomarkers predictive of invasive 
cancer occurrence that are relevant to studies 
on cancer prevention; 

(ii) To prepare a consensus report on the role of 
biomarkers in studies of cancer prevention, 
covering: 

• validation of already existing biomarkers for 
the purposes of cancer prevention, 

• interpretation of the results of studies of cancer 
prevention using biomarkers, 

future activities for development of new bio-
markers; 

(iii) To improve the future use of biomarkers 
in development of new cancer chemopre-
ventive agents. 

The workshop built upon a previous IARC meeting 
on the application of biomarkers in cancer 
epidemiology (Toniolo et a?., 1997), but was more 
specifically oriented to the application of bio-
markers to cancer chemoprevention. 

Definition of biomarkers 
The term 'biomarkers' refers to indicators of expo-
sures and/or events in biological systems or sam-
ples. Biomarkers potentially relevant to cancer 
chemoprevention include exposure, intermediate-
effect, drug effect, tumour and susceptibility 
markers. Of these, the workshop restricted its 
attention to exposure, intermediate-effect and sus-
ceptibility markers. Many of the characteristics and 
issues pertaining to each type of biomarker are dif-
ferent and the three types of biomarker are con-
sidered separately. However, there is no strict 
boundary between them, and several markers can 
be considered as belonging to two or even to all 
three categories (examples of this would be DNA 
damage and its repair and mutations in tumour-
suppressor genes). 

In chemoprevention, an exposure biomarker is 
any substance or structure that reflects 
endogenous or exogenous exposure to carcino-
genic risk factors, which cari be measured in the 
human body or its products and which may be 

*This  paper is the consensus report of the workshop Use of 
Biomarkers in Chemoprevention of Cancer, which was held at 
the Deutsches Krebsforschungszentrum, Heidelberg, 
Germany, in February 2000. 
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predictive of the incidence or outcome of disease. 
A biological marker of intermediate effect is an 
indicator of the development in an individual of a 
carcinogenic change short of invasive cancer. A 
biological marker of cancer susceptibility is an 
indicator of a heritable ability of an organism to 
respond to the challenge of carcinogenic agent(s) 
or event(s). 

Biomarkers in chemoprevention 
Much of the initial work on biomarkers has been 
performed in cellular or whole animal models, but 
there has been no systematic assessment of lessons 
learnt from such studies to guide the search for bio-
markers that might be useful in humans. 

Intermediate-effect biomarkers of potential 
value in chemoprevention are already available 
for most of the accessible human cancers (e.g., 
mouth, colon, lung, breast, prostate) but not 
for cancers at inaccessible sites such as the pan-
creas. There is need to capitalize on advances in 
molecular and cellular biology, imaging and micro-
surgery to reach the relevant organs and access 
cells and cellular products that may harbour 
biomarkers. 

In practice, biomarkers already play an impor-
tant role in the evaluation of chemopreventive 
agents in phase II trials. However, the intermedi-
ate-effect biomarkers used in phase II trials have 
not been validated in relation to subsequent 
cancer occurrence, and therefore are not being 
used in phase III trials. 

Even large trials in humans are dependent on 
identifying individuals at high risk for the relevant 
disease. High-risk populations include those 
known to be heavily exposed to an important 
etiological agent (such as heavy smokers at high 
risk for tobacco-induced cancers); individuals with 
recognized genetic predisposition, from either 
high- or low-penetrance genes; and those with 
already detectable preneoplastic lesions. 
Biomarkers of both exposure and susceptibility are 
being developed that could reduce the need for 
very large samples of subjects, even in phase III 
chemoprevention trials. 

Validity of biomarkers 
Utilization of validated biomarkers would 
markedly facilitate the development and testing of 

potential chemopreventive agents. Validation of a 
biomarker involves the understanding of the 
molecular mechanisms related to chemopreven-
tive action, external exposures, the outcome 
(cancer or preneoplastic alterations) and the bio-
marker itself. Several questions should be 
addressed in the validation of biomarkers: 

1. Does the chemopreventive intervention 
affect the biomarker? 

2. Is the biomarker consistently found in 
populations and/or the disease? 

3. Is there molecular understanding as a basis for 
the use of the biomarker? 

4. Is the biomarker associated with a chemopre-
ventive agent or risk factors for cancer? 

5. Is the biomarker associated with the outcome 
(cancer)? 

6. Is the chemopreventive intervention effect on 
the main outcome (cancer) mediated by the 
biomarker? 

7. Are the chemopreventive or risk factor effects 
mediated by the biomarker? 

Many issues related to the validation of 
biomarkers were discussed in Toniolo et al. (1997) 
and the reader is referred to the relevant chapters 
(Schulte & Perera, 1997; Pearce & Boffetta, 
1997; Vineis, 1997; White, 1997; Schatzkin et al., 
1997; Boone & Kelloff, 1997; McMichael & Hall, 
1997). 

The use of non-valid biomarkers in cancer 
chemoprevention can lead to invalid inferences 
and generalizations and ultimately to erroneous 
assessment and use of cancer-chemopreventive 
agents. Anything less than perfect validity of 
the biomarker will lead to imperfection in our 
assessment of chemoprevention. It would be 
helpful to specify appropriate targets for the levels 
of sensitivity, specificity, variability and repro-
ducibility of biomarkers that may be applicable in 
chemoprevention research. 
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Exposure biomarkers 
Exposure biomarkers may include endogenous or 
exogenous agents and their metabolites or adducts 
in tissues or body products, whether in physio-
logical or pathological amounts. Structural 
changes in the cell or organism which reflect expo-
sure are also included. Exposure is thus defined in 
a very broad sense and encompasses any influence 
that might predict the incidence or outcome of dis-
ease, including dietary factors, hormonal status, 
redox status, agent—gene interactions, and others. 
This is in line with, although still more narrow 
than, previous definitions, such as that of 
Armstrong et al. (1992) where exposure is referred 
to as 'any of a subject's attributes or any agent with 
which he or she may come in contact that may be 
relevant to his or her health'. 

Whether a biomarker is considered an exposure 
marker may depend on its intended use. For exam-
ple, HBV antibody seropositivity may be regarded 
as an exposure biomarker for viral exposure, or as 
an acquired predisposition marker used to select 
individuals who are at increased risk of hepatocel-
lular cancer. Another example would be the 
presence of an HPV-related gene in a cervical 
biopsy, which may be regarded as an exposure 
biomarker, since it discriminates between HPV-
exposed and non-exposed persons. It may, how-
ever, also be used as an intermediate-effect 
biomarker, since it is usually accompanied by a 
cellular effect (cervical dysplasia) along the path-
way to cervical cancer. 

Biomarkers of exposure are sometimes defined 
more narrowly as biomarkers of external carcino-
gen exposures. These have been subdivided into 
biomarkers of exposure, of target tissue dose, and 
of biologically effective dose. Although exposure 
biomarkers are meant here to encompass all of 
these, biomarkers which fall outside this.definition 
are also embraced, for example, because they are 
related to protective exposures. 

In chemoprevention, the most important expo-
sure biomarkers concern exposures directly related 
to the intervention agent and to the target 
exposure to be modified by the intervention. 
It must be assumed that exposures to other risk 
factors or preventive factors are evenly balanced 
between the arms of the study, which should be 
the case provided randomization has been 
effective, but it may be considered prudent to  

monitor such equivalence by the use of exposure 
biomarkers. 

The contribution of exposure biomarkers to chemo-
preventive interventions 
Exposure biomarkers may contribute to interven-
tion studies in several ways: 

In the selection of target populations: to identify 
subgroups of the population who have been 
exposed to an agent. Any exposure marker 
which could help in the selection of the relevant 
target population, making sure they have been 
exposed (e.g., patients excreting aflatoxin 
adducts in their urine, cotinine status, viral 
infection status, etc.), would qualify. 

In monitoring of the target population for con-
founders: to check that randomization has dis-
tributed evenly all important risk factors which 
are supposed not to change differentially in the 
different arms of the study during the inter-
vention (e.g., use of nonsteroidal anti-inflam- 
matory drugs (NSAIDs) in a colon cancer inter-
vention trial, alcohol intake in a trial on low-
ering aflatoxin carcinogenicity in liver cancer, 
smoking status in a trial on intervention with 
antioxidants against lung cancer). Measure-
ments may be made repeatedly during the 
intervention study. 

In the measurement of outcome: 

(a) to measure quantitatively the efficacy of the 
intervention, determined as the effect on the 
targeted 'exposure' risk factor (if applicable), 
e.g. decreased adduct levels, decreased oxida-
tive stress factors; 

(b) to monitor chemopreventive agent compli-
ance, uptake and/or distribution; 

(c) to assess inter-individual and between-group 
differences in efficacy of the chemopreventive 
intervention. 

In the interpretation of results: e.g., to evaluate 
the influence of sub-group variables (as defined 
by biomarkers for other exposures) which may 
have influenced the outcome. 

3 
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Etiological considerations and choice of additional 
exposure markers 
Initially it is important to evaluate an exposure 
biomarker in relation to the following questions: 

• Is the marker causally related to the disease or 
the intervention? 

• What is the rationale for using the biomarker 
in question, more specifically: 

- Does the marker reflect the targeted 'expo-
sure' (in a broad sense)? and 

- Is the exposure related to the natural 
history of the disease process? 

For instance, if oxidative stress is targeted by inter-
vention with an antioxidant, it is necessary to 
consider the evidence for the existence of such 
oxidative damage and for its causal relationship to 
the relevant disease. An exposure biomarker 
should in this case reflect the oxidative stress in 
the target organ, either as a direct measurement 
(e.g., in biopsies, if possible) or in a surrogate sample 
known to reflect the variation at the target. Other 
exposures influencing the targeted exposure 
should also be monitored, e.g., the target organ, 
plasma or serum status of dietary or endogenous 
antioxidants and biomarkers of more general reactive 
oxygen radical exposures of DNA, lipids or proteins. 

Steps in the development of new exposure 
biomarkers 
The development of a new exposure biomarker 
should take the following course: 

1. Observations on risk and protective factors in 
human or experimental systems. 

2. Mechanistic studies in experimental systems to 
establish the relationship of the biomarker to 
the causal chain of molecular and cellular 
events. 

3. Development of experimental model systems 
such as transgenic mice. 

4. Development of the biomarker methodology 
for exposure determination. 

5. Testing of the exposure biomarker methodol-
ogy in animal and human pilot studies. 

6. Exploration of markers in large-scale interven-
tion studies. 

At any stage of this process, there can be feedback 
on etiology, prevention, diagnosis, prognosis, and 
thus an iterative return to step 1. 

During steps 4 and 5, a range of characteristics 
have to be evaluated which constitute the best 
approximation of the validity of a biomarker. They 
may be expressed on a continuous scale. These 
should encompass the approaches to validation 
considered by Toniolo et al. (1997). 

Examples of exposure biomarkers 
Exposure biomarkers may be used for any of the 
following purposes: 

1. Assessment of exposure to external carcinogens 
(e.g., body levels of external agent (carcino-
gen), DNA adducts, protein adducts) 

2. Assessment of exposure to harmful endo-
genous agents (e.g., indices of oxidative dam-
age to DNA or resulting from lipid peroxida-
lion, hormonal levels and levels of hormone-
regulated products) 

3. As compliance markers, including markers for 
the intervention agent, for 'adherence' to the 
risk group, etc. 

4. To assess endogenous or exogenous factors 
which are believed to interact with biological 
processes leading to cancer (e.g., preventive 
agents, markers of diet or lifestyle) 

During the workshop, a number of examples of 
exposure biomarkers were discussed related to the 
six cancer sites considered. 

Relevant exposure biomarkers for the skin 
should reflect exposure to sunlight and biomarkers 
of defence against radical-induced damage. 
Development of erythema on the skin is a good 
marker for excess sun exposure and is very consis-
tent with the adducts formed in DNA. The number 
of naevi in less sun-exposed locations of the body 
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is believed to reflect mainly childhood exposure to 
sunlight and if so, might be used as a childhood 
exposure marker. 

For colorectal cancer, NAT2 fast acetylation, 
GSTM1 null and high CYP1AZ status are potential 
modifiers of exposure to heterocyclic aromatic 
amines from cooked meat. 

For breast cancer, endogenous levels of hor-
mones or hormone-regulating proteins seem to be 
relevant exposure markers. Further development 
of these biomarkers should have high priority. 
Exposure to certain carcinogens belonging to the 
polycyclic aromatic hydrocarbon group or to the 
heterocyclic aromatic amine group gives rise to 
breast cancer in rat models and might be investi-
gated in humans by using available or developing 
exposure biomarkers. 

For prostate cancer, exposure biomarkers for 
endogenous androgens, androgen-regulated pro-
teins and antiandrogens are currently available or 
under development. Selenium speciation biomark-
ers and plasma tocopherols might also be important 
exposure biomarkers for studies on prostate cancer, 

For liver cancer, good biomarkers for cumula-
tive exposures to alcohol are not available at pre-
sent, whereas markers of exposure to aflatoxin B1  
and hepatitis B and C viruses may be adequately 
assessed in blood samples. Exposure biomarkers for 
direct or indirect DNA damage (e.g., 8-hydroxy-
deoxyguanosine (8-OH-dG) and etheno adducts) 
resulting from radical-mediated damage including 
lipid peroxidation might also prove useful in inter-
vention studies on liver cancer. 

For aerodigestive tract cancers, several bio-
markers for exposure to polycyclic aromatic hydro-
carbons and tobacco-specific nitrosamines have 
been developed. A simple biomarker for tobacco 
exposure, plasma cotinine, has the advantage of not 
being influenced by chemopreventive treatments. 
The apparent contradiction between elevated 
plasma 3-carotene level as a negative predictor of 
lung cancer risk in smokers and the direct risk 
increase caused by 3-carotene supplements calls for 
the use of other biomarkers of fruit and vegetable 
intake. Markers for other carotenoids are already 
available. Exposure biomarkers for various groups 
of dietary polyphenols have also been developed 
and biomarkers for other potentially modulating 
factors like isothiocyanates, indoles or terpenoids 
are available or under development. 

Further research needed 
In the area of exposure biomarkers, there are sev-
eral areas where more research is needed, either in 
biomarker validation or in the development of 
new biomarkers. 

(a) Exposure biomarker validation 
There is a need for better and more systematic 
validation before exposure biomarkers are applied, 
requiring more interlaboratory validation efforts. 
The development of more than one marker for 
each end-point, using different analytical 
techniques, can disclose some of the analytical 
problems, which are difficult to identify with 
common validation procedures. Some aspects of 
validation are difficult to assess in pilot human 
studies, for example interactions with host factors 
or with dietary habits, and the inclusion of 
validation programmes into large human inter-
vention studies is therefore important. An impor-
tant aspect of the biological validation of an 
exposure biomarker is evaluation of underlying 
hypotheses on the relationship between the expo-
sure and the effect. An example is whether 
oxidative stress or any DNA adduct formation is 
truly detrimental in all cases; if such processes are 
also used in endogenous signalling pathways, for 
instance in the induction of defence and repair, 
measurement of such end-points may lead to 
misclassification. With increasing sensitivity of 
methods, dose ranges may be studied which are 
well below those used in animal studies of 
dose—response relationships for genotoxic 
compounds. High priority should be given to the 
conduct of short-term human intewention studies 
for this type of biological validation of the 
hypotheses often implicitly underlying the use of 
exposure biomarkers. 

(b) Development of new exposure biomarkers 
In order to identify dietary or endogenous compo-
nents which might influence newly identified 
molecular targets for chemoprevention, there is a 
need to develop in vitro/in vivo screening assays 
(for example, for screening of COX-2 inhibitors, 
compounds possessing hormonal activity, etc.). 
Such screening methods could be developed for 
exposure factors influencing a range of known or 
anticipated steps in carcinogenesis. The use of 
sophisticated animal model systems such as 
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transgenic mice or even higher eukaryotic systems 
should be encouraged. 

High priority should also be given to the devel-
opment of biomarkers of exposure to substances 
which help the body to defend itself. In particular, 
better markers of dietary exposure and their inter-
action with host factors are needed. 

The development of better (validated) oxidative 
stress markers at the DNA level, encompassing 
both direct and indirect damage, should have high 
priority due to the implication of redox factors in 
carcinogenesis at several stages. Specifically, the 
evaluation of surrogate markers in blood and their 
correlation with target organ exposures should be 
investigated in animal models and in human pilot 
studies. This would cover part of the strong need 
for more robust methods for DNA adduct mea-
surements in human samples. However, also for 
other types of adducts, including those with small 
or bulky alkylating agents, more robust methods 
are required which can be applied in clinical labo-
ratories. In particular, the sensitivity of the avail-
able assays needs to be improved. Furthermore, 
there is a strong need for biomarker methodolo-
gies which could accurately assess exposures to fac-
tors that work through mechanisms other than 
DNA adduct formation. Methods for measuring 
potential protective dietary factors, oxidative stress 
factors, viral infections and hormonal levels, 
which may all be characterized to some extent as 
epigenetic factors in carcinogenesis, should be 
extended and refined. Another area of interest is 
protein or RNA modification, which could be more 
widely used for biomarkers. 

Intermediate-effect biomarkers 
An intermediate-effect biomarker is a detectable 
lesion or biological parameter with some of the 
histological or biological features of preneoplasia 
or neoplasia but without evidence of invasion, 
which either is on the direct pathway from the 
initiation of the neoplastic process to the occur-
rence of invasive cancer, has a high probability of 
resulting in the development of cancer, or is a 
detectable biochemical abnormality which is 
highly correlated with the presence of such a 
lesion. Thus intermediate-effect markers include 
(a) detectable precancerous changes in an organ 
(confirmed by histology), (b) an alteration of a 
gene that is considered to play a causative role, and 

(c) other indicators of carcinogenesis, such as the 
expression of a marker that represents the cause of 
a cancer (e.g., HPV DNA positivity). Causation is 
not a requirement for inclusion in this group, but 
the expectation is that a relevant biomarker can 
eventually be linked, through a biological mecha-
nism, to the cancer. 

A hierarchy of intermediate-effect biomarkers 
can be perceived. Those that are known to be on 
the causal pathway to cancer are at the top, and 
can be truly called intermediate-effect markers. 
Then there are those markers for which present 
knowledge indicates only a probability of associa-
tion with cancer, but it is uncertain as to whether 
they are on the causal pathway; these can only be 
called intermediate markers. However, whether 
one is talking about 'tissue lesions' (e.g., liver foci, 
skin papillomas, dysplastic lesions) or molecular 
markers (e.g., alterations in ras or p53 genes), it is 
essential to know the statistical relationship 
between the lesions and cancer incidence. 

A subset of intermediate-effect markers, which 
can be modulated, have been called surrogate end-
point biomarkers (Kelloffet al., 2000). An expecta-
tion is that if reduction in, but not abolition of, 
surrogate end-point biomarkers is shown, it can be 
demonstrated that those that remain do not have 
markers of progression, i.e. the bad actors have 
been removed. 

Intermediate-effect markers contribute to 
chemopreventive interventions: 

• in the selection of target populations: identifi-
cation of subgroups of the population in whom 
precancerous lesions are detectable (e.g., 
patients with adenomatous polyps) 

• in the measurement of outcome: surveillance 
of the efficacy of the intervention (e.g., women 
who test HPV DNA-positive in whom the sub-
sequent incidence of high-grade cervical 
lesions is changed) 

• in the interpretation of results: assessment 
of inter-individual and inter-population 
differences in efficacy of chemopreventive 
agents 

• in the design of relevant animal models: creat-
ing informative animal models at high risk for 
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development of precancerous lesions (e.g., 
transgenic systems). 

ep in the characterization of molecular pathways 
involved. 

General considerations regarding use of inter-
mediate-effect biomarkers in chemoprevention 
It has not been convincingly shown that the use of 
chemopreventive agents in men and women with 
any type of preneoplastic lesion can substantially 
reduce the subsequent development of a truly 
invasive cancer. In general, not enough is known 
about the natural history of precancerous lesions 
to identify those that will progress to invasive can-
cer if allowed to do so. It would be valuable to 
establish biomarkers of potential for such progres-
sion that could be used in chemoprevention 
research. Conventional histopathology alone has 
not proved reliable for such purposes. 

Examples of intermediate markers 
Skin cancer in situ is generally considered irre-
versible, and qualifies as an intermediate-effect 
marker. Markers of sun damage to the epidermis 
(sunburn cells or p53 mutations) or melanocytes 
are indicators of early effects which are reversible. 
Actinic keratoses are later events, but may sponta-
neously regress after cessation of exposure to ultra-
violet radiation. Naevi are risk factors that may be 
precursors of melanoma. They are clonai. Large 
atypical naevi are likely to be precursors, but it has 
not yet been determined whether acquired naevi 
represent actual premalignant lesions. 

Adenomas are the most commonly used inter-
mediate-effect biomarker for colorectal cancer. In 
chemoprevention trials, adenomatous polyps are 
used as biomarkers of risk, but can also be treated 
as surrogate end-points. There is a need to consider 
if chemoprevention will remove those adenomas 
that are most likely to progress to cancer. Oxidative 
DNA base modifications may be usable as markers, 
but are really biomarkers of exposure, not of out-
come. The value of aberrant crypt foci or crypt fis-
sion as risk markers or as surrogate end-points is 
uncertain, as is the role of ras mutations in stools 
and of mucosal proliferation. 

The degree of mammary density as a proportion 
of breast, measured on mammograms, is associated  

with increased risk of breast cancer. Ductal 
carcinoma in situ (DCIS) may be a marker of risk 
but may not be a precursor in the classic sense. 
However, DCIS is being used as a marker of drug 
effect in phase lia studies, when an agent is given 
for three weeks, with modulation of cellular pro-
gression as end-point. 

The natural history of prostate intraepithelial 
neoplasia (PIN) is not clear. High-grade PIN is asso-
ciated with the subsequent risk of prostate cancer, 
but it is difficult to be certain that invasive cancer 
was not present at the time of diagnosis of PIN, 
while some of the architectural variants of PIN 
may be confused with intraductal spread of a con-
comitant adenocarcinoma. Chemoprevention 
studies have been conducted by enrolling men 
before planned prostate surgery and assessing the 
effect of intervention on high-grade PIN in the six-
week interval before surgery. People with PIN have 
also been enrolled in studies and followed for 
cancer. 

For liver (hepatoceliular) cancer, it is possible 
that tests for p53 mutations may indicate long-
term changes, but accumulation of the p53 protein 
is not an early event in hepatic carcinogenesis in 
areas with low exposure to aflatoxin. Preneoplastic 
phenotypically altered lesions (falling short of 
either benign or malignant neoplasia) are very 
small and cannot be detected by conventional bio-
chemical approaches in tissue homogenates. 
However, their assessment may be useful in short-
term chemoprevention trials in individuals sched-
uled for liver transplantation. Cell proliferation is 
not a good marker for the earliest emerging types 
of preneoplastic lesion. Glycogenotic-basophilic 
cell lineages are found in humans with hepatocel-
lular cancer. 

Atypical cells in sputum are only weakly 
predictive of lung cancer. Chemopreventive agents 
have been found to modulate (upregulate) nuclear 
retinoic acid receptor P (RARI3). Many of the non-
calcified nodules identified by helical computer-
ized tomographic (CT) scanning show atypical 
adenomatous hyperplasia. These may be related to 
bronchioalveolar carcinoma. Immunostaining of 
A2/B1 heterogeneous nuclear ribonucleoprotein 
(hnRNP) is not correlated with histological change. 
Metabolically active preneoplastic cells seem to 
most actively express this protein. 
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Other relevant considerations 
Prevention of invasion is the fundamental goal 
in cancer chemoprevention. 

There is an increasing role for computer-
assisted imaging for morphometric analysis to 
assess intermediate biomarkers in chemopre-
vention research. 

The term intraepithelial neoplasia (TEN) is 
being used to describe lesions such as colorec-
tal adenomas, breast ductal carcinoma in situ, 
prostatic intraepithelial neoplasia, cervical 
intraepithelial neoplasia and actinic keratoses. 
Lesions such as Barrett's oesophagus, bronchial 
dysplasia, bladder dysplasia and oral leuko-
plakia are not neoplastic and should not be 
described as TEN, but may qualify as intermedi-
ate-effect biomarkers. Early biological events 
that could be potential targets of chemopre-
vention include alterations in protein kinases, 
transcription factors, enzymes involved in car-
bohydrate and lipid metabolism, factors that 
control angiogenesis, and altered components 
of the immune system. 

Animal models, particularly those using trans-
genic mice, are useful in the development of 
intermediate-effect biomarkers, but caution is 
required in extrapolating the results to the 
human situation. 

It is necessary to determine how good DNA 
modifications or adducts are as biomarkers, 
and how best to assess oxidative stress: by DNA 
adducts, protein oxidation, or other methods. 
Methods for measuring oxidative DNA base 
alterations are probably not yet sensitive 
enough. The use of classical DNA repair assays 
such as unscheduled DNA synthesis is not suf-
ficient as the repair system is very refined and 
there is a large degree of heterogeneity in DNA 
repair within the genome. Active genes are 
repaired much faster and with different enzy-
mology than inactive genomic regions. 
Techniques are required to measure this kind 
of repair in populations. Methods to assess 
DNA repair in individual cells are now emerging, 
and should be applied in population studies. 

Susceptibility markers in chemoprevention 
A biological marker of cancer susceptibility is an 
indicator of a heritable ability of an organism to 
respond to the challenge of carcinogenic agent(s) 
or event(s). In particular with respect to cancer 
chemoprevention, susceptibility markers are also 
indicators of an ability to respond to the cancer-
preventive action. The marker can indicate an 
increased susceptibility to chemoprevention as 
well as a resistance to it. Thus the response can take 
the form of an enhanced sensitivity or of an 
adverse effect. 

The very limited spectrum of susceptibility 
biomarkers available in the past, such as the 
phenotypically obvious features sex and skin 
colour, is expanding dramatically with the 
advances in the field of genetics. The traditional 
distinction between high- and low-penetrance 
gene defects obscures a continuum of susceptibility 
at the biological level. At the operational level, 
however, it is possible to identify a small number 
of genes in which pathological mutations are 
sufficiently predictive of cancer risk to influence 
clinical management. Any allelic variant of the 
'major' genes, alteration in other interactive genes 
or in environmentally sensitive polymorphisms 
which would not be sufficiently penetrant to 
determine clinical practice will be categorized as 
low-penetrance biomarkers. As knowledge 
expands and the capacity to test multiple genes 
simultaneously becomes commonplace, high-
penetrance 'genotypes' comprising several 
low-penetrance genetic variations may be 
recognized. 

Susceptibility markers require specific types of 
validation, for example phenotype—genotype cor-
respondence (the lack of such correspondence for 
CYP2E1 casts doubt on the usefulness of this 
marker for chemopreventive trials) and expression 
in relevant tissues. 

Validated biomarkers of genetic or acquired sus-
ceptibility can be conceptualized as 'effect modi-
fiers' in epidemiological studies. From a biological 
perspective, effect modification conceptually 
answers the question as to why two similarly 
treated (exposed) individuals or groups of individ-
uals respond differently. 
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Use of susceptibility biomarkers in chemoprevention 
trials and interventions 

Markers of susceptibility can contribute at different 
levels of chemopreventive trials and interventions. 

1. Selection of high-risk target populations 
The strategy of chemoprevention may be targeted 
to high-risk individuals. Patients diagnosed with 
cancer are at increased risk of a second primary 
cancer and are highly motivated to take part in tri-
ais. Individuals in families with genetic syndromes 
have increased risk of developing certain cancers. 
For colorectal cancer, the two major syndromes are 
hereditary non-polyposis colorectal cancer 
(HNPCC) and familial adenomatous polyposis 
(FAP). HNPCC accounts for 5% and FAP for 1% of 
all persons with the disease. The lifetime risk of 
developing colorectal cancer is almost 100% for 
FAP and around 70% for HNPCC. Randomized 
chemoprevention trials (with NSAIDs and nutri-
tional supplements) in FAP and HNPCC families 
are in progress. 

Results of chemoprevention trials in genetically 
high-risk individuals may apply to the general 
population if the high-risk cohort represents com-
mon disease pathways and the relevant biological 
pathways through which the chemopreventive 
agent operates are the same in the susceptible and 
the non-susceptible. By the same token, if path-
ways differ, an agent ineffective in the genetically 
susceptible may, nonetheless, have efficacy in the 
general population. 

This subject-selection strategy has advantages 
but also disadvantages. 

Advantages 
e Individuals at risk may be easily traced through 

clinical or genetic registers. 

e Perceived benefits to the individual and the 
families should increase compliance. 

• Expensive interventions such as colonoscopy 
are available as part of routine health care. 

e High penetrance reduces the number of partici-
pants and duration of treatment needed to 
achieve statistical power. 

Disadvantages 
The high-risk cohort may not represent com-
mon disease pathways. 

e Large-scale genotyping may overload the 
capacity to provide adequate pre-test genetic 
counselling. 

e Compliance may be reduced if there is a per-
ception of threat to health insurance if an indi-
vidual's genetic status is revealed. 

e Fear of cancer may encourage drop-out or non-
compliance before a randomized trial is com-
plete, especially if the agent under consideration 
is readily available to the general population. 

2. Target of chemoprevention 
Susceptibility markers can be the target of chemo-
preventive interventions at the phenotypic level. 
This is the case when the chemopreventive agent is 
chiefly aimed to modify the expression (pheno-
type) of a susceptibility factor. Many phase I or 
phase II metabolic pathways are inducible by a 
number of potential chemopreventive agents such 
as components of fruits and vegetables. For exam-
ple, cruciferous vegetables can be administered as 
inducers of GYP 1A2 and other inducible enzymes. 

3. Modification of effect of chemoprevention 
It is plausible that genetic susceptibility factors 
may modify the effect of chemopreventive agents. 
Such effect modification would be responsible for 
inter-individual and inter-population differences 
in the efficacy of chemopreventive interventions. 
In humans, however, no results are currently avail-
able showing such effect modification. 
Nevertheless, evidence that some possible chemo-
preventive agents (e.g., carotenoids) operate 
through induction of metabolizing enzymes in 
experimental systems supports the notion of a role 
for metabolic polymorphisms in the modulation 
of the response to chemoprevention. 

Animal models in the design of new susceptibility 
biomarkers 
The recent development of mouse strains with 
overexpressed or inactivated cancer-related genes 
has provided researchers with new models for 
testing chemoprevention strategies that could 
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counteract specific genetic susceptibilites to can-
cet The multiple intestinal neoplasia (Mm) mouse, 
which carries a fully penetrant dominant mutation 
of the Apc gene, was first reported in 1990 (Moser 
et al., 1990). Mice that are heterozygous for the Apc 
mutation develop scores of grossly detectable 
adenomas throughout the small intestine, and less 
so in the colon. Studies with Min and Cox-2 
knock-out mice have provided strong evidence 
that Cox-2 plays a major role in intestinal carcino-
genesis, and that NSAIDs which target the Cox-2 
protein have great potential as chemopreventive 
agents. 

Mutation of the p53 gene is the most commonly 
observed genetic lesion in human cancer; more 
than 50% of all human tumours examined have 
identifiable p53 mutations or deletions. 
Donehower et al. (1992) reported that homozygous 
p53-knock-out mice were viable but highly suscep-
tible to spontaneous tumorigenesis (particularly 
lymphomas) at an early age. Hursting et al. (1994) 
reported that calorie restriction significantly 
delayed the onset of spontaneous tumorigenesis in 
p53k1-  mice. Heterozygous p53-knock-out mice 
may be analogous to humans susceptible to heri-
table forms of cancer due to decreased p53 expres-
sion, such as individuals with Li—Fraumeni syn-
drome. These mice exhibit increased sensitivity to 
mutagenic carcinogens, and thus may be suscepti-
ble to low-dose chronic carcinogen regimens that 
more closely mimic human exposures. Thus these 
mice may have great potential for developing 
models for studying modulatable biomarkers rele-
vant to human cancer chemoprevention. 

Design issues when susceptibility markers are inte-
grated into chemoprevention trials 

1. Selection of study populations 
Differences in the distribution of allelic variants of 
putative susceptibility genes across populations 
can be used to define the study population by eth-
nic or geographical origin, with the aim of select- 

ing the study population with the highest allele 
frequency. When there is a strong age-dependence 
in the penetrance of the susceptibility marker, the 
age range of the study population can be chosen 
accordingly to target the chemoprevention to the 
subjects with highest risk. 

2. Sample size and statistical analysis 
Calculation of study sample size needs to take into 
account the gene penetrance and the prevalence 
of the susceptibility allele(s) when the susceptibil-
ity allele(s) is(are) used to identify the target study 
population. In the case of risk modification by 
other susceptibility allele(s) or risk factors, the 
prevalence of combined genetic and other risk fac-
tors needs to be considered. When a susceptibility 
allele is treated as a modifier of the effect of chemo-
prevention in the intervention groups, the preva-
lence of the susceptibility allele needs to be con-
sidered in addition to the risk of disease in the 
study population. In general, the sample size will 
be determined by the subgroup with the lowest 
expected proportion of subjects. 

Susceptibility alleles considered to modify the 
disease risk of the study group or the effect of 
chemoprevention need to be accounted for in the 
analysis of the efficacy of the chemoprevention. 

Ethical issues in relation to susceptibility markers 
A large literature has developed dealing with the 
health implications of predictive testing for 
late-onset disease using high-penetrance biomark-
ers. Chemoprevention trials targeted at carriers of 
low-penetrance biomarkers raise new challenges. 
On the one hand, disclosure of genetic status in 
relation to metabolic polymorphisms may cause 
unnecessary anxiety and create difficulty fox 
clinicians asked to explain the results. On the 
other hand, confidential genotyping to stratify 
populations before enrolment would involve non-
disclosure of genetic information, a practice liable 
to generate objections from research ethical 
committees. 
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Recomrnendatons 

1. Studies should be conducted in homogeneous, well defined, high-risk groups (i.e., subjects with dys-
plastic lesions). 

2. Costly five-year studies are not the ideal start for programmes, especially il they involve heterogeneous 
populations (mixture of high- and low-risk responders, due to genetics, diet:  etc.). 

3. There is an urgent need to develop chemopreventive options for susceptible high-risk individuals. 

4. Research is needed to validate intermediate markers as indicators of effect with a high probability that 
the marker is on the causal pathway to cancer. 

S. Research should be encouraged into the cellular and molecular biology and pathogenesis of prerieo-
plasia in order to identify and validate intermediate biomarkers relevant to chemoprevention. 

6. Techniques, assays and scientific results need to be compared and validated among different labora-
tories to develop reliable methods. 

7. Chemopreventive agents should be sought that will yield (a) clinical benefit from the arrest or reversal 
of surrogate lesions and (b) enhanced quality of life. Continued monitoring for adverse effects that might 
not be observed in short-term surrogate end-point studies is important. 

8. There is a need to explore the ethical dimension of genetically targeted chemoprevention. In particu-
lar, there is a dilemma in relation to disclosure of genetic information about low-penetrance biomark-
ers. Should information about biomarkers cil little or no relevance to the individual be disclosed and if 
not, what methods should be employed to protect confidentiality? If a biomarker or combination of 
biomarkers becomes predictive of a disease, how will the information be made available to the 
participants? 

9. Reproducible high-risk genotypes comprising several lower-penetrance genetic variants should be 
identified .sa as to expand the potential to target high-risk individuals for chemoprevention trials. 

10. Concentration on populations with identifiable genetic polymorphisms would help in assessing the 
public health impact of chemoprevention. 

Il. It is important to assess whether agents that are potentially beneficial in some individuals may be harm-
ful in others, and whether chemoprevention can be restricted to only those who will benefit from the 
agent. 

12. Studies should have large enough sample size to permit assessment of gene—environment and 
gene—gene interactions. Such large studies require adequate long-terni funding. However, with 
appropriate combination of exposure and susceptibility markers, it may be possible to concentrate on 
subjects especially at risk and reduce the sample sizes needed. 

13. Meta-analyses and pooled analyses should be used to combine small studies. However, caution should 
be applied in interpreting their results. 
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Relevant and feasible surrogate end-points are needed for the evaluation of intervention strate-
gies against cancer and other chronic, life-threatening diseases. Carcinogenesis can be viewed 
as a process of progressive disorganization. This process is characterized by the accumulation 
of genotypic lesions and corresponding tissue and cellular abnormalities, including loss of 
proliferation and apoptosis controls. Potential surrogate end-points for cancer incidence include 
both phenotypic and genotypic biomarkers of this progression. In the US National Cancer 
Institute chemoprevention programme, histological modulation of a precancer (intraepithelial 
neoplasia) has so far been the primary phenotypic surrogate end-point in chemoprevention 
trials. Additionally, high priority has been given to biomarkers measuring specific and general 
genotypic changes correlated with the carcinogenesis progression model for the targeted can-
cer (e.g., progressive genomic instability as measured by loss of heterozygosity or amplification 
at specific microsatellite bd). Other potential surrogate end-points include proliferation and 
differentiation indices, specific gene and general chromosome damage, cell growth regulatory 
molecules, and biochemical activities (e.g., enzyme inhibition). Serum biomarkers thought to be 
associated with cancer progression (e.g., prostate-specific antigen) are particularly appealing 
surrogate end-points because of accessibility. Potentially chemopreventive effects of the test 
agent may also be measured (e.g., tissue and serum estrogen levels in studies of steroid 
aromatase inhibitors). To establish chemopreventive efficacy, prevention of virtually all 
biomarker lesions, or of those lesions with particular propensity for progression, may be 
required. Ideally, the phenotype and genotype of any new or remaining precancers in the target 
tissue of chemopreventive agent-treated subjects would show less, and certainly no greater, 
potential for progression than those of placebo-treated subjects. 

Introduction 
Cancer chemoprevention can be defined as treat-
ment of carcinogenesis - i.e., its prevention, inhi-
bition or reversal (Hong & Sporn, 1997; Kelloff, 
2000). In most epithelial tissues, accumulating 
mutations (i.e., genetic progression) and loss of 
cellular control functions are observed during the 
course of sequential histological changes that 
culminate in cancer. These changes are manifested 
as the transition from normal histology to early 
intraepithelial neoplasia, through increasingly 
severe intraepithelial neoplasia to superficial 
cancers and finally invasive disease. Although the 
carcinogenic process can be relatively aggressive 
(e.g., in the presence of a DNA-repair-deficient 
genotype or viral transformant such as human 
papillomavirus), these changes generally occur 

over a long time period (Table 1). Cancers generally 
develop over decades and intraepithelial neoplasia 
(e.g., prostatic intraepithelial neoplasia, colorectal 
adenomas) may also progress slowly. 

The progressive nature of carcinogenesis under-
scores the advantage of chemoprevention to 
intervene when the mutations are fewer, even 
before tissue-level phenotypic changes are evident. 
However, a major obstacle to chemopreventive 
drug development is the use of cancer incidence as 
the end-point for determining efficacy in clinical 
trials. Such studies entail huge sample sizes, 
lengthy follow-up periods and high cost (Hong & 
Sporn, 1997; Kelloff et a?., 1995, 2000; Kelloff, 
2000). Typically, cancer incidence reduction trials 
have planned durations of 5-10 years with subject 
accrual in the tens of thousands. Surrogate end- 
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Target organ Precancer Estimated incidence Years for precancer Years for progression References 

- 	
- (lEN) - 	-- formation from precancer to cancer - 

Prostate PIN 40-50% of men 20 10 or more to latent Bostwick, 1992 

aged 40-50 years cancer; 3-15 further 
years to cancer 

Breast DOIS 46 000 new cases in 14-18 from atypkml 6-10 Frykberg & Bland, 1993; 

women in 2000 hyperplasia Page et al., 1985; 
Greenlee et al.. 2000 

Colon Adenoma 30-40% of the 5-20 5-15 Bruzzi, 1995; 
westem population Day & Mars00, 1978; 

aged > 60 years Zauber et al.. 1996 

Bladder Ta, Ti, TIS 37 500 cases in USA 20 <5 Cotran et c/. 1989; 

for 1997 Scher etal., 1997 

Oesophagus Barrett's 0.4% of the western 5-20 5-20 to severe Ovaska et al, 1989; 

metaplasia population dysplasia; 3-4 further Williamson eta!, 1991 
years to cancer Miros et al, 1991; 

Cameron & Lombov. 1992; 
Jankowski et al, 1993; 
Falk & Richter. 1996 

DOIS, ductal carcinoma in situ PIN, prostatic intraepithelial neoplasia; TIS, transitional -cell carcinoma in situ, 
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point biomarkers are an important aspect of the 
chemopreventive drug development process in 
that they provide a means for overcoming these 
obstacles (e.g., American Association for Cancer 
Research, 1999; Hong & Sporn, 1997; Kelloff et al., 
1995, 2000; Kelloff, 2000; Sporn & Suh, 2000). The 
use of phenotypic and genotypic biomarkers as 
surrogate end-points for cancer incidence would 
permit the evaluation of chemopreventive efficacy 
in most cancer targets in up to three years with no 
more than several hundred subjects. Use of surro-
gate end-points is possible only because of increasing 
knowledge of the genetic, histopathological and 
molecular basis of carcinogenesis. This expanding 
appreciation of the carcinogenic process will 
support the continuing efforts to identify, validate 
and apply biomarkers as surrogate end-points for 
cancer incidence. 

Rationale for surrogate endpoints of carcino-
genesis: molecular progression models 
Carcinogenesis is characterized by a progressive 
loss of proliferation and apoptosis controls and 
increasing disorganization, aneusomy and hetero-
geneity. The appearance of specific molecular and 
more general genotypic damage is associated with 
increasingly severe dysplastic phenotypes 
(Califano et al., 1996, and other studies cited 
below). In many cases, critical early steps include 
inactivation of tumour-suppressor genes, such as 
those for adenomatous polyposis coil (APC) or 
breast cancer (BRCA) and activation of oncogenes 
such as ras. Carcinogenesis may follow multiple 
paths, and be multifocal; not all cancers in a given 
tissue nor all cells in a given cancer may ultimately 
contain the same lesions. Progression may also be 
influenced by factors specific to the host tissue's 
environment, such as the action of hormones pro-
duced in stroma around the developing epithelial 
tumour and changes in tissue and chromatin struc-
ture (Schipper et cil., 1996; Sporn, 1996; Bissell et 
al., 1999; Sporn & Suh, 2000; Stein et al., 2000). 
Genetic progression models have been established 
for many human cancers, including colon, brain, 
bladder, head and neck, non-small-cell lung cancer 
and cervical intraepithelial neoplasia (Fearon & 
Vogelstein, 1990; Sidransky & Messing, 1992; 
Sidransky et al., 1992a,b; Simoneau & Jones, 1994; 
Kishimoto et al., 1995; Rosin et al., 1995; 
Thiberville et al., 1995; Califano et al., 1996; Mao 

et al., 1996). These models indicate that the 
sequence of genetic damage leading to cancer can 
involve myriad combinations of targets in the 
array of pathways that govern proliferation and 
apoptosis. These genotypic lesions, and the 
corresponding tissue and cellular abnormalities, 
have high potential to serve as surrogate end-
points when they are sufficiently stable to allow 
screening during carcinogenesis. Specific carcino-
genesis-associated molecular lesions identified so 
far, while important, may not be the most infor-
mative among those that will be discovered as 
research continues. Most cancer is preceded by an 
abnormal histological precancer phenotype which 
integrates the progressive genetic and molecular 
changes. Thus, focusing on assessment of this 
abnormal phenotype and the accompanying 
genotypic changes within the target tissue appears 
at present to provide the best opportunity for 
validating surrogate end-points. 

Phenotypic and genotypic surrogate end-points 
to establish chemopreventive efficacy 
Intraepithelial neoplasia, the embodiment of the 
abnormal cancer phenotype, serves as a promising 
surrogate end-point for chemoprevention studies 
in epithelial tissues (Kelloff et al., 1995, 2000; 
Kelloff, 2000). Although shorter than the period 
for developing cancer, the latency for progression 
of intraepithelial neoplasia can also be lengthy 
compared with the practical time frame for a 
chemopreventive intervention study. Importantly, 
the number of precancers may far exceed the 
number of cancers that subsequently develop in 
the target tissue. Additionally, behavioural (e.g., 
smoking history), environmental (e.g., hormonal 
status) and co-existing disease (e.g., immune 
system competence) factors may influence 
progression in individual subjects. Intraepithelial 
neoplastic lesions that will progress may also have 
particular characteristics predisposing them to 
develop into cancers. For example, the potential of 
colorectal adenomas to progress to cancer corre-
lates with histological growth pattern, size and 
severity of dysplasia (Muto et al., 1975; Hamilton, 
1992, 1996). 

For these reasons, histological determination of 
drug-induced prevention or regression of intra-
epithelial neoplasia alone may not be sufficient for 
assessing chemopreventive efficacy. The specific 
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and general genotypic effects comprising the pro-
gression models for carcinogenesis, and the under-
lying molecular pathology of the lesions, should 
also be considered in the evaluation. A reduced 
incidence of new precancers in the target tissue in 
agent-treated subjects would ideally be accompanied 
by a genotype reflecting decreased, and certainly 
no greater, carcinogenic potential. In particular, 
when regression of existing precancers is incom-
plete, the remaining lesions in the agent-treated 
subjects should have genotypes with equivalent or 
lower propensity for progression than placebo con-
trol subjects, 

Potential surrogate end-points at major cancer 
target organs 
Cancers in at least 12 organ systems have been 
evaluated as targets for chemopreventive agents: 
prostate, breast, colon, lung, head and neck, 
bladder, oesophagus, cervix, skin (non-melanoma 
and melanoma), liver, ovary and multiple 
myeloma (Kelloff, 2000; Kelloff et al., 2000). Many 
classes of agent, including retinoids, antioxidants, 
anti-inflammatories, antiestrogens and antiandro-
gens, have shown promising chemopreventive 
activity in one or more of these organ systems 
(Hong & Spurn, 1997; Kelloff, 2000; Sporn & Sub, 
2000; Kelloff et al., 2000); more than 40 candidate 
chemoprevention drugs are currently under clini-
cal development in studies sponsored by the US 
National Cancer Institute chemoprevention 
program (Kelloff, 2000; Kelloff et al., 2000). Among 
the cellular mechanisms of chemopreventive 
action of these drugs are inhibition of angiogene-
sis, mutagenesis, proliferation and apoptosis, as 
well as modulation of hormone activity. Often 
single agents exhibit multiple interrelated and/or 
independent mechanisms that may each 
contribute to the overall chemopreventive effect. 
For example, in addition to modulating estrogen 
receptor binding, antiestrogens can inhibit insulin-
like growth factor-I (IGF-I), while cyclooxygenase 
(COX)-2 inhibitors can modulate the peroxisome 
proliferator-activated receptors and the pathways 
controlled by these nuclear receptors. The 
selection of appropriate biomarkers to monitor the 
efficacy of these agents should consider their 
purported mechanisms of action in the target 
organ of interest. For all the biomarkers, it is highly 
desirable to measure modulation quantitatively as 

the difference between the biomarker value at 
baseline and the end of treatment. The change in 
the surrogate end-point measures on chemopre-
ventive treatment should also be compared with 
that seen in appropriate controls. Thus, biopsies or 
other tissue measurements at baseline are essential. 

Table 2 provides a target-organ based listing of 
the types of biomarker currently being used to 
study chemopreventive efficacy in clinical trials 
sponsored by the US National Cancer Institute. 
Many of these biomarkers were previously or are 
currently being evaluated, fully characterized and 
validated in animal models (Boone et al., 2000) as 
well as in archival human tissues (e.g., Bacus et al., 
1999; Sneige et al., 1999). As mentioned above, 
intraepithelial neoplasia are tissue-level pheno-
typic biomarkers that because they are on the 
causal pathway to and are direct precursors of can-
cer, are generally considered suitable for following 
carcinogenesis. Cellular biomarkers such as nuclear 
and nucleolar morphology, mitotic index and 
DNA ploidy are also being evaluated; they may be 
useful in characterizing the progression potential 
of intraepithelial neoplasia (Kelloff, 2000; Kelloff et 
al., 2000). Other possibly useful genotypic 
biomarkers include loss of heterozygosity and gene 
amplification, either at specific gene bd (e.g., 
those for tumour-suppressors such as p53 or 
tumour growth accelerators such as c-erbB2) or at 
panels of microsatellite loci where mutations 
indicate increasing genomic instability (Calif ano et 
al., 1996). These biomarkers appear to be particu-
larly applicable as surrogate end-points for head 
and neck cancer, and may also prove useful in 
other tissues where microsatellite instability is a 
predominant feature of carcinogenesis, as in hered-
itary non-polyposis colorectal cancer (HNPCC) 
(Marra & Boland, 1995; Lynch & Smyrk, 1996). 

Both phenotypic and genotypic changes during 
carcinogenesis may also be manifested by molecu-
lar biomarkers (Kelloff et al., 2000). For example, 
excess proliferation may be seen in increased lev-
els of cellular antigens such as proliferating cell 
nuclear antigen (PCNA) or Ki-67/MIB-1 or over-
expression of growth factors such as epidermal 
growth factor (EGF), transforming growth factor 
(TGF)-cc and IGF-I; reduced propensity to undergo 
apoptosis may be detected by increased expression 
of bd-2. Aberrant differentiation may result in 
changes in G-actin, cytokeratins and blood-group 
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Type of biomarker 	Breast Coton Prostate 

Histological 	 OCIS, LOIS, atypical hyperplasia, Adenornatous polyps. aberrant PIN, nuclear and nucleolar 
mammographic density, nuclear crypts, roicroadenornas. nuclear roorphometry 
and nucleolar morphometrv and nucleotar rnorphometry 

Genotypic 	 Gene amplification (c-erbB-2) LOH, gene amplification Chromosomal loss or gain (8p, 9q, 
(16q), gene amplification (c-erbB-2) 

Proliferation/ 	Ki-67 bcf-2/hax, p53, cyctn Dl, PCNA, Ki-67, bcl-2/bax expression, PCNA, Ki-67, p53, bcl-2/bax. oc-1. 
growlh contrai 	TGF-(t. EGFR, VEGF. IGF-1 S-phase fraction. BrdU uptake, TGF-,VEGF, IGF-1 expression. 

expression, S-phase fraction, apoptotic index apoptotic index 
apoptotic index 

Differentiation 	Myoepithelial coil markers (S-100. Altered blood group-related antigens, Loss of high molecular weight 
keratin 17, virnentin), altered mucin core antigens (T, Tri, sialyl Tri cytokeratins (50-64 kDa), 
cytoplasmic glycoprotein antigens), aporriucins (MUC 1,2,3 altered blood group related 
expression, altered cell surface genes) cytokeratins, brush border antigens, virnentin 
antigen expression membrane enzymes (sucrase, 

isomaltase) 

BrdU. bromodeoxyuridine; DOIS. ductal carcinoma in siti.r, EGF, epidermal growth factor; EGFR, epidermal growth factor receptor; IGF, insulin-like 
growth factor; LOIS, lobular carcinoma in situ; LOH, loss of heterozygosity; PCNA. proliferating cell nuclear antigen: PIN, prostatic intraepithelial neo- 
plasia; PSA, prostate-specific antigen; TGF, transforming growth factor; VEGF, vascular endothOlial growth factor. 
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antigens. Other molecular biomarkers may reflect 
general changes in cell growth control. These 
include TGF-3, cyclins, p53 and other tumour sup-
pressors, as well as mutations and overexpression 
of oncogenes associated with carcinogenesis such 
as ras and the transcription factors myc, los and Jun. 
Tissue- and drug-related biomarkers may also be 
useful. Examples of tissue-related biomarkers are 
the expression of estrogen receptors in breast and 
prostate-specific antigen (PSA) in prostate. Drug-
related biomarkers associated with chemopreven-
tive activity include inhibition of ornithine 
decarboxylase by 2-difluoromethylornithine and 
inhibition of prostaglandin biosynthesis by non-
steroidal anti-inflammatory drugs (NSAIDs); while 
such biomarkers do not necessarily demonstrate a 
chemopreventive effect, they are useful in assess-
ing whether a biologically active dose of the agent 
was present and in evaluating the chemopreven-
tive mechanisms that are operating. 

Cohorts for surrogate end-point chemoprevention 
studies 
Another important challenge in chemoprevention 
research is the identification of appropriate cohorts 
for clinical trials. Patients at high risk for develop-
ing precancerous lesions and cancers often have 
the highest potential to benefit from chemopre-
ventive interventions. In such cohorts where the 
time course of carcinogenesis is accelerated, 
shorter studies may be feasible. Additionally, these 
patients may afford the best opportunity to study 
intervention modalities, because the increased 
incidence and/or prevalence of disease permits the 
use of fewer subjects. Patients with previous 
cancers or precancers constitute one appropriate 
cohort for chemopreventive intervention, since 
they are at high risk for new primary cancers. For 
example, the lifetime risk for a second primary 
tumour of the aerodigestive tract following a squa-
mous-cell cancer of the head or neck has been esti-
mated at 20-40% (Benner et al., 1992). Premalig-
nant changes (surrogate end-points) can be 
followed at both phenotypic and genotypic levels 
in these subjects. Slaughter et al. (195 3) coined the 
term "field cancerization" to describe the early 
evidence of carcinogenesis found in normal-
appearing mucosa of patients with previous head 
and neck cancers. Many studies have confirmed 
this phenomenon (Hjermann et al., 1981; Benner 

et ai., 1992; Hittelman et al., 1996). In these 
studies, the degree of genetic change detected was 
correlated with histological progression of the 
lesion towards cancer. For example eight of 15 
patients having high levels of genetic damage 
(3.5% or more of cells with three or more copies of 
chromosome 9) in premalignant lesions of the oral 
cavity subsequently developed aerodigestive tract 
cancer, compared with none among patients with 
lower levels. Similar results were found in relation 
to chromosome 9 in lung tissue from previous 
smokers (Hittelman et al., 1996), chromosome 17 
in breast tissue (Phingra et al., 1994) and chromo-
some 1 in cervical tissue from patients with various 
grades of cervical intraepithelial neoplasia (CIN) 
(Segers et al., 1995). While none of these studies 
tracked the development of specific lesions into 
cancers, they all confirmed that carcinogenesis 
could be detected by genotypic changes in high-
risk tissue. 

The high incidence of new lesions in head and 
neck cancer patients suggests that a trial duration 
of up to three years would be appropriate for phase 
II and III studies using surrogate end-points; as 
little as three years may even be a feasible duration 
for detecting a reduction in the incidence of sec-
ond primary cancers. Patients with superficial 
bladder cancer are also appropriate subjects for 
chemoprevention studies, because the recurrence 
rate is approximately 50% within 6-12 months 
(Soloway & Perito, 1992) and 60-75% within 2-5 
years (Herr et al., 1990; Harris & Neal, 1992). 
Similar high rates of recurrence or new lesions 
apply to colorectal adenomas (e.g., Winawer et al., 
1993). Studies in these settings would appear to be 
particularly promising for the validation of surro-
gate end-points, which may then be suitable for 
application in cohorts without previous precancers 
or cancers. 

Germiine mutations and other genetic and 
molecular evidence of susceptibility may also be 
used to define high-risk cohorts. For example, sub-
jects with familial adenomatous polyposis (FAP), 
which is identified by loss of the APC tumour-sup-
pressor gene, develop hundreds to thousands of 
colorectal adenomas (Burt, 1996). Fabian has 
described high-risk breast cancer subjects suitable 
for chemoprevention studies based on the 
presence of atypical hyperplasia, aneuploidy and 
overexpression of p53 and EGF. These biomarkers 
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could potentially serve as surrogate end-points for 
breast cancer prevention trials (Fabian etal., 1996). 
Patients scheduled for surgical treatment of pre-
cancer or early cancer also provide cohorts for 
obtaining early evidence of efficacy. Agents are 
administered to these patients during the weeks 
after diagnostic biopsy and before more definitive 
surgery, so that modulation of biomarkers in the 
precancer/cancerous, and, if possible, normal-
appearing tissue in the target organ can be 
assessed. The National Cancer Institute is now 
using such protocols in phase I/early phase II stud-
ies of breast and prostate cancer prevention 
(Kelloff, 2000; Kelloff et al., 2000). 

Challenges in using surrogate end-points 
Numerous issues must be addressed in both the 
preclinical and clinical phases of chemopreventive 
drug development efforts. For example, how long 
must treatment be continued (including whether 
treatment cessation results in recurrence of 
precancerous lesions)? Can chemoprevention be 
distinguished from regression of existing disease? 
Can lifestyle factors that may significantly influ-
ence trial outcomes (e.g., high-fat diets, total 
caloric consumption) be controlled? Are the results 
of trials in specific high-risk or undernourished 
populations applicable to other populations or the 
populace as a whole? Several additional philo-
sophical and practical concerns specific to the 
application of surrogate end-points in the evalua-
tion of chemopreventive efficacy must also be 
considered. Temple (1995, 1999) previously 
addressed many of these in the context of cardio-
vascular drug development. Particularly relevant to 
chemoprevention are issues of sampling, the clin-
ical benefit of biomarker modulation, and whether 
adverse events prove limiting to long-term chemo-
preventive agent administration. 

Sampling 
A critical issue in the application and validation of 
surrogate end-points is the development of 
standardized, appropriate and quantitative tech-
niques for sampling the target tissues. To date, the 
greatest progress has been made in tissues that can 
be directly observed: oral cavity, colon, larynx, 
bladder, oesophagus, cervix, bronchus, skin. In 
these tissues, the focal lesion can be identified and 
stained, and the area of cancerization can be 

defined and imaged (e.g., cervix). However, in 
more inaccessible tissues - prostate, ovary, breast, 
liver, pancreas—detection of the focal lesion is 
uncertain, and it is difficult to map and image the 
cancenization field. Advances in the basic sciences, 
particularly genomics and proteomics, and in 
biomedical technologies such as imaging, are 
providing tools for further growth in this area. 
New diagnostic methodologies such as gene-chip 
analyses, the confocal microscope, digital mam-
mography, the LIFE scope for visualizing bronchial 
tissue and the magnifying endoscope for colorectal 
monitoring will enhance the possibilitites for 
monitoring of precancerous tissue. Such tech-
niques can be used for the identification and 
evaluation of early molecular targets for interven-
tion, as well as for quantitative assessment of can-
cer risks and tissue- and cell-based changes in these 
early stages of carcinogenesis. Brown and Botstein 
(1999) have reviewed the significant potential of 
functional genomics in biology - the utility 
ranges from identification of a mutant genotype 
by a single nucleotide polymorphism to sub-
cellular localization of gene products to elucida-
tion of gene expression patterns along signal trans-
duction pathways. The sequencing and functional 
analysis efforts of the Cancer Genome Anatomy 
Project are a major contribution to this area. 
Gene-chip microarrays can be used to define and 
quantify contributors to risk once appropriate 
parameters for analyses have been defined. To this 
end, proven cases from archival specimens from 
properly designed tissue banks can be utilized to 
elucidate and validate relevant and useful end-
points. The method for cluster analysis of genome-
wide expression described by Eisen et al. (1998) 
could be applied to provide a generalized compar-
ison of gene expression in baseline and post-treat-
ment lesions, using known effective drugs and 
placebo. 

Clinical benefit of surrogate end-point modulation 
As described by Blue and Colburn (1996), surrogate 
end-points fall on a continuum from showing no 
particular clinical benefit but only correlation to 
the target disease end-point (e.g., drug effect mark-
ers), through demonstrating clinical benefit that is 
not a direct effect on the target disease (e.g., 
immunostimulation), to demonstrating clinical 
benefit directly related to the target disease (e.g., 
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inhibiting colorectal adenomas). Initially, the 
criteria for selecting surrogate end-points support 
drugs with clinical benefit directly related to 
cancer incidence prevention. As understanding 
improves of the role of general genotypic and spe-
cific molecular changes in carcinogenesis, and with 
careful correlative studies, effects on surrogate end-
points with antecedent impact on clinical outcome 
may also support chemopreventive drug efficacy. 

There are several conditions in which treatment 
of precancerous lesions would appear to provide 
direct clinical benefit, irrespective of the potential 
for cancer prevention. These situations typically 
involve a change in standard of care based on 
regression or prevention of precancerous lesions 
that would engender reduced morbidity; enhanced 
quality of life, delayed surgery or reduced 
surveillance frequency. Subjects with genetic pre-
disposition to cancer development (e.g., FAP) may 
achieve such benefits from chemopreventive 
interventions. FAP is characterized by germiine 
mutations in the APC tumour-suppressor gene. 
Patients with FAP develop hundreds to thousands 
of colorectal adenomatous polyps beginning in 
their teen years, and in the absence of treatment 
will almost certainly develop colorectal cancer by 
the age of 50 years; they are also at risk for other 
lesions, particularly duodenal polyps and cancers, 
and desmoid tumours. Once adenomas begin to 
appear, these patients are monitored by periodic 
colonoscopy (at approximately six-month inter-
vals), removal of existing polyps and cancer screen-
ing. When polyp burden becomes unmanageable, 
most patients have partial or total colectomies and 
undergo continued monitoring thereafter. Agents 
which prevent or slow the progression of the ade-
nomas could benefit these patients by delaying or 
obviating the need for colectomy. A decrease in the 
frequency of surveillance colonoscopies and cancer 
screenings would also benefit patients with FAP, as 
it could those with sporadic colorectal adenomas. 
New adenomas occur within 1-3 years post-resec-
tion in approximately 30% of patients with spo-
radic colorectal adenomas or cancers (Hamilton, 
1996). These patients routinely undergo colonos-
copy with removal of new lesions at 1-5-year inter-
vals. Preventive treatment could potentially 
increase the screening interval, thereby decreasing 
associated morbidity and lowering health care costs. 

Other conditions in which organ removal or  

other major surgery with high morbidity is 
standard include Barrett's oesophagus and superfi-
cial bladder cancers. Barrett's oesophagus, a pre-
cursor of oesophageal cancer, is currently managed 
by endoscopy with biopsy of metaplastic and 
dysplastic lesions; severe dysplasia may mandate 
partial or total oesophagectomy (Roth et al., 1997). 
Because of the high rate of their recurrence and 
potential for progression, treatment for superficial 
bladder cancers includes periodic surveillance 
(every three months) and removal of new lesions, 
and may include cystectomy (Linehan et al., 1997). 
In both diseases, treatment has profound detri-
mental effects on quality of life. Both are examples 
of situations in which preventive agents could 
provide clinical benefit by reducing the frequency 
of surveillance and the need for surgery. 

Quality of life 
Chemopreventive drugs may ultimately be given 
to asymptomatic populations for years or decades. 
Therefore, minimal toxicity is essential. 
Determining standards in terms of allowable type 
and frequency of side-effects and impact on 
quality of life will be critical issues as chemopre-
ventive drugs are introduced. It is possible that 
life-threatening toxicities compromising such 
long-term drug use would not be detected within 
the time-frame of surrogate end-point-based 
efficacy trials. In the meta-analysis of cholesterol-
lowering interventions cited below, the investiga-
tors found that despite their cholesterol-lowering 
efficacy, fibrates such as gemfibrozil were associ-
ated with increases in non-coronary heart disease 
mortality by -30% (p<O,Ol) and total mortality by 
-17% (p<O.Oi) on long-term administration 
(Gould et al., 1995). A different, but dramatic, 
example of unanticipated late toxicity is provided 
by the results of the Cardiac Arrhythmia 
Suppression Trial (Fleming & Delvlets, 1996). This 
randomized, placebo-controlled trial of three type 
1C antiarrhythmic drugs was designed to evaluate 
mortality reduction in patients experiencing ten 
ventricular premature beats per hour and few or 
no symptoms following a recent myocardial infarc-
tion. Entry into the trial required that the patients 
respond to antiarrhythmic therapy as measured by 
at least 70% reduction in ventricular premature 
beats as a surrogate for arrhythmia. This trial was 
stopped when it was found that drug treatment 
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was associated with increased mortality or cardiac 
arrest despite lowering ventricular premature beats 
(Echt et al., 1991; Cardiac Arrhythmia Suppression 
Trial II Investigators, 1992). 

Cardiovascular disease prevention: precedent 
for application of surrogate end-point 
biomarkers in drug development 
Cancer chemoprevention shares the interest and 
need for surrogate end-points in drug development 
with other chronic diseases of ageing and life-
threatening diseases. To date, the best character-
ized surrogate end-points in drug development 
have been for AIDS (Mellors etal., 1996; Saag etal., 
1996) and cardiovascular drugs (Fleming & 
DeMets, 1996). In particular, the use of blood lipid-
lowering as a surrogate end-point for cardiovascu-
lar disease provides a model for and insight into 
the issues surrounding the use of surrogates for 
cancer incidence in chemoprevention studies. In 
terms of the long time required for disease devel-
opment, the multiple paths by which the disease 
progresses and the chronic administration of 
preventive drugs, the course of cardiovascular dis-
ease closely parallels carcinogenesis. In the cardio-
vascular setting, a well established surrogate end-
point is cholesterol level, which is a validated 
predictor of coronary heart disease (Expert Panel 
on Detection, Evaluation and Treatment of High 
Blood Cholesterol in Adults, 1993). Modulation of 
cholesterol levels has been used to gain marketing 
approval for 3-hydroxy-3-methylglutaryl coen-
zyme A (HMGCoA) reductase inhibitors such as 
lovastatin (Sahni et al., 1991; Fail et al., 1992), sim-
vastatin, pravastatin (Crouse et al., 1992; Pitt eta!,, 
1993) and gemfibrozil (Frick et al., 1987). 
HMGCoA reductase catalyses a critical step in cho-
lesterol biosynthesis, the formation of mevalonate. 
Gould etal. (1995) carried out a meta-analysis of 35 
randomized clinical trials that essentially summa-
rized the evidence supporting cholesterol-lowering 
as a surrogate end-point for coronary heart disease. 
This review of all primary or secondary interven-
tion studies of >2 years' duration included single-
drug studies such as the Helsinki Heart Study of 
gemfibrozil (Frick et al., 1987), as well as dietary 
(Dayton et al., 1968; Burr et al., 1989), surgical 
(Buchwald et al., 1990) and multifactorial 
interventions (Miettinen et al., 1982; Wilhelmsen 
etal., 1986). The results show that cholesterol-low- 

ering is correlated with coronary heart disease, 
non-coronary heart disease and overall mortality. 
Specifically, it was found that for every 10% low-
ering of cholesterol, coronary heart disease mor-
tality was reduced by 13% (p < 0.002) and total 
mortality by 10% (p < 0.03), while no effect was 
found on non-coronary heart disease mortality. 
A caveat applies here, as to all studies with 
biomarkers - the relationship between lower 
coronary heart disease and lower cholesterol is 
derived from the average of individual responses, 
and the same correlation is not seen in each 
individual. The presence of confounding factors (e.g., 
smoking history and diabetes mellitus) may influence 
the proportion of disease attributable to any specific 
parameter in a multifactorial disease process. 

Chemoprevention of colorectal adenomas 
The data supporting validation of cholesterol 
levels as a surrogate end-point for coronary heart 
disease include an association with disease risk, in 
addition to the ability to predict activity of a given 
drug against that disease (Kelloff et al., 2000). 
Analogous data might be applied to support the 
validation of a surrogate for cancer incidence. For 
example, it is well established that the presence of 
colorectal adenomas increases colorectal cancer 
risk (Hamilton, 1992; Winawer et al., 1993) and 
that adenoma number, size and severity of dyspla-
sia are predictive factors for cancer incidence. It 
has been estimated that 2--5% of all colorectal 
adenomas progress to adenocarcinomas if not 
removed or treated, with increasing rates for large 
and severely dysplastic polyps (Day & Morson, 
1978; Hamilton, 1992; Bruzzi et al., 1995). Cancer 
risk is reduced by polyp removal, and a strong 
correlation exists between the relative prevalence 
of adenomas and cancers across populations 
(Winawar, 1993). More than 20 epidemiological 
and intervention studies have demonstrated that 
regular NSAID use is associated with reduced 
adenoma incidence and that this decrease is corre-
lated with declines in both cancer incidence and 
mortality (Greenberg & Baron, 1996). These data 
support the validation of adenomas as a surrogate 
end-point for colon cancer incidence. 

A recently conducted clinical trial sponsored by 
the US National Cancer Institute and G.D. Searle 
examined the effect of the COX-2 inhibitor 
celecoxib at two doses against colorectal polyps in 
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subjects with FAP). Overexpression of prosta-
glandins and COX isoenzymes is observed in 
colorectal polyps and tumours from animals and 
humans with germiine APC gene mutations. Early 
clinical evidence of polyp regression with the 
NSAID sulindac has been demonstrated in FAP 
patients. Additional support for the trial has come 
from preclinical efficacy studies with celecoxib, 
and substantial epidemiological evidence of a 
protective effect of NSAIDs against colorectal car-
cinogenesis. Preclinical and clinical studies 
demonstrating reduced gastro-intestinal toxicity of 
celecoxib compared with traditional NSAIDs 
support the use of a COX-2-specific inhibitor in a 
chemopreventive setting. In this randomized, 
double-blind, placebo-controlled study of 83 FAP 
patients, a six-month intervention with 800 mg 
celecoxib per day significantly reduced polyp 
number by 28%, with 53% of treated subjects 
showing a 25% or greater reduction. A blinded 
physicians' assessment indicated a qualitative 
improvement in the colon and rectum, and to a 
lesser extent in the duodenum, of treated subjects. 
This trial led to accelerated marketing approval of 
celecoxib by the US Food and Drug Administra-
tion, as an adjunct to standard care for the regres-
sion and reduction of adenomatous polyps in FAP 
subjects. Although it can be inferred from data 
supporting the correlation of polyp burden with 
colon cancer incidence, it remains to be demon-
strated in a randomized, placebo-controlled clini-
cal study that a reduction in cancer incidence will 
be engendered by a drug which prevents polyps. 
Nonetheless, this study was a landmark in chemo-
prevention research with surrogate end-points, 
demonstrating that polyp burden can serve as an 
appropriate end-point for quantitative and quali-
tative assessments of chemopreventive efficacy in 
FAP patients. Follow-up studies are planned to 
assess the relative effect of celecoxib on polyp 
regression and prevention, and to determine 
whether greater efficacy can be engendered by 
combination therapy of celecoxib with the 
antiproliferative agent 2-difluoromethylornithine. 

Summary and perspectives on the use of surro-
gate end-points in gaining marketing approval 
for chemopreventive agents 
The critical scientific aspects of developing surrogate 
end-points to characterize cancer chemopreventive 

efficacy should be applied to the design of clinical 
development strategies to gain marketing approval 
for chemopreventive drugs. The multi-path, multi-
focal and multi-year course of carcinogenesis sug-
gests that, initially, the most successful strategies 
will use well defined precancers (intraepithelial 
neoplasia) as surrogate end-points for cancer inci-
dence. Despite their close temporal and histologi-
cal association with cancers, only a relatively small 
percentage of intraepithelial neoplastic lesions 
progress. Therefore, determination of chemopre-
ventive efficacy will rely on assurance that the 
lesions most likely to progress are inhibited; the 
genotype of any post-treatment lesions should be 
indicative of an equivalent or lower progression 
potential than baseline lesions. The phenotypic 
changes seen in intraepithelial neoplasia during 
short-term studies are likely to be subtle, so that 
quantitative measurements such as computer-
assisted image analysis are desirable. Similarly, the 
evaluation of genotypic changes requires sensi-
tive, quantitative analysis of gene expression such 
as is afforded by the various DNA microarray tech-
niques. Standardization to provide adequate sam-
pling and handling of non-related biopsy effects 
(e.g., timing of breast cell proliferation assessment 
during the menstrual cycle) will be essential. The 
gold standard for validating surrogate end-points 
is correlation with cancer incidence reduction. 
However, the resources (e.g., time and number of 
subjects) required for this definitive validation are 
enormous. Continued discussion and research on 
alternative strategies among all interested parties 
are needed to ensure that surrogate end-point-
based chemoprevention indications are feasible. 
Demonstration of the clinical benefit of preven-
tion of intraepithelial neoplasia as described 
above for FAP, sporadic colorectal adenomas, 
superficial bladder cancers and Barrett's oesopha-
gus is one possible strategy. A second approach 
would follow an accelerated pathway for gaining 
marketing approval, as defined in the United 
States Food & Drug Administration regulations 
based on strongly-supported surrogate end-points 
for disease incidence in the setting of life-threat-
ening disease such as cancer. 
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Clinical cancer prevention trials that use disease as the end-point are of necessity large, 
lengthy and costly. While such trials will always remain the gold standard' for establishing effi-
cacy, they are unwieldy and inefficient for the rapid translation of our accelerating under-
standing of the molecular basis of cancer into preventive strategies. The inclusion of 
biomarkers in the process of chemopreventive agent development is crucial for the advance-
ment of the field. This overview highlights the types of approach that are being used in the 
development and application of biomarkers in chemoprevention studies. Biomarkers, which 
measure exposure, susceptibility or risk factors, can be used in selecting study cohorts, 
assessing participant compliance and/or determining agent efficacy. Key features of 
biomarkers include reliability, precision, accuracy and validity. Not all biomarkers are suitable 
for all purposes and are likely to be imperfect in any single setting. Judicious selection and 
matching of biomarkers with agents and study cohorts is required for their effective utilization. 
A critical but non-dichotomous element of risk biomarkers is their degree of surrogacy. 
A classification scheme is provided that relates the degree of surrogacy of risk biomarkers to 
their utility in preventive interventions. 

Introduction 
The past decade has witnessed the development of 
an impressive array of biomarkers reflecting 
specific exposures to environmental agents and/or 
predicting disease risk in individuals. A biomarker 
may be defined as a chemical (or infectious) agent 
in accessible body matrices, an in vivo response to 
an exposure or set of exposures, or a genotype or 
phenotype indicative of susceptibility to disease, 
all measurable in body fluids, cells or tissues. 
Biomarkers have the potential to make possible 
better assessment of ambient environmental expo-
sures; better methods for risk estimation and clas-
sification of at-risk individuals, communities and 
populations; better definition of mechanisms of 
exposure-disease linkages and the underlying 
susceptibility factors; clearer definition of the 
interactions of multiple agents and exposures on 
disease outcomes; and, ultimately, better and faster 
methods for assessing the effect on disease out-
comes of exposure remediation and preventive 
interventions (Hulka et ai,, 1990; Schulte & Perera, 
1993; Muñoz & Gange, 1998). Many of these goals 
directly affect the development and maturation of 
the discipline of cancer chemoprevention. 

Clinical cancer prevention trials that use disease 
as the end-point are of necessity large, lengthy and 
costly. While such trials will always remain the 
'gold standard' for establishing efficacy, they are 
unwieldy and inefficient for the rapid translation 
of our accelerating understanding of the molecular 
basis of cancer into preventive strategies. Thus, 
inclusion of biomarkers, despite some intrinsic 
limitations, in the process of chemopreventive 
agent development and application is of central 
importance for the advancement of the field. As 
discussed by Kelloff et ai. (1996), the major struc-
tural triad that needs to be considered in unison 
for the development of chemopreventive agents is 
the 'ABC' of chemoprevention: agents, biomark-
ers, and cohorts. Biomarkers can be used in three 
distinct but complementary ways. First, biomark-
ers can be used in defining study populations by 
classifying individuals at risk among whom puta-
tive preventive interventions are to be evaluated. 
Second, biomarkers can be used to accelerate 
assessment of the efficacy of preventive interven-
tions, both in terms of identification of active 
agents in humans and optimization of their use 
(e.g., dose and schedule). Third, biomarkers can be 
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used to monitor compliance to the agent that 
forms the basis of the intervention. 

The mere existence of a biomarker does not 
mean that it will be useful to the field. At present 
the possibilities for biased use of biomarkers prob-
ably outweigh prospects for their informed use. 
This concern arises simply because few of the bio-
markers now being used in either preclinical or 
clinical settings have undergone anything 
approaching rigorous validation. Indeed, para-
digms for the validation of biomarkers are still 
evolving (Freedman et al., 1992; Schulte & Perera, 
1993; Groopman & Kensler, 1999) and consider-
able effort will be required for the validation of cur-
rent and future biomarkers of potential use in 
chemoprevention studies. This overview seeks to 
highlight the types of approach that are being used 
in the development and application of such bio-
markers that, in turn, reflect different components 
of the multistage, multifactorial process of car-
cinogenesis. Of particular importance is the recog-
nition of the concept that the utility of biomarkers 
in prevention studies is not dichotomous (i.e., 
good or bad), but rather continuous, with some  

markers more informative than others, depending 
upon how they are used. Figure 1 provides a con-
ceptual basis for the application of biomarkers in 
preventive interventions. 

Criteria for useful biomarkers 
Not all biomarkers are suitable for all purposes. 
Some will be helpful in selecting study cohorts, 
others will find use in assessing participant com-
pliance, and others can be applied to determining 
agent efficacy in prevention trials. There are a 
number of analytical and biological criteria that 
define the utility of any given biomarker for 
chemoprevention studies (Schatzkin et al., 1990; 
Kelloff et al., 2000). 

The development of most biomarkers being 
considered for application to chernoprevention 
trials is driven by improvements in analytical 
methods. Our abilities to measure ever-smaller 
amounts of molecules in a complex biological 
milieu provide ever-greater insight into the key 
pathways of the carcinogenic process and the 
potential modulating effects of chemopreventive 
agents, These molecules can be environmental 
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carcinogens, oligonucleotide sequences or 
expressed proteins. Simplicity and cost are impor-
tant parameters. Complex laboratory-based assays 
of limited throughput may not be suitable for 
clinic- or field-based interventions where thou-
sands of samples may be collected for analysis. 
Moreover, the biomarker needs to be obtained by 
non-invasive or minimally invasive procedures. 

Regardless of intended application, there are 
fundamental analytical issues that need to be 
addressed for all biomarker assays. They include 
reliability, precision, accuracy and validity. Table 1 
provides a description of each of these essential 
characteristics and indicates how they are mea-
sured. 

Combination of the characteristics defined in 
Table 1 gives a full description of the properties of 
a given biomarker. A fully reliable (S 2  = O), totally 
precise (S2  = O) and accurate (m - i = O) biomarker 
is the desired goal, but this is extremely difficult to 
attain and almost never happens. It is also unusual 
to have a fully reliable and totally precise yet inac-
curate (rn - #- O) biomarker, but this could be the 
case with a superb laboratory technique measuring 
the wrong analyte. From epidemiological and 
intervention points of view, the ideal biomarker 
will be fully reliable, reasonably precise (S2  > O but 
not too large), and accurate. In practice, most pop-
ulation-based studies use biomarkers that are mod-
erately reliable (S2  > O, but not large) and moder-
ately precise (52 > O but not large), and accurate 
(rn —p.=O). 

Most reports document the reliability and 
precision of the biomarker measurements, but do 
not directly incorporate them into inferential sum-
maries. Efforts should be made to integrate all 
aspects of the biomarker in inferences regarding 
their response to exposures and/or interventions. 
Another analytical issue that is important is tracking. 
In the context of a longitudinal study, if exposure 
is constant over time, the longitudinal measure-
ments of a biomarker could be viewed as the x 
replicates in the experimental setting outlined in 
Table 1, so that p represents the tracking correla-
tion. The degree of tracking of the biomarker will 
influence the needed frequency for repetitive 
sampling. 

Of the three characteristics above, accuracy is 
the primordial one. In general, accuracy imparts 
validity to the biomarker, but inaccuracy does not  

preclude validity. As a matter of fact, in the context 
of chemoprevention trials, where the objective is 
to quantify the effect of an intervention on disease 
risk via modulation of one or more biomarkers, it 
is validity that is the most important feature of a 
biomarker. In the situation where the biomarker is 
inaccurate (m - t # O, that is, biased), the hope is 
for the biases to operate in the same direction in 
both control and intervention groups, so that the 
validity of the study is preserved. 

When the primary objective is to use a bio-
marker as the study end-point to monitor efficacy 
of the intervention, two biological features are also 
essential. The first feature is the degree of associa-
tion between a risk biomarker and disease outcome 
- cancer. In general, the higher the association, 
the more useful the biomarker to chemopreven-
tion trials. The second biological feature is that 
intermediate end-point biomarkers must be 
modulated by interventions in predictable, dose-
dependent ways. These are necessary conditions 
for a biomarker to be a surrogate marker. Surrogacy 
is discussed in detail later in this chapter. 

Biomarkers as measures of exposure: dose to 
humans 
Humans are exposed to chemical, physical or bio-
logical carcinogens through contaminated air, 
water, soil, food or biological specimens (blood, 
semen, saliva). Thus, a person's exposure is the 
result of proximity to the agent superimposed 
upon many modifying factors. A biomarker of 
exposure may be the parent chemical itself, as 
exemplified by heavy metals. Frequently, however, 
it is a metabolic product of the agent formed in the 
body that serves as a marker of exposure and pro-
vides an internal dose measure. Carcinogen - DNA 
and carcinogen—protein adducts are also markers 
of exposure and are often referred to as measures of 
biologically effective' dose. Ideally, biomarkers of 
exposure should indicate the presence and magni-
tude of previous exposure to an environmental 
carcinogen. In the absence of a biomarker, assess-
ment of exposure typically requires measurement 
of toxicant levels in the environment and charac-
terization of the individual's presence in, and 
interaction with, that environment. The use of 
ambient measurements to determine exposure 
status of individuals is complicated because most 
etiological agents are not evenly distributed in the 
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environment. Thus, the requirements for develop-
ment of practical biomarkers of exposure must 
include an ability to integrate various routes and 
fluctuating exposures over time, to relate time of 
exposure to dose and to examine mechanisms in 
important biological targets (Mufloz, 1993). In 
turn, use of such accurate biomarkers of exposure 
will limit misclassification, which is often the 
major source of error in environmental epidemiol-
ogy (Hulka, 1991). Proper identification of indi-
viduals at risk for exposure to cancer-causing 
agents offers strong potential for enriching the 
selection of study cohorts (and correspondingly 
reducing sample size requirements) for chemopre-
vention trials. 

Urinary metabolites 
In the early 1800s, Wohler and his colleagues 
recognized that urine was a vehicle for the elimi-
nation of metabolites of xenobiotics, when they 
identified hippuric acid following dosing with 
benzoic acid (Young, 1977). Now, both oxidation 
and conjugation products of a multitude of drugs 

and environmental toxicants, including many 
carcinogens, have been identified and quantified 
in the urine of humans. Such measurements have 
become analytical staples for molecular epidemi-
ologists seeking to identify causal linkages between 
carcinogen exposure and disease (Shuker et al., 
1993). Examples of such metabolites include mer-
capturic acids derived from glutathione conjuga-
tion of several carcinogens (De Rooij et al., 1998) 
including aflatoxin (Wang et al., 1999), benzene 
(Boogaard & van Sittert, 1995) and 1,3-butadiene 
(Hayes et al., 2000); giucuronide and sulfate esters 
of heterocyclic amines such as 2-amino-i-methyl-
6-phenylimidazo[4,5-bpyridine (PhIP) (Lang et al., 
1999); 1-hydroxypyrene in workers exposed to 
polycyclic aromatic hydrocarbons (Bouchard & 
Viau, 1999); and oxidation products and 
glucuronides of 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanone (NNK) in smokers (Hecht, 
1997). These metabolites are obviously strong 
markers of exposure and in some instances have 
served as intermediate biomarkers in chemopre-
vention trials. 
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Hecht et al. (1995) have analysed the effects of 
consuming watercress, which is a rich source of 
phenethyl isothiocyanate (PEITC), on the metabo-
lism of tobacco-specific carcinogens in smokers. 
They observed that watercress consumption 
increased urinary levels of two metabolites of NINK: 
4-(methylnitrosamino) -1 -(3 -pyridyl)- 1 -butanol 
(NNAL) and its glucuronide, NNAL-Gluc. This 
increase was attributed to either inhibition of 
cytochrome P450 or induction of glucuronidation. 
Watercress consumption also affected nicotine 
metabolism in these individuals, with an elevation 
in levels of glucuronide of nicotine in urine sam-
ples collected during the intervention and levels 
returning to baseline after the watercress con-
sumption period (Hecht et al., 1999). Likewise, in 
a large, double-blinded,placebo-con trolled  trial of 
oltipraz conducted in the People's Republic of 
China, urinary markers were used to demonstrate 
pharmaco dynamic action by the intervention 
agent. Measurements of phase I (aflatoxin M1) and 
phase II (aflatoxin-mercapturic acid) metabolites 
were used to demonstrate that oltipraz inhibited 
oxidation and enhanced conjugation of aflatoxin 
relative to placebo (Wang et al., 1999). Reductions 
in levels of circulating aflatoxin—protein adducts 
were also seen in participants receiving oltipraz 
(Kensler et al., 1998). 

DNA and protein adducts 
While early-stage measurements provide unequi-
vocal identification of chemical exposures, they do 
not provide evidence that toxicological damage 
has occurred. Measurements of carcinogen—DNA 
and carcinogen—protein adducts are of interest 
because they provide molecular, mechanism-based 
bridges between carcinogen exposures and disease 
end-points. These adducts are direct products of 
damage to critical macromolecular targets and 
reflect an integration of the toxicokinetic factors of 
absorption, distribution and metabolism. How-
ever, these toxicokinetic factors are not constant 
and can vary as a function of dose and duration of 
exposure. Replication of carcinogen-modified DNA 
is thought to result in the fixation of mutations 
that serve as initiating agents in transformation 
and, thus, formation of such adducts is assumed to 
be on the causal pathway. However, since the pat-
tern and level of these adducts can also be pro-
foundly influenced by repair processes of differing 

efficiency and fidelity, the usefulness of measure-
ments of DNA adduct concentration to predict 
cancer incidence quantitatively remains unclear 
(Gaylor et al., 1992). Indeed, several estimates of 
the overall contributions of carcinogen adducts to 
cancer risk, using animal models in which exposure 
can be carefully controlled, indicate that the attri-
butable risk for these types of marker may be less 
than 10% (Travis et al., 1996; Kensler et al., 1997). 

Given the complex interactive nature of the car-
cinogenic process, it is unreasonable to expect that 
a single, early marker can fully predict risk of 
cancer outcomes. Clearly, production of genetic 
damage by carcinogens is flot a sine qua non for 
cancer. Nonetheless, like the metabolite markers 
for internal dose, the adduct biomarkers effectively 
delineate exposures and serve as modulatable end-
points for judging the efficacy of certain classes of 
chemopreventive agents, notably those that 
protect cells by altering the metabolism and 
disposition of the reactive intermediates leading to 
DNA damage (Kensler, 1997). Indeed, modulation 
of carcinogen adduct levels has been used for a 
considerable period of time as a short-term end-
point for the initial evaluation of chemopreven-
tive agents in vivo (Kensler et al., 1985). In general, 
the population-based predictive value is quite 
good. However, in some instances, especially when 
complex tumour induction regimens are used 
involving tumour initiators and promoters, corre-
lations between adduct levels and ultimate tumour 
yields can be poor, or more perversely, negative 
(Flartig et al., 2000). In the one case where levels of 
adducts were assessed for their predictive value of 
individual risk for developing cancer, no value was 
observed, despite the fact that a strong correlation 
was observed in the same experiment between 
adduct burden and treatment group risks for hepa-
tocarcinogenesis (Kensler et al., 1997). Once the 
individual animal was identified by treatment 
group assignment, the adduct biomarker provided 
no further information about cancer risk. 

A variety of analytical methods are now avail-
able for detecting and quantifying covalent 
adducts formed between DNA and proteins and 
genotoxic chemicals. Methods for DNA adduct 
analysis include immunoassay, 32P-postlabelling 
and physicochemical procedures based on such 
properties as fluorescence or involving mass 
spectrometry and electrochemical analysis. Protein 
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adducts in haemoglobin and serum albumin can 
be analysed by physicochemical methods, 
principally gas chromatography/mass spectrome-
try, or by immunoassay. Collectively, methods are 
now available for the detection of DNA and/or pro-
tein adducts of many of the major classes of chem-
ical carcinogens (Kaderlik et al., 1992; Shuker & 
Farmer, 1992; Strickland et al., 1993). These tech-
niques have been used to measure composite and 
specific DNA adducts in cellular DNA isolated from 
peripheral lymphocytes, and from bladder and 
colonic tissues, as well as DNA adducts excreted in 
urine. Many of these methods are of sufficient sen-
sitivity and specificity to detect ambient levels of 
exposure and are being applied to studies of 
tobacco use (polycyclic aromatic hydrocarbons, 
aromatic amines, tobacco-specific nitrosamines; 
dietary exposures (aflatoxins, N-nitrosamines, het-
erocyclic amines); medicinal exposures (cisplatin, 
alkylating agents, 8-methoxypsoralen, ultraviolet 
photoproducts); occupational exposures (aromatic 
amines, polycyclic aromatic hydrocarbons, 1,3-
butadiene, oxides of styrene and ethylene, vinyl 
chloride); and oxidative damage (8-oxoguanine, 
thymine glycol, malondialdehyde) (Kensler et al., 
1996; Halliwell, 1998; Singer & Bartsch, 1999). 

There are a few instances where adducts have 
been used as biomarkers in human intervention 
studies. Excretion of 8-oxodeoxyguanosine is asso-
ciated with age, metabolic rate, caloric intake and 
antioxidant content of the diet (Fraga et aL, 1990; 
Simic, 1994). Simic & Bergtold (1991) investigated 
the effects of manipulation of the human diet on 
levels of urinary markers of DNA base damage, 
namely, thymidine glycol and 8-oxodeoxyguano-
sine. Excretion of biomarkers of oxidative DNA 
damage was suppressed when dietary composition 
was maintained but caloric intake was decreased. 
At isocaloric dietary intake, the level of damage 
depended upon diet composition. For diets 
containing carbohydrates, proteins and fats but 
lacking fruits and vegetables, the level of damage 
was higher than for diets including fruits and 
vegetables, which are rich in natural antioxidants. 
Feeding Brussels sprouts to healthy, nonsmoking 
volunteers also led to a small (28%) but statistically 
significant reduction in urinary excretion of 8-oxo-
deoxyguanosine (Verhagen et al., 1995). Similarly, 
consumption of tomatoes was sufficient to alter  

levels of oxidative DNA base damage in white cells 
within 24h (Rehman etal., 1999). Clearly, levels of 
these biomarkers can be modulated in humans, 
making them attractive candidates for assessing 
the efficacy of antioxidant-based chemopreven-
lion interventions. Dyke et al. (1994) have exam-
ined the effect of oral vitamin C supplementation 
on gastric mucosal DNA damage, as measured by 
32P-postlabelling in 43 patients. Gastric mucosal 
DNA damage was decreased in 28 of the patients 
after vitamin C supplementation (p = 0,01). Wallin 
et al. (1995) investigated the effect of phenobarbi-
tal (a phase I and It enzyme inducer) treatment of 
epileptic patients on levels of aromatic 
amine—haemoglobin adducts as a function of 
tobacco consumption. In comparison with 
patients receiving other anticonvulsants, a signifi-
cant depression in adduct bioinarker levels was 
observed with phenobarbital treatment. 

Biomarkers as intermediate measures of 
disease early detection and prognostic markers 
The historical precursors to biomarkers in cancer 
research arose from the quest to discover cancer at 
an early and treatable stage. Numerous such 
'tumour markers' are used currently to diagnose or 
confirm diagnosis for specific cancer types. 
Examples include carcinoembryonic antigen (CEA) 
for tumours at several sites, prostate-specific anti-
gen (PSA) for carcinoma of the prostate, 5-
hydroxy-indoleacetic acid in the urine for card-
noid tumours, cr-fetoprotein for liver cancer and 
germ-cell tumours, and thyrocalcitonin for 
medullary carcinoma of the thyroid (Keefe & 
Meyskens, 2000). As reviewed by Schulte & Perera 
(1993), the history of tumour marker research, par-
ticularly in the areas of cancer cytology and cyto-
genetics, also provides examples of past attempts 
to validate markers and bring them into screening 
programmes. The use of Papanicolaou cytology as 
a marker of preclinical cervical cancer demon-
strates how a good marker can lead to effective 
intervention, yet 27 years lapsed between the 
development and adoption of the Pap test 
(Greenwald et al., 1990). In addition to the search 
for early detection markers, prognostic and predic-
tive markers have been developed. These markers 
help guide decision-making about therapeutic 
options and opportunities. 
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Somatic mutations and genomic instability 
Carcinogenesis is driven by an accumulation of 
genetic changes. These changes occur over time 
and lead to the evolution of extended clonai foci of 
neoplastic cells. A variety of detection methods 
have been developed to detect the presence of neo-
plastic cells in accessible samples of body fluids 
and tissues. Mutations are among the earliest 
lesions to occur following assault of the genome 
by endogenous or exogenous carcinogens. 

Mutations can be detected in easily obtained 
cell types in reporter genes, whose modification is 
unrelated to the causal development of cancer, but 
which reflect exposures to carcinogens. The detec-
tion of mutations in the HPRT gene is currently the 
most extensively employed assay for detecting 
somatic mutations in human genes in vivo. HPRT 
mutations are examined in lymphocytes, and the 
standard assay involves T-lymphocyte cloning for 
phenotypic selection of 6-thioguanine-resistant 
mutant cells (Tates et al., 1991). The location and 
type of mutations in a specific sequence of 
nucleotides defines the mutational spectrum and 
have been analysed in the HPRT locus of lympho-
cytes from humans exposed to a variety of geno-
toxins (Cole & Skopek, 1994), Another in vivo assay 
for the detection of somatic mutations is the gly-
cophorin A assay. This assay is based on the auto-
somal glycophorin A locus that encodes the cell 
surface sialoglycoprotein expressed in the erythro-
cytic lineage and responsible for the M,N blood 
group (Grant & Bigbee, 1993). Most of the variants 
are derived from mutations in bone marrow stem 
cells and are, therefore, permanent, delineating 
lifetime exposures to mutagens and accumulated 
mutations. While rapid, facile and inexpensive, 
the assay is suitable for only one half of the human 
population, the MIN heterozygotes. 

Significant attention has been focused in recent 
years on target genes for somatic mutations, onco-
genes and tumour-suppressor genes. Such genes 
have been classified as gatekeeper and caretaker 
genes in terms of their control of net cellular pro-
liferation or maintenance of genomic integrity, 
respectively (Kinzler & Vogeistein, 1997). The most 
prominent example of a gatekeeper is the APC 
gene in colorectal cancer. Alterations in APC lead 
to derangements of cellular proliferation pathways 
and mutation of APC is thought to be an early 
event in the process of colon carcinogenesis. Other  

gatekeeper genes frequently subject to mutation, 
such as K-ms and p53, appear to play important 
roles in later stages of carcinogenesis. The p53 gene 
is well suited for mutational spectrum analyses for 
several reasons. First, it is commonly mutated in 
many human cancers. Second, the p53 gene is 
small, permitting study of the entire coding region. 
Third, the point mutations that alter p53 function 
are distributed over a large region of the molecule, 
allowing extensive inferences of the mechanism of 
DNA damage involved (Hussain & Harris, 1998). 
While tumour-specific p53 mutations have been 
identified in several human cancers, identification 
of individuals harbouring such mutations has been 
problematic. However DNA can be isolated from 
the plasma (or serum) of patients with cancer and 
this plasma carries the same genetic mutations as 
DNA in the tumour (Nawroz et al., 1996). Kirk et al. 
(2000) have analysed for a selective arginine-to-
serine substitution in codon 249 of p53 in DNA 
isolated from plasma. This codon is a hotspot for 
mutation in hepatocellular carcinoma occurring in 
populations that are exposed to aflatoxins and 
have a high prevalence of infection with hepatitis 
B virus (Hollstein, 1991). The 249-Ser mutation in 
p53 was detected in DNA isolated from plasma by 
restriction endonuclease digestion of polymerase 
chain reaction products from exon 7 of the gene. 
Its presence is strongly associated with hepatocel-
lular carcinoma in patients from The Gambia, a 
high-risk region, but not in patients with liver 
cancer from Europe. Such approaches allow earlier 
detection of liver cancer and provide possible 
intermediate end-points for assessing the impact 
of intervention programmes such as hepatitis B 
vaccination and chemoprevention. Mutations in 
gatekeeper genes can also be assessed in other set-
tings such as ras gene mutations in stool (Sidransky 
et al., 1992) and p53 mutations in exfoliated blad-
der epithelial cells isolated from urine (Sidransky et 
al., 1991). An exciting recent development is the 
measurement of mitochondrial DNA mutants in 
tumours and body fluids (Fuss et al., 2000). By 
virtue of their clonai nature and high copy 
number, mitochondrial mutations may provide 
particularly sensitive markers for noninvasive 
detection of early neoplastic lesions. 

It now appears that 4-10 events are necessary 
for the development of sporadic solid tumours 
(Fearon & Vogeistein, 1990); however, the normal 
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baseline rate of mutation within a cell is insuffi-
cient to account for the required number of events 
(Loeb, 1998). Early inactivation of genes that 
maintain genomic stability (caretaker genes) could 
result in a mutator phenotype that would signifi-
cantly destabilize the genome, increase the mutation 
rate and lead to tumour progression. Such genomic 
instability, reflecting the propensity and suscepti-
bility of the genome to acquire multiple alter-
ations, is believed to be the driving force behind 
multistage carcinogenesis. Genomic instability is 
manifest in several forms: aneuploidy, microsatellite 
instability and intrachromosomal instability. 
Probably the best characterized form of instability 
is microsatellite instability. It involves the inser-
tion or deletion of one or two base pairs in simple 
repeat sequences (Perucho, 1996) and can result 
from inherited or somatic defects in DNA mis-
match repair genes (e.g., hMSH2 and hMLH1). 
Diagnostic assays have been developed for 
microsatellite instability in body fluids. Squamous 
cell carcinoma of the aerodigestive tract and bladder 
cancer can be detected through microsatellite 
analysis of saliva and urine, respectively (Mao et 
al., 1996; Steiner eta?., 1997; Spafford et al., 1998). 
Renal cancers can also be detected by molecular 
urinalysis (Eisenberger et al., 1999), while early-
stage lung cancer has been detected in tumour 
DNA isolated through bronchoalveolar lavage 
(Ahrendt eta?., 1999; Field eta?., 1999) and sputum 
(Mao et al., 1994). Moreover, collateral microsatel-
lite analysis of serum samples in some of these 
studies reveals evidence of circulating tumour DNA 
and may portend poorer prognosis. Nipple aspi-
rates provide avenues for cytological and molecu-
lar analyses in breast cancer prevention trials 
(Fabian et al., 1997). FISH assays are also available 
to diagnose and monitor the treatment of field 
cancerization, i.e., of diffuse genomic instability, 
even before the onset of intraepithelial neoplasia 
in patients with proven high risk of cancer (e.g., 
previous surgery for head and neck cancer). 
Resection, therapy and/or prophylaxis may all be 
appropriate in individuals manifesting markers of 
genomic instability. 

Aberrant gene expression 
Altered patterns of DNA methylation are among 
the earliest molecular changes to occur in the evo-
lution of neoplastic cells. In particular, aberrant 

methylation of CpG dinucleotides that are clus-
tered in the 5 flanking and first exonic regions of 
many genes (CpG islands) appear to occur very 
early in tumour progression for several tumour 
types and could alter chromatin structure and/or 
play a role in the loss of tumour-suppressor or dif-
ferentiation gene functions. Indeed, aberrant 
hypermethylation of CpG islands has been impli-
cated in the transcriptional inactivation of many 
genes including those for Rb, piS, p16, p73, VHL, 
E-cadherin, TIMP3, glutathione S-transf erase (GST) 
Pi, MLH1, BRCA1, estrogen receptor u, proges-
terone receptor, retinoic acid receptor P and andro-
gen receptor. A critical finding is that aberrant 
promoter methylation is seldom seen in normal 
tissues except for imprinted genes and genes on 
the inactive X chromosome. In addition, hyper-
methylation changes are fairly constant among 
tumours and occur within the same regions, that is 
the promoter region of the target genes. Also, these 
changes can be assessed in a relatively stable 
molecule, DNA. PCR-based strategies to assess DNA 
promoter hypermethylation now exist, providing 
a sensitive method for detection using minute 
amounts of biological samples. All these features 
make detection of promoter region hypermethyla-
tion an attractive marker for detection of tumour 
cells (Laird & Jaenisch, 1996). 

The potential clinical utility of this approach 
has been demonstrated by several pilot studies. For 
example, in non-small-cell lung cancer, hyperme-
thylation of p16 was detectable in bronchoalveolar 
lavage samples from patients with lung cancer 
whose turnouts also had methylation of p16, but 
not from those collected from patients whose 
turnouts did not show this change (Ahrendt et al., 
1999). Further, evidence of p16 methylation has 
been detected in sputum from patients with lung 
cancer or those at high risk for lung cancer devel-
opment (l3elinsky et al., 1998). A similar analysis of 
p16 hypermethylation in patients with hepatocel-
lular carcinoma showed p16 methylation in 16/22 
liver cancers and similar changes were detected in 
the plasma or serum of 13 of the 16 cases (Wong et 
al., 1999). These studies have now been extended 
to include panels of methylated genes. A prototype 
analysis examined gene methylation patterns in 
normal lung, lung cancer and serum from non-
small-cell lung cancer patients at the time of 
surgery. Overall, 15 of 22 tumours showed methy- 

34 



Biomarkers and surrogacy: relevance to chemoprevention 

lation of one or more of four genes in the tumour 
and the same alteration was found in the serum of 
11 of these 15 patients (Esteller etal., 1999). Similar 
approaches have been successfully applied to the 
study of patients with head and neck cancer. 

Recent technological advances potentially pro-
vide powerful tools for direct analysis of the 
expression of multiple genes simultaneously in 
normal and abnormal tissues. These include open 
systems such as SAGE and closed systems such as 
microarrays and oligonucleotide chips. This field is 
currently in its infancy and initial studies are 
focused upon molecular classification of estab-
lished tumours as a proof of principle. For example, 
a preliminary application of a microarray strategy 
to molecular classification of leukaemias has been 
described (Golub etal., 1999). Along-range goal of 
this type of approach could be to predict clinical 
outcome in both the treatment and prevention set-
tings. In the shorter term, microarray analyses can 
provide mechanistic readouts on the pharmacody-
namic actions of chemopreventive agents. 

Intraepithelial neoplasia 
Intraepithelial neoplasia (lEN) is a precancerous 
lesion directly on the causal pathway to cancer and 
has traditionally been detected by histopathologi-
cal methods. Two basic processes underlie the 
onset and development of lEN (Boone etal., 1997). 
The first is genomic instability, the second is 
development within an epithelium having 
genomic instability of multicentric neoplastic 
lesions that independently progress through each 
of the following processes at an accelerating rate: 
clonal evolution, hyperproliferation, production 
of genomic structural variants, and apoptosis. lEN 
is the most common intermediate end-point 
currently applied in chemoprevention trials. It is 
used both in selection of study cohorts and as an 
end-point to assess efficacy. For the latter purpose, 
regression and prevention of recurrence of lEN are 
assessed. A wide range of lEN have been used for 
cohort selection for chemoprevention trials, 
including ductal carcinoma in situ (DCIS) and 
lobular carcinoma in situ (LCIS) for breast cancer; 
prostatic intraepithelial neoplasia (PIN); cervical 
intraepithelial neoplasia (CIN); adenomatous 
polyps for colon cancer; and dysplastic lesions of 
the stomach. Detailed discussions of the use of lEN 
in defining study cohorts and as outcome mea- 

sures can be found in other chapters in this volume 
and in several reviews (Boone et al., 1997; Keefe & 
Meyskens, 2000). Because lEN are at-risk foci of 
neoplastic cells, they are fertile regions for applica-
tions of molecular laboratory medicine that allow 
measurement of genomic instability and altered 
gene expression. Highly quantitative methods for 
assessing altered cell morphometry have also been 
developed. Quantitative computer-assisted image 
analysis systems can be used to measure features of 
nuclear morphometry such as increased size, 
altered shape, pleomorphism, altered chromatin 
texture, DNA ploidy and proliferative index, and 
are beginning to be applied to measure potential 
effects of antiproliferative agents in chemopreven-
tion trials (Bacus etal., 1999). 

Biomarkers as measures of susceptibility 
Epidemiological and human genetic studies have 
identified different types of at-risk individuals 
within populations (Harris, 1989). These interindi-
vidual differences in susceptibility to carcinogene-
sis or other diseases may be either acquired or 
inherited. Some individuals have heavy exposure 
to environmental carcinogens, while others are 
carriers of cancer-predisposing germline mutations 
in genes that, because of high penetrance, confer a 
very high risk for development of cancer (Dove, 
2000). There is also another group of predisposing 
polymorphic, low-penetrance genes that more 
modestly increase the risk for cancer in individuals 
exposed to carcinogens. These genes can be 
involved in carcinogen metabolism, DNA repair, 
intracellular signalling (receptors) and immuno-
surveillance. The proportion of cancers attri-
butable to such generic traits may be high, because 
the frequency of these risk-modifying alleles is 
high in the overall population. In addition, there 
may be strong interactions between low-
penetrance genes, that in the aggregate confer 
considerable risk for an individual to develop can-
cer (Hussain & Harris, 1998). 

Low-penetrance susceptibility genes 
Many enzymes are involved in the oxidative 
metabolism and conjugation of carcinogens in 
humans. Some of the genes that control expression 
of these enzymes are polymorphic and are not 
expressed in significant percentages of a popula-
tion. Even for genes that are monomorphic, there 
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can be huge variations in levels of expression and 
subsequent enzymatic activity. Thus, both intrinsic 
(e.g., genetic) and extra constitutional factors (e.g., 
diet, hormonal status, occupation) can strongly 
influence the expression of xenobiotic (and endo-
biotic) metabolizing enzymes. The molecular basis 
for the genetic factors leading to variations in 
activity includes: nucleotide variations in the cod-
ing region of the gene (altered substrate binding or 
turnover rates); deletions in the coding region 
(inactive enzyme); polymorphisms in the regula-
tory regions of genes (altered basal or inducible 
expression); variations in polyadenylation signals 
(altered transcript half-life and enzyme levels); and 
gene amplification (increased enzyme levels) 
(Bartsch et al., 2000). The difficult task lies in iden-
tifying individuals who harbour altered capacities 
for carcinogen metabolism evoked by these mech-
anisms. Function-based assays such as phenotyp-
ing by metabolite analyses of endogenous or 
exogenous substrates can be informative, but often 
are analytically laborious. Moreover, metabolic 
phenotyping is easily affected by confounders such 
as food or drug intake before testing, which do not 
affect genotyping assays (Barrett et cl., 1997). High-
throughput gene analysis by DNA microarray tech-
niques offers prospects for rapid identification of 
new mutations, while polymerase chain reaction 
(PCR) and restriction fragment length polymor-
phism (RFLP) methods provide easy approaches for 
characterization of known polymorphisms. 
However, in these instances, the analytical ease of 
measurement often outstrips the ability to appre-
ciate the functional significance of these gene vari-
ants in humans. Measurements in the absence of 
understanding of the contributions of specific 
genetic variations to susceptibility modification 
are not likely to lead to improvements in the 
design, conduct and interpretation of chemopre-
ventive interventions. 

Genetic polymorphism is probably the single 
most important determinant of enzyme multiplic-
ity in man and considerable inter-individual vari-
ation in drug oxidation and conjugation has been 
long recognized. Polymorphism refers to a mono-
genic variation that occurs with at least two phe-
notypes with sufficient frequency (>1%) to cause 
population differences. Polymorphisms in many, 
but not all, phase I (cytochrome P450 (CYP)) and 
phase II (conjugating) enzymes have been  

described. Variations in some CYP genes have been 
associated with increased risk for cancers of the 
lung, oesophagus, and head and neck in smokers 
(Bartsch et cl,, 2000; Nair & Bartsch, this volume). 
Polymorphisms in other CYP genes elevate risk for 
breast cancer, presumably through effects on estro-
gen metabolism (Feigelson et al., 1998). Polymor-
phisms in phase II enzymes can also influence can-
cer risk. In some instances, these enzymes con-
tribute to the metabolic activation of procarcino-
gens, while in others, their role is in detoxication 
of reactive intermediates. As examples of this latter 
case, risk for smoking-related cancers can increase 
in individuals deficient in GSTM1 (Houlston, 
1999; Bartsch et al., 2000). In a more complicated 
scenario, polymorphisms in N-acetyltransferase 
appear to do both. The rapid acetylator phenotype 
for acetylation of aromatic and heterocyclic amine 
carcinogens is associated with increased risk for 
colon cancer and the slow-metabolizer phenotype 
with increased risk for urinary bladder cancer 
(Lang, 1997). Thus, the use of this biomarker as a 
predictor of individual risk will be dependent upon 
the context for its use. Moreover, gene—gene inter-
actions between polymorphic phase I and II genes 
have been observed (Bartsch et al., 2000). Fittingly, 
the manifestation of the contributions of these sus-
ceptibility genes is driven by levels of exposure to 
carcinogenic substances (Hietanen et al., 1997). 
Thus, gene (n)_gene—environment interactions 
are the true mediators of risk modification. 
Metabolic susceptibility genes in the absence of 
exposure are of little consequence. Development 
of study cohorts for chemoprevention in this con-
text requires monitoring of biomarkers for both 
susceptibility and exposure. 

DNA repair capacity represents another impor-
tant susceptibility factor. Patients with the rare, 
cancer-prone inherited disorder xeroderma pig-
mento sum experience a greater than 1000-fold 
excess frequency of sunlight-related skin cancers 
(Kraemer & 51m, 1985). Laboratory studies indicate 
that cells from such patients are defective in repair-
ing DNA damage induced by ultraviolet radiation 
and chemical carcinogens. Although less pro-
nounced, variations in DNA repair capacity have 
been observed in the general population and may 
be important susceptibility determinants 
(Grossman & Wei, 1994). Several assays, notably 
host-cell reactivation for measuring cellular DNA 
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repair capacity and an in vitro mutagen sensitivity 
assay, have been developed for application in pop-
ulation-based studies. Correlations between these 
assays have also been established (Wei et al., 1996). 
Case—control studies indicate that diminished 
DNA repair capacity is a risk factor for upper 
aerodigestive-tract cancers, including lung cancer 
(Spitz et al., 1996) and basal cell carcinoma of the 
skin (Grossman, 1997). 

In recent years, several genes involved in the 
repair of mispaired nucleotides (mismatch repair) 
have been characterized (Bronner et aL, 1994). 
Mutations in these genes are particularly linked to 
an elevated risk of colon cancer. The mutations 
occur as heterozygotes and tumours are induced as 
a result of the loss of wild-type allele. It has been 
estimated that such mutations are carried by 1 in 
200 people, thus constituting one of the most 
prevalent human disorder mutations (Barrett et al., 
1997). While mutations in DNA repair genes can 
result in loss of DNA repair protein, DNA 
polymorphisms may alter the structure of the DNA 
repair enzyme and modulate catalytic activity and 
efficiency. A recent study evaluated the effects of 
polymorphisms in the repair enzyme XRCCI 
(X-ray repair cross-complementing 1) in two popu-
lations by measuring levels of aflatoxin B1—DNA 
adducts in placenta of Taiwanese maternity 
subjects and somatic glycophonn A variants in 
erythrocytes from smokers and nonsmokers. In 
both groups, a Arg399Gln amino acid change 
appeared to alter the phenotype of the protein, 
resulting in lowered DNA repair capacity (Lunn et 
al., 1999). 

High-perietranco susceptibility factors 
Penetrance is 100% when every individual who 
carries the mutated gene develops the disease. In 
the most pronounced cases of familial cancer such 
as retinoblastoma, affected individuals transmit 
cancer predisposition to approximately 50% of 
their offspring (Dove, 2000). In these situations, 
one mutant allele at a single locus is sufficient for 
predisposition of individuals for cancer. The set of 
fully penetrant, dominantly transmitted familial 
cancers is expanding rapidly. In many cases such 
familial syndromes yield neoplasms of distinct his-
tological origin and reflect loss of function in the 
mutated gene. 

DNA repair genes provide several examples of 
loss-of-function familial cancer syndromes. Ataxia 
telangiectasia Bloom's syndrome, xeroderma 
pigmentosum and Fanconi's anaemia lead to 
dramatically increased risk for lymphoma, solid 
tumours, skin cancer and acute myelogenous 
leukaemia, respectively. The aforementioned mis-
match repair defects contribute to colorectal, 
endometrial and gastric carcinoma in patients with 
hereditary nonpolyposis colorectal cancer (HNPCC). 
Only a small proportion of colon tumours can be 
ascribed to members of high-risk families. 
However, the same gene in which germline muta-
tions are found in high-risk families is often found 
to be mutated somatically in sporadic tumours at 
that site. For example, the adenomatous polyposis 
coli gene, APC, is mutated in the germline of famil-
ial adenomatous polyposis (FAP), or somatically in 
HNPCC, and in sporadic colon cancer. Mutations 
in other tumour-suppressor genes can be observed 
in multiple types of human tumours and are 
linked to familial syndromes (e.g., p53 in 
Li—Fraumeni syndrome; BRCA1 and BRCA2 in 
familial breast and ovarian cancer). 

Some of these genetic syndromes may represent 
suitable cohorts for inclusion in chemoprevention 
trials, although for the rarer forms, the need to 
accrue sufficient numbers of participants into trials 
may limit this approach. Although FAP comprises 
only 1% of colon cancer patients, there are some 
notable examples of chemoprevention trials in this 
cohort. FAP patients tend to develop thousands of 
adenomatous polyps, which are evenly distributed 
throughout the colon and rectum by the third 
decade of life. In the absence of surgical treatment, 
affected individuals are at high risk for develop-
ment of colon cancer by the age of 40 years (Erbe, 
1976). Numerous trials have been conducted in 
patients with polyps to prevent polyp recurrence 
using pharmacological (sulindac, celecoxib, 
aspirin, difluoromethylornithine, butyrate) as well 
as nutritional (fibre, calcium) approaches. These 
interventions have targeted the proliferative 
cancer phenotype of the polyps, rather than the 
underlying predisposing genetic defects. Use of a 
pharmacological agent to replace the function of a 
lost or mutated allele is beyond the bounds of 
current chemoprophylaxis, but within the promise 
of molecular medicine. 
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Interactions of susceptibility factors with interventions 
Presence or expression of some of the low-pene-
trance susceptibility genes not only affects risk of 
carcinogenesis following exposure to genotoxins, 
but also can modify the potential efficacy of 
chemopreventive interventions. Many chemo-
preventive agents undergo metabolism, that may 
either activate or inactivate the agent. An interest-
ing example of a gene-intervention interaction 
comes from the major chemopreventive compo-
nents of cruciferous vegetables, isothiocyanates. 
These are potent anticarcinogens that act, in part, 
to induce levels of expression of conjugating 
enzymes, thereby detoxifying electrophilic forms 
of carcinogens. Many isothiocyanates are 
conjugated by GSTs, which facilitate their 
accumulation in cells (Zhang & Talalay, 1998), 
but which may also impede the manifestation of 
their pharmacodynamic actions as enzyme induc-
ers. A case-control study by Lin et al. (1998) 
indicated that intake of broccoli (a cruciferous 
vegetable) was positively associated with reduced 
risk for colorectal adenomas. However, when strat-
ified by GSTM1 genotype, a significant protective 
effect of broccoli was observed only in subjects 
with the GSTM1 -null genotype. In a similar vein, 
analysis of the interaction between dietary 
isothiocyanates (measured in urine) and genetic 
polymorphisms for GSTs in a prospective study 
conducted in Shanghai indicated that isothio-
cyanates seemed to decrease lung cancer risk, 
particularly among persons genetically deficient in 
the GST isoforms GSTM1 and GSTT1 that may 
inactivate these chemopreventive compounds 
(London et al., 2000). We have observed in the 
chemoprevention trial of another inducer of 
carcinogen detoxifying enzymes (oltipraz) that the 
pharmacodynamic action was greatest in individ-
uals who were GSTM1-null. In this instance, 
GSTMI, which is poorly induced by oltipraz, is 
thought to be the primary constitutive catalyst for 
the conjugation of aflatoxin with glutathione 
and likely masks induction of other isoforms of 
GST. However, in GSTM1-null individuals 
receiving oltipraz, the apparent induction of 
GSTA1 was unmasked and led to increased 
excretion of aflatoxinmercapturic acid (Wang et 
al., 1999). Clearly, the influence of pharmaco-
genetics on the actions of chemopreventive agents 
needs full consideration, as in other aspects of 

pharmacology such as chemotherapy (Balis & 
Adamson, 1999). 

Degree of surrogacy: a classification paradigm 
for risk biomarkers 
The first step towards the identification of a good 
early detection/prognostic or 'risk' biomarker is to 
document the prognostic value of the biomarker 
(B) on occurrence or incidence of disease (D). 
Hereafter, we denote this relationship by B-D. 
The data to document this relationship often come 
from observational (cohort) studies which describe 
that natural history of the disease in humans (e.g., 
cholesterol for cardiovascular disease (Dawber, 
1980); human immunodeficiency virus (HIV) load 
for AIDS (Mellors et al., 1997); persistence of 
human papillomavirus (HPV) infection for cervi-
cal cancer (Ahdieh et al., 2000)) and/or from dis-
ease models in animals. The relationship B-*D is a 
prerequisite for a biomarker to have utility in the 
evaluation of efficacy of a chemoprevention agent 
(A). Since the primary objective in short-term trials 
is to use modulation of biomarkers as a measure of 
efficacy, it is also assumed that evidence is avail-
able documenting that the agent modifies the bio-
marker (i.e., A-B). Such demonstrations often 
come from animal models. 

Under the premises that B-D and A-*B, if the 
agent were not to have an effect on disease 
(A ,­,D), this will indicate that the biomarker is use-
less as an evaluator of the lack of effect of the agent 
on disease. Furthermore, an effect on this type of 
biomarker can actually be misleading, as it may 
suggest a spurious efficacy of the agent. Therefore, 
a third criterion is that the agent must have an 
effect on disease occurrence (i.e., A-D). While this 
criterion is often assumed, establishing this rela-
tionship through experimental or clinical studies is 
in fact very difficult. 

Under the abovementioned criteria, a key char-
acteristic of a biomarker is the determination of 
how much of the effect that an intervention has 
on disease is captured by the modification of the 
biomarker during the intervention. This capturing 
of information is the essence of surrogacy. In the 
best case, modulation of the marker by the inter-
vention fully captures its effect on disease outcome 
(full surrogacy). In other words, once the modified 
(by the intervention) level of the biomarker is 
determined, no additional information on the 
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intervention is needed to determine the risk of 
disease. An important feature of these criteria is to 
safeguard against using biomarkers that are 
modified by interventions but have no predictive 
value for effects on disease onset. 

In the 1980s, Prentice (1989) suggested criteria 
to characterize this full surrogacy, such that, given 
(or, in statistical terms, conditional on) the bio-
marker level, there is no residual association 
between the agent and the disease (AADIB). 
Unfortunately, there are not many biomarkers that 
fulfil these stringent criteria. In part, this is because 
often there are other pathways by which an inter-
vention affects disease that lie beyond the effect 
on a biomarker (Schatzkin et al., 1990). Many 
potentially useful biomarkers do not lie directly 
and exclusively on the causal pathway(s) to 
disease. A less stringent classification providing a 
flexible scheme is obtained by quantifying the 
degree of surrogacy of a biomarker on a continuous 
rather than dichotomous scale. In terms of simple 
statistical models, the key comparison is to 
estimate the relative predictive value of the agent 
on disease when the biomarker is included as 
another predictor. Specifically, if the model to 
relate agent to disease is: 

Disease = u + 13Agent 

where 13 quantifies the change in disease due to 
changes in the agent (i.e., 13 measures A-->D), the 
degree of surrogacy can be determined by compar-
ing 0 to 13* in the model 

Disease = cC + 13tAgent + y*.BiomaJker.  

Here, the coefficient 13* quantifies the effect of 
the agent after controlling for the level of the bio-
marker that, in itself, is modified by the agent. 
Freedman etal. (1992) proposed the use of (1343*)/13 

as a measure of the proportion of the effect of an 
agent on disease explained by the biomarker. In 
the more stringent case of the biomarker fully 
capturing the effect of the agent on disease, one 
would expect the proportion explained to be equal 
to 1 (i.e., 13*= 0). The proportion explained is a 
direct measure of the degree of surrogacy. The fur-
ther the proportion explained is from zero, the 
stronger the degree of surrogacy. As was indicated 
above, it is very rare to have the proportion  

explained equal to 1. In turn, the investigator 
could determine whether a 95% confidence 
interval for (13-13")/13 contains one. If so, this result 
would indicate an ideal degree of surrogacy. 
Unfortunately, the standard errors for the ratio 
(13_13*)/13 are typically very large and the inclusion 
of one by the confidence interval is more likely to 
be due to the lack of precision in this estimate. 
The compensatory safeguard is to increase the sam-
ple size of the study to a level that defeats the 
advantages of biomarker studies. Another 
drawback of estimating the proportion explained 
is that it is not restricted to be always between zero 
and one. Biomarker modulation could be bidirec-
tional. Furthermore, the possible residual effects of 
the agent on disease (after controlling for the 
attained biomarker levels) may vary by biomarker 
levels (i.e., interactions between biomarker and 
agent). 

Alternative measures of the degree of surrogacy 
include the ratio of the measures of the effect of 
the agent on disease and the effect of the agent on 
the biomarker (A—D)/(A—B) (Buyse & Molen-
bexghs, 1998). A more epidemiologically based 
measure would be to require that the change in B 
due to A is of a magnitude that will correspond to 
a change in incidence of disease with a strength of 
a relative incidence below a prespecified level (e.g., 
0.80). In other words, if B(A) is the level of the bio-
marker under the effect of the agent and B(not A) 
is the level of the biomarker for the control group, 
one would require that the protective effect of A on 
D be of a magnitude such that D[B(A)]/D[B(not A)] 
is less than 0.8. In this case, the reduction of the 
biomarker by the agent will translate in a reduc-
tion of more than 20% of disease occurrence. The 
more extreme this threshold, the more room there 
is for an outcome in which, even if not all the 
change induced by the agent on B translates into 
change on D, it is likely that the modulation of the 
biomarker does capture a beneficial effect of the 
agent. 

In the context of HIV epidemiology; the level of 
HIV RNA in copies/ml provides an example of a 
biomarker with such a strong prognostic value on 
AIDS that an intervention modifying HIV viral 
level was correctly predicted to have an impact on 
AIDS. Cohort studies documented the strong asso-
ciation between HIV ENA and AIDS (i.e., B—* D), so 
that the relative hazards for AIDS were 1, 2.4, 4.3, 
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7.5 and 12,8 for HIV RNA <500, 500-3000, 
3000-10 000, 10 000-30 000 and >30 000 
copies/ml, respectively (Mellors et al., 1997). In 
parallel, clinical trials showed that the use of a pro-
tease inhibitor-containing combination therapy 
dramatically reduced the levels of HIV RNA to 
undetectable levels (A— B) in a large proportion 
(-2/3) of individuals (Hammer et al., 1997). The 
expectation that modulation of HIV RNA was a 
good surrogate for the effect of protease inhibitor 
containing combination therapy against AIDS has 
been realizéd, and, indeed, therapies have been 
approved and recommended using HIV RNA as the 
end-point in clinical trials. After the introduction 
of these therapies in HIV-infected individuals, 
cohort studies have shown their effectiveness at 
the individual level (Philips et cL, 1999) and at the 
population level (Detels et al., 1998; Muñoz et al., 
2000). 

Classification paradigm for risk biomarkors 
The preceding section has described methods to 
quantify the degree of surrogacy under the 
assumptions that B—*D, A-->B and A-->D. These 
three conditions have been referred to as marginal 
and at-group-level relationships in the statistical 
and epidemiological literature, respectively. While 
these three marginal (at-group-level) relationships 
are necessary, their sufficiency for a biomarkex 
to be a proper evaluator of chemopreventive 
strategies heavily depends on the degree of 
surrogacy. 

To provide a classification paradigm of risk bio-
markers, it is useful to quantify the conditional (at-
individual-level) relationships. Specifically, 
measures should be provided of the conditional 
relationship ofAto D given B ((A—D)IB) and of the 
conditional relationship of B to D given A 
((B—*D)IA). In other words, after knowing the 
attained value of the biomarker, to what extent 
does one need to also know the intervention 
assignment to appropriately describe those who 
developed disease?; and conversely, after knowing 
whether individuals were treated or not, does one 
need to also know the biomarker level to charac-
terize disease incidence? Table 2 provides a classifi-
cation of risk biomarkers according to the exis-
tence of these conditional relationships. The Type 
I biomarkers are those that have prognostic infor-
mation for disease, that are modulated by the 
agent and for which the effect of the agent on dis-
ease is present at all levels of the biomarker, but, 
conditional on the agent, the biomarker levels do 
not predict disease. This type of biomarker, 
although useful for group comparisons and thus of 
some utility for evaluation of chemoprevention tri-
als, does not provide information at the individual 
level about risk modification by the biomarker. The 
Type II biomarkers are those for which both con-
ditional relationships are present. Namely, the 
agent modifies disease at all levels of the biomarker 
and the biomarker predicts disease among those 
receiving the agent as well as those not receiving 
the agent. This is likely to be the case for the major- 

Type 	 Conditionalflndividual 	I 	 t 	Utility 

(A D)IB (B D)IA 

Yes 	No 	 l '0 	 -0 	Aopiopria o for group, bu not for 

iridividual lomparirns 

Il 	 Yes 	Yes 	 0 	 Moderately JSSILJI 'or group arid 

Individual comparisons 

[II 	 No 	Ye-s 	 -0 	 =0 	Full surrogacy; deal situation 
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ity of the biomarkers fulfilling the three necessary 
marginal (at-group-level) relationships. Biomarkers 
in this class have predictive value for at-group and 
at-individual levels and interventions influence 
disease both through the biomarker and through 
other means. The Type III biomarker corresponds 
to full surrogacy, whereby conditional on the bio-
marker, the agent has no residual effect on disease. 
In this case, the conditional relationship of the 
biomarker with disease, given the agent, equates 
to the marginal prognostic values on disease. 

Biomarkers of the Type III or II categories will 
almost certainly derive from late events in the pro-
gression models of human carcinogenesis. 
High-penetrance genetic susceptibility syndromes 
and some forms of lEN are good candidates. 
(The example given above regarding HIV viral load 
and AIDS is certainly applicable here as well.) 
However, these markers by no means define the 
full extent of the population that will actually 
develop cancer. Additional biomarkers will need to 
be identified, developed and validated to capture 
the residual, seemingly low-risk individuals who 
still develop cancer in the absence of chemopre-
vention. Low-penetrance susceptibility genes, 
biomarkers of dose of environmental agents to 
humans, and some of the newer markers for 
genomic instability and altered gene expression are 
potential candidates in this setting. However, 
many of these biomarkers are likely to have 
characteristics of Type I, rendering their utility 
imperfect. 

The limitations of Type I biomarkers are briefly 
highlighted by a study of the value of 
aflatoxin-albumin adducts for predicting the 
chemopreventive efficacy of oltipraz against hepa-
tocellular carcinoma in an animal model. Studies 
in animals and humans have established serum 
aflatoxin-albumin adducts as biomarkers of expo-
sure to aflatoxin B1, a food-borne hepatocarcino-
gen (Wild et al., 1990). To assess the utility of mea-
surements of aflatoxin-albumin adducts in assess-
ing the efficacy of oltipraz for prevention of hepa-
tocellular carcinoma, 82 male F344 rats were dosed 
with 20 ig aflatoxin B1  daily for five weeks after 
randomization into groups given no intervention 
or intervention (500 ppm oltipraz, during weeks 
.4 to 5 relative to aflatoxin B) (Kensler et al., 
1997). In this context, A is oltipraz, B is afla-
toxin-albumin adducts and D is hepatocellular car- 

cinoma. Serial blood samples were collected from 
each animal at weekly intervals throughout the 
period of aflatoxin B1  exposure and were assayed 
for levels of aflatoxin-albumin by radioimmune 
assay. As shown in Figure 2 (panel a), the area 
under the curve (AIJC) values for overall burden of 
aflatoxin-albumin adducts decreased by 39% in 
the oltipraz intervention group compared with no 
intervention (i.e., A-*B). Similarly, total incidence 
of liver cancer dropped from 83% to 48% (p  <0.01) 
in these groups (i.e., A-D) (panel b). Overall, as 
shown in Figure 2 (panel c), a significant associa-
tion (p = 0.01) was seen between biomarker AUC 
and risk of hepatocellular carcinoma (i.e., B--)D). 
However, as shown in Figure 2 (panel d), when the 
predictive value of aflatoxin-albumin adducts was 
assessed within treatment groups, there was no 
association (p = 0.56) between AUG and risk of 
hepatocellular carcinoma (i.e., (B/D)IA but the 
association of A to D remained in categories of the 
biomarker level (A-D)IB). In this case, once the 
intervention assignment was known, knowledge of 
the modulated biomarker level provided no further 
significant information regarding the likelihood of 
developing cancer for each individual animal. 
Thus, aflatoxin-albumin adducts can be useful in 
identifying potential study populations and for 
monitoring population-based changes induced by 
interventions, such as in chemoprevention trials, 
but have, in oltipraz-treated populations, very lim-
ited utility in identifying individuals destined to 
develop hepatocellular carcinoma. Figure 3 graph-
ically depicts the general loci of biomarker types 
according to the at-individual relationships start-
ing from the at-group relationships and highlights 
the positioning of the aflatoxin-albumin adduct 
biomarker as a Type I biomarker. 

Conclusions 
We have outlined and discussed the properties of 
biomarkers and challenges faced for their use in 
evaluating the putative effects of chemopreventive 
agents on disease and health improvement. These 
challenges require carefully conducted studies on 
animals under controlled conditions and studies 
in humans in which comprehensive data on 
agents, biomarkers and disease are collected. On 
top of these challenges, there is the almost univer-
sal situation where the determinants of a disease, 
and therefore, the means for preventing it, are 
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Figure 2. Individual versus group effects of oltipraz on aflatoxin—albumin adduct bio-
markers and risk of hepatocellular carcinoma (HCC) in rats. 

Panel a, mean serum levels of serial aflatoxin–albumin adducts in rats receiving no intervention or 500 ppm dietary 
oltipraz. The solid black bar indicates the period of aflatoxin exposure, whereas the striped bar displays the period of 
oltipraz administration. Panel b, effect of oltipraz intervention on incidence of hepatocollular carcinoma (HCC). Panel c, 
univariate association of biomarker burden (AUC: area under curve) with HCC. Biomarker burden was significantly 
lower in animals that did not develop HCC (p o 0.01). Bars, the median of the respective distributions. Panel d, bivariate 
association of AUC with HCC and intervention group. 

Adapted from Kensler et al., 1997 with permission. 

42 



Biomarkers and surrogacy: relevance to chemoprevention 

Odds ratio for protection by agent 

Figure 3. Theoretical distribution of biomarker 
types for a single agent-disease interaction. 

The biomarker occupies one point on this curve. The abscissa 
corresponds to the value of 13 and the ordinate to the value of 

. The intercept on the abscissa corresponds to the value 3 
capturing the at-group relationship of A--)D. Similarly, the inter-
cept of the ordinate corresponds to the value y capturing the at-
group relationship of B—D. 3 and ycan be thought of as mea-
sures of the protection conveyed by the (A)gent unadjusted by 
the (B)iornarker and of the risk of (D)isease predicted by B 
unadjusted by A, respectively. 3 and y are the corresponding 
measures following adjustment for B and A, respectively. Values 
for JI and ' and for j3*, y are derived from the data-set depicted 
in Figure 2. Lines indicate 95% confidence intervals. From the 
perspective 01 statistical significance, for Type I biomarkers the 
values of J3* are significant while those of y' are not. Conversely, 
foc Type Ill biomarkers, the values of y are significant while 
those of 3*  are not. The middle group, where both 3*  and y may 
not be significant, reflects Type Il biomarkers. 

multifactorial. It is unrealistic to expect that an 
agent affecting only a specific biomarker will have 
a major impact in terms of disease prevention. 
Agents, singly or in combination, that affect 
multiple components in the process of carcino-
genesis are better poised to be effective. Failures of 
chemopreventive agents and apparent discrepancies 
between clinical trials and observational studies 
have more often been due to a lack of a multifac- 

torial approach than to limitations of specific bio-
markers or lack of randomization in observational 
studies. Judicious selection and matching of 
agents, biomarkers and study cohorts is required. 
Use of multiple biomarkers that incrementally and 
collectively enhance surrogacy will be important. 
In this way, individual biomarkers do not have to 
be perfect to be useful in advancing the develop-
ment and evaluation of chemopreventive strategies. 
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ornithine and Bowman-Birk 
inhibitor as chemopreventive agent 
by assessment of relevant biomarke.. 
modulation: some lessons learned 

 Meyskens, Jr 

A major goal in the development of chemopreventive agents has been to develop markers that 
reflect the underlying process of carcinogenesis and which are modulatable by the agent 
under study. An important application of such markers will be to select cohorts that are at ele-
vated risk for cancer development, which should allow use of smaller sample sizes in defini-
tive phase Ill trials as well as shorter duration (and lower cost), without loss of statistical 
power. Susceptibility and surrogate end-point biomarkers are particularly important in this 
respect. Intermediate markers are probably best assessed in terms of proportionate rather 
than relative risk. 

The systematic development of difluoromethylornithine for use in chemoprevention 
against human cancer has involved pilot, phase lia and lib trials using participants with prior 
colonie polyps as the study group. A unique feature of the phase lia study was the use of a 
dose de-escalation design which allowed selection of the lowest effective non-toxic dose of 
difluoromethylornithine. The phase lib trial now in progress is using a combination of sulin-
dac with difluoromethylornithine; the rationale for selection of markers for this study and for 
a randomized phase ill registration trial is discussed. We also review the findings in phase I 
and lia trials of Bowman—Birk inhibitor concentrate, in which patients with measurable oral 
leukoplakia are the study group. 

Surrogate end-point biomarkers and chemopre-
vention: some conceptual thoughts and applied 
observations 
There are several discrete types of measurement 
that should be considered separately during the 
design of chemoprevention trials: susceptibility 
(predispositionihereditable), exposure, intermedi-
ate marker (non-causal and causal), drug-modulat-
able event (related to a carcinogenesis process or 
not) and tumour marker (Meyskens, 1992a,b). 
There has been a tendency among investigators to 
call different types of marker' by the same name. 
The development of a relative risk profile should 
be the first step, rather than the last (as currently 
tends to be done). This strategy has been adopted 

only in the National Surgical Adjuvant Breast and 
Bowel Project breast cancer prevention trial of 
tamoxifen, in which an increased relative risk for 
breast cancer was required for study entry (Fisher et 
al., 1998). Two different major levels of risk should 
be assessed: genetic and epigenetic. Genetic risk 
should be considered in terms of both defined 
molecular abnormalities (e.g., tumour-suppressor 
genes, oncogenes, microsatellite stability, DNA 
repair, metabolic polymorphisms) and familial risk 
by genealogical analysis only. Epigenetic assess-
ment can be broad, but should include considera-
tion of at least the major known risk factors in 
general and those specific for the organ site being 
studied. 
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The development of validated surrogate end-
point biological markers is a difficult task and to 
date no marker for carcinogenesis equivalent to 
cholesterol for atherogenesis-related disease has 
been validated. In assessment of the value of an 
intermediate marker for use in chemoprevention, 
its predictive value as an estimator of cancer risk 
needs to be stated, at least qualitatively. Most 
investigators accept a histologically defined end-
point as a surrogate end-point biomarker with a 
high risk and modulation of such an end-point in 
a favourable manner as being indicative of chemo-
preventive activity. Evidence of alteration in the 
natural history of a preneoplastic lesion such as 
intraepithelial neoplasia, an adenoma or metapla-
sia is probably de (acto sufficient to call an agent 
efficacious. It is much more difficult to relate pre-
histological markers of cancer to risk, and even 
more so, those markers that may be associated or 
correlated with the true marker of risk, and not 
directly on the causal pathway. 

To date, the concept of risk has been designated 
as relative risk. Since the maximum risk is 100%,  

use of the concept of proportionate risk, that is the 
proportion of total risk explained, could be more 
useful in the development of intermediate mark-
ers. An example of the principles underlying the 
concept of a hierarchy of markers is presented in 
Figure 1. In the first example, the germiine absence 
or mutation of a tumour-suppressor gene leads to 
the inevitable or substantial likelihood of cancer 
development. Presence of the appropriate marker 
(M) would predict with high frequency the devel-
opment of cancer and therefore a high propor-
tionate risk (i.e., close to 1.0) could be assigned. 
Examples of this situation would include heredi-
tary retinoblastoma and Li-Fraumeni syndrome. 
In such a case, an appropriate marker may be 
highly predictive of the development of cancer 
and its modulation will be predictive of a benefi-
cial result. At the other end of the time-line of the 
process of carcinogenesis (M5), a histological 
preneoplastic lesion also has a high chance of 
malignant conversion and therefore a patient with 
the biomarker has a high proportionate risk (i.e., 
close to one). There clearly is a spectrum of lesions; 

Normal 

1.0 

Proportionate 	0.8 

Xo.5 
Risk 

08 

1.0 

Figure 1. Development of a proportionate risk hierarchy of markers 

The maximum likelihood of developing a cancer is 100% (1.0). Therefore, the risk assigned to any marker should be 
a proportion of this risk rather than portrayed as a relative risk. If the predictive properties of all markers were known, 
then choosing a few would likely result in a high prediction rate. Time to event would influence this selection process 
as well. A scoring system for markers related to risk of development of cancer based on this principle would be: 

For x=0 to 1; y-_x 1M1  +x2M2+x3M+x4M4+x5M5. 1; M1 2345=  degrees of certainty 
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for example, oral leukoplakia has a relatively low 
conversion rate, while erythroplakia with dysplasia 
has a high rate of malignant transformation. 

However, in most cases the extent to which an 
intermediate marker predicts the development of 
cancer is not as great (e.g., M2, M3). Assessing the 
proportionate risk associated with a marker that 
falls somewhere between a germiine mutation and 
a histological change has been considerably more 
difficult. At some point late in the carcinogenesis 
cascade, the value of a marker may again rise as the 
state of histological preneoplasia is approached; an 
example might be optically-measured nuclear mor-
phometry (e.g., M4). 

Stringent criteria have previously been pro-
posed to validate an intermediate marker as a sur-
rogate end-point biomarker, These correspond to 
several steps of an algorithm: 

• The identified marker must represent a step on 
the causal pathway to carcinogenesis 

• The marker must be modulated by a chemo-
prevention agent 

• Modulation of the marker must correlate with 
reduction of cancer incidence 

Fulfilling these criteria requires a lengthy and 
expensive process that in the worst case might be 
marker- and/or chemoprevention agent-specific. 

In the rational development of surrogate end-point 
biomarkers, it might be more productive to link 
biomarkers to predisposition for risk rather than to 
attempt to assign a relative risk based on biological 
plausibility. An attempt to link these various 
features is presented in Table 1, in which the class 
of risk, relative risk and attributable risk in a pop-
ulation are assessed. Quantification (or even intel-
ligent qualification) of these factors may allow 
identification of cohorts for chemoprevention 
trials that provide individuals that are at relatively 
high relative risk, but nevertheless, fairly represen-
tative of the more general population. For exam-
ple, individuals with a strong family history for a 
cancer in which there are organ-specific polymor-
phisms predictive of risk might constitute a partic-
ularly useful cohort to study. Hopefully, identifica-
tion of such cohorts will lead to more efficient 
trials that are of shorter duration and smaller size 
and hence less costly and of greater feasibility. 

Development of difluoromethylornithine as a 
chemoprevention agent 
Experimental data 
Difluoromethylornithine (DFMO) is an irreversible 
enzyme-activated inhibitor of ornithine decar-
boxylase (Meyskens & Gerner, 1999). This enzyme 
catalyses the first step in the synthesis of 
polyamines in eukaryotes, the decarboxylation of 

Class Relative risk Attributable risk 

Predisposition 

Hereditary High Low 

Familial Moderately high Higher 

Polymorphism Low Highest 

Epiclassicai Lou Higher  

Intermediate end-point biomarker 

Preneoplasia High Moderate 

Intermediate marker Low High 

Optimal cohort = Relative risk (familial/Metabolic polymorphism/epi) -r- proportionate risk (intermediate end-point 
marker) 
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ornithine to putrescine. In sensitive tissues, 
putrescine levels fall rapidly after administration 
of DFMO. Levels of the derived polyamine product 
spermidine also fall with time as does that of the 
terminal polyamine spermine, although to a much 
lower degree. DFMO was originally developed for 
therapeutic purposes, but was found to be ineffec-
tive against established malignancies (Abeloff et 
al., 1986). A number of workers demonstrated that 
an increase in ornithine decarboxylase follows car-
cinogen exposure and inhibition of this rise with 
DFMO blocks cancer formation in essentially all 
in-vitro and animal models studied, including 
colon polyps and cancer (Verma, 1990; Halline et 
al., 1990). These findings led to a renewed interest 
in DFMO as a potential chemopreventive agent. 

Clinical studies 
Two major obstacles needed to be overcome to 
demonstrate that DFMO was worth studying as a 
chemoprevention agent in humans. First, 
although the results in animals with DFMO were 
impressive, its potential as a chemopreventive 
compound in humans was unknown. It was soon 
found, however, that many human preneoplastic 
tissues had elevated basal ornithine decarboxylase 
activity compared with control tissues (Hixson et 
al., 1993), thereby providing a rational basis for the 
use of DFMO as a chemoprevention agent for 
patients at risk in clinical settings. Second, at the 
high doses used in therapeutic trials, hearing loss, 
although reversible upon drug discontinuation, 
was substantial (Croghan, 1991). It was therefore 
necessary to establish whether a dose of DFMO 
could be found that would deplete polyamines in 
the organ of interest, but was below the threshold for 
producing hearing changes and other side-effects. 

The colon was selected as the target organ for 
our studies, as animal experiments had demon-
strated substantial anticarcinogenic activity of 
DFMO in this tissue (Nigro et al., 1986; Verma, 
1990) and the flat mucosa of patients with colon 
polyps and cancer has elevated levels of ornithine 
decarboxylase (Rozhin et al., 1984; Hixson et al., 
1993). In a pilot study, we demonstrated that a 
modest dose of DFMO could lower polyamine lev-
els in rectal mucosal biopsies, but not in shed oral 
mucosal cells (Boyle et al., 1992). This was disap-
pointing, in that these results indicated that oral 
mucosal cells were not a satisfactory surrogate for  

rectal biopsies, thereby limiting the number of 
studies that could be carried out in this target 
patient population. However, clear evidence of 
suppression of polyamine content in colonic 
mucosa by DFMO was demonstrated. 

Our subsequent phase lia trial used a unique 
design to determine the lowest dose at which 
DFMO was effective in lowering polyamines in the 
rectal mucosa without producing side-effects 
(Meyskens et al., 1994). From the results of the 
prior therapeutic trials and pilot study in humans, 
we selected a moderate dose of DFMO as the first 
and highest dose of drug to be studied in a cohort 
of individuals who had prior colonic polyps 
removed. The flat mucosa was biopsied, before and 
after one month of DFMO treatment, and 
polyamines were measured. The dose of DFMO was 
progressively reduced until no effect on the 
polyamine content was seen. On the basis of the 
results from this detailed investigation, a range of 
doses (75-400 mg/ml per day) was selected for sub-
sequent longer-term studies. Analysis of the results 
also indicated that the age of the participant 
affected baseline and changes in polyamine values 
in response to DFMO, parameters which were 
important in evaluating the overall results of the 
phase lia trial and subsequent studies. 

A subsequent placebo-controlled phase lib trial 
of 12 months' duration measured the effect of a 
range of low doses of DFMO on polyamine con-
tent in rectal mucosa over time, and general side-
effects (Meyskens et al., 1998) and specific hearing 
changes, as determined by pure tone audiometry 
and oto acoustic emission analysis (M.J. Doyle, 
unpublished) were carefully assessed. The critical 
parameters putrescine content and spermi-
dine/spermine ratio in the rectal biopsies were 
decreased by doses as low as 200 Mg/M2  per day. 
Although well tolerated at all doses tested, DFMO 
at the highest dose of 400 mg/ml per day produced 
more side-effects than the placebo arm and subtle 
changes in the lowest frequencies of the pure tone 
audiogram were evident. In contrast, doses of 
DFMO of 200 mg/m2  per day produced no side-
effects or audiometric changes greater than 
placebo and produced effects on polyamine con-
tent nearly equivalent to the higher doses of 
DFMO. Therefore in all subsequent chemopreven-
tion trials, a dose of DFMO of 200 mg/MZ  per day 
is being used. 
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We next had to consider whether to undertake 
a phase In trial of polyp risk reduction using 
DFMO alone or to develop DFMO in combination 
with other agents. We were significantly influ-
enced in our decision to develop combination tri-
als by the results from animal studies, in which 
marked inhibition of tumour formation was 
achieved by using doses of individual drugs in 
combination that were considerably lower than 
the doses of single agents alone (Kelloff, 1996). Since 
absence of side-effects is at least as important as effi-
cacy in developing chemoprevention agents for 
human beings, we accordingly elected to develop 
combination clinical chemoprevention regimens. 

Epidemiological and experimental as well as a 
few clinical studies have indicated nonsteroidal 
anti-inflammatory agents (NSAIDs) to be com-
pounds likely to be effective for chemoprevention 
(IARC, 1997). After a careful review of the mecha-
nism of action of the NSAIDs (COX-1, COX-2, and 
other), the profile of putative side-effects and the 
experimental (as well as clinical) activity, we chose 
to study sulindac for use in combination with 
DFMO. We have recently initiated a 36-month 
phase lib trial in which half of the participants 
receive placebo and half a combination of low 
doses of DFMO and sulindac. For this trial, 250 
individuals with prior colonic polyps are being 
recruited. A number of surrogate end-point bio-
markers will be measured in the flat rectal mucosa 
before and after 12 and 36 months of therapy. 
These include nuclear morphometry, uninduced 
apoptosis, polyamine and prostaglandin content, 
Ki67, and a number of preneoplastic antigens 
(CEA, sialy TN, p53, Bd -2) measured by immuno-
staining in flat mucosa. Changes in these markers 
are being correlated with appearance of new inci-
dent adenomatous polyps. The presence of K-ras 
mutations in incident polyps is also being studied. 
The study has sufficient power to ensure that sig-
nificant correlations between the appearance of 
colonic polyps (the primary biomarker) and 
changes in the spermidine/spermine ratio and 
occurrence of secondary biomarkers will be detec-
table. However, the study was not designed to have 
power to detect a modest difference (25%) in new 
incident adenomas between the two arms, although 
a large (75-90%) difference would be detectable. 

We have also planned a large placebo-controlled 
chemoprevention trial of DFMO and sulindac  

using a 2x2 factorial design in which the rate of 
incident polyps after three years of therapy will be 
the primary end-point. Surrogate end-point bio-
markers will also be measured 12 and 36 months 
after therapy and include those listed above. By 
using a Cochrane—Armitage analysis, we have been 
able to reduce the projected sample size from 1800 
to 1000 participants without losing power; how-
ever, the design assumes that the combination is 
more effective in reducing the appearance of new 
colonic adenomas than either compound alone 
and that single agents will be more effective than 
the placebo. 

Development of Bowman—Birk inhibitor as a 
chemoprevention agent 
Experimental data 
In epidemiological studies, high levels of soybean 
consumption have been associated with a 
decreased incidence of epithelial cancers 
(Kennedy, 1998). Four major classes of candidate 
chemopreventive compounds have been identified 
in soybeans isoflavones, phytic acid, saponins and 
certain protease inhibitors. We have focused our 
studies on the Bowman—Birk inhibitor, a soybean-
derived serine protease inhibitor with anticarcino-
genic activity at doses well below those of other 
chemopreventive agents identified in soybeans. A 
series of studies in animals have demonstrated that 
a Bowman—Birk inhibitor concentrate is an effec-
tive inhibitor of protease activity and oral carcino-
genesis (Messadi etal., 1986; Kennedy et al., 1993). 

Clinical trials 
Bowman—Birk inhibitor concentrate, which con-
tains active Bowman—Birk inhibitor and has the 
same anticarcinogenic profile as the purified sub-
stance, has been developed for human trials. 
Prote olytic activities are elevated in the oral 
mucosa cells of patients with oral leukoplakia, and 
markedly so in those who are actively smoking 
(Manzone et al., 1995), providing a direct rationale 
for the use of this agent in clinical trials at this tis-
sue site. Overexpression of c-erbB-2 (neu) is impor-
tant in human oral carcinogenesis and progression 
(Craven et al., 1992; Hou et al., 1992), and the rela-
tionship between protease activity and neu onco-
gene expression in patients with oral leukoplakia 
treated with the Bowman—Birk inhibitor has been 
established (Wan et al., 1999). A phase I trial of 
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Bowman-Birk inhibitor concentrate showed that 
the compound was non-toxic up to the maximum 
doses that were allowed by regulatory agreement 
(Armstrong et al., 2000). 

We have recently completed a one-month 
phase lia dose-escalation chemoprevention trial of 
Bowman-Birk inhibitor concentrate in patients 
with oral leukoplakia lesions (Wan et al., 1999). 
There was a linear fit of the relationship between 
the dose of the agent and the decrease in total 
lesion area, which was confirmed by a blinded 
analysis of clinical impression of lesion photo-
graphs (W. Armstrong & F. Meyskens, unpub-
lished). Pretreatment levels of cellular protease 
activity affected the clinical response, with lesions 
having lower initial levels of protease activity 
responding better. There were a number of impor-
tant relationships confirmed in relation to admin-
istration of Bowman-Birk inhibitor concentrate: 

s High pretreatment levels of protease activity 
were associated with greater decreases in pro-
tease activity. 

• A dose-dependent increase in serum neu pro-
tein was observed. 

• Higher pretreatment serum neu protein levels 
were associated with greater relative decreases 
in serum and cellular neu protein and cellular 
protease activity. 

• Pretreatment levels of cellular neu protein cor-
related inversely with changes in cellular neu 
protein. 

Overall, these results were quite encouraging, as 
they suggested that Bowman-Birk inhibitor 
concentrate had clinical activity against oral leuko-
plakia that was associated with a change in prede-
fined surrogate end-point biomarkers. We have 
now begun a randomized phase 11h trial in which 
patients with oral leukoplakia receive either 
Bowman-Birk inhibitor concentrate or placebo for 
six months. Serial shed oral mucosal cells will be 
collected for analysis of surrogate end-point bio-
markers and clinical lesions will be monitored. 
Patients achieving a partial or complete clinical 
response will continue treatment for up to 18 
months. 
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Selection and validation of 
biomarkers for chemoprevention: 
the contribution of epidemiology 
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This chapter considers the epidemiological contribution of DNA adducts as an example of 
markers for use in chemoprevention studies, and highlights the potential biases inherent in the 
conduct of epidemiological studies with molecular markers. Although adducts have been inter-
preted mainly as biomarkers of exposure, 'bulky' DNA adducts such as those measured by 
3213-postlabelling or ELISA in white blood cells are more correctly interpretable as markers of 
cumulative unrepaired DNA damage. The latter concept can prove useful in cancer epidemiol-
ogy, since it is consistent with existing knowledge on the importance of duration of exposure 
in the etiology of chemically-induced cancers. Increasing evidence suggests that in addition 
to prolonged exposure to genotoxic chemicals, inter-individual variability in carcinogen 
metabolism and DNA repair is predictive of cancer risk. Also from this point of view, measure-
ments of bulky' DNA adducts can be useful as biomarkers for studies in populations, since 
they express the amount of carcinogen linked to DNA after repair, taking into account individ-
ual repair capacity. Finally, we suggest a theory of causality based on the work of Wesley 
Salmon and the concept of 'propagating mark', which is particularly attractive for molecular 
epidemiologists. 

Categories of markers and their complex interplay 
The usual categorization of biomarkers refers to 
three categories of markers, of exposure (internal 
dose), of intermediate effect and of individual sus-
ceptibility (see Chapter 1). We will examine a few 
examples that suggest that the nature of biological 
measurements may be more complex than is 
implied by such categorization. 

There is increasing evidence that some types of 
DNA adduct can be considered both as markers of 
internal dose and as markers of susceptibility, 
because (a) they predict the onset of disease inde-
pendently of exposure levels (see Example 1 
below), and (b) they represent an integrated 
marker of exposure and of the individual's ability 
to metabolize carcinogens and repair DNA 
damage. Classical markers of susceptibility, such as 
genetically-based metabolic polymorphisms, can 
modulate the effect of exposures, but their expres-
sion can also be influenced by external determi-
nants such as dietary habits. In this complex con-
text of mutual interplay, the level of exposure is also 
likely to be important, as Example 2 demonstrates. 

Validation 
Validation of biomarkers can be interpreted in at 
least three different ways. One is the usual valida-
tion of a marker from the laboratory point of view, 
including an assessment of measurement error (for 
example by repeat measurements in the sample, 
and by the use of positive control samples with 
known values of the marker level). Measurement 
error is expressed by, for example, the coefficient of 
variation, the ratio between the standard deviation 
and the mean. Still in this category of validation 
measures, we can include measures of marker reli-
ability (reproducibility and repeatability). A second 
category is represented by attempts to estimate the 
validity of the marker when compared with a stan-
dard (internal validity: sensitivity and specificity) 
and the impact of its use in a population (predic-
tive value, depending on internal validity and the 
prevalence of the condition that we aim to mea-
sure). These aspects of validation are extensively 
dealt with in Toniolo et al. (1997). 

A third concept of validation refers to the rele-
vance of the marker in the context of population 
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studies or intervention trials when it is used as a 
surrogate end-point biomarker. Even if a marker is 
reliable and valid, and its predictive value reason-
ably high)  in the context of chemoprevention we 
need to be sure that the marker is a good surrogate 
end-point. This is the category of markers we 
mainly refer to below. 

Examples 
Example 1: DNA adducts as predictors of cancer risk 
and dietary effect modifiers 
'Bulky' DNA adducts (adducts with large molecules, 
as opposed to small alkyl radicals such as methyl 
groups) can be considered both as markers of inter- 
nal dose and as markers of susceptibility. Several 
studies have considered the association between 
cancer at various sites and the levels of bulky DNA 
adducts (Table 1). Most studies (Tang et al., 1995; Li 
et al., 1996; Peluso et al., 2000; Vulimiri et al., 2000) 
have found that cancer cases had higher levels of 
adducts than non-cancer controls, after adjust-
ment for relevant exposures such as smoking. This 
suggests that we may consider bulky DNA adducts 
(as measured in white blood cells by the 32P-post-
labelling method) as markers of susceptibility in 
addition to their being markers of exposure. 
Further evidence for such an interpretation comes 
from a recent case-control study nested in the 
Physicians Health Study cohort, which found DNA 
adducts to be predictive of the cancer outcome 
(Perera, 2000). In the latter study, adducts were 
measured in blood samples that were collected 
years before cancer onset, thus ruling out the pos-
sibility that the higher adduct levels were due to 
metabolic changes associated with an already 
existing cancer. 

It appears that bulky DNA adducts express 
cumulative exposure to aromatic compounds after 
the action of metabolizing enzymes and before the 
intervention of DNA repair enzymes. They are, 
therefore, markers of cumulative unrepaired DNA 
damage. There is a large amount of additional 
evidence to support this interpretation, based on 
the observation that the lymphocytes of cancer 
patients (and of their healthy relatives) have higher 
levels of DNA adducts after treatment with a 
hydrophilic chemical, compared with those of non-
cancerous individuals (Berwick & Vineis, 2000). 

Other types of adduct provide a better expres-
sion of external exposure than of cumulative  

unrepaired DNA damage. This is the case for pro-
tein adducts that are not repaired. 

The level of DNA adducts, which is suggested to 
be predictive of cancer risk, can be modulated by 
personal habits such as intake of fruit and vege-
tables. In a study of healthy volunteers, 
conducted within the EPIC Italian cohort, an 
inverse association between consumption of sev-
eral dietary items and adduct levels was found 
(Table 1) (PaUl et al., 2000). Out of about 120 food 
items that were investigated, only those shown in 
this table were associated in a statistically signifi-
cant manner with the adduct levels. Some of these 
food items, namely leafy vegetables and fruits, 
were associated with an approximately 25-30% 
decrease in adduct levels, while meat consumption 
was associated with a slight and non-significant 
increase (Palli et al., 2000). When nutrients were 
assessed by means of food-nutrient conversion 
tables, associations were found with monounsatu-
rated fatty acids and j-carotene (Table 2). Similar 
relationships have been observed in the investiga-
tion on bladder cancer by Peluso et al. (2000). 

Other types of change that are related to DNA 
damage can be modified by fruit or vegetable 
intake. For example, several functional tests have 
been developed to explore individual DNA repair 
capacity (mutagen sensitivity tests; see Berwick & 
Vineis, 2000). The repair capacity thus assessed 
seems to be modified by several exposures or per-
sonal habits. In cultured lymphocytes, antioxi-
dants such as cr-tocopherol exercised a dose-depen-
dent protective effect in preventing bleomycin-
induced chromosome damage (Trizna et al., 1992, 
1993). In another study, Kucuk et al. (1995) found 
strong inverse correlations between plasma nutri-
ents and results from the mutagen sensitivity 
assay. Correlation coefficients were 0.76 with P-  
carotene and 0.72 with total carotenoids. 
However, in randomized double-blind trials, Hu et 
al. (1996) and Goodman et al. (1998) did not find 
any association between supplementation and 
DNA repair activity. 

From a mechanistic point of view, the modu-
lating effect of fruit or vegetables on adduct levels 
may be explained by induction of enzymes 
involved in carcinogen detoxification or by repres-
sion of enzymes involved in carcinogen activation. 
As far as 'mutagen sensitivity' is concerned, this is 
usually interpreted as an indirect expression of 
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oz B 

Tertile of consumption p-value 
Adjusted mean s SE % changeb for trend'  

I II 111 

Leafy vegetables (except cabbage) 9.07±122 8.80±1.13 6.34±1.21 -30.10 0.02 
Fruiting vegetables 8.34±134 8.48±1.14 7.29±119 -12.59 0.06 
Hoot vegetables 7.60±1.14 10.29±1.12 5.89±1.21 -22.50 0.07 
Cruciferous 10.221.2 18.57±1.15 7.42±1.15 -27.40 0.2 
Grain and pod vegetables 7.16±1.20 9.51±1.23 7.65±1.16 6.84 0.7 
Stalk vegetables, sprouts 8.76±1.16 8.70±1.17 6.66±1.17 -23.97 0.2 
Mixed salad, mixed vegetables 8.47±119 8.45±1.18 7.02±1.33 -17.12 0.2 
Alt vegetables 8.92±1.27 8.66±1,13 6.58±1.18 -26.23 0.01 
Legumes 8.24±1.22 8.18±1.16 7.69±1.15 -6.67 0.01 
Potatoes 6.98±1.19 7.93±1.19 9.19±1.20 31.65 0.7 
Onion, garlic 7.89±123 8.03±1.23 8.111.13 2.79 0.8 
Fresh fruit (all types) 8.56±1.23 6.88±1.20 6.47±1.24 -24.4 0.04 
Nuis and seeds 6.54±1.38 7.79±1.l9 9.34±l.15 42.81 0.1 
Fruit and vegetable juices 9.34±1.10 6.40±1.43 7.42±1.22 -20.56 0.5 
Milk 8.81±119 8.27±115 6.98±1.20 -20.77 0.8 
Yoghurt 7.54±1.00 .23±1.35 7.83±1.28 3.85 0.3 
Cheese (including fresh cheeses) 7.02±1.20 6.86±1.14 10.20±1.20 45.30 0.1 
Pasta, other grain 6.82±1.26 7.37±1.13 9.92±1.27 45.45 0.09 
Rice 7.08±130 9.00±1.16 7.85±1.13 10.88 0.9 
Bread 7.76±1.28 8.03±1.14 8.29±1.34 6.83 0.9 
Fish 8.60±1.25 8.77±118 7.02±114 -18.37 02 
Seafood 8.43±1.25 9.03±118 6.90±1.14 -18.15 0.1 
Eggs 8.99±1.19 7.46±1.14 8.69±1.21 -3.34 0.9 
Processed meat 8,82±1.22 8.08±1.18 6.95±1.34 -21,20 0.3 
Offal 9.09±1.13 8.27±1.19 6.40±1.21 -29.59 0.1 
All red meat 7.65±1.18 8.58±1.14 7.80±1.24 1.98 0.5 
All white meat 7.85±1.19 8.03±1.13 8.19±1.19 4.33 0.8 
Seed oil 7.70±1.20 7.96±1.22 831±1.10 7.92 0.3 
Olive cr1 8.28±1.16 8.88±1.18 6.76±1.25 -18.36 0.05 
Butter 6.71±1.13 7.00±1.20 10.52±1.20 56.781 0.1 
Sugar, honey, jam 6.45±1.20 8.23±1.19 9.31±1.19 44.34 0.06 
Cakes, pies, pastries, puddings 8.15±1.26 7.98±1.15 7.95±1.23 -2.45 0.9 
Ice cream 8.70±1.13 8.92±1.20 6.06±1.30*  -30.341 0.003 
Wine 7.89±1.29 7.55±1.12 8.68±1.35 10.01 0.1 
Beer 8.04±1.23 8.55±1.23 7.55±1.20 -6.09 0.9 
Coffee 8.12±1.30 8.24±1.13 7.72±1.20 -4.93 0.5 

From Palli et al. (2000) 
From analysis for covariance model including terms for age, sex, centre, smoking habits (never. ex and current), period of 

blood drawing and total caloric intake (kcal) 
L' Percentage change frorri Ito Ill fertile (1 highest and . lowest variation) 

Cunnett test for multiple comparisons significant at the 0.05 level (first level is the reference category) 
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Nutrient Tertile of consumption p-value for trend * 

Adjusted mean ± SE % changeb 

I 	 II III 

Total protein 9.73±1.60 7.13±1.12 733±1.66 -3274 0.9 

Animai protein 9.40±1.34 7.77±1.15 6.75±1.44 -39,47 0.9 

Vegetable protein 6.92±1.57 8.25±1.15 8.77±1.50 21.09 0.7 

Total fat 9.99±1.44 7.01±1.14 6.96±1,54 -30.33 0.05 

Animal fat 9.01±1.41 7.56±1.14 7.58±1.44 -15.87 0.6 

Vegetable fat 8.86±1.29 8.75±1.13 6.17±1.32 -30.36 0.009 

Fatty acids 
Total saturated fatly acids 8.57±1.43 7.92±1.14 7.55±1.51 -11.90 0.9 

Oleic acid 9,95±1:35 7.79±1.15 5.87±1.46 -41.01 0.03 

Total monounsaturated fatty acids 10.20±1.34 7,67±1,15 6.57±1.47 -34.61 0.008 

Linoleic acid 8.20±1.48 8.09±1.18 7.82±1.40 4.63 0.4 

Linolertic acid 11.04±1.45 6.86±1.14 6.44±1.42 -41.67.1 0.01 

Total polyunsaturated fatty acids 8.16±1.46 '7.91±1.16 8.02±1.39 -1.72 0.2 

Cholesterol 8.25±1.38 7.52±1.14 8.35±1.42 1.21 03 

Carbohydrates 8.08±1.68 6.76±1.14 9.36±1.63 15.84 0.3 

Starch 6.46±1.51 7.15±1.15 10.22±1.48 58.201 0.1 

Sugar 7.84±1.35 7.32:t1.15 8.92±1.33 13.78 03 

Fibre 8.04±1.43 8.03±1.24 8.01±1.52 -0.37 0.1 

Alcohol 7.41±1.30 7.93±1.17 8.66±1.29 16.87 0.05 

Total calories 826±1.78 7.84±1.17 7.91±2.04 -4.24 0.9 

Minerals 

Iron 10.31±1.52 7.53±1.16 6.26±1.55 -6&70 0.4 

Calcium 7.79±1.37 7.71±1.14 8.62±1.40 9.63 0.9 

Sodium 9.35±1.42 6.45±113 8.34±1.51 -12.11 0.5 

Potassium 10.19±1.43 7.11±1.16 6.89±1.39 -47.90 0.004 

Vitamins 
Thiamine 9.74±1.42 7.32±1.14 6.91±1.53 -40.96 0.2 

Riboflavin 9.58±1.37 7.24±1.13 7.28±1.43 -31.59 0.4 

Niacin 8.35±1.46 8.59±1.13 7.02±1.47 -18.95 03 

Vitamin B5 9.25±1.42 9.11±1.14 6.65±1.40 -24.21 0.2 

Folic acid 8.71±1.36 7,21±1.15 8.19±1.35 -6.35 0.4 

Retinol 8.96±1.21 7.42±1.16 7.62±1.23 -17.59 0.2 

-Carotene 9.37±1.22 7.63±1.13 7.15±1.23 -31.05 0.01 

Vitamin E 8.91±1.46 7.51±1.23 7.73±1.30 -15.27 0.02 

Vitamin C 9.03±1.24 7.28±1.17 7,79±1.21* -15.92 0.01 

From Palli et aI. (2000) 
From analysis for covariance model including terms for age, sex, centre, smoking habits (never, ex and current), period of 

blood drawing and total caloric intake (kcal) 

° Percentage change from Ito Ill teOile ('1' highest and ,. lowest varIation) 

Dunnett test for multiple comparisons significant al the 0.05 level (first level is the reference category.) 
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DNA repair capacity. One can speculate that fruit 
and vegetables, or vitamins, may interfere with 
DNA repair enzymes, but there is in fact no evi-
dence supporting this hypothesis. 

In the light of such observations, a possible 
explanation for the higher levels of bulky adducts 
among cancer cases than in controls can be found 
in the concept of cumulative unrepaired DNA dam-
age. What causes cancer would be the total burden 
of a genotoxic chemical that remains bound to 
DNA, after the repair processes. This burden may be 
higher because DNA repair is impaired, because 
higher levels of carcinogenic metabolites are pre-
sent (due to genetic or acquired effects) or because 
of repeated exposures to the same agent. 

We also have to consider the limitations of this 
model. First, the level of measurement error 
for bulky adducts is flot certain, but seems to be 
high (coefficient of variation around 20-30%). 
However, the effect of measurement error is to 
attenuate a relationship, if error is evenly distrib-
uted between the compared groups (Copeland 
et al., 1977). Table 3 shows an example: in this 
case, the laboratory error was measured by 
the intra-class correlation coefficient, which, in 
turn, was used to correct the observed (attenuated)  

relative risks so as to obtain a more realistic 
estimate of the true effects on the risk of cancer. 
Thus, measurement error is expected to blur existing 
associations rather than reveal false associations. 

A second relevant question concerning Example 
1 is whether the effect is attributable to specific 
agents or to fruits and vegetables as a whole. This 
question has been addressed by Thompson et cd. 
(1999) in an experimental study that aimed to test 
the hypothesis that increased consumption of 
vegetables and fruits would reduce levels of mark-
ers of oxidative cellular damage. Twenty-eight 
women participated in a 14-day dietary intervention. 
The primary end-points assessed were levels of 8-
hydroxydeoxyguanosine (8-OHdG) in DNA iso-
lated from peripheral lymphocytes, 8-OHdG 
excreted in urine, and urinary 8-isoprostane F-2a 
(8-EPG). Overall, the levels of 8-OHdG in DNA 
isolated from lymphocytes and in urine and the 
level of 8-EPG in urine were reduced by the 
intervention. The reduction in lymphocyte 8-
OHdG was greater (32 versus 5%) in individuals 
with lower average pre-intervention levels of 
plasma a-carotene than in those with higher 
levels. The results of this study indicate that 
consumption of a diet that significantly increased 

Observed relative risk 
Laboratory r RR1 5 	 RR,2 O RR=2 5 

Laboratory 1 G.12 1.1 	 11 11 

Laboratoiy 2 
analysis 1 0.82 1A 	 1.8 21 
an]1sis 2 053 1.2 	 1.4 1.6 

Laboratoi, 3 

anaIis 1 057 1 	 1,5 1.7 
alal ys is 2 BbS 1 	 1.6 1.8 

Labo 	orj 4. 0.90 1.4 	 1.9 23 

troc relative risk 
Observed RR= exp (ln RR, , r) 

From l-lankinson et I. (1994). 
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vegetable and fruit intake led to significant reduc-
tions in markers of oxidative cellular damage to 
DNA and lipids, in contrast to previous studies that 
were based on administration of single compo-
nents of diet. 

Thus, we may argue that the choice of the type 
of intervention can be crucial, and in some cir-
cumstances positive results can be obtained more 
easily with a general category (fruit and vegetable 
intake) than with a specific component. 

Example 2: Modulation by genetic susceptibility and 
the effect of dose; the case of methylenetetrahydro-
folate reductase polymorphism 
Common genetic polymorphisms have been 
reported in the gene encoding methylenetetrahy-
drofolate reductase (MTHFR), the enzyme that pro-
duces 5-methyltetrahydrofolate (5-methyl-THF) 
required for the conversion of homocysteine to 
methionine. In individuals with the genotype cor-
responding to a val/val polymorphism, functional 
effects include elevation of plasma homocysteine 
levels and differences in response to folic acid sup-
plementation. The metabolic changes associated 
with the genotype have been reported to modify 
the risk for chronic disease (e.g., vascular disease 
and cancer) and neural tube defects in conjunction 
with folate deficiency. Folate intake requirements 
may be different in affected individuals to those of 
normal or heterozygous individuals. The complex 
interaction between this common genetic poly-
morphism of MTHFR and folate intake is the focus 
of intense investigation (Bailey et al., 1999). 

In a study in the United States, an inverse asso-
ciation of this MTHFR gene polymorphism with 
colorectal cancer was found. The inverse associa-
tion of methionine intake and positive association 
of alcohol with colorectal cancer were stronger 
among val/val individuals. These interactions were 
not seen for colorectal adenomas (Chen et al., 
1998, 1999). In another study, the association 
between the V (val) allele of the MTHFR gene and 
ischaemic stroke in an elderly Japanese population 
was examined. In 256 stroke patients and 325 con-
trol subjects, the frequencies of the V allele were 
0.45 and 0.32, respectively. The odds ratios and 95% 
confidence intervals adjusted for the other risk fac-
tors were 1.51(1.02-2.23) for the AV (alanine/valine) 
genotype and 3.35 (1.94-5.77) for the W genotype, 
compared with the M genotype (Monta etal., 1998). 

Moderate elevation of plasma total homocys-
teine (tHCY) level is a strong and independent risk 
factor for coronary artery disease. The polymor-
phism in MTHFR, plasma tHCY and folate using 
baseline blood levels were examined among 293 
Physicians' Health Study participants who 
developed myocardial infarction during up to 
eight years of follow-up and 290 control subjects. 
Compared with those with genotype AA, the 
relative risk (RR) of myocardial infarction were 1.1 
(95% CI, 0.8-1.5) among those with the AV geno-
type and 0.8 (0.5-1.4) for the W genotype; none 
of these RRs was statistically significant. However, 
those with genotype VV had an increased mean 
tHCY level (mean ± SEM, 12.6 ± 0.5 nmol/ml), 
compared with those with genotype AA (10.6± 03) 
(p < 0.01). This difference was most marked among 
men with low folate levels (the lowest quartile dis-
tribution of the control subjects): those with geno-
type VV had tHCY levels of 16.0 ± 1.1 nmol/ml, 
compared with 12.3 ± 0.6 nmol/ml (p < 0.001) for 
genotype AA. Therefore, the modulating effect of 
MTHFR seems to be exerted through the tHCY 
level, especially when folate intake is low (Ma et 
al., 1996). 

Methodological issues 
Gene-environment interactions and their potential 
role in chemoprevention trials: some calculations 
To assess the potential role of gene-environment 
interactions in chemoprevention trials, it is essen-
tial to know the penetrance of the genetic trait and 
its prevalence in the target groups. Table 4 presents 
an attempt to address this complex issue. Let us 
imagine we wish to screen high-risk families for a 
highly penetrant gene (BRCA1). In this case, the 
cumulative risk of breast cancer is approximately 
80% in the mutation carriers and the prevalence of 
the mutations in families is about 50%. Let us 
hypothetically suppose that tamoxifen reduces the 
risk by 50%. This means that we have to treat 2.5 
family members (carriers of the mutation) to 
prevent one cancer, i.e., to screen five members to 
have the same result. However, if we aim at the 
general population, things change dramatically. 
Now the cumulative risk is 40%, with an absolute 
risk reduction of 20%, which means a number 
needed to treat (NNT) of five women among those 
carrying the mutations. However, since in the 
general population only 0.2% are mutation carriers 
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Smokers BRCAf 

GSTMI-nul[ GSTMf wild General population Families 

Relative riuc 1.34 (1.21-1.48P 1.0 5 10 
Cumulative risk 13% 10% 40% I 80% 
Risk reduction 5091. 50% 50% tamoxiten) 50% 
Cumulative risk after intervention 6.5% 5% 20% 40% 
Absolute risk reduction 5.5% 5% 20% 40% 
NNT in mutation carriers 15 20 5 2.5 
Prevalence 50% 50% 0,21V 50% 
NNT in whole target population 30 40 2500 5 
NNT in all smokers 35 

NNT, number needed to treat 

From Vinais et aL (1999) the OR for GSTMI in smokers was 1.22 (0.9e-154) 
From Hopper et aI. (.1999) 

C  Theoretical nasimum reduction in risk of lung cancer due to chernopreventive agent 
Theoretical benetit 

C Cou ghlin  cI al. (1999) 

(1 in every 500), the number we need to screen is 
as large as 2500 in order to prevent one cancer, 
based on the rather optimistic (and theoretical) 
50% benefit of tamoxifen treatment. 

Considering next a low-penetrance gene, 
GSTM1, we might plan to screen smokers for the 
GS7M1 genotype and to address chemoprevention 
only to them. What would be the advantage? 
In a meta-analysis (Vineis et al., 1999), the risk of 
lung cancer associated with the GSTMI genotype 
was 1.34 (it was 1.22 if the meta-analysis was 
restricted to smokers). Therefore, if the cumulative 
risk of lung cancer in smokers is 10%, it will be 
13% among the null GSTMI carriers. Let us sup-
pose again that the chemopreventive intervention 
has a 50% efficacy. This leads to a cumulative risk 
of 6.5% among smokers who are GSTM1 -null, with 
a number needed to treat (NNT) of 15 (1/6.5%). 
However, since the carriers of the null genotype are 
50% in the population, we need to screen 30 indi-
viduals to prevent one cancer. Now we repeat the 
same calculations with the carriers of the wild 
genotype, ending up with an NNT of 40. Without  

screening the population for GSTM1, we would 
have an NNT of 35 (the average of the previous 
two). Clearly, there is very little advantage in 
screening for a low-penetrance gene if the NNT 
just increases from 35 to 40. 

Validation of biomarkers: bias and confounding 
We have considered several examples of contri-
butions that might come from epidemiology for 
the selection and validation of biomarkers, and 
particularly surrogate end-point biomarkers. 
We suggest that, subject to further validation, 
bulky DNA adducts could become one such 
surrogate, particularly in view of the cohort 
study results mentioned above. Also, mutational 
spectra in cancer genes and measures of 
gene—environment interaction are potentially 
important end-points. However, epidemiological 
studies are prone to several types of bias 
(Kleinbaum et al., 1982; Murphy, 1976; 
Hennekens & Buring, 1987). 

Information bias is related to material mistakes 
in conducting laboratory or other analyses, or in 
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reporting mutations; for example, a distortion 
arose from incorrect reporting of the p53 gene 
sequence in an early paper, which influenced 
subsequent reports (Lamb & Crawford, 1986). 
Another example is the measurement of oxidative 
damage to DNA routine phenol-based DNA 
purification procedures can increase 8-hydroxy-
deoxyguanosine levels 20-fold in samples that 
are exposed to air following removal of the phenol 
(Wiseman et al., 1995). Such gross contamination 
would seriously bias an epidemiological study if 
subsets (batches) of samples from different sub-
groups in the study population (e.g., exposed vs. 
unexposed) were to undergo different technical 
procedures subject to different levels of error. 

Selection bias is certainly relevant to molecular 
epidemiology. Consider hospital-based case—con-
trol studies of disease risk in relation to metabolic 
polymorphisms. We can imagine at least three 
mechanisms by which selection bias (and, more 
specifically, Berkson's bias) can occur. First, if a 
person is hospitalized for a specific reason, but has 
more than one pathological condition, it is possi-
ble that the concurrent disease is also associated 
with the genetic polymorphism(s) under investi-
gation. Second, patients with a certain allele at the 
polymorphic locus under investigation can have 
adverse reactions to drugs and be hospitalized for 
this reason. Third, induction of an enzyme by 
treatment can influence the phenotypic indicator 
of genotype. For example, administration of 
methotrexate can induce hydroxyfolate-reductase 
by gene amplification; therefore, if in a case—con-
trol study we include cancer patients among the 
controls, we may have a distorted association 
between the disease under study and hydroxy-
folate-reductase activity. 

Specific characteristics of bias and confounding 
in studies on mutational spectra of cancer genes 
should also be considered. The size of the biopsies 
that are selected for investigation provides a clear 
example of the type of selection bias that can occur 
in studies on cancer genes. In bladder cancer, for 
example, it is likely that early-stage tumours are 
too small to allow the urologist to obtain a biopsy 
large enough for both research and clinical pur-
poses. However, large biopsies tend to correspond 
to more advanced cases, which in turn may show 
a higher proportion of mutations in certain genes 
(Yaeger etal., 1998). 

Detection bias is likely to be a common problem 
in case—control studies in which the risk factor 
investigated itself leads to increased diagnostic 
investigations and thus increases the probability 
that the disease is identified in that subset of per-
sons. 

Detection bias can be considered as a form of 
information bias, in that the probability of identi- 
fying the diseased people is conditional on the 
clinical information collected, which differs 
between categories of the risk factor. 

In molecular epidemiological studies, this may 
happen if molecular markers of early disease are 
prospectively analysed in a cohort. This will lead to 
easier detection of the eventual clinical disease in 
those who test positively, even if the marker is not 
necessarily intermediate in the causal chain lead- 
ing from exposure to disease. For example, 
exposure to certain agents, such as formaldehyde, 
can induce micronudei in mucosal cells of the oral 
cavity; these, in turn, may lead to earlier detection 
of oral cancer through subsequent periodic exam- 
ination of the workers with positive test results. A 
similar phenomenon can occur with identification 
of mutated oncogenes or tumour-suppressor genes 
in exposed workers, well before the onset of clini-
cal disease. 

Publication bias is particularly difficult to char-
acterize and quantify. Publication bias refers to the 
greater probability that studies with positive find- 
ings (e.g., those showing an association between 
p53 mutation spectrum and exposure) get pub- 
lished. A way to identify publication bias is to plot 
the result of each study of a particular phenome-
non (expressed, for example, as an odds ratio) 
against its size. In the absence of publication bias, 
the plot would be expected to show great variabil- 
ity with small samples and lower variability with 
large samples, around a central value of the true 
odds ratio. If publication bias occurs, negative 
results are not published, particularly if they arise 
from small investigations, and their results thus do 
not appear in the plot. For example, in the large 
database available at the International Agency for 
Research on Cancer on p53 mutations (Hainaut et 
al., 1998), the distribution of the proportion of 
mutations reported by different studies is skewed: 
all the studies with a proportion greater than 50% 
had less than 50 cases, while lower proportions 
were found in both small and large studies. This 
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distribution does not necessarily imply that publi-
cation bias occurred; it might also suggest that 
large studies were based on heterogeneous popula-
tions, with a variable prevalence of mutations, 
while small studies refer to small subgroups with 
specific exposures to carcinogens and a genuinely 
high proportion of mutations. 

Confounding occurs when a third variable cre-
ates a spurious association between the exposure at 
issue and the biomarker measurement. Several 
variables may act as confounders, for example if 
they modify the expression of oncogenes or 
tumour-suppressor genes. One such variable is 
chemotherapy: for example, cytostatic treatment 
for leukaemia induces characteristic cytogenetic 
abnormalities in chromosomes 5 and 7. 
Confounding arises if, for some reason, therapy is 
related to the exposure at issue. Disease stage is 
another potential confounder. Therefore, studies 
that aim to determine the expression of cancer 
genes in humans should be restricted to untreated 
patients or specific stages, or statistical analyses 
should be stratified according to treatment and 
stage. 

The definition of confounder in molecular epi-
demiology may be more subtle than in traditional 
epidemiology. In the study of metabolic polymor-
phisms in relation to cancer risk, a confounder can 
be an exogenous exposure which is associated not 
with another exogenous exposure, but rather with 
gene expression or enzyme induction (Tajoli & 
Garte, unpublished). For example, ethanol is an 
inducer of various metabolic enzymes, and, in 
turn, excessive intake has been related to colon 
cancer. The observation of an association between 
the phenotype for CYP2FJ and colon cancer could 
be ambiguous, since it could be attributed to a 
genuine role of this metabolic polymorphism or to 
confounding by ethanol, which on the one hand 
would increase the risk of colon cancer and on the 
other would induce the enzyme (thus creating a 
spurious association between the two). A some-
what different type of example concerns the 
observed association of the CYP1A2 polymor-
phism with variation in the risk of colon cancer; 
this association is plausible since CYP1A2 is 
involved in the metabolism of heterocyclic 
aromatic amines. However, it has also been shown 
that consumption of cruciferous and other vegeta-
bles induces the activity of the CYP1A2 enzyme  

(Kall et al., 1996), and we know that vegetables 
reduce the risk of colon cancer (Potter, 1996) 
(perhaps through their content in antioxidants, 
acting via pathways unrelated to the CYP1A2 
enzyme). Therefore, the association between 
CYP1A2 and colon cancer can be confounded by 
dietary habits: specifically, a positive association 
between the CYP1A2 phenotype and colon cancer 
may be missed or underestimated because protec-
tive factors such as cruciferous vegetables induce 
CYP1A2 (an example of negative confounding). In 
general, the assessment of inducible enzymes is 
problematic in case-control studies. 

In conclusion, the selection and validation of 
biomarkers for chemopreventive trials should con-
sider the potential limitations of observational 
studies. 

Interpretation of causal pathways 
We can refer to the causal model proposed by a 
philosopher, Wesley Salmon (1984), to devise a 
framework for the interpretation of causal path-
ways in carcinogenesis and in the role played by 
different biomarkers. Salmon proposes two differ-
ent models for causality, which are supposed to be 
complementary. The first model was suggested by 
Reichenbach many years earlier, and was simply 
based on probabilistic computation (the 'positive 
relevance' criterion). The basic idea is that two 
events (A and B) have a common cause C if we can 
show (1) that the joint probability of A and B is 
greater than the product of their separate proba-
bilities, i.e., p(AB)>p(A)p(B); (2) that the introduc-
tion of C into the equation entirely or at least 
partially explains the association between A and B. 
Condition (1) simply expresses the concept that 
the probability that two events occur jointly is the 
product of the individual probabilities if the two 
events are independent, while it is greater than the 
product if they are not independent. Condition 2 
means that the joint occurrence of A and B can be 
explained by a common third event: for example, 
subjects A and B both have an angiosarcoma of the 
liver, and they were both exposed to vinyl chloride 
(VC) in the same plant. We can calculate that the 
probability of such joint events by simple chance 
is very low (condition 1). In addition, hypothesizing 
that the common exposure is VC, we observe that 
all the excess risk (observed/expected cases) is 
explained by such exposure (condition 2). 
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However, according to Salmon, this line of rea-
soning is not sufficient, precisely for the reason we 
have considered in the case of metabolizing 
enzymes and dietary habits. In that example, we 
were not able to disentangle the complex relation-
ships between cruciferous vegetables, the CYPIA2 
metabolic polymorphism and the risk of colon 
cancer. Salmon suggests that a way to establish 
whether an event is a genuine cause, in addition to 
the statistical considerations above, is to include it 
in a process, and establish whether along the 
process there is what he calls the propagation of a 
'mark'. In other words, a genuine causal process is 
one in which you can follow a 'mark that propa-
gates over the course of time, precisely because the 
causal events are able to induce a structural change 
that becomes a part of the effect. 

This reasoning is quite relevant to the identifica-
tion of good intermediate-effect markers for chemo-
prevention. According to a classical example, 
yellow fingers are a risk indicator for lung 
cancer: lung cancer patients have yellow fingers 
more frequently than population controls, thus 
fulfilling Reichenbach's definition of causality 
(positive relevance). However, clearly yellow fingers 
are just an indirect marker of exposure to tobacco 
smoke, and not a genuine cause of lung cancer. 
This is because they do not fulfil Salmon's second 
criterion of causality, the propagation of a marker 
along the process. In fact, whereas one can identify 
p53 mutations in the lung cancers that are charac-
teristic of tobacco carcinogens, thus following the 
structural changes left by tobacco into the lung, 
the same does not hold true for yellow fingers. 

In the field of chemoprevention, we propose 
that certain types of DNA adduct may fulfil such 
requirements to be used as surrogate end-points. 
Mutations in cancer genes tend to be late events, 
and they are too rare to be detected in healthy sub-
jects (in a study of 60 normal subjects in Lyon and 
Paris, no p53 mutation in serum was found; P. 
Hainaut, personal communication), although 
clearly they may be structural 'marks' for cancer. At 
the other extreme, protein adducts tend to reflect 
exposure faithfully, but they are not repaired and 
are probably weaker predictors of cancer. The 
advantage of DNA adducts is that apparently they 
represent the cumulative unrepaired DNA damage, 
and thus they may be used to test several types of 
chemopreventive agent. 
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We have developed a 32P-postlabelling method for quantifying ultraviolet irradiation (UV)-
induced cyclobutane dimers and 6-4 photoproducts in human skin in situ. We review the 
application of the method in studies with human volunteers, demonstrating dose-response 
relationships over a wide range of administered doses, repair kinetics of UV-damaged DNA 
among healthy individuals and melanoma patients, and modulation by sunscreens, tan and 
constitutive pigmentation of damage induction. A notable finding is the wide interindividual 
variation in DNA damage immediately after irradiation and in its repair. Moreover, the protec-
tive effects of sunscreens against erythema and DNA damage also show wide interindividual 
variation. These results cannot be explained by variation in the experimental methods used. 
The worst-case scenario is that the differences between individuals are multiplicative, result-
ing in 10004old differences in sensitivity in the population, which would be likely to translate 
into differences in risk of skin cancer. 

Introduction 
Exposure to ultraviolet (UV) light has deleterious 
effects on human skin including sunburn, elas-
toses, cancer and wrinkling. Although only 1-2% 
of the intensity of the solar radiation reaching the 
Earth is UVB (280-320 nm), this is believed to be 
the main cause of the deleterious effects (Sayre, 
1992). Some 60% of the sun's energy reaching the 
Earth's surface is visible light (400-750 nm) and 
25% is infrared radiation, i.e., heat. UVA (320-400 
nm), accounting for some 15% of the solar energy 
reaching the Earth, also has deleterious effects but 
to a smaller extent than UVB. Thus 500-1000 
times higher doses of UVA than of UVB are 
required to cause skin reddening (erythema) 
(Augustin et al., 1997) and the evidence relating to 
skin cancer incriminates only UVB (English et al., 
1997; Tomatis et al., 1990). Solar energy, and to 
some extent the emission spectrum, depends on 
the solar altitude, relating to the time of the day 
and latitude. The energy in the UVA and UVB 
range is over four times higher at solar altitude 70 
than at 23' (Sayre, 1992). 

UVB causes specific types of DNA damage, 
known as photoproducts, including cyclobutane 
pyrimidine dimers (CPDs) and 6-4 photoproducts 
between two pyrimidines on the same DNA strand 
(Bykov & Hemminki, 1995). The quantification of 
specific photoproducts in human skin in situ poses 
many scientific and practical problems. A number 
of methods are available to measure UV-induced 
DNA damage, including assays for DNA strand-
breaks (Gao et al., 1994; Kasren et al., 1995), 
unscheduled DNA synthesis (UDS) (Mu & Sancar, 
1997), host-cell reactivation (Wei et al., 1993; 
Runger et al., 1997), immunological detection 
(Nakagawa et al., 1998) and 32P-postlabelling meth-
ods (Liuzzi et al., 1989). Each method has advan-
tages and disadvantages in terms of sensitivity, 
specificity and practicality. We have developed a 
32P-postlabelling method to determine UV-induced 
DNA damage in human skin in situ. One valuable 
feature of this method is that it can distinguish 
between the different dipyrimidine combinations 
of CPIJs and 6-4 photoproducts in a single analysis. 
Another is that a small amount of DNA (less than 
3 ig) is needed to analyse the photoproducts, 
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which is especially useful in molecular epidemio-
logical studies. Using this method, we have studied 
DNA photodamage and repair in general popula-
tion samples (Bykov et al., 1998a,b, 1999, 2000) 
and in people with skin disease (Xu et al., 2000a). 
Moreover, application of this method to determi-
nation of photoproducts in human urine is possi-
ble, as described below. 

Formation of UV-induced photoproducts is 
believed to be a crucial event initiating photocar-
cinogenesis in human skin. However, three evolu-
tionary mechanisms protect against such DNA 
damage, namely, constitutive pigmentation, DNA 
repair and tanning. Humans have also invented 
protective strategies against 11V, such as sun-
screens, protective glasses, shading, clothes and 
hats. Thus UV exposures and the induced effects 
vary widely across the population. Melanoma and 
squamous cell carcinoma of the skin are the most 
rapidly increasing types of cancer in Sweden and in 
many other countries with fair-skinned popula-
tions, probably because of changing habits of sun-
bathing and exposure to UV (English et al., 1997; 
Center for Epidemiology, 1998). Several lines of 
evidence suggest that constitutional factors such 
as skin type, level and type of pigmentation, age, 
tanning ability and DNA repair capacity partly 
explain the interindividual differences in sensitivity 
to photocarcinogenesis (Young et al., 1996; 
Lock-Andersen et al., 1997; Rosso et al., 1998; 
Bykov et al., 2000). An extreme example of host 
susceptibility is xeroderma pigmentosum, a pleio-
tropic disease in which deficient nucleotide exci-
sion repair results in extreme sensitivity to UV and 
a 1000-fold increase in the incidence of skin cancer 
(Kraemer et al., 1994; Kraemer, 1997). Even in the 
general population, photoproduct induction and 
repair vary substantially among individuals 
(Freeman, 1988; Bykov et cil., 1998b, 1999). Eluci-
dation of the mechanisms underlying interindi-
vidual differences in photodamage and its repair 
will be a key to understanding photocarcinogenesis. 

UV-induced DNA damage provides a valuable 
example in terms of the validation and utilization 
of biomarkers, for several reasons: (1) the doses can 
be well controlled and it is ethically acceptable to 
expose normal humans to doses of about 200-400 
J!m that inflict a minimal erythemal response 
(MED) in a fair-skinned population; (2) DV radia-
tion induces specific types of DNA damage leading  

to specific tandem CC to U mutations, also found 
in defined genes from skin tumours (Harris, 1996); 
(3) UV radiation is an established cause of human 
cancer; (4) target tissue is available for experimen-
tal studies; (5) the human target tissue is amenable 
to chemopreventive trials; and (6) an individual 
DNA repair test can be based on the measurement 
of removal rates of UV-induced DNA damage. In 
this chapter we review examples of many of these 
applications. 

Methods 
12P-Postlabelling of skin samples 
Most of the study subjects were healthy volunteers. 
However, in two studies cutaneous malignant 
melanoma patients and healthy controls were 
used. No significant differences in DNA damage 
and repair between the two groups were found, 
thus justifying the pooling of the study popula-
tions (Xu etal., 2000a, b). The UV sources used and 
the doses administered have been described in the 
cited papers. When solar-simulating radiation was 
used, the spectral curves mimicked closely the 
spectrum of solar radiation at the Earth's surface 
(summer, noontime, Helsinki latitude). Biopsies 
were taken from buttock skin (usually 4 mm 
diameter) and were immediately put into ice, 
frozen and stored at -20 °C to await DNA isolation. 
DNA extraction from epidermis was performed 
using a chloroform-isoamyl alcohol method after 
separation of epidermis from dermis with a blunt 
scalpel. 

The 31Ppostlabelling  method is based on enzy-
matic digestion of DNA to nucleoside-3'-phos-
phates and 5'-labelling of adducts with 32P of high 
specific activity from [7-32P]ATP using T4 polynu-
cleotide kinase (Bykov & Hemminki, 1995). One 
distinct difference in the method for analysing 
photoproducts compared with other adduct mea-
surements using 32P-postlabelling is that the pho-
toproducts were assayed as trinucleotides with an 
unmodified nucleotide on the 5'-side. The nucleo-
tide at the 5-side of each photoproduct can be any 
one of the four types of nucleotide. The labelled 
products were detected with a Beckman 32P radio-
isotope detector and identified by coelution with 
external standards (Bykov et al., 1999). The level of 
photoproducts was expressed per 106  nucleotides. 

In what follows, T=C and T=T designate CPDs, 
and T-C and T-T designate 6-4 photoproducts. 
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32P-Posflabelling of urine samples 

Approach: Our search for photoproducts is based 
on the assumption that cyclobutane thymidine 
dimers (T=T) released by DNA repair are not 
degraded further and are excreted in urine as a 
dimer. This was tested by incubating cyclobutane 
thymidine dimer with S9  mix enzymes 
(homogenate from rat liver) at 37C. After 24 
hours, the amounts of unmodified cyclobutane 
thymidine dimers in the reaction mixture were 
unchanged, suggesting that the hypothesis was 
correct, but validation in vivo is required. 

The cyclobutane thymidine dimer is not a good 
substrate for T4 polynucleotide kinase and, conse-
quently, cannot be labelled directly. As the parent 
dinucleotide TpT is easily labelled, we chose to 
convert the T=T dimer to TpT by UVC irradiation 
at 254 nm, using a Stratalinker UV Crosslinker 
2400 with lamps providing almost monochro-
matic 254 nm light. This lamp was used both to 
prepare the reference T=T dimer, and to convert it 
back to the parent compound TpT. The reversion 
of TT to TpT was not quantitative and was quan-
tified in each experiment. Typical yields were 50%. 

T=T purification: Urine samples were filtered 
through 0.22-11m filters and 1111  was injected onto 
an HPLC system with UV detection. Preliminary 
analysis showed that the retention time for the 
T=T dimer was about 16 minutes, so the fraction 
eluting between 15 and 17 minutes was collected, 
freeze-dried and redissolved in 40 111 distilled water. 
The mixture was then subjected to IJVC irradiation 
(10 kJ/m2) for conversion of the T=T dimer to the 
parent dinucleotide (TpT). TpT was labelled on the 
5'-side using a protocol described previously 
(Bykov et al., 1995). The labelled samples were 
then analysed using an HPLC system with 
radioisotope detection. 

I-/PLC analysis of TpT. UV-HPLC analyses were per-
formed on a Beckman instrument (model 126 
pump) operated with System Gold and coupled to 
a model 168 diode-array detector (Beckman 
Instruments, San Ramon, CA, USA). The urine 
samples were chromatographed on a 5 mm, 4.6 x 
250-mm reversed-phase C18 Luna column from 
Phenomenex (Genetec, Kungsbacka, Sweden). A 
precolumn filter was positioned before the col- 

umn. The column was eluted isocratically for 5 
minutes with 50 mM ammonium formate buffer 
(pH 4.6) and then with a gradient from O to 30% 
methanol over 45 minutes at a flow rate of 0.7 
mi/mm. The labelled samples were analysed with 
the same Beckman instrument as in the human 
skin work. However,, a different gradient was used: 
isocratic elution for 3 minutes with buffer (500 
mM ammonium formate, 20 mM orthophosphoric 
acid, pH 4.6), and then a gradient from O to 20% 
methanol over 30 minutes. The identification was 
based' on coelution with standard labelled thymi-
dine dimer. 

Results and discussion 
Analysis of UV photoproducts required a modifi-
cation of the postlabelling technique because it 
was found that cross-linked dinucleotides labelled 
very poorly (Bykov et al., 1995). In this modifica-
tion, a normal nucleotide was left on the 5'-side of 
the cross-linked dinucleotide, resulting in a 
number of labelled trinucleotides. This is at 
present the only way to label cross-linked prod-
ucts. Radioactivity was analysed by HPLC with 
assignment of radioactive products based on the 
standards used. This assay has been used to study 
dose—response relationships in humans. In skin 
biopsies from UV-irradiated skin, there was a linear 
relationship between dose from 50 to 400 J/m 
and adduct levels (Bykov et al., 1998a). The 
relationship was also linear between 150 and 2000 
J/m2  when a sunscreen was used to protect skin, 
reducing the level of adducts (Bykov et al., 1998b). 
The amount of photoproducts induced by an 
MED dose of solar-simulating UV radiation was 
about 1000 TT=T dimers per 108  normal 
nucleotides (Table 1). This amount is only a 
quarter of all T=T dimers because equal amounts of 
dimer would be expected to be formed at all 
dithymidine sites (ff1', AIT, CIT and GTT), with 
approximately equal levels at all TC sites. This is a 
remarkably high level of DNA damage compared 
with any other known human carcinogen, as 
shown in Table 1. For example, lung DNA from 
smokers contains methylation products and 
benzo[a]pyrene types of adduct at levels of only 
100 and 10 adducts per 108  normal nucleotides, 
respectively. This high level of UV damage in 
human DNA is probably the basis for UV-induced 
carcinogenesis and for the extreme sensitivity to 
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Adduct Tissue Level (per 108 bases) Comment 

r leThyl ( Long 100 Smoker 

7 Hdroxetiyl G Leukocyte 100 Sirroler 

Benzo[e]pjreoc G Lung IC Smoker 

Ben2IdI 'e-C Urothelium 3 Do workers 

FliP G Colon 3 Roasted meet 

Tamoxifcn DNA Endomtrium 03 Dose r.. 40 mg /d 

CIclolJJtaneTT Skin 1000 400 J/m2 0V radiation 

Modified from Bykov et al. U 998ai 

G = guanine, T=tliymne. 

solar UV-induced skin cancer in xeroderma pig-
mentosum. 

Induction of photoproducts by UV radiation 
Irradiation of previously unexposed skin 
(from buttock) with a defined dose of UV radiation 
(Xu et al., 2000b) generated high levels of 
photoproduct detected immediately after irradia-
tion. CPDs and 6-4 photoproducts were formed 
with different efficiency in human skin, the 
6-4 photoproduct levels being about one eighth of 
those of CPDs. In addition, the levels of 
photoproducts measured immediately after irradi-
ation showed wide interindividual differences. 
The levels of each type of photoproduct were 
correlated with each other and each type showed 
interindividualvariation approximately propor-
tionate to the absolute level. Figure 1(a) shows a 
15-fold difference in formation of YFC (one of the 
analysed CPDs) between individuals. Up to 30-fold 
interindividual differences have also been found in 
previous studies by our group (Bykov et al., 1998b, 
1999). The subjects in the present study 
were melanoma patients and matched healthy 
controls, but there was no difference between 
these groups (Xu et ai., 2000a). The level of 
interindividual variation is so large that DNA 
damage cannot be considered as a simple marker 
of dose. 

Factors modulating U V-induced photoproduct 
formation 
UV-induced DNA damage in skin includes forma-
tion of CPDs (TF=C and TTT) and 6-4 photo-
products (U-T and Yr-C). This is not a random 
process. A number of factors influence the forma-
tion of photoproducts, such as UV wavelength, 
DNA sequence context and chromosomal proteins 
(Black et ai., 1997; Pfeifer, 1997). We have studied 
the effects of host factors (e.g., age, skin type, gen-
der) on the formation of photoproducts (Xu et ai., 
2000b). In older subjects (~:50 years, mean 
62.5±9.1 years), the amount of each of the four 
types of photoproduct immediately after UV irra-
diation was higher than that in the younger age 
group (<50 years, mean 42.3±6.6 years) (Table 2). 
The difference in the level of TI=C reached statis-
tical significance at p<0.05. As to skin type, the 
CPD levels (Tf=C and U=T) were both notably 
higher in subjects with skin types I/Il than in those 
with skin types Ill/TV (TT=C was significantly 
higher, p<O.OS). However, no clear effect of skin 
type was found for 6-4 photoproducts (U-T and 
'IT-C). There was no significant difference between 
males and females (Table 2). 

Multivariate regression analysis showed that age 
had a systematic effect on the induction of all pho-
toproducts (0.07 >p ~:0,05, data not shown). One 
year of increased age appeared to cause an increase 
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Figure 1. (a) TT=C levels at O h after UV irradiation. Bars indicate mean ± SD. 
(b) Individual kinetics of TT=C repair in DNA after UV irradiation. The bars show the amount of 
photoproduct (± SD) remaining in skin DNA 24 h after irradiation. Each point represents the percentage 
of unrepaired pyrimidine dimers at corresponding time after irradiation. 
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11C 11T 11-T - TT-C 

Age (years) 	<50 4.22±2.94(15) b 5.94±3.58 (16) 049±033 (16) 0.63±0.46 (16) 

>50 6.56±3.74* (13) 7.08±3.97 (13) 0.55±0.38 (13) 0.66±0.42 (13) 

Skin type 	 I and II 6.11±3.13 	(1 D) 7.26±402 (16) 0.51±032 (16) 0.60±0.47 (16) 

II) and IV 4.38±3.76 (13) 5.46±3.24 (13) 0.54±0.40 (13) 0.59±0.40 (13) 

Gander 	 Female 5.01±3.50 (7) 6.43±168 (7) 0.58±0.28 (7) 0.51±0.36 (7) 

Male 5.40±3.56 (21) 6.46±3.84 (22) 0.51±0.37 (22) 0.68±0.45 (22) 

Students (lest, p<0.05. 

Expressed as mean ± SD 
h Number of subjects 

of about 0.11 TT=C, 0.07 TT=T, 0.01 TT—T and 
0.004 TT—C per 106  nucleotides. Skin types III and 
IV, analysed combined, protected against the 
induction of CPD5 (YF=T and TT=C) and of the 6-
4 photoproduct TT—T in skin compared with skin 
types I/Il, analysed combined, but the effect was 
not statistically significant. Thus age was the main 
host factor influencing the induction of photo-
products in the present study. A plausible explana-
tion may be the changes in skin structure with age-
ing. In normal skin, ageing alone causes marked 
changes in morphology, histology and physiology 
(Gilchrest, 1991). Among these age-associated 
changes, a decrease of some 10-20% in the num-
ber of enzymatically active melanocytes per unit 
surface area of the skin each decade can result in 
the reduction of the body's protective barrier 
against UV radiation (Gilchrest et al., 1979). Thus, 
considering photoproducts as biomarkers for the 
risk of skin cancer, the progressively greater UV-
induced DNA damage with advancing age may be 
associated with the steep age effect in incidence of 
squamous cell carcinoma of the skin. In Sweden, 
the incidence of this cancer is highest in the age 
groups over 85 years, exceeding that in the 60-64-
year age group by more than 10 times (Center for 
Epidemiology, 1998). 

Repair of photoproducts 
UV-induced DNA damage and many bulky DNA 
lesions are repaired by means of the nucleotide 
excision repair (NER) enzyme system, which 

involves about 30 different gene products 
(Lehmann, 1995). NER involves two sub-pathways, 
global genomic repair and transcription-coupled 
repair. Repair of photoproducts by NER also shows 
heterogeneity: photoproducts are not repaired 
with the same efficiency within all regions of the 
genome (Black et al., 1997; Pfeifer, 1997). In the 
present study, the global genomic repair of photo-
products displayed substantial interindividual dif-
ferences and sequence-dependence (Xu et al., 
2000b). Taking the CPD TT=C as an example, the 
percentage of repaired photoproducts at 24 h after 
irradiation varied from zero to about 82% among 
the study population. Figure 1(b) shows the 
amount of TT=C remaining in skin DNA of 26 indi-
viduals 24 h after IJY irradiation. The subjects were 
melanoma patients and matched healthy controls, 
but there was no difference between these groups 
(Xu et al., 2000a). It is clear that the rate of repair 
bears no relationship to the initial level of photo-
products. There was evidence of photoproduct-spe-
cific repair, with TT=C showing a faster rate of 
repair than TT=T: 46% and 80% of TTC was 
repaired within 24 h and 48 h after irradiation, 
respectively, compared with 25% and 54% for 
U=T. 

We assessed the effects of some host factors that 
may influence the rate of repair of photoproducts 
(data not shown). Age (range 32-78 years) had no 
consistent significant effect on the repair rate of 
TT=C or YF=T up to 48 h after irradiation (Xu et al., 
2000b). No effect of skin type or gender on DNA 
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repair was found. In contrast, one early study 
showed an age-related decline in DNA repair 
capacity in human lymphocytes in vitro (Wei et al., 
1993). The discrepancy between the results could 
be due to factors such as methodological 
differences, repair capacities in situ vs in vitro, or 
differences between cell types. However, for repair 
of UV-induced DNA damage in human skin, only 
the present results are directly relevant. In all these 
studies, we measured the rate of removal of 
photoproducts, rather than direct repair. However, 
these photoproducts are chemically stable in DNA 
and require DNA repair for their removal. Cell 
replication would cause an increase in amounts of 
DNA and thus dilution of the photoproducts. 
We cannot rule out some minor effect of DNA 
replication, despite the short duration of the stud-
les (up to two days). 

Effect of sunscreen and tan 
We have applied the postlabelling method to assess 
the effects of sunscreens and tanning on UV- 

induced DNA damage in human skin in situ (Bykov 
et al., 1998b). Sunscreen was applied by 
one person, according to the manufacturer's 
instructions. While the protection against 
the erythemal response varied fivefold among nine 
subjects, protection against DNA damage differed 
by a factor of 10 and was independent of 
the erythemal response. On average, sunscreens 
protected against DNA damage in accordance with 
the sun-protection factor (SPF), but the degree 
of protection was highly individual. Figure 2 shows 
the individual SPF (ISPF) and the protection factor 
against DNA damage (PF/DNA damage); 
thus, for individual L, sunscreen provided an ISPF 
of 20 but the protection against DNA damage 
was only about 5. For individual C, the reverse 
was the case. Since the SPF is based on average 
erythemal response, it is no guarantee against 
individual DNA damage. It is likely that the 
main reason for the apparent interindividual 
difference is simply uneven spreading of the 
sunscreen. Figure 2 also shows that even 

L 	H 	E 	N 	C 	D 	G 	A 	F 

Volunteers 

Figure 2. Individual sunscreen protection factor (ISPF), based on erythemal response, and 
protection factor against DNA damage (PF/DNA damage) measured in nine subjects who received 
150 JIm2  of UVB. Data from Bykov of aI. (1 998b). 
The SPF of the sunscreen was 10. 
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protection against the erythemal response (ISPF) is 
highly individual. 

Tanning provides an endogenous 'sunscreen' 
with an SPF of 3 to 5 (Gilchrest et cl., 1999). These 
measurements are based on protection against ery-
thema, and fundamental data on how well tan-
fling protects genetic material appear to be lack-
ing. We have investigated the effects of tanning on 
DNA damage in situ, under conditions simulating 
the use of sunbeds (Hemminki et al., 1999; Bykov 
et al., 2000). We measured the protective effects of 
tanning by quantifying the levels of UV-induced 
photoproducts in skin of eight healthy, fair-
skinned Caucasians. Each subject was irradiated on 
a Z x 4-cm area of skin on the lower back with UVB 
radiation at a dose of 0.3 J/cm2  and on a second 
2x4-cm area at a dose of 0.6J/cm2. A punch biopsy 
was performed immediately after irradiation. An 
additional biopsy was performed on unirradiated 
skin and served as a background control. Tanning 
was induced by 10-13 sessions of UVA irradiation 
for three weeks. Tanning was observed by a clear 
change in skin colour towards brown and was mea- 

sured with a reflectometer adjusted to record 
melanin pigmentation. In the course of UVA treat-
ment, the instrumental readings indicated an 
increase in pigmentation of 38.8 ± 16.7 reflec-
tometer units (mean ± SD, n = 8). After the last UVA 
dose, the challenge with UVB was repeated, and 
three biopsy specimens were taken, as described 
above, except that the control biopsy was from 
tanned skin. The samples were coded for blind 
analysis. Photoprotection was defined as the dif-
ference in photoproduct levels before and after the 
UVA treatment. 

In subjects who received 0.6 Jf cm2  of UVB, the 
levels of CPDs were slightly lower than those in 
untanned skin (Figure 3). The average tanning pro-
tection factor was only 1.19 ± 0.17 (mean ± SD). 
Since tanning acts like a low-level sunscreen to 
suppress the erythemal response without the 
unpredictable and limited protection against DNA 
damage afforded by a chemical sunscreen (Bykov et 
cl., 1998b), people who have acquired a tan may 
prolong sun exposure, resulting in DNA damage 
and increased risk of skin cancer. Tanning may 

35 
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Figure 3. Induction of photoproducts in untanned and tanned skin 
Levels of UV-induced DNA damage, cyclobutane pyrimidine dimers (CPD) and 6-4 photoproducts are 

expressed per 106  nucleotides (mean ± SD, n = 8 subjects). From Hemminki et aI. (1999). 
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provide a false sense of security, leading to 
inadvertently lengthened recreational sun expo-
sure like that of the high-SPF sunscreen users 
studied by Autier et at. (1999). Natural pigmenta-
tion, even in the fair-skinned Scandinavians, pro-
vides better protection against UV-induced DNA 
damage than UVA-induced tanning (Bykov et a/., 
2000). Sun-induced tanning may also provide 
better protection against DNA damage than that 
induced by UVA. However, solar-simulated tan in 
skin types II and III afforded a protection factor of 
only 2 against erythemal response (Sheehan et al., 
1998). 

Urinaty photaprnducts 
The amount of CPDs that can theoretically be 
expected in urine was estimated using the follow-
ing assumptions: (1) a dose of 400 JIm2  of solar-
simulating radiation (1-2 MED, about 15-30 min 
sun in Stockholm area in summer) induces the for-
mation of 6 11=1 per 106  nucleotides in skin DNA, 
giving a total amount of dimer (AT=T, GT=1 CT=T 
and UT) of 24 T=T per 106  nucleotides; (2) the 
amount of DNA extracted from a skin biopsy is 10 
jig, correcting for yield; thus 1 m2  of skin will 
contain 800 mg or 60 nmol T=T; (3) 25% of T=T is 
removed from skin DNA in the first 24 hours after 
UV irradiation (Xu et al., 2000b); (4) all TT 

Skin cancer risk -10 - 104 fold 

30-told 	 10-fold 	 15-fold 
induction of 	protection by a sunscreen 	DNA repair 

photoproducts 	against DNA dmage 

lnterindividual variations 

Figure 4. A scheme of the interindividual variations observed in the studies cited. 
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removed from skin DNA ends up in urine (1 litre 
per 24 h). This calculation indicated that the level 
of T=T to be expected in urine is 15 fmol!i.t1. 

In chromatographic analyses of urine samples 
containing CPDs, the 32P-labelled TpT showed a 
retention time of about 27 minutes. The first 
analyses of human urine collected after sun expo-
sure showed TT levels of 2 to 20 fmol per il of 
urine. These amounts are consistent with the the-
oretical levels calculated above. If validated, this 
32P-postlabelling quantification of thymidine 
dimers in urine would provide a non-invasive 
method to assess the levels of photoproducts after 
whole-body exposure to 13V light, that would offer 
an easy alternative to skin biopsies. 

Conclusions 
A surprising finding in these studies has been the 
large interindividual variation in the immediate 
DNA damage after exposure to 13V andin its repair. 
Moreover, the protective effects of sunscreens 
against erythema and DNA damage also show wide 
interindividual variation. These results cannot be 
explained by variations in the experimental 
methods used. While the interindividual variation 
in the levels of immediate DNA damage can be 
30-fold, our coefficient of variation among 
repeated analyses of the same samples was only 
some 30% (Bykov et at., 2000). An interesting issue 
is the stability of individual response to UV 
radiation. So far we have limited data on this: there 
was a high correlation in the induced photoprod-
uct levels when the same individuals were tested 
three weeks apart (unpublished data). Figure 4 
illustrates the ranges of interindividual variations 
found in these relatively small studies. The worst-
case scenario would be that the various differences 
are multiplicative, resulting in 1000-fold 
differences in sensitivity between individuals. 
These would be likely to translate into differences 
in risk of skin cancer. 
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Intermediate-effectWomarkers in 
prevention of skin cancer 

Skin cancers, both non-melanoma and melanoma, usually progress through sequential steps 
towards malignant transformation, leading to mutant clones and precancerous lesions. 
Prevention of skin cancers relies on reduction of exposure to solar radiation and may be eval-
uated by measuring induction of intermediate-effect biomarkers such as sunburn cells or p53 
mutations in the epidermis, actinic (solar) keratoses, LW-induced immunosuppression or naevi. 

Sunburn cells (apoptotic keratinocytes) and p53 mutations are indicators of UV-induced 
DNA lesions as early steps of malignant transformation of epidermal keratinocytes. Actinic 
keratoses are premalignant sun-induced skin lesions, characterized as keratinized patches with 
aberrant cell differentiation and proliferation; they represent risk factors for basal-cell 
carcinoma and melanoma and are precursors of squamous-cell carcinoma. Studies in humans 
have investigated UV-induced immunosuppression and its modulation by topical sunscreen 
application, focusing on contact hypersensitivity as measured by immunization or response to 
haptens or on modulation of stimulation of allogeneic lymphocytes by epidermal cells, or local 
release of immunomodulatory molecules such as cis-urocanic acid or interleukin-10. 

Naevi are focal collections of melanocytes, usually found at the junction of the epidermis 
and dermis or at various depths in the dermis. Common acquired naevi arise after birth both 
spontaneously and in response to sun exposure. Most acquired naevi are clonal, while most 
melanocytes in non-naeval areas are not. Although it is not yet certain whether naevi represent 
premalignant lesions or risk factors, many melanomas arise in acquired naevi, and the number 
of naevi constitutes the best predictor of individual risk of melanoma. The presence of large 
(i.e., >5 mm) or atypical naevi (i.e., large naevi with non-uniform colour and irregular borders) 
is associated with elevated melanoma risk, independently of the number of smaller naevi. 
Children seem particularly vulnerable to sun-induced biological events involved in the genesis 
of melanoma, and the greatest increase in naevus numbers per unit of skin surface occurs 
before adolescence. Therefore, the distribution of naevi and their development in children are 
relevant to understanding melanoma occurrence in adults. 

Introduction 
Skin cancers, both non-melanoma and melanoma 
usually progress through sequential steps of malig-
nant transformation, leading from an initiated cell 
to a mutant clone and to a precancerous lesion. In 
the absence of exogenous influences, mutant 
clones and precancers may remain stable or tend to 
regress. Only on rare occasions do these precancer-
ous lesions finally transform into an invasive 
cancer (Brash & Ponten, 1998) (Table 1). 
Epidemiological studies, and, more recently, 
studies of p53 mutations in squamous-cell carci-
noma (SC (Ziegler et al., 1994) have suggested 
that the main etiological agent of skin cancer in 

humans is exposure to solar radiation, especially 
early in life (Autier & Doré, 1998). Clonal expan-
sion of an initial mutated cell may be driven by 
sunlight exposure either by a direct effect of 1.1V 
radiation on initiated target cells or through an 
indirect immunosuppressive effect. Immunosup-
pressive drugs may exert the sanie effect as UV 
radiation in facilitating the clonai expansion of 
precancers. Sunlight can act twice: as tumour 
initiator and as tumour promoter. Predisposition 
to sunlight-induced precancer is a multigenic trait 
that involves independent factors such as skin 
(photo)type, eye and hair colour, individual DNA 
repair capacity and naevus number. However, this 
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Tumour progression steps 	Squamous cell carcinoma (SCC) Malignant melanoma 

Reversible (or abortive) steps 	Normal keratinocvte Normal melanocyle 

Sun-damaged epidermis (scattered Sun-damaged melanocytes 
koratinocytes with p53 mutations) 

Clonai proliferation of keratinocytes with Naevus (clonai melanocytic proliferation) 

mutant p53 

Actinic keratosis Atypical (dvspiastic) naevus 

Irreversible steps 	 Carcinoma in situ Melanoma in situ 

Squamous call carcinoma Early primary melanoma (radial growth phase) 

Late primary melanoma (vertical growth 

phase) 

Metastasis Metastasis 

latter trait results from both individual susceptibil-
ity to UV and exposure to sunlight in childhood 
(Autier, 1997). 

Prevention of skin cancers will largely result 
from reduction in exposure to solar radiation and 
may be evaluated by measuring induction of inter-
mediate-effect biomarkers such as induction of 
sunburn cells or p53 mutations in the epidermis, 
actinic (solar) keratoses, UV-induced immunosup-
pression or naevi (Tables 2 and 3). 

Non-melanoma skin cancer 
SCC of the skin results from chronic exposure to 
sunlight and progresses by stages (Table 1): sun-
damaged epidermis with individually disordered 
keratinocytes; clones of keratinocytes harbouring a 
mutant p53 tumour-suppressor gene within a 
normal epidermis; actinic (solar) keratoses, i.e., 
keratinized patches with aberrant cell differentia-
tion and proliferation (these dysplastic lesions may 
still spontaneously regress), carcinoma in situ; SCC 
and metastasis. The set of p53 mutations in 
tumours is more restricted than in precancers, 
suggesting the existence of additional events and 
selection in the progression from precancer to 
invasive cancer (Ziegler et al., 1994; Brash & 
Ponten, 1998). 

Basal-cell carcinoma (BCC) of the skin seems to 
arise without a precancer, probably from stem cells 
in the bulge region of the hair follicle, and 
contains mutations of the Ptch gene and, less 
frequently, of p53. Its relationship to sunlight 
exposure is less clear but it may, like malignant 
melanoma, be associated with intermittent recre-
ational exposure rather than chronic exposure. 

Sunburn cells and p53 mutations 
Sunburn cells are identified in conventionally 
stained epidermal biopsies as keratinocytes with a 
dense, pyknotic nucleus and a homogeneously 
eosinophilic cytoplasm. They are keratinocytes 
that have sustained a lethal dose of 11V radiation 
(apoptotic keratinocytes). It has long been 
observed that sunburn cells may be produced, in 
the absence of erythema, by doses of UV radiation 
below the minimum erythemal dose (Grove & 
Kaidbey, 1980). Hence, formation of sunburn cells 
in the epidermis provides a quantifiable end-point 
of acute damage by UV radiation. 

A study conducted in healthy volunteers of skin 
phototypes Ito III, exposed to a dose of UV radia-
tion equivalent to the individual sun protection 
factor (SPF) of an SPF-15-labelled sunscreen, over 
areas of the middle of the back protected by 
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Biomarker Comments 	 . Sunscreen effects 	 -- Reference 

Sunburn cells Apoptotic keratinocrtes identified in Prevention of occurrence of sunburn cells with high-SPF Kdbe 	(1990) 
conventionally stained epdermal biopsies sunscreen 

p53 Transient ove.rexprcssion in response to UV radiation. Decrease in overexpressiorr of p53 in non-sun-exposed skin Ponton etal. (1995) 
Persistent nuclear accumulation in cells with p53 following UV exposure 

mutation (difiuse pattern). Keratinocyte clones with 

mutated p53 can be identified as sharply demarcated Significant reduction in p53-positive keratinocytes in sun- Berne et ai (1998) 
areas (compact pattern) protected skin at-tar application of sunscreen to chronically 

curl-exposed skin during a summer 

Actinic keratoses Keratinized patches with aberrant cell differentiation Regular application of a broad-spectrum high-SPF sunscreen Thompson et at 
and proliferation induced by chronic sun exposure in prevent the development of actinic keratoses and even (1993) 
a dose-dependant manner. May spontaneously enhances the regression of preexisting kerafoses Naylor et at, (1995) 
regress in the absence of UV exposure 

Immunosuppression 0V irradiation (especially UVB) induces a local and Prevention of UVB-induced suppression of induction to contact 
systemic depression of cell-mediated immunity!- hypersensitivity to DNCB 
contact hypersensitivity 

Reduction of UV-induced suppression of response to nickel Whitmore & Morrison 
patches in nickel-allergic subjects. or to recall antigens in  
normal subjects Serre et aL (1997); 

Hayag staT (1997) 
Damian et at,, 1997; 

Moyal (1998) 

5FF, sun protection factor 



Study type Subjects exposure End-point I Main outcome Comments 	 Reference 

Case—control 418 melanoma Neverlever use of Naevus count on both arms in controls Increase more pronounced 	Autier et a/. (1995) 

438 controls sunscreens increased from no use to ever use of when subjects had ever 

sunscreens. Rate ratio (RR) 1.31 (95% Cl, used psoralen sunscreen. 

119-1.43) adjusted for age, sex, hair HR 2.10 (95% Cl, 

colour, sun exposure 182-2,43) 

Cohort 357 children Regular, seldom or,  Whole body naevus counts at five-year Univariate analysis 	 Luther et cl. (1991 3) 

(170 boys, 187 girls) never use of interval. 

7-11 yrs sunscreen HR of increase in naevi >1 nim: 

(median, 9 yrs) I. 0.81 (0.65-1.01), and 0.41 (0.23-0.75) 

for regular, seldom or never use of 

sunscreen. 

Retrospective cohort 631 children Total and average Whole-body naevus count. SPF of sunscreen has no effect Aufier etal. (1998) 

(321 boys, 310 girls) sunscreen use, Median number of naevi increased with on naevus count. 

6-7 yrs wearing of clothes, total arid average sunscreen use, and Highest risk of naevi on the trunk 

sun exposure, decreased with average wearing clothes. in children using sunscreen and 

Adjusted RR of high naevus count on who never suffered from sunburns 

the trunk 1.68(95% Cl. 1,09-259) for (RR, 2.21. 05% CIl .33-3.67)  

the highest level of sunscreen use and 

0.59 195% CI:  0.36-0.97) for the highest 

level of wearing clothes 
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application of an SPF-15 or SPF-30 sunscreen, 
showed that the SPF-30 sunscreen more efficiently 
prevented the formation of sunburn cells (Kaidbey, 
1990). 

The p53 protein plays an important role in cel-
lular response to DNA damage. Following exposure 
to genotoxic agents such as ionizing or UV radia-
tion, wild-type p53 accumulates and becomes 
immunohistochemically detectable. In human 
skin, UV irradiation induces accumulation of p53 
in the epidermis; this response is rapid and tran-
sient, being detectable as early as two hours after 
irradiation, peaking at 24 hours and persisting for 
several days (Hall et al., 1993). Following UV 
irradiation of normally unexposed skin of healthy 
subjects, the pattern of p53 expression in the 
epidermis differs according to the UV wavelength: 
while UVA induces p53 expression predominantly 
in the basal layer, UVB induces p53 expression dif-
fusely throughout the whole epidermis (Campbell 
et al., 1993). In contrast, mutation of p53 leads to 
persistent and strong nuclear accumulation of the 
protein, and in human sun-exposed skin samples 
from the face or the dorsal surface of the hands, 
epidermal areas of homogeneously stained cells 
sharply demarcated from their surroundings and 
strongly reactive with antibody to p53 (compact 
pattern) can be detected (Ponten et al., 1995), that 
have been shown by microdissection and DNA 
sequencing to reflect clonal proliferation of 
keratinocytes with mutated p53 (Ren et al., 1996). 
Mutation of p53 plays an important role in the 
onset of SCC of the skin. More than 90% of human 
SCCs of the skin contain UV-induced p53 
mutations that are already present in actinic 
keratoses (Ziegler et al., 1994), but are genetically 
unrelated to mutations present in benign clonal 
keratinocyte patches with p53 mutations in sun-
damaged epidermis (Ren et al., 1997). 

Two studies have shown that topical application 
of a broad-spectrum sunscreen with a sun protec-
tion factor of 15 either decreases the overexpres-
sion of wild-type p53 (a physiological response to 
UV-induced DNA damage) in epidermal kera-
tinocytes following UV exposure of normal previ-
ously non-sun-exposed skin (Ponten et al., 1995) or 
significantly reduces the number of p53-positive 
keratinocytes in sun-protected skin after applica-
tion of sunscreen to chronically sun-exposed skin 
during a one-summer period (Berne et aL, 1998). 

Actinic keratoses 
Actinic, or solar, keratoses are premalignant, sun-
induced skin lesions, characterized as keratinized 
patches with aberrant cell differentiation and pro-
liferation. They represent risk factors for BCC and 
melanoma and are precursors to SCC, although the 
rate of transformation is low (Green & O'Rourke, 
1985; Marks et al., 1988a, b). Strong clinical and 
experimental evidence supports their being 
precursors of 5CC of the skin. Approximately 60% 
of SCCs are thought to arise in actinic keratoses 
(Marks et al., 1988a). Similarly to SCCP  they have a 
strong link to sun exposure and share many 
features with their malignant counterpart, includ-
ing a dose—response relationship with cumulative 
sun exposure (Vitasa et al., 1990) and an increased 
incidence in immunocompromised individuals 
such as transplant patients (Blohme & Larko, 
1984). 

Two randomized, placebo-controlled studies 
have investigated the prevention of new actinic 
keratoses and the reduction of pre-existing 
keratoses by sunscreens in high-risk populations 
with actinic keratoses or even non-melanoma skin 
cancer. The Australian study (Thompson et ai. 
1993), conducted over a period of six months (one 
summer) in 431 subjects, as well as the North 
American study (Naylor et al., 1995), conducted on 
a smaller number of subjects (50) over a two-year 
period, both showed that regular application of a 
high sun protection factor broad-spectrum sun-
screen significantly reduced the total number of 
actinic keratoses. The Australian study further 
showed that this reduction in total number of 
actinic keratoses stemmed from a reduction in the 
development of new solar keratoses and an 
increased remission rate of keratoses present at 
baseline. 

Immunosuppression 
Experimental studies have shown that UV irradia-
tion, and more especially UVB, induces local and 
systemic suppression of cell-mediated immunity 
that plays an important role in the control of 
growth of UV-induced malignant tumours (Krlpke, 
1994). Although there is no direct evidence that 
UVB-induced immunosuppression plays a role in 
the growth of sunlight-associated skin malignan-
cies in humans, there is abundant circumstantial 
evidence; for instance, immunosuppressed 
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patients such as transplant recipients have greatly 
elevated rates of non-melanoma skin cancer inci-
dence (Granstein, 1995). 

Recent studies have investigated UV-induced 
immunosuppression and its modulation by topical 
sunscreen application in humans, focusing on 
contact hypersensitivity as measured by immu-
nization or response to haptens, on modulation 
of stimulation of allogeneic lymphocytes by 
epidermal cells, or on release of immunomodula-
tory molecules such as cis-urocanic acid or inter-
leukin-lO. 

Dinitrochlorobenzene (DNCB) is a potent con-
tact sensitizer to which spontaneous sensitization 
is rarely encountered in human populations and 
has been widely used for evaluation of immune 
capacities of patients. Typically, sensitization to 
DNCB is induced by applying to the skin in a Finn 
chamber a small patch of filter paper containing 
30-50 pg DNCB in acetone solution; the patch is 
removed after 48 hours. The sensitization induced 
is tested two weeks after the first contact with 
DNCB by application of challenge patches con-
taining a range of concentrations of DNCB (usually 
from 3.125 to 12.5 jig). The challenge patches are 
removed after 48 hours and the contact hypersen-
sitivity reactions are assessed 24 hours later. 

Several studies have shown that in healthy vol-
unteers an erythemal UV exposure significantly 
impairs the afferent arm of the contact hypersen-
sitivity reaction, and that the application of a high 
sun protection factor sunscreen can at least 
partially prevent the UV-induced suppression of 
contact hypersensitivity, without itself interfering 
with the contact sensitization, probably by 
preventing the decrease in epidermal Langerhans 
cells at the irradiated site that usually follows expo-
sure to UVB (Whitmore & Morison, 1995; Hayag et 
cil., 1997; Serre et al., 1997). However, these tests 
result in the permanent sensitization of the 
subjects to a potent allergen, and hence may cause 
an allergic risk, even if the DNCB molecule is rarely 
encountered in everyday life. 

Nickel is a frequent contact allergen in the gen-
eral population. Up to 15% of women and 5% of 
men develop allergic contact dermatitis when 
exposed to nickel. UV radiation suppresses the 
allergic response of these individuals to patch 
testing with nickel, and clinical improvement of 
nickel allergy occurs after whole-body irradiation. 

This model has been developed into a technique 
for evaluating the immune protection afforded by 
sunscreens, and since neither LTV irradiation nor 
sunscreens significantly affect erythema induced 
by a skin irritant, sodium lauryl sulfate, nickel 
patch testing appears to be a valid means of assess-
ing UV-induced immunosuppression in humans 
and its modulation by sunscreens (Damian et al., 
1997). The fact that even with suberythemal UV 
irradiation, suppression of allergic response to 
nickel was abolished only by broad-spectrum 
sunscreens suggests that UVA plays an important 
role in UV-induced immunosuppression. 

Alternatively, UV-induced immunosuppression 
can be assessed in normal subjects by using the 
delayed hypersensitivity response to common 
recall antigens (Moyal, 1998). 

Another minimally invasive technique to 
explore UV-induced immunosuppression and its 
modulation by sunscreens is offered by the mixed 
epidermal cell-lymphocyte reaction (MECLR), in 
which epidermal cells obtained by the suction 
blister method after localized UV irradiation are 
used to stimulate allogeneic lymphocytes in vitro. 
However, conflicting reports have shown that the 
ability of sunscreens to interfere with UV-induced 
modulation of cell-mediated immune responses 
critically depends on the UV irradiation protocol 
and assay end-points that may involve different 
mechanisms of UV-induced immunomodulation 
(Van Praag et ai., 1991; Hurks et al., 1997). 

Numerous mediators are released by 
keratinocytes upon UV irradiation, cis-Urocanic 
acid, formed by photoisomerization in the epider-
mis of trans-urocanic acid, accumulates in the 
stratum corneum and is considered an important 
mediator of local immunosuppression resulting 
from exposure to UV radiation. Formation of 
cis-urocanic acid can be measured in stratum 
corneum strippings and has been used to evaluate 
photoprotection by sunscreens (Krien & Moyal, 
1994; de Fine Olivarius et al., 1999). More recently, 
interleukin-10 (IL-10) mRNA expression has been 
studied by reverse transcription polymerase chain 
reaction in epidermal cells obtained from suction 
blisters (Hochberg & Enk, 1999). 

Melanoma 
Cutaneous melanoma represents the end of a con-
tinuum starting from sun-damaged melanocytes in 
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the epidermis and progressing through a common 
acquired naevus which may show cellular atypia, 
an atypical (dysplastic) naevus with architectural 
atypia, melanoma in situ, early (radial growth 
phase) primary melanoma with no competence for 
metastasis, late (vertical growth phase) primary 
melanoma, and finally to metastatic melanoma 
(Table 1). 

Although the pathogenesis of melanoma is far 
from fully understood (Gilchrest et al., 1999), the 
main exogenous etiological factor of melanoma 
appears to be intermittent (recreational) sun expo-
sure, especially in childhood (Autier & Doré, 
1998). It has been proposed that melanomas 
arising before the age of 50 years occur electively in 
body areas intermittently exposed to sunlight, 
while melanomas arising at a later age occur in 
body areas more likely to be chronically sun-
exposed (Elwood & Gallagher, 1998). 

Naevi 
Naevi are focal collections of non-dendritic 
melanocytes, usually found at the junction of the 
epidermis and dermis (junctional naevi) or at 
various depths in the dermis (compound or der-
mal naevi). Common acquired naevi arise after 
birth, both spontaneously and in response to 
various factors, particularly exposure to the sun 
(Harrison et al., 1994). 

Many, if not most, cutaneous melanomas arise 
in acquired naevi, and it has recently been shown 
that most acquired naevi are clonai, while most 
melanocytes in non-naeval areas are not 
(Robinson et al., 1998). Although it is not clear 
whether acquired naevi represent actual premalig-
nant lesions or risk factors, the number of 
common naevi in any given individual, which is 
determined by genetic factors and sun exposure, 
constitutes the best predictor of individual risk of 
melanoma (Boyle et al., 1995; Berwick & Halpern, 
1997). The presence of large naevi (e.g., those with 
one dimension >5 mm) or of atypical naevi (e.g., 
large naevi with non-uniform colour and irregular 
borders) is also associated with higher melanoma 
risk, independently of the number of smaller naevi 
(Bataille et al., 1996; Tucker et al., 1997). Large 
naevi are not uncommon in children, but atypical 
naevi are rare in North American or European chil-
dren before onset of puberty (Greene et al., 1985). 

Children seem particularly vulnerable to sun- 

induced biological events possibly involved in the 
genesis of melanoma (Holman & Armstrong, 1984; 
Autier & Doré, 1998). Also, the greatest increase in 
naevus numbers per unit of skin surface takes place 
before adolescence (English & Armstrong, 1994). 
Therefore, the distribution of naevi and their 
development in children is relevant to under-
standing melanoma occurrence in adults. 

A recent study by our group (Autier et al., 2000) 
assessed the body-distribution of naevi, with 
particular reference to differences in sun exposure 
by body-site, in 649 European children aged 6-7 
years from Brussels (Belgium), Bochum (Germany), 
Lyon (France) and Rome (Italy). Counts of naevi of 
size 2-4.9 mm and ~!5 mm were performed using a 
standard method. The numbers of naevi 2-4.9 mm 
and of naevi -~:5 mm were strongly correlated, 
especially on the trunk. For naevi 2-4.9 mm, the 
highest relative densities were found on the face, 
back, shoulders and the external surface of the 
arms. Lowest relative densities were found on the 
hands, legs, feet and abdomen (Figure 1). The 
relative density of naevi ~!5 mm was higher on the 
trunk than on any other body site (Figure 2). 
Similar body distributions were observed in both 
sexes and at each centre. The body-site distribution 
of naevi 24.9 mm seemed to parallel the usual sun 
exposure patterns of young European children. It is 
suggested that the development of naevi n mm 
might be a marker of the vulnerability of 
melanocytes to the harmful effects of solar radia-
tion. Such vulnerability would be maximal on the 
trunk, and would decrease distally, with 
melanocytes of the hands and feet having the low-
est vulnerability. The number of naevi acquired on 
a specific area of skin would result from the 
combined effects of local vulnerability to solar 
radiation and local sun exposure history. The 
origin of acquired body-site differences in the 
susceptibility of melanocytes to UV radiation is 
unknown, although it seems to parallel the body-
site density of sensory innervation. 

Several studies have investigated the develop-
ment of naevi as a function of sun protection or 
sunscreen use (Table 3). In a case-control study 
conducted in Europe in 418 melanoma cases and 
438 controls (Autier et al., 1995), it was noted that 
the use of sunscreen was associated with a higher 
density of pigmented lesions of the skin in 
controls. The naevus count on both arms in 
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Figure 1. Relative densities of naevi of size >2 
mm in 6-7-year old European children. 

RND = relative naevus density. 

control subjects significantly increased from those 
reporting no sunscreen use to those who ever used 
sunscreen. 

A study of naevus development was conducted 
in Germany among schoolchildren (Luther et al., 
1996). Naevus counts were performed in 866 chil-
dren between the ages of 1 and 6 years (median 
age, 4 years), and a second time after a five-year 
period in 424 children of whom the parents had 
agreed to participate. Univariate analysis showed a 
significant relationship between the regular use of 
sunscreen and a high increase in numbers of 
melanocytic naevi. This association was inter-
preted by the authors as resulting from a tendency 
of children who use sunscreen regularly to have 
more cumulative sun exposure. 

A retrospective cohort study examined the 
number of naevi in 631 6-7-year-old European 
children in elementary schools in Brussels, 
Bochum, Lyon and Rome, according to their sun 
exposure history, physical protection, sunscreen 
use and sunburn history from birth to the 
moment of skin examination (Autier et al., 1998). 
In all study locations, the median numbers of 
naevi tended to increase with total or average sun-
screen use during holidays, whereas the reverse 
was true for average wearing of clothes in the sun. 

Figure 2. Relative densities of naevi of size> 5 
mm in 6-7-year-old European children. 

RND = relative naevus density. 

Median naevus counts increased with both 
increasing sun exposure and average sunscreen 
use. After adjustment for sun exposure and host 
characteristics, the relative risk for a high naevus 
count on the trunk was 1.68 (95% confidence 
interval, 1.09-2.59) for the highest level of sun-
screen use and 0,59 (95% confidence interval, 
0.36-0.97) for the highest level of wearing clothes 
while in the sun. The average sun protection fac-
tor of the sunscreen used had no demonstrable 
effect on naevus counts. The highest risk of naevi 
on the trunk associated with sunscreen use was 
seen in children who never suffered from sunburn 
(relative risk, 2.21; 95% confidence interval, 
133-3.67). 

Conclusion 
Few intermediate end-points related to the biology 
of tumour progression can be reliably used as bio-
markers to assess chemoprevention of skin cancers. 

Assessment of sunburn cell formation or of p53 
mutation induction in the epidermis provides 
information on the early steps of non-melanoma 
skin cancer. However, due to their invasive 
measurement, these biomarkers would be difficult 
to use in large-scale prevention trials. Actinic 
keratoses, precursors to SCC, share a number of 
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features with their malignant counterpart, includ-
ing a dose-dependent link to cumulative sun 
exposure, and can be easily measured clinically. 
They have therefore been measured in large-scale 
trials in humans that have shown that a reduction 
of actinic kerato ses can be obtained by use of 
sunscreens. The use of such an intermediate-effect 
biomarker in chemoprevention studies may be 
regarded as validated by a recent Australian trial 
showing a reduction in risk of SCC, but not of 
BCC, in a prospective controlled trial of sunscreen 
use in the prevention of non-melanoma skin can-
cer (Green etal., 1999). 

Naevi and melanomas share a number of com-
mon features and it is thought that long-term 
prospective studies on melanoma occurrence 
could be replaced by prospective studies of naevus 
development. In this respect, the maintenance of 
a low number of naevi should be considered in the 
evaluation of the efficacy of protection against 
long-term harmful effects of sunlight exposure. 
However, the prevalence of common acquired 
naevi exceeds by far that of melanoma, and future 
studies should focus on more precise identification 
of subjects at risk, for example by considering 
markers of DNA damage susceptibility or of DNA 
repair proficiency such as the inherited suscepti-
bility to induction of chromatid breaks by an UV-
mimetic mutagen, 4-nitroquinoline-1-oxide (Wei 
et al., 1996; Wu et al., 1996). In public health, it is 
increasingly evident that a reduction in the 
incidence of melanoma will be preceded by a 
reduction in naevus numbers. The evolution of 
naevus number at different ages could serve as an 
indicator of the likely trend of melanoma 
incidence in the coming years. 

References 
Autier, P. (1997) Epidémiologie des naevus, Ann. 
Derinatol. Venereol., 124, 735-739 

Autier, P. & Doré, J.F. (1998) Influence of sun exposures 
during childhood and during adulthood on melanoma 
risk, lot. J.  Cancer, 77, 533-537 

Autier, P., Doré, J.F., Schifflers, E., Cesarini, J.P., Bollaerts, 
A., Koelmel, KF., Gefeller, O., Liabeuf, A., Lejeune, F., 
Liénard, D., Joarlette, M., Chemaly, P. & Kleeberg, U.R. 
for the EORTC Melanoma Cooperative Group (1995) 
Melanoma and use of sunscreens: an EORTC case-control 
study in Germany, Belgium and France. lot. J. Cancer, 61, 
749-755 

Autier, P., Doré, J.F., Cattaruzza, MS., Renard, F., Luther, 
H., Gentiloni-Silverj, F., Zantedeschi, E., Mezzetti, M., 
Monjaud, 1., Andry, M., Osborn, J.F. & Grivegnée, A. 
(1998) Sunscreen use, wearing clothes, and number of 
nevi in 6- to 7-year-old European children. J. Nat! Cancer 
Inst., 90, 1873-1880 

Autier, P., Boniol, M., Seven, G., Giles, G,, Cattaruzza, 
M.S., Luther, H., Renard, F., Pedeux, R. & Doré, J.F. 
(2000) The body site distribution of melanocytic nevi in 
6 to 7 year old European children (submitted for publi-
cation) 

Bataille, V., Newton-Bishop. JA., Sasieni, P., Swerdlow, 
A.J., Pinney, E., Griffiths, K. & Cuzick, J. (1996) Risk of 
cutaneous melanoma in relation to the numbers, types 
and sites of naevi: a case-control study. Br. J. Cancer, 73, 
1605-1611 

Berne, B., Ponten, J. & Ponten, F. (1998) Decreased p53 
expression in chronically sun-exposed human skin after 
topical photoprotection. Ehotodermato!. Photoimmunoi. 
Photomed., 14, 148-153 

Berwick, M, & Halpern, A. (1997) Melanoma epidemiol-
ogy. Curr. Opin. Oncol., 9, 178.-182 

Blohme, L. & Larko, 0. (1984) Premalignant and malig-
nant skin lesions in renal transplant patients. 
Transplantation, 37, 165-167 

Boyle, P., Maisonneuve, P. & Doré, J.F. (1995) 
Epidemiology of melanoma. Br. Med. Bull., 51, 523-547 

Brash, D.E. & Ponten, J. (1998) Skin precancer. Cancer 
Su.rv., 32, 69-113 

Campbell, C., Quinn, A.G., Angus, B., Farr, P.M. & Rees, 
J.L. (1993) Wavelength specific patterns of p53 induction 
in human skin following exposure to UV irradiation. 
Cancer Res., 53, 2697-2699 

Damian, DL., Halliday, G.L. & Barnetson, R.St.C, (1997) 
Broad-spectrum sunscreens provide greater protection 
against ultraviolet-radiation-induced suppression of con-
tact hypersensitivity to a recall antigen in humans. J. 
Invest. Dermatol., 109, 146-151 

de Fine Olivarius, F., Wulf, H.C., Crosby, J. & Norval, M. 
(1999) Sunscreen protection against cis-urocanic acid 
production in human skin. Acta Denn, Venereol., 79, 
426-430 

English, D.R. & Armstrong, B. (1994) Melanocytic nevi in 
children. I. Anatomic sites and demographic and host 
factors, Am, J. Epidemiol., 139, 390-401 

Elwood, J.M. & Gallagher, R.P. (1998) Body site 
distribution of cutaneous malignant melanoma in rela-
tionship to patterns of sun exposure. mt. j.  Cancer, 78, 
276-280 

89 



Biomarkers in Cancer Chemoprevention 

Gilchrest, B.A., Eller, M.S., Geller, A.C. & Yaar, M. (1999) 
The pathogenesis of melanoma induced by ultraviolet 
radiation. New Engl. J. Med., 340, 1341-1348 

Granstein, R.D. (1995) Evidence that sunscreens prevent 
UV radiation-induced immunosuppression in humans. 
Sunscreens have their day in the sun. Arch. Dermatol., 
131,1201-1203 

Green, A.C. & O'Rourke, M.G. (1985) Cutaneous malig-
nant melanoma in association with other skin cancers. J. 
Nat! Cancer lust., 74, 977-980 

Green, A., Williams, G., Neale, R., Hart, V., Leslie, D., 
Parsons, P., Marks, G.C., Gaffney, P., Battistuta, D., Frost, 
C., Lang, C. & Russell, A. (1999) Daily sunscreen appli-
cation and betacarotene supplementation in prevention 
of basal-cell and squamous-cell carcinomas of the skin: a 
randomised controlled trial. Lancet, 354, 723-729 

Greene, M.H., Clark, W.H. & Tucker M.A. (1985) 
Acquired precursors of cutaneous malignant melanoma: 
the familial dysplastic naevus syndrome. New Engl. J. 
Med., 312, 91-97 

Grove, G.L. & Kaidbey, K.H. (1980) Sunscreens prevent 
sunburn cells formation in human skin. J. Invest. 
Dermatol., 75, 363-364 

Hall, PA., McKee, PLI., Menage, H.D.P., Dover, R. & Lane, 
D.P. (1993) High levels of p53 protein in UV-irradiated 
normal human skin. Oncogene, 8, 203-207 

Harrison, S.L., MacLennan, R., Speare, R. & Wronski, I. 
(1994) Sun exposure and melanocytic naevi in young 
Australian children. Lancet, 344, 1529-1532 

Hayag, MV., Chartier, T., DeVoursneyj., Tie, C., Machler, 
B. & Taylor, J.R. (1997) A high SPF sunscreen's effect on 
UVB-induced immuno suppression of DNCB contact 
hypersensitivity. J. Dermatol. Sd., 16, 31-37 

Hochberg, M. & Enk C.D. (1999) Partial protection 
against epidermal IL-10 transcription and Langerhans 
cell depletion by sunscreens after exposure of human 
skin to UVB. Photochem. Photob!ol., 70, 766-772 

Holman, C.D.J. & Armstrong, B. (1984) Cutaneous 
malignant melanoma and indicators of total accumu-
lated exposure to the sun: an analysis separating histo-
genic types. J. Nat! Cancer Inst., 73, 75-82 

[Turks, n.M., Van der Molen, R.G., Out-Luiting, C., 
Vermeer, 13.-J., Claas, F.H.J. & Mommaas, A.M. (1997) 
Differential effects of sunscreens on UVB-induced 
immunomodulation in humans. J. Invest, Dermatol., 109, 
699-703 

Kaidbey, K.H. (1990) The photoprotective potential of 
the new superpotent sunscreens. J. Am. Acad. Dermatol., 
22,449-452 

Krien, P.M. & Moyal, D. (1994) Sunscreens with broad-
spectrum absorption decrease the trans to cis photoiso-
merization of urocanic acid in the human stratum 
corneum after multiple UV light exposures. Photochem. 
Photobol., 60, 280-287 

Kripke, M.L. (1994) Ultraviolet radiation and immunol-
ogy: something new under the sun - Presidential 
address. Cancer Res., 54, 6102-6105 

Luther, H., Altmeyer, P., Garbe, C., Ellwanger, U., Jahn, 
S., Hoffmann, K. & Segerling, M. (1996) Increase in 
melanocytic nevus counts in children during 5 years of 
follow-up and analysis of associated factors. Arch. 
Dermatol., 132, 1473-1478 

Marks, R., Rennie G. & Selwood, T.S. (1988a) Malignant 
transformation of solar keratoses to squamous cell carci-
noma. Lancet, 1, 795-797 

Marks, R., Rennie G., & Seiwood, T.S. ( 1988b) The relation-
ship of basal cell carcinoma and squamous cell carcinoma to 
solar keratoses. Arch. Dermatol., 124, 1039-1042 

Moyal, D. (1998) Immunosuppression induced by 
chronic ultraviolet irradiation in humans and its pre-
vention by sunscreens. Fur. J. Dermatol., 8, 209-211 

Naylor, M.F., Boyd, A., Smith, D.W., Cameron, G.S., 
Hubbard, D. & Nelder, K.H. (1995) High sun protection 
factor sunscreens in the suppression of actinic neoplasia. 
Arch. Dermatol., 131, 170-175 

Ponten, F., Berne, B., Ren, Z.P., Mister, M. & Ponten, J. 
(1995) Ultraviolet light induces expression of p53 and 
p21 in human skin: effect of sunscreen and constitutive 
p21 expression in skin appendages. J. Invest. Dermatol., 
105,402-406 

Ren, Z.P., Ponten, F., Nister, M. & Ponten, J. (1996) Two 
distinct p53 immunohistochemical patterns in human 
squamous-cell skin cancer, precursors and normal epi-
dermis. lut. J. Cancer, 69, 174-179 

Ren, Z.P., Ahmadian, A., Ponten, F., Nister, M., Berg, C., 
Lundeberg, J., Uhlen, M. & Ponten, J. (1997) Am. J. 
PathoL, 150,1791-1803 

Robinson, W.A., Lemon, M., Elefanty, A., Harrison-
Smith, M., Markham, N. & Norris, D. (1998) Human 
acquired naevi are clonai. Melanoma Res., 8, 499-503 

Serre, I., Cano, J.P., Picot, M.C., Meynadier, J. & Meunier, 
L. (1997) Immunosuppression induced by acute solar-
simulated ultraviolet exposure in humans: prevention by 
a sunscreen with a sun protection factor of 15 and high 
UVA protection. J. Am. Acad. Dermatol., 37, 187-194 

Thompson, S.C., Jolley, D. & Marks, R. (1993) Reduction 
of solar keratoses by regular sunscreen use. New Engl. J. 
Med., 329,1147-1151 

IN 



Intermediate-effect biomarkers in prevention of skin cancer 

Tucker, MA., Halpern, A., Holly, LA., Hartge P., Elder, 
D.E. & Sagebiel, R.W. (1997) Clinically recognized dys-
plastic nevi. A central risk factor for cutaneous 
melanoma. J, Am. Med, Ass., 277,1439-1444 

van Praag, M.C.G., Out-Luyting, C., Claas, F.B.I., 
Vermeer, B.-J. & Mommaas, A.M. (1991) Effect of topical 
sunscreens on the UV-radiation-induced suppression of 
the alloactivating capacity in human skin in vitro. J. 
Invest. DermatoL, 97, 629-633 

Vitasa, B.C., Taylor, HR. & Strickland, P.T. (1990) 
Association of nonmelanoma skin cancer and actinic 
keratoses with cumulative solar ultraviolet exposure in 
Maryland watermen. Cancer, 65, 2811-2817 

Wei, Q., Spitz, M.R., Gu, J., Cheng, L., Xu, X., Strom S.S., 
Kripke, M.L. & Hsu, T.C. (1996) DNA repair capacity cor-
relates with mutagen sensitivity in lymphoblastoid cell 
lines. Cancer Epidemiol. Biomarkers Prev., 5, 199-204 

Corresponding author: 

J.-E Doré 
INSERM U 453, 
Bâtiment Cheney, Centre Léon Bérard 
28, rue Laènnec, 
F-69373 Lyon Cedex 087  
France  

Whitmore, S.E. & Morison, W.L. (1995) Prevention of 
UVB-induced immunosuppression in humans by a high 
sun protection factor sunscreen. Arch. Dermatol., 131, 
1128-1133 

Wu, X., Hsu, T.C. & Spitz, M.R. (1996) Mutagen sensitiv-
ity exhibits a dose-response relationship in case-control 
studies. Cancer Epidemiol. Biomarkers Prev., 5, 577-5 78 

Ziegler, A., Jonason, AS., Lefefl, 1J.J., Simon, J.A., 
Sharma, H.W., Kimmelman, J., Remington, L., Jacks, T. & 
Brash, D.E. (1994) Sunburn and p53 in the Onset of skin 
cancer. Nature, 372, 773-6 

91 





Biomarkors in Cancer Chemopreventiorr 
Miter, A.B., Bausch, H., Bottetta, P., Draeted, L and Vainc, H. rids 

ARC Scientific Publications No. 154 
Internat oral Agency for Research on Cancer, Lyon, 2001 

Genetically determined susceptibilitiso 
markers in skin cancer and their 
application to chemoprevention 

Development of skin cancer is a result of interactions between genetic and environmental 
factors. Exposure to sunlight is an established cause of non-melanoma skin cancer as well as 
of melanoma. Other additional factors such as exposure to environmental chemicals (e.g., 
chimney soot, arsenic compounds), chronic irritation of the skin, viral infections and the 
immune status of the host may predispose to skin cancer. The high incidence of skin cancer 
highlights the need for development of more effective chemopreventive agents. This requires 
a better understanding of genetically determined host susceptibility, which is increasingly 
acknowledged as a major factor in the causation of skin tumours. 

Introduction 
Skin cancer accounts for approximately one third 
of all newly diagnosed cancers in the United States 
(Boring et al., 1994). Non-melanoma skin cancers 
are the most common cancers in the white popu-
lation, with 900 000 to 1200 000 new cases diag-
nosed annually in the United States (Miller & 
Weinstock, 1994). The most frequently diagnosed 
cancer in this group is basal-cell carcinoma (BCC), 
followed by squamous-cell carcinoma (5CC). The 
incidence of non-melanoma skin cancers is rising 
worldwide and it has been estimated that 28% to 
33% of Caucasians born after 1994 will develop a 
basal-cell carcinoma in their lifetime (Miller & 
Weinstock, 1994; Hughes et al., 1995; Gloster & 
Brodland, 1996). In 1997, more than 40 000 cases 
of cutaneous melanoma were diagnosed in the 
United States (Gilchrest et al., 1999). The incidence 
of no other cancer is increasing so fast, and mor-
tality from cutaneous melanoma has doubled in 
the last 35-40 years (Balch et al., 1997). 

The reason for the increasing incidence of skin 
cancer is unclear. Increased recreational exposure 
to sunlight may play a major role, as may an 
increase in the ultraviolet (UV) radiation that 
reaches the Earth's surface (Balch et al., 1997). 
Another factor is probably the increased use of 
sunscreens which induce individuals to spend 
more time outdoors. Sunscreens are very effective  

in preventing sunburn. However, there is no 
unequivocal evidence that they protect against 
melanoma formation (Ley & Reeve, 1997). 

The identification of genes underlying several 
rare hereditary syndromes associated with 
increased skin cancer incidence has had an enor-
mous impact on the understanding of cutaneous 
malignancies at the molecular level (Halpern & 
Altman, 1999). Additionally, evidence is emerging 
that allelic variants of genes involved in detoxifi-
cation of a variety of exogenous and endogenous 
substrates may also contribute to the increased 
number of skin tumours (Lear et al., 2000). 
Furthermore, it is likely that a number of still 
unknown genetic modifiers influencing individual 
susceptibility to skin cancer segregate within the 
population and their identification should allow 
better assessment of individual skin cancer risk 
(Nagase et al., 1999). 

1-ligh-penetrance susceptibility genes 
Inherited conditions entailing increased predispo-
sition to skin cancer and the underlying genes are 
listed in Table 1, 

Albinism 
Albinism comprises a group of genetic disorders 
characterized by deficient synthesis of the pigment 
melanin. Oculocutaneous albinism Type 1 (OCAI; 
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Disease Gene defect or gene Locus 

Oculocutaneous albinism TYR, P gene 
Xerodema pigmentosum XP genes 
xeroderma pigmeniosum variant DNA polymerase eta 
Neevoici basal-cell carcinoma syndrome PTCH 

Cutaneous malignant melanoma CDKN2A CDK 

Inherited retinoblastoma pRB 

Li—Fraumeni syndrome p53 
Hombo syndrome 
Bazex syndrome Xq 
Multiple self-healing epithelioma 9q31 
Muir—Torre syndrome MSH2, MLH 

Cowden's syndrome - PTEN  

autosomal recessive inheritance) is caused by 
mutations in the tyrosinase gene, which encodes 
the enzyme that catalyses at least three steps in 
melanin biosynthesis (Spritz, 1994). Oculocuta-
neous albinism Type Z (OCA2; autosomal recessive 
inheritance) results from mutations in the P gene)  
which is probably involved in the transport of the 
melanin-precursor tyrosine within the melanocyte 
(Spritz, 1994), OCA2 is the most prevalent type of 
albinism worldwide. In the United States, only lin 
36 000 inhabitants is affected with this disease (Lee 
et al., 1994). However, in Nigeria it is one of the 
most common recessive genetic disorders, with a 
prevalence of about 1 in 1100 (Okoro, 1975). The 
most frequent type of skin cancer associated with 
albinism in African albinos is squamous-cell carci-
noma, in contrast to Caucasians)  in whom basal-
cell carcinoma is most frequent (Yakubu & 
Mabogunje, 1993). 

Melanin has photoprotective functions in the 
skin and directly absorbs both UV photons and 
reactive oxygen species generated by the interac-
tion of UV radiation with membrane lipids or 
other cellular components (Riley, 1997). Besides 
mutations in the tyrosinase gene and in the P gene, 
mutations or polymorphisms in other genes 
involved in the synthesis and transport of melanin 
may play critical roles in susceptibility to skin cancer 
in the general population (Valverde et al., 1995, 
1996). 

Xeroderma pigmentosum and xeroderma pigmento-
sum variant 
Exposure to UVB radiation induces the formation 
of photoproducts which may lead to accumulation 
of skin cancer-inducing mutations (Brash)  1997). 
The main pathway by which mammalian cells 
remove DNA damage caused by UV radiation and 
other mutagens is nucleotide excision repair 
(NER). Genes which are defective in the inherited 
disorder xeroderma pigmentosum (XP) are the best 
characterized components of the human NER 
process (Araujo & Wood, 1999). XP shows auto-
somal recessive inheritance and predisposes the 
affected individual to cutaneous malignancies. The 
risk of developing skin cancer on sun-exposed 
areas is more than 1000-fold increased in XP 
patients and most frequently the patients develop 
basal-cell carcinomas and squamous-cell carcinomas 
(Kraemer et al., 1994). An increase in skin cancer 
predisposition has also been described in XP 
heterozygotes (Swift et al., 1979). In this context, it 
is of great interest that reduced repair of UVB-
induced DNA damage in patients with basal-cell 
carcinoma has been described (Wei et al., 1995). 

The xeroderma pigmentosum variant (XPV) is 
an inherited disease which is associated with 
increased incidence of sunlight-induced skin can-
cer. Unlike other XP-cells, XPV cells carry out nor-
mal nucleotide excision repair but are deficient in 
replication of UV-damaged DNA (Cordonnier & 
Fuchs)  1999). Recently XPV has been shown to 
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arise from mutations in the DNA polymerase eta 
(Masutani et ciL, 1999; Johnson et al., 1999). 

Naevoid basal-cell carcinoma syndrome (NBCCS) 
It is well known that inherited defects in onco-
genes and tumour-suppressor genes influence skin 
cancer susceptibility. For example, a large propor-
tion of sporadic basal-cell carcinomas show 
mutations in the tumour-suppressor gene patched 
(PTCH). PTCH was cloned from the locus for 
NBCCS, which is a rare autosomal dominant dis-
order that predisposes the affected individuals to 
basal-cell carcinoma, several other cancers and 
developmental defects (Johnson et ciL, 1996; Hahn 
et al., 1996). More than 50% of basal-cell carcino-
mas show loss of heterozygosity (LOH) at the 
PTCH locus on 9q22-31. Mutation screening 
revealed that 30% of basal-cell carcinomas with 
LOH have mutations in the remaining allele of 
PTCH (Gailani et ai., 1996a, b). Interestingly, mis-
sense mutations in the ligand of PTCH, sonic hedge-
hog (SETH) as well as in its signalling partner, 
smoothened (SMO) in basal-cell carcinomas have 
been reported (Oro et ciL, 1997; Xie et al., 1998). 
Overexpression of SHH (Oro et ciL, 1997), SMO 
(Xie et ai., 1998) and of the PTCH pathway targets 
GLu I (Nilsson et al., 2000) and GLI2 (Grachtchouk 
et al., 2000) in murine skin leads to abnormalities 
resembling human basal-cell carcinomas. 
Therefore, it is possible that carcinogenesis can be 
initiated by mutations in all known components 
of the pathway. Essentially all basal-cell carcino-
mas overexpress targets of an activated 
SHHIPTCH/SMO pathway, which include PTCH 
itself, GLIl and SMO (Dahmane et ai., 1997; 
Reifenberger et al., 1998; Tojo et al., 1999) (Figure 
1). Expression of these genes seems to be very 
specific for basal-cell carcinomas in comparison 
with other skin tumours and the level of expres-
sion correlates with progression of basal-cell carci-
nomas (Tojo et al., 1999; Unden et ai., 1997; 
Kallassy et al., 1997). Overall, these data suggest a 
major role for the SHH/PTCH/SMO signalling 
pathway in the development of basal-cell 
carcinoma. 

Approximately 40% of PTCH mutations in 
basal-cell carcinomas are C—*T or CC—*TT transi-
tions at dipyrimidine sites which are typical of 
UVB-induced DNA damage, thus implicating UVB 
in mutagenesis of PTCH (Aszterbaum eta]., 1999). 

A small proportion of basal-cell carcinomas have 
point mutations in the Ras-homologues H-ras and 
K-ras (van der Schroeff et ciL, 1990; Ananthaswamy 
& Pierceall, 1990; Lieu et al., 1991). p53 mutations 
have been identified in 50% of basal-cell carcino-
mas and 65% of these are of the UVB-type (Rady et 
ai., 1992; Ziegler et ci?., 1993; van der Riet et ai., 
1994; Urano et al., 1995). This suggests a coopera-
tion between either Ras or p53 and PTCH in basal-
cell carcinoma formation, although no experi-
mental evidence for a direct interaction between 
these genes has yet been reported. 

Melanoma-prone families 
Melanoma is the most aggressive of skin cancers; it 
affects young individuals and much effort has been 
made to elucidate its development. Atypical or dys-
plastic naevi are major risk factors in both high-
risk families and in the general population. 
Another significant risk factor is a positive family 
history of melanoma. Family cases, however, con-
stitute only a small proportion (1-2%) of all cuta-
neous melanomas (Kefford et ai., 1999). In these 
families, melanoma susceptibility is enhanced by 
mutations in the cyclin-dependent kinase 
inhibitor CDKN2A and in the cyclin-dependent 
kinase CDK4. These genes have been found to 
confer elevated risk in 20-40% of melanoma-prone 
families. The genetic basis for melanoma-predis-
position in the remaining 60-80% of families is 
not known (Kefford et al., 1999). CDK4 mutations 
are assumed to generate dominant oncogenes that 
are resistant to normal inhibition of the cell cycle 
by p16 (Zuo et ai., 1996). The CDKN2A gene 
encodes two distinct proteins which arise through 
alternative splicing. The p16INK4A protein 
regulates GI phase exit by inhibiting the 
cyclin/CDK-mediated phosphorylation of the pRB 
protein. The other protein, p14ARF, acts via the 
p53 pathway to induce cell cycle arrest or apoptosis 
in response to hyperproliferative signals. 
Consequently, mutations in CDKN2A impair the 
function of both the p53 and the pRB pathways 
(Chin et ai., 1998). The involvement of these 
pathways in the pathogenesis of melanoma is 
underlined by the fact that cutaneous melanoma is 
the most common second cancer in individuals 
with inherited retinoblastoma and occurs also in 
families with Li—Fraumeni syndrome (Eeles, 1995; 
Moll et ai,, 1997). The penetrance of CDKN2A 
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Figure 1. The SHHIPTCHISMO signalling pathway plays a critical role in the development of basal- 
cell carcinoma. 
Left panel: Physiological activation of the pathway occurs during embryogenesis and is triggered by the ligand of 
PTCH, SHH. Binding of SHH blocks PTCH, thereby activating SMO, which leads to expression of target genes. Right 
panel: Mutational activation of the pathway is accomplished by inactivating mutations in PTCH or activating muta-
tions in either SHH or 5MO. In basal-cell carcinomas, mutational activation of the pathway results in overexpression 

of GLu, SMO and PTCH transcripts. 

mutations is strongly influenced by the level of 
sun exposure and possibly by the action of 
unknown modifier genes (Goldstein et al., 1998) 
(see also below, under Allelic variants of tumour 
modifiers). At the present time, routine clinical testing 
for CDKN2A mutations is not recommended 
(Haluska & Hod!, 1998) because of uncertainties 
regarding the penetrance and the correlation 
between CDKN2AICDI(4 mutations and the clini-
cal phenotype. 

Low-penetrance susceptibility genes 
Only 1% of cancer patients have a clearly identifi-
able inherited component (familial cases) (Fearon, 
1997). The remaining 99% of cases are called 
sporadic'. However, there is increasing evidence 
that sporadic cancers also have heritable determi-
nants that segregate within the general population 
and thus contribute to individual tumour suscepti-
bility (Ponder, 1990). This appears to be true for skin 
cancers. 

Allelic variants of effect-modulators of carcinogen 
exposure 
UVB radiation (280-320 rim) directly damages 
DNA, whereas UVA radiation (320-400 nm) acts on 
DNA via an oxidative stress mechanism which 
results in the formation of reactive oxygen species 
in the skin. Reactive oxygen species damage DNA 
(as well as lipids and amino acids), leading to 
elevated mutation rates and tumorigenesis (Lear et 
ai., 2000). Detoxification of products of 
UV-induced stress is the task of numerous cellular 
proteins, which are also involved in the detoxifi-
cation of exogenous chemicals. Many of these 
proteins demonstrate polymorphisms some of 
which may result in reduced ability to remove 
potential carcinogens (Lear et al., 2000). Much 
interest has been focused on polymorphisms in the 
GSTM1 and GSTTI genes, which are both 
expressed in the skin. Homozygotes for the respec-
tive null alleles of both the GST]vIl and GSTT1 
genes express no protein and exhibit greater skin 
cancer risk (Lear et ai., 2000) (Table 2). Further- 
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STM1 null On comb- nation with skin type, male gender 	Tumour number, accrual (Leer et al., 1996. 1997) 

Or tumour site) 

Q57T1 nuli 	 Accrual (Lear etal., 1996) 

CYP2D6 extensive metabolizer 	 Tumour number, accrual (Lear etal.. 1996) 

CYPIAIrn1 ml 	 Tumour number (Lear et at. 1996) 

CYPYA flle/VaE and CYP1AIVaI/Val 	 Accrual (Lear etal.. 1996) 

NOO I nut 	 Tumour number (Clairmont et al., 1999) 

more, GSTP, another member of the glutathione S-
transferase (GST) family of genes, may play an 
important role in skin cancer development, since 
homozygous GSTP knock-out mice develop up to 
10 times more skin tumours (papillomas) than 
wild-type-mice (Henderson et al., 1998). 

Genes of the cytochrome P450 (CYP) family 
encode enzymes with mono-oxygenase activity. 
They metabolize a wide range of structurally 
diverse substrates and participate in the defence 
against oxidative stress. Many of the CYP genes are 
polymorphic and some of the polymorphisms 
have significant phenotypic consequences. For 
example, mutations in CYP2D6 lead to extensive, 
intermediate or poor metabolizer phenotypes 
(Smith et cl., 1995). In patients with basal-cell 
carcinomas, the CYP2D6 extensive metabolizer 
phenotype has been associated with increased 
tumour number and accrual (Lear et cl., 1996) 
(Table 2). The latter phenotypic features have also 
been associated with specific polymorphisms in 
CYP1A1 (Table 2). In addition, either CYP2D6 
extensive metabolizer phenotype, GSTM1 null 
allele or male gender have been shown to signifi-
cantly reduce time of presentation of further 
tumours in patients with truncal basal-cell carci-
nomas (Lear et cl., 1997). 

Another antioxidant enzyme which protects 
cells against reactive oxygen species is 
NAD (P) H:quinone oxidoreductase (NQO 1). A 
significant association between NQ01 null allele 
and basal-cell carcinoma number has been 
described (Clairmont et cl., 1999). The elucidation 
of the specific roles of detoxifying enzymes and 
the determination of their contribution to overall  

susceptibility to skin cancer is becoming a hot 
topic in the field of skin cancer predisposition. 

Allelic variants of tumour modifiers 
Tumour modifiers are thought to segregate within 
a population and to play major functions in deter-
mination of individual tumour susceptibility. Most 
of the information about tumour modifiers of skin 
cancer has been obtained from studies using 
laboratory animals. In Contrast to Mus musculus, 
Mus .spretus mice are resistant to chemically 
induced skin cancer (Nagase et al., 1995). Using a 
large (NIH/Ole x Mus spretus)F1  backcross, it was 
possible to identify several quantitative trait bd 
involved in the regulation of skin cancer incidence 
or multiplicity. Three of these map to loci har-
bouring members of the family of cyclin-depen-
dent kinase inhibitors p57Kip2, p2lWafl and 
p27Kip2 (Nagase et al., 1999). 

Mapping of additional loci that modulate skin 
cancer susceptibility should be possible using the 
carcinogenesis-resistant (Car-R) and carcinogenesis-
susceptible (Car-S) mice which have been obtained 
applying hi-directional selective breeding. In an ini-
tiation (7, 12-dimethylbenz[a] anthracene)!progres-
sion (12-0-tetradecanoylphorbol 13-acetate) 
protocol for tumour induction, skin papilbomas 
occurred in 100% of Car-S mice compared with 
3.3% of Car-R mice (Saran et al., 1999). 

Conclusions 
The agents used today for prevention of skin cancer 
are either sunscreens or antioxidants. Sunscreens 
reduce the formation of pyrimidine dimers and are 
undoubtedly effective in preventing sunburn. 
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However, epidemiological and laboratory studies 
indicate that sunscreens may not prevent 
melanoma formation (Ley et al., 1997). 

Only in a minority of skin cancers does the family 
history show a clear inherited component. For the 
majority of cases, the identification of the underly-
ing genetic risk factors might be of tremendous value 
for preventive therapy. The assessment of the indi-
vidual genetic risk factors for skin cancer requires: 

(a) association studies using polymorphisms in genes 
which confer risk for skin tumours (e.g., GST, CYP); 

(b) identification of predisposing polymorphisms 
in genes which are known to be defective in 
heritable diseases (e.g., PTCH, CDKN2A); 

(c) identification of new skin cancer susceptibility 
genes using human and mutine genetic studies. 
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Epidemiological studies have revealed that the major dietary constituents implicated in 
colorectal carcinogenesis are fat/red meat (causative) and calcium/fibre (protective). 
Biomarkers have been used in both animal studies and clinical trials to investigate the effect 
of dietary factors and chemotherapeutic agents on colon carcinogenesis. They can be used 
as short-term end-points when investigations based on the development of cancer are not 
feasible. Although they can help in elucidating dietary or pharmacological effects, important 
results should be confirmed with longer-term studies. 

Colon cancer develops through an adenoma.-carcinoma sequence. The appearance of 
colonic polyps in individuals at risk for colon cancer has been used as an end-point in 
clinical trials to assess diets and pharmacological agents for their effect on colon carcino-
genesis. Normal-appearing mucosa can contain small foci of aberrant crypts, which can be 
dysplastic and thought of as microadenomas. The appearance and growth of such foci have 
been used to assess the effect of dietary factors and chemopreventive agents in experimen-
tal animals. Increased proliferation both increases the sensitivity of the colon to carcino-
genesis and may represent an early step in colon carcinogenesis. EthenoDNA adducts are 
an end-product of lipid peroxidation processes, and are strongly pro-m utagenic lesions. High 
dietary levels of n-6 fatty acids appear to be important here and may also increase elcosanoid 
or isoprostane exposure and provide a selective growth stimulus for tumour precursor cells. 
Low dietary calcium may lead to inhibition of apoptosis and possibly to an increase in cell 
proliferation. In three recently completed intervention trials, calcium moderately reduced the 
recurrence of adenomas, but in one study fibre increased recurrence dramatically. 

Introduction 
The incidence of colorectal cancer is second only 
to that of lung cancer in both the United States 
and Europe; rates are generally low in Africa, Asia 
and South America. Epidemiological studies pro-
vide strong support for environmental factors, 
especially diet, in its etiology (Armstrong & Doll, 
1975; Giovannucci etal., 1994; Willett etal., 1990). 
Migrants from an area of low incidence to a region 
of higher incidence generally assume the colorec-
tal cancer risk of the host population within a gen-
eration. For example, the mortality rate due to colo-
rectal cancer in Japanese immigrants to the United 
States is 3-4-fold greater than that of Japanese in 
Japan. Similarly, colorectal cancer incidence is 
much higher among Puerto Ricans in New York 
City than in natives in Puerto Rico. 

Many dietary components have been examined 
in relation to colorectal cancer. Dietary fat/meat, 
protein, alcohol and sugar as well as smoking have 
been linked to increased risk of colorectal cancer, 
whereas fibre, calcium, vitamins and selenium  

have been implicated as protective. Only dietary 
fat, fibre and calcium (Owen, 2000) have been 
extensively studied; there is, in general, insuffi-
cient evidence to support or refute the role of the 
other dietary factors. 

Identification of people with susceptibility to 
cancer of the colorectum is an important clinical 
need. Five-year survival after curative surgery 
(Enker et al., 1979) decreases markedly with sever-
ity of the disease. Early detection correspondingly 
offers significantly improved prognosis. A five-year 
survival rate of close to 100% is associated with 
surgical resection of Dukes A tumours, the spread 
of which is limited to the colonic mucosa. 

Biomarkers 
The American Cancer Society (2000) recommends 
annual digital rectal and faecal occult blood testing 
after the ages of 40 years and 50 years respectively 
for all the population. It also recommends a 
proctosigmoidal examination of the rectum and 
colon every 3-5 years after the age of 50 years. If 
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any of these, tests reveals a possible problem, more 
extensive tests (colonoscopy and X-ray barium 
enemas) are usually required. The American 
Cancer Society estimates that 27 000 additional 
lives could be saved annually in the United States 
alone through the use of early detection tests. 
However, implementation of the recommenda-
tions mentioned above would probably be too 
expensive. Therefore there is a need for surrogate 
markers (intermediate and frank biomarkers) of 
susceptibility to colorectal cancer; a brief review of 
biomarkers that have been suggested and tested 
(Figure 1) is presented below. 

Bile acids 
A role for bile acids in the causation of colorectal 
cancer was first proposed by Aries et al. (1969). 
Initially it was suggested that certain bile acids and 
neutral . steroids might be transformed into 
carcinogens or co-carcinogens by anaerobic gut 
bacteria such as Clostridia (Aries & Hill, 1970a, b; 
Goddard & Hill, 1973), but due to a lack of 

evidence for the formation of such carcinogens in 
vivo, a different slant was proposed that perhaps 
constitutes the first implication of biomarkers in 
colorectal cancer, namely, that elevated levels of 
total bile acids in the stool would lead to increased 
susceptibility to colorectal cancer (Hill etal., 1971). 
Many subsequent studies have shown that the 
major secondary bile acid metabolites (deoxy-
cholic and lithocholic acid) formed in the bowel 
are either co-carcinogenic in animal model systems 
or co-rriutagenic in mutagenicity testing systems 
(Bull et al., 1983; Kawasumi & Shigemasa, 1988; 
Kelsey & Pienta, 1981; Narisawa et al., 1974; 
Silverman et al., 1977; Wilpart et al., 1983). Animal 
and tissue-culture studies demonstrating the toxic 
and dysplastic effects of secondary bile acids have 
been supported by cohort studies correlating bile 
acid concentrations with adenoma size and 
dysplasia (Hill et al., 1983) and with dysplasia in 
ulcerative colitis (Hill et al., 1987). 

However, in contrast to this extensive support 
from population, animal and in-vitro studies, 

Biomarkers Modulators 
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Figure 1. Biomarkers relevant to colorectal carcinogenesis 
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case—control studies have yielded equivocal results. 
Two showed positive differences between cases and 
controls (Hill et al., 1975; Reddy & Wynder, 1977), 
but many other studies did not (Kaibara et al., 
1983; Moskowitz et al., 1979; Mudd et al., 1980; 
Murray et al., 1980; Owen et al., 1987; Roy et al., 
1999). Further studies were directed at identifying 
the most discriminating faecal bile acid marker. 
The in-vitro studies had highlighted the impor-
tance of the secondary bile acids lithocholic acid 
and deoxycholic acid, which between them 
account for over 90% of the total faecal bile acid 
concentration. Owen etal. (1987, 1992) and Owen 
(1997) showed that the ratio of lithocholic acid to 
deoxycholic acid was a better risk marker than 
deoxycholic acid, lithocholic acid or the total 
concentration of faecal bile acids in several 
case—control studies involving both adenoma and 
colorectal cancer patients. However, despite initial 
promise that this biomarker would have applica-
tion in screening procedures, this was not upheld 
in several later case—control (Roy et al., 1999) and 
prospective studies (Haines et al., 2000). 

Although studies on bile acids have tended to 
concentrate on faecal concentrations, some 
attempts have been made to correlate serum bile 
acid profiles with the incidence of colorectal can-
cer. van der Werf et al. (1982) and Bayerdorffer et al. 
(1993) demonstrated increased concentrations of 
deoxycholic acid in serum of adenoma patients 
compared with controls, but, as with the studies of 
the faecal matrix, overlap between cases and 
controls was too extensive to allow sensitive dis-
crimination between high-risk individuals and 
healthy controls. 

Cell proliferation 
Hyperproliferation of the intestinal mucosa is 
regarded as an intermediate biomarker of colo-
rectal cancer. It has been reported in patients with 
sporadic colorectal adenomas (Bleiberg et al., 
1985), in first-degree relatives of colorectal cancer 
patients (Rozen et al., 1990), in patients suffering 
from ulcerative colitis (Biasco et al., 1990), in 
familial adenomatous polyposis (FAP) patients 
(Lipkin et al., 1984) as well as colorectal cancer 
patients (Deschner & Maskens, 1982). It appears 
that these events are not localized to any particu-
lar part of the colorectum, but amount to a field 
effect involving the whole organ. Adenomas arise 

with greater frequency from this hyperproliferative 
field, presumably because the rate of cell prolifera-
tion exceeds that of DNA repair. Risio et al. (1991) 
have reported that removal of adenomas by 
polypectomy restores proliferation to normal 
levels and this may explain why recurrence occurs 
in only about 40% of patients. However, the 
situation is very complex, involving both genetic 
polymorphisms and epigenetic factors, of which 
the relative importance is hard to determine. 
Despite this, hyperproliferation has been used as a 
surrogate end-point biomarker of colorectal 
neoplasia in a number of studies, especially those 
evaluating the effect of potential chemopreventive 
agents. The effect of calcium on hyperproliferation 
has been studied extensively and is described in 
more detail below in the section on Intervention 
Studies. 

Aberrant crypt foci 
Aberrant crypt foci (ACF), which are microscopic 
lesions (Roncucci et al., 2000), are possible precur-
sors of adenomas in the colon and therefore may 
be useful markers of susceptibility to neoplasia. 
The major advantage of ACF over adenomas as a 
biomarker of colorectal cancer is that animal 
experiments can be conducted over a very short 
time period (weeks rather than months). A draw-
back, however, is that ACF are so minute that they 
have to be observed by staining with methylene 
blue and low-power microscopic examination. In 
the rat model, removal of the colon for observa-
tion is of course not problematic and human resec-
tion specimens can also be obtained during 
surgery. Recent developments in methodology 
(Dolara et al., 2000) also allow ACF to be visualized 
in situ in humans during colonoscopy, but since all 
individuals are likely to have ACF (and they 
cannot be removed), it is difficult to see what 
advantage the detection of ACF in humans would 
have over location of an adenoma and poly-
pectomy. Nevertheless, they will continue to have 
utility in animal model systems for testing the 
efficacy of chemopreventive agents in short-term 
carcinogenicity tests (Wargovich eta!,, 1996). 

DNA adducts 
Various DNA lesions such as etheno and hetero-
cyclic amine adducts and 8-oxodeoxyguanosine 
may have relevance as biomarkers of colorectal 
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cancer. However, little research in this area has 
been conducted in relation to the colorectal 
mucosa. Friesen et al. (1994) have shown that DNA 
adducts of the heterocyclic amine 2-amino-i-
methyl-6-phenylimidazo[4,5-bjpyridine (PhIP) 
can be detected in colon biopsies of humans using 
gas chromatography/electron capture mass spec-
trometry. Such adducts are preneoplastic lesions in 
the rat and therefore may serve as biomarkers of 
exposure to charred red meat which is the source 
of heterocyclic amines in the diet. 

Schmid et al. (2000) used an ultrasensitive and 
specific immunoaffinity!32P-postlabelling method 
to detect etheno adducts in colonic tissue of famil-
ial adenomatous polyposis (FAP) and sporadic 
cancer patients. The levels of 1,N6-etheno-
deoxyadenosine (edA) and 3,N4-ethenodeoxy-
cytidine (cdC) in polyps removed from the FAP 
patients were 2-3 times higher than in unaffected 
colon tissue. In the patients with sporadic carci-
noma, no difference in the level of etheno adducts 
between tumours and adjacent tissue was detected. 
This suggests that etheno DNA adducts may act as 
initiators of preneoplastic lesions. The formation 
of etheno adducts is inherently linked to the 
metabolism of polyunsaturated (e-6) long-chain 
fatty acids (especially arachidonic and linoleic 
acids) and lipid peroxidation processes and thus 
these adducts may represent biomarkers of expo-
sure to fats containing high levels of such lipids 
(Bartsch et al., 1999). 

Although 8-oxodeoxyguanosine has been 
inferred to be a preneoplastic lesion in many can-
cers, no reports have yet implicated it in the etiol-
ogy of colorectal cancer. 

DNA adducts have potential for use as biomark-
ers of colorectal cancer, but as yet no convincing 
strategy has been formulated as to how they could 
fit into screening procedures. As with many bio-
markers, tissue is required for analysis and there-
fore application would be invasive. Future research 
may show a specific correlation between levels of 
certain DNA adducts in either blood or urine and 
those in tissues such as the colorectum, obviating 
the need for biopsy material. 

Screening markers 
Faecal occult blood 
The simplest and most dominant diagnostic aid 
available for colorectal screening at present is the 

Haemoccult test. This is a rapid colorimetric test 
based on a guaic-peroxide-catalysed reaction with 
faecal occult blood. The concept is now more than 
100 years old and the test has been applied in 
cancer screening for over 30 years. 

Faecal occult blood testing of the general popu-
lation shows a rate of slide positivity from ito 5%, 
with a predictive value for neoplastic lesions of 
20-50%. The percentage of patients with positive 
tests who are ultimately found to have adenomas 
or cancer increases with the age of the population, 
ranging from 15% in the 40-49-year age group to 
60% for individuals over 69 years (Schein & Levin, 
1986; Winawer & Sherlock, 1982). 

However, all faecal occult blood tests suffer from 
a number of crucial drawbacks and over the years 
the test has been extensively criticized. It is not 
specific for human haemoglobin, also reacting 
with animal haem, and peroxidases and catalases 
ingested as part of the normal diet massively inter-
fere with the test. Furthermore, vitamin C, by 
virtue of its antioxidant properties, produces false 
negative results with Haemoccult. 

The majority of colorectal adenomas have 
intact epithelium and do not bleed, Thus, faecal 
occult blood tests are currently of little value in 
accurately screening the asymptomatic general 
population for adenomas and predisposition to 
colorectal cancer. In addition, faecal occult blood 
testing has little diagnostic value. 

Caiprotectin 
Calprotectin is a prominent cytosol protein in neu-
trophil granulocytes and is regarded as a marker of 
inflammatory and neoplastic disease in the lower 
gastrointestinal tract. Kristinsson et al. (1998) stud-
ied the faecal concentration of calprotectin in 
patients with colorectal carcinoma. The median 
faecal calprotectin concentration in 119 colorectal 
cancer patients was 50 mgIL  (range 2-950), signi-
ficantly higher than in 125 control patients 
(median 5.2 mg/L) (p < 0.0001). In 23 patients 
studied after resection, excretion fell dramatically. 
However, a correlation was not found between 
plasma and faecal levels. The authors suggested 
that the measurement of faecal calprotectin might 
become a diagnostic tool for detecting colorectal 
carcinoma. This has gained support from a recent 
study by Kronborg et al. (2000), who studied the 
sensitivity and specificity of faecal calprotectin for 
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detection of adenomas in high-risk individuals 
undergoing colonoscopy. Patients with confirmed 
adenomas had significantly higher caiprotectin 
levels than those without (median 9.1 mg/L, 95% 
Cl 7.5-10.1 versus 6.6 mg/L, 95% Cl 5.6-7.4). 
Levels in patients with confirmed cancer were sig-
nificantly higher than those in the adenoma and 
control groups (median 17.6 mg/L, 95% CI 
11.5-31.0). Using a cut-off limit of 10 mg/L, the 
sensitivity for cancer was 74% and for adenoma 
43%. The authors conclude that the measurement 
of faecal caiprotectin as a marker of colorectal can-
cer would be of utility in high-risk groups but is 
not specific enough for use in the general popula-
tion. It may be hoped that improvements in the 
assay of faecal caiprotectin (Ton et at, 2000) will 
lead to more generalized use, because it has the 
advantage over the faecal occult blood test that it 
does not suffer from interference by food, phar-
maceuticals or nutraceuticals. 

Intervention studies 
Both calcium and fibre regimens have been uti-
lized in human chemoprevention trials in an 
attempt to reduce recurrent preneoplasia and to 
verify mechanistic aspects. 

In several small calcium intervention trials in 
humans, the results overall have been equivocal. 
Several studies (Lipkin et al., 1989; Rozen et at, 
1989; Steinbach et al., 1994) have shown that sup-
plementing the human diet with calcium can 
reduce intestinal cell proliferation, an intermediate 
biomarker of colorectal cancer, but others 
(Gregoire et at, 1989; Stern et al., 1990) have 
shown no effect, whilst one (Kleibeuker et al., 
1993) has shown the opposite. In view of these 
equivocal clinical data, a long-term, double-blind 
intervention trial was undertaken by Weisgerber et 
al. (1996) in polypectomized, sporadic adenoma 
patients in which the putative role of calcium (2 g 
per day) as a protective factor in colon carcinogen-
esis was studied. Despite differences in stool 
biochemistry elicited by supplementary calcium 
after nine months' intervention, a similar non-sig-
nificant decrease of total cell proliferation rate in 
sigmoidal mucosa was evident in both the calcium 
(13.5 down to 11.4) and placebo groups (13.7 
down to 10.7). An increase in the concentration 
and daily excretion of total bile acids, primary bile 
acids, long-chain fatty acids and long-chain fatty  

acid soaps was observed in the calcium group, 
while there was no significant reduction in the 
concentration of the potentially toxic free bile 
acids and long-chain fatty acids. This indicated 
that even if calcium was beneficial, it did not medi-
ate its effects via chelation of intestinal lipid. Baron 
et al. (1995) conducted a multicentre, randomized 
placebo-controlled, double-blinded trial in 
polypectomized, sporadic adenoma patients. 
Subjects received either 3 g of calcium carbonate 
(providing 1.2 g elemental calcium) or an identi-
cal-looking placebo tablet. In rectal mucosal sam-
ples obtained six to nine months later from 333 
patients (intervention, n = 173, placebo, n = 160), 
no decrease in rectal mucosal proliferation due to 
calcium supplementation was detected. 

A number of larger intervention studies 
designed to assess the efficacy of calcium and 
antioxidants (Hofstad et al., 1998), calcium (Baron 
et al., 1999), calcium and fibre (Bonithon-Kopp et 
al., 2000; Faivre etal., 1997) and fibre (Alberts etal., 
2000; Schatzkin etal., 2000) on the growth and/or 
prevention of adenoma recurrence have been com-
pleted recently. In a placebo-controlled study in 
which 832 polypectomized adenoma patients 
received supplemental calcium (1.2 g per day) for 
three years, a significant reduction (RR = 0.81, 95% 
Cl 0.67-0.99) (p = 0.04) in recurrence was observed 
in the calcium (n = 127) compared to the placebo 
arm (n = 159) (Baron et al., 1999). 

Hofstad et ai. (1998) studied the effects of both 
calcium (1.6 g per day) and a cocktail of antioxi-
dants and vitamins (n-carotene 15 mg, vitamin C 
150 mg, vitamin E 75 mg, selenium 101 pg per 
day) in a placebo-controlled intervention trial. All 
adenomas up to 9 mm in diameter were left in situ 
and the effect on both adenoma growth and the 
appearance of new adenomas was evaluated. While 
intervention had no significant effect on adenoma 
growth, the appearance of new adenomas was signi-
cantly lower (log-rank test, p = 0.035)111 the active 
group (n = 58) than in the placebo group. 

Bonithon-Kopp et al. (2000), representing the 
European Agency for Cancer Prevention (ECP), 
conducted a placebo-controlled pan-European 
calcium/fibre intervention study in poly-
pectomized sporadic adenoma patients (n = 625). 
In this three-arm clinical trial, 178, 176 and 198 
patients were randomized (Table 1) to intervention 
with placebo (sucrose), calcium (2 g per day) and 
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g? RWffiJ:§q 

Calcium Fibre Placebo 

Age (years) 58.8 [88] 59.1 	[8.9] 59.3 [8.4] 

Sex 
Male 116 (65.91 128 (64.5) 107 (60.1) 

Female 60 (341) 70 (35.4) 71(39.9) 

History of adenoma 
No 145 (82.4) 175 (38.4) 143 (83.1) 

Yes 31 (16.6) 23 (11.6) 30 (16.9) 

Geographical area 
S. Europe and Israel 34(19.3) 40 (20.2) 37(20.8) 

W. Europe 72 (40.9 86 (43.4) 70 (39.3) 

N. Europa 70 (39.8) 72(36-4) 71(39.9) 

No. of adenomas 
Single 104(49.1) 138 (69.7) 118(66-3) 

Multiple 72 (40.91 60 (30.3) 60 

Adenoma size 
At least 1 > 10 mm 99 (56.3) 105 (53.0) 105 (59.0) 

At least 1 o 20 mm 36 (20.5) 25 (12.6) 30 (16.8) 

Mean values [SD] or number of subjects )%) 

Data from Bonithon-Kopp et of. 120001 

Calcium treatment 	Fibre treatment 

OR (95% Cl) 	p value 	 OR* (95% Cl) 	- p value 

Crude 	 0.75 (0.43-1.29) 	0.29 	 1.63 (1.01-2.64) 	0,1)42 

Adjusted 	 0.66 (0.38-1.17) 	0.16 	 1.57 (1.01-2,76) 	0.042 

0H, odds ratio; Cl, confidence interval 
Adjustment for age, sex, past adenoma histonl. number and location of adenomas at inclusion 

Data from Bonithon-Kopp et at, (2000) 

fibre (lspaghula, 3.5 g per day) respectively for 
three years. The risk of adenoma recurrence (Table 
2) associated with calcium supplementation was 
non-significantly reduced (OR = 0.75, 95% CI 
0.43-1.29). In contrast, supplementation with 
Ispaghula increased the risk of adenoma recurrence 
significantly (OR = 1.63, 95% Cl 1.01-2.64; p = 

0.042) and this association was even stronger 
(Table 3) in those patients with > 80% compliance 
to the fibre supplement (OR = 1.91, 95% Cl 
1.08-3.35; p = 0.023). Furthermore the risk of 
adenoma recurrence associated with fibre treat-
ment according to baseline dietary intake of 
calcium above the median (Table 4) was highly 
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Calcium treatment 	 Fibre treatment 

OR (95% CI)' 	p value 	 OR (95% Cl)3 	p value 

Compliance 80 	 053 (0.17--l.72) 	029 	 106 (034-3.33) 	0.93 

Compliance >80% 	 0.70 (0,36-1.36) 	020 	 1-91 (1  06-335) 	0.023 

Odds ratio and 95 Confidence interval adjusted for age, sex, past adenoma history, number and location of adenomas at 
inclusion 

Data from Bonrtaon-Kopp et a,'. (2000) 

Baseline dietary calcium3  Calcium treatment Fibre treatment 

OR (95% CI)b 	p value OR (95% CI)b 	p value 

Below the median 051 	(0,22-1-18) 	0.11 1.04 (OÀ9-2,18) 	0,92 

Above the median 065 (043-2.30) 	099 2.81 (1.33-5.92) 	0005 

Interaction test p = 0,12 p = 0.028 

Baseline dietary assessment missing for 29 patients' median vaftie of dietary calciun. intake = 918 mg/day 
5 Odds ratio and 95°3 confidence interval adjusted for age, sex, past adenoma history, number ana locaton of adonomas at 
inclusion 

Data from Bonithon-Kopp et a/ (2000) 

significantly elevated in those patients (OR = 2.81, 
95% CI 1.33-5.92; p = 0.005). 

Alberts et al. (2000) recently reported on a two-
arm intervention study (1429 men) with high 
(13.5 g per day) or low (2 g per day) wheat bran 
supplementation for three years. Of the 1303 men 
who completed the study, 719 were randomly 
assigned to high supplementation and 584 to Tow 
supplementation. At the end of the study, at least 
one adenoma was detected in 47% of the high-
fibre group as opposed to 51.2% in the low-fibre 
group, showing conclusively that intervention 
with high-fibre dietary regimes confers no 
protection against recurrent colorectal adenomas. 
This conclusion was supported by a similar study in  

which 2079 men and women were randomized 
either to a diet that was low in fat (20% of total 
calories) and high in fibre (18 g of dietary fibre per 
1000 kcal) and fruits and vegetables (3.5 servings per 
1000 kcal) or to a healthy eating non-supplemented 
usual diet for four years (Schatzkin et al., 2000). 
Of the 1905 who completed the study (958 in the 
intervention group; 947 in the control group), 
39.7% and 39.5% respectively had at least one 
recurrent adenoma. Therefore adopting a diet 
that is low in fat and high in fibre, fruits and 
vegetables does not influence the risk of adenoma 
recurrence. 

A mechanism has been put forward by Nair et 
al. (1997) to explain the link between diet and 
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cancer. In a dietary intervention study with either 
sunflower oil (high in polyunsaturated fatty acids, 
especially linoleic acid) or rapeseed oil (high in 
monounsaturated fatty acids, especially oleic acid), 
a dramatic increase in DNA bridged etheno 
adducts was detected in whole white blood cells in 
females on the sunflower oil diet. Etheno adducts 
result from lipid peroxidation processes, initiated 
and propagated by reactive oxygen species and the 
results indicate that diets which are rich in linoleic 
acid may be non-beneficial to health. These obser-
vations show for the first time a plausible and tan-
gible link between an unhealthy diet and carcino-
genesis. 

Conclusions 
It is evident that the mechanisms related to nutri-
tional factors which lead to colorectal cancer are 
still somewhat of a mystery. The best and most 
relevant biomarker of colorectal cancer is ade-
noma formation and using recurrence as an end-
point is really useful in assessing the efficacy of 
chemopreventive agents, as exemplified by the 
consistent moderate beneficial effect of supple-
mental calcium. It should be noted that detection 
of adenomas in the general population in coun-
tries where screening procedures are not practised 
(the vast majority) is usually too late to permit 
hope of improved prognosis, because a large 
proportion of adenomas are asymptomatic and in 
general patients present only when it is too late 
due to blood in the stool, severe pain or irritable 
bowel syndrome. However, clinical trials are 
labour-intensive, time-consuming and expensive 
and therefore a vast range of potential health-pro-
moting substances will never be tested by a sound 
method. There is a dire need for clinically relevant 
surrogate biomarkers which give reliable results 
and correlate significantly with either adenoma 
formation or recurrence. Preferably these should 
be measurable in easily accessible material such as 
blood, faeces or urine. 
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Intermediate effect markers foi 
colorectal cancer 

Recurrence or regression of adenomatous polyps is considered to be both a biomarker of risk 
and an intermediate (surrogate) end-point. The observational epidemiology of adenomas 
resembles closely that of invasive cancer, and the findings in chemoprevention trials that 
have been completed closely mirror that common epidemiology. Although it is possible that 
both the clinical trials and the epidemiology may be wrong, these common findings suggest 
that adenomas in general are valid end-points. 

Aberrant crypt foci show promise as biomarkers, both as markers of risk and as interme-
diate end-points for chemoprevention trials. 

If issues of cost can be overcome, assessment of ras mutations in stool appears to be a 
promising technique for screening for large bowel neoplasms. The lack of specificity of the 
technique limits its utility as a sole end-point in prevention studies, however. 

Mucosal proliferation has been used both as a biomarker of risk and as an intermediate 
end-point. The utility of these measures is not clear, however, since there has been discordance 
between the epidemiological findings regarding proliferation and established risk factors for 
colorectal neoplasia. The inherent variability of the measures and the technical problems asso-
ciated with their use are further impediments. However, rectal mucosal proliferation may be 
suitable for studies in single institutions, or in consortia with very aggressive quality control. 

Adenomatous polyps 
Colorectal adenomas are well demarcated tumours 
of the large bowel mucosa, and are composed of 
crypts with cells showing features of epithelial dys-
plasia. This histological definition implies nothing 
about the gross shape of the lesion, although com-
monly it is polypoid, protruding into the lumen of 
the bowel, sometimes on a stalk. Since such adeno-
matous polyps are raised lesions, they are easily 
visible by endoscopy and (unless very large) can be 
removed endoscopically. Adenomatous polyps 
have been widely applied in large bowel chemo-
prevention studies both as an entry criterion and 
as an intermediate outcome end-point (Baron, 
1996). 

However adenomatous polyps are used, there is 
measurement error associated with their identifi-
cation by endoscopy. To distinguish these polyps 
from non-adenomatous large bowel polyps in 
research studies, it is important that each polyp be 
biopsied for histological examination. Since the 
microscopic identification of adenomatous tissue 
is generally not difficult, the net specificity of  

endoscopic surveillance of the bowel can be 
assumed to be close to 100% if pathological exam-
ination is conducted. However, the sensitivity is 
likely to be somewhat lower than this. For large 
adenomas (1 cm or greater in estimated diameter), 
the miss rate is small (less than 5%; Hixson et al., 
1991), but for smaller polyps it has been found to 
be 15-25% (Hixson et al., 1990; Hoff & Vatn, 1985; 
Rex etal., 1997), 

The existence of 'flat adenomas'—those that are 
not substantially raised above the mucosal sur-
face—somewhat complicates this assessment. Such 
adenomas have been noted most often in Asia, but 
have also been seen in North America and Europe 
(Jaramillo et al., 1995; Lanspa et al., 1992; Owen, 
1996). The presence of such adenomas may 
decrease the sensitivity of adenoma detection by 
endoscopy, but will not greatly affect the predictive 
value of the detected lesions, at least for the raised 
cancers and adenomas traditionally studied in 
western countries. Increased awareness of these 
lesions and newer endoscopic techniques such as 
magnifying endoscopy may resolve some of the 
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geographical differences in the apparent incidence 
and prevalence of these lesions. 

Adenomas as biomarkers 
Adenomatous polyps are clearly established mark-
ers of risk of colorectal neoplasia. Individuals with 
adenomas in the distal bowel (for example, within 
the reach of a sigmoidoscope) have an increased 
risk of proximal adenomas or cancer (Levin et al., 
1999; Lieberman & Smith, 1991). Advanced ade-
nomas—those with large size (typically >1 cm), vil-
bus histology or advanced dysplasia—are more 
likely to harbour invasive cancer than simple ade-
nomas (without those features) (Gatteschi et al., 
1991; Muto et al., 1975; Shinya & Wolff, 1979). 
Advanced features in distal adenomas also are pre-
dictive of proximal adenomas (Levin et al., 1999; 
Schoen et al., 1998; Wallace et al., 1998) as well as 
proximal advanced adenomas (Levin et al., 1999; 
Schoen et al., 1998; Wallace et al., 1998; Zarchy & 
Ershoff, 1994). In some multivariate analyses, all of 
these factors have emerged as independent predic-
tors (Gatteschi et al., 1991), although others have 
found that while histology and number of polyps 
are independent predictors of risk, size is not 
(Atkin et al., 1992; Levin et al., 1999). 

Patients with adenomas anywhere in the bowel 
also have an increased risk of later (metachronous) 
adenomas or cancer (Atkin et al., 1992; Lotfi et al., 
1986; Simons et al., 1992; Stryker et al., 1987). 
Characteristics of the presenting adenomas that 
are predictive of subsequent neoplastic develop-
ment include large size, villous histology, multiple 
adenomas, and higher degrees of dysplasia (Atkin 
et aL, 1992; Grossman et al., 1989; Simons et al., 
1992; van Stolk et al., 1998; Winawer et al., 1993; 
Yang etal., 1998). The same characteristics are also 
predictive of later adenomas with advanced patho-
logical features (Atkin et al., 1992; Yang et al., 
1998). In multivariate analyses, histology appears 
to explain the association of size with risk of 
metachronous tumours (Atkin et al., 1992; Simons 
et al., 1992). Unfortunately, in virtually all of the 
studies of later cancer risks in patients with adeno-
mas, comparisons have been made with the 
general population, rather than with individuals 
screened intensively for colorectal cancer like the 
subjects with adenomas. Consequently, the 
excess cancer risks are almost certainly under-
estimated. 

These data show that the association between 
adenomatous polyps and synchronous or 
metachronous neoplasia depends on the charac-
teristics of the presenting polyp (Atkin et al., 1992; 
Aubert et al., 1982). In essence, it appears that 
while advanced lesions are predictive of both simple 
and advanced lesions, the simple lesions are asso-
ciated only with an increased risk of synchronous 
or metachronous simple lesions. Since low-risk 
adenomas do not lead to high-risk adenomas (not 
to speak of cancer), it is possible that advanced and 
simple adenomas reflect different biological pathways. 

Adenomas as surrogate end-points: the 
adenoma-carcinoma sequence 
It is thought that the overwhelming majority of 
colorectal cancers arise from adenomatous tissue—
this is the well known adenoma-carcinoma 
sequence. Evidence for the adenoma-carcinoma 
sequence is largely indirect. A substantial propor-
tion of colorectal cancers have contiguous 
adenomatous tissue, suggesting that the former 
grew out of the latter (Eide, 1983; Peipins & 
Sandier, 1994). Also, in a high proportion of large 
adenomas (particularly large villous adenomas), 
there are foci of carcinoma (Muto etal., 1975). The 
distribution of adenomas within the bowel differs 
from that of colorectal cancer (Peipins & Sandler, 
1994), but large adenomas (carrying greater risk of 
developing malignancy) have a site distribution 
similar to that of cancer (Konishi & Morson, 1982; 
Matek et al., 1986). Polyps (unknown histology) 
have been observed to grow in a location in which 
cancer was later found (Stryker et al., 1987). Also, 
adenomas and carcinomas share a number of 
metabolic characteristics, including abnormalities 
in DNA ploidy, mucins, metabolic enzymes and 
cytoskeletal proteins (Tierney et al., 1990). In each 
case, these changes follow what appears to be a 
progression of changes from normal mucosa 
through adenoma to carcinoma. It is important to 
note that this progression has been described 
largely in histopathological terms; it is actually a 
matter of dysplasia progressing to carcinoma. The 
term polyp', a gross pathology descriptor, has no 
particular histopathological meaning. The 
existence of the adenoma-carcinoma sequence 
does not necessarily imply that the polyp-
carcinoma sequence holds all the time (Morson, 
1984). 
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Perhaps the strongest evidence for the preneo-
plastic nature of adenomatous polyps is the 
somatic genetic changes seen in them. These 
somatic changes fit clearly into a progression, sit-
ting between normal mucosa and invasive carci-
noma (Kinzler & Vogelstein, 1996; Potter, 1999). 
There is a similarly high prevalence of mutations 
of the APC gene in colorectal cancer and in ade-
nomas (even small adenomas) (Boland et al., 1995; 
Kinzler & Vogelstein, 1996; Powell et al., 1992); 
mutations in this gene seem to be important in 
turning individual cells onto a dysplastic path. The 
prevalence of Kirstin-ras (K-ras) and p53 mutations 
increases as one considers progressively small ade-
nomas (< 1 cm), large adenomas (~i 1 cm) and inva-
sive carcinoma (Boland et al., 1995; Kinzler & 
Vogelstein, 1996). Various genetic changes have 
been seen at the transition from normal mucosa to 
small adenoma (APC), and from adenoma to severe 
dysplasia or carcinoma (p53, TGF4I in microsatel-
lite unstable tumours) (Ahuja et al., 1998; Boland et 
al., 1995; Grady et al., 1998). 

Some mutations appear to be more common in 
early adenomas than in later tumours. -Catenin 
mutations, for example, have been seen more com-
monly in small adenomas than in larger ones from 
the same patient population. It is possible that 
these mutations mark tumours that are unlikely to 
progress (at least in size) (Samowitz et cil., 1999), or 
this may have been a chance finding. 

Assuming that colorectal cancers grow out of 
large adenomas and that large polyps were first 
small polyps, we can qualify small adenomas as 
precancerous lesions. Nonetheless, it is clear that 
only a small minority of these adenomas will 
progress to carcinoma within a human lifetime 
(Eide, 1986; Knoernschild, 1963; Peipins & 
Sandier, 1994) and some polyps (unknown histol-
ogy) regress or disappear (Cole et al., 1959; Hoff et 
al., 1986; Hofstad et al., 1994; Knoernschild, 1963; 
Nicholls et al., 1988; Welin et al., 1963). It is not 
known if large advanced adenomas grow from 
small advanced adenomas, or whether the 
advanced features are acquired with growth. It is 
also not clear that all large bowel adenocarcinomas 
have progressed through a stage of adenoma that 
could be distinctly recognized as such (and poten-
tially removed before malignant conversion) 
(Bedenne et al., 1992). Thus it is possible that an 
intervention that prevents only small, simple  

adenomatous polyps may not confer a benefit in 
terms of reduction of cancer incidence, if the ade-
nomas prevented are those that would not 
progress. However, removing adenomas within the 
reach of a sigmoidoscope reduces the subsequent 
risk of cancer in the same region of the bowel, a 
finding that is difficult to explain on the basis of 
bias (Muller & Sonnenberg, 1995; Murakami et al., 
1990; Newcomb et al., 1992; Selby et al., 1992). 
Assuming that physical removal of adenomatous 
polyps does lower the risk of subsequent carci-
noma, this is evidence that at least a substantial 
proportion of cancers would have grown from the 
small adenomas detected and removed. This also 
suggests that flat adenomas (presumably unde-
tected by endoscopy) are not the principal precur-
sors of carcinomas in the populations from which 
the reports derived. 

Epidemiology of large bowel adenomas versus the 
epidemiology of colorectal cancer 
In general, the epidemiology of large bowel 
adenomas appears to be similar to that of colorec-
tal cancer itself (Potter, 1996; World Cancer 
Research Fund & American Institute for Cancer 
Research, 1997), Vegetable intake (and, less consis-
tently, intake of fruits) has been inversely associ-
ated with risk, and red meat directly associated 
with both types of neoplasm. For both, cereal fibre 
has generally been unassociated with risk, while 
findings regarding dietary fat and other types of 
fibre have been variable. Protective effects of folate 
have been reported, particularly in association 
with high alcohol intake. In observational studies, 
calcium intake has been variably related to risk of 
both adenomas and cancer (Bergsma-Kadijk et al., 
1996; Martinez & Willett, 1998) and coffee intake 
may be inversely related to the risk of both 
(Giovannucci, 1998). Exercise seems inversely 
related to both colon cancer and colorectal 
adenomas, but findings regarding obesity have 
been variable for both types of tumour (Peipins & 
Sandier, 1994; Potter, 1996; World Cancer Research 
Fund & American Institute for Cancer Research, 
1997). Associations with cholecystectomy also 
appear to be similar (Peipins & Sandler, 1994). 
Studies that included both colorectal cancers and 
colorectal adenomas have provided particularly 
interesting data in this regard, with broadly similar 
patterns of risk factors for invasive cancer and 
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adenomas (Benito etal., 1991, 1993; Boutron etal., 
1996; Faivre et al., 1997; Fuchs et al., 1999; 
Giovarinucci et al., 1993, 1994, 1995a, b, 1998; 
KampmanetaL, 1994; Kearney etaL, 1996; Kuneet 
al., 1987, 1991; Martinez et al., 1996; Platz et al., 
1997), although one such study suggested a differ-
ence in the effect of folate (Boutron-Ruault et a!,, 
1996). 

Adenomas in chemoprevention trials 
In general, the findings from intervention trials 
that used adenomas as end-points have confirmed 
those from observational epidemiology. 
Recurrence of sporadic adenornatous polyps has 
been used as an end-point for several clinical trials 
of calcium supplementation. The largest of these, 
the Calcium Polyp Prevention Study, randomized 
930 subjects to treatment with placebo or 3000 mg 
of calcium carbonate (1200 mg of elemental cal-
cium). There was a modest protective effect of cal-
cium. A subsequent trial, using 2 g of elemental 
calcium per day reported a similar relative risk, 
which failed to reach statistical significance with a 
smaller sample size (Faivre et al., 1999). In several 
trials, fl-carotene has had no effect on adenoma 
occurrence (Greenberg et al., 1994; Kikendall et ai., 
1990; MacLennan et al., 1995), nor has ascorbate 
plus -tocopherol (Greenberg et ai., 1994; 
McKeown-Eyssen et al., 1988). 

In agreement with the observational studies, 
cereal fibre supplements did not affect sporadic 
adenoma recurrence in two trials, either alone 
(Alberts et ai., 2000; MacLennan et al., 1995) or 
with a low-fat diet (MacLennan et al., 1995). Two 
other trials that investigated a low-fat/high-fibre 
diet also failed to find an effect (McKeown-Eyssen 
et ai., 1994; Schatzkin et al., 2000). The earlier of 
these studies (McKeown-Eyssen et al., 1994) relied 
heavily on a cereal fibre supplement, and so did 
not focus on the fibre moieties most strongly 
associated with reduced risk of colorectal neopla-
sia. In the more recent trial (Schatzkin et ai., 
2000), subjects in the intervention arm were 
advised to increase dietary fibre by increasing 
intake of fruits and vegetables. No data were 
presented regarding changes in vegetable intake 
during the study (separately from changes in 
fruit). If vegetable intake increased substantially, 
these negative findings may conflict with the 
observational data. 

In familial adenomatous polyposis (FAP), vita-
min C supplementation yielded weak indications 
of a reduction in polyp burden (Bussey et al., 
1982), although in a larger study, ascorbate plus 
a-tocopherol had no effect (DeCosse et ai., 1989). 
There were weak suggestions that cereal fibre was 
similarly beneficial in conjunction with ascorbate 
plus c-tocopherol (DeCosse et al., 1989). Several 
studies of sulindac have shown dear evidence that 
treatment with this nonsteroidal anti-inflamma-
tory drug (NSAID) can lead to a reduction in 
polyps (Giardiello et ai., 1993; Labayle etal., 1991; 
Nugent et al., 1993). 

Aberrant crypt foci 
Aberrant crypt foci are groups of crypts that are 
morphologically altered: delineated from the sur-
rounding glands, larger than normal, often with 
dilated lumina (Fenoglio-Preiser & Noffsinger, 
1999). Vital stains such as methylene blue accen-
tuate the aberrant crypt foci. The lesions are histo-
logically heterogeneous, variably including hyper-
plastic and dysplastic crypts. The multiplicity of 
aberrant crypt foci (i.e., the number of crypts 
involved) can vary from one to as many as several 
hundred. 

Aberrant crypt foci were first noted in rats 
treated with carcinogens, and several aspects of 
their occurrence suggest that they may be preneo-
plastic (Bird, 1995; McLellan et ai., 1991; Pretlow, 
1995). Their numbers correlate with the dose of 
carcinogen used, and aberrant crypt foci have not 
often been seen in untreated animals, in those 
treated with carcinogens that target other organs 
or in those treated with toxic non-carcinogenic 
compounds such as cholic acid (Bird, 1995; 
Pretlow etal., 1992). With increasing time after car-
cinogen administration, the number, size and 
degree of dysplasia of the aberrant crypt foci 
increase. Known promoters or inhibitors of 
colorectal carcinogenesis seem to have the same 
effect on the number and multiplicity of aberrant 
crypt foci (Bird, 1995). Clonai expansion and 
dysplasia may be separate processes (Bird, 1995; 
Jen et al., 1994). In these experimental situations, 
aberrant crypt foci have been found to have some 
of the features of carcinogenesis, such as hyper- 
proliferation and mutated p53 (Fenoglio-Preiser & 
Noffsinger, 1999; Olivo & Wargovich, 1998; 
Pretlow, 1995; Roncucci, 1992). A natural history 
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study found that after administration of 
carcinogen, areas of aberrant crypt foci were likely 
to later contain adenomas or carcinoma, although 
some areas of aberrant crypt foci clearly regressed 
(Shpitz et ciL, 1996). Aberrant crypt foci have been 
widely used in animal studies of chemopreventive 
agents. In one large-scale investigation of numer-
ous agents, the response of aberrant crypt foci to 
the interventions was thought to correlate reason-
ably well with earlier efficacy studies (Olivo & 
Wargovich, 1998; Wargovich et al., 1996). 

Aberrant crypt foci have also been observed in 
the human colorectal mucosa. Relatively high 
numbers have been found in the bowel mucosa of 
patients with FAP or with sporadic colorectal can-
cer (Fenoglio -Preiser .& Noffsinger, 1999; 
Nascimbeni et al., 1999; Roncucci et al., 1991), but 
are also seen in patients with non-neoplastic bowel 
disorders (Fenoglio-Preiser & Noffsinger, 1999). 
The numbers of aberrant crypt foci are progres-
sively higher in the more distal regions of the 
bowel (Bouzourene et al., 1999; Roncucci et ciL, 
1991; Shpitz et al., 1998; Yamashita et al., 1995), 
although dysplastic aberrant crypt foci may be 
preferentially found more proximally (Nascimbeni 
et al., 1999; Roncucci et al., 1998). 

Aberrant crypt foci may be observed in vivo 
using magnifying endoscopy and methylene blue 
staining (Takayama et al., 1998). There appears to 
be an association between the appearance of the 
lumina of the crypts and dysplastic aberrant crypt 
foci (Fenoglio-Preiser & Noffsinger, 1999; Roncucci 
et al., 1991). Although one study reported excel-
lent concordance between endoscopic appearance 
and histological characteristics (Takayama et al., 
1998), it is likely that there is considerable mea-
surement error in the assessment of aberrant crypt 
foci with magnifying endoscopy. 

Some aberrant crypt foci seem to be mono-
clonal, and hence neoplastic (Fenoglio-Preiser & 
Noffsinger, 1999; Siu etal., 1999). In humans, aber-
rant crypt foci have been found to display some of 
the characteristics of colorectal carcinogenesis: 
hyperproliferation, overexpression of carcino-
embryonic antigen, MSI phenotype, and somatic 
APC and K-ras mutations (Augenlicht et al., 1996; 
Fenoglio-Preiser & Noffsinger, 1999; Heinen et ciL, 
1996; PolyaketaL, 1996; Shpitz et al., 1997; 1998). 
K-ras mutations are very common (in various 
studies ranging up to 100%; Fenoglio-Preiser & 

Noffsinger, 1999), but APC and p53 mutations are 
relatively uncommon (Fenoglio-Preiser & 
Noffsinger, 1999; Jen et al., 1994; Loti et al., 1996; 
Otori et ciL, 1998; Pretlow et al., 1993; Smith et al., 
1994; Yamashita et al., 1995). APC mutations in 
aberrant crypt foci may correlate with dysplastic 
histology (Otori et al., 1998). Human aberrant 
crypt foci with carcinoma in situ have been 
observed (Konstantakos et al., 1996; Siu et al., 
1997), In one study, a correlation of number of 
aberrant crypt foci with numbers of adenomas was 
observed (Takayama et al., 1998). The histology of 
aberrant crypt foci is not uniform among the 
crypts: determination of the hyperplastic/dysplas-
tic nature of the aberrant crypt foci may require 
serial sectioning, and mixed foci are common 
(Nascimbeni et al., 1999; Pretlow, 1995; Siu et al., 
1997). It is possible that hyperplastic aberrant 
crypt foci may evolve into dysplastic aberrant 
crypt foci (Otori et al., 1995). On the other hand, 
it has been suggested that aberrant crypt foci are 
precursors of both adenomas and hyperplastic 
polyps (Fenoglio-Preiser & Noffsinger, 1999). 
Aberrant crypt foci have been used in only one 
human chemoprevention study—a non-random-
ized parallel arm study that found sulindac to be 
very effective in inducing regression of aberrant 
crypt foci (Takayama et cil., 1998). 

Stool K-ras 
The mucosa of the large bowel is a rapidly prolif-
erating tissue, turning over completely in four days 
(Smith-Ravin et al., 1995). Despite the enzymes 
and debris present in the stool environment, suffi-
cient DNA from cells shed into the lumen is passed 
in stool to permit amplification with the poly-
merase chain reaction (PCR) (Sidransky et al., 
1992). The amount of DNA obtained per 100 mg 
stool has varied from less than 1 pg to 9 pg. In 
patients with large bowel carcinoma, it is possible 
that the proportion of the DNA in stool derived 
from the tumour itself could be sufficient to permit 
amplification and detection (Sidransky et al., 
1992). The K-ras gene is particularly attractive for 
use in stool diagnostics because, when present, the 
mutations typically cluster in a few codons and are 
therefore relatively easy to detect. 

Assay for mutated K-ras reveals a high proportion 
of carcinomas that themselves contain mutated K-
ras (Hasegawa et al., 1995; Nollau etal., 1996; Ratto 
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etaL, 1996; Sidransky etal., 1992). Adenomas with 
mutated ras can also be detected in this way 
(Hasegawa et al., 1995; Sidransky et al., 1992). The 
sensitivity of the approach clearly depends on the 
methods used (Hasegawa et al., 1995); sensitivity 
may be lower for lesions in the right bowel 
(Hasegawa et al., 1995). Colonic effluent from 
bowel preparations has also been used as a source 
material (Tobi et al., 1994), as have washings 
obtained during endoscopy (Smith-Ravin et al., 
1995). This technique revealed mutated ras in 
some patients with a history of colorectal neopla-
sia or with a family history, although colonoscopy 
disclosed no neoplasm (Tobi et al.; 1994; Villa et 
al., 1996). Mutated ras has also been detected in 
the stool of patients with pancreatic cancer ductal 
hyperplasia (Caldas et al., 1994). 

Other molecular targets have also been 
described. A deletion in the APC gene has been 
detected in stool (Nollau et al., 1996), but this issue 
has not been otherwise studied. The large size of 
the APC gene makes effective screening of this 
gene difficult in tumours, not to speak of stool. 
Similar considerations apply to p53. The amount 
of DNA on the surface of stool has also been inves-
tigated in one study: in individuals with colorectal 
cancer, a greater amount of DNA was detected 
(Loktionov et al., 1998). The stool content of 
mRNA for CD44, a cell surface glycoprotein, has 
also been associated with large bowel adenocarci-
norna (Yamao et al., 1998). 

Assessment of K-ras in stool has limited sensi-
tivity for detection of large bowel neoplasia—the 
proportion of colorectal cancers that contain 
mutated ras is typically less than 50% (Andreyev et 
al., 1998), although adenomas and aberrant crypt 
foci may have a higher prevalence of ras mutation 
(len et al., 1994; Martinez et al., 1999; McLellan et 
al., 1993). 

Mucosal proliferation 
Mucosal proliferation is thought to play a promi-
nent role in carcinogenesis, and consequently, has 
appeal as a biomarker. Mucosal proliferation in 
epithelial tissues was first measured using tissue 
explant culture of biopsy specimens, labelling 
dividing cells with tritiated thymidine, which is 
incorporated into DNA during S phase (Risio, 
1994; Rozen, 1992). This technique suffers from 
the disadvantages of being time-consuming and 

requiring radioactive materials; and other, simpler 
labelling agents have superseded tritiated thymi-
dine. One of these, bromodeoxyuridine, is also 
incorporated into DNA during S phase in tissue 
explant culture, but it can be recognized by 
immunohistochemistry, and so avoids the use of 
radioactive materials. Immunohistochemical 
detection of endogenous nuclear proteins, prolif-
erating cell nuclear antigen and Ki-67 has also 
been used to assess proliferation, although these 
antigens are expressed over a wider range of the 
cell cycle than thymidine and bromodeoxyuridine 
(Biasco et al., 1994; Risio, 1994). These techniques 
are relatively easy to use, since uptake of the label 
during explant culture is not required (Biasco et al., 
1994; Einspahr et al., 1997; Risio, 1994; Rozen, 
1992). The whole crypt mitotic count is another 
measure of proliferation for the bowel (Goodlad et 
al., 1991; Murray etal., 1995; Tosteson etal., 1996). 
In limited studies, it did not show strong correla-
tion with the labelling index (the proportion of 
cells in a crypt that are labelled) computed using 
proliferating cell nuclear antigen (Keku et al., 1998; 
Murray et al., 1995). Whole crypt production rate 
(Allan & Jewell, 1983) and flow cytometry 
(Nakamura et al., 1995) have also been used in var-
ious studies. 

There are clear impediments to the use of 
mucosal proliferation as a biomarker of risk or as 
an intermediate-effect biomarker. Application in 
epidemiological studies has been difficult, in part 
because of the demands on personnel to properly 
handle the biopsy specimens (Baron etal., 1995a). 
Whatever the label, these techniques require 
manipulation of biopsy specimens in such a way 
that crypt architecture is maintained and then fix-
ation until labelling and scoring. Scoring involves 
computation of the labelling index. Although 
measurement of proliferation indices can be repro-
ducible (Bostick etal., 1997a; Einspahr et al., 1997; 
Lyles et al., 1994), careful assessments of the vari-
ability of the measurements (Anti et al., 1994a; 
Bostick etal., 1997a; Lyles etal., 1994; Macrae etal., 
1994; McShane et al., 1998) have clearly identified 
the potential for measurement error and intra-sub-
ject variability. 

Proliferation in the upper (luminal) parts of the 
crypt is a more sensitive marker of increased 
proliferation, and consequently the labelling index 
is also commonly computed in crypt compart- 
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ments (typically quintiles of cells by position from 
bottom to top of crypt (Rozen, 1992). There is only 
a weak correlation between the overall labelling 
index and the proliferation in the upper crypts 
(Bostick et at, 1997a; Risio et at, 1991). Although 
there are differences in the labelling indices gener-
ated by the various labels, in general they are 
highly correlated (Bostick et ai., 1997a; Diebold et 
ai., 1992; Earnest et at, 1993; Kubben et at, 1994; 
Lacy et ai., 1991; Richter et at, 1992; Weisgerber et 
at, 1993). Nonetheless, some investigators have 
found proliferating cell nuclear antigen to be a less 
effective label than others (Bromley et ai., 1996; 
Risio et at, 1993). No consistent differences have 
emerged in proliferation measurements in various 
segments of the large bowel (Cats et ai., 1991; 
Terpstra et al., 1987). 

Many studies have demonstrated that colorectal 
carcinomas and adenomas exhibit a higher 
labelling index than normal-appearing mucosa 
(Kanemitsu et al., 1985; Risio et ai., 1988, 1993; 
Shpitz et ai., 1997). Moreover, the normal mucosa 
of individuals with colorectal cancer or colorectal 
adenomas seems to have higher indices than the 
mucosa of unaffected individuals (Bleiberg et cil., 
1985; Lipkin et at, 1987; Paganelli et ai., 1991; 
Risio et ai., 1991; Roncucci et al., 1991; Stadler et 
al., 1988; Terpstra et al., 1987). The proliferative 
zone also has been observed to shift towards the 
lumen (Ponz de Leon et at, 1988; Risio et al., 1991; 
Terpstra et at, 1987; Wilson et ai., 1990). A few 
studies, however, found no association of prolifer-
ation with the presence of adenomas or cancer 
(Keku et al., 1998; Jass et ai., 1997; Kashtan et al., 
1993; Nakamura et ai., 1995; Wong et al., 1995). 
There has been only one published investigation of 
the relationship between proliferative indices and 
subsequent neoplasia: high indices were predictive 
of adenoma recurrence (Anti et ai., 1993). 

Although data are not consistent, FAP patients 
may have increased proliferation indices 
(ljeschner & Lipkin, 1975; Lipkin et ai., 1984; Mills 
et al., 1995; Nakamura et al., 1993), and there have 
been indications of increased proliferation in nor-
mal-appearing mucosa of affected and unaffected 
subjects in other types of high-risk families (Cats et 
al., 1991; Gerdes et ai., 1993; Lipkin et ai., 1984, 
1985; Lynch etai., 1985; Patchett etat, 1997). One 
small study found no evidence of hyperproliferative 
epithelium in patients with hereditary nonpoly- 

posis colon cancer (HNPCC) (Jass et ciL, 1997). 
Increased proliferation has also been observed in 
normal mucosa of patients with hyperplastic 
polyps (Risio et ciL, 1995). 

In some studies, proliferation has been seen to 
increase with age (Paganelli et ai., 1990; Roncucci 
et al., 1998), but in several large investigations, no 
age association was seen (Bostick et ai., 1997b; 
Caderni et al., 1999; Keku et al., 1998). In observa-
tional studies, mucosal proliferation has not been 
consistently associated with intake of any nutrient 
(Bostick et al., 1997 b; Caderni et al., 1999; Keku et 
ai., 1998). However, there have been suggestions 
that high intake of red meat may be associated 
with increased proliferation (Bostick etal., 1997 b; 
Caderni et at, 1999). 

There have been numerous clinical trials of 
dietary supplementation that studied proliferation 
as an end-point. In one trial, supplementation 
with wheat bran had no effect on proliferation 
(overall, or in the upper crypt) (Alberts et ai., 1997), 
although in a smaller study (that used crypt cell 
production rate), decreased proliferation was 
reported (Rooney et cil., 1994). In another cross-
over study, a low-fat diet in association with oat 
bran or wheat bran had no effect on overall 
labelling index or proliferation in the upper crypt 
(Macrae et al., 1997). In a five-day study, a high-fat 
diet (with much of the fat given as a bolus) was 
associated with a higher overall labelling index 
than a lower-fat diet or a high-fat diet without the 
bolus (Stadler et al., 1988). Fish oil (eicosapen-
taenoic and docosahexaenoic acids) decreased pro-
liferation both overall and in the upper crypt (Anti 
et at, 1992, 1994b), and subjects given a fish oil 
supplement had lower proliferation than subjects 
given corn oil (Bartram et al., 1993). In another 
study, only subjects with initially high prolifera-
tion had a response to fish oil (Anti et at, 1994b), 
suggesting a component of regression to the mean. 

In one investigation, a combination of vitamin 
A, cr-tocopherol and ascorbic acid reduced prolifer-
ation in the upper crypts (Paganelli et ai., 1992). In 
another study, vitamin C lowered proliferation in 
all crypt compartments, while p3-carotene (9 mg 
per day for a month) significantly reduced it only 
in the lower parts of the crypt, and a-tocopherol 
had no effect (Cahill et al., 1993). Another study 
found that supplementation with 30 mg 
I-carotene did not affect proliferation in any crypt 
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compartment (Frommel et ai., 1995), although an 
analysis, published only in an abstract, indicated a 
beneficial effect (lower proliferation) in the upper 
crypt (Macrae et al., 1991). 

Mucosal proliferation has been most intensively 
studied with regard to calcium supplementation. 
Here, the findings are quite mixed, as in the epi- 
demiology of carcinoma and adenoma. Some stud-
ies have shown a decrease in proliferation with cal- 
cium supplementation (Barsoum et al., 1992; 
Bostick et al., 1995; Cats et ai., 1995; Lipkin & 
Newmark, 1985; Wargovich et ai., 1992), while 
others have shown no effect (Baron et al., 1995b; 
Bostick et ai., 1993; Stem et al., 1990; Weisgerber et ai., 
1996) or even an increase (Gregoire et al., 1989; 
Kleibeuker et al., 1993). Two studies of high versus 
low consumption of dairy food also came to differing 
conclusions (Holt et al., 1998; Karagas et al., 1998). 

Treatment with NSAIDs, consistently found to 
be inversely associated with risk of colorectal can- 
cer and colorectal adenoma, appears to be unre- 
lated to mucosal proliferation (Aoki et al., 1996; 
Earnest et al., 1993; Labayle etaL, 1991; Pasricha et 
al., 1995; Spagnesi et al., 1994). However, in one 
study of FAP, sulindac lowered the labelling index 
(Nugent et al., 1993). 

The observational epidemiology of large bowel 
mucosal proliferation is not well developed, but 
some published findings (NSAIDs, age) have 
diverged from clinical trial and epidemiological 
findings. However, in clinical trials, the mixed 
findings regarding calcium supplementation could 
be taken to reflect the weak findings in observa-
tional studies and the mixed epidemiological 
results. 
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Many susceptibility factors contribute to an individual's risk of developing colorectal cancer. 
Family history of colorectal cancer (particularly with early age of onset), maleness and increas-
ing age are all factors associated with increasing risk. About three quarters of colorectal 
cancers are thought to be due to somatic mutations, and both high- and low-penetrance 
predisposing genes contribute to the remaining quarter of cases. Many of the highly penetrant 
dominant genes are known but others remain to be identified Describing the contribution of 
individual genes is likely to be very complex, as some modify the impact of other genes and 
other environmental factors rather than incurring a direct, easily attributable effect. The two 
dominant predisposing syndromes are familial adenomatous polyposis and Lynch syndrome, 
the first due to a mutant tumour-suppressor gene APC, and the second due to mutations in a 
number of genes responsible for mismatch repair in DNA at cell division. 

Establishing genetic susceptibility for colorectal cancer will soon be possible, and could 
save lives by allowing targetting of screening and the encouragement of preventive behaviours. 
However, there will always be a risk of making healthy people "sick" through the identification 
of predisposing genes, and there are many potential ways by which a gene carrier may be 
stigmatized by society, insurance companies and employers. 

Introduction 
Susceptibility to colorectal cancer can be predicted 
on the basis of a family history of the disease, par-
ticularly when this involves early age of onset. 
Other factors of relevance are age and sex, increas-
ing age and maleness being associated with 
increasing risk (Figure 1). Features of rare syn-
dromes such as Gorlin's syndrome and Peutz-
Jeghers syndrome are predictive of elevated risk, as 
is a personal history of a resected adenomatous 
polyp or colorectal cancer. Clinical features of 
familial adenomatous polyposis and Lynch syn-
drome (hereditary nonpolyposis colorectal cancer) 
are the most important predictors. In addition to 
clearly pathological mutations in the APC and mis-
match repair genes, allelic variants at these loci are 
likely to be of importance. Interactive loci such as 
the 'Modifier of Mm' (MOM1) gene discovered in 
the mouse are of growing interest, as are genes 
which interact with environmental factors to 
increase mutagenicity or to diminish availability 
of protective substances such as folic acid. 

Understanding genetic susceptibility markers 
will bring clinical benefits and increase the possi-
bilities for further research into the etiology of 
colorectal cancer in vivo, much as the study of 
genetic muscle disorders has contributed to the 
knowledge of the genetics, biochemistry and phys-
iology of normal muscle function. 

Family history 
Population studies consistently demonstrate a two-
fold increase in colorectal cancer in first-degree 
relatives of an individual with colorectal cancer 
(Brown et al., 1988). The cancers are seen at a 
comparable age to those in the general population, 
and have a similar location and age of onset 
(Lynch & Lynch, 1998). The causes of this familial 
risk are largely unknown, but presumably include 
a contribution from partially penetrant suscepti-
bility genes to colonic neoplasia, common 
environmental exposures (which are risk factors 
for colorectal cancer and which aggregate in 
families) and interactions between genetic and 
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Figure 1. Risk of colorectal cancer by age and extent of family history, relative to risk 
of a 45-year-old with no family history 
The data for this figure are taken from a study of colorectal cancer in families in Melbourne, Australia 
conducted by Dr J. St John (personal communication) 

environmental factors (Kim, 1997). Colon cancer 
in these families is not linked to high-penetrance 
genes (described below), implying that these genes 
are not the major cause of familial colorectal cancer. 

About three quarters of all colorectal cancers are 
thought to result from somatic mutations. At the 
present time, there is no certain way of picking out 
from the crowd those subjects with a predisposi-
tion who will make up the remaining quarter (NHS 
Executive, 1997). About 3 to 5% of colorectal can-
cer cases have a known, dominantly inherited pre-
disposition and another 5% of families appear to 
have highly penetrant predisposing genes which 
have not yet been identified. 

The risk of colorectal cancer in relatives of cases 
has been shown, in a number of studies, to be 
related to the age of onset in any close relative and 
to the number of affected relatives. Figure 1 shows 
the relationship between the risk of colorectal 
cancer by age and extent of family history. We use 
as a baseline the risk of colorectal cancer in a  

45-year-old who has no family history. As this per-
son gets older his or her risk increases simply on 
the basis of their own ageing process (at age 55 
years, the risk of developing colorectal cancer in 
the next year is five times that at age 45, at age 65 
it is seven times the risk of a 45-year-old and at age 
75 it is 11 times the risk at 45 years). The risk also 
increases with the number of affected relatives. 
Thus, a 45-year-old with one affected relative diag-
nosed after 45 years of age has a risk 1.8 times that 
of a 45-year-old without a family history. The 
relative risk increases to 3.7 if the diagnosis was 
before 45 years and to 5.7 if there are two affected 
first-degree relatives. The risk increases across all 
levels of family history and at all ages, so that a 
75-year-old with two affected first-degree relatives 
has a risk of colorectal cancer in the next year over 
50 times that of a 45-year-old with no family 
history. 

Lynch syndrome (hereditary nonpolyposis 
colon cancer) is due to a mutation in a highly 
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penetrant susceptibility gene, and was referred to 
in the past as the cancer family syndrome. Patients 
are at risk of many extracolonic malignancies, 
including cancer of the endometrium, stomach, 
small bowel, hepatobuliary and urinary tract. For 
example, gene-carrying women have a 42% risk (to 
age 70 years) of developing endometrial cancer, 
which exceeds colorectal cancer risk in some age 
groups (Dunlop et al., 1997). An individual with a 
family history including any of this spectrum of 
cancers, not just colorectal, could be considered to 
be likely to have an underlying genetic suscepti-
bility. Lynch syndrome is most often suspected on 
the basis of family history. The modified Amsterdam 
criteria (Table 1) make use of the pattern of disease 
in families without access to direct mutation 
searching (Vasen et al., 1994). Family history alone 
is not sufficiently sensitive for use in assessing risk 
for an individual. When screening strategies are 
being planned for someone with a Lynch 
syndrome family history, additional factors such 
as local screening availability, advice given to other 
family members, and the possibility of non-pene-
trance, early death or non-paternity should be con-
sidered. The Amsterdam criteria are useful in 
research to ensure inclusion of high-risk individu-
als in studies, whereas in clinical use they will only 
identify a proportion of high-risk people. An indi-
rect application of the Amsterdam criteria is in 
selecting the families most likely to yield positive 
results when searching for mismatch repair gene 
defects (Wijnen et al., 1998). 

Where there is a family history of colorectal 
cancer, early age of onset in an affected relative 
and two or more affected generations are the most 
predictive factors for risk for an individual (Gaglia 
et al., 1995). However, other independent 
risk factors, such as age and male sex, greatly 
modify an individual's risk. For example, Guillem 
et al. (1992) found that, at screening colonoscopy, 
those at greatest risk for harbouring an asympto-
matic adenoma were males over the age of 50 years 
having at least one first-degree relative with colo-
rectal cancer. 

Personal history 
Previous colorectal adenomas or cancer, without 
regular follow-up, indicate an overall increase in 
susceptibility to colorectal cancer. Such clinical 
observations can be further refined by pathological 
and genetic analysis of the neoplasm, and also by 
the age and follow-up history of the individual. 
Because there is variability in the normal 
adenoma—carcinoma sequence, some types of 
adenoma confer a greater risk than others. Sessile 
villous lesions behave differently to pedunculated 
adenomas, and flat adenomas are associated with 
an increased potential for malignant change (Jass, 
1995). Microadenomata, the pathologically 
detectable precursors of adenomas, are very 
common, but only a fraction of them ever progress 
to malignancy, depending on the genetic status of 
the individual. For example, the risk is very low 
for an individual microadenoma in familial 

There qhould be at las th so relatives v th a Ljncn syndnrne related saner (colorecta' canscr, cancer of eridometrium 

bowel. u'eter or renal pelvis) 
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adenomatous polyposis, but high in Lynch syn-
drome. Similarly with adenomas; in familial ade-
nomatous polyposis the risk of an individual ade-
noma becoming malignant is very small, whereas 
the risk is higher in Lynch syndrome. 

Adenomas have much greater malignant 
potential than metaplastic polyps (Winawer, 
1993a). Removal of polyps reduces the subsequent 
rate of colorectal cancer, confirming their prema-
lignant potential (Winawer, 1993b). 

Microsatellite instability in a colorectal tumour is 
predictive of a high risk of recurrence for an individ-
ual, regardless of family history (Brown et al., 1999). 
Inflammatory bowel disease, and in particular 
ulcerative colitis, carries an increased risk for 
colorectal cancer. Those at highest risk have 
ulcerative colitis throughout the colon, rather than 
localized disease, are over 40 years of age, and have 
had ulcerative colitis for more than 10 years. 
Interestingly, this does not depend on continuous 
manifestation of the disease; those who have a 
short episode are at the same risk of colorectal 
cancer 10 years later as those who have 10 years 
without remission. Patients with ulcerative colitis 
have a small but increasing risk which is equiva-
lent to about 0.5-1% chance of colorectal cancer 
per year of follow-up (Ekbom, 1998). For this 
reason, many gastroenterology units follow up 
patients for many years, despite lack of definitive 
evidence that this prevents colorectal cancer. 
Recent case—control studies have shown that the 
patients with ulcerative colitis who are at highest 
risk of colorectal cancer are those with a family 
history of colorectal cancer, whereas those with no 
family history have a risk which may not be 
significantly different from the average person 
without colitis (Nuako et al., 1998). This finding 
implies that any inherited genetic risk is not asso-
ciated with both the development of colitis and 
colon cancer risk, but that they are separate, dis-
crete risk factors, and that inflammation is not a 
sufficient risk factor in isolation to have a clinically 
significant impact in most people. 

Pathological susceptibility markers 
Microsatellite instability is seen in about 15% of 
all colorectal cancers (Bodmer et al., 1994), and at 
a much higher rate in Lynch syndrome 
colorectal cancers. The latter association probably 
explains why it is commonly seen in the younger 

age group. Functional assays for binding of 
the mismatch recognition genes can be used to 
test cells for a mismatch repair defect (Aquilina et 
al., 1994). 

This phenotype is likely to be recessive, reflect-
ing total loss of function of the binding protein 
that recognizes DNA mismatches, for example at 
CA and CT repeats. This explains the observation 
that normal cells from Lynch syndrome gene car-
riers do not exhibit a microsatellite instability phe-
notype, as the cells in a heterozygous individual 
have one normal, working copy of the mutated, 
inherited gene. 

Genetic factors predisposing to colorectal cancer 
Colorectal cancer provides an excellent system for 
the study of genetic changes occurring during the 
development of a common human cancer. Most 
colorectal cancers arise from benign adenomas, 
which means that the developing carcinoma can 
be observed, removed and studied at all stages 
from an aberrant crypt focus to metastatic carci-
noma. Adenomas normally arise from a single 
stem cell, which is demonstrated by the usually 
monoclonal nature of all adenomas from the 
smallest visible lesion, in contrast to the polyclonal 
composition of colorectal epithelium. 

The study of the stochastic genetic events lead-
ing from early adenoma to colorectal cancer has 
led to the identification of three major classes of 
genes involved in familial risk: oncogenes which 
actively confer a direct growth-promoting effect, 
tumour-suppressor genes which normally restrain 
proliferation, and DNA mismatch repair (MMR) 
genes which identify and correct DNA replication 
errors. Mutations in MMR genes lead to genetic 
instability, as defects in somatic cell DNA replica-
tion are not corrected, resulting in mutations in 
other genes such as type-II TGF-3 receptor (Yagi et 
al., 1997). 

Since colorectal cancer development is a 
multistep process, involving mutations in at least 
seven genes, many genotypes are likely to be 
involved in susceptibility to this disease. Most 
but not all of these genes exert a biological effect 
only when both alleles are mutated; in other 
words, they are recessive at the cellular level. 
However, some defects in tumour-suppressor genes 
such as APC can exert a phenotypic effect even in 
the heterozygous state. Many genes are known to 
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be part of the multistep process and some 
have been shown to be important predictors of 
colorectal cancer when a germiine mutation is 
present. 

Although the genetic changes which give rise to 
colorectal tumours often occur in a particular 
sequence (Figure 2), it is the accumulation of muta-
tions rather than the temporal sequence which 
determines the malignant potential of a tumour 
(Fearon & Vogelstein, 1990), In rnultipotent stem 
cells, the accumulation of mutations occurs in a 
stochastic, stepwise manner, with each mutation 
providing a selective advantage for subsequent cell 
generations, leading to an expanded population of 
daughter cells (Bodmer et aL, 1994). APC muta-
tions occur early (Powell et al., 1992) and are 
important for initiation. This explains the severe, 
young colorectal cancer phenotype of familial ade-
nomatous polyposis. In contrast, ras oncogene 
mutations usually occur in larger adenomas, being 
present only in 10% of those smaller than 1 cm. It 
is thought that such mutations are responsible for 
the development of a small adenoma into a larger  

lesion. Similarly, allelic losses on chromosomes 5q, 
17p and 18q and others are frequently observed in 
malignant tumours, but rarely in adenomas. Such 
mutations occurring later in the cascade of muta-
tional events are unlikely to have major relevance 
in the search for cancer susceptibility, as they are 
largely somatic mutational events commencing in 
a single cell. Nevertheless, it is conceivable that 
variations which predispose to mutational change 
in any of these genes could influence the nature 
and rate of cancer development. 

There is continuing debate about whether loss 
of a single APC allele can increase proliferation. 
Whereas significant changes in proliferation have 
not been seen in Apc knock-out mice, our own 
work in humans with familial adenomatous 
polyposis has shown a significant increase in the 
number of mitoses per crypt (Mills et al., 2000). In 
contrast, Wasan et al. (1998) reported an increase 
in crypt fission rather than proliferation. DNA 
hypomethylation is probably not a pivotal event 
and the role of mismatch repair deficiency early in 
the process is also equivocal. 

Pathological stage 	 Genetic event 

Normal epithelium 
APC mutation (in familial adenomatous polyposis) 

Hype rproliferative epithelium APC mutation 

Early adenoma K-ras mutation 

Intermediate adenoma Mismatch repair deficiency 
DCC (1 8q) loss 
DPC4 
JVI 8 

Late adenoma p53 loss 

Carcinoma 
Other changes 

Metastasis 

Figure 2. A genetic model for colorectal tumorigenesis 
Based on Kinzer & Vogelstein (1 996) and Kim (1997) 
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Mouse models 
Mice bred to have defective copies of the major 
genes involved in colorectal cancer can be of 
great value in the evaluation of susceptibility fac-
tors (Kim et al., 1993). The Min mouse, Apcl638N 
and Apc1638T and the Apcdelta 716 are the four 
mouse models of defective Apc function. The 
Apc1638T mouse is interesting as it involves a 
mutation near the end of the coding sequence, 
leaving the critical catenin-binding function 
intact. These mice do not develop significant 
intestinal tumorigenesis and homozygotes can 
survive to term. 

While the phenotypes of the mouse models 
show important differences from the human, with 
predominance of small gut tumours, these models 
have been of great value in studies of the biology 
of colorectal cancer and in investigations of 
chemopreventive agents. Mouse mutants with 
defective mismatch repair genes have been less 
valuable, as the phenotype does not include gas-
trointestinal tumours. 

Inherited predisposition to colorectal cancer 
Mendelian syndromes and genes of major effect 
Although the molecular genetics of most colorec-
tal cancers remain unclear, some cases can be 

Inflammatory bowel disease 

designated as having a genetic predisposition on 
the basis of their family history, clinical findings, 
pathology or molecular genetic features. Clinical 
overlap between the syndromes sometimes makes 
diagnosis difficult, but this is being clarified as 
genetic and functional histopathological analysis 
becomes available. Figure 3 shows the syndromes 
currently known to genetically predispose to 
colorectal cancer. 

The two major, dominantly inherited forms of 
colorectal cancer are familial adenomatous 
polyposis and Lynch syndrome. This nomencla-
ture describes the phenotype of these two condi-
tions at the histological level, but the range of 
mutations in causative genes is much more 
disparate. Almost all cases of familial adenomatous 
polyposis result from a pathological mutation in a 
single gene on chromosome 5, APC. However, 
Lynch syndrome results from loss of function of 
one of at least five separate genes, each one of 
which encodes part of a protein complex which is 
responsible for mismatch repair during DNA 
replication. 

Familial adenomatous polyposis 
Familial adenomatous polyposis is the most 
genetically determined of all inherited cancer- 

Familial adenomatous polyposis 

'Sporadic' 
75% 

J rom e 

history 

Figure 3. Predisposition to colorectal cancer 
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predisposing syndromes. A mutation in APC causes 
multiple colorectal adenomatous polyps to 
develop during the teens and early adulthood. In 
the absence of prophylactic colectomy, the large 
number of adenomas leads to the almost certain 
development of colorectal cancer at a young age. 
Much has been learned about the APC gene since 
its localization and cloning in the early 1990s 
(Bodmer etaL, 1987; Nishisho et al., 1991), and the 
relationship of germiine mutations to individual 
phenotype (Figure 4) has been described in more 
detail than for any other inherited cancer predis-
position. 

About 80% of familial adenomatous polyposis 
families have a different, distinct mutation of APC, 
although almost all of the disease-causing 
mutations so far found inactivate APC and result in 
protein truncation. APC codes for a large 
2843-amino-acid protein which is involved in cell 
fate determination, adhesion and cytoskeleton 
function, and is an integral part of the Wnt 
signalling pathway by complex formation with 
glycogen synthase kinase 3 beta (GSK3 beta) 
(Brown et aL, 1999), -catenin and other proteins 
including axin and conductin. There are 15 exons 
in APC, of which exons 1 t 14 are short and exon 
15 encodes three quarters of the protein. A higher 
density of polyps occurs in families with a muta- 

tion near the centre of the gene in exon 15, 
whereas a sparse pattern of adenomas, known as 
attenuated familial adenomatous polyposis, is 
associated with mutations at the extreme 
5(proximal) end of the gene. It is likely that the 
most severe phenotype is a consequence of 
mutations which disrupt the mediation of 0-
catenin degradation in the Wnt signal transduc-
tion pathway. Events leading to oncogenic activa-
tion of f3-catenin, which promotes tumour 
progression via interaction with a downstream tar-
get, can result from inactivation of tumour-sup-
pressor activity of a mutated APC gene, from acti-
vation of Wnt receptors, or from direct mutation 
of the f3-catenin gene itself (Polakis, 1999). In the 
nucleus, 3-catenin upregulates the oncogene c-myc 
(He et al., 1998), among other oncogenes. 

Recognition of families and individuals at risk 
of developing familial adenomatous polyposis 
relies on careful pedigree analysis aided by a 
multidisciplinary approach including genetics, 
surgery, gastroenterology and pathology. This 
approach has been adopted in the Northern 
Region of England, and has been shown to be 
effective in reducing the burden of colorectal 
cancer in such families (Burn et al., 1991). 
However, the new mutation rate for germline APC 
mutations is 20-30% and, unfortunately, new 
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Figure 4. Structure of APC protein and genotype/phenotype correlation 
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mutation cases appear to exhibit a more severe 
phenotype than familial cases, with mutations 
more common at codon 1309. It is therefore possi-
ble that a high new mutation rate combined with 
improving survival rates into or beyond reproduc-
tive years will lead to an increase in incidence of 
familial adenomatous polyposis (Gayther et al., 
1994). 

One explanation for the genotype/phenotype 
correlation in familial adenomatous polyposis is 
that some mutations, such as a truncating muta-
tion at codon 1309, result in a dominant negative 
effect at the protein level. There is experimental 
evidence that wild-type APC activity is strongly 
inhibited by a mutant allele with this codon 1309 
mutation, and this results in a severe phenotype. 
In contrast, a mutation associated with a mild 
phenotype (attenuated APC, or AAPC) produces a 
gene product which associates only weakly with 
the wild-type product (Dihlmann et al., 1999). In 
AAPC, colorectal cancer occurs at a later age and 
extracolonic manifestations are less common 
(Lynch et al., 1995). It is possible to attribute this 
mild phenotype to mutations in three distinct 
regions of the gene; at the 5 end, within exon 9, 
and at the 3' distal end of APC. When such a muta-
tion is known in a family seeking genetic coun-
selling, it is possible to modify risks according to 
the known genotype/phenotype relationship, and 
bowel examination may be less frequent than in a 
family with a mutation such as AP0309. 

Variation in the familial adenomatous polyposis 
phenotype even in those with identical mutations 
presents difficulties in counselling, both within 
and between families. However, in all cases of 
familial adenomatous polyposis, colorectal cancer 
susceptibility remains high, and regular screening 
and prophylactic surgery are essential components 
of care in such families (see section below on 
genetic modifiers). 

Lynch syndrome 
Lynch syndrome is the preferred term for the form 
of hereditary nonpolyposis colorectal cancer asso-
ciated with an MMR gene defect. This relatively 
common syndrome is characterized by the devel-
opment of neoplastic lesions in a variety of tissues 
(gastrointestinal, endometrial, ovarian, uroepithe-
liai) and, most prominently, the colorectum 
(Aamio et al., 1995; Marra & Boland, 1995; Vasen 

et al., 1995; Watson & Lynch, 1993). Clinically, the 
colorectal neoplastic process in hereditary non-
polyposis colorectal cancer appears to follow an 
adenoma-to-carcinoma progression similar to that 
described in familial adenomatous polyposis or 
other colorectal cancer settings, though several 
aspects of the clinical manifestations, as well as the 
molecular pathophysiologies underlying them, 
may be distinctive (Kinzler & Vogelstein, 1996). 
The disease was traditionally recognized by the 
familial clustering of colorectal cancers in persons 
without obvious polyposis. 

Classical Lynch syndrome is caused by inherited 
mutations in one of the Mut-related family of MMR 
genes, including hMLI-I1, hÏvISH2 and IIMSH6 
(Fishel et aL, 1993; Kolodner et al., 1994, 1995; 
Nicolaides et al., 1994). Three other genes involved 
in the MMR complex, PMS1, PMS2 and MLH3, are 
rarely or never associated with a Mendelian phe-
notype. This has been attributed to redundancy 
between them (Lipkin et al., 2000) (see below). 
These genes encode protein products that are 
responsible for recognizing and correcting errors 
that arise when DNA is replicated (Dunlop et al., 
1997; Leach et al., 1993). An early manifestation of 
this defect in vivo is the appearance of microsatel-
lite instability. A second mutation is required in 
colorectal cells to inactivate the MMR function. 
Micro satellite instability contributes to the pro-
gressive accumulation of secondary mutations 
throughout the genome and thereby affects crucial 
growth-regulatory genes, ultimately leading to 
cancer. 

More than 100 different germline mutations 
have been identified in the MMR genes known to 
be associated with the Lynch syndrome. Mutations 
in IIMSH2 and hMLHI account for roughly equal 
proportions of Lynch kindreds, and are together 
responsible for a majority of colorectal cancer in 
these families (Aaltonen et al., 1998). However, 
germline disease-associated mutations are found in 
only about 40-70% of probable Lynch syndrome 
families. Other germline mutations and/or differ-
ent classes of genes may be discovered which play 
an etiological role in susceptibility to hereditary 
nonpolyposis colorectal cancer. One family has 
been described in which a probable pathological 
mutation has occurred in the TGF-j receptor II 
gene (Yagi et al., 1997), a gene known to show 
altered expression in colorectal cancer. This, and 
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the attenuated form of familial adenomatous 
polyposis, might be regarded as falling into the 
broader category of hereditary nonpolyposis col-
orectal cancer but not Lynch syndrome. 

One of the recently identified MMR genes, 
MLH3, associates with MLH1, MSH2 and MSH3 to 
form a complex involved with repair of 
insertion-deletion loops of single-stranded DNA. 
Its role in human cancer predisposition is uncertain 
but it is thought to show functional redundancy 
with Pmsl and Pms2. This would explain why PMSI 
and PMS2 mutations are only rarely found in Lynch 
syndrome families (Lipkin et al., 2000). 

Other syndromes 
Juvenile polyposis 
Juvenile polyps arise from the lamina propria, 
rather than the epithelium which is the source of 
hyperplasia in adenomas. Solitary juvenile polyps 
are diagnosed in approximately 1% of children 
and account for the majority of gastrointestinal 
polyps found in childhood. Juvenile polyposis coil 
is a rare autosomal dominant syndrome which is 
characterized by multiple polyps in the colon and 
occasionally elsewhere in the gastrointestinal tract. 
This inherited condition is associated with a high 
risk of colorectal cancer, probably due to the devel-
opment of foci of adenomatous change which 
progresses to dysplasia and adenocarcinoma. In 
some cases of juvenile polyps without a family his-
tory and of polyps arising in the juvenile polypo-
sis syndrome, the predisposing factor is a mutation 
in one of two genes; PTEN on chromosome 10 
(Jacoby etal., 199 7) or SMAD4 on chromosome 18. 
It is likely that removal of juvenile polyps will be 
preventive for colorectal cancer. 

There have been reports of families with atypical 
juvenile polyps, adenomas and colorectal 
cancers as well as inflammatory and metaplastic 
polyps. In one such family, cases of mixed polyps 
follows an autosomal dominant inheritance 
pattern, and the putative gene has been localized to 
the long arm of chromosome 6-(Thomas etal., 1996). 

Basal cell naevus syndrome (Gorlirr's syndrome) 
Hamartomatous intestinal polyps have been 
reported in Gorlin's syndrome (Schwartz, 1978), in 
which there is an association with broad fades, 
basal cell naevi, ectopic calcification of the falx 
and bony abnormalities of Sites including the ribs,  

mandible and maxilla. Malignancies seen in this 
condition include medulloblastoma, malignant 
naevi and less commonly, colorectal cancer 
(Murday & Slack, 1989). Premature termination of 
the patched protein resulting from germline 
mutations in one of two tumour-suppressor genes, 
Patched 1 and 2, are thought to be responsible for 
this syndrome, but no genotype/phenotype 
correlation has yet been described (Wicking et ai,, 
1997). 

Peutz-Jeghers syndrome 
The predisposing polyps in this rare syndrome are 
pathologically discrete from other polyps and are 
called Peutz-Jeghers polyps. They exhibit some 
adenomatous features and have an increased 
malignant potential, appearing in the stomach, 
small bowel and colon. The distinguishing feature 
of this syndrome is the mucocutaneous melanin 
pigment seen around and inside the mouth and 
between the fingers. At least some cases of this dis-
order are due to mutations in the serine/threonine 
(STKIJ) tumour-suppressor gene on chromosome 
19 (Jenne et al., 1998). 

Turcot's syndrome 
In this condition multiple colorectal adenomas 
are associated with central nervous system 
tumours, particularly of the brain. This phenotype 
has been seen with variants of both Lynch syn-
drome and familial adenomatous polyposis geno-
types. With an APC variant, the brain tumours are 
cerebellar and medulloblastomas, whereas with 
MLH1 or MSH2 variants, glioblastoma multiforme 
is more frequently seen. 

Modifiers and genes of minor effect 
Allelic variants 
A polymorphism at codon 1307 in APC is rela-
tively common in the Ashkenazi Jewish popula-
tion, and increases adenoma formation in this 
group (Gryfe et al., 1999). This mutation causes a 
change of isoleucine to lysine (shown as 11307K), 
The underlying mutation changes a thymine to 
an adenine, resulting in a sequence of eight 
adenines which is more mutable than the wild-
type. This leads to mutational susceptibility in 
somatic colon cells which in turn confers a higher 
risk of neoplastic development. Because the gene 
variant is dominantly inherited, but the 
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penetrance for the phenotype is low, this form of 
predisposition could be described as familial 
rather than dominant. The lifetime risk of 
colorectal cancer for an individual with the poly-
morphism is about 10%, but because it is common 
(6% in New York Ashkenazim and 28% in those 
with a family history), it is thought to underlie 
3-4% of colo-rectal cancer in this population 
(Laken et al., 1997). 

This finding has raised the issue of genetic pre-
dictive testing for the APC 11307K polymorphism 
which could be targeted towards individuals of 
Jewish Ashkenazi descent to identify those with an 
increased susceptibility as a prelude to prevention 
programmes. It is thought, for example, that 
360 000 polymorphism carriers live in the United 
States, but the issue of testing is contentious, as a 
positive test could carry with it unfavourable psy-
chological effects, insurance difficulties and poten-
tial sociological problems linked to selection of a 
population on the basis of ethnic descent. 
Moreover, the predictive value of such a marker in 
isolation is very small. 

There is a strong likelihood that different muta-
tional events might result in allelic variants at any 
of the «major gene" loci which increase the risk of 
colorectal cancer. The challenge will be to choose 
candidate genes for detailed sequencing. In future, 
high-throughput technology will make selection 
less critical but, at present, it is easy to spend large 
sums of money and achieve little. For example, a 
splice site mutation in the MSH2 gene has been 
found in normal individuals with no history of 
hereditary nonpolyposis colorectal cancer. It is 
therefore possible that some functional effect 
exists which is associated with increased risk of 
colorectal cancer but which is not sufficiently high 
to show up as a positive family history. 

One method of targeting is to use single 
nucleotide polymorphisms (SNPs) to identify hap-
lotypes. Table 2 shows a series of five SNPs at the 
MSFI2 locus. Four of these are considered neutral, 
as they involve intronic DNA. The fifth is a coding 
sequence SNP in exon 6 and may have a pheno-
typic effect. Of the 32 possible haplotypes in our 
control population, only nine were identified 
among 99 chromosomes characterized and three 
(bold in the table) accounted for 85 of the 99. In 
other words, common ancient versions of the 
gene will occur in different populations. It will  

now be possible to examine these SNP patterns in 
people with colon cancer to see if the distribution 
of haplotypes is different from that in the local 
population. If, for example, there had been a 
mutation several hundred years ago in an hMSH2 
gene residing on a «ggtat" chromosome, this 
would be reflected in an overrepresentation of 
that haplotype in the disease population and 
would focus sequencing studies on hMSITI2 in 
affected people with the 41ggtat" haplotype. 

Interactive genes 
In familial adenomatous polyposis, allelic hetero-
geneity does not appear to account for all of the 
observed variation in phenotype and other genes 
are probably involved in the phenotypic expres-
sion of this, the most «monogenic" of all cancer 
susceptibility genes. This is a continuing area of 
research, but there is evidence for a modifier gene 
on chromosome 1p35-36 which maps to an equiv-
alent locus in the mouse for a known modifying 
gene called Mom-] (Debbie et al., 1997). The can-
didate gene for this is type 2 non-pancreatic P1a2, 
a phospholipase gene, but no mutations in the 
human homologue have been found to date 
(Spine et al., 1996). Identification of modifying 
genes is a powerful tool in the understanding of a 
gene's function, and the advent of dense genetic 
linkage maps has made the dissection of polygenic 
traits, such as colorectal cancer susceptibility, more 
practical. A relationship between mucin-producing 
genes such as MUC2 and the pathogenesis of 
colorectal cancer has been suggested (Sternberg et 
al., 1999). MUC2 predominates within colorectal 
goblet cell mucin and is expressed in adenomas 
and rnucinous carcinomas. Down-regulation of 
MUC2 is seen in non-mucinous adenocarcinomas 
arising from adenomas, and cancers that develop 
de novo do not express MUC2. When more is 
known about colorectal cancer mucin, there will 
be opportunities to study different cell lineages to 
further explore the pathogenesis and other suscep-
tibility factors in colorectal cancer. 

CDX1 and 2 homeotic genes have the charac-
teristics of transcriptional regulatory genes and are 
down-regulated in about 85% of colorectal 
cancers. In CDX2 mice, multiple intestinal 
polyps are seen in the proximal colon (Chaweng-
saksophak et al., 1997). However, these polyps are 
not typical adenomas, and have similar histo- 
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MIN 
Haplotype 	 Number 	 Haplotype frequency 

cga1 	 61 	 0.616 
ggagt 	 14 	 0.141 
ggaat 	 10 	 0.101 
ggtat 	 7 	 0.071 
cgagc 	 3 	 0.030 
ggtgt 	 0 	 0.000 

gagc 	 0 	 0.000 
cgaat 	 2 	 0.020 
ggaac 	 2 	 0.020 

Tota' number of chromosomes typed 	 99 

(unpublished data) 

logical characteristics to those seen in the Min 
mouse. These polyps occasionally contain true 
metaplasia and occasional large pedunculated 
tubulovillous colonic adenomas are seen. The fact 
that polyps are seen mostly in the proximal colon 
suggests that lowering levels of CDX2 would 
induce exaggerated cell growth leading to tumour 
formation, and expression would stimulate cell dif-
ferentiation and growth arrest (Yagi et al., 1999). 
However, because the tumours display an unusual 
histological pattern and human mutations have 
not been identified, the role of this gene in human 
carcinogenesis remains unknown. 

Environmentally sensitive genetic polymorphisms 
A functional polymorphism in the methylene 
tetrahydrofolate reductase gene (MTHFR) makes 
the enzyme more thermolabile and appears to 
confer a 50% reduction in colorectal cancer risk in 
the US population. This polymorphism (667CT, 

alaval), found in 10.45% of the study population, 
only provided protection when adequate folate 
was present in the diet (Ma et al., 1997). Figure 5 
shows the competing pathways in folate metabo-
lism. Before the report that this polymorphism was 
protective against colorectal cancer in homozy-
gotes, it might have been expected that the reverse 

would be true. The observation could indicate that 
malignancies are more susceptible to disturbance 
of the folate pathway and that the homozygotes 
for the thermolabile variant are relatively 
protected by the less efficient folate pathway. It is 
of potential importance that protection against 
colorectal cancer in those homozygous for the 
thermolabile variant was observed only in study 
subjects reporting zero to modest alcohol intake, 
With high alcohol intake, no protection was seen, 
indicating an important diet—gene interaction (Ma 
et al., 1997). 

The importance of gene—environment interac-
tions in assessing cancer susceptibility was 
illustrated by the 3-carotene trials. Intervention 
studies designed to test the hypothesis that supple-
mentation with ft-carotene would reduce cancer 
risk showed no protection. However, the trials 
showed increased risk of lung cancer in smokers 
given a-carotene (Mathers & Burn, 1999). 
This effect is thought to be due to increased cell 
proliferation and squamous metaplasia in the 
lung effects that were enhanced by tobacco 
smoke, and is associated with suppression of 
retinoic acid receptor jI gene expression and over-
expression of c-Jun and c-Fos genes (Wang et al., 
1999). 
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Figure 5. Competing pathways in folate metabolism 
THF, tetrahydrofolate; MTHFR, methylene tetrahydrofolate reductase 

Exposure to environmental carcinogens such 
as aromatic amines found in well cooked or 
preserved meat and cigarette smoke are associated 
with increased risk of colorectal cancer. Their 
metabolism is complex but central to most is 
activation or detoxification of amylines and 
heterocyclic amines. Acetylation of heterocyclic 
amines by N-acetyltransferases (NAT) is likely to 
be of major importance. Acetylation of hetero-
cyclic amines by NAT1 and NAT2 gene products 
can lead to the formation of reactive carcinogenic 
intermediates or to detoxification. This means 
that the association of cancer risk and enzyme 
activity could go either way. Acetylation activity 
varies as a result of the sequence polymorphism 
in the NAT2 gene, and if two non-functional 
alleles are inherited (slow acetylator alleles), there 
is no NAT2 activity. Several studies show 
that NAT2 rapid acetylation phenotypes are 
associated with an increased risk of colorectal 
cancer. An increased colorectal cancer risk of 1.9 
results from a variation in NAIl, which is again 
due to a rapid acetylation genotype (Hein et al., 
2000). There is an association between fast 
acetylator status and cancer in those with high 
intakes of cooked meat (a source of heterocyclic  

amines). Conversely, slow acetylators who smoke 
and drink are at increased risk. These genetic 
polymorphisms provide a good example of how 
complex the interaction between genotype and 
environmental factors can be. It must also be 
remembered that 'multiple slices" of a data-set 
might point to apparent interactions as a random 
event, resulting in claims and counter-claims on 
their predictive significance. 

Prevention and colorectal cancer genotype 
Familial adenomatous polyposis has been identifi-
able in families for over a hundred years because of 
the presence of multiple polyps, and more 
recently, by genetic testing for mutations or 
specific patterns in and around the APC gene. In 
the Northern Region of England, using a registry 
approach, and by applying clinical and genetic 
criteria, almost all individuals at high risk have 
been recruited to screening programmes (Burn et 
at., 1991). One of the biggest advantages of a 
proactive approach towards offering genetic 
testing is the relief of uncertainty and the 
reduction of unnecessary colonoscopic surveil-
lance in those not at high genetic risk. At the level 
of population health care, there are benefits in 
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being able to target screening effectively to those at 
greatest risk. 

There are many differences between making a 
genetic diagnosis of hereditary colorectal cancer 
risk and a clinical diagnosis of colorectal cancer. 
Firstly, hereditary cancer involves probability state-
ments describing inheritance and penetrance. 
Little is known about the role of environmental 
influences in these families, and this contributes 
to the high levels of uncertainty accompanying 
predictive testing for late-onset disorders. 
Secondly, there are psychosocial implications for 
the individual and for the family. How people 
respond to the information will depend on many 
variables such as their personality, defence mecha-
nisms and understanding of the disease and its 
consequences. The effect of a genetic diagnosis can 
pass through a family like ripples on a pond and 
extended families will become more aware of, and 
discuss, cancer diagnoses. Family beliefs about 
inheritance may be very different from accepted 
patterns of Mendelian inheritance. For example, 
some believe that only males are affected by hered-
itary nonpolyposis colorectal cancer. 

It is easy to assume that those found not to carry 
a predisposing gene will be unconditionally 
pleased. However, some individuals react in a 
negative way to such information. This may be due 
to having to alter life plans built around an 
assumption that they will become ill, or to guilt 
about escaping the family disease. It would also be 
logical to assume that those found to be gene car-
riers would present themselves for bowel examina-
tion. This does not always happen and is a source 
of frustration to surgical and endoscopy staff when 
appointments are missed repeatedly. The reasons 
for this reaction by patients are complex, but may 
include fear of surgery, fear of the examination, or 
a hedonistic personality which does not easily 
accept hospitalization and potential illness. These 
reasons can differ greatly from a non-familial case 
where the patient is attending with symptoms 
(Rossi & Srivastava, 1996), 

There are many ethical issues surrounding 
hereditary colon cancer, whether it is a clinical or 
a genetic diagnosis. Firstly, equitable access to ser-
vices is a guiding principle for health services in 
the United Kingdom, but this is difficult to apply 
when only some regions have active registers and 
recall systems with individual counselling services. 

Bearing in mind the European history of eugenics 
during the early part of the 20th century, there 
must be caution in pursuing equity by using forms 
of coercion such as laws and social pressures. 
Where efforts are made to make contact with 
family members who are at risk in an attempt to 
offer equitable services, there is a risk of straying 
over the invisible line between voluntary and 
enforced testing. For example, even if DNA testing 
is undertaken, each person should be able to 
withdraw at any time or choose not to take any 
action if the result is positive. Other issues, such as 
those concerning confidentiality and privacy, must 
be discussed with family members, so together 
with the genetic and clinical information and 
exploration of psychosocial issues, much careful 
counselling is required. The common thread to all 
of this discussion is the protection of individual 
rights, and a multi-professional approach with 
specialist genetic counselling available for all is the 
best way to offer such a service. 

Research into other risk factors and possible 
interventions described earlier can be undertaken 
with subjects at high risk as opposed to general 
population cohorts. This means that smaller 
numbers are required, as interim or end-point 
results such as adenomas are likely to be more 
frequent. Two such trials are under way using 
patients with familial adenomatous polyposis and 
mismatch repair gene mutations, in which aspirin 
and resistant starch are being tested in randomized 
controlled trials (Burn et al., 1995, 1998). How 
much relevance the results of these trials will have 
to the rest of the population remains to be 
established, but both interventions were selected 
because of their favourable effect in observational 
studies of the general population. 

Conclusions 
All colorectal cancer involves multiple somatic 
genetic changes. Based on family history data, it is 
likely that in at least a half, and probably three 
quarters, of colorectal cancer in developed 
countries, these changes occur through random 
acquisition of mutations due to environmental 
influences. If and when diet improves and people 
take more exercise, the importance of germiine 
defects will grow. Even now, there are very large 
numbers of people at significantly elevated risk of 
cancer who will be identifiable using molecular 
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genetic tests for pathological mutations in APC 
and the mismatch repair genes. It is likely that 
there will be value in searching for less penetrant 
defective alleles in these genes, as this might 
influence treatments and screening strategies. 
Perhaps more importantly, knowledge of a specific 
personal risk factor is liable to stimulate a greater 
interest in chemoprevention and lifestyle factors 
which could lead to reduced risk. 

On the negative side, this possibility also raises 
psychosocial issues, including the risk of making 
healthy people 'sick" by describing them as 
susceptible to cancer and by identifying high-risk 
ethnic groups such as Ashkenazi Jews. Ethical 
issues relating to providing equitable screening 
opportunities across populations, and financial 
concerns when insurance risks can be stratified by 
susceptibility factors or medical liability of the 
clinician become more complex. In the United 
States, physicians are being pressurized into 
assuming the additional responsibility of 
establishing a family history of cancer across 
several generations. This in turn creates a duty for 
a health care worker to provide counselling to 
extended families, and several lawsuits have 
been instituted claiming negligence when a family 
history has not been given adequate consideration 
or has not been communicated to family members 
at risk (Nelson, 1996; Severin, 1999). In addition 
to legal pressures to include genealogy in 
colorectal cancer care, there are economic factors 
associated with identification and monitoring of 
susceptible individuals (Bolin, 1996; Brown & 
Kessler, 1996; Smith & DuBois, 1997). Where there 
are advantages to a community or society in 
providing a health care intervention, there will 
always be a risk of eugenic policies creeping into 
practice. 

Establishing genetic susceptibility for colorectal 
cancer will soon become a reality, and the 
advantages to a member of a hereditary nonpoly-
posis colorectal cancer or familial adenomatous 
polyposis family member in finding out they are 
not a gene carrier can be enormous. However, the 
situation is more complex where the predictability 
of the genotype is less certain, and this is likely to 
be the situation for most genetic susceptibility 
testing (Lynch etal., 1999). The needs and views of 
the individual must always take precedence over 
societal needs if maximum uptake of screening  

alongside freedom of choice is to be assured. Even 
more important is the recognition that few risk 
factors will be sufficiently predictive to justify 
extension from the realm of primary research to 
the clinic. in many cases, groups of individuals 
chosen for their susceptible genotype will be used 
to test which environmental changes might bene-
fit the whole community. 
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There is overwhelming evidence that alterations in endogenous hormone metabolism - as a 
form of endogenous exposure—may bean important metabolic riskfactorfor the development 
of breast cancer. This chapter reviews current theories and major epidemiological findings 
that link endogenous hormones (sex steroids and their metabolites, but also insulin, and 
insulin-like growth factor-I (IGF-l)) to breast cancer risk. Knowledge about these metabolic risk 
factors can be used to identify women at increased risk of breast cancer, who might benefit 
most from chemoprevention. In addition, modification of high-risk endocrine profiles may 
itself become a central target of chemoprevention. Possible intervention strategies include 
improvement of insulin sensitivity, reducing concentrations of IGF-1 in blood and breast 
tissue, reducing ovarian overproduction of androgens, inhibiting the activity of aromatase 
and other enzymes involved in estrogen formation within the breast, and modifying estrogen 
metabolism within the breast (e.g., decreasing 16(x- and 4a-hydroxylation, and increasing 
O-methylation of catecholestrogens). Several of these possible strategies are illustrated with 
examples of chemopreventive agents currently in use or proposed for use to prevent breast 
cancer,  

Introduction 
Breast cancer is predominantly a disease of west-
ern, industrialized countries. There is over-
whelming evidence from studies on migrants and 
from time trends in incidence rates that the high 
incidence rates of breast cancer in western coun-
tries are due mainly to lifestyle factors, including 
nutrition. Nutritional factors most strongly 
implicated include low levels of physical activity 
and an energy-dense diet rich in fats, refined car-
bohydrates and animal protein. These factors also 
appear related to an earlier average age at menar-
che, increasing average body height and an 
increasing prevalence of obesity—three well estab-
lished risk factors for breast cancer that are also 
known to be associated with changes in hormone 
metabolism. An additional risk factor, which prob-
ably also affects breast cancer risk through changes 
in endogenous hormone metabolism, is a child-
bearing pattern characterized by relatively late first 
pregnancy and low parity. Besides endogenous 

hormones, the use of exogenous hormones for 
contraception or for treatment of menopausal 
symptoms has also been suggested to be related to 
breast cancer risk. 

The identification of specific alterations in 
endogenous hormone metabolism as risk factors 
for breast cancer risk is a topic of extensive 
research. Knowledge of such hormonal risk factors 
may help understand why more traditional risk 
factors (e.g., obesity, lack of physical activity, late 
menopause, use of certain exogenous hormones) 
are related to breast cancer. In addition, this 
knowledge can be used to design and test strategies 
for breast cancer prevention, through changes in 
lifestyle (nutrition, hormone use) or by use of spe-
cific chemopreventive agents. Favourable changes 
in endogenous hormone profiles can then be taken 
as intermediate evidence for a possible preventive 
effect. 

The first section of this chapter reviews the asso-
ciations of breast cancer risk with circulating levels 
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of sex steroids and with modifications in sex 
steroid metabolism locally within the breast. In the 
next section, basic aspects of insulin-like growth 
factor-I (IGF-1) metabolism are discussed, and the 
associations of breast cancer risk with circulating 
levels of IGiLI, its binding proteins (IGFBPs) and 
insulin are reviewed. In the third section, a num-
ber of possible strategies for breast cancer preven-
tion through modification of endogenous hor-
mone metabolism are presented. The final section 
presents concluding remarks about the possible 
use of markers of endogenous hormonal exposures 
in prevention studies. 

Sex steroids 
Circulating sex steroids as determinants of breast 
cancer risk 
Ovarian sex steroids clearly play an important role 
in promoting the development of breast cancer. 
Risk is consistently increased in women with early 
menarche and late menopause (Key & Pike, 1988) 
and hence is associated with a longer lifetime pro-
duction of estradiol and progesterone by the 
ovaries. Furthermore, breast cancer incidence rates 
rise more steeply with age before menopause than 
after, when the ovarian synthesis of estrogens and 
progesterone practically ceases, and when the pro-
duction of androgens gradually reduces to about 
half the premenopausal levels. Ovariectomy at an 
early age reduces breast cancer incidence and 
ovariectomy at the time of cancer diagnosis dimin-
ishes the risk of tumour recurrence (Secreto & 
Zumoff, 1994). 

A popular theory is that breast cancer risk is 
increased in women who have increased plasma 
levels of bioavailable estradiol unbound to sex-
hormone binding globulin, and elevated estradiol 
concentrations within breast tissue (estrogen 
excess hypothesis) (Bernstein & Ross, 1993; Key & 
Pike, 1988). A second theOry is that breast cancer 
risk is increased in women with elevated levels of 
androgenic steroid hormones, in particular testos-
terone and A4-androstenedione (ovarian androgen 
excess hypothesis) (Bernstein & Ross, 1993; Kaaks, 
1996; Secreto & Zumoff, 1994). These two theories 
are complementary as ovarian over-production of 
androgens and increased plasma levels of total or 
bioavailable estrogens often occur together, most 
strikingly in patients with hyperandrogenic syn-
dromes such as the polycystic ovary syndrome  

(Ehrmann et al., 1995), but also in postmenopausal 
women with upper body type (android) obesity 
(Kaaks, 1996). A4-Androstenedione and testos-
terone are the immediate precursors for estrogen 
synthesis. Especially after the menopause, when 
the ovaries no longer produce the enzyme 
aromatase needed for estrogen synthesis, the levels 
of bioavailable androgens unbound to sex-hor-
mone binding globulin in plasma are a major 
determinant of estrogens formed within adipose 
tissue, including the breast. 

The ovarian androgen excess hypothesis and 
estrogen excess hypothesis are both supported by 
results from several prospective cohort studies, 
which have shown increased breast cancer risk in 
postmenopausal women having elevated plasma 
levels of testosterone and A4-androstenedione, 
reduced levels of sex-hormone binding globulin 
and increased levels of total and bioavailable estra-
diol (Thomas et al., 1997a). The increases in breast 
cancer risk associated with this high-androgen 
steroid profile may be due particularly to the rise in 
bioavailable plasma estrogen levels, plus increased 
estrogen formation within breast tissue itself. 
Estradiol is a strong mitogen for breast epithelial 
cells, and is therefore thought to have a key role in 
promoting tumour development (Henderson & 
Feigelson, 2000). However, risk may also be influ-
enced directly by androgens, through androgen 
receptors within breast tissue (Adams, 1998; Birrell 
etal., 1998). 

There is considerable evidence that the combi-
nation of estrogens and progestogens increases 
breast cancer risk further than exposure to excess 
estrogens alone (Bernstein & Ross, 1993; Key & 
Pike, 1988). Major observations supporting this 
"estrogen-plus-progestogen' hypothesis are that: (1) 
breast epithelial cells have the highest mitotic 
activity in the luteal phase of the menstrual cycle, 
when progesterone production peaks; (2) pre-
menopausal women who are obese or who have 
severe forms of ovarian androgen excess (as in 
polycystic ovary syndrome) on average experience 
some reduction in breast cancer risk, and this may 
be explained by frequent anovulatory menstrual 
cycles and an impaired luteal-phase progesterone 
production; (3) in postmenopausal women, the 
use of combined estrogen-plus-progestogen hor-
mone replacement therapy increases breast cancer 
risk to a greater extent than replacement therapy 
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with estrogens alone (Ross et al., 2000; Schairer et 
al., 2000). Nevertheless, several case—control 
studies (Secreto & Zumoff, 1994), though not one 
(small) prospective cohort study (Thomas et al., 
1997b), have shown increases in breast cancer risk 
in premenopausal women who have elevated 
androgen levels in plasma or urine. The latter sug-
gests that only mildly hyperandrogenic women 
who maintain regular ovulatory cycles, but who 
may have somewhat elevated bioavailable estro-
gens, may be at increased risk, whereas the more 
severely hyperaridrogenic women may experience 
a relative protection because of chronic anovula-
tion and impaired ovarian progesterone produc-
tion. Direct evaluations of associations of breast 
cancer risk with circulating levels of estradiol and 
progesterone are complicated by the wide varia-
tions of these two hormones during the menstrual 
cycle, and so far have not led to any definitive 
conclusions. 

There is extensive evidence that reductions in 
sex-hormone binding globulin synthesis and 
increases in ovarian sex steroid synthesis are both 
related to chronic hyperinsullnaemia, which in 
turn is often a consequence of obesity, lack of 
physical activity, and hence insulin resistance 
(Kaaks, 1996) (Figure 1). The effects of insulin on 
hepatic sex-hormone binding globulin production 
and steroidogenesis may be mediated at least par-
tially by an increase in IGF-I bioactivity (see below). 

Estrogen synthesis and metabolism within breast 
tissue 
Only sex steroids unbound to sex-hormone bind-
ing globulin can diffuse from the circulation into 
target tissues, where they may bind to estrogen 
and androgen receptors and exert their biological 
effects. Circulating levels of bioavailable sex 
steroids are thus a key determinant of local estro-
genic or androgenic activity within the breast. 
Another important determinant of estrogenic 
activity within breast tissue, however, is the local 
metabolism of sex steroids (Figure 2). Indeed, stud-
ies have shown substantially higher concentra-
tions of estrogens in breast tissue than in the cir-
culation, especially in postmenopausal women. 
Furthermore, several steroid-metabolizing enzymes 
are present, and active, in breast tissue (Zhu & 
Conney, 1998). Similar enzymatic activity is found 
in adipose tissue elsewhere in the body. 

The principal enzyme involved in producing 
estrogens from androgenic precursors is aromatase 
(CYP19), which converts 4-androstenedione and 
testosterone into estrone and estradiol, respec-
tively. Aromatase activity is higher in adipose tis-
sue of breast cancer patients than in tissue from 
women with benign breast disease (Miller & 
Mullen, 1993). Furthermore, in breasts containing 
a tumour, aromatase expression and activity are 
higher in quadrants bearing tumours than in the 
other quadrants. A second enzyme in breast tissue 
that may contribute to estrogen formation is 3-
hydroxysteroid dehydrogenase, which converts 
dehydroepiandrosterone (DHEA) and DHEA sul-
fate (DHEAS) into M-androstenedione, the princi-
pal androgenic precursor for aromatization into 
estrogens (estrone). 

A second important regulatory mechanism for 
modulation of estrogenic activity within breast tis-
sue is the interconversion of the less potent estro-
gen estrone into the more potent estradiol by 1 7J3 -

hydroxysteroid dehydrogenase type 1, and vice 
versa, by 1 73-hydroxysteroid dehydrogenase type 
2. In normal breast tissue and breast cancer cells, 
the balance in activity between the two isozymes 
generally appears to favour the conversion of 
estrone into estradiol (Thu & Conney, 1998). 

A third mechanism by which hormonally active 
estrogens (i.e., with receptor binding activity) can 
be formed is the hydrolysis of sulfate or glucuronyl 
groups from, respectively, estrone sulfate and 
estrone glucuronate or estradiol glucuronate. The 
sulfated or glucuronated compounds are formed in 
the liver and other tissues by steroid sulfotrans-
ferases and glucuronosyl transferases, respectively, 
to form more water-soluble compounds that can 
be excreted in bile and urine. These compounds 
have little or no estrogen receptor-binding affin-
ity, but their large amounts in the circulation form 
a reservoir from which active estrogens can be 
formed by hydrolysis (Zhu & Conney, 1998). 

A fourth mechanism by which active estrogens 
are formed is hydrolysis of estrogen fatty acid 
esters. These esters are formed by estrogen acyl-
transferase and, because of their high lipophulicity, 
accumulate in relatively high concentrations in 
fatty tissues. While estradiol fatty acid esters have 
little or no estrogen receptor-binding affinity, they 
form an important local reservoir for estradiol for-
mation by the action of specific esterases. 
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Figure 1. Role of insulin and IGF-I in regulating levels of total and bioavailable sex 
steroids 
IGF-I, Insulin-like growth factor-I; IGFBP-1, insulin-like growth factor binding protein-i; IGFBP-2, 

Besides enzymes involved in regulating levels of 
active versus less active or bound forms of estrogen 
within breast tissue, several other enzymes form 
estrogen metabolites that may have their own bio-
logical activities and physiological roles (Figure 2). 
The first major classes are cytochrome P450 
enzymes (CYP1AI, CYP1A2, CYPZB1, CYP2B2, 

CYP2C family, CYP3A family, 450cf/F)  that form 
estrogen hydroxylation products. A second type of 
enzyme - catechol-O-methyltransferase —further 
metabolizes hydroxy-estrogen metabolites to 
methoxy-estrogens. 

The hydroxylating P450 enzymes all require 
NADPH, and are located in mitochondria. Estrogen 
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metabolites with hydroxyl groups at positions 1, 2, 
4, 6, 7, 14, 15, 16, 17 or 18 can be formed (Zhu & 
Conney, 1998). Some of these metabolites are 
formed predominantly in liver, but others (e.g., the 
2-, 4- and 16-hydroxylation products) are also 
formed in relatively large amounts in breast tissue. 
2-Hydroxyestradiol has markedly reduced estrogen 
receptor-binding activity, but 4-hydroxyestradiol 
and 16-hydroxyestradiol retain potent hormonal 
activity by binding estrogen receptors. Because of 
this and other lines of evidence, it has been 
hypothesized that an increase in 16-hydroxylation 
(relative to 2-hydroxylation) may be a determinant 
of breast cancer risk (Bradlow et aL, 1986). This 
hypothesis was confirmed in some recent epi-
demiological studies (Kabat etal., 1997), but not by 
others (Ursin et ai., 1999), where levels of 16- and 
2-hydroxylated estrogens were measured in urine 
(Meilahn et al., 1998). Further recent studies do 
suggest, on the other hand, that increased forma-
tion of 4-hydroxyestrogens in target tissues, 
including human breast, may play an important 
role in estradiol-induced carcinogenesis. A key 
mechanism involved may be metabolic redox 
cycling of 4-hydroxyestradiol, catalysed by 
cytochrome P450 enzymes (Liehr, 2000). The 
potential role of increased 4-hydroxylation in 
breast cancer development awaits confirmation 
from epidemiological studies. 

The 2- and 4-hydroxyestrogens have a catechol 
structure (i.e., with hydroxyl groups on two adja-
cent carbon atoms in the aromatic A ring), which 
means that these compounds are chemically reac-
tive. Due to their reactivity, they may for instance 
bind to DNA, and thus cause DNA damage or 
mutations. A strong carcinogenic action has been 
observed only for 4-hydroxyestradiol, and not for 
the 2-hydroxy metabolite. The enzyme catechol-
O-methyltransferase (COMT) further metabolizes 
these 'catechol estrogens' by formation of 2- and 4-
methoxyestradiol compounds. O-Methylated 
estrogens are more lipophilic, have very long half-
lives, and do not bind to the classical (alpha) estro-
gen receptor. 

Earlier studies on the chemical reactivity and 
potential genotoxicity of catechol estrogens led to 
the suggestion that enzymatic O-methylation was 
primarily a detoxification pathway for these cate-
chol intermediates. More recent results, however, 
suggest that the 0-methylated products may have  

a number of unique biological activities apparently 
not mediated by the estrogen alpha receptor. In 
particular 2-methoxyestradiol inhibits the prolifer-
ation of several cancer cell lines in vitro, including 
human breast cancer, and in vivo also has strong 
anti-angiogenic effects (Zhu & Conney, 1998). 

The distribution of catechol-0-methyl trans-
ferase activity appears to follow a bimodal pattern 
due to a polymorphism in the COMT gene. About 
25% of Caucasians are homozygous for the low-
activity allele. Some recent epidemiological studies 
(Huang etal., 1999; Lavigne etal., 1997; Thompson 
et al., 1998) but not all (Millikan et ci!., 1998) have 
shown an increase in breast cancer risk in women 
with this gene variant, although the results varied 
in association with either pre- or postmenopausal 
risk, and between obese or non-obese women. 
Taken together, there is some evidence that high 
catechol-0-methyl transferase activity may protect 
against breast cancer by increasing levels of 2-
methoxyestradiol, which has anti-estrogenic prop-
erties, and by faster deactivation of 4-hydroxy-
estradiol, which is carcinogenic. 

1G F-1 and IGF-binding proteins 
The hypothesis that risk of cancer (at various organ 
sites) may be related to circulating levels of total 
IGF-1 and its binding proteins (IGFBPs), and to an 
increase in IGF-I bioactivity at a tissue level, has 
recently received much attention from epidemiol-
ogists. Reasons are that IGF-I in general inhibits 
apoptosis and stimulates cell proliferation (Jones 
& Clemmons, 1995; Werner & Le Roith, 1997) and 
thus stimulates tumour development. In addition, 
levels of IGF-I and several of its binding proteins 
(especially IGFBP-1, -2 and -3), as well as local IGF-
I bioactivity within tissues, are intricately related 
to nutritional status and energy metabolism 
(Thissen et al., 1994). Furthermore, as mentioned 
above, the IGF-I/IGFBP system, in interaction with 
insulin, appears to be central in regulating the syn-
thesis and plasma levels of sex-hormone binding 
globulin and androgens. 

IGF-1, IGFBPs, and !GF-I bioactivity 
IGF-I bioactivity is the overall resultant of complex 
interactions of endocrine, paracrine and autocrine 
sources of IGF-I and IGFBPs with cellular receptors. 
Although IGF-1 bioactivity is believed to increase 
generally when total IGF-I concentrations rise, 
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IGM bioactivity is modulated to a large extent by 
the IGFBPs. 

A first level at which IGFBPs modulate IGF-I 
bioactivity is regulation of the efflux of circulating 
IGF-1 through the capillary barrier. At least six dif-
ferent IGFBPs have been identified in tissues and in 
the circulation (Jones & Clemmons, 1995). 
Although IGF-I and IGFBPs are produced in practi-
cally all human tissues, most IGF-I and IGFBPs in 
blood plasma are produced in the liver. Over 90% 
of circulating IGF-I is complexed with IGFBP-3 and 
with another glycoprotein called acid-labile sub-
unit (ALS), IGFBP-3 has a very high affinity for IGF-
I, and the large IGF-I/IGFBP-3/ALS complex can-
not pass through the capillary barrier to target tis-
sues. There is recent evidence that IGFBP-5, which 
has even higher affinity for IGF-I than IGFBP-3, 
may form a similar IGF-I/IGFBP-5/ALS complex. 
Practically all of the remaining IGF-1 is bound to 
IGFBP-1, -2, -4 and -6, which have lower binding 
affinities for IGM (compared with IGFBP-3 and 
IGFBP-5), do not form complexes with ALS, and 
are small enough to cross the endothelial barrier. 
Therefore, a decrease in plasma IGFBP-3 level, with 
a transfer of IGF-I to smaller IGFBPs not complexed 
with ALS, is believed to increase IGF-I availability 
to its tissue receptors. Reductions in plasma con-
centrations of the smaller IGFBPs, and particularly 
IGFBP-1 and -2, are also thought to increase the 
bioavailability of circulating IGF-I (Jones & 
Clemmons, 1995). 

A second level at which IGFBPs modulate IGF-I 
bioactivity is the target tissue itself, where IGFBPs 
regulate the binding of IGF-I to its receptors. 
Although binding proteins have been mostly pro-
posed to inhibit receptor binding by complexing 
IGF-I, results from in-vitro studies suggest that, 
depending on the relative concentrations of IGM 
and IGFBPs, certain IGFBPs (e.g., IGFBP-1, -2, -3 
and -5) may actually enhance IGF-I binding to its 
receptors (Jones & Clemmons, 1995). 

Epidemiological studies on insulin, IGF-1 and breast 
cancer risk 
Three case—control studies and one prospective 
cohort study have shown an increase in breast can-
cer in women with elevated plasma IGF-1 or with 
elevated IGF-I for a given level of IGFBP-3 (Bohike 
et al., 1998; Bruning et al., 1995; Del Giudice et al., 
1998; Hankinson et al., 1998; Peyrat et al., 1993). 

This relationship between risk and total plasma 
IGF-I was found exclusively for women who devel-
oped breast cancer before the average age at 
menopause. Besides increased levels of IGF-I, either 
as total concentration or relative to IGFBP-3 levels, 
two case—control studies have shown that elevated 
plasma insulin levels also increase breast cancer 
risk, in both premenopausal (Bruning et al., 1995; 
Del Giudice et al., 1998) and postmenopausal 
(Bruning et al., 1992) women. 

Possible strategies for chemoprevention 
Different types of intervention aiming at reducing 
breast cancer risk by favourably changing endoge-
nous hormone metabolism have been proposed, 
including energy restriction and body weight loss 
(in obese or overweight women), long-term 
changes in diet and physical activity level, and use 
of various chemopreventive agents. Strategies for 
prevention of breast cancer through alterations in 
hormone metabolism may target a number of 
mechanisms. These include reduction of circulat-
ing IGF-1 levels and/or IGF-I bioactivity at a tissue 
level, reduction of ovarian (and/or adrenal) sex 
steroid production, increase of hepatic sex-hor-
mone binding globulin production, reduction of 
local estrogen synthesis and modification of local 
estrogen metabolism. Each of these strategies in 
principle may lead to measurable alterations in 
levels of hormones or hormone metabolites in 
blood or urine. Chemopreventive agents may also 
be used to diminish the binding of hormones to 
their receptors. 

Reducing IGF-1 bioactivity 
A class of compounds that lower IGF-I levels are 
growth hormone-releasing hormone (GHRH) 
antagonists, including the natural compound 
somatostatin, and a number of somatostatin ana-
logues (e.g., octreotide, vapreotide, lanreotide, 
octastatin, somatuline (BIM 23014)). These com-
pounds decrease IGF-I levels by inhibiting the pitu-
itary secretion of growth hormone (Kath & 
Hoffken, 2000; Kineman, 2000). In addition to the 
suppression of the growth hormone/IGF-I axis, 
GHRH antagonists appear to inhibit tumour 
growth directly through a local mechanism, which 
may be related to reduced local synthesis of 
insulin-like growth factor-Il (IGF-11). This direct 
effect might be mediated by blocking the 
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paracrine/autocrine actions of locally produced 
GHRH, which may normally act through receptors 
for the vasoactive intestinal protein or pituitary 
adenylate cyclase-activating polypeptide - pep-
tides that are structurally similar to GHRH. 
Somatostatin analogues have been tested as part of 
hormonal adjuvant therapy in breast cancer 
patients, but have not been evaluated for chemo-
prevention in healthy women. 

A second class of agents that decrease especially 
the hepatic production and circulating levels of 
total IGM are exogenous estrogens (e.g., in oral 
contraceptives, postmenopausal estrogen replace-
ment therapy, or combined estrogen-progestogen 
replacement therapy) (Campagnoli et al., 1992, 
1995; Ho et al., 1996) and estrogen analogues 
(tamoxifen, raloxifene, droloxifene) (Pollak et al., 
1992). Especially weak estrogen analogues have 
been regularly proposed as potential chemopre-
ventive agents against breast cancer, and this was 
initially motivated mainly by their anti-estrogenic 
effects, through competitive binding to estrogen 
receptors (but without receptor activation). 
Estrogenic compounds decrease the liver synthesis 
of IGF-1 only if taken orally but not when admin-
istered transdermally. A likely explanation is that 
oral administration leads to relatively high 
estrogen concentrations in the portal vein and 
hence in the liver, and that only such high con-
centrations can substantially decrease hepatic IGF-
I production. Oral administration of androgenic 
compounds, including some progestagens 
produced from the androgenic precursor 19-
nortestosterone (e.g., norethisterone, norgestrel, 
levonorgestrel) and present in some types of oral 
contraceptive and hormone replacement therapy, 
leads to an increase in synthesis and plasma levels 
of IGF-I. So far, no clear effect of phytoestrogen 
intake on circulating IGF-1 levels has been 
reported. 

The epidemiological evidence for associations 
of breast cancer risk with oral contraceptive use, 
use of estrogen replacement therapy or hormone 
replacement therapy has been reviewed (IARC, 
1999), as well as that for tamoxifen (IARC, 1996). 
There is a small increase in risk associated with use 
of combined oral contraceptives, as well as with 
use of estrogen replacement therapy. The associa-
tion of risk with oral contraceptives based on 
progestogens only, and with combined estrogen  

plus progestogen replacement therapy was difficult 
to evaluate because of lack of detail in the infor-
mation from published studies. Nevertheless, a 
large case-control study and a cohort study 
recently showed significantly stronger increases in 
risk with combined estrogen plus progestogen 
therapy than with estrogens alone (Ross et al., 
2000; Schairer et ai., 2000). 

The use of estrogen analogues for treatment and 
possibly chemoprevention of breast cancer was ini-
tially motivated by the concept that such com-
pounds would diminish estrogenic effects in breast 
tissue by competing with natural estradiol for 
estrogen receptor binding, without having a recep-
tor-activating capacity (Goldstein, 1999). A large 
meta-analysis of randomized intervention trials, 
including more than 75 000 breast cancer patients, 
confirmed the efficacy of such analogues, showing 
dramatic improvements in ten-year recurrence-free 
survival in the tamoxifen treatment group (Early 
Breast Cancer Trialists' Collaborative Group, 1992). 
Another large, double-blind and placebo-con-
trolled randomized trial also showed a strong 
reduction in breast cancer incidence among 13000 
initially cancer-free women (Fisher et al., 1998). 
The latter finding was not confirmed, however, by 
smaller trials in about 2500 women in the United 
Kingdom (Powles et al., 1998) and in about 5400 
women in Italy (Veronesi et al., 1998). A recent trial 
among 7700 postmenopausal women with osteo-
porosis showed a strong protective effect of ralox-
ifene against breast cancer occurrence (Cummings 
etal., 1999). 

A third group of agents that have been tested for 
potential chemopreventive activity against breast 
cancer, and which also appear to decrease circulat-
ing IGF-I levels, are retinoic acid analogues, such as 
fenretinide (4-hydroxyphenylretinamide) and all-
trans-retinoic acid. A randomized intervention trial 
among about 3000 Italian women with surgically 
removed stage I breast cancer showed no signifi-
cant effect of fenretinide on the occurrence of con-
tralateral or ipsilateral tumors. However, an inter-
action was detected between fenretinide and 
menopausal status, with a possible beneficial effect 
in premenopausal women (Veronesi et al., 1999). 

IGF-1 bioactivity may be decreased by improv-
ing insulin sensitivity. An improvement of insulin 
sensitivity and decreases in hepatic glucose output 
lead to lower endogenous insulin secretion, and 
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this in turn leads to higher levels of IGFBP-1 and 
IGFBP-2. Natural ways of improving insulin sensi-
tivity are to lose body weight (for overweight or 
obese women) (Bosello et al., 1997; Guzick et al., 
1994) or to increase physical activity. In addition, 
insulin-sensitizing and hypoglycaemic drugs such 
as metformin (Pugeat & Ducluzeau, 1999) and 
troglitazone (Henry 1997; Scheen & Lefebvre, 
1999), biguanides or sulfonylureas (e.g., tolbu-
tamide and tolazamide) could be used. 

Increasing plasma sex-hormone binding globulin 
levels 
Circulating sex-hormone binding globulin is pro-
duced in the liver and, as mentioned above, is 
under negative control of insulin and IGF-I, which 
both reduce its hepatic synthesis. Approaches to 
increase sex-hormone binding globulin synthesis 
include, first of all, improvement of insulin sensi-
tivity. Weight loss or an increase in physical activ-
ity both increase circulating sex-hormone binding 
globulin levels (Guzick etal., 1994), as does the use 
of insulin-sensitizing drugs. Oral intake of exoge-
nous estrogens and estrogen analogues (e.g., 
tamoxifen), which decrease the hepatic production 
of IGF-I, also causes a rise in plasma sex-hormone 
binding globulin levels (Campagnoli et al., 1992). 
Conversely, oral intake of androgenic compounds 
reduces hepatic output and plasma levels of sex-
hormone binding globulin (Campagnoli et al., 
1994). Some study results have suggested a mild 
increase in hepatic production (Loukovaara et al., 
1995) or plasma levels of sex-hormone binding 
globulin (Adlercreutz et al., 198 7) at high intakes of 
phytoestrogens, but this requires confirmation in 
larger studies. 

Reducing ovarian sex steroid synthesis 
Total plasma levels of testosterone are positively 
related to breast cancer risk. As most of the circu-
lating testosterone comes from the ovaries, this 
suggests that a reduction in ovarian sex steroid 
output may also be an approach to prevent cancer. 

A first approach to diminishing ovarian (and 
possibly also adrenal) androgen production is to 
reduce circulating insulin levels. In obese and 
hyperandrogenic women, energy restriction with 
body weight loss and use of insulin-sensitizing 
drugs have both been shown to decrease circulat-
ing androgen levels (Pugeat & Ducluzeau, 1999). 

A second approach, which has also proven 
effective especially in women with polycystic 
ovary syndrome, is the use of combination-type 
oral contraceptives, which reduce ovarian hyper-
androgenism by diminishing the pituitary secre-
tion of luteinizing hormone. A third, more experi-
mental approach is to use new types of oral con-
traception, which contain gonadotropin-releasing 
hormone agonists to inhibit secretion of pituitary 
luteinizing hormone, as well as small amounts of 
exogenous estrogens to compensate for the block 
of endogenous (ovarian) sex steroid production 
(Spicer & Pike, 1994). 

Reducing estrogen formation within the breast 
Since steroid sulfatases may increase the local for-
mation within the breast of estrogenic steroids 
with receptor-activating capacity, steroid sulfatase 
inhibitors could have considerable therapeutic, 
and possibly preventive, potential. Several such 
inhibitors have now been developed. The most 
potent to date is estrone-3-0-sulfamate (Purohit et 
al., 1999). Other steroidal sulfatase inhibitors are 
estrone-3-methylthiophosphonate (Duncan et al., 
1993) and 3-0-methylphosphonate derivatives of 
dehydroepiandrosterone (DHA-3-MTP), preg-
nenolone or cholesterol (Purohit et al., 1994). Non-
steroidal estrone sulfatase inhibitors include 4-
methylcoumarin 7-0-sulfamate and its derivatives 
(14, 16 and 18) (Woo et al., 1998). The extent and 
duration of the inhibition of estrone sulfatase may 
be monitored by measuring the activity of this 
enzyme in white blood cells or by measuring the 
decrease in the plasma DHEA/DHEAS concentra-
tion ratio (Purohit et al., 1997). 

Besides steroid sulfatase inhibitors, inhibitors of 
the enzyme aromatase (e.g., anastrozole, letrozole, 
vorozole, aminoglutethimide, 4-hydroxyandro-
stenedione (Harvey, 1998; Singh et al., 1998) and 
other compounds (Kelloff et al., 1998)) have been 
tested extensively in animal models and in clinical 
trials for breast cancer treatment. Aromatase 
inhibitors are being proposed for phase III trials for 
breast cancer treatment. The use of aromatase 
inhibitors can lead to profound suppression of 
plasma estrogen levels (Kelloff et al., 1998). 
Nevertheless, strategies may be developed to 
obtain chemopreventive effects without total sup-
pression of aromatase and plasma estrogen levels 
(Kelloff et al., 1998). 
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Several fiavonoids and isoflavonoids (phyto-
estrogens; e.g., coumestrol, genistein) have been 
found to be potent inhibitors of estrone reduction 
by 1 73-hydroxysteroid dehydrogenase type 1 in 
breast cancer cells (Makela et al., 1995, 1998). 
There is little information about compounds that 
may be used to regulate the balance between activ-
ities of the 170-hydroxysteroid dehydrogenase 
type 1 and type 2 isozymes in favour of lower estra-
diol synthesis. 

Modification of estrogen hydroxylation 
On the basis of the theory that a high ratio of 16-
to 2-hydroxyestradiol would increase risk, the use 
of chemicals that can shift hydroxylation towards 
2-hydroxylation have been proposed as chemo-
preventive agents. One such compound is indole-
3-carbinol, a compound which occurs naturally in 
certain vegetables and which competes with estra-
diol for 16-hydroxylation (Michnovicz, 1998). The 
shift from 16-hydroxylation to 2-hydroxylation 
can be monitored by measuring the ratio of the 
two types of estrogen hydroxylation product in 
urine (Michnovicz et al., 1997). It is possible, how-
ever, that inhibition of 16-hydroxylation leads to 
increased formation of 4-hydroxyestradiol, which 
is potentially carcinogenic. 

Hormone measurements as markers of endoge-
nous exposure in chemoprevention studies: 
conclusions and problem areas 
As shown above, alterations in endogenous hor-
mone metabolism - as a form of 'endogenous' 
exposure - may be an important metabolic risk 
factor for the development of breast cancer. 
Knowledge about such metabolic risk factors can 
be used to identify women at increased risk of 
breast cancer who might benefit most from 
chemoprevention. In addition, as discussed in 
the third section of this chapter, modification of 
high-risk endocrine profiles may become the 
central target for chemoprevention. In the latter 
case, it is assumed that chemopreventive modifi-
cation of endogenous hormone levels (e.g., 
reduction in IGF-I levels in blood and other tis-
sues; inhibition of aromatase activity; shifts of 
estradiol hydroxylation pathways towards less 
16- or 4-hydroxylation) will lead to reductions in 
breast cancer risk. 

This implies that either the hormonal parame-
ter aimed at must be itself a direct cause of cancer 
or else it must be at least very closely associated 
with other metabolic factors that are on the causal 
pathway (Lippman et al., 1990). Measurements of 
hormones or hormone metabolites may then be 
used to evaluate the efficacy of a given prevention 
strategy. There are number of important problems, 
however. 

First, the evaluation of whether a given hor-
mone is directly related to tumour development is 
generally not straightforward. One problem is that 
hormonal parameters can have quite strong phys-
iological interrelationships. For example, in post-
menopausal women, elevated plasma insulin levels 
lead to reductions in sex-hormone binding globu-
lin, increases in plasma androgens and increases in 
bioavailable estrogens. Sorting out which of these 
interrelated hormonal factors (bioavailable plasma 
estrogens, androgens, insulin?) are more directly, 
or strongly, related to breast tumour development. 
may not be possible using epidemiological meth-
ods alone, and may require complementary mech-
anistic evidence from experimental studies. When 
possible effects on breast tissue of physiologically 
interrelated hormones cannot be disentangled, a 
reasonable approach to prevention may be to take 
modification of a global endocrine profile as the 
target for prevention. For example, by improving 
insulin sensitivity, one may at the same time 
obtain an increase in plasma sex-hormone bind-
ing globulin levels and reductions in plasma levels 
of total and bioavailable androgens and estrogens. 

Second, it is not always clear whether circulat-
ing levels of hormones are a main determinant, or 
at least a good indicator, of levels within breast tis-
sue. For example, in postmenopausal women, who 
have very low plasma concentrations of total and 
non-sex-hormone binding globulin-bound 
estradiol, the main determinant of estradiol 
concentrations within the breast may be its local 
synthesis from androgen precursors or from 
estrone. Therefore, if estradiol is a key hormone in 
promoting breast tumorigenesis, increased circu-
lating bioavailable androgens, or increased breast 
tissue activities of aromatase or 1713-hydroxylase, 
may be more important determinants of risk than 
plasma concentrations of bioavailable estradiol. 
Another example is the control of IGF-1 bioactivity 
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within breast tissue, which depends not only on 
circulating levels of IGF-I and IGFBPs, but also on 
local synthesis. Thus, it is not entirely clear, for 
instance, whether factors such as estrogen replace-
ment therapy or tamoxifen that may decrease the 
hepatic synthesis and output of IGF-I, therefore 
reducing its plasma concentrations, will also sub-
stantially reduce IGF-I bioactivity within the 
breast. A third example is formation of hydroxy-
and methoxy-metabolites of estrogens within the 
breast. Blood concentrations of these metabolites 
may not reflect very accurately their levels in 
breast tissue, because they can also be formed in 
adipose tissue elsewhere in the body. 

Besides the problem that circulating levels of a 
given hormone may not always reflect breast tissue 
concentrations, there can be major technical or 
logistic problems in the measurement of hormones 
or their metabolites in blood, urine or saliva. Such 
problems are the lack of sensitivity and specificity 
of methods for the detection of specific sex steroids 
and their metabolites (e.g., hydroxylation prod-
ucts) and problems due to cyclic or pulsatile varia-
tions in hormone secretion over time (Michaud et 
al., 1999; Xu etal., 1999). 
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We propose that radiological features of breast tissue provide an index of cumulative exposure 
to the current and past hormonal and reproductive events that influence breast cancer 
incidence. The changes in breast tissue that occur with ageing, and changes in the associated 
radiological features of the breast, are similar to the concept of "breast tissue ageing" proposed 
by Pike, and may explain features of the age-specific incidence of breast cancer, both within the 
population and between populations. These radiological features can be observed and 
measured, can be related directly to risk of breast cancer, and are likely to be of value in research 
into the etiology of breast cancer. Identification of the sources of variation in this radiological 
characteristic of the breast is likely to lead to a better understanding of the factors that cause 
breast cancer and to new approaches to prevention of the disease. 

Introduction 
Pike et al. (1983) have described a model of breast 
cancer incidence that incorporates the principal 
reproductive and endocrine risk factors for the 
disease. The factors included in the model are age. 
at menarche, age at first pregnancy and age at 
menopause. The model has since been extended to 
incorporate the timing of pregnancies (Rosner & 
Colditz, 1996). The model is based on the concept 
that the rate of 'breast tissue ageing", rather than 
chronological age, is the relevant measure for 
describing the incidence of breast cancer. The con-
cept of breast tissue ageing is closely associated 
with exposure of breast tissue to hormones, and 
the effects that hormones have on the kinetics of 
breast cells, and is illustrated in Figure 1(a). The 
rate of breast tissue ageing is most rapid at the time 
of menarche, slows with each pregnancy, slows fur-
ther in the perimenopausal period, and is least 
after the menopause. After fitting suitable numer-
ical values for breast tissue ageing, Pike et al. (1983) 
showed that this model provided a good fit to the 
actual age-specific incidence curve for breast can-
cer. Thus, cumulative exposure to breast tissue age-
ing, given by the area under the curve in Figure 
1(a), describes the age-incidence curve for breast 
cancer shown in Figure 1(b). 

The hypothesis that we propose is that radio-
logical features of breast tissue provide an index of 
exposure of breast tissue to the current and past 
hormonal and reproductive events that influence 
breast cancer incidence, and are a measure of 
susceptibility to breast cancer related to the 
concept of breast tissue ageing (Pike et al., 1983) 
(by susceptibility is meant a state in which risk of 
disease is altered, but the presence of premalignant 
changes is not implied). These radiological features 
can be observed and measured, can be related 
directly to risk of breast cancer, and are likely to be 
of value in research into the etiology and preven-
tion of breast cancer. 

The radiographic appearance, or mammo-
graphic pattern, of the female breast varies 
between individuals because of differences in the 
relative amounts and X-ray attenuation character-
istics of fat, connective and epithelial tissue 
(Ingleby & Gerson-Cohen, 1960). Fat is radiologi-
cally lucent and appears dark on a mammogram. 
Connective and epithelial tissues are radiologically 
dense and appear light, an appearance that we 
refer to in this paper as mammographic densities. 
These variations are illustrated in Figure 2. 
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Figure 1. (a) Variation in the rate of "breast tissue ageing" with chronological age 

Adapted from Pike etal. (1983) and Rosner & Coklitz (1996). The rate of breast tissue ageing is greatest after menarche, 
declines with successive pregnancies and in the pen-menopausal period, and is lowest after the menopause. 
FFTP, first lull-term pregnancy; LMP, last menstrual period 

(b) Log—log plot of age-specific breast cancer incidence rates for Canada 
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Figure 2. Six categories of mammographic density 
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Mammographic densities and risk of breast 
cancer 
Wolfe (1976a,b) proposed a classification that 
related variations in the appearance of the mam-
mogram to risk of breast cancer. While most well 
designed epidemiological studies have found that 
Wolfe's classification does identify individuals at 
different risk of breast cancer (Saftias & Szklo, 
1987; Oza & Boyd, 1993), quantitative classifica-
tion of mammographic densities has given more 
consistent results and created larger gradients in 
risk. Table 1 summarizes the results of all studies 
published to date that have used quantitative 
methods to classify mammographic densities. 
Although definitions of categories of density vary 
somewhat between studies, in all, women with 
extensive breast tissue densities in more than 
60-75% of the breast area were found to have a 
4-6-fold greater risk of breast cancer than women 

with little or no densities. This gradient in risk is 
larger than is associated with any other risk factor 
for the disease, except age and mutations in the 
BRCAI and BRCA2 genes (Easton et al., 1995; 
Struewing et al., 1997). 

Extensive areas of mammographically dense 
breast tissue are common among subjects with 
breast cancer and estimates of attributable risk 
show that mammographic densities in more than 
50% of the breast may account for 28% of breast 
cancer, a much larger fraction of disease than can 
be attributed to any other single risk factor (Byrne 
et al., 1995). 

Factors that influence mammographic density 
Reproductive variables 
Parity has been found in several studies to be 
related to mammographic density (Bergvist et al., 
1987; Brisson et al., 1982b; de Waard et al., 1984; 

Author 	 Design 	 Age Odds ratio 95% Cl Trend 

Boyd eta 1  (1982) 	Case-contra. 	40-65 a) 6.0-' d 25-14.1 Yes 
b) 2.8 	d 1.4-5.6 No 

3•7Q 17-41 Yes 

Brisson et ai (1982a) 	Case-control 	20-69 a) 5.4b  2.6-11.4 Yes 

b) 3.8e  1 6-87 Yes 

Brisson et ai. (.1 9B4) 	Case-control 	- 4 4' 2.5-7.9 Yes 

Brissor' et a/ (1980) 	Case control 	40-67 a) 4,6 2.4-8.5 Yes 

b) &Z' 1.6-6.5 

c)5.5 2.3-13,2 

Wolfe etal (1987) 	Case-control 	30-85 4•3d 1.8-10.4 No 

Saftiss eta! (l 991 	Nested case -control 	35-74 4.3 2.1-8.8 Yes 

Boyd etal. 119951 	Nested case-controI 	'10-59 a) 2.8-13.0 Yes 

b)4, 2.1-7,7 Yes 

Byrne eta) 	1995) 	Nested case-control 	- 4.3,1 31-6.1 Yes 

Odds ratios shown for each of three raaologists who estimated density 
C  Odds ratio loi horno0eneoLis density 

Odas ratio for nodular density 
dQdds ratio for total done y 

"Odds ratio for estimation of area of density by radiologist 

Odds ratio for conrputsr assisted rrreasisrerrrent of area of density 
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Ernster et al., 1980; Grove et al., 1979, 1985; 
Kaufman et al., 1991a; Whitehead et al., 1985). 
Nulliparous women, at higher risk for breast cancer 
than parous women (Kelsey et al., 1993), have 
denser breast tissue. Density decreases further with 
increasing number of children (de Waard et al., 
1984). Among parous women, density decreases 
further with earlier age at first birth and increasing 
number of pregnancies, both variables that 
decrease risk of breast cancer (de Waard et al., 1984; 
Whitehead et al., 1985). The effect of mammo-
graphic density on risk of breast cancer, however, 
remains strong after adjustment for the effect of 
reproductive variables. 

Evidence of hormonal responsiveness 
Hormone replacement therapy may increase breast 
densities (Bergkvist et ciL, 1989; Berkowitz et ai., 
1990; Cyrlack & Wong, 1993; Doyle & McLean, 
1994; Kaufman et al., 1991b; Laya et al., 1995; 
Stomper et al., 1990), and Spicer et al. (1994) have 
shown that the administration for one year of a 
hormonal contraceptive regimen that minimizes 
exposure of the breast epithelium to estrogen and 
progesterone reduces mammographic densities. 

Age and the menopause 
The prevalence of mammographically dense breast 
tissue in the population declines with increasing 
age (Grove et ciL, 1979, 1985) and dense breast tis-
sue is more common before than after the 
menopause (Grove et al., 1979; Wolfe, 1976c). 
Menopausal status appears to be a stronger deter-
minant of breast density than age. Direct evidence 
of a striking reduction in the proportion of the 
breast occupied by mammographic densities at the 
menopause has now been observed in a cohort of 
women examined by mammography before and 
after the cessation of menstrual activity (Boyd et 
al., 1997). 

Variations in change with age 
The epidemiological data on risk presented in 
Table 1 show that over the range of the ages of the 
subjects included in the studies (between about 20 
and 70 years), the mean tissue density in the mam-
mogram of subjects who developed breast cancer 
was greater than in controls of the same age. Thus, 
the factors associated with variations in density 
over this range of ages may have an important 

influence on cancer risk. The potential sources of 
variation, that might give rise to differences in 
breast density between individuals, include differ-
ences in the quantity of breast epithelium and 
stroma at telarche, differences in the age at which 
the events of menarche, pregnancy and meno-
pause occur, differences in the number and spacing 
of pregnancies, or differences in the magnitude of 
the reduction in mammographic density associ-
ated with pregnancy or the menopause. Diet, for 
example, appears to modify the magnitude of the 
reduction in mammographic density that occurs 
at the menopause (Boyd et al., 1997). 

Average exposure to mammographically dense 
breast tissue over time resembles the concept of 
breast tissue ageing proposed by Pike et al. (1983). 
Cumulative exposure to mammographic densities 
may thus also be represented by the area under the 
curve of Figure 1(a), reflecting cumulative expo-
sure to hormonal stimuli to breast cell division, 
and be an important determinant of breast cancer 
incidence. We expect, therefore, that events that 
increase or decrease cumulative exposure to factors 
that influence the extent of mammographic den-
sities will have corresponding effects on the inci-
dence of the disease. Thus, late menarche, early 
first pregnancy, multiple pregnancies and early 
menopause, which are all known to decrease risk 
of breast cancer, also decrease cumulative exposure 
to mammographic densities. Conversely, early 
menarche, late age at first pregnancy, nulliparity, 
and late menopause increase cumulative exposure 
to dense tissue. By considering cumulative expo-
sure to mammographically dense tissue in the pop-
ulation, given by the area under the curve of age-
specific average densities, we may be able to 
account for key features of the age-specific inci-
dence curve for breast cancer. Thus, the steeper 
pre-menopausal component of the age-incidence 
curve is associated with a higher prevalence of 
mammographic densities, the less steep post-
menopausal component with a lower prevalence 
of densities. A reduction in mammographic densi-
ties at the time of the inflection in the age-specific 
incidence curve associated with the menopause 
has now been observed (Boyd et al., 1997). 

Biological plausibility of the hypothesis 
The X-ray attenuation characteristics of epithelial 
and stromal tissues in the breast are responsible for 
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mammographically dense breast tissue (Ingleby & 
Gerson-Cohen, 1960). Variations between individ-
uals in the extent of mammographically dense 
breast tissue are thus likely to indicate variations in 
the number of epithelial and stromal cells in the 
breast, arising because of differences in stimulation 
by hormones and growth factors. Sex hormones in 
the blood, particularly estrogen, progesterone and 
prolactin, are likely to play a role in the etiology of 
mammographic densities. Blood levels of pro-
lactin, for example, are reduced by pregnancy and 
the menopause (Reyes et al., 1977; Wang et al., 
1988) and increased by hormone replacement 
therapy (Andersen et al., 1980), all variables with 
effects on mammographic densities as described 
above. 

Differences in risk of breast cancer associated 
with mammographic densities of different extent 
may thus arise, at least in part, because of differ-
ences in the number of cells in the breast that are 
susceptible to mutagens. Risk factors for breast can-
cer, such as parity that are associated with a reduc-
tion in the extent of mammographic densities, 
may influence risk by reducing the size of the pop-
ulation of cells that are potential targets for events 
that give rise to mutations. 

Predictions arising from the hypothesis 
The testable predictions that arise from this 
hypothesis include the following: 

(1) Age-specific estimates of the prevalence of 
radiologically dense breast tissue in the population 
will allow reconstruction of age-specific rates of 
breast cancer. As noted above, the principal fea-
tures of the age-specific incidence curve for breast 
cancer are in general consistent with what is 
already known about the distribution of mammo-
graphic densities in the population. Little infor-
mation is available about the radiological charac-
teristics of breast tissue at earlier ages, particularly 
at the time of menarche, or the factors associated 
with them. Such information would be have to be 
acquired using methods of imaging the breast that 
do not involve exposure to radiation, such as ultra-
sound and magnetic resonance (Graham et al., 
1996; Kaizer et al., 1988). The variations in the 
radiological appearance of the breast that are seen 
in middle life may in part be the result of differ- 

ences that occur at the time of breast development, 
but events later in life, such as pregnancy and 
menopause, appear to be influential as well. 

(2) Differences in the distribution of mammo-
graphic densities over age may be found in popu-
lations with different age-specific incidence rates 
of breast cancer. Studies that have compared 
Asians and Caucasians, Japanese and English, and 
North American Indians with Caucasian and 
Hispanic women, using Wolfe's (1976a) classifica-
tion of mammographic patterns, have all shown 
that the population with the lower risk of breast 
cancer has a lower prevalence of dense patterns 
(Gravelle et al., 1991; Hart et al., 1989; Turnbull et 
al., 1993). 

(3) Age-related changes in the factors that con-
trol mammographic densities, such as hormones 
and growth factors, will account for the reduction 
in mammographic densities that occurs with 
increasing age. 
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The evidence that ductal carcinoma of the breast (DCIS) is an obligate precursor of invasive 
breast cancer and thus qualifies as an intermediate effect marker in chemoprevention 
research is reviewed. Much of the evidence on the natural history of DCIS has been derived 
from the era before the introduction of mammographic screening. Thus it may not be applic-
able in the present situation when women are likely to be under mammographic surveillance 
in chemoprevention trials. Further, the data that are becoming available from breast screen-
ing trials suggest that at least over follow-up periods now exceeding a decade, detection and 
treatment of DCIS has no impact on subsequent incidence of breast cancer. Although there 
are some indications that other biomarkers of malignancy are expressed similarly in DCIS and 
invasive cancer of similar grade, this evidence may not be sufficient to allow exclusive 
reliance on DCIS as an intermediate-effect marker in chemoprevention research. 

Introduction 
It is generally believed that ductal carcinoma in situ 
(DCIS) is a pre-invasive neoplastic lesion in the 
breast, and that possibly atypical hyperplasia of 
the breast is a preneoplastic lesion. Indeed, chemo-
prevention trials are already being based on 
women with DCIS, in the belief that this is a valid 
surrogate end-point biomarker (Kelloff et ai,, 
2000). However, the evidence that women with 
biopsies indicating atypical hyperplasia or DCIS 
have a greater risk of breast cancer has largely come 
from long-term follow-up of cohorts of women 
whose biopsies were originally considered to rep-
resent benign (fibrocystic) disease (Page et al., 
1982, 1985). It is not clear from these studies 
whether the histological abnormality indicated a 
marker of increased risk of breast cancer, or 
whether it was truly a precursor lesion that if left 
untreated could eventually progress to invasive 
cancer. Part of the difficulty is that the histological 
abnormality was found in the original biopsies, 
and there was no information on whatever abnor-
mality (if any) - either precursor lesion or early 
invasive cancer - had been left behind. Suspicion 
that the subsequent occurrence of invasive cancer 
in patients who developed DCIS came from a resid-
ual abnormality is derived from the fact that the 
risk of invasive cancer seemed to be restricted to 

the breast from which the original biopsy was 
obtained, not the contralateral breast. This is quite 
different from the related lesion, lobular carci-
noma in situ, or lobular neoplasia, where the risk of 
subsequent breast cancer is in both breasts (Lagios 
& Page, 1998). Hence lobular carcinoma in situ 
seems to represent a marker of risk, not a precursor 
lesion, and will not be considered further here. 
Similarly, as atypical hyperplasia should probably 
be regarded as a preneoplastic lesion rather than as 
a defined precursor on the pathway to cancer, it 
will also not be considered in detail in this chapter. 

Nomenclature of DCIS 
Although different nomenclatures have been in 
vogue, DCIS has been classified in Europe as poorly 
differentiated, intermediately differentiated or well 
differentiated (Holland et ai., 1994). This classifi-
cation is based on the degree of nuclear differenti-
ation and on cellular polarization around intercel-
lular spaces or towards a duct lumen. In North 
America, in the Van Nuys classification, DCIS is 
initially subdivided into those lesions with high 
nuclear grade or non-high nuclear grade, and the 
latter are then subdivided into those with or with-
out necrosis (Silverstein etal., 1995). This results in 
three prognostically dissimilar groups. Alter-
natively, DCIS has been classified as comedo, 
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intermediate and non-comedo (solid, cribriform or 
papillary) (Lagios & Page, 1998). In comedo-type 
DCIS necrosis is extensive and the nuclear grade is 
high; in intermediate-type DCIS necrosis is focal or 
absent and nuclear grade is intermediate; in non-
comedo-type DCIS, necrosis is absent and nuclear 
grade is low. The risk of subsequent invasive can-
cer is believed to be highest for the comedo type or 
high-grade (poorly differentiated) DCIS. 

Markers of carcinogenesis, and relevance to 
natural history of DCIS 
The use of digital image analysis of the DNA content 
of DCIS and invasive intraductal carcinomas asso-
ciated with them showed a close concordance of 
DNA-ploidy and S-phase content (Fisher & Siderits, 
1992). However, whether or not DCIS is directly on 
the pathway to cancer, and is in practice an oblig- 
ate precursor to invasion, can only be inferred 
indirectly, given the process of biopsy that is 
required for its diagnosis. One approach to resolv- 
ing this uncertainty is to assess whether 
biomarkers of neoplasia which can be identified in 
invasive breast cancers (logically ductal type in the 
majority) are also expressed in DCIS. Weinstat- 
Saslow etal. (1995) have shown that overexpression 
of cyclin D mRNA occurs equally in DCIS and 
invasive cancers, and can be used to distinguish 
both from non-malignant breast lesions. They 
found overexpression of cyclin D mRNA in 76% of 
37 non-comedo DCIS, in 87% of 23 comedo DCIS 
and in 83% of 12 invasive breast carcinomas. These 
percentages are not statistically significantly 
different from each other. However, they found 
cyclin D mRNA overexpression in only 18% of 11 
lesions of atypical hyperplasia and 18% of 11 
benign lesions interpreted as showing no increase 
in risk. These percentages were significantly differ-
ent from those of DCIS and invasive cancer. 

Buerger et al. (1999) analysed specific chromo-
somal alterations of 38 cases of DCIS and six 
associated invasive breast cancers by means of com- 
parative genomic hybridization. They found losses 
of 16q material almost exclusively in well and inter- 
mediately differentiated DCIS. A higher frequency 
of amplifications (17q12, 11q13) was found in 
poorly differentiated DCIS. When DCIS was 
adjacent to invasive carcinoma, a similar genetic 
pattern was seen in the DCIS and invasive compo-
nent. 

A slightly different approach to the same issue 
was taken by Dublin et ai. (1999). These authors 
re-evaluated material from 98 cases originally diag-
nosed as minimal (< 10 mm) invasive breast can-
cers. Of these, 28 were found to be predominantly 
invasive, 48 predominantly DCIS and 22 DCIS 
without evidence of invasion. In the predomi-
nantly invasive group, the infiltrative component 
was usually> 5mm, was low-grade, and associated 
with well differentiated DCIS. Expression of the 
markers 1<1-67, c-erbB2 and p53 was generally low, 
and that of ER, PR and Bd -Z high. In contrast, the 
predominantly DCIS group had a much smaller 
high-grade invasive component, usually with 
poorly differentiated DCIS. In these, expression of 
Ki-67, c-erbBZ and p53 was generally high, and ER. 
PR and Bd -2 low. The actuarial survival of the pre-
dominantly invasive group was 100% beyond 10 
years, of the predominantly DCIS group over 80%; 
the difference was not statistically significant. In 
this study it seemed that the high-grade lesions, 
whether invasive or DCIS, had a similar spectrum 
of markers indicating, but not demonstrating in 
practice, poor prognosis, while the low-grade inva-
sive cancer and DCIS also were similar. However, 
this study also could be interpreted as suggesting 
that 'invasion', in what would otherwise be 
regarded as a predominantly DCIS lesion, is of lit-
tle or no prognostic importance. This somewhat 
startling conclusion suggests that for lesions that 
are predominantly DCIS, whether or not cells have 
penetrated the basement membrane is unimpor-
tant. The absence of significance of this generally 
regarded criterion of progressive malignancy 
would be explained if somehow the cells forming 
the outer levels of DCIS manufactured their own 
basement membrane. Indeed, there are other fea-
tures of some cases of DCIS, especially those with 
associated periductal fibrosis, that suggest that 
DCIS is really a form of good-prognosis invasive 
cancer (Naresh & Borges, 1996). Whatever the true 
explanation, it does seem that many cases with 
minimal 'invasion' by standard criteria are quali-
tatively different from usual invasive cancer, thus 
adding to the doubts that DCIS is a precursor of 
true invasive cancer. 

Whether or not recurrences of DCIS occur that 
are truly new disease or simply recurrent slowly 
growing lesions has recently been evaluated. 
Comparative genomic hybridization was used by 
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Waldman et al. (2000) to compare chromosomal 
alterations in 18 initial DCIS lesions (occurring in 
the absence of invasive cancer) and subsequent 
recurrences of DCIS in the same breast. They found 
a high degree of concordance of chromosomal 
alterations in all but one of the initial/recurrence 
pairs, suggesting that the large majority of the 
recurrences were caused by residual DCIS left at the 
time of the primary surgery. The most common 
chromosomal alterations noted were gains 
involving 17q and losses involving 8p and 17p. 

In commenting on this study, Fisher & Fisher 
(2000) reported that in their experience with about 
10 000 cases of DCIS associated with invasive can-
cer, unequivocal microscopic extension of DCIS 
through its basement membrane into the sur-
rounding stroma had rarely been observed. They 
also noted that although about 40% of recurrences 
of DCIS in the same breast were invasive, the sur-
vival of such patients was 98%, again suggesting a 
qualitatively different natural history from classic 
invasive ductal carcinoma. This seems to be an 
example of length bias. 

DCIS detected by screening 
Recently, screening programmes for breast cancer 
have led to the diagnosis of much larger numbers 
of DCIS, as the calcification associated especially 
with comedo types of DCIS leads to their detection 
on mammography, biopsy and excision. The detec-
tion of DCIS is believed by many to be one of the 
benefits derived from breast cancer screening. 
Indeed, aggressive screening for what was then 
called minimal breast cancer used to be strongly 
advocated in the belief that only by the detection 
of such lesions would breast cancer mortality be 
reduced (Moskowitz et al., 1976). Minimal breast 
cancer as then defined consisted of two compo-
nents, invasive breast cancers < 10 mm in size and 
DCIS. Data allowing assessment of their contribu-
tion to the reduction in breast cancer potentially 
achieved by screening have recently become avail-
able from the long-term follow-up of the Canadian 
National Breast Screening Study among women 
aged 50-59 years on entry (CNBSS 2) (Miller et aL, 
2000). This study was designed to assess whether 
annual two-view mammographic screening 
together with annual screening by breast physical 
examinations and the teaching of breast self-exam-
ination (the MI' group) resulted in a greater breast 

cancer mortality reduction than screening by 
breast physical examinations and the teaching of 
breast self-examination alone (the P0 group). 
Each group comrised a total of just under 20 000 
women, with identical distribution of risk factors 
for breast cancer (CNBSS was an individually 
randomized trial, randomization being con-
ducted within five-year age strata and centre). Of 
the 267 invasive breast cancers detected on 
screening in the MI' group, 48 were < 10 mm in 
size, compared with only six of 148 in the P0 
group. Further, in addition, 71 in situ breast 
cancers were detected in the MP group but only 
16 in the P0 group. However, no reduction in 
breast cancer mortality was found by the addition 
of mammography (a cumulative rate ratio of 1.02, 
95% Cl 0.78-1.33). Thus the greater detection of 
'minimal' breast cancers in the MI' group (an 
excess of 97) had no impact on breast cancer 
mortality. Further, there was no evidence that the 
detection of the in situ cancers resulted in a 
reduction in breast cancer incidence, the cumula-
tive numbers of invasive breast cancers (including 
those ascertained after the end of the 4-5-year 
screening period) were 622 in the MP group and 
610 in the P0. The data from the 50 000 women 
aged 40-49 years on entry to CNBSS 1 are currently 
under analysis. Once again, there was an excess of 
in situ cancers diagnosed in the mammographic 
screening group compared with the usual care 
group, but no indication of a reduction in breast 
cancer incidence over the 11-year follow-up period. 

Similar data have not been published from 
the other breast screening trials, but at present 
there seems to be no evidence that detection of 
breast cancer precursors is of any value in 
screening. 

Boyd et al. (this volume) postulate that mam-
mographic density may be an exposure marker 
for breast cancer, but cannot be regarded as an 
intermediate marker. However, Boyd et al. (1992, 
2000) derived evidence that mammographic 
density is associated with atypical hyperplasia 
and DCIS. In a special study of women aged 
40-49 years who had enrolled in CNBSS 1, it was 
found that women with the most extensive den-
sities had a 9.7 times greater risk of being 
detected with carcinoma in situ or atypical 
hyperplasia than women with no mammary 
density. 
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Discussion 
Part of the difficulty in determining the role 
of DCIS in chemoprevention may be that with 
mammographic screening, a new spectrum of dis-
ease has come to light that would have been 
largely undiagnosed in the absence of screening. 
This has contributed to the confusion as to what 
these lesions truly represent, and even whether it 
is appropriate to include the term 'carcinoma' 
within a terminology where no precise guidance 
can be provided on eventual prognosis (Foucar, 
1996). It cannot therefore be assumed that the nat-
ural history data derived from the follow-up of 
women diagnosed in a pre-screening era applies to 
those now detected by screening. As already indi-
cated, some of the presumed precursors may not be 
precursors at all, but simply markers of increased 
risk. It is quite possible that the true invasive cancer 
precursors, with atypical epithelial hyperplasia and 
incipient invasion, are largely not detectable with 
current screening methods. Indeed, insufficient 
cases of DCIS are detected by mammography to 
account for the numbers of invasive cancers that 
occur. This may be because some high-grade can-
cers have a transitory in situ phase with rapid pro-
gression to invasion, thus not allowing time for 
their detection as DCIS (Barnes et al., 1992). The 
DCIS that is detectable may either be a marker of 
atypical epithelial hyperplasia or invasive cancer 
elsewhere in the same breast, an indolent lesion 
that progresses only slowly, or the end stage of a 
process well recognized for cancer of the cervix, 
namely the regression of the majority of the pre-
cursors that are detectable. 

That detection of precursors will result in 
overtreatment of many patients not destined to 
develop invasive cancer has been well demon-
strated for cancer of the cervix, and seems likely to 
be true for the breast also. This makes it essential 
that there should not be overtreatment of these 
lesions, as appears to have occurred in the CNBSS, 
for example (Miller, 1994), and that great caution 
be exercised in utilizing them as end-points for the 
evaluation of chemoprevention. It is quite possible 
that studies that are conducted of chemopreven-
tion with DCIS diagnosed by mammography as an 
end-point may be largely irrelevant to the preven-
tion of invasive cancer. An indication that the 
wrong lesions could be prevented from occurring 
even when invasive cancer is used as the end-point  

comes from the NSABP trial of tamoxifen for 
chemoprevention of breast cancer (Fisher et ai, 
1998). The spectrum of estrogen-positive, rela-
tively small breast cancers that failed to occur in 
the tamoxifen-treated group compared with the 
control group suggests that these were lesions with 
good prognosis, with a low probability of resulting 
in death. This is precisely the spectrum of the 
lesions that were detected early in CNBSS 2, but 
whose earlier detection did not result in any indi-
cation of reduction in breast cancer mortality 
(Miller et ai., 2000). It is relevant that the partici-
pants in the NSABP trial were monitored by annual 
mammography; the follow-up of CNBSS Z suggests 
that such lesions represent a classic example of 
length-biased sampling. 

An alternative approach to using DCIS in 
chemoprevention research would be to select peo-
ple with high-grade lesions for study of a potential 
chemopreventive agent, with invasive cancer as 
the outcome measure. Thus DCIS would be being 
used as an exposure or acquired susceptibility 
marker. However, it seems probable that the major-
ity of women destined to develop and die of inva-
sive cancer may be missed by such an approach, 
and thus any inferences derived from such a study 
would be subject to considerable caution. 

Conclusions 
DCIS detected by mammography, and currently 
being considered for use as an end-point for 
chemoprevention drug development trials, may 
not be an obligate precursor of invasive breast can-
cer. It may even be a subsegment of invasive breast 
cancer with very low progression potential and 
therefore with a very good (and non-typical) prog-
nosis. As such, any conclusions derived from the 
use of DCIS as an end-point in chemoprevention 
trials may be in error. Research is needed into the 
natural history of DCIS diagnosed by mammogra-
phy. Methods to detect the true obligate precursors 
of invasive breast cancer are urgently needed. 
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Inherited genetic susceptibility to breast cancer can be due both to genes which confer a high 
degree of risk and to polygenes which have a smaller effect on disease risk. An estimated 5-10% 
of breast cancer is considered to be due to mutations in genes conferring high risk which 
results in hereditary patterns of disease. Two major breast cancer susceptibility genes, BRCAI 
and BRCA2, which were identified using linkage analysis in large extended breast and/or 
ovarian cancer pedigrees, are estimated to account for the majority of large families with 
breast/ovarian cancer predisposition and about two-thirds of large breast cancer families. 
The associated lifetime risk for breast cancer in mutation carriers ranges from 40% to 90%, 
depending on the extent of family history and the population. Other genetic factors, such as 
HRAS or CAG repeats of AR, as well as reproductive and hormonal factors may therefore 
modify cancer risk. 

Women at particularly high risk of developing breast cancer represent a group in whom 
expensive and rigorous screening programmes are cost-effective and who may benefit from 
trials of chemoprevention. There are only preliminary data on the efficacy of increased surveil-
lance and on risk reduction due to prophylactic surgery. However, for chemoprevention to be 
equivalent to prophylactic mastectomy, it will be necessary to strive for an equivalent reduction. 
The efficacy of chemoprevention in this high-risk population is unknown. Existing and new 
agents for chemoprevention need to be carefully assessed in properly designed clinical trials 
among such women. In the process, other factors modifying the penetrance in mutation 
carriers need to be taken into account in order to evaluate the true effect of the chemopreven-
tive agents 

Polygenes confer much lower levels of risk and may be relevant for risk assessment when 
the effects of multiple loci, possibly in conjunction with environmental factors, are understood 
and quantified. At present, it seems unlikely that the genetic information at single polygenes will 
be clinically relevant for risk assessment and management. 

Introduction 
The occurrence of a complex disease such as breast 
cancer can be attributed to joint effects of genetic 
and environmental factors. The genetic factors can 
include inherited genetic susceptibility due to 
major genes and polygenes as well as acquired 
somatic genetic aberrations. Major genes usually 
have a strong effect on disease risk and although 
disease-associated (mutated) alleles occur at rela-
tively low frequency, they confer a high risk of dis-
ease to the individual. These highly penetrant' 
alleles are therefore associated with multiple occur-
rences of disease in a family, often in a Mendelian 
pattern of an autosomal dominant trait. Hereditary 

breast cancer is characterized by early age at onset 
and multifocal disease. An estimated 5-10% of 
breast cancer is considered to be due to the pres-
ence of a mutation in an autosomal dominant sus-
ceptibility gene. The majority of breast cancer 
which occurs in the absence of a strong family his-
tory and with later age at onset is likely to be due 
to the joint effects of several genes and environ-
mental factors. Polygenes usually have a smaller 
effect on disease risk to the individual. However, 
the disease-associated alleles are relatively com-
mon in the population and may account for a 
larger attributable proportion of breast cancer than 
major genes in the general population. 
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Major susceptibility genes for breast cancer 
Several major genes for breast cancer susceptibility 
have been identified, as shown in Table 1. They 
have been cloned as predisposing genes for differ-
ent cancer syndromes in which breast cancer is a 
constituent tumour. Mutation analysis has con-
firmed that.the cancer occurrence in these syn-
dromes can be largely explained by the genes iden-
tified. However, there remains a proportion of such 
families in which the disease-associated allele has 
not been identified. This can be attributed to both 
the imperfect sensitivity of the mutation detection 
method and the existence of additional as yet 
unidentified susceptibility genes. 

Mutations in several of the highly penetrant 
genes of the cancer syndromes associated with 
hereditary breast cancer, such as TP53 
(Li-Fraumeni syndrome), MSH2 (Muir-Torre syn-
drome), PTEN (Cowden syndrome), STI(11 
(Peutz-Jeghers syndrome), are extremely rare in 
the general population (Li et al., 1988; Malkin et 
al., 1990; Birch et al., 1994; Li et al., 1997; 
Spigelman et al., 1989; Jenne et al., 1998) (Table 1). 
They are unlikely to contribute to inherited breast 
cancer susceptibility manifested in families 
with elevated incidence of breast cancer and are  

considered to account for less than 1% of all breast 
cancer. 

Families with hereditary breast cancer have 
been clinically recognized as multiple cases of 
early-onset cancer over several generations of close 
relatives with ovarian cancer as well as other can-
cer sites also involved. Two breast cancer suscepti-
bility genes, BRCA1 and BRCA2, have been identi-
fied using linkage analysis in large extended breast 
and/or ovarian cancer pedigrees and subsequent 
molecular cloning (Mild et al., 1994; Wooster et al., 
1995; Tavtigian et al., 1996). Mutations in BRCA1 
or BRCA2 account for the majority of high-risk 
families in which multiple cases of breast and/or 
ovarian cancer occur as an autosomal dominant 
trait. Based on data from 237 families with four or 
more breast cancer cases occurring before 60 years 
of age (regardless of ovarian cancer) collected by 
the international Breast Cancer Linkage 
Consortium, Ford et al. (1998) estimated that over-
all 52% of hereditary breast cancer in such families 
was explained by. mutations in the BRCAI gene, 
32% by mutations in the BRCA2 gene, and the 
remainder by one or more as yet unidentified 
genes. Genetic heterogeneity appears to be greater 
among families with breast cancer only, since the 

Associated syndrome Clinical manifestation Gene 

Hereditary breast/ovarian cancer Breast cancer, ovarian cancer BRcAI, 8R ,42 

Li—Fraumeni syndrome Sarcoma, brain and breast cancer TP53 

cancer of breast and thyroid 

Cowcten's disease Multiple hamarfornatous lesions of skin, PTEIV/NMAC1 

mucous membrane, cancer of breast and thyroid 

Peutz—Jeghers syndrome Melanocytic macules of lips, mLlltiple polyps, tumours STKII 

of intesinaI tract. breast ovaries etc 

Hereditary nonoolyposis colorectal cancer Colorectal cancer, predominantly also tumours of MSH2, MLHI. PMS1, 

enclornetiium. ovaries 	intestinal tract and breast PMS2 

Ataxie telangiectasra Progressive cerebral ataxie hypersensitivity to ATM 

radiation, increased cancer nsk. 
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majority of breast/ovarian cancer families have 
mutations in BRCAJ (81%) and BRCA2 (14%), 
compared with only two thirds of families with 
breast cancer only. On the other hand, familial 
breast cancer occurring in both males and females 
is mainly attributed to BRCA2 (76%). More recent 
studies, using direct mutation screening, have 
included a broader spectrum of families seen at 
genetic clinics, with a larger proportion of families 
having only two or three breast and/or ovarian 
cancer cases. These studies suggest that BRCA1 
mutations are responsible for only 10-20% of 
breast cancer in such families, with BRCA2 muta-
tions accounting for about half of this fraction 
(Gayther et al., 1997; Hakansson et al., 1997; 
Serova Sinilnikova et al., 1997; Struewing et al., 
1997). However, up to 45% of families with both 
breast and ovarian cancer may be associated with 
mutations in the BRCA1 gene (Gayther et a?., 1995; 
Serova Sinilnikova et al., 1997; Shattuck-Eidens et 
al., 1995; Couch et a?., 1997; Stoppa-Lyonnet et al., 
1997; Dong et al., 1998; Frank et al., 1998). 

Recent population-based studies of early-onset 
breast cancer suggest that BRCA1 and BRCA2 may 
be responsible for equal fractions of early-onset 
breast cancer and that these two genes together 
account for only about 6-10% of early-onset breast 
cancer in the general population (Hopper et al., 
1999; Peto et al., 1999). Furthermore, only about 
10% of patients with a first-degree family history 
of breast or ovarian cancer in the general popula-
tion harbour a germline mutation in BRCA1 or 
BRCA2. Based on mutation screening in ovarian 
cancer families, the allele frequencies of mutant 
BRCA1 and BRCA2 alleles have been estimated to 
be 0.0013 and 0.0017 (Antoniou et al., 2000). This 
is compatible with the estimate of allele frequency 
of 0.0033 for dominant breast cancer-predisposing 
genes from segregation analysis, indicating that 
these disease-causing alleles are relatively rare in 
the general population (Claus et al., 1991). On the 
other hand, in founder populations with recurrent 
mutations, such as among Ashkenazi Jews and in 
the Icelandic population, disease allele frequencies 
can be as high as 2.5% (Struewing et al., 1995; 
Tonin et al., 1995, 1996; Johannesdottir et al., 
1996; Roa etal., 1996; Fodor et a?., 1998; Thorlacius 
etal., 1997). 

Detection of BRCA1 and BRCA2 mutations is 
considered to be of clinical importance because of  

the associated high lifetime risk of disease. Earlier 
estimates based on large extended pedigrees used 
for linkage analysis indicated that BRCA1 muta-
tions confer an 87% risk of developing breast can-
cer by the age of 70 years and a 40-60% risk of 
developing ovarian cancer (Easton et al., 1994). 
Affected mutation carriers also have an estimated 
lifetime risk of 65% of developing a second breast 
cancer (Ford etal., 1994). The risk for breast cancer 
was thought to be similar for BRCA2 mutations, 
whereas the lifetime ovarian cancer risk was esti-
mated to be lower at 27% (Ford et al., 1998). Risk 
of breast cancer among males is also highly 
elevated in BRCA2 families. In addition, mutations 
in both genes confer increased risks for cancers at 
other sites, such as prostate, pancreas and colon 
(Ford et al., 1994; Easton et al., 1997). 

Population-based studies in Australia as well as 
in founder populations such as Ashkenazi Jews and 
the Icelandic population, however, have estimated 
much lower risks to mutation carriers (Struewing et 
a?., 1997; Levy-Lahad etal., 1997; Thorlacius etal., 
1998; Hopper et al., 1999). Lifetime breast cancer 
risk for female carriers was estimated to be 37% for 
the BRCA2 999de15 mutation in Iceland and 56% 
for breast cancer risk and 16.5% for ovarian cancer 
associated with any of the three common BRCA1 
and BRCA2 mutations among Ashkenazi Jews. 

There is substantial variation in the age of onset 
and the site of cancer occurrence in carriers of 
BRCAI and BRCA2 mutations between as well as 
within families. This variability is also observed for 
founder mutations (Levy-Lahad et al., 1997; 
Thorlacius etal., 1996). Therefore, suggestions that 
different variants may be associated with different 
disease severity or may predispose differentially by 
cancer site cannot be the sole explanations for the 
variability. BRCA1 and BRCA2 are considered to be 
tumour-suppressor genes and, therefore, changes 
in both alleles are required for complete loss of 
normal gene function. Even in individuals with an 
inherited mutation in one gene copy, loss or aber-
ration of the normal gene copy later in life will be 
required for the development of disease. Other fac-
tors, both genetic and environmental, may there-
fore modify cancer risk. 

Several other gene loci have been reported to 
modify the penetrance of BRCA1 mutations. 
Mutation carriers harbouring rare 'variable num-
ber of tandem repeats' (VNTR) alleles of the HRAS 
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proto-oncogene have been found to have a 
2.1-fold higher risk for ovarian cancer than carriers 
with only common alleles, but breast cancer risk 
was not increased (Phelan et at., 1996). Rebbeck et 
al. (1999) reported that genotypes with long CAG 
repeats at the androgen receptor gene were associ-
ated with earlier age at diagnosis of breast cancer in 
BRCAJ mutation carriers. A few studies have 
addressed the question of modifying effects of 
known reproductive risk factors on the BRCA1-
associated risk. Some indicate similar effects of 
reproductive and hormonal risk factors on breast 
or ovarian cancer risk and others suggest that 
effects in mutation carriers may be different from 
those seen in breast and ovarian cancer in the 
general population (Narod et al., 1995; Chang-
Claude et al., 1997; Ursin et al., 1997; Jernstrom et 
al., 1999). Most of these studies suffer from very 
small sample size and/or survival bias due to the 
fact that prevalent cases were used. To appropri-
ately address these questions, an international 
prospective cohort study among BRCA1/2 muta-
tion carriers is being carried out under the coordi-
nation of the International Agency for Research on 
Cancer. Knowledge gained about risk modifiers in 
mutation carriers may be useful for refining indi-
vidual risk estimation and may provide further 
insight into the pathways of breast cancer tumori-
genesis. 

Cancer risk, especially breast cancer risk, has 
been reported in epidemiological studies to be 
highly increased (4- to 8-fold) in blood relatives 
(thus obligate heterozygous gene carriers) of 
patients with the recessive disease ataxia telang-
iectasia (Swift et al., 1987; Easton etal., 1994). After 
the cloning of the ATM gene, studies based on 
mutation screening and haplotype analysis yielded 
lower estimates of about a threefold increase in the 
risk for breast cancer among heterozygous carriers 
(Athma et al., 1997; Janin et al., 1999). In contrast 
to previous estimates, heterozygosity for germline 
ATM mutations appears to be rarely observed in 
unilateral breast cancer in the general population 
and in families, but may be more prevalent among 
non-familial early-onset bilateral breast cancer 
(Vorechovsky et al., 1996; FitzGerald et al., 1997; 
Chen etal., 1998; Broeks et al., 2000). Most studies 
have screened for truncating ATM mutations, 
because missense mutations are technically more 
difficult to identify; and they may have therefore  

underestimated the prevalence. Further studies 
aimed at identifying germline missense mutations 
and rare allelic variants of the ATM gene may pro-
vide better estimates of the contribution of ATM 
variants to early-onset breast cancer (Izatt et al., 
1999; Vorechovsky et al., 1999). 

Polygenes in the etiology of breast cancer 
Genetic variants with low penetrance are unlikely 
to cause extensive familial aggregation. The 
association between specific genetic variants and 
breast cancer risk is studied by comparing the allele 
frequency or the distribution of genotypes among 
unrelated cases and unrelated controls with the 
same genetic background. When using the 
traditional epidemiological study designs of 
case-control and cohort studies, particular 
attention should be paid to the genetic composi-
tion of the comparison groups, since a positive 
association can arise as an artefact of population 
admixture (Lander & Schork, 1994). To prevent 
spurious associations, studies could be carried out 
within relatively homogeneous populations or 
should use family-based (internal') controls, such 
as parents of the affected individuals (Terwilliger 
& Ott, 1992). Although association studies can be 
performed for any random DNA polymorphism, 
the search for etiologically relevant genes is 
more likely to be rewarding if directed at function-
ally significant variants in genes known or 
assumed to be biologically related to the disease of 
interest. 

An increasing number of studies have investi-
gated the relationship between common allele 
variants and breast cancer risk. Some 20 different 
genes have been examined, but none of the com-
mon alleles studied was clearly shown to modify 
the risk of breast cancer. Such genes include those 
involved in steroid hormone metabolism, which 
may modulate the levels of bioavailable steroid 
hormones, such as the catechol-O-methyltrans-
ferase (COMI), aromatase cytochrome P450 genes 
CYP19, CYPI7 (steroid 17a-hydroxylase/17,20 
lyase)and CYP1BI and the steroid hormone recep-
tor genes, such as those for the estrogen receptor 
(ER), progesterone receptor (PR) and androgen 
receptor (AR) as well as the vitamin D receptor 
(VDR). Genes involved in carcinogen metabolism 
may also modify breast cancer risk. These include 
genes coding for phase I enzymes such as CYPIA1, 
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CYP1A2 and CYP2D6, which act on tobacco 
smoke-associated carcinogens, CYP2EI which 
metabolizes ethanol, as well as genes for phase Il 
enzymes such as the glutathione S-transferases ji 
(GSTM1), it (GSTPJ) and e (GSTT1), and the N-
acetyltransferases NAT1 and NAT2. In addition, 
common alleles of high-penetrance genes such as 
7P53, ERCAI and ATM can affect the integrity of 
cell-cycle checkpoint and DNA repair and thus 
modify cancer risk. Table 2 shows examples of 
genetic polymorphisms studied for association with 
breast cancer risk. 

The results of the majority of the studies have  

been summarized recently by Dunning et al. 
(1999). Statistically significant associations were 
reported in about a quarter of the 46 studies 
reviewed, but none was seen in more than one 
study. This can be explained largely by the lack of 
power in the majority of the studies. Less than a 
quarter of the studies had sufficient power to 
detect a relative risk of 2.5 for a rare allele homo-
zygote if the rare allele frequency was 0.2. Dunning 
et al. (1999) performed a meta-analysis of 17 
allele variants in 13 genes in order to obtain more 
precise estimates. Statistically significant 
differences in genotype frequencies were found for 

i 	».-.- 	- gq 
I 

. 	

qgqv 	4— LW 

Gene Polymorphism Functional effect Frequency of risk-associated Range of risk estimates 

allele (controls)  

Steroid hormone metabolism genes 

OOMT Vail 58Met Reduced activity 035-052 0.80-2.20 
Cl'P17 Promoter T-C May increase 0.38-042 0.81-2,52 

transcription 

CYP19 (ITTA) Unlikely 0.008-0.02 1.07-4.84 
PR SOi) Up insertion Unlikely 0.13-0.18 0.77-1.39 

ri introri 7 

Carcinogen metabolism genes 
CYPIA t llc462Vl Possible increase in 0.04-0.09 0.88 

enzyme activity 

CYP208 A. B, C alleles Nonftinctioriing enzyme 0.04-0.12 0.66-2.09 

CYP2EI Intron 6 Unlikely 0.08 1,01-1.04 

GSTM1 Gene deletion No enzyme 0.40-0.51 0.77-2-50 
GSTPI liai O5Val Reduced activity 0.28 158-1.97 
GSITI Gene deletion No enzyme 0.21-028 G.63-1,50 
Ai4T? A1088T Possible increased 0.17-0.46 1.00-120 

activity 

NA T2 (several) Low activity 0.51-0.62 0.70-208 

Other genes 

TP53 Arg72Pio Unknown 0.26-,-0.35 1.07-1.47 

Intron € G-A Unlikely 0.10-0.13 028-1.08 
16 Up insertion in Unlikely 0.12--0.16 0.51-2.08 
iritron 3 

BRCA I Pro871 Leu Unknown 037 117 

Gln356Arg Unknown 0.07 0.88 
ATA$ Pro 	Arg Unknown 0.016 10 

.Dunning et W. (I l 999) 
b Larson et ai. (l 999) 
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CYP19 (1TTA) polymorphism ((1TrA) 0  carrier 
odds ratio (OR) = 2.33, 95% confidence interval 
(CI) = 1.36-4.17), the GSTP1 Ile105VaI polymor- 
phism (Val carrier OR = 1.60, 95% Cl = 1.08-2.39) 
and the TPS3 Arg72Pro (Pro carrier OR = 1.27, 95% 
Cl = 1.02-1.59). There was evidence for hetero- 
geneity with the GSTMI gene deletion, which 
showed a significant association only for post- 
menopausal breast cancer (null homozygote OR = 
1.33, 95% CI = 1.01-1.76). In addition, some 
evidence of protection against breast cancer was 
found for homozygotes of the PR PROGINS allele 
(OR = 0.41, 95% CI = 0.15-0.95). Table 3 presents 
some low-penetrance alleles showing significant 
associations with breast cancer risk in joint 
analyses. 

Some positive associations of allele variants 
have been found in conjunction with environ-
mental exposures, for example, cigarette smoking 
and variant alleles of genes encoding carcino-
gen-metabolizing enzymes, CYPIAJ, NAT2, 
CYP2EI and GSTM1. Although major effects of 
variant genotypes were not always found, 
some interactions with smoking were reported but 
withinconsistent results across studies (Ambrosone 
et al., 1996; Shields et al., 1996; Hunter et aL, 1997; 
Kelsey et al., 1997; Ishibe et aL, 1998; Millikan et 
al., 1998). A few other studies have investigated 
the possibility of gene—gene interaction involving 
CYP1AI, GSTMI, GSTTI, COMT and CYP17 
(Lavigne et al., 1997; Bailey et al., 1998; Heizlsouer 
et al., 1998; Huang et al., 1999). The interactions 
reported have yet to be confirmed by other studies 
(Lavigne et al., 1997; Huang et al., 1999). 

Many of the earlier association studies suffer 
from both small and/or poorly designed samples. 
Careful consideration for selection of controls was 
often neglected. While the meta-analysis of 
published studies by Dunning et al. (1999) 
provides an apparently precise estimate, the 
inclusion of all studies without consideration for 
their quality does not necessarily produce a 
summary estimate which is accurate and relevant, 
thus limiting the inferences that can be drawn 
about the role of these gene variants in the 
etiology of breast cancer. Much larger studies 
are required to elucidate the complex inter-
play between many genes and environmental 
factors. 

Implications for breast cancer risk assessment, 
management and prevention 
With the identification of major genes for inher-
ited breast cancer, it is now possible to screen for 
germline mutations in high-risk families. When a 
test result is positive, family members can be 
identified as carriers or non-carriers based on the 
germ-line mutation specific to the family. 
The genetic diagnosis improves risk assessment, 
since carriers will suffer from a high lifetime cancer 
risk, while non-carriers have only the population 
level of risk. Except for certain founder popula-
tions, it may at present be appropriate to cite a 
range of risk estimates for carriers until more data 
are available to differentiate risk to carriers 
dependent upon the extent of family history and 
other modifying factors. In the case of a negative 
test result, it may be difficult to interpret the 
finding for an affected woman with high a prioñ 
probability of carrying a susceptibility gene. All 
routinely available tests fail to detect a minimum 
of 10% of the mutations in both BRCA1 and 
BRCA2 (Stoppa-Lyonnet et al., 1999). The identifi-
cation of women at particularly high risk of 
developing breast cancer will provide a group 
among whom expensive and rigorous screening 
programmes are likely to be cost-effective, as well 
as a cohort of women who may benefit from 
chemoprevention. 

At present, there is still uncertainty about rec-
ommendations for management of women with 
inherited susceptibility to breast cancer, although 
guidelines have been proposed (Eisinger et al., 
1998; Muller et al., 1999a). There are only prelimi-
nary data suggesting that increased surveillance 
will reduce breast cancer mortality through detec-
tion of early tumours in high-risk women (Muller 
et al., 1999b; Macmillan, 2000; Tilanus-Linthorst 
et al., 2000). The appropriateness of breast 
and ovarian cancer screening schedules as well as 
the effectiveness of magnetic resonance imaging 
(MRI) of the breast need to be evaluated. The ques-
tion of breast-conserving therapy is also not 
resolved, in view of the high risk of second primary 
breast cancer, as well as a possibly higher risk of 
ipsilateral breast tumour recurrence and increased 
radiation sensitivity in BRCA1 and BRCA2 muta-
tion carriers (Robson et al., 1999; Turner et al., 
1999). 
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Gene Polymorphism Frequency of risk-associated Risk estimates for Study size Reference 

allele in controls carrier No. cases/No. controls 

GYPI9 (TTTA)H111  0,018 1.07 (0.35-3.01) 348.1145 Siegelmann-Danieli etal., 

1999 

0.008 1.56 (0.59-4.57) 599./433 Healey et al., 2000 

0.005 4.84 (1.87-14.8) 464./610 Haimaii etal.. 2000 
2.33 (1.36-4.17) Combined Dunning etal., 1999 

GTP1 Ile1O5Val 0,29 heterozygous 1.48 (0.81-2,73) 1101113 Helzlsouer etal., 1998 
homozygous 1.97 (0.77-5.02) 

0.28 heterozygous 1.53 (0.83-2.84) 62/155 Harries etal., 1997 

homozygous 1.58 (0.49-5.06) 
heterozygous 1.61 (1.10-2.34) Combined Dunning etal., 1999 

homozygous 1.83 (0.95-4.48) Combined 

TP53 Arg72Pro 0.76 1.10 (0.69-1.75) 107/305 Wang-Gohrke etal., 1998 
0,37 1.47 (1.08-2.00) 212/689 S(alander or al., 1999 

0.35 1,07(0,66-1.76) 93,1347 Kawajiri etal., 1993 
1.27 (1.02-1.59) Combined Dunning et al.. 1999 

GSTM1 Deletion 0.46 postmen 2.50 (1.34-4,65) 110113 Hetzlsouer etal. 1998 
0.50 postmen 1.10 (0.73-1,64) 177/233 Ambrosone etal., 1995 
0.51 50yr 1.99 (1.19-3.37) 361/437 Charrier eta!,, 1999 

1.33 (1.01-1.76) Combined Dunning etal., 1999 

PR Progins 0.13 0.90 (0.38-2.09) 68/101 Lancaster et al., 1998 
0.14 0.77 (0.50-1.18) 292/220 Manolitsas etal., 1997 
0.18 1.39 (0.79-2.45) 167/90 Garrett etal., 1995 

homozygous 0.41 (0.15-0.95) Combined Dunning of al., 1999 
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Preventive options being discussed for high-
risk women are prophylactic surgery and chemo-
prevention. Recent reports from retrospective fol-
low-up and emerging data from prospective fol-
low-up suggest that prophylactic mastectomy and 
prophylactic oophorectomy can reduce the risk of 
breast cancer in high-risk women (Evans et al., 
1999; Hartmann et al., 1999; Rebbeck et al., 1999). 
A cohort of high-risk women who underwent pro-
phylactic mastectomy at the Mayo Clinic experi-
enced an 81% reduction in incident breast cancer 
compared with their sisters (Hartmann et al., 
1999). However, long-term prospective follow-up 
on an extended group of women will be necessary 
to fully address the risk of subsequent breast 
cancer and the psychological sequelae. The risk 
reduction conferred by oophorectomy reported in 
122 BRCA1 mutation carriers was 47% and 
increased with longer duration of follow-up 
(Rebbeck et al., 1999). The use of compounds that 
reduce the production of ovarian hormones may 
provide a non-surgical alternative to prophylactic 
surgery. 

Effective chemoprevention would reduce the 
need for prophylactic surgery. If mammographic 
screening is not effective in this high-risk group, 
chemoprevention will become a higher priority. 
Tabar et al. (1999) reported that there was no 
reduction in mortality in women aged 40-49 years 
with grade 3 ductal carcinoma in the Swedish 
two-county study. Women with BRCA1 and BRCA2 
germline mutations typically present with early-
onset turnouts of higher grade (grade 3) (Eisinger et 
al., 1996; Lakhani etal., 1998). However, if chemo-
prevention is to be equivalent to (the gold 
standard of) prophylactic mastectomy, it will be 
necessary to strive for an 80% reduction. The 
approximately 50% reduction in the risk of 
developing breast cancer due to tamoxifen 
treatment in a trial in the United States (Fisher et 
a!,, 1998) was not reproduced in two smaller 
European trials (Powles et al., 1998; Veronesi et al., 
1998). Raloxifene, another selective estrogen 
receptor modulator (SERM), decreased the risk of 
estrogen receptor-positive breast cancer by 90%, 
but not estrogen receptor-negative invasive breast 
cancer (Cummings et al., 1999). However, the 
issues relating to the use of SERMs as chemopre-
ventive agents will have to include the estrogen 
receptor-negativity of BRCA1 tumours (Lidereau et  

al., 2000). The synthetic retinoids are another class 
of compounds being explored for chemopreven-
tion (IARC, 1999; Lippman & Lotan, 2000). 
Fenretinide, a synthetic retinoic acid derivative, 
may decrease the occurrence of a second breast 
malignancy in premenopausal women (Veronesi et 
ciL, 1999). 

Chemoprevention is still in its infancy and the 
efficacy of chemoprevention in this high-risk pop-
ulation is unknown. The efficacy of new as well as 
existing agents for chemoprevention needs to be 
carefully assessed in properly designed clinical tri-
als of women with increased risk of breast cancer. 
In the process, other modifying factors of pelle-
trance in mutation carriers should be accounted 
for in order to evaluate the true effect of the 
chemopreventive agents. 

Polygenes confer much lower levels of risk and 
may be relevant for risk assessment when the 
effects of multiple loci, possibly in conjunction 
with environmental factors, are understood and 
quantified. At present, it is unlikely that the 
genetic information about single polygenes will be 
clinically relevant for risk assessment and manage-
ment. However, the knowledge gained on the role 
of different single polygenes and their interaction 
with environmental factors may help to direct 
research efforts towards identifying different path-
ways in breast cancer carcinogenesis which may be 
amenable for preventive measures, including 
chemoprevention. 
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There is a tremendous need for exposure biomarkers, which need to function as intermedi-
ate end-points in cancer chemoprevention studies. Likely candidates include process bio-
markers, atypical adenomatous hyperplasia, and a newly identified atrophic state. High-grade 
prostatic intraepithelial neoplasia (HGPIN) has the potential to be a useful exposure bio-
marker, having substantial predictive value for prostate cancer in chemoprevention trials. A 
limitation of the use of HGPIN as a biomarker is accessibility, since it requires the use of a 
highly invasive procedure that would not normally be applied unless malignancy is suspected 
to be present. However, most other biomarkers of prostatic tissue are similarly invasive. The 
HGPIN lesion appears to be highly measurable; however, problems of sampling coupled with 
the heterogeneity of the prostate raise questions about the degree to which the presence of 
HGPIN can be seen to characterize a given person's prostate gland. HGPIN has the advantage 
that it appears to be quite highly proximal to the development of cancer and to be modifiable. 
It remains less clear to what degree it reflects the exposures that are believed to alter prostate 
cancer risk. HGPIN has been identified as a clinical entity only recently and much additional 
research on the utility of this marker is needed. 

Need for biomarkers 
Epidemiological research on prostate and other 
cancers has been plagued by imprecision in the 
measurement of diet, occupation, physical activity 
and other exposures (Marshall et al., 1999). 
Occupational studies have suggested that some 
industrial exposures, such as cadmium, may be rel-
evant to risk (Ross & Schottenfeld, 1996). Dietary 
studies have suggested that obesity or perhaps con-
sumption of a diet high in fat or in vegetable fat 
may increase risk (Giovannucci et at., 1993). It has 
also been suggested that a diet low in some plant-
based antioxidants, especially lycopene, may be a 
risk factor for prostate cancer (Giovannucci et al., 
1995; Clinton & Giovannucci, 1998). For both eti-
ological and epidemiological research on diet and 
prostate cancer, biological markers of exposure 
would be useful, if it can be shown that they pro-
vide greater accuracy in exposure assessment. It 
would be preferable to link these markers to long-
term exposure. Prostate cancer is believed to 

involve an etiology that may span several decades. 
The most likely premalignant lesion for prostate 
cancer - high-grade prostatic intraepithelial neo-
plasia (HGPIN) - begins to appear in men in the 
third or fourth decade of life, three decades before 
prostate cancer becomes highly incident (Saki et 
al., 1996; Sakr, 1998). Research on smoking as a 
risk factor for prostate cancer also suggests effects 
that only appear after several decades of exposure 
(Giovannucci et al., 1999). Clearly, we need bio-
markers of exposure that span long periods of 
time. 

Also needed are markers of premalignant 
change that might be related to risk-enhancing 
exposures. As an indicator of premalignant 
change, HGPIN could be useful as a marker of car-
cinogenic exposure. There is evidence that HGPIN 
is related to substantially increased risk of prostate 
cancer (Bostwick & Brawer, 1987; Davidson et al., 
1995). Studies which might link this premalignant 
lesion to exposure would be extremely valuable. 
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HGPIN could serve as a highly useful exposure bio-
marker, perhaps as an intermediate biomarker of 
prostate cancer risk. 

Possible candidates 
A number of process indicators proposed as possi-
ble exposure biomarkers are associated with 
increased risk of prostate cancer (Kelloff et al., 
1997). Among these are markers of change related 
to excess cellular proliferation. A deficiency of 
apoptosis (programmed cell death) has been 
prominently mentioned. Another likely exposure 
biomarker would be an indicator of oxidative dam-
age or of excessive oxidation. Markers of differen-
tiation or of mutagenesis might be useful. As mark-
ers of advanced carcinogenesis or of tumour pro-
gression, angiogenesis indicators could be infor-
mative (Kelloff et al., 1997). 

In addition, several nonmalignant disease states 
could provide important information. Adeno-
matous atypical hyperplasia (AAH) has been 
proposed (Sakr & Grignon, 1998). The limitation 
of AAH as an exposure marker is that there is, at 
present, only weak evidence that AAH is causally 
linked to increased risk of the majority of prostate 
cancer. More recently, a form of prostatic inflam-
matory atrophy has been proposed as related to 
increased risk (De Marzo et al., 1999), although 
research on this condition is not yet fully 
developed. 

HGPIN has been proposed as a biomarker. The 
evidence linking HGPIN to elevated risk of prostate 
cancer is strong enough that researchers have 
claimed that HGPIN is almost certainly the prema-
lignant lesion out of which prostate cancer arises 
(Brawer, 1992; Davidson et al., 1995). There are 
some prospective data supporting this assertion. 
On the other hand, a recent study by O'Dowd et al. 
(2000) suggests that the importance of HGPIN as a 
risk factor for prostate cancer among high-risk 
populations may have been overestimated. 

Access 
Given the importance of HGPIN as a risk factor for 
prostate cancer, it holds tremendous promise for 
research. However, one of the major limitations to 
its use is that it can be evaluated only by means of 
prostatic biopsy. The probability of complications, 
especially of infection due to prostatic biopsy, is 
non-trivial and this rules out using evaluation of 

HGPIN except as part of clinical care. Metabolites 
isolated from blood or seminal fluid may permit 
more accessible and valid indirect examination of 
the prostate. Environmental factors do not have 
direct access to the prostate, so that any tissue-
based marker may be subject to substantial meta-
bolic modification. 

There is also some debate about the prevalence 
of HGPIN. Early reports suggested that the preva-
lence of this condition in populations at elevated 
risk could be as high as 15-16% (Bostwick, 1996a). 
More recent data suggest that it is only a third of 
that level and that many of the high-risk individuals 
with HGPIN have synchronous cancer (Weinstein 
& Epstein, 1993; and van der Kwast, this volume). 
Research based on large numbers of patients from 
a range of clinical practices throughout the United 
States indicates that the probability of detecting 
HGPIN and no cancer is in the vicinity of 4% of all 
prostatic biopsies performed (O'Dowd et aL, 2000; 
Weinstein & Epstein, 1993). These figures could 
change as the treatment of prostatic disease 
evolves over time. They are also subject to the 
vagaries of pathology: HGPIN may be occasion-
ally overlooked, or it may be diagnosed as cancer. 
The incidence of asymptomatic clinical prostate 
cancer is less than 10%, and only 3% of men in 
western industrial societies die as a result of 
prostate cancer. The frequency of the joint pres-
ence of HGPIN and prostate cancer is substantially 
higher than that of HGPIN alone, in keeping with 
the suspected etiological significance of HGPIN. 

Measurability 
Whether HGPIN will be useful as a biological 
marker depends in large part on our ability to iden-
tify the extent of its presence in men who are at 
substantial risk of prostate cancer (Bostwick & 
Brawer, 1987; Bostwick, 1996b). HGPIN is usually 
characterized as present in a gland or in a series of 
glands (Epstein et al., 1995). However, while there 
is good agreement on the presence or absence of 
HGPIN in a gland or a limited region of prostatic 
tissue, there is less agreement about the character-
ization of an entire prostate or patient in terms of 
the extent to which HGPIN is present. Clearly, one 
could consider the number of HGPIN lesions pre-
sent, the percentage of area within a biopsy occu-
pied by an HGPIN lesion, the extent to which 
HGPIN lesions are dysplastic, the percentage of 
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non-stromal tissue taken up by HGPIN, or perhaps 
the percentage of ductal tissue taken up by HGPIN 
(Montironi et al., 1995). The extent to which any 
of these characteristics of HGPIN can be used to 
characterize the prostate of an individual has not 
been well defined or studied. The lesion itself can 
be quantified; one of the marks of HGPIN is degra-
dation of the basal cell layer within the prostatic 
ducts and glands (Bartels et al., 1998a; Sakr & 
Grignon, 1998), so that the percentage of the cir-
cumference of the basal cell layer that is degraded 
can be quantified. Grouping this information for a 
larger region of prostatic tissue, though, is not 
straightforward. Another potential marker of the 
extent of HGPIN is nuclear karyometry reflecting 
dysplasia in different cells (Bartels et al., 1998b, c). 
There is substantial variation in the extent of dys-
plasia or cancer that is present. Means to evaluate 
sampling variability and incorporate this informa-
tion into an attempt to characterize the tissue are 
required. A marker of the extent of HGPIN in a 
gland is the extent to which the circumference of 
the basal cell layer is eroded. However, the impli-
cations of a duct that is badly eroded, as opposed 
to several that are mildly so, for cancer risk is not 
clear. 

Proximity to the causal pathway 
As Schatzkin et al. (1990, 1996) and Kelloff et al. 
(199 7) have made clear, the usefulness of a biolog-
ical marker for chemoprevention depends on three 
characteristics of that biomarker. First is the degree 
to which it is dependent on a factor that increases 
risk of the disease. Ideally, the biomarker would be 
perfectly correlated with (a perfect marker of) 
exposure to the risk factor. The second characteris-
tic is that the biomarker is predictive of disease. As 
has already been mentioned, HGPIN is an excel-
lent predictor of prostate cancer risk (Brawer, 1992; 
Bostwick, 1996a; Davidson et al., 1995), although 
O'Dowd et al. (2000) provide somewhat more 
equivocal evidence. There is a need for additional 
analyses of the differences in the results obtained 
by these studies as to the relevance of HGPIN to 
prostate cancer risk. The third criterion of bio-
marker usefulness is the degree to which the bio-
marker explains the association between exposure 
and risk. As Schatzkin et al. (1990, 1996) have 
pointed out, controlling statistically for a bio-
marker which explains the association of exposure 

and disease will eliminate the association between 
the exposure and disease. In other words, if the 
only path from exposure to disease is the one that 
is transmitted by the biomarker, statistical control 
for the biomarker would eliminate that pathway 
or association. 

Modifiability 
An important characteristic of a biological marker 
of exposure as relates to the development of 
chemoprevention strategies is that the marker be 
modifiable. Removal of the exposure which 
increases risk, or application of a chemopreventive 
agent, should decrease the extent of the marker. 
Thus, for evaluation of HGPIN as an exposure 
biomarker, it is of interest to determine whether 
the presence of HGPIN, as a neoplastic structure, is 
modified by removal of the risk-enhancing expo-
sure or by the application of a chemopreventive 
agent. There is good evidence that HGPIN is 
modifiable. Androgen blockade or irradiation 
administered to individuals with prostate cancer 
appears to decrease the extent of HGPIN lesions 
(Ferguson et al., 1994; Montironi et al., 1994; 
Bostwick, 1996a). However, the extent to which 
the treatment of HGPIN lesions actually 'normal-
izes' the tissue, beyond shrinking the volume of 
lesions, has flot been established. Whether the 
genotypic or phenotypic structure of neoplastic 
growth is decreased by application of either andro-
gen blockade or irradiation requires additional 
study. The cells themselves may have undergone 
repair or the severely dysplastic cells may have 
undergone apoptosis and replacement by normal 
cells. 

Limitations 
The use of HGPIN as an exposure biomarker for use 
in studies of chemoprevention of prostate cancer 
appears to be highly promising. Prostate cancer is 
in part environmentally mediated. It is likely that 
HGPIN, an important predictor of prostate cancer 
risk, is similarly environmentally mediated. 
Nonetheless it must be recognized that there is no 
easily accessible path to the prostate from 
environmental exposures except through a series 
of extensive metabolic pathways. Therefore, any 
exposure biomarker that is to be extracted from 
prostatic tissue has undergone substantial 
metabolic processing. Since metabolic factors and 
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processes have multiple opportunities to alter any 
effect of environmental exposures on tissue 
characteristics the prostate is highly unlikely to 
passively record the effects of exogenous 
exposures. This may substantially limit the degree 
to which HGPIN can be used as an exposure 
biomarker. At present, the necessary epidemiolog-
ical data on HGPIN that would allow linking of 
exposure to the presence or absence of HGPIN are 
lacking. 

As noted, the high predictive value of HGPIN in 
relation to prostate cancer indicates that it may 
represent a very late post-initiation phase of 
carcinogenesis. Thus, while HGPIN may function 
as an important exposure biomarker, it may not 
develop until several decades after exposure. In 
addition, coming as it does before completion but 
after initiation of carcinogenesis, it may be 
difficult to alter its course by chemopreventive 
agents. As noted, androgen deprivation seems to 
suppress it. Whether the application of other 
agents will have the same effect remains to be seen. 
It may be necessary to identify earlier biomarkers 
of exposure that can be altered by chemopreven-
tive agents. A low-grade prostatic intraepithelial 
neoplasia has been recognized, and it has been 
assumed that progression of this condition leads 
to HGPIN. It would thus make sense that this could 
be related to prostate cancer risk (Bostwick, 1996a). 
However, there is little evidence, to date, that this 
lower-grade lesion is indeed related to increased 
prostate cancer risk. Additional research is needed 
to clarify the link between low-grade intraepithe-
lial neoplasia and prostate cancer. 

It is important to consider the way in which 
HGPIN as an exposure biomarker uniquely 
identifies and quantifies a subject with respect to 
the risk of prostate cancer. The case of another sup-
posedly important biomarker, the index of crypt 
proliferation in colonic mucosa, is instructive. 
Crypt proliferation has been used for over two 
decades as a supposed marker of increased colon 
cancer risk and as a marker of exposure to carcino-
gens. Recently, however, it was shown that the 
degree to which crypt proliferation actually 
characterizes an individual is so low as to render 
markers of crypt proliferation virtually useless for 
most epidemiological and chemopreventive 
evaluation purposes (McShane et al., 1998). 
Thus, the degree to which an individual can be  

characterized with respect to HGPIN and thus 
prostate cancer risk needs to be established, if 
measurement of HGPIN as a biomarker is to be 
interpretable. 

An example of the use of HGPIN in chemo- 
prevention of prostate cancer 
In a chemoprevention clinical trial, prostate cancer 
risk was unexpectedly decreased by over 60% 
following the administration of 200 .rg per day of 
selenium to men in a region with low soil levels of 
selenium (Clark et al., 1996). All of these men had 
been diagnosed with basal- or squamous-cell 
cancer of the skin. These findings led Colditz 
(1996) to recommend that replication studies be 
undertaken. This appears to be a situation in which 
a protective agent has been identified, but the 
biological mechanisms by which that agent acts 
are not well understood (Ip, 1998). Combs and 
Gray (1998) suggested that none of the common 
forms of selenium (selenite, selenate, selenome-
thionine or selenocysteine) is likely to be the most 
biologically active protective form. Among possi-
ble protective mechanisms, selenium could 
contribute to antioxidant protection, immune 
enhancement or cell-cycle or apoptosis regulation 
(Combs & Gray, 1998) and it might also block the 
angiogenesis that is critical to neoplastic growth. 

Clearly, another clinical trial of selenium and 
prostate cancer is needed to replicate the findings 
of Clark et cii. (1996). In addition, it will be 
necessary to identify processes within the prostate 
that are affected by elevated intake of selenium; 
indeed, the biology of selenium needs to be delin-
eated in a great deal more detail (Ip, 1998). For 
these purposes, a population of high-risk indivi-
duals would be useful; it would be preferable that, 
for these individuals, sampling of prostatic tissue 
should be a part of standard clinical care. 

We have initiated a two-armed study, compar-
ing three-year prostate cancer rates among HGPIN 
patients treated with 200 ig pr day of selenium 
with the rates among HGPIN patients treated with 
placebo. Each patient will be randomized to one of 
the two treatment arms within strata of race, base-
line selenium, baseline a-tocopherol and baseline 
prostate-specific antigen (PSA) levels. A total of 470 
patients, 235 in each arm, will be randomized. 
Before randomization, there will be an enrolment 
period of three months, during which the patient 

194 



High-grade prostatic intraepithelial neoplasia as an exposure biomarker for prostate cancer chemoprevenhion 

will undergo a second biopsy in order to rule out 
prostate cancer. Approximately 1100 patients may 
need to be enrolled, chiefly to compensate for pre-
randomization withdrawals due to prevalent 
prostate cancer not discovered until the second 
biopsy. The enrolment period will not include a 
placebo run-in, since very few noncompliant 
patients are identified by such a run-in (Feigl et el., 
1995); most will be identified by their failure to 
obtain the second biopsy or to forward the neces-
sary pre-registration materials and information. 

There will be two registrations for this study. 
The first will be at official study enrolment and the 
second at randomization. Central pathological ver-
ification of the presence of HGPIN and the absence 
of prostate cancer will be documented before study 
enrolment. Blood will be drawn. At the second 
registration, the patient's continued willingness to 
participate will be assessed. Between the first and 
second registrations, a second biopsy will be 
conducted; the absence of prostate cancer in the 
second biopsy will have to be confirmed before the 
second registration. The patient will then be ran-
domized. 

Treatment will be for three years, unless the 
patient is taken off the study due to toxicity, with-
drawal from treatment or diagnosis of prostate 
cancer. Patients taken off treatment due to toxicity 
or for other reasons will remain on study for 
regular follow-up including the biopsy three years 
after randomization. The study goal is to follow 
and biopsy every participant at three years 
(whether on treatment or off) for ascertainment of 
end-point data. The only exceptions will be men 
who die, are diagnosed in the interim with prostate 
cancer, or in the interim request no more contact 
for study purposes. 

At the first visit, the patient will be informed of 
the slight risk of mild toxicity associated with long-
term use of selenium at the study dose (200 Vg sele-
nium). He will also be informed that participation 
in this study requires two additional biopsies, one 
before randomization and the other three years 
later, at the end of the study. He will be informed 
that the purpose of the first additional biopsy will 
be to confirm that he does not in fact have cancer, 
and that the second will be to provide a definitive 
evaluation of whether cancer is present after three 
years of treatment. He will be informed that addi-
tional risk accompanies these additional biopsies. 

Slides from each patient who is willing to 
participate, and who remains eligible after first 
contact, will be forwarded to the study pathologist 
for confirmation that HGPIN is present and that 
cancer is not. The first visit will be scheduled so 
that, before the date of the Visit, confirmation can 
be received that the patient is eligible. At the 
second visit, the patient's continued interest will 
be evaluated. If his second biopsy confirms that he 
does not have cancer, he will be randomized and 
provided with his first supply of pills. The study 
pathologist will review the second biopsy to ensure 
that the patient does not have cancer. Both the 
patient and the clinic will be blinded to the treat-
ment assignment. 

Each patient will be monitored, in the clinic at 
which he was initially identified, every six months, 
from 6 to 36 months after randomization. At each 
six-month visit, he will be evaluated by a blood 
PSA test, and he will receive a digital rectal exami-
nation (DRE). Compliance will be monitored by 
pill counts; the patient will be asked to bring his 
pill packets with him to the clinic. At each visit, 
blood samples will be drawn for evaluation of 
selenium. Between the six-month visits, each 
patient will be contacted by telephone about pill-
taking, toxicity and health status. At each visit, the 
patient will be physically examined and evaluated 
for evidence of selenium toxicity, including an 
examination for lens opacity, as well as for the 
development of serious illness. Any patient whose 
PSA level increases by 50% or more above his pre-
vious level will have a new blood sample drawn 
and evaluated. If the second sample confirms a rise 
in PSA of over 50%, or if the DRE is abnormal, the 
patient will be scheduled for a new sextant biopsy. 

Circumstances that will cause the patient to 
leave the study include a biopsy-based diagnosis of 
prostate cancer and request by the patient for no 
further contact. Other circumstances may cause a 
patient to discontinue study medication but 
remain on study and in active follow-up. Every 
effort will be made to obtain three-year outcome 
data, including biopsy, from these patients. Off-
treatment but on-study conditions include, for 
example, unacceptable toxicity (i.e., drug-related> 
grade 3) and failure to pick up study drugs. If a 
patient does not comply with the schedule for 
clinic visits, blood samples etc., or is persistently 
non-compliant with respect to pill taking (< 75% 
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or> 125% of assigned dose), he will be counselled 
appropriately and kept on study. Of course, a 
patient may withdraw from chemopreventive treat-
ment or the study at any time of his own volition. 

At the 36-month evaluation at the end of the 
study, the patient will be examined by sextant 
biopsy, informed of the results, and provided the 
opportunity to ask questions. The data collection 
and treatment schedule is summarized in Figure 1. 

Drop out rates will be assessed and noted at the 
time of randomization and during chemopreven-
tive treatment. The proportion of initially enrolled 
patients who are not randomized and the propor-
tion of randomized patients who do not complete 
the study will be noted. The proportions of ran-
domized patients who either leave the study or are 
dropped will be calculated at each one-year interval. 

Prostate cancer is the primary outcome to be  

evaluated in this trial. Data analysis will be based 
upon intention to treat: the focus of analysis will 
be prostate cancer among those assigned to treat-
ment compared with that among subjects assigned 
to placebo. Thus, the three-year risk of prostate 
cancer among experimental subjects, relative to 
that among control subjects, will be the central 
conclusion of the study. The randomization and 
stratification of the trial will tend to ensure that 
experimental and control subjects are alike in 
terms of demographic and disease characteristics: 
age, race, PSA, and amount of HGPIN in biopsy 
material. However, in the event of unexpected 
imbalance, it will be possible to adjust estimates of 
the treatment effect using multiple covariate con-
trol procedures. 

This trial will provide the opportunity to study 
several surrogate end-point biomarkers of prostate 

Men aged 40-80 with biopsy-proven HPG1N diagnosed within two 11 
years before registration 

Y 

Step 1, Registration 

y 

Repeat biopsy (sextant or greater) 

	

[HGPIN 
1 	

Normal 	[Cancer 

Step 2, Randomization within three months after 
repeat biopsy (sextant or greater) 

N 

	

Placebo for three years 	 [ L-Selenomethionine for three years 

N 
Sextant prostate biopsy at three years from randomization 

Figure 1. Scheme of trial for selenium chemoprevention of prostate cancer 
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cancer risk: proliferation as measured by Ri-67 
(Raymond et ai,, 1988); apoptosis as measured by 
TUNEL (Gavrieli et a/., 1992); and karyometry as 
measured by an automated machine vision system 
(Bartels et al., 1995; 1996; 1998a,b,c). Use of these 
biomarkers will add significantly to understanding 
the means by which selenium exerts any effect on 
the risk of prostate cancer. It will also help to 
describe the nature of HGPIN as an exposure and 
risk biomarker. The first analytical task for exami-
nation of the biomarkers will be to evaluate the 
extent to which each of these biomarkers distinctly 
characterizes the subject. The model for this 
approach will be the proliferation biomarker 
analysis published by McShane et a/. (1998). With 
the biomarkers indicating altered proliferation and 
apoptosis, as well as distorted nuclear chromatin 
patterns, it will be of interest to assess whether, 
within categories of treatment or placebo, these 
biomarkers predict progression to prostate cancer. 
Given their possible relevance to the risk of pro-
gression, it will be important to assess whether 
treatment has any impact upon changes in the bio-
markers. 
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Use of high-grade prostatic intraepithelial neoplasia (PIN) as an intermediate biomarker for 
prostate cancer requires additional data concerning its natural biological behaviour. Moreover, 
it should be recognized that a proportion of PIN lesions may represent intraductal spread of an 
accompanying prostate cancer rather than a precancerous lesion. The detection rate of isolated 
PIN in the general population is low, and its clinical significance in the short term may be 
limited. Additional long-term studies on the significance of isolated PIN detected during popu-
lation screening are required. Due to inadequate tissue sampling by current biopsy procedures, 
the presence of an accompanying prostate cancer is difficult to rule out. 

Endocrine therapy changes the morphology of PIN, hampering its identification by making 
it more closely resemble the normal benign glands. In addition, endocrine therapy may lead to 
molecular changes in PIN, with a potential risk of induction of resistance to endocrine therapy. 
Prolonged androgen deprivation (for six months) does not generally lead to eradication of 
PIN. Cessation of endocrine therapy is likely to lead to renewed expansion of PIN, since PIN 
continues to express androgen receptors and the cell-cycle protein MI13-1 under conditions of 
low androgen levels. 

Recent findings indicate that most high-grade prostate cancers seem to develop from low-
grade cancers. The development of a high-grade focus of prostate cancer within a clinically latent 
low-grade tumour might be a suitable target for future intervention studies, provided that 
appropriate monitoring for development of high-grade cancer can be achieved in individual patients. 

Introduction 
Prostate cancer has now become the second most 
frequent cause of death in the ageing male popu-
lation of western society (Landis et al., 1999). Its 
incidence has risen dramatically since the intro-
duction of methods for early detection of prostate 
cancer (Mettlin et al., 1998). Attempts have been 
made to identify the mechanisms that underlie the 
development of prostate cancer, but a major obsta-
cle has been the rarity of this disease in other 
species, hampering the development of relevant 
and easily accessible animal models (Riverson & 
Silverman, 1979). Much research effort has been 
devoted to the identification of precursor lesions of 
human prostate cancer. Since the development of 
prostate cancer is strongly dependent upon the 
presence of androgens, the effects of androgen 
deprivation on the potential precursor lesions are 
of interest. 

Prostate cancer has a highly variable biological 
behaviour. Some prostate cancers are highly 
aggressive, while others remain indolent for a long 
period (Chodak et al., 1994). Therefore the ethical 
acceptability of early detection of prostate cancer 
by population screening remains a controversial 
issue, as it is likely that some men diagnosed with 
prostate cancer will not benefit from treatment. 
Only randomized studies on prostate screening, 
measuring both mortality reduction and quality of 
life, will resolve this issue (SchrOder, 1995). 
Unfortunately, it is not yet possible to predict 
prostate cancer behaviour preoperatively due to 
lack of sufficiently reliable serum or tissue markers 
(Murphy, 1998). Tumour heterogeneity and multi-
focality of screening-detected prostate cancer has 
further confused this issue (fioedernaeker et al., 
2000). This chapter discusses current knowledge of 
the epidemiology and biology of precursor lesions 
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of prostate cancer and provides some data on early-
detected prostate cancers which may serve as a 
potential target for future chemoprevention studies. 

Prostatic intraepithelial neoplasia 
Potential precursor lesions of the prostate 
In the past, certain lesions have been proposed to 
be likely precursors of prostate cancer. These 
include atrophy, atypical adenomatous hyperpla-
sia or adenosis and dysplastic lesions of the pro-
static ducts. The latter is now generally referred to 
as prostatic intraepithelial neoplasia (PIN) 
(Bostwick, 1995). It has been suggested that such 
lesions may not account for all prostatic adenocar-
cinomas and that the human prostate may 
harbour other hitherto unrecognized premalig-
nant lesions. Some authors have considered atro-
phy and atypical adenomatous hyperplasia as 
potential precursor lesions of prostate cancer 
(Cheng etal., 1998; DeMaizo etal., 1999), but this 
view has not been generally accepted. Evidence for 
PIN as a premalignant lesion is based on morpho-
logical, molecular and epidemiological data. The 
similarity in morphology of the dysplastic cells of 
PIN to that of peripheral zone prostatic adenocar-
cinoma, including nuclear features, and the 
preferential localization of PIN in the peripheral 
zone of the prostate, as well as the similarity in 
molecular changes, strongly support the hypothe-
sis that PIN is a precursor of adenocarcinoma 
(Myers & Grizzle, 1996). PIN was initially graded in 
three classes, and subsequently low and high 
grades were distinguished, but particularly because 
of great inter-observer variation among patholo-
gists and its lack of clinical relevance, low-grade 
PIN is now not reported to clinicians (Epstein et 
al., 1995). Therefore, in the subsequent discussion, 
high-grade PIN is referred to as PIN. 

The histopathology of PIN 
Microscopically, at least five architectural patterns 
of PIN can be distinguished, based on the arrange-
ment of the dysplastic cells within the pre-existing 
duct or gland. The most common variants of PIN 
are the tufted and micropapillary patterns. Less 
common are the flat PIN and the cribriform PIN 
(Bostwick et aL, 1993). In addition, occasional PIN 
lesions may contain a lumen filled with necrotic 
debris, resembling comedocarcinoma of the breast. 
In particular, cribriform PIN and comedocarci- 

noma-like PIN are associated with concurrent 
prostatic adenocarcinoma. it has been hypothe-
sized that these two lesions may actually represent 
intraductal spread of the associated carcinoma 
rather than precursor lesions (Cohen et al., 2000). 
Likewise, it cannot be entirely excluded that a 
proportion of the other, more common, variants of 
PIN also represent spread of adenocarcinoma 
within pre-existing ducts or glands rather than a 
precursor lesion. The similarity of molecular 
changes in PIN and associated cancer could also be 
explained in this way. Thus, it is conceivable that 
morphologically similar PIN lesions represent the 
extremes of the spectrum from precancerous lesion 
to spread of an overt cancer. 

Prostate-specific antigen and PIN 
Since an elevated prostate-specific antigen (PSA) 
level is now a standard criterion to determine if a 
man should undergo additional diagnostic proce-
dures for prostate cancer, it has been suggested that 
a PSA window might be defined to detect specifi-
cally men with isolated PIN lesions. Some studies 
have reported that men with PIN have a PSA level 
intermediate between those with cancer and those 
with benign tissue (Brawer & Lange, 1989). More 
recent studies have not confirmed this and it is 
now accepted that no PSA window can be defined 
for isolated PIN (Bostwick, 1999). Immunohisto-
chemical staining of PIN lesions reveals a lower 
level of PSA expression than in benign prostatic 
glands. Furthermore, PSA is secreted in the lumina 
of PIN-containing glands and drained via the pro-
static ducts, largely preventing its leakage into the 
blood circulation. The latter would offer an expla-
nation why PIN is not associated with raised serum 
PSA levels. 

Epidemiology of PIN lesions 
Autopsy studies 
In 80-90% of radical prostatectomy specimens, 
PIN can be observed in association with prostate 
cancer (Kovi et al., 1988; Qian et al., 1997). This 
high percentage supports the presumed relation-
ship between PIN and prostate cancer. A few 
(forensic) autopsy studies have compared the fre-
quency of PIN with that of adenocarcinoma. One 
report suggested that PIN precedes prostate cancer 
by almost a decade (Bostwick, 1992), confirming 
an earlier autopsy study reported by Kovi et al. 
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(1988) that showed that the median age of men 
with atypical acinar hyperplasia (including low-
and high-grade PIN) was 56.2 years, while that of 
men with cancer and PIN was 63.8 years, alag time 
of 7.6 years. Sakr et al. (1995), however, suggested 
a much shorter interval between the presence of 
PIN and adenocarcinoma. In their autopsy series, 
they noted PIN in 26% and latent cancer in 31% of 
the prostates of American Caucasian men aged 
between 30 and 40 years. They also reported that 
the extent of PIN in prostates of African Americans 
was much greater than in Caucasians of 
corresponding ages. This makes it likely that the 
extent of PIN determines the risk of development 
of an overt carcinoma. 

Isolated PIN in prostatic needle biopsies 
Initial studies on prostate needle biopsies of men 
referred to urological clinics demonstrated a sur-
prisingly high percentage of isolated PIN (without 
accompanying prostate cancer), with figures reach-
ing 16% (Bostwick et al., 1995). In a retrospective 
case—control study, repeat biopsies were performed 
within a period of two years in men with a previ-
ous biopsy diagnosis of isolated PIN. This led to 
the detection of prostate cancer in about 35% of 
cases, compared with 13% in men without a 
previous diagnosis of PIN or carcinoma in a previ-
ous prostate needle biopsy (Davidson et al., 1995). 
The outcome of this study was considered to 
provide evidence for the clinical relevance of iso-
lated PIN in the early detection of prostate cancer. 

Later studies on screened populations reported 
much lower frequencies, in the range 1-2.5% 
(Hoedemaeker et al., 1999). The differences in 
reported frequency of PIN can most likely be attri-
buted to differences between the populations 
selected and in biopsy procedure. In the earlier 
studies, systematic sextant needle biopsies were 
not yet a common practice and probably only 
suspect lesions were biopsied. In these cases, the 
prostate cancer may have been missed but the 
frequently occurring adjacent PIN lesion was seen 
in the biopsy. It was recently suggested that five-
region biopsy procedures might increase the yield 
of isolated PIN in screened men (Rosser et al., 
1999). Data on isolated PIN from the Rotterdam 
section of the European Randomized Screening 
Program of Prostate Cancer (ERSPC, coordinated 
by Professor F. Schröder) revealed an incidence of  

1% in men aged between 55 and 75 years, using a 
PSA cut-off value of 3.0 ng/ml for systematic 
sextant needle biopsies. More importantly, repeat 
biopsies in these men within six months led to the 
discovery of prostate cancers in about 10% of the 
cases (Van der Kwast, unpublished). This is within 
the background levels of prostate cancers detected 
in men with a previous benign outcome of their 
biopsies (Davidson et al., 1995; Epstein et al., 
1999), and casts doubt on the value of the current 
practice of repeat biopsy in this subset of men. In 
the ERSPC study, the vast majority of isolated PIN 
lesions were tufted and micropapillary lesions, 
while cribriform PIN was very rare and comedo-
carcinoma-like PIN has not yet been found (Van 
der Kwast, unpublished). Longer follow-up studies 
of isolated PIN detected in a screened population 
may give additional insight into the natural behav-
iour of PIN. 

Androgen sensitivity of PIN 
Controversies in the literature 
Since early studies demonstrated that prostate can-
cer cannot develop in the absence of adequate 
testosterone levels, it has been suggested that 
reduction of androgens may be a useful approach 
to prevention. Furthermore, it is well known that 
most (organ-confined or metastasized) prostate 
cancers initially regress during androgen depriva-
tion. Similarly, several studies have demonstrated 
that benign prostatic glands show regressive 
features manifested by apoptosis, vacuolization of 
cytoplasm and shrinkage of nuclei of the secretory 
epithelial cells (Armas et al., 1994; Vaillancourt et 
al., 1996). Some studies on radical prostatectomy 
specimens from men pretreated for various periods 
of time for organ-confined prostate cancer (neoad-
juvant androgen blockade) have also shown a 
decline in frequency and extent of PIN (Ferguson 
et al., 1994). However, published data differ widely, 
some claiming no decrease and others even a 
decrease to about 6% of cases (Table 1). Criteria to 
define PIN in prostates of men pretreated by andro-
gen blockade have not been clearly established, 
potentially leading to inter-observer variation 
between pathologists. In particular, one study in 
which the presence of prominent nucleoli was 
used as a prerequisite for diagnosis of PIN 
suggested a strong effect of androgen deprivation on 
frequency of residual PIN (Vaillancourt et al., 1996). 
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TO 

Authors Treatment Treatment % residual PIN 

Armas et aL, 1994 3 monThs CAB 77 

Montironi et at. 1995 3 monThs CAB 83 

Vaillancourt et at, 1996 3 monThs CAB 6 

Civantos at at, 1995 3 months CAB 35 

Ferguson etal., 1994 (4-53 weeks) Variable 50 

Van der Kwast et aI., 1999 3 months CAB 72 

6 months CAB 59 

CAB, combined androgen blockade 

Effects of androgen deprivation on morphology of PIN 
It is now well established that in prostatic adeno-
carcinoma that persists during androgen depriva-
tion therapy mediated by combined androgen 
blockade, several morphological changes occur, 
including loss of prominent nucleoli, and it is very 
likely that this also occurs in PIN lesions. Thus, 
androgen deprivation could lead to a metamor-
phosis of dysplastic cells constituting PIN lesions 
into cells with a histopathologically less apparent 
phenotype. Since at present only few markers exist 
that can be employed to distinguish PIN from 
benign glands, detection of residual PIN in 
androgen-deprived prostatectomy specimens 
would depend on histomorphological features of 
which the definition would be adapted. This is a 
good illustration of the phenomenon that chemo-
prevention may lead to morphological changes in 
such a way that the lesion, though still present, 
can no longer be identified with certainty. On the 
other hand, evaluation of the effect on PIN of the 
mild anti-androgen agent Sa reductase inhibitor 
(finasteride) did not reveal any changes in 
PIN lesions (Cote et al., 1998). According to these 
authors, it is questionable whether finasteride can 
serve as an effective chemopreventive agent. 

We have studied PIN in radical prostatectomy 
specimens from a series of 40 men with a clinically 
organ-confined prostate cancer, randomized to 
three or six months of combined androgen block-
ade before surgery (Van der Kwast et al., 1999). In 
radical prostatectomy specimens, foci of PIN were 
detected in 72% of specimens from men pretreated 
for their prostate cancer for three months and in 
59% of those from men treated for six months. 

The number of glands involved by PIN decreased 
from a median number of 19 (± 21 glands) to 7 
(± 12) glands with the longer treatment. These 
differences were, however, not significant. In 
contrast, the volume of prostate cancer after six 
months' treatment was significantly reduced by 
60% compared with the volume after three 
months' treatment, while the number of PIN 
lesions within or adjacent to residual cancer 
increased (Van der Kwast et al., 1999). The latter 
observations suggest that prostate cancer may be 
more susceptible to androgen deprivation than 
PIN lesions. 

Recovery of PIN after cessation of androgen 
deprivation therapy 
Since in residual PIN, nuclear androgen receptors 
might be detected as well as occasional cells with 
expression of the cell-cycle molecule MI11-1, the 
data strongly suggest that PIN may recover and 
even further expand after cessation of androgen 
deprivation therapy. Importantly, even a severe 
regimen of androgen deprivation (so-called 
combined androgen blockade using flutamide and 
LHRH agonists) during a period of six months 
seems not to be sufficient to eradicate all PIN 
lesions, although a tendency towards further 
reduction of the extent of PIN was noted after six 
months of androgen blockade. Nevertheless, 
prolonged treatment with this combination 
therapy may lead to a greater reduction of PIN. In 
a few patients randomized to six months' com-
bined androgen blockade therapy, the therapy was 
stopped before surgery. In three out of five of these 
cases, PIN with the classical features, including 
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prominent nucleoli, was found. This confirms our 
view that PIN lesions that persist for several 
months during androgen deprivation can recover 
rapidly. 

Another purpose of chemoprevention of 
prostate cancer could be to stop progression of PIN 
to prostatic adenocarcinoma, if eradication of the 
precursor lesion is not possible. In the latter case, 
life-long administration of anti-androgens should 
be envisaged. A study on the prolonged adminis-
tration of finasteride to men with benign prostatic 
hyperplasia has suggested that such chemopreven-
tive measures may not be without risk, since in a 
proportion of men who developed a carcinoma 
during this treatment, amplification of the 
androgen receptor gene in the prostate cancer was 
observed (Koivisto et al., 1999). This androgen 
receptor amplification was previously shown to 
mediate resistance to endocrine therapy in 
metastasized prostate cancers. Androgen receptor 
gene amplifications have not been documented in 
cancers not exposed to endocrine therapy 
(Koivisto et al., 1995). 

Prevention of progression of clinically latent 
low-grade adenocarcinoma to intermediate-
grade cancer 
Features of early-detected prostate cancers 
In radical prostatectomy specimens from men with 
a prostate cancer detected by first-round screening 
on the basis of elevated PSA levels, but not clini- 
cally, some interesting features can be observed 
(Hoeclemaeker et al., 2000). In about 50% of such 
specimens, the cancer appears to be multifocal, 
with a maximum of five different tumours 
detected in a single prostatectomy specimen. This 
heterogeneity is also reflected in tumour grade 
which may differ considerably. On the other hand, 
50% of the detected cancers represent intermedi- 
ate-grade cancers (Gleason score 7), with variable 
proportions of high-grade (Gleason grade 4 or 5) 
tumour. Careful examination of the screen- 
detected radical prostatectomy specimens 
obtained in the Rotterdam section of the ERSPC 
study revealed that about 15% of the early- 
detected prostate cancers satisfied the criteria of 
minimal cancer, a category of men who might not 
benefit from radical prostatectomy or radiotherapy 
(Hoedernaeker et al., 1997). Tumour volume and 
grade were well correlated, although a wide scatter 

of values existed. High-grade tumour was present 
particularly in the larger tumours. High-grade 
tumour areas were seen at the centre of tumour 
areas. This relationship between tumour volume 
and presence of a high-grade tumour component 
suggests that most prostate cancers initially are 
low-grade (Gleason growth pattern 3), while in due 
course Gleason growth pattern 4 or 5 develops 
within these low-grade tumour areas. Thus, the 
development of high-grade cancer within such 
low-grade tumour areas may represent a potential 
target for measures aimed at the prevention of 
tumour progression. PSA velocity could prove a 
suitable parameter to monitor tumour volume or 
progression during therapeutic intervention in 
individual patients with a low-grade latent prostate 
cancer. This strategy would, however, require a 
sensitive technique to detect specifically high-
grade cancer areas in an otherwise low-grade 
prostate cancer. 

Clinical assessment of prostate cancer grade and 
stage 
Serum PSA level and tumour size do correlate well, 
but the correlation coefficient is low. Serum PSA 
levels are influenced by prostatic gland volume, 
inflammation and obstruction of prostatic glands, 
in addition to prostate cancer volume. Therefore, 
in individual patients with prostate cancer, the PSA 
level cannot be used to predict prostate cancer 
volume or pathological stage. In larger groups of 
patients, preoperative parameters such as propor-
tion of involvement of needle biopsies by cancer 
and tumour grade determined in needle biopsies 
show a good correlation with tumour volume and 
grade in prostatectomy specimens. Probably due to 
sampling problems, these preoperative parameters 
cannot give a prediction of the biological behav-
iour of a tumour on an individual basis. Given the 
multifocality and heterogeneity of early prostate 
cancer, the problem of adequate sampling seems 
insurmountable for the application of tissue-based 
prognostic markers, whether conventional 
pathological markers or molecular ones. It maybe 
more practical to focus research efforts upon 
molecules shed by prostate cancer cells into the 
blood circulation. Although PSA is such a 
molecule, its lack of specificity for (poorly differ-
entiated) prostate cancer restricts its use as an 
intermediate end-point marker. 
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i  .... he role of molecular genetics ir 
chemoprevention studies of 
prostate cancer 

Research into the molecular genetics of prostate cancer to date has largely focused on the 
possible existence of one or several single-locus high-penetrance susceptibility genes and 
several candidate regions have been identified but confirmatory studies of these regions 
have been inconclusive. Increasingly, attention has turned to identification of candidate genes 
which may increase prostate cancer risk because their products play an important role in 
possible etiological pathways for prostate cancer. Of various such pathways which have been 
suggested for prostate cancer, the best studied in terms of molecular genetics is the 
androgen signalling pathway. Two genes in this pathway, the androgen receptor (AR) gene 
and the steroid 5-alpha red uctase type li (SRD5A2) genet  have been under particular scrutiny 
and polymorphic markers in each of these genes that reproducibly predict prostate cancer 
risk have been identified. Such studies may have important implications for prostate cancer 
chemoprevention trials. As etiological pathways become better understood at the molecular 
level, piecing together multiple genetic variants in a pathway will allow identification of 
high-risk individuals and potential targets for chemopreventive interventions. Moreover, 
understanding the role of these genes in prostate cancer etiology may help in defining 
heterogeneity in response to such interventions. Finally, these genes or their products may 
themselves be legitimate targets for building a chemoprevention strategy. 

Introduction 
The molecular genetic epidemiology of prostate 
cancer is an evolving field (Ross et al., 1998, 2000). 
Much of the work in this area has until recently 
focused on the identification of one or several sin-
gle-locus high-penetrance susceptibility genes that 
might carry with them, for individuals with 
mutated forms, very high lifetime risk of develop-
ing prostate cancer. Interest in this type of suscep-
tibility has been stimulated by the highly repro-
ducible finding that prostate cancer is a strongly 
familial disease. Men with a first-degree relative 
with prostate cancer have a 2-3-fold increased risk 
relative to the population as a whole (Monroe et 
al., 1995). This strong familial risk has been found 
in populations with both a high and low risk of 
the disease. Having several such relatives and/or a 
relative with prostate cancer at a relatively young 
age are associated with further increases in risk 
(Carter et al., 1992). Prostate cancer has an unusual 

family risk pattern in that if an individual has a 
brother with prostate cancer, risk is roughly twice 
as high as if the father had the disease (Monroe et 
al., 1995). This pattern of risk contrasts with risk 
associated with other familial cancers, such as 
breast cancer, for which risk is roughly the same 
whether a sister or a mother is affected. This pat-
tern of risk has provided leads as to the mode of 
transmission of the purported susceptibility 
gene(s). Linkage analyses in multiplex families 
have led to the identification of several candidate 
regions for susceptibility loci, but so far, confirma-
tory studies have generally been inconclusive for 
each of these regions and final identification and 
cloning of a major locus gene for prostate cancer is 
unlikely to be forthcoming (Smith et al., 1996; Xu 
etal., 1998). 

Increasingly, molecular genetic epidemiological 
research on prostate cancer has focused on the 
identification of candidate genes which increase 
prostate cancer risk because their protein product 
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plays a role in an etiological pathway of disease 
development. Although many etiological/preven-
tion pathways have been suggested for human 
prostate cancer, currently the strongest epidemio-
logical and experimental evidence supports four: 
androgen signalling; antioxidation; vitamin D sig-
nalling; and insulin-like growth factor (IGF) sig-
nalling. Although susceptibility genes may modify 
individual risk through any of these pathways, 
evaluation of such genetic influences is not well 
understood for any of them and has not even 
begun for some. Thus although there is substantial 
epidemiological evidence that the antioxidant 
carotenoid lycopene may lower risk of prostate 
cancer (Giovannucci et al., 1995), both epidemio-
logical and randomized clinical trial evidence that 
selenium lowers risk (either as an antioxidant or 
through other anticarcinogenic effects) (Clark et 
al., 1998; Yoshizawa et al., 1998) and experimental 
evidence that the antioxidant vitamin tocopherol 
lowers risk (Heinonen et al., 1998), no attempt has 
yet been made to determine if any genetic factors 
might modify any chemopreventive efficacy. 
Similarly, there is prospective epidemiological evi-
dence that IGF-I levels are predictive of prostate 
cancer occurrence (Chan et al., 1998). As polymor-
phic markers in genes for IGF and its binding pro-
teins have been identified (Rosen et al., 1998), 
these are potential future targets for determining 
individual susceptibility related to IGF-induced 
carcinogenesis, but no research in this area has yet 
been reported and validation of genotype/pheno-
type relationships has not been completed for all 
such markers. 

However, there is a steadily increasing number 
of reports on polymorphic variants of low-pene-
trance genes in the androgen signalling pathway 
and in the vitamin D signalling pathway in rela-
tion to prostate cancer risk. The remainder of this 
chapter reviews the current state of knowledge in 
these areas, summarizes how current knowledge 
can affect existing or planned chemopreventive 
activities and provides some general thoughts 
about the future of this field as it pertains to 
chemoprevention of prostate cancer. Various 
strategies already available to assess chemopreven-
tive efficacy in human studies in terms of bio-
chemical and histological parameters or of prostate 
cancer risk per se are described. 

Androgen-related susceptibility genes 
Although a number of genes in the androgen sig-
nalling pathway have been suggested as candidates 
for investigation (e.g., CYP17 and HSD17B3 as 
genes involved in testosterone biosynthesis; SHBG 
as a gene involved in testosterone transport and 
HSD3a and HSD3b as genes involved in androgen 
degradation in the prostate), for only three genes 
has there been any direct investigation of a partic-
ular marker in relation to prostate cancer risk (the 
androgen receptor (AR) gene, the steroid 5-alpha 
reductase type II (SRD5A2) gene and the CYP3A4 
genes) and confirmatory findings have been 
obtained for only two of these markers, the GAG 
trinucleotide repeat polymorphic marker in the 
androgen receptor gene and the A49T polymor-
phic marker in the SRD5A2 gene (Ross et al., 1998). 

The majority of testosterone biosynthesis in 
males occurs in the testis under regulation of 
luteinizing hormone stimulation (Coffey, 1979). 
Testosterone is transported to target cells in the cir-
culation either as its free form, weakly bound to 
albumin or more tightly bound to sex-hormone-
binding globulin, the latter thought to be non-
bioavailable to target tissues. Free testosterone dif-
fuses freely into prostate cells, where it is irre-
versibly converted to its reduced, more bioactive 
form dihydrotestosterone. Dihydrotestosterone, 
and also testosterone with lower binding affinity, 
bind to the androgen receptor and this complex of 
ligand and receptor translocates to the nucleus for 
DNA binding and transactivation of genes with 
androgen response elements in their promoter 
regions (Ross et al., 1998). Most of these 'down-
stream" genes transactivated by the androgen 
receptor have not yet been characterized, but they 
are thought to include the major genes regulating 
cell division. 

Cell division is thought to be a prerequisite for 
the development of much if not most human can-
cer, as cell division is thought to be necessary for 
cells to accumulate the genetic changes required 
for transformation to a malignant phenotype 
(Preston-Martin et al., 1990). As cell division is 
largely controlled by androgen activity, any gene 
in the transactivation pathway for androgens 
becomes a legitimate candidate gene in relation to 
prostate carcinogenesis. However, there are several 
additional lines of evidence that androgens and, 
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hence, the genes which regulate androgen activity, 
are involved in prostate carcinogenesis. These have 
been previously reviewed (Ross et al., 1998))  but 
include the importance of androgen in induction or 
progression of prostate cancer in the few experi-
mental models that mimic the human disease 
(Noble, 1977), the apparent absence of prostate can-
cer in men with constitutional underdeveloped 
prostate glands due to androgen deficiency (Ross et 
al., 1998), the importance of androgen deprivation 
as an effective initial therapy in men with early 
advanced prostate cancer (Ross & Schottenfeld, 
1996), the predictive value of circulating testosterone 
levels for subsequent prostate cancer development 
(Gann et al., 1996a), and the differences in the hor-
monal environment in men of different racial/ethnic 
backgrounds with markedly different patterns of 
prostate cancer incidence (Ross et al., 1986, 1992). 

The androgen receptor (AR) is a transcription 
factor encoded by the AR gene on the X chromo-
some (Coetzee & Ross, 1994). The AR gene encodes 
three distinct regions of the AR molecule: a hor-
mone (androgen) -binding domain, a DNA-binding 
domain and a transcription modulatory domain. 
The latter is completely encoded by a very large 
exon 1 which contains two well characterized 
polymorphic trinucleotide repeat sequences. The 
length of one of these sequences, a CAG repeat 
encoding a polyglutamine tract, was hypothesized 
by Coetzee and Ross (1994) to be related to andro-
gen transactivation activity and to prostate cancer 
risk. The hypothesis was based initially on the 
observations that an expansion of this repeat is the 
cause of an X-linked adult-onset motor neuron dis-
ease, spinal and bulbar muscular atrophy or 
Kennedy's disease (La Spada et al., 1991) and that 
men with this disorder trans activate androgens 
suboptimally and have evidence of hypoandro-
genicity (Arbizu et al., 1983). The hypothesis stated 
that men with longer CAG repeats within the nor-
mal range (9-33) will have progressively lower 
androgen transactivation activity (despite normal 
DNA-binding by the AR) and correspondingly 
lower prostate cancer risk (Coetzee & Ross, 1994). 
This hypothesis has received some support from in 
vitro studies demonstrating that there is a linear 
inverse relationship between CAG repeat length 
and transactivation activity as measured by 
reporter genes in transfection assays (Chamberlain 
et al., 1994). Indirect support has also come from  

observations that average CAG length varies by 
race/ethnicity, with African Americans having 
shorter repeats on average, followed by 
Caucasians, with Oriental populations having, on 
average, the longest, as predicted from their respec-
tive prostate cancer incidence rates (Coetzee & 
Ross, 1994). In a population-based case—control 
study in Los Angeles, white men with less than the 
average number of CAG repeats in the control pop-
ulation had twice the risk of prostate cancer com-
pared with men having more than the average 
number (2.5 times the risk of advanced disease) 
(Ingles etal., 1997). This relationship has been con-
firmed by other studies (Stanford et al., 1997; 
Giovannucci et al., 1997). 

The other gene in the androgen signalling path-
way that has been a subject of fairly detailed study 
as a candidate gene for prostate cancer is the 
steroid 5-alpha reductase type II (SRD5A2) gene. 
SRDSA2 is one of two 5-alpha reductase isozymes, 
but is the most active in prostate tissue (Thigpen et 
al., 1992). The SRD5A2 gene is located on chromo-
some 2. In addition to silent single nucleotide 
polymorphisms, seven substitution single 
nucleotide polymorphisms (SNPs) have been 
described by Reichardt et al. (1995) and a TA repeat 
polymorphism has been described in the 3-
untranslated region (3'UTR) region of the gene. 
Although unique allelic variants have been 
described for both African Americans and Asians 
for the TA repeat, no clear functional relevance has 
yet been ascribed to this marker (Ross et al., 1995). 

For the seven substitution polymorphisms, 
Makridakis et al. (1999) have conducted transfec-
hon assays in which they compared the pharma-
cokinetic properties of the mutant enzymes in Vitro 
with those of the wild-type enzyme. These assays 
suggested that some of these substitution changes 
represented true polymorphisms, in that despite 
an amino acid change, the mutant enzyme kinetic 
properties were identical to those of the wild-type 
enzyme. However, others resulted in substantial 
increases in enzyme activity (in particular an ala-
nine to threonine substitution at codon 49 
(A49T)), while others resulted in decreased enzyme 
activity (e.g., a valine to leucine substitution at 
codon 89 (V89L)). The results in this artificial sys-
tem have been validated by the demonstration 
that the A49T mutation despite being quite 
uncommon in the general population, with a 
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variant allele frequency of < 1.0%, was strongly 
associated with prostate cancer, especially 
advanced disease, in two populations in Los 
Angeles, Latinos (RR for advanced disease in men 
with at least one T allele = 3.6, p = 0.04) and 
African Americans (RR for advanced disease in men 
with at least one T allele = 7,1, p = 0.001) 
(Makridakis et al., 1999). Although the V89L allele 
has not yet been reported to be inversely associ-
ated with prostate cancer risk, as predicted by the 
in vitro assays, it has been demonstrated to be cor-
related with low circulating androstanediol glu-
curonide levels, an index of whole-body 5-alpha 
reductase activity (Reichardt et ai., 1995). 

A third gene in the androgen signalling pathway 
that has undergone preliminary epidemiological 
evaluation is the CYP3A4 gene, whose product is 
involved in oxidation of testosterone in the prostate 
to a series of biologically inert metabolites. Rebbeck 
et al. (1998) compared the allele distribution of an 
SNP in a series of high-grade advanced versus low-
grade localized prostate cancer. Among men in the 
advanced prostate cancer group, 46% carried a vari-
ant allele compared with only 5% of men in the 
low-grade/early-stage group (OR = 9.5, p < 0.001). 

Vitamin D signalling pathways 
Vitamin D (or, more accurately, 1,25-dihydroxy-
vitamin D, the bloactive vitamin D metabolite) is 
a potent antiproliferative agent in the prostate as 
well as a prodifferentiation agent for prostate cells 
in vitro (Peehl et al., 1994). As prostate cells them-
selves metabolize vitamin D precursor compounds 
to 1,25-dihydroxyvitamin D, vitamin D stimula-
tion of the prostate is under both local and sys-
temic control. There are some, although not totally 
consistent, epidemiological data indicating that 
circulating levels of 1,25-dihydroxyvitamin D are 
inversely associated with prostate cancer develop-
ment (Corder et al., 1995; Gann et al., 1996b). 
Vitamin D has inhibitory effects on prostate 
growth in experimental models, further support-
ing a possible chemopreventive role in prostate 
cancer. Vitamin D signalling is mediated by the vit-
amin D receptor. A number of polymorphisms in 
the vitamin D receptor (VDR) gene with common 
allele variants have been identified (Morrison et al., 
1992). Several of these have been shown to have 
biological correlates in relation to bone mineral 
metabolism, in which vitamin D plays an 

important role, and have been extensively studied 
in relation to fractures or other health outcomes 
caused by altered bone mineral metabolism. A few 
of these polymorphic markers have also been stud-
ied in relation to prostate cancer risk. Ingles et al. 
(1997) reported that a polyA microsatellite with a 
bimodal polymorphic distribution was strongly 
related to prostate cancer risk in whites; men with 
at least one long' A allele of this marker, which is 
located in the 3'UTR of the gene, had a 4.6-fold 
higher prostate cancer risk than men homozygous 
for short' polyA alleles. Similar results have been 
obtained for other markers in linkage disequilib-
rium with the polyA microsatellite in whites 
(Taylor et al., 1996). Studies in African Americans 
have also supported the notion that polymorphic 
markers in and around the 3UTR of the VDR gene 
are associated with increased risk of prostate cancer 
(Ingles et al., 1998). 

Strategies to evaluate chemopreventive agents 
for prostate cancer in human populations 
There are three strategies currently in use in 
human populations to evaluate chemopreventive 
efficacy either against prostate cancer per se or in 
the context of biomarkers of prostate cancer risk or 
histological precursors of prostate cancer. Each of 
these strategies has its own particular strengths 
and limitations. 

One strategy is to give a potential chemopre-
ventive agent to a patient with biopsy-proven 
prostate cancer who is awaiting definitive prostate 
surgery. This strategy has the advantage of pre- and 
post-intervention tissue availability and large 
quantities of tissue to evaluate post-intervention. 
As the individual undergoing therapy has prostate 
cancer, there is a low likelihood of causing harm 
through administration of the agent. 
Disadvantages of this strategy include the short 
duration of the intervention (usually a matter of 
weeks), our current general lack of knowledge 
regarding changes in biomarkers suggesting possi-
ble efficacy, and concern that the response of 
patients with prostate cancer to a chemopreven-
tive intervention might be different to that of 
healthy individuals. [This strategy would also fall 
outside the definition of chemoprevention adopted by 
the participants in the workshop - Ed.] 

The second strategy takes advantage of the fact 
that men with elevated prostate-specific antigen 
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(PSA) who are sextant biopsy-negative for prostate 
cancer require a second biopsy as part of routine 
clinical management, typically one year later. This 
creates a one-year window for evaluating a chemo-
preventive intervention with small amounts of tis-
sue available pre- and post-treatment. This strategy 
has the advantage of allowing a longer-term eval-
uation of the agent but, like the pre-prostatectomy 
approach, it is unclear what biomarkers should be 
evaluated to provide evidence of efficacy as a 
chemopreventive agent. As many of these men 
have high-grade prostatic intraepithelial neoplasia 
(PIN) lesions, a probable histological precursor of 
prostate cancer, alteration in these lesions has been 
suggested as a possible target of efficacy. 
Availability of tissue after the intervention as part 
of the routine clinical management of these 
patients is an enormous advantage of this 
approach. This second strategy has been tested in 
a small randomized study of the 5-alpha reductase 
inhibitor finasteride (Cote et al., 1998). 

The final strategy is a full-fledged prevention 
trial in healthy individuals. This is a long-term 
strategy and involves large numbers of partici-
pants. The duration and size of such trials yield 
advantages of contributing to our understanding 
of the efficacy of an intervention over a long 
period and permitting evaluation of interesting 
subgroups. On the other hand, these same factors 
contribute to the enormous cost of such studies 
and to their logistic complexity. Unlike the other 
two strategies, prostate cancer is, by definition, the 
outcome being assessed. However, to assess the 
development of histological, as opposed to clinical 
prostate cancer, using this design requires an inva-
sive procedure (i.e., a prostate biopsy) outside the 
course of routine clinical care. 

Implications of prostate cancer molecular 
genetics for chemoprevention trials 
While chemoprevention trials are typically 
designed to have adequate statistical power to 
measure the overall impact of an intervention 
against a placebo or non-intervention group (or 
one intervention against another), one should not 
expect homogeneity in response. A strategy to help 
identify those individuals who will derive the 
greatest (or least) benefit from the intervention is 
highly desirable. A full understanding of etiologi-
cal pathways at the molecular level would 

undoubtedly help achieve these goals. Recent work 
on the SRDSA2 gene illustrates the potential 
importance of such an understanding in a chemo-
prevention setting. Studies of polymorphic vari-
ants of the SRD5A2 gene in vitro have not only 
demonstrated huge variability in the pharmacoge-
netic properties of the mutant enzymes versus the 
wild type (as much as 150-fold variability for some 
parameters), but also substantially variability in 
response to the 5-alpha reductase inhibitor finas-
tende (Makridakis & Reichardt, 2000). Thus, in the 
current national chemoprevention trial of finas-
tende intervention in the United States, it is highly 
probable that any chemopreventive efficacy, or 
lack of it, will be modified by underlying genetic 
susceptibility related to the SRDSA2 gene. 
Determining SRDSA2 genotype should become an 
important component of that large study. 

Another potential value of including candidate 
gene studies in chemoprevention trials is the pos-
sibility of identifying appropriate target groups for 
the intervention. It is generally considered that, 
although polymorphic variants of candidate genes 
which alter cancer risk may be relatively common 
in the population, these variants have only a mod-
est influence on risk, but there are notable excep-
tions (Makridakis et al., 1999). Full elucidation of 
molecular etiological pathways, as is being 
achieved in the area of androgen signalling in the 
prostate, can potentially allow the development of 
a polygenic etiological model of the disease (Ross 
et al., 1998). Such a model, in turn, can allow iden-
tification of groups of individuals at very high risk 
of prostate cancer development by virtue of multi-
ple high-risk allelic variants in candidate genes 
involved in these pathways. These individuals can 
then become targets for chemoprevention inter-
ventions, hopefully increasing the efficiency in 
terms of number of patients if not time for the 
completion of such a study. 

Finally, understanding the relationship between 
candidate genes and disease risk opens up the 
possibility that a particular gene or its product may 
itself become a target for chemopreventive 
interventions. As understanding these relation-
ships may also allow a fuller understanding of 
complex molecular etiological pathways, this 
approach can also potentially contribute to the 
development of new chemopreventive agents 
(Ross et al., 1998). 
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Exposure biornarkers in 
chemoprevention studies of liver 

Hepatocellular carcinoma (HCC) is the most common type of liver cancer, the major risk factors 
being hepatitis B and C viruses and aflatoxins other factors such as alcohol are also of impor-
tance in some populations. Aflatoxin exposure biomarkers include urinary aflatoxin metabolites 
and aflatoxin—albumin adducts in peripheral blood. These biomarkers are well validated and 
have been applied in studies of many populations worldwide. They are proving to be valuable 
end-points in intervention studies, including chemoprevention studies. The biomarkers permit 
assessment of primary prevention measures to reduce aflatoxin intake. In addition, the 
determination of individual urinary aflatoxin metabolite profiles means that the effectiveness of 
chemopreventive agents designed to modulate aflatoxin metabolism can also be evaluated. Both 
aflatoxin—albumin adducts and urinary aflatoxin metabolites have been associated with 
increased HCC risk in prospective studies, indicating the predictive value of these biomarkers 
at the group level. However, given the multifactorial and multistep nature of HCC, it is unlikely 
that these exposure biomarkers will be predictive at the individual level or be of value as 
surrogate end-points in longer-term intervention trials aimed at reducing disease incidence. 
Aflatoxin-related mutations at codon 249 of the p53 gene in plasma may be more relevant in this 
regard but their application requires further understanding of the temporal appearance of this 
biomarker in relation to the natural history of the disease. 

Introduction 
There are estimated to be half a million new cases 
of liver cancer each year worldwide. The major risk 
factors for hepatocellular carcinoma (HCC) are 
hepatitis B and C viruses (HBV and HCV), aflatox-
ins and alcohol. In developing countries, HBV and 
HCV are estimated to be associated with 67% and 
24% of cases respectively, while the corresponding 
figures for developed countries are 29 and 22% 
(Pisani et al., 1997). Aflatoxins contribute signifi-
cantly to HCC incidence in regions of high HBV 
prevalence, where the two factors appear to act 
synergistically (Wild & Hall, 1999). Tobacco, oral 
contraceptives and schistosome infection also con-
tribute to HCC incidence in some parts of the 
world, although they are quantitatively of less 
importance (Stuver, 1998). In the other major form 
of liver cancer, cholangiocarcinoma, the major risk 
factor identified is infection with liver flukes (e.g., 
Opisthorchis viverrini) (Parkin etal., 1991), although 
N-nitrosamines may also play a role (Srivatanakul 

et al., 1991). Occupational exposure to vinyl chlo-
ride is associated with development of another 
type of liver cancer, angiosarcoma (IARC, 1987). 
This chapter deals briefly with exposure biomark-
ers to the risk factors for HCC, but focuses primar-
ily on aflatoxins, for which most experience with 
chemoprevention has been accrued. 

Hepatitis viruses 
Exposure to hepatitis B and C viruses can be accu-
rately assessed by measuring either viral proteins or 
circulating antibodies to those proteins in the 
peripheral blood. Resolved infections and persis-
tent active infections can also be differentiated 
(IARC, 1994). For example, persistent hepatitis B 
surface antigen (HBsAg) in the blood indicates 
chronic carriage and the presence of the 'e' antigen 
and HBV DNA indicates active viral replication. 
Positivity for antibody to HBsAg (anti-1113s) 
indicates resolved infection and immunity. 
Presence of antibody to hepatitis B core antigen 
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(anti-HBc) indicates exposure to the virus, with 
acute, chronic or resolved infection depending on 
the presence of other viral markers. In cross-sec-
tional studies in areas of endemic HBV infection, 
such as Guinea-Conakry in west Africa, >80% of 
individuals are anti-HBs-positive and 15-20% 
HBsAg-positive (Sylla et al., 1999). The availability 
of these biomarkers of hepatitis exposure has per-
mitted the strong and specific association between 
HBV exposure and HCC to be established in both 
prospective and case-control studies (IARC, 1994). 
In addition, the markers can be used in evaluation 
of the effectiveness of HBV vaccination pro-
grammes in the prevention of both chronic 
carriage and HCC. 

Alcohol 
A number of biomarkers of exposure to alcohol 
consumption are being developed. One of the 
most promising is the detection of acetaldehyde 
bound to peripheral blood proteins (Conduah Birt 
et al., 1998). Alcohol is metabolized to acetalde-
hyde by alcohol dehydrogenase and can be further 
metabolized to acetate by acetaldehyde dehydro-
genase. Acetaldehyde is genotoxic and may be 
important in the carcinogenic action of alcohol 
(IARC, 1988). This is supported by recent observa-
tions that risk of alcohol-related cancer of the oral 
cavity and pharynx is increased in individuals with 
alcohol dehydrogenase genotypes associated with 
fast metabolism of alcohol to acetaldehyde; the 
risk is limited to heavy drinkers (Harty et al., 1997). 
Consequently a biomarker of acetaldehyde-DNA 
or -protein adducts would be valuable. Conduah 
Birt etal. (199 8) have described the covalent bind-
ing of acetaldehyde to globin and shown that the 
level of this biomarker is elevated in heavy 
drinkers. This biomarker could potentially be used 
to assess the impact of chemoprevention or lifestyle 
changes on alcohol-related cellular damage. 

Aflatoxins 
Measuring individual exposure to aflatoxins by 
either dietary questionnaire or food analysis is 
problematic. First, aflatoxins can contaminate a 
variety of cereals and oilseeds, so that measured 
intakes of one or two specific food commodities 
may not be useful as a surrogate for aflatoxin expo-
sure, particularly in countries with a varied diet. 
Further, in countries with limited variety in the 

staple diet, the similarity of diet between individ-
uals makes questionnaire-based assessments unin-
formative. Second, aflatoxin contamination is 
heterogeneous in nature, affecting perhaps one 
groundnut or maize kernel in a given batch. This 
hampers food analysis because it makes represen-
tative sampling extremely difficult to achieve. In 
the light of these difficulties, biomarkers of 
aflatoxin exposure have been developed and sub-
sequently widely applied in studies of exposed 
human populations (Montesano et al., 1997). In 
many ways, the aflatoxin biomarkers have become 
a paradigm for other chemical carcinogens and 
have been employed in chemoprevention studies 
to a degree not yet achieved in other cases 
(Groopman & Kensler, 1999). 

The exposure biomarkers for aflatoxins have 
been developed on the basis of an understanding 
of their mechanisms of action, in particular their 
activation and detoxification by phase I and II 
enzymes (Guengerich et al., 1998). The principal 
biomarkers of exposure include urinary metabo-
lites and adducts, specifically albumin adducts in 
blood and DNA adducts in urine. These are 
considered briefly below; their application to 
chemoprevention studies is then discussed in the 
light of the properties of these biomarkers. 

Urinary aflatoxin biomarkers 
The hydroxylated aflatoxin metabolite, aflatoxin 
M1  (AFM), was detected in human urine samples 
30 years ago (Campbell et al., 1970). Significant 
advances in analytical sensitivity and specificity 
were achieved with the application of immuno-
affinity columns to purify aflatoxins from urine 
samples (Groopman et al., 1985; Wild et al., 
1986b). This approach permitted a number of afla-
toxins to be detected in a single urine sample 
(Groopman et al., 1985); these included metabo-
lites considered to be detoxification products such 
as AFM1, but also a nucleic acid adduct of aflatoxin 
B1  (AFB,), AFB,-N7-guanine. More recently, the 
AFB,-mercapturic acid conjugate has been 
detected in human urine (Wang et al., 1999). 

Urinary levels of aflatoxin metabolites have 
been shown to correlate with measurements of 
dietary intake at the individual level (Zhu et al., 
1987; Groopman etal., 1992). While this is true for 
a number of metabolites, it is not the case for all, 
aflatoxin P1  being one exception. This is probably 
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because this metabolite can be excreted in both the 
bile and urine and hence measurements in only 
one compartment can be misleading (Groopman et 
at., 1993): However, excellent correlations between 
dietary intake, AFB,-N7-guanine and total urinary 
aflatoxin levels have been found, particularly 
when exposure and urinary levels are integrated 
over a number of days by collecting consecutive 
24-hour urine samples (Groopman et al., 1992). 
This latter approach overcomes problems due to 
the rapid excretion of aflatoxins in the urine, 
which occurs over some 24-48 hours following 
ingestion and can lead to rapidly fluctuating levels. 
For example, in a study in The Gambia, 24-hour 
urine samples were collected on four consecutive 
days from 20 individuals and the day-to-day fluc-
tuation in urinary levels was marked, exceeding 
two orders of magnitude in some cases (Groopman 
etal., 1992; Hall & Wild, 1994). This could clearly 
lead to misclassification of exposure status if only 
a single day's level were taken into account. 
However, when the mean daily urinary aflatoxin 
levels over four days were compared with the mean 
daily aflatoxin intake for each individual over one 
week, excellent correlations were observed for both 
total urinary aflatoxins and APB,-N7-guanine 
(Groopman et al., 1992). 

In a prospective cohort study in Shanghai, 
urinary levels of aflatoxin metabolites were posi-
tively associated with HCC risk and a synergistic 
interaction between HBV and aflatoxins was 
observed (Qian et al., 1994). The association was 
strongest with AFB,-N7-guanine adduct, but was 
also positive with AFM1. Similar data have been 
obtained from a prospective cohort study in 
Taiwan using urinary aflatoxins and aflatoxin-
albumin adducts as exposure markers (Wang et al., 
1996). To date, the biomarker data in these studies 
have been used as a categorical rather than con-
tinuous variable, with simple dichotomization 
into positive or negative or high and low levels. 
Thus no quantitative dose-response data are yet 
available. 

Af/atoxin-albumin adducts 
Aflatoxin-albumin adducts are detected in peri-
pheral blood of both animals and humans exposed 
to aflatoxin. As with DNA adducts, there is a linear 
dose-response relationship following aflatoxin 
exposure in rats (Wild et al., 1986a, 1996). 

Furthermore, with multiple exposures, adducts 
accumulate and reach a plateau;  in different strains 
of rats, mice, hamsters and guinea-pigs, the albu-
min adducts are correlated with hepatic DNA 
adduct levels and reflect qualitatively the suscepti-
bility of these four species to aflatoxin toxicity and 
carcinogenicity (Wild et ai., 1986a; 1996). In rats, 
the aflatoxin-albumin conjugate appears to turn 
over with the half-life of albumin itself (Sabbioni et 
al., 1987; Wild et ai., 1986a). This has not been for-
mally demonstrated in humans, but assuming it to 
be the case, a single measurement should reflect 
an integration of exposure over the previous two to 
three months. Certainly, the albumin adduct mea-
surement provides a more stable biomarker than 
urinary metabolites (Hall & Wild, 1994). 
Aflatoxinalbumin adducts were associated with 
increased HCC risk in HBV carriers in the Taiwan 
cohort mentioned above (Wang et ai., 1996). 

Aflatoxin-albumin adducts have proved to be 
an excellent marker for assessing exposure in many 
countries worldwide (Montesano et ai., 1997). We 
detected the highest levels and prevalence of expo-
sure in west Africa (The Gambia, Guinea, Senegal, 
Burkina Faso) where groundnuts, a frequent source 
of aflatoxin exposure, are consumed as a dietary 
staple. High levels are also observed in maize-
consuming countries such as Kenya and parts of 
southern China. Lower levels of exposure occur 
where the diet is more varied (e.g., Thailand, 
Nepal). In contrast, in Europe, the United States 
and Canada, almost no human sera have been 
found to be aflatoxin-positive in our studies 
(Montesano et al., 1997; Wild et al., unpublished 
data). 

If adducts are to be used as outcome markers in 
intervention studies, it is important to understand 
the parameters which can influence their level. In 
a study of environmental and genetic determi-
nants of aflatoxin-albumin adduct levels in The 
Gambia, we observed that season and geography 
were major factors associated with the levels of 
adducts measured (Wild et ai., 2000). The seasonal 
variations were consistent with previous observa-
tions (Wild et al., 1990) but were probably further 
complicated by annual variations in toxin levels 
dependent on climatic conditions. In contrast, 
genetic polymorphisms in aflatoxin-metabolizing 
enzymes or phenotypic expression of cytochrome 
P450 3A4 (measured by urinary cortisol: 6-hydroxy- 
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cortisol ratio) were not strong determinants of 
adduct levels (Wild et al., 2000). In adults, HBV sta-
tus did not appear to be associated with higher 
adduct levels, although there was a suggestion of 
this in children, particularly at the time of acute 
infection (Allen et ai., 1992; Wild et aL, 1993; P.C. 
Turner, M. Mendy, Aj. Hall, M. Fortuin, H. Whittle 
& C.P. Wild, unpublished data). 

p53 mutations 
The AFBI-N7-guanine adduct can give rise to G to 
T transversion mutations (Bailey et al., 1996). In 
HCC from regions of high aflatoxin exposure, p53 
mutations are common and specifically a high 
prevalence of an AGG (Arg) to AGT (Ser) mutation 
at codon 249 has been detected (Montesano etal., 
1997). This mutation is also seen in non-tumour 
liver tissue from regions of the world where afla-
toxin exposure is elevated (Aguilar etal., 1994), but 
is extremely rare in HCC from countries where 
aflatoxin exposure is low, even though HBV infec-
tion is present in association with many of the 
tumours. Harris has concluded that the weight of 
evidence, according to the Bradford Hill criteria, 
supports the causality of the relationship between 
aflatoxin exposure and the codon 249 mutation 
(Hussain & Harris, 1998). Kirk et al. (2000) have 
reported the presence of this same mutation in the 
plasma of HCC cases in The Gambia. The preva-
lence in cases (36%) was significantly higher than 
in cirrhotics (15%) and controls without liver 
disease (6%). Furthermore, the mutation was not 
detected in plasma from HCC cases from France. It 
remains to be determined whether the codon 249 
mutations in plasma DNA observed in The Gambia 
are related specifically to the presence of HCC, in 
which case the cirrhotics and controls who were 
positive for the biomarker may have occult cancer, 
or whether the mutation also reflects heavy afla-
toxin exposure with frequent somatic mutation 
and clonal expansion of individual hepatocytes. A 
prospective study would provide an answer to this 
question. 

Chemoprevention 
HBV vaccination is a priority for reducing the 
global burden of HCC. Currently, however, only 
about 1% of African children receive the vaccine. 
There are 360 million HBV carriers worldwide and 
the continuing restricted access to the vaccine 

means that the number of cartiers will remain high 
for at least several decades. Given the high num-
bers of HBV carriers and the synergistic interaction 
between aflatoxins and HBV, intervention to 
reduce aflatoxin exposure is also merited. 

Interventions to reduce aflatoxin-related disease 
involve initiatives at the individual level or 
community level (Wild & Hall, 2000). The com-
munity level approach can involve either pre- or 
post-harvest measures, while at the individual level 
the intervention can comprise a change in diet to 
avoid intake of frequently contaminated foods or 
chemoprevention to reduce the toxicity of afla-
toxins once ingested. 

Aflatoxin exposure biomarkers have been devel-
oped based on an understanding of the metabo-
lism of these compounds in humans (Figure 1 A). A 
number of these biomarkers have been validated 
and subsequently widely applied in human popu-
lations. Modulation of the level of a biomarker can 
be used to assess the effectiveness of interventions 
(Figure 1 B). For example, primary prevention mea-
sures aimed at reducing aflatoxin intake should 
lead to a reduction in all biomarker levels, In 
addition, the ability to examine individual afla-
toxin metabolite profiles means that the effective-
ness of chemopreventive agents designed to 
modulate aflatoxin metabolism can also be evalu-
ated (Figure 113). 

Most progress has been made using the urinary 
aflatoxin metabolites and aflatoxin-albumin 
adducts in relation to chemoprevention with 
oltipraz in the People's Republic of China, but the 
latter biomarker is also being applied in a post-har-
vest intervention in Guinea-Conakry (Sylla et al., 
1999). The use of biomarkers in these studies is dis-
cussed briefly below. 

Animal species show marked differences in 
sensitivity to aflatoxin-DNA and -protein adduct 
formation and susceptibility to aflatoxin carcino-
genesis (Wild et al., 1996). Induction of 
glutathione S-transferases (GST) and aflatoxin 
aldehyde reductase decreases aflatoxin-DNA and 
-protein adduct formation and blocks aflatoxin 
carcinogenicity in rats (Judah et al., 1993; 
Groopman & Kensler, 1999). Therefore a similar 
modulation of the balance between aflatoxin acti-
vation and detoxification in humans has been 
sought. The drug used, oltipraz, is one originally 
prescribed to treat schistosomiasis. 
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Aflatoxin-Bi 
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	 * 

CYP1A2 and 3A4 
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Aflatoxin-glutathione 

Aflatoxin-DNA 

Aflatoxin-mercapturic acid 

Aflatoxin-1\17-guanine 

+ 

Urine 

Aflatoxin-5,9-dihydrodiol 

Aflatoxin-albumin 

Peripheral blood 

B 

Aflatoxin biornarker 	 Primary intervention: 	Secondary intervention: 

Reduce intake Oltipraz Chiorophyllin 

Aflatoxin-albumin Decrease Decrease Decrease 

Aflatoxin M Decrease Decrease Decrease 

Aflatoxin-N7-guanine Decrease Decrease Decrease 

At latoxi n—mercapturic acid Decrease Increase Decrease 

Figure 1. Aflatoxin metabolism and biomarkers 
A: Aflatoxin biomarkers in bold, oltipraz effects indicated by stars. Oltipraz reduces GYP 1A2 and increases glu-
tathione S-transferase (GST) activity (Wang et aL, 1999) (see text). 

B: Effects of various aflatoxin intervention strategies on biomarker levels. Primary intervention to reduce aflatoxin 
intake, secondary intervention by (a) oltipraz to modify aflatoxin metabolism, (b) chloropliylliri to reduce gastroin-
testinal absorption (see text for details). 

In China, Kensler and colleagues have demon-
strated that oltipraz can modulate aflatoxin metab-
olism, probably by inhibiting activity of 
cytochrome P450 (CYP) lA2, an enzyme which 
activates AFB, to AFB1-8)9-epoxide and by increas-
ing the level of GST-mediated conjugation of the  

epoxide to glutathione (Jacobson et at., 1997; 
Kensler et al., 1998, 1999; Wang et al., 1999; see 
also Ken sler et al., this volume). These effects were 
demonstrated by assay of urinary AFM1  (a product 
of CYP1A2 metabolism of AFB), peripheral blood 
aflatoxin—albumin adducts and the urinary 
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aflatoxin-mercapturic acid conjugate. in a phase 
JIb clinical trial in Qidong County, People's 
Republic of China, 250 or 500 mg oltipraz was 
administered weekly over one year (Kensler et al., 
1999). While the phase II trials establish an effect 
of oltipraz on aflatoxin metabolism, a further trial 
would be required to evaluate the chemopreven-
tive action of oltipraz against aflatoxin-induced 
carcinogenesis, with disease incidence as an out-
come. Unless aflatoxin exerts a hepatocarcinogenic 
effect late in the natural history of the disease, a 
long follow-up would be required to detect the 
effect of the intervention. Oltipraz has been 
reported to inhibit HBV replication in cells in vitro 
by induction of a p53-mediated effect on the HBV 
reverse transcriptase (Chi et al., 1998). If this also 
occurs in vivo, markers of HBV replication could be 
used to monitor the effect in oltipraz intervention 
trials. 

If any of the above aflatoxin biomarkers are 
demonstrated to be strong predictors of cancer 
risk, they could be used as surrogate measures of 
disease outcome in future studies. It is unlikely 
that the transient aflatoxin adducts (with DNA or 
albumin) will fulfil this requirement at the 
individual level; this is suggested indirectly in rats 
where a correlation between adducts and liver 
cancer was seen at the group but not individual 
level (Kensler et al., 1997). However, the specific 
p53 codon 249 mutation related to aflatoxin expo-
sure may be more predictive of individual risk. In 
this respect, the above-mentioned recent identifi-
cation of this mutation in the plasma of Gambians 
with liver cancer or cirrhosis is encouraging (Kirk et 
al., 2000). 

In addition to oltipraz, a number of other 
chemopreventive agents are being developed with 
respect to aflatoxin (Kelly et al., 2000). One of 
these is chlorophyllin, which can inhibit aflatoxin 
adduct formation and carcinogenicity by non-
covalent complex formation between the two 
compounds (Hayashi et al., 1999). The biomarkers 
of aflatoxin exposure mentioned above would be 
equally applicable to evaluating effects of this type 
of chemopreventive agent. 

In summary, both aflatoxin-albumin adducts 
and urinary aflatoxin metabolites have been asso-
ciated with increased HCC risk in prospective stud-
ies, indicating the predictive value of these bio-
markers at the group level. However, given the  

multifactorial and multistep nature of HCC, it is 
unlikely that these exposure biomarkers will be 
predictive for HCC risk at the individual level or be 
of value as surrogate end-points in longer-term 
intervention trials aimed at reducing disease inci-
dence. The aflatoxin-related codon 249 p53 muta-
tions in plasma may be more relevant in this 
regard, but further understanding of the temporal 
relationship between the appearance of this bio-
marker and the natural history of the disease is 
needed. 
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Significance o Ihepatic preneoplasia 
for IiI I chemoprevention 

Hepatic preneoplasia represents an early stage in neoplastic development, preceding both 
benign and malignant neoplasia. This applies particularly to foci of altered hepatocytes (FAH), 
that precede the manifestation of hepatocellular adenomas and carcinomas in all species inves-
tigated. Morphological, microbiochemical and molecular biological approaches in situ have 
provided evidence for striking similarities in specific changes of the cellular phenotype of 
preneoplastic FAH emerging in experimental and human hepatocarcinogenesis, irrespective of 
whether this was elicited by chemicals, hormones, radiation, viruses or, in animal models, by 
transgenic oncogenes or 1-leilcobacter hepaticus. Different types of FAH have been 
distinguished and related to three main preneoplastic hepatocellular lineages (1) the 
glycogenotic-basophilic cell lineage, (2) its xenomorphic-tigroid cell variant, and (3) the 
amphophilic-basophilic cell lineage. The predominant glycogenotic-basophilic and tigroid cell 
lineages develop especially after exposure to DNA-reactive chemicals, radiation, hepadnaviri-
dae, transgenic oncogenes and local hyperinsulinism, their phenotype indicating initiation by 
insulin or insulinomimetic effects of the oncogenic agents. In contrast, the amphophilic cell 
lineage of hepatocarcinogenesis has been observed mainly after exposure of rodents to 
peroxisome proliterators that are not directly DNA-reactive or to hepadnaviridae, the biochemical 
pattern mimicking an effect of thyroid hormone, including mitochondrial proliferation and 
activation of mitochondrial enzymes. Hepatic preneoplastic lesions are increasingly used as 
end-points in carcinogenicity testing, particularly in medium-term carcinogenesis bioassays. 
This has been complemented more recently by the use of FAH as indicators of chemopreven-
tion, although possible pitfalls of this approach have to be considered carefully. Our 
ever-increasing knowledge on the metabolic and molecular changes that characterize preneo-
plastic lesions and their progression to neoplasia provides a new basis for rational approaches 
to chemoprevention by drugs, hormones or components of the diet. 

Introduction 
Hepatocellular carcinoma (HCC) is one of the most 
frequent malignant neoplasms in humans, and has 
a very poor prognosis. Primary and secondary pre-
vention appear to be the most promising 
approaches in the fight against this fatal disease. 
Chronic infection with the hepatitis B (HBV) and 
C (HCV) viruses, ingestion of foodstuffs contami-
nated with chemical hepatocarcinogens, particu-
larly the naturally occuring mycotoxin aflatoxin 
B1, and abuse of alcoholic beverages have been 
identified as major risk factors for the development 
of HCC (Bosch, 1997; Montesano et al., 1997; 
Stuver, 1998). At least some of these factors may 
act synergistically, as suggested particularly for 
HBV and aflatoxins by epidemiological observa-
tions. Vaccination against HBV has been intro- 

duced in several high-risk areas for HCC and the 
first results are promising (Chang et ai., 1997). 
However little, if any, progress has been made in 
prevention of HCC due to other risk factors. 

For most of the risk factors for human HCC, 
appropriate animal models, including chronic 
infection of woodchucks with the woodchuck 
hepatitis virus (WHy) which is closely related to 
HBV, have been established (Okuda & Tabor, 
1997). These models were instrumental in the 
analysis of the mechanism of hepatocarcinogene-
sis, and especially that of hepatic preneoplasia 
(Bannasch, 1996). Preneoplastic foci of altered 
hepatocytes (FAH) precede the manifestation of 
both benign (adenoma) and malignant hepatocel-
lular neoplasms by long lag periods, which may 
vary between months and years depending on the 
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cause of neoplastic development and the life span 
of the species affected. FAH were discovered more 
than three decades ago in rodents treated with 
nitrosamines (Bannasch, 1968; Friedrich-Freksa et 
al., 1969) and have since been observed in a large 
number of species, including non-human primates 
and humans, after exposure to hepatocarcinogenic 
agents of virtually all known classes, such as vari-
ous chemicals, hormones, HBV, HCV, WHV, 
Helicobacter hepaticus and radiation with X-rays, 
neutrons or a-particles from Thorotrast. FAH have 
also been found in transgenic iodent strains and a 
mutant (LEC) rat strain suffering from hereditary 
hepatitis, which are prone to develop a high inci-
dence of HCC (Grisham, 1996; Bannasch & 
Schröder, 2001). FAH have been studied most 
extensively in rodent models of chemical hepato-
carcinogenesis (Hasegawa & Ito, 1994; Pitot & 
Dragan, 1994; Farber, 1996; Bannasch & Zerban, 
1997), and have been increasingly used as end-
points in carcinogenicity testing (Bannasch, 1986; 
US National Institute of Environmental Health 
Sciences, 1989), particularly in risk identification 
by medium-term carcinogenesis bioassays (Ito et 
al., 1998; Williams & Enzmann, 1998). More 
recently, FAH have also been used as biomarkers 
for studying chemopreventive effects in experi-
mental hepatocarcinogenesis. Although this 
approach appears to be attractive, it is evident that 
only detailed knowledge of the pathobiolgy of the 
preneoplastic lesions and of the various animal 
models of hepatocarcinogenesis employed can 
avoid pitfalls in the evaluation of possible chemo-
preventive effects. 

Cellular origin of HCC and definition of preneo-
plasia 
There is continuing debate on the existence of 
potential stem-like liver cells which might be iden-
tical with, or closely related to, the so-called oval 
cells derived from the cholangioles, and might give 
rise to both cholangiocellular and hepatocellular 
carcinomas (Kitten & Ferry, 1998; Lazaro et al., 
1998; Steinberg et al., 1999). While there is general 
agreement that oval cells may be precursors of 
cholangiocellular neoplasms, their role in the evo-
lution of hepatocellular neoplasms remains con-
troversial (Bannasch & Zerban, 1997). In experi-
mental chemical hepatocarcinogenesis, it has been 
clearly shown that the dose determines whether 

the carcinogenic process is accompanied by oval 
cell proliferation. Only after exposure to high 
doses that lead to pronounced toxic damage of the 
liver parenchyma does oval cell proliferation occur 
frequently early during hepatocarcinogenesis. A 
similar dose-dependence has been observed for 
development of liver fibrosis and cirrhosis. These 
findings show clearly that neither oval cell prolif-
eration nor liver cirrhosis is an obligatory pre-
requisite for development of HCC. In contrast, 
FAH appear at all dose levels that lead to HCC, irre-
spective of whether cirrhotic changes or oval cell 
proliferation occur. Evidence for the preneoplastic 
nature of FAH has been provided by a number of 
laboratories (Hasegawa & Ito, 1994; Pitot & 
Dragan, 1994; Farber, 1996; Bannasch & Zerban, 
1997; Williams & Enzmann, 1998), hepatic pre-
neoplasia being defined as phenotypically altered 
cell populations that have no obvious neoplastic 
nature but indicate an increased risk for the devel-
opment of both benign and malignant neoplasms 
(Bannasch, 1986). The earliest-emerging FAH are 
composed of differentiated hepatocytes, which 
show specific morphological, metabolic and mole-
cular aberrations, and gradually dedifferentiate, 
while progressing through various intermediate 
forms to the malignant phenotype. 

Pathomorphology of preneoplastic hepato- 

cellular lineages 
Experimental chemical hepatocarcinogenesis 
For a long time, hepatic preneoplasia as defined 
above was almost exclusively studied during exper-
imental hepatocarcinogensis in rodents. On the 
basis of cytomorphological and simple cytochem-
ical criteria, resulting mainly from staining of 
alcohol-fixed serial sections with haematoxylin 
and eosin (H&E) and the periodic acid—Schiff reac-
tion (PAS) to reveal glycogen, at least eight differ-
ent types of preneoplastic FAH have been distin-
guished (Bannasch & Zerban, 1992; Goodman et 
al., 1994). Comprehensive sequential morpholog-
ical, stereological and biochemical studies in situ 
revealed that the different phenotypes of FAH are 
integral parts of preneoplastic hepatocellular 
lineages leading from highly differentiated hepa-
tocellular phenotypes to poorly differentiated 
neoplastic phenotypes. Three main hepatocellular 
lineages have been distinguished (Figure 1): (1) the 
glycogenotic-basophilic, (2) the xenomorphic- 
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Figure 1. Schematic diagram of hepatocellular lineages emerging in rodent liver during hepatocarcinogenesis. 
The predominant sequence of cellular changes (centre) starts with glycogenotic clear and acidophilic (smooth endoplasmic reticulum-rich) hepatocytes and pro-
gresses through intermediate phenotypes in mixed cell populations to glycogen-poor, homogeneously basophilic (ribosome-rich) cellular phenotypes prevailing 
in undifferentiated hepatocellular carcinomas. The tigroid basophilic cell lineage (to the right), originating from xenomorphic hepatocytes (X-cells), is character-
ized by cells with abundant highly ordered stacks of the rough endoplasmic reticulum and apparently represents a loss altered variant of the glycogenotic-
basophilic cell lineage. The amphophilic cell lineage (to the left), which has hitherto been described mainly in rats treated with nongenotoxic poroxisome prolif-
erators, and may include oncocytes in woodchucks chronically infected with the woodchuck hepatitis virus, consists of cells with a glycogen-poor cytoplasm 
containing both abundant granular-acidophilic (mitochondria and peroxisomes) and basophilic (ribosomes) components (from Bannasch, 1998). 
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tigroid, and (3) the amphophilic-basophilic cell 
lineage (Bannasch, 1996). After exposure of rats to 
the majority of hepatocarcinogenic chemicals, 
especially DNA-reactive compounds, the glyco-
genotic-basophilic lineage prevails. The sequence 
of cellular changes in this lineage starts with the 
appearance of glycogenotic clear and acidophilic 
cell foci and passes through mixed cell populations 
before formation of glycogen-poor, basophilic 
(ribosome-rich) neoplastic lesions. This progres-
sion-linked phenotypic instability is associated 
with a gradual reduction of the glycogen initially 
stored in excess, a multiplication of ribosomes 
resulting in increased cytoplasmic basophilia, and 
an ever-increasing cell proliferation and expansion 
from small to large foci (Bannasch, 1968; Moore & 
Kitagawa, 1991; Bannasch & Zerban, 1997). 
Although a minor but significant increase of cell 
proliferation is seen in the earliest glycogenotic 
foci, there is an inverse relationship between the 
gradual reduction of glycogen and the pronounced 
increase in cell proliferation during neoplastic 
development at later time points (Zerban et al., 
1994). The xenomorphic-tigroid cell lineage repre-
sents a less altered variant of the glycogenotic-
basophilic cell lineage (Weber & Bannasch, 1994c; 
Strbbel et al., 1998). 

In contrast, the amphophilic cell lineage is 
characterized by a completely different phenotype, 
frequently produced in rat liver by hepatocarcino-
gens that are not directly DNA-reactive, of the 
peroxisome proliferator type, including several 
hypolipidaemic drugs and the adrenal steroid 
hormone dehydroepiandrosterone (Weber et al., 
1988; Metzger et al., 1995). The amphophilic cell 
foci, synonyms of which are 'atypical eosinophilic 
foci' (Harada et al., 1989), 'weakly basophilic foci' 
(Marsman & Popp, 1994), arid 'large-cell basophilic 
foci (Christensen et ai., 1999), are not preceded by 
glycogenotic foci under most experimental condi-
tions, but are poor in glycogen from the begin-
ning. At the ultrastructural level, the amphophilic 
cells exhibit a proliferation of mitochondria 
wrapped by profiles of rough endoplasmic reticu-
lum, and sometimes also an increase in peroxi-
somes (Metzger et al., 1995). During progression to 
the malignant phenotype, the number of ribo-
somes and, consequently, the cytoplasmic 
basophilia usually increase. 

A series of stereological studies based on the 
morphological classification of FAH confirmed the 
progression-linked phenotypic instability of the 
predominant preneoplastic hepatocellular lineage 
(Table 1), and revealed that the number, size and 
phenotype of FAH is dose- and time-dependent, 
correlating with the appearance of hepatocellular 
adenomas and carcinomas (Moore & Kitagawa, 
1986; Enzmann & Bannasch, 1987; Weber & 
Bannasch, 1994c). The results of these investiga-
tions also support previous observations (Moore & 
Kitagawa, 1986; Farber & Sarma, 1987; Bannasch & 
Zerban, 1992, 1997) that a reversion-linked phe-
notypic instability of FAH may occur under certain 
experimental conditions, especially after repeated 
but limited administration of high sublethal doses 
of a single or several carcinogenic chemicals, lead-
ing to reappearance of less altered phenotypes after 
withdrawal of these agents (Weber & Bannasch, 
1994a,b,c). The cause of reversion-linked pheno-
typic instability is poorly understood, but it may 
be due mainly to the cessation of a proliferative 
stimulus elicited during carcinogen exposure by 
severe toxic parenchymal damage. 

Experimental physical, viral and hormonal hepato-
carcinogenesis 
In the past few years, it has been shown that the 
glycogenotic-basophilic and tigroid-xenomorphic 
lineages develop not only in experimental hepato-
carcinogenesis induced by chemicals such as 
nitrosamines, aflatoxin B1  and phenobarbital, but 
also in animal models of physical, viral and 
hormonal hepatocarcinogenesis (Table 2). In 
addition to neutrons and a-particles from 
Thorotrast (Ober et al., 1994), X-rays have been 
reported to produce the glycogenotic-basophilic 
cell lineage (Oehlert, 1978). Particularly rewarding 
for the understanding of human hepatocarcino-
genesis are the findings in the woodchuck model 
of hepadnaviral hepatocarcinogenesis (Toshkov et 
ai., 1990; Radaeva et al., 2000) and in the trans-
genic mouse models established by Chisari 
(Toshkov et al., 1994) and Kim et al. (1991), in 
which subgenomic fragments of HBV, coding for 
the large envelope polypeptide and the X protein, 
respectively, are expressed and trigger the develop-
ment of hepatocellular carcinomas. 
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IN 

Early emergence of foci of altered hepatocytes (FAH) in all models of chemical hepatocarcinogensis 

Phenotypic diversity and instability 

Integration of certain types of FAH in three main hepatocellular lineages 

Dose- and time-dependence of number, size, and phenotype of FAH correlates with appearance of 

hepatocetlular neoplasms 

Progression-linked phenotype instability is associated with ever-increasing cell proliferation (and 

apoptosis) and FM-I expansion 

Reversion-linked phenotypic instability results in reappearance of early prerreoplastic phenotypes but 

not in normal liver parenchyma 

s Lack of consistent genotypic changes in FAH 

Field effects rather than repeated clonai selections characterize progression of FAH 

Mathematical modelling of phenotypic cellular changes as epigenetic events 

Glycogenotic-basophiliclxenomorphic-tigroid cell lineages 

Criemicals: nitrosamines, atlatoxiri B, thioacetamide, phenobarbital 

Radiation: X-rays, neutrons, o-particles of Thorotrast 

Viruses: woodchuck hepatitis virus, subgenomic fragments of hepatitis B virus and simian virus 40 

Insulin: intrahepatic transplantation of pancreatic islets in diabetic rats 

Acnphophilic-basophilic cell lineage 

Chemicals: peroxisome proliferators including dehydroepiandrosterorie 

• Virus: woodchuck hepatitis virus 

The amphophilic-basophilic cell lineage has 
also been observed in experimental chemical, hor-
monal and hepadnaviral hepatocarcinogenesis 
(Bannasch et al., 1995; Metzger et al., 1995; 
Dombrowski et al., 2000; Radaeva et ai,, 2000). 
However, while the glycogenotic-basophilic and 
amphophilic-basophilic cell lineages are produced 
by different types of chemicals in the rat, they fre- 

quently coexist in hepadnaviral hepatocarcino-
genesis in woodchucks. 

Human hepatoca rcinogen es/s 
In resected livers from humans suffering from liver 
cell cancer and cirrhosis as a consequence of a vari-
ety of chronic liver diseases predisposing to HCC 
(Table 3), FAH comparable to those observed in 
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Glycogeriotic basophihc cell lineage 

HCC bearing livers urth and without cirrhosis 

Posthepatic cirrhosis (hepatitis B virus or 

hepatitis C virus) 

Alcoholic cirrhosis 

Biliary cirrhosis 

Cryptogeric cirrhosis 

• Inborn hepatic glycogenosis 

Amphophilic cell populations 

Frequent appearance under similar conditions 

except inborn hepatic glycogenosis 

animal models are often found (Altmann, 1994; 
Bannasch, 1996). We have evidence for the pre-
neoplastic nature of the glycogenotic-basophilic 
cell lineage (Bannasch et al., 1997b; Su et al., 1997), 
but this remains to be demonstrated for the 
amphophilic cell population in human hepatocar-
cinogdnesis. Cases of inborn hepatic glycogenosis, 
which result from a genetically fixed defect of glu-
cose-6-phosphatase and are associated with a high 
risk of developing hepatocellular neoplasms when 
the patients pass through adolescence, seem to be 
of particular heuristic value (Bannasch et al., 1984; 
Blanchi, 1993). 

Pathobiochemistry of preneoplastic hepato- 
cellular lineages 
The abnormal morphology of FAH is associated 
with a variety of biochemical and molecular aber-
rations, as demonstrated by cytochemical, micro-
biochemical and molecular biological methods 
(Moore & Kitagawa, 1986; Farber & Sarma, 1987; 
Schwarz et ai,, 1989; Pitot, 1990; Farber, 1996; 
Bannasch et al., 1997a; Mayer et al., 1998a; Feo et 
al., 2000a). Aberrations in energy and drug metab-
olism have attracted the most attention, but other 
metabolic pathways may also be affected. 
Resistance to experimentally induced haemo-
siderosis was introduced as a marker of various 

types of FAH (including glycogen storage foci) in 
rodents (Williams et al., 19 76) and has been suc-
cessfully applied to the detection of FAH in human 
hereditary haemochromatosis (Deugnier et al., 
1993). Similarly, excessive storage of glycogen 
(glycogenosis) and reduced activity of glucose-6-
phosphatase, which were the first biochemical 
markers of FAH discovered in rodents (Bannasch, 
1968; Friedrich-Freksa et cl., 1969), have been 
valuable for the identification of corresponding 
focal lesions in human liver (Bannasch et al., 
1997b). Among the enzymes involved in drug 
metabolism, -g1utamyltranspeptidase (yGT) 
(Kalengayi et cl., 1975) and the placental form of 
glutathione S-transferase (GSTP) (Sato et cl., 1984) 
have been widely used as markers for FAH (Sato, 
1989). It is important to realize, however, that the 
three preneoplastic hepatocellular lineages differ 
fundamentally in not only their morphological 
but also their biochemical phenotype. Thus, while 
yGT and GST-P are reasonable markers for FAH of 
the glycogenotic-basophilic cell lineage, they fail 
to reveal the majority of tigroid cell foci (StrObel et 
cl., 1998), and are completely absent from 
amphophilic cell foci (Rao et al., 1982; Mayer et al., 
1998a). Changes in the expression of certain genes, 
including those coding for various growth factors, 
and molecular genetic alterations, most of which 
were not studied in specific types of FAH and 
showed considerable interspecies variations, are 
considered by Grisham (1996), Bannasch & 
Schröder (2001) and Feo et al. (2000a). 

We have studied the biochemical phenotype of 
the two main preneoplastic hepatocellular 
lineages, the glycogenotic-basophilic and the 
amphophilic-basophilic lineages, using the 
nitrosamine-induced stop model of rat hepatocar-
cinogenesis (Bannasch, 1968) and rat liver contin-
uously exposed to dehydroepiandrosterone 
(Metzger et al., 1995; Mayer et al., 1998a). The pre-
neoplastic FAH occupy a maximum of 10% of the 
total liver volume, precluding the application of 
conventional biochemical or molecular biological 
approaches in tissue homogenates. We have, there-
fore, adopted enzyme histochemical, immuno-
histochemical, microbiochemical and molecular 
biological methods in situ (Bannasch et al., 1984, 
1997a). Based on these approaches, metabolic and 
molecular patterns in the predominant types of 
preneoplastic hepatic foci have been outlined. 
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Phenotypes mimicking a response to insulin 
In the glycogenotic foci, several metabolic changes 
apparently act in concert favouring glycogen accu-
mulation (Bannasch et al., 1997a; Mayer et al., 
1998b). In addition to inactivation of the adeny-
late cyclase-mediated signalling pathway, resulting 
in disturbance of phosphorylytic glycogen break-
down, the hydrolytic lysosomal degradation of 
glycogen by a-glucosidase is reduced. Decreased 
activity of glucose-6-phosphatase and expression 
of the glucose transporter protein GLIJT2 indicate 
a downregulation of gluconeogenesis (Grobholz et 
al., 1993). In contrast, increased activities of the 
key enzymes pyruvate kinase and glucose-6-phos-
phate dehydrogenase point to upregulation of 
glycolysis and the pentose phosphate pathway, 
providing precursors and energy for nucleic acid 
synthesis associated with increased cell prolifera-
tion (Hacker etal., 1982, 1998; Klimek etal., 1984). 
This metabolic pattern is consistent with an insuli-
nomimetic effect of the oncogenic agents (Klimek 
& Bannasch, 1993; Bannasch et al., 1997a). Direct 
evidence for such an effect in the early stages of 
hepatocarcinogenesis has been provided by a new 
animal model of hormonal hepatocarcinogenesis. 
Low-number intraportal pancreatic islet transplan-
tation in streptozotocin-diabetic rats results in 
rapid development of proliferative focal lesions, 
the morphological and biochemical phenotype of 
which is similar to that induced by a variety of 
oncogenic agents (Dombrowski etal., 1994, 1997). 
Within 1-2 years, the early-emerging glycogenotic 
foci gradually undergo metamorphosis towards a 
glycogen-poor, basophilic phenotype and give rise 
to hepatocellular adenomas and carcinomas, 
which regularly contain pancreatic islet cells. It 
may be relevant that an excess risk of primary liver 
cancer in human patients with diabetes mellitus 
has been repeatedly reported (Adami et al., 1996; 
Moore et al., 1998; Stuver, 1998); implications of 
the hyperinsulinaemia—diabetes—cancer link for 
preventive efforts have been considered (Moore et 
al., 1998). 

These observations and considerations 
prompted us to investigate the expression of sev-
eral components of the insulin signalling cascade 
(Figure 2) in FAH that emerge in the stop model of 
chemical hepatocarcinogenesis. We chose to study 
the insulin-receptor (IR), the receptor of the 
insulin-like growth factor I (IGF-RI), the insulin  

receptor substrates-1 and -2 (IRS-i, IRS-2) and the 
mitogen-activated extiacellular signal-regulated 
kinase-1 (MEK-i) by immunohistochemistry 
(Nehrbass et al., 1998, 1999; Nehrbass, 2000), and 
the proto-oncogenes c-raf-kinase and c-rnyc by in 
situ hybridization (Bannasch, 1996). The proto-
oncogene c-ra f holds a central position in several 
intracellular signalling cascades (Slupsky et al., 
1998). The product of the c-myc proto-oncogene 
acts as a transcription factor that, according to 
studies in transgenic mice, regulates hepatic gly-
colysis (Valera et al., 1995). In early glycogenotic 
foci, all components of the insulin signalling cas-
cade studied were upregulated, as demonstrated 
particularly convincingly for IRS-I, which is a 
multi-site docking protein acting as a principal 
intracellular substrate of the insulin receptor tyro-
sine kinase (Table 4). These findings suggest that 
activation of the insulin-stimulated raf-MAP kinase 
signal transduction pathway elicits preneoplastic 
hepatic glycogenosis (Nehrbass et al., 1998, 1999). 
In hepadnaviral hepatocarcinogenesis, the insuli-
nomimetic effect may also be responsible for the 
downregulation of expression of the viral surface 
antigen in glycogenotic FAH, as observed in HBV 
transgenic mice (Toshkov et al., 1994), WHy-
infected woodchucks (Bannasch et al., 1995; 
Radaeva et al., 2000) and human HBV 
carriers (Su et al., 1998), since it has been shown in 
studies on a human hepatoma cell line that insulin 
may indeed suppress the expression of the surface 
antigen (Chou et al., 1989). In situ investigations 
on the glycogenotic-basophilic cell lineage of 
human hepatocarcinogenesis have revealed that in 
HBV carriers, preneoplastic FAH of any type pref-
erentially albeit rarely express the X protein of 
HBV, while p53 accumulation is invariably nega-
tive in FAH but correlates with neoplastic progres-
sion in HCC, irrespective of the risk factors 
involved in regions with low exposure to aflatox-
ins (Su et al., 1998, 2000). 

Progression-linked downregu!ation of insulin sig-
nalling during cellular dedifferentiation 
As previously shown in experimental chemical 
hepatocarcinogenesis for the c-tuf-kinase 
(Bannasch, 1996), the overexpression of most of 
the proteins of the insulin signalling cascade stud-
ied in the early glycogenotic cell populations 
presenting a high grade of differentiation is only 
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Figure 2. Selected signal transduction pathways involved in hepatocarcinogenesis, particularly 
the insulin-stimulated ras-, ra f-, mitogen-activated signalling cascade (centre) and the glucagon-
stimulated, adenylate cyclase-mediated pathway (to the left). 

AC, adenylate cyclase; GRB2, growth factor receptor binding protein-2; GSK-3, glycogen synthase kinase-3; ins, 
insulin; IGF-I, insulin-like growth factor-I; IGF-11, insulin-like growth factor-Il; IGF-IR, insulin-like growth factor-I recep-
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mitogen-activated extracellular signal-regulated kinase; PDK1, phosphoinositide-dependent protein kinase-1; P13K, 
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losulinornimetic effect elicits preneoplastic glycogenotic phenotype 

Activation of insulin-signalling pathway: e.g. overexpression of insulin receptor, insulin-growth factor-[ 
receptor, insulin receptor substrate-i, insulin receptor substrate-2, mitogen-activated extracetlular signal-
regulated kinase-1, and c-rat increased synthesis of glycogen and/or fat; reduced activities of glucose-6-
phosphatase and cx-glucosidase; increased activity of glucose-6-phosphate dehydrogeriase and cell 
proliferation 

Inactivation of glucagon-signalling pathway: e.g. reduced activities of adenylate cyclase and glycogen 
phosphorylase: increased liver type pyruvate kinase activity 

Progression from preneoplastic glycogenotic to neoplastic basophilic phenotype 

Downregulation of insulin-signalling pathway 

41  lsoenzyme shift (e.g. glucokinase/hexokinase; liver type pyruvate kinase/fetal pyruvate kinase) 
stimulating glycolysis 

• Further increase in pentose phosphate pathway (glucose-6-phosphate dehydrogenase) and cell 
proliferation 

' Gradual reduction of gluconeogenesis and glycogeriesis 

transient, and is gradually downregulated during 
progression-linked dedifferentiation in later stages 
of hepatocarcinogenesis (Nehrbass et ai., 1998, 
1999; Nehrbass, 2000). This event is closely related 
to the reduction in the glycogen initially stored in 
excess (Table 4), a further increase in the expres-
sion and activity of the key enzyme of the pentose 
phosphate pathway, elevation of cytoplasmic 
basophilia due to an increase in the number of 
ribosomes, and an ever-increasing cell prolifera-
tion and expression of c-tnyc (Bannasch, 1996; 
Bannasch et ai, 1997a). At about the same time, a 
shift from adult to fetal glycolytic isoenzymes, for 
example from glucokinase to hexokinase, and the 
liver-specific L-pyruvate kinase to the fetal M2_ 
pyruvate kinase takes place (Klimek & Bannasch, 
1990, 1993; Hacker et al., 1998; Steinberg et al., 
1999). In addition, the fetal glucose transporter 
protein GLUT 1 emerges, while the earlier down-
regulation of the liver-specific adult glucose trans-
porter protein GLUT2 is maintained (Grobholz et 
al., 1993). This pronounced shift from anabolic to 
catabolic glucose metabolism is probably a pre-
requisite for a more effective energy supply favour- 

ing the increase in cell proliferation. It remains to 
be clarified, however, by which growth factors cell 
proliferation is further stimulated when the insulin 
signalling pathway is downregulated. We have 
speculated that the relatively weak early prolifera-
tive stimulus mediated by insulin may be replaced 
by alternative growth factors (Nehrbass et al., 
1998), particularly IGF-II, which has been shown 
to be frequently overexpressed in late stages of 
hepatocarcinogenesis (Rogler et al., 1995). Growth 
stimulation by IGF-11 is preferentially or exclu-
sively mediated by pathways that have not been 
completely clarified, but may stimulate cell prolif-
eration without exerting insulinomimetic effects 
on glycogen metabolism. 

Phenotypes mimicking responses to thyroid and 
ovarian hormones 
In contrast to the glycogenotic foci, the preneo-
plastic amphophilic cell foci induced in rats by the 
peroxisome proliferator dehydroepiandrosterone 
are characterized by downregulation of IRS-1 and 
show a completely different histochemical pattern 
(Weber et al., 1988; Mayer et ai., 1998a; Nehrbass et 
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al., 1999). Whereas a reduction in the activity of 
enzymes of glycogen metabolism is associated with 
an early loss of glycogen, the gluconeogenic 
enzyme glucose-6-phosphatase, several mitochon-
drial enzymes including cytochrome c oxidase and 
glycerol-3-phosphate dehydrogenase, and some 
peroxisomal enzymes are usually increased in their 
amount or activity (Table 5), suggesting a thyro-
mimetic effect of dehydroepiandrosterone and 
other peroxisome proliferators (Bannasch et al., 
1997a; Mayer etal., 1998a). A thyromirnetic action 
of several peroxisome proliferators such as clofi-
brate and acetylsalicylic acid on rat liver, including 
changes in messenger RNA levels of certain genes 
involved in mitochondrial biogenesis has been 
reported (Cal et al., 1996). In addition, a thyro-
mimetic effect of peroxisome proliferators on the 
activities of several enzymes such as glycerol-3-
phosphate dehydrogenase, malic enzyme and glu-
cose-6-phosphatase has been found in rat liver 
homogenates and cultured hepatocytes (Hertz et 
al., 1993, 1996). 

In rodents, a number of the biological actions of 
peroxisome proliferators including dehydro-
epiandrosterone have been shown to be mediated 
by the peroxisome proliferator-activated receptor a 
(PPARa), a member of the superfamily of nuclear 
steroid receptors (Green & Wahli, 1994; 
Schoongans et al., 1997), which also mediate 
effects (possibly including peroxisome prolifera-
tion) of the thyroid hormone 3,3,5-triiodo-L-thy-
ronine (T3) (Francavilla et al., 1994; Ledda-
Columbano et al., 1999). PPARa is apparently 
responsible for peroxisome proliferation, activa-
tion of target genes encoding fatty acid-metaboliz- 

tug enzymes, mitogenesis and ultimately hepato-
carcinogenesis (Gonzalez et al., 1998). In contrast 
to wild-type mice, PPARa-null mice that were 
treated with a potent peroxisome proliferator 
developed neither hepatocellular neoplasms nor 
preneoplastic hepatocellular foci (Peters et al., 
1997). PPARU is also required for gene induction 
by the less potent peroxisome proliferator 
dehydroepiandrosterone in mice (Peters et al., 
1996). However, according to Hertz and Bar-Tana 
(1998), the biological effects exerted by peroxi-
some proliferators in the human liver may be 
mediated by transduction pathways independent 
of PPARa. 

In the rat, the hypothesis of a thyromimetic 
effect of peroxisome proliferators eliciting the 
amphophilic preneoplastic phenotype has been 
substantiated by the recent observation of focal 
hyperproliferative hepatic lesions with a similar 
morphological and biochemical phenotype after 
intrahepatic thyroid tissue transplantation in thy-
roidectomized animals (Dombrowski et al., 2000). 
Labelling of these rapidly emerging lesions with 
bromodeoxyuridine showed considerable prolifer-
ation within the transplants and in the surround-
ing amphophilic cell populations. Eighteen 
months after thyroid tissue transplantation, large 
amphophilic lesions were found, but frank hepa-
tocellular neoplasms were not observed in this 
animal model. Hyperproliferative focal lesions 
resembling in some respects amphophilic cell foci 
were also induced in rat liver by intraportal trans-
plantation of ovarian tissue in ovariectomized rats 
(Klotz et al., 2000). In a preliminary long-term 
experiment, four of six animals developed hepato- 
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cellular neoplasms including three HCC, the 
phenotype of which was similar to that of the 
amphophilic-like FAH. 

Although the glycogenotic and the ampho-
philic cell lineages are very different at first glance, 
there is circumstantial evidence from some exper-
iments that they may transform into each other 
(Bannasch et al., 1997a, Mayer et ai, 1998a; 
Radaeva et al., 2000). This interconversion is diffi-
cult to understand, but crosstalk between two or 
several disturbed signal transduction pathways 
related to insulinomimetic or thyromimetic 
actions of the oncogenic agents might be involved. 

Hepatic preneoplastic lesions as biomarkers in 
chemoprevention studies 
Tissue specificity and phenotypic instability 
The consistent development of preneoplastic FAH 
in all animal models of hepatocarcinogenesis and 
their apparent similarity in human hepatocarcino-
genesis favour the use of these lesions as biomark-
ers in chemoprevention studies. A number of 
compounds such as several antioxidants 
(Thamavit etal., 1985; Ito et al., 1992) and oltipraz 
when administered to animals exposed to 
aflatoxin B1  (Kensler et al., 1987; Roebuck et al., 
1991) reduce the formation of both GST-P-positive 
FAH and HCC in rodents. However, some of the 
antioxidants (e.g., butylated hydroxyanisole, buty-
lated hydroxytoluene) which inhibit carcinogene-
sis in the liver may enhance carcinogenesis at 
other sites (Imaida et al., 1983; Ito et al., 1988), 
indicating a possible limitation of preventive 
effects to certain target tissues. in addition, it is 
evident from the discussion in the preceding 
sections that preneoplastic FAH are neither uni-
form nor stable. Their phenotypic instability is an 
outstanding feature of their biological behaviour, 
be it related to progression or to reversion of 
neoplastic development. As discussed previously, 
the reversion-linked phenotypic instability of FAH 
may seriously hamper the interpretation of studies 
on carcinogenesis (Bannasch, 1986; Bannasch & 
Zerban, 1992). This may be even more critical in 
chemoprevention studies, since a reduction in the 
number and size of preneoplastic FAH inherent in 
the animal model used may be mistaken as a posi-
tive chemopreventive effect. Animal models 
largely avoiding this complication are available 
(Bannasch & Zerban, 1992, 1997). 

The methods applied for identification of pre-
neoplastic FAH in tissue sections are also critical in 
studies of both carcinogenesis and chemopreven-
tion. Thus, the progression-linked phenotypic 
instability of FAH characterizing particularly the 
predominant glycogenotic-basophilic preneoplas-
tic cell lineage implies that certain markers such as 
the activation of components of the insulin sig-
nalling cascade (e.g., IRS-I) are only useful for the 
detection of early-appearing FAH, while other 
markers such as cellular hyperproliferation and 
overexpression of c-myc or M,-pyruvate kinase may 
only help to detect more advanced types of FAH 
and hepatocellular adenomas. Several of the stan-
dard markers used in many laboratories (e.g., 
glycogen, glucose-6-phosphate dehydrogenase, 
GSTP, 'GT) are suitable for the demonstration of a 
large proportion of FAH integrated into the 
glycogenotic-basophilic cell lineage, but largely or 
completely fail to show FAH with an amphophilic 
phenotype (Bannasch & Zerban, 1992, 1997; 
Mayer et al., 1998a). There is not a single bio-
chemical or molecular marker for all types of FAH. 
A number of comparative studies have clearly 
shown, however, that the vast majority of preneo-
plastic FAH are readily identifiable in H&E-stained 
tissue sections (complemented by serial sections 
treated with the PAS reagent in some specific cases) 
without any additional biochemical marker. The 
application of H&E-staining may be of particular 
advantage in chemoprevention studies, since both 
the morphological and the biochemical phenotype 
of FAH induced by hepatocarcinogens in a variety 
of rodent models is often modulated by additional 
exposure to other chemicals (Bannasch & Zerban, 
1997). 

Phenotypic modulation 
In the context of chemoprevention, the pheno-
typic modulation produced by peroxisome prolif-
erators is of special interest. Several peroxisome 
proliferators including nafenopin, clofibrate, 
ciprofibrate and dehydroepiandrosterone inhibit 
the expression of yGT and GST-P, and cause a rapid 
loss of glycogen from glycogenotic FAH when 
given after DNA-reactive hepatocarcinogens (e.g., 
Numoto et al., 1984; Hosokawa et ai., 1989; 
Gerbracht et al., 1990; Tsuda et al., 1992; Mayer et 
al., 1998a). Gerbracht etal. (1990) emphasized that 
there was no increase in apoptosis within FAH 
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under these conditions, which might have been an 
alternative explanation for the reduction in the 
number and size of enzyme-altered foci. After addi-
tional administration of clofibrate to rats pie-
treated with N-nitrosodiethylamine, Hosokawa et 
al. (1989) found that FAH positive and negative for 
GST-P could be identified morphologically in H&E-
stained sections. The total number of FAR, both 
positive and negative for GST-P, was higher in rats 
treated with N-nitrosodiethylamine followed by 
clofibrate than in those exposed to N-nitrosodi-
ethylamine alone, indicating an enhancing rather 
than a reducing effect of clofibrate on the devel-
opment of FAH. A higher incidence of hepatocel-
lular carcinomas was also seen after additional 
treatment with clofibrate. An enhancing effect of 
nafenopin on rat hepatocarcinogenesis was found, 
although preneoplastic FAH were negative foryGT 
and showed only low levels or absence of several 
GST isoenzymes (Grasl-Kraupp et al., 1993ab). 

Dehydroepiandrosterone, which had been pro-
posed as a possible chemopreventive agent because 
it inhibited the focal expression of GST-P in rat 
liver (Moore et al., 1986; Garcea et al., 1987), later 
turned out to be a complete hepatocarcinogen of 
the peroxisome proliferator type (Rao et al., 1992; 
Hayashi et al., 1994; Metzger et al., 1995) and to 
enhance carcinogenesis in the liver (Metzger et al., 
199 8) as well as in several other tissues (Feo et al., 
2000b). In Fischer-344 rats initiated with 
a single dose of N-nitrosodiethylamine, feeding a 
diet supplemented by the thyroid hormone T3  led 
to a 70% reduction in the number of GST-P-posi-
tive FAR per cm', although this hormone exerts 
strong mitogenic effects on the liver parenchyma 
(Ledda-Columbano et al., 1999). This seems to 
indicate a chemopreventive potential of the thy-
roid hormone under these experimental condi-
tions despite its mitogenic activity, since the 
authors found a 50% reduction in the incidence of 
HCC when similarly pretreated rats were exposed 
to seven cycles of T3-supplemented diet, as com-
pared to rats undergoing the pretreatment proce-
dure alone (Ledda-Columbano et al., 2000). Green 
and black tea, the consumption of which has been 
shown to be associated with both negative and 
positive effects on human cancer incidence at var-
ious sites (Steele et al., 2000), have been reported to 
induce hepatic peroxisome proliferation (Bu-Abbas 
et al., 1999). Thus, it is conceivable that peroxi- 

some proliferators, thyroid hormone and possibly 
other chemicals may exert both carcinogenic and 
chemopreventive effects on the liver parenchyma 
and other target tissues depending on the prevail-
ing biological conditions and the dosing and time 
schedules employed. 

Quantitative assessment of hepatic preneopiasia 
The heterogeneity and instability of the pheno-
typic cellular changes that characterize FAH have 
serious implications for quantitative assessment 
(Pitot et al., 1989; Schwarz et al., 1989; Bannasch & 
Zerban, 1992). Using glycogen retention after star-
vation as a marker for FAH induced in rat liver by 
an initiation-promotion protocol, Kaufmann et al. 
(1985, 1987) estimated that only one carcinoma 
developed for every 1000 to 10 000 focal lesions 
that were observed concurrent with the appear-
ance of neoplasms. Although this discrepancy may 
in part be a consequence of the experimental 
approach used, the large number of preneopiastic 
FAH implies a great advantage for the detection of 
early stages of neoplastic development in diagnos-
tic pathology and interventional approaches for 
secondary prevention. The observations discussed 
in this review are not readily compatible with the 
mathematical standard multistage model of car-
cinogenesis based on the assumption of repeated 
clonai selections. Therefore, Kopp-Schneider et al. 
(1998) have elaborated a new mathematical model 
of hepatocarcinogenesis called the colour-shift 
model. In this model, phenotypic changes in focal 
hepatocellular lesions are treated as epigenetic 
events, possibly due to alterations in a number of 
cells from the very beginning, and progressing to 
hepatocellular carcinomas by changes running 
parallel in larger cell populations rather than 
repeated clonai selections as suggested by previous 
stereological studies on the dose- and time-depen-
dence of the development of FAH in rats exposed 
to N-nitrosomorpholine (Enzmann & Bannasch, 
1987; Weber & Bannasch, 1994a,b,c). Comparative 
investigations, in which the same morphometric 
data are being applied to both mathematical 
models, are under way and should help to further 
elucidate the sequence of cellular and molecular 
changes during hepatocarcinogenesis. 

Depending on the dose and duration of the car-
cinogenic treatment, the lag period between the 
first appearance of FAH and neoplasms may vary 
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widely. In N-nitrosomorpholine-treated rats, lag 
periods for the occurrence of adenomas were 
between 15 and more than 50 weeks (Weber & 
Bannasch, 1994 a, b, c). There is at present no 
established marker which would permit us to pre-
dict precisely from the appearance of FAH at what 
time hepatocellular adenomas and carcinomas will 
develop. However, for many experimental situa-
tions, the assumption of a lag period of 6-42 
months (about 15-30% of the average life span of 
the rat) seems to be reasonable. It is interesting to 
note that in relation to the average life span, these 
figures correspond closely to the 15-30 years 
which pass in the majority of children suffering 
from inborn hepatic glycogenosis type I until mul-
tiple hepatocellular neoplasms occur. 

The main shortcoming of preneoplastic FAH for 
their use in early detection and secondary preven-
tion of human HCC is the small size of the lesions 
and their location in an organ which is not easily 
accessible. Thus, most of the early preneoplastic 
FAH are smaller than a liver lobule, which has an 
average diameter of 1-2 mm in both rodents and 
humans. This small size precludes a non-invasive 
identification by any of the imaging procedures 
available at present. However, there is some hope 
that at least certain types of FAH can be diagnosed 
in patients by fine-needle biopsies. The further elu-
cidation of the molecular and metabolic aberra-
tions associated with neoplastic cell conversion in 
the liver should eventually provide a rational basis 
for early diagnosis, chemoprevention and, per-
haps, also chemotherapy of HCC. 
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Genetic polymorphisms of the carcinogen-metabolizing enzymes cytochrome P450 (CYP), 
glutathione S-transferase (GST) Ml and N-acetyltransferase (NAT2) as well as p53 polymor-
phisms have been studied experimentally as susceptibility markers for hepatocellular 
carcinoma development in hepatocellular carcinoma cell lines and in mouse hepatocellular 
carcinomas. In addition, these susceptibility markers have been studied in hepatocellular 
carcinoma patients, in the context of coexisting alcohol consumption, smoking and/or HBV 
infection. To date, there is no clear evidence that susceptibility markers have an overall impact 
on hepatocarcinogenesis, but in subgroups of individuals, such as smokers, 
susceptibility markers are emerging indicators for hepatocellular carcinoma risk definition. 

Introduction 
Hepatocellular carcinoma (HCC) is one of the most 
common tumours in the world and usually repre-
sents a late complication of chronic progressive 
liver disease (Schafer & Sorrell, 1999). Although 
less frequent in the United States and Europe, these 
tumours have an annual incidence of up to 500 
cases per 100 000 population in certain regions of 
Asia and sub-Saharan Africa. The reasons for this 
high incidence are chronic infections with hepati-
tis B virus (HBV), hepatitis C virus (HCV) and the 
delta virus (HDV), as well as HBV-HCV coinfec-
tions (Di Bisceglie, 1998). The clinical course of 
HBV and HCV infection depends in part on mole-
cular characteristics of the viruses, in part on the 
patients' HLA haplotype (Kuzushita et al., 1998) 
and in part on other coexisting risk factors. Well 
recognized non-viral exogenous agents associated 
with HCC development are alcohol and aflatoxin 
B1  (AFB1). In the western countries, alcohol-
induced liver injury is a leading cause of liver cir-
rhosis and the most important HCC risk factor 
(Donato et al., 1997). In southern China and 
Africa, dietary ingestion of high levels of AFB, may 
present a special environmental hazard, particu-
larly in chronically HBV-infected individuals. 
Other exogenous factors have also been incrimi-
nated and include dietary iron overload 
(Mandishona et al., 1998), long-term use of oral 
contraceptives (Mant & Vessey, 1995; Waetjen & 

Grimes, 1996) and high-dose anabolic steroids. 
The development of hepatic cirrhosis, particularly 
in association with inherited genetic diseases, such 
as a-1-antitrypsin deficiency or haemochromato-
sis, places the individual at a greatly increased risk 
for HCC development. The major clinical HCC risk 
factor is liver cirrhosis, since 70.-90% of HCCs 
develop in a macronodular cirrhosis. In addition, 
HCCs are more frequent in males than in females 
and the incidence generally increases during the 
last decades of life and with age (Poynard et al., 
1997; Taylor-Robinson et al., 1997; De Vos Irvine et 
al., 1998; Deuffic et al., 1998; El-Serag & Mason, 
1999). The etiological risk factors may exist either 
alone or in combination, e.g., HCV infection and 
alcohol use (Corrao & Arico, 1998) or HBV infec-
tion and exposure to AFB, (Sun et al., 1999), further 
increasing HCC risk. 

As susceptibility markers of HCC development, 
carcinogen-metabolizing enzymes have been 
analysed in HCC cell lines and in mouse HCCs as 
well as in HCC patients. In HCC patients, suscep-
tibility markers have been studied in the context of 
coexisting alcohol consumption, smoking and/or 
HBV infection. In the following, genetic polymor-
phisms of cytochrome P450 (GYP), glutathione S-
transferase (GST) Ml, N-acetyltransferase (NA7 2) 
and p53 are discussed as susceptibility markers of 
HCC development. 
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Cytochrome P450 
The expression and polymorphisms of cytochrome 
P450 (CYP) isozymes CYP1A1, CYP2A6, CYP2116, 
CYP2D6, CYP2E1, CYP3A4, CYP3D4 and CYP1A 
or CYP3D7 as carcinogen-metabolizing enzymes 
have been studied in vitro as well as in animal mod-
els and HCC patients. 

The status of CYP enzymes was studied in a 
transgenic mouse model (ATX mice) carrying the 
HBV X gene under the control of the u-1-antitry-
psin regulatory elements (Chomarat et ciL, 1998). 
The HBx protein is suspected to play a central role 
in hepatocarcinogenesis through its trans-activa-
tion of cellular genes, including oncogenes, as well 
as through cis-acting elements. Indeed, the HBV X 
gene has been shown to trans-activate the expres-
sion of specific CYP isozymes. In ATX mice, how-
ever, no trans-activation of CYP1A or CYP2A5 was 
observed. These data indicate that HBx expression 
alone is insufficient to induce trans-activation of 
CYP genes (Chomarat et al., 1998). As detailed 
below, there is evidence, however, that p53 Poly-
morphism at codon 72 interacts with CYP lAI and 
carotenoid levels in smoking-related hepatocar-
cinogenesis (Yu et a?., 1999b). 

Epidemiological evidence indicates that dietary 
AFB, and mutations in the p53 tumour-suppressor 
gene are involved in hepatocarcinogenesis. 
However, the correlation between AFB,—DNA 
adduct formation or p53 mutations and their acti-
vation pathways has not been elucidated to date. 
In this context, Mace et al. (1997) established 
SV40-immortalized human liver epithelial cell 
lines stably expressing CYP1A2, CYP2A6, CYP2B6 
and CYP3A4 proteins. These cell lines were highly 
sensitive to the cytotoxic effects of AFB,, with for-
mation of DNA adducts and CYP-dependent 
mutations of the p53 gene. These findings indicate 
that the differential expression of specific CYP 
genes in human hepatocytes can modulate AFB,- 
induced cytotoxicity, DNA adduct levels and the 
frequency of p53 mutations (Mace et al., 1997). 

Since cigarette smoking has been associated 
with increased HCC risk in some epidemiological 
studies, and CYPJAJ is involved in biotransforma-
tion of tobacco-derived polycyclic aromatic hydro-
carbons (PAHs), CYP1AI polymorphisms have 
been studied in HBV-infected patients (Yu et ciL, 
1999a). CYP1A1 genotypes were associated with 
increased HCC risk in smokers but not in non- 

smokers, indicating that tobacco-derived PAHs can 
increase HCC risk among HBV-infected patients 
and that CYPIA1 polymorphism is an important 
modulator of the hepatocarcinogenic effect of 
PAHs (Yu et ciL, 1999a). 

In mouse liver turnouts, the hepatic CYP2A6 
enzyme is invariably overexpressed, suggesting 
that the oxidative metabolism of procarcinogens 
in the liver may be involved in hepatocarcinogenesis. 
In contrast, in human HCCs, CYP2A6 over-
expression has been found not to be an invariable 
phenotype (Raunio et al., 1998). In another study 
of HCC patients and healthy individuals, however, 
subjects with two active CYP2D6 genes (rapid 
metabolizers) were found to be at increased risk for 
HCC development, especially in patients without 
evidence of HBV or HCV infection (Agundez et al., 
1996). 

Susceptibility to HCC development has also 
been studied in relation to CYP2EI genotype. In 
cigarette smokers but not in non-smokers, 
homozygosity for the cl/cl genotype was associ-
ated with significantly increased risk for HCC, 
indicating that tobacco-derived PAHs may play a 
role in HCC development (Yu et al., 1995). For 
CYP2EI genotypes, no such association was found 
in Korean HCC patients, irrespective of HBV and 
HCV infection or chronic alcohol consumption 
(Lee et al., 1997). 

Glutathione S-transferase Ml 
Genetic polymorphisms of glutathione S-trans-

ferases (GST) are involved in carcinogen metabo-
lism. GST status has been studied in a transgenic 
mouse model (ATX mice) carrying the HBV X gene 
under the control of the a-1-antitrypsin regulatory 
elements (Chomarat etal., 1998). In this model, no 
trans-activation of GST was observed, indicating 
that HBx expression alone is insufficient to induce 
trans-activation of GST genes (Chomarat et al., 
1998). 

Susceptibility to HCC development was fur-
ther studied by GSTMJ genotyping of HCC 
patients as well as healthy individuals. GSTM1-
null genotype was not associated with increased 
HCC risk (Yu etal., 1995). As detailed below, how-
ever, there is a significantly increased HCC risk in 
patients with the p53 Pro allele at codon 72 in 
smokers with the GSTh'Il-null phenotype (Yu et 
al., 1999a). 

242 



Hepatocellular carcinoma: susceptibility markers 

N-Acetyltransferase 2 
N-Acetyltransferase 2 (NAT2) is a polymorphic 
enzyme which is expressed in the liver in a 
genotype-dependent manner and is involved in 
activation and inactivation of carcinogens through 
N-acetylation. In a study of HCC patients and 
healthy individuals, subjects with inactivating 
mutations of NAT2 (slow acetylators) were found 
to be at increased risk for HCC development, 
especially in patients without evidence of E-IBV or 
HCV infection (Agundez et ciL, 1996). 

p53 
An analysis of the Pro variant allele of the p53 
polymorphism at codon 72 in HBV-infected 
patients with or without HCC revealed no overall 
increased HCC risk in one study (Yu et al., 1999a). 
However, there were synergistic effects on HCC 
development for the p53 Pro allele at codon 72 and 
chronic liver disease as well as for HCC family 
history in first-degree relatives. A significantly 
increased HCC risk in patients with the Pro allele 
was further observed in smokers with the GSTMI-
null phenotype. p53 polymorphism at codon 72 
also interacts with CYP1A1 and carotenoid levels 
in smoking-related hepatocarcinogenesis (Yu et al., 
1999a). 

Conclusion 
There is no clear evidence to date that susceptibil-
ity markers have an overall impact on hepatocar-
cinogenesis. In subgroups of individuals, however, 
such as smokers, susceptibility markers are emerg-
ing indicators for hepatocellular carcinoma risk 
definition. The establishment of new hepatocellu-
lar carcinoma animal models and larger-scale 
studies in hepatocellular carcinoma patients strat-
ified according to individual characteristics, such 
as smoking, alcohol ingestion, HBV or HCV infec-
tion and others, should allow clearer definition of 
the role of susceptibility in the management of 
individuals at risk of hepatocellular carcinoma 
development. 
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t;arcinogt:n biomarkers for lung or 
oral cancer chemoprevention trials 

The potential applicability of specific carcinogen-derived biomarkers in chemoprevention trials 
against lung and oral cancer is discussed. At present, there are no examples of the use of these 
biomarkers in chemoprevention trials, but the principle has been established in chemopreven-
tion trials directed at aflatoxin B1-induced liver cancer. Polycyclic aromatic hydrocarbons (PAHs) 
and tobacco-specific nitrosamines are among the most important carcinogens invoked as 
causes of lung and oral cancer. Biomarkers that are potentially practical for current application 
in chemoprevention trials are 7,8-dihydroxy-9,10-epoxy-798,9,10-tetrahydrobenzoa]pyrene_DNA 
adducts, as determined by HPLC with fluorescence detection, nitrosamino acids in urine, 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanol and its glucuronides in urine, nicotine metabolites 
in urine, and metabolites of cytochrome P450 substrates in urine. Biomarkers that need further 
development or exploration before application in trials include 7-methylguanine in DNA, 
tobacco-specific nitrosamine—DNA adducts, acroleinlcrotonaldehyde—DNA adducts, PAH—pro-
tein adducts, acetaldehyde—protein adducts, pyrene metabolites in urine and benzo[a]pyrene 
metabolites in urine. Such carcinogen derived-biomarkers could be applied in chemoprevention 
trials to test the hypothesis that chemopreventive agents alter carcinogen metabolic activation 
and detoxification and, ultimately, risk for cancer. 

Introduction 
Carcinogen-derived biomarkers are quantifiable 
compounds that are formed from specific carcino-
gens. Examples are adducts with DNA, haemoglo-
bin or albumin, and metabolites in blood or urine. 
No examples have yet been reported of the use of 
these biomarkers in lung or oral cancer chemopre-
vention trials in humans. However, they are being 
effectively employed in studies of liver cancer 
prevention by oltipraz in individuals with high 
exposure to aflatoxin B1  (Kensler etal., 1997, 1998; 
Groopman & Kensler, 1999; see also Wild & Turner 
in this volume). There is every reason to believe 
that similar strategies can be used in studies of lung 
and oral cancer. This chapter discusses specific car-
cinogen-derived biomarkers potentially suitable 
for application in chemoprevention trials against 
cancers of the lung and oral cavity in humans. 

Carcinogen involvement in lung cancer 
Cigarette smoking causes 87% of lung cancer 
(American Cancer Society, 2000). There are 55 
carcinogens in cigarette smoke that have been 
evaluated by IARC and for which there is sufficient 
evidence for carcinogenicity in either laboratory 

animals or humans (Hecht, 1999). Of these, 20 
compounds have been found convincingly to 
induce lung tumours in at least one animal species 
and have been positively identified in cigarette 
smoke (Table 1) (Hecht, 1999), The potential con-
tributions of each of these compounds, as well as 
free radicals and oxidative damage, to lung cancer 
induction in humans have been evaluated (Hecht, 
1999). The evidence is strongest for specific poly-
cyclic aromatic hydrocarbons (PAHs), typified by 
benzo[a]pyrene (B[a]P) and the tobacco-specific 
nitrosamine 4-(methylnitrosamino)- 1-(3-pyridyl)-
1-butanone (NNK). Figure 1 presents a scheme 
linking nicotine addiction and lung cancer via 
B[a]P, NNK and other carcinogens of cigarette 
smoke (Hecht, 1999). Nicotine addiction is the rea-
son that people continue to smoke. While nicotine 
itself is not considered to be carcinogenic, each cig-
arette contains small doses of B[a]P, NNK and other 
carcinogens. Although each individual dose is 
small, the overall carcinogen dose in years of smok-
ing is substantial. Most carcinogens in cigarette 
smoke require metabolic activation to exert their 
carcinogenic effects via formation of DNA adducts. 
Several competing detoxification processes protect 

245 



Carcinogen class Compound Amount in mainstream Sidestream/mainstrearn 	Representative lung 

cigarette smoke (ng/cig) ratio 	 tumorigenicity in species 

PAHs Benzola]pyrsne f B[aP} 20-40 2.5-15 	 Mouse, rat, hamster 

Benzo[b]fluoranthane 4-22 Rat 

Benzo[tuoranthare 6-21 Rat 

Benzo[kifluoranthane 6-12 Rat 

Dibenzo[a,tpyrene 1,7-3.2 Hamster 

1ndeno[1 ,2,3-cd]pyrene 4-20 Rat 

Dibenz[ah]anthracena 4 Mouse 

5-Methylchrysene 0.6 Mouse 

Aza-arenes Dibenzla,Ir]acridino 0.1 Rat 

7H-Dibenzo[cg]carbazolo 0.7 Hamster 

N-Nitrosamines N-Nilrosodiethylarnine ND-2.8 - 40 	 Hamster 

4-(Methy1nitrosamino)- I -(3- 

pyridyl)-1-butanone (NNK) 80-770 1-4 	 Mouse, rat, hamster 

Miscellaneous 1,3-Butadiene 20-70 x i a9  Mouse 

organic compounds Ethyl carhamate 20-38 Mouse 

Inorganic compounds Nickel 0-510 13-30 	 Rat 

Chromium 02-500 Rat 

Cadmium 0-6670 7.2 	 Rat 

Polonium-210 0.03-1.0 pCi 1.0-4.0 	 Hamster 

Arsenic 0-1400 Noue 

Hydrazine 24-43 Mouse 

3  From Hecht i19991 



Carcinogen biomarkers for lung or oral cancer chemoprevenhion trials 
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Figure 1, Scheme linking nicotine addiction and lung cancer via tobacco smoke carcinogens 

against carcinogenesis. The balance between meta-
bolic activation and detoxification is a target for 
chemopreventive agents. If metabolic activation 
can be decreased or detoxification increased, then 
DNA adduct formation should decrease. This 
should result in a decreased number of permanent 
mutations in critical regions of oncogenes and 
tumour-suppressor genes, and a consequent 
decrease in loss of normal cellular growth control 
mechanisms, with the ultimate result being 
decreased cancer incidence. 

The biornarkers considered here are those that 
would specifically relate to changes in metabolic 
activation and detoxification of lung or oral car-
cinogens. 

Carcinogen involvement in oral cancer 
Cigarette smoking causes 90% of oral cancer in 
males and 60% in females (Shopland, 1995). 
Unlike lung cancer, the risk of oral cancer is multi-
plicatively enhanced by alcohol consumption 
(Blot et al., 1996). The mechanistic framework 
illustrated in Figure 1 can also be applied to oral 
cancer, although the genetic changes have not 
been characterized as extensively. There is good 
evidence from animal studies that PAHs and 
tobacco-specific nitrosamines such as NNK and N'-
nitrosonomicotine (NNN) play a significant role as 
causes of cancer of the oral cavity (Hecht & 
Hoffmann, 1989; Hoffmann & Hecht, 1990). Other 
nitrosamines may be involved, particularly in 
combination with alcohol intake (Chhabra et al., 
1996). Acetaldehyde, the major metabolite of 
ethanol, and other aldehydes in tobacco smoke 
may also contribute (Vaca et al., 1998). 

Snuff-dipping causes oral cancer (IARC, 1985). 
Tobacco-specific nitrosamines are the most preva-
lent strong carcinogens present in snuff and are 
likely to play a significant role as causative agents 
in people who use these products (Hecht, 1998). 
Betel-quid chewing, with tobacco, is the major 
cause of cancer of the oral cavity in India and other 
parts of southern Asia, Tobacco-specific nitros-
amines, areca-specific nitrosamines and oxidative 
damage are believed to be causative factors ([ARC, 
1985; Hecht, 1998; Hoffmann et al., 1994; Bartsch 
et al., 1999). 

DNA adducts as biomarkers 
PAHs 
A large number of studies have quantified 
'PAH—DNA adducts' by immunochemical methods. 
These will not be considered further here because 
they do not quantify specific PAH adducts, but 
rather measure them as a group (Santella, 1999). 
Individual PAHs differ widely in carcinogenic 
activity, limiting the utility of this approach for 
chemopreverition trials. Similarly, many studies 
have employed 32P-postlabelling to investigate 
'hydrophobic-DNA adducts', some of which are 
probably PAH—DNA adducts, in humans (Kniek et 
al., 1998). None of these studies has quantified specific 
PAH—DNA adducts. Consequently, the same limi-
tations apply as to the immunochemical studies. 

More specific methods including synchronous 
fluorescence spectroscopy, phosphorescence, and 
HPLC with fluorescence detection (HPLC-fluores-
cence) of released tetraols have been developed for 
quantitation of B[a]P—DNA adducts formed via 7,8-
dihydroxy-9, 1 0-epoxy-7, 8,9,1 0-tetrahydroB [a]p 
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(BPDE), the major ultimate carcinogen of B[a]P 
(Kriek et at., 1998). Of these, HPLC-fluorescence 
analysis of released tetraols has been applied most 
extensively. BPDE-DNA adducts have been 
detected in human lung, and relationships to aryl 
hydrocarbon hydroxylase inducibility and poly-
morphisms in genes for carcinogen-metabolizing 
enzymes have been observed (Alexandrov et a?., 
1992; Rojas et al., 1998, 2000). BPDE-DNA adducts 
have also been detected in human white blood 
cells (Rojas et al., 1995). White blood cell DNA 
would be a potentially useful surrogate for lung 
DNA, but the relationship of adduct levels to those 
in the lung has not been extensively investigated. 

In mice, BPDE-DNA adduct levels measured by 
HPLC-fluorescence of released tetraols are 
decreased in lung and liver by pretreatment with 
benzyl isothiocyanate (BITC), an inhibitor of 
B[a]P-induced lung tumorigenesis (Sticha et al., 
2000). However, there may be limitations to the 
application of this assay in chemoprevention trials 
in humans. In one study of adduct levels in coke-
oven workers the levels in 50% of the samples 
were below the detection limit (Rojas et aL, 1995). 
Among smokers in the same study, 65% of the 
samples had undetectable adduct levels. Similar 
results were obtained in a recent larger investiga-
tion; overall 52% of exposed individuals including 
coke-oven workers and smokers had detectable levels 
of the adduct (kolas et al., 2000). Remarkably, 
adduct levels were detected in 93% of subjects with 
GSTM1-null genotype, but not in individuals who 
were GSThI1 -positive (Rojas et al., 2000). Therefore, 
this biomarker may have utility in chemopreven-
tion trials with smokers, provided they are pre-
selected as GSTMI- null, Otherwise, the relatively 
frequent occurrence of non-detectable adduct lev-
els would impose practical limitations on the use 
of this biomarker in chemoprevention studies. 

Nitrosamines 
Acid or enzymatic hydrolysis of DNA isolated from 
tissues of rodents treated with NNK or NNN 
releases 4-hydroxy- 1-(3-pyridyl)-1-butanone (HPB) 
(Hecht, 1998). Studies in vitro and in vivo have 
demonstrated conclusively that this arises via 
pyridyloxobutylation of DNA (Hecht, 1998). HPB-
releasing adducts in DNA can be quantified by gas 
chromatography/mass spectrometry (GC/MS) 
(Folles et al., 1991). In rats, DNA adduct levels in 

lung cell types are decreased by chronic treatment 
with phenethyl isothiocyanate (PEITC), consistent 
with inhibition of NNK-induced lung carcinogen-
esis by PEITC (Staretz et a?., 1997). The GC/MS 
method has been applied in limited studies in 
humans. One investigation detected HPB-releasing 
DNA adducts in the lungs of smokers, while a sec-
ond was negative (Foiles et al., 1991; Blomeke et 
al., 1996). There have been no reports on analysis 
of HPB-releasing DNA adducts in white blood cells, 
but their levels would be expected to be low,based 
on the available lung data. This methodology does 
not appear to have adequate sensitivity at present for 
application in chemoprevention trials in humans. 

Methylation of DNA by nitrosamines results in 
the formation of O- and 7-methylguanine (O- and 
7-mG). These adducts may be produced upon 
exposure to NNK or other methylating nitro-
samines such as N-nitrosodimethylamine. Their 
levels in human lung have been examined in sev-
eral studies (Hecht & Tricker, 1999). The average 
level of 06-mG is reported to be 27 adducts per 10 
nucleotides in peripheral lung. Levels of 7-mdG in 
lung DNA are reported to range from 2.1 to 42.7 
adducts per 107  dG; one study has reported higher 
levels of these adducts in smokers than in non-
smokers. Based on limited data, levels of 7-mdG in 
lymphocyte and bronchial DNA are correlated 
(Mustonen et a?., 1993). Highly sensitive methods 
have been developed for detection of 06-mG in 
human DNA (Kyrtopoulos, 1998). However, this 
adduct was non-detectable in 95% of 407 periph-
eral blood leukocyte DNA samples analysed 
(FÂJROGAST Study Group, 1994). 

Other DNA adduct biomarkers 
Adducts of acrolein and crotonaldehyde have been 
detected in human leukocyte DNA (Nath et a?., 
1996). In gingival tissue DNA, levels were higher in 
smokers than in non-smokers (Nath et al., 1998). 
This assay has not been tested with exfoliated oral 
cells. Acetaldehyde-DNA adducts have been 
detected in peripheral white blood cells of alcohol 
abusers, but rarely in control subjects (Fang & 
Vaca, 1997). 8-Oxo-dG is commonly detected in 
exfoliated oral cells (Yarborough et al., 1996), 
leukocyte DNA (van Zeeland et al., 1999; Asami et 
al., 1996) and various tissues including lung 
(Asami etal., 1997) and urine (Prieme etal., 1998). 
Some conflicting results have been obtained, 
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perhaps due to methodological difficulties (Collins, 
1999). With the use of adequate techniques, 8-oxo-
dG measurements could be useful particularly in 
studies of oral cancer associated with betel quid use, 
in cases where tobacco is not involved. 
Nevertheless, the significance of this adduct with 
respect to carcinogenesis is still unclear. 

Protein adducts as biomarkers 
PAHs 
Non-specific immunochemical methods have 
been used to quantify PAH-albumin adducts, with 
the same limitations as discussed above (Tang et 
al., 1999). Specific methods have been developed 
for quantitation of BPDE-haemoglobin and albu-
min adducts, with detection by GC/MS or fluores-
cence. In a study of newspaper vendors in high-
density traffic areas, 60% of the subjects had 
detectable BPDF.-haemoglobin adduct levels 
(Pastorelli et al., 1996). BPDE-haemoglobin adducts 
were detectable in 14% of lung cancer patients, 
while BPDE-albumin adducts were detectable in 
55% (Pastorelli et al., 1998). In 65 employees with 
no occupational exposure, BPDE-haemoglobin 
adducts were detectable in 11% of the subjects in 
summer and 16% in winter (Pastorelli et al., 1999). 
In another study, levels of these adducts were 
higher in smokers than in non-smokers and were 
detectable in all subjects. Adducts of chrysene-1,2-
diol-,3,4-epoxide were also detected by GC/MS 
(Melikian et al., 1997). Laser-induced fluorescence 
detection of BPDE-albumin adducts promises to be 
highly sensitive, but limited human data are avail-
able (Ozbal et al., 1999). The overall utility of 
BPDE-protein adducts in chemoprevention stud-
ies is unclear at present, as there are discordant 
data with respect to detectability. 

Nitrosamines 
The tobacco-specific nitrosamines NNK and NNN 
form adducts with haemoglobin by pyridyloxo-
butylation of globin (Hecht, 1998). Mild base treat-
ment of this haemoglobin releases HPB, which can 
be reliably quantified by GC/MS. In rats, levels of 
HPB-releasing haemoglobin adducts, which are 
esters, correlate with the corresponding pul-
monary levels of DNA adducts formed by NNK and 
are decreased significantly by the chemopreven-
tive agent PEITC (Murphy et al., 1990; Hecht et al., 
1996). In initial studies, this adduct was detected in 

73% of smokers, but later investigations found 
detectable levels in only 10-15% of subjects 
(Carmella et al., 1990; Hecht, Carmella & Murphy, 
unpublished data). Adduct levels in smokers are 
generally close to background levels, limiting the util-
ity of this assay as a biomarker in chemoprevention 
studies (Hecht, 1998). Higher adduct levels have been 
found in snuff users than in smokers (Hecht, 1998). 

Methylation of globin by alkylating nitros-
amines does not appear to be useful because of the 
high background levels resulting from endogenous 
methylation processes (Tornqvist et al., 1988). 
Globin ethylation has been investigated only 
superficially to date (Kautiainen et al., 1989). 

Other protein biomarkers 
Of the compounds considered here, acetaldehyde 
has attracted the most attention with respect to 
protein adducts. Acetaldehyde forms stable imida-
zolidinone adducts by reaction with N-terminal 
valine (Conduah Birt et al., 1998; de Jersey et al., 
1992). Formation of such adducts in human 
haemoglobin can be monitored by mass spec-
trometry and may be applicable as a biomarker of 
acetaldehyde uptake (Conduah Birt et al., 1998). 
Malondialdehyde-acetaldehyde protein adducts 
have also been characterized (Kearley et al., 1999). 
Immunoassay techniques have been employed to 
quantify acetaldehyde-haemoglobin adducts in 
alcoholic patients (Lin et al., 1993). Other protein 
adducts of acetaldehyde have been described, but 
there are few quantitative studies in humans (de 
Jersey et al., 1992; IARC, 1999). 

Urinary metabolites as biomarkers 

PAHs 
Urinary metabolite analysis could be used to test 
the hypothesis that intervention with a chemo-
preventive agent alters carcinogen metabolism 
either by enhancement of detoxification or inhibi-
tion of metabolic activation, 1-Hydroxypyrene is 
the most widely used biomarker of PAH uptake 
(Jongeneelen, 1997). Levels of 1-hydroxypyrene 
glucuronide exceed those of free 1-hydroxypyrene 
(Strickland et al., 1994). Most studies have measured 
total 1-hydroxypyrene, after hydrolysis of conjugates 
(Jongeneelen, 1997). Levels of this biomarker 
increase in response to smoking, consumption of 
charcoal-broiled meat and occupational or medic-
inal exposure to PAHs (Jongeneelen, 1997; 
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Sithisarankul et al., 1997; Wu et al., 1998). The 
effects of chemopreventive agents have not been 
examined, but presumably in situations of constant 
exposure, inhibition or induction of cytochrome 
P450 lAi could modulate levels of total 1-hydroxy-
pyrene. Evidence for this was found in the study of 
Wu et ai. (1998), who observed effects of a CYP1A1 
polymorphism on I -hydroxypyrene levels after 
adjusting for PAF! exposure in coke-oven workers. 

We are now developing methods to analyse 
B[a]P metabolites in human urine, with the ulti-
mate goal of developing B [a]P activation/detoxifi-
cation metabolite profiles which could be applica-
ble in chemoprevention studies. The first step in 
this work was development of a method for analy-
sis of r-7,t-8,9,c-10-tetrahydroxy-7,8,9, lO-tetrahy-
dro-benzo[a] pyrene (trans-anti-B[alP-tetraol, the 
major hydrolysis product of anti-BPDE) in human 
urine. This metabolite has been detected and 
quantified by GCIMS in the urine of coke-oven 
workers, psoriasis patients treated with a coal tar-
containing ointment, and cigarette smokers 
(Simpson et al., 2000). There are also limited pub-
lished data on urinary metabolite profiles in workers 
exposed to phenanthrene, chrysene and B[aIP 
(Grimmer et al., 1997). 

Nitrosamines 

4-(Methylnitrosami.no)- 1 -(3-pyridyl)- 1-butanol 
(NNAL) and its glucuronides (NNAL-Gluc) are 
major urinary metabolites of NNK (Hecht, 1998). 
These metabolites have been quantified in the 
urine of smokers, snuff-dippers, ex-smokers, indi-
viduals exposed to environmental tobacco smoke 
and newborns of smoking mothers (Hecht, 1998; 
Lackmann et al., 1999; Hecht et al., 1999a). They 
are also sensitive to the effects of chemopreventive 
agents. In rats treated with PEITC, levels of urinary 
NNAL plus NNAL-Gluc increased 4-6-fold in 
tandem with decreased haemoglobin adduct 
formation (Hecht et al., 1996). These results are 
consistent with inhibition by PEITC of hepatic 
NNK metabolism. In smokers who consumed 
watercress as a source of PEITC, levels of NNAL-
Gluc as well as of NNAL plus NNAL-Gluc increased 
significantly, suggesting similar effects of PEITC in 
rats and humans (Hecht et al., 1995). In mice 
treated with indole-3-carbinol, an inhibitor of 
NNK-induced lung tumorigenesis, levels of urinary 
NNAL decreased due to increased hepatic clearance 

of NNK (Morse et al., 1990). Similar effects were 
observed in smokers treated with indole-3-carbinol 
(Taloli et ai., 1997). 

Quantification of NNAL and NNAL-Gluc is a 
practical method for obtaining information on the 
effects of chemopreventive agents on NNK metab-
olism in smokers. NNAL and NNAL-Gluc are 
readily quantified in the urine of all smokers, pro-
viding an excellent biomarker of lung carcinogen 
uptake (Hecht, 1998, 1999). Provided that there is 
a specific hypothesis to be tested with respect to 
the chemopreventive agent employed, this bio-
marker should be widely applicable in chemopre-
vention studies. 

Endogenous formation of N-nitroso com-
pounds can be monitored by the quantification of 
urinary nitrosamino acids (Bartsch & Spiegelhalder, 
1996). This methodology is highly practical and 
has been widely applied in studies of endogenous 
nitrosation and its inhibition, related to cancers of 
the oral cavity; oesophagus and other sites. Thus, 
chemopreventive agents which inhibit nitrosation 
can be evaluated in this way. However, effects on 
metabolism could not be evaluated since these 
compounds are in general excreted unchanged. 

3-Methyladenine is a compound excreted in the 
urine that could result in part from metabolic 
activation of nitrosamines. However, there are 
multiple sources of urinary 3-methyladenine, 
including the diet (Fay et al., 1997). In controlled 
studies, levels of 3-methyladenine in the urine of 
smokers were elevated. Similar results have been 
obtained with 3-ethyladenine, but the source of 
the ethylating agent is unknown (Kopplin et al., 
1995; Prevost & Shuker, 1996; Fay et al., 1997). 

Other urinary biomarkers 
Various drugs have been used as non-invasive bio-
markers of specific cytochrome P450 activities 
(Guengerich et al., 1997). Examples include 
coumarin for CYP2A6, debrisoquine for CYP2D6, 
caffeine for CYP1A2 and chlorzoxazone for 
CYP2E1. Assays for metabolites of these drugs 
could be useful in certain chemoprevention studies 
if modulation of a specific cytochrome P450 is pro-
posed. As examples, several studies have examined 
the effects of watercress, a rich source of PEITC, on 
drug metabolism in humans. Watercress caused a 
decrease in levels of oxidative metabolites of aceta-
minophen, which was attributed to inhibition of 
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oxidative metabolism by CYP2E1 (Chen et al., 
1996). The area under the chlorzoxazone plasma 
concentration—time curve was significantly 
increased after watercress ingestion, indicating 
inhibition of hydroxylation of chlorzoxazone 
(Leclercq et at., 1998). Watercress, however, had no 
effect on CYP2D6 activity as monitored with 
debrisoquine or CYP2A6 activity as assessed by 
coumarin metabolism (Caporaso et al., 1994; 
Hecht & Murphy, unpublished data). 

Effects on nicotine metabolism may also pro-
vide support for modulation of drug-metabolizing 
enzymes by chemopreventive agents. Nicotine is a 
naturally abundant substrate in smokers who 
would be on these trials. In a recently completed 
study, we found that watercress consumption 
induced glucuronidation of nicotine, cotinine and 
3 -hydroxycotinine, suggesting that PEITC induces 
IJDP-glucuronosyl transferase activity in smokers 
(Hecht et aL 1999b). 

Conclusions 
Table 2 summarizes information on the potential 
utility of carcinogen-derived biomarkers in lung 
and oral cancer chemoprevention trials. The only 
specific adduct measurement which is practical 
and useful for current application is HPLC-fluores-
cence detection of BPDE—DNA adducts. There are 
some limitations to this assay. The analyte is 
detectable in leukocytes of a large proportion of 
PAH-exposed individuals only when they are 
GSTMI-null. Moreover, the relationship between 
leukocyte and lung or oral tissue levels of 
BPDE—DNA adducts has not been established using 
this assay. Urinary nitrosamino acids have already 
been widely applied in human trials, but these 

specifically relate to endogenous formation of 
nitrosamines, not to activation and detoxification. 
Measurement of urinary NNAL plus NNAL-Gluc is 
highly practical in smokers and can be applied in 
chemoprevention trials provided there is a specific 
a priori hypothesis. Nicotine metabolites and P450 
substrates could also find potential use in specific 
chemoprevention trials. 

Several types of biomarker are potentially 
applicable, but further research is necessary to 
improve detection methods and to test them in 
larger groups of individuals. Nitrosamine—DNA 
adducts, PAH—protein adducts, and urinary metabo-
lites of PAH could be particularly important. 
Several biomarkers have already been examined 
in fairly extensive studies and do not appear to 
be suitable for chemoprevention trials because 
they are generally undetectable or detectable at 
relatively low levels; examples include 06-mG in 
DNA, acetaldehyde—DNA adducts and tobacco-
specific nitrosamine adducts with haemoglobin. 
Other biomarkers may have numerous endoge-
nous and/or exogenous sources and their rele-
vance to cancer induction is unclear; examples 
are methylated haemoglobin, alkyladenines in 
urine and 8-oxo-dG in DNA. 

Other specific carcinogen-derived biomarkers 
as well as less specific tests, e.g. immunoassay and 
32P-postlabelling, may ultimately be applicable in 
chemoprevention studies. Biomarkers of the 
uptake and metabolism of chemopreventive 
agents (e.g., total isothiocyanates in urine) are 
becoming available and the application of these is 
also important for ensuring compliance and assess-
ing individual differences in the metabolism of 
these agents (Chung et al., 1998). 

Practical for Current application Need development and further exploration Unlikoly to be useful 

for chemoprovention trials 

BPDE—DNA addLicts by H PLC-fluorescence 7-mG in DNA OmG in DNA 

Nitrosamino acids in urine Tobacco-specific nitrosamine adducts in DNA Acetaldehyde-DNA 

NNAL piLls NNAL-G]uc in urine Acrolen/crotonaldehyde—DNA adducts S-Oxo-dG in DNA 

Nicotine metabolites in urine Acroleiri protein adducts Tobacco-specific ntiosamine 

P450 substrare rretaboIites in urine PAH protein adducts Hb adducts 

Pyrene metabolites in urine Methylated Hb 

B[a]P metabolites in urine Alkyladenines in Lffine 
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Even after smoking cessation, genetic damage in the airways epithelium may lead to focal 
progression of lung carcinogenesis. Some centres now report as many new lung cancer 
cases among former smokers as among current smokers. Chemoprevention is a potential 
approach to diminish the progression of pre-clinical genetic damage. The most intensively 
studied lung cancer chemoprevention agents are the retinoids, including vitamin A and its 
synthetic analogues and precursors. While effective in suppressing lung carcinogenesis in 
animal models, retinoids have failed to inhibit carcinogenesis in human chemoprevention 
trials with premalignant end-points (sputum atypia, bronchial metaplasia). In trials with 
lung cancer end-points, administration of retinoids either was ineffective or, in the case of 
3-carotene, led to greater lung cancer incidence and mortality. In view of these findings, 
markers of specific retinoid effect (i.e., levels of RAR-13) become less relevant. Other markers 
of genetic instability and proliferation may be useful for both early detection and potentially 
as intermediate-effect markers for new chemoprevention trials. Cytological atypia, bronchial 
metaplasia, protein (hnRNP A2I131) overexpression, ras oncogene activation and tumour-
suppressor gene deletion, genomic instability (loss of heterozygosity, microsatellite alter-
ations), abnormal methylation, helical CT detection of atypical adenomatous hyperplasia and 
fluorescent bronchoscopic detection of angiogenic squamous dysplasia offer great promise 
for molecular diagnosis of lung cancer far in advance of clinical presentation. These 
end-points can now be evaluated as monitors of response to chemoprevention as potential 
intermediate-effect markers. 

Chernoprevention 
Lung cancer continues to be the leading cause of 
cancer death in most developed countries. In the 
United States in 1998, 171 500 new cases and 
160 100 deaths maintained lung cancer as the lead-
ing cancer killer of both men (exceeding prostate 
cancer) and women (exceeding breast cancer) 
(Landis et al., 1998). The persistence of grim lung 
cancer incidence and mortality figures over three 
decades demands new approaches to control this 
disease. Tobacco smoking is generally accepted to 
be responsible for 85-90% of lung cancer. Yet even 
after cessation of smoking, unrepaired genetic 
damage in the airways epithelium may lead to 
focal progression of carcinogenesis. New cases of 
lung cancer are now as common among former 
smokers as in current smokers in the United States 
(Kurie etal., 1995). Chemoprevention is a potential 
approach to mitigate the progression of preclinical 

genetic damage. As originally termed by Sporn et 
al. (1976), chemoprevention is the interruption of 
the carcinogenic process through application of 
natural or pharmacological agents. 

The potential for lung cancer chemoprevention 
is built upon two observations: field cancerization 
and multistep carcinogenesis (Lippman et al., 
1994). Slaughter et al. (1953) first noted the wide-
spread damage (field cancerization) that persists in 
the aerodigestive tract of current and former smok-
ers. From completely sectioned autopsy specimens, 
Auerbach et al. (1961, 1979) recognized three pro-
gressive grades of histological abnormality in the 
epithelium of 'uninvolved bronchi' surrounding 
lung tumours: hyperplasia (an increase in the 
number of cell rows), metaplasia (loss of cilia) and 
dysplasia (presence of atypical cells). They also 
reported an increased frequency of carcinoma 
in situ associated with a higher frequency of 
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smoking, from 0% in nonsmokers to 11% in men 
who smoked two or more packs per day. Field can-
cerization implies that detection of premalignant 
or malignant lesions in one area of the pulmonary 
epithelium identifies an epithelium at increased 
risk of developing neoplastic lesions in other areas 
(Khuri & Lippman, 2000). 

Observation of progressive histopathological 
abnormality preceding cancer reflects the underly-
ing multistep carcinogenesis. Tumours develop 
through a series of specific genetic changes in 
proto-oncogenes and tumour-suppressor genes 
(Bishop, 1987; Fearon & Vogelstein, 1990; 
Weinberg, 1989). Changes that cannot be repaired 
and do not trigger apoptosis may lead to a cellular 
growth advantage. Many of these genetic changes 
are acquired before and during the earliest stages of 
clonal expansion and are retained by daughter 
cells through the course of carcinogenesis and 
malignancy. Wistuba et al. (1999) observed that 
increasing severity of histopathological changes in 
lung squamous carcinoma is associated with a pro-
gression of genetic changes (increasing frequency 
of loss of heterozygosity; LOH). Regions of chro-
mosomal loss are suspected to have contained 
tumour-suppressor genes, the loss of which would 
be advantageous for growth. This genetic damage 
is widespread throughout the airway even in areas 
of normal-appearing epithelium, and persists long 
after removal of the insult. If detected during the 
premalignant period, these genetic changes could 
serve as markers of carcinogenesis and indicate the 
need for chemoprevention. 

Retinoids, including vitamin A and its synthetic 
analogues, are the most intensively studied lung 
cancer chemoprevention agents. Retinoids pro-
mote the differentiation of airway epithelium in 
vitro (Jetten et al., 1992) and suppress lung car-
cinogenesis in vivo (Moon et al., 1994). Most effects 
of retinoids on gene expression are mediated by 
nuclear retinoic acid receptors RARs (a, 3 and y) 
and retinoid X receptors (RXR a, 13  and , which 
function as retinoid-activated transcription factors. 
Like the other members of the steroid receptor 
superfamily, each of these receptors is thought to 
bind to specific response elements (retinoic acid 
response elements, RARES) which govern the 
expression of genes and modify post-translational 
mechanisms that regulate cell growth and differ-
entiation (Chambon, 1996; Mangelsdorf et al.,  

1994). In the case of all-trans-retinoic acid, these 
post-translational mechanisms also may include 
degradation of CDK-4 through the ubiquitin-pro-
teasome pathway (Sueoka et al., 1999) and binding 
of E217-4 to (the P.13 family member) p107 leading to 
transcriptional suppression (Lee et al., 1998), 
Reduced RAR-13 expression is observed in non-
small-cell lung cancer (NSCLC) compared to paired 
normal tissues. Lotan (1997) found that the mes-
senger RNA (mENA) expression of RAR-Il was sup-
pressed in more than 50% of oral and lung prema-
lignant lesions in individuals without cancer (e.g., 
oral leukoplakia and squamous metaplasia), in 
dysplastic lesions adjacent to cancer, and in malig-
nant oral and lung carcinomas. Picard et al. (1999) 
measured reduced RAR-13 protein levels in tumour 
compared to normal tissues resected from 76 
NSCLC patients using immunohistochemistry. 
Decreased expression of RAR-r3 in lung cancer tis-
sue and cell lines suggests that loss of RAR-13 
expression may be important in the development 
of lung cancer (Xu etal., 1997). 

Metaplasia and dysplasia end-points 
Metaplasia and dysplasia of the bronchial epithe-
lium have been monitored as a general index of 
progression towards lung cancer. Alternatively, 
RAR-Ji expression might be considered a specific 
index of retinoid activity. Examination of these 
markers might indicate a chemopreventive effect 
in advance of clinical lung cancer development 
(intermediate end-points). Synchronous evalua-
tions of these intermediate end-points, however, 
do not show similar results. Ayoub et al. (1999) 
examined the effects of 13-cis-retinoic acid on both 
bronchial epithelium and EAR-Il expression. 
Decreased baseline expression of RAR-JI mRNA was 
found in bronchial brushings in 44 (23%) of 188 
smokers. These 44 were randomly assigned to 
receive a placebo or 13-cis-retinoic acid (30 
mg/day) for six months. While only 18 of 44 (41%, 
eight 13-cis-retinoic acid treated and ten placebo) 
completed the follow-up bronchoscopy, the 13-cis-
retinoic acid group showed a significant upregula-
tion of RAR-Il expression at the end of 13-cis-
retinoic acid treatment (p = 0.001). Corresponding 
cytological changes in bronchial brushings were 
uncommon. Thus, RAR-13 expression may be 
upregulated by 13-cis-retinoic acid treatment even 
in the absence of cytological improvement. Xu et 
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al. (1999) evaluated the effects of 13-cis-retinoic 
acid on bronchial mucosal biopsies of heavy 
smokers and found a significant increase in RAR-j3 
mRNA in the biopsies of the treated group after six 
months of treatment without a reversal of squa-
mous metaplasia. 

Khuri and Lippman (2000) and Siegfried (1998) 
have summarized the published results of ran-
domized clinical trials of lung cancer chemopre-
vention. Lung premalignancy (sputum atypia or 
bronchial metaplasia) was the end-point of five tri-
als (Table 1). All three randomized trials that stud-
ied the effect of retinoids on lung premalignancy 
in smokers gave negative results. In their small (n 
= 150), placebo-controlled trial of etretinate to 
reverse sputum cytology metaplasia, Arnold et al. 
(1992) found that metaplasia was reversed in 32% 
of etretinate-treated subjects and 30% of placebo 
subjects. In a placebo-controlled trial of isotre-
tinoin (n = 87), Lee et al. (1994) found similar 
reductions in metaplasia index regardless of treat-
ment (54% isotretinoin vs. 60% placebo). Smoking 
cessation during this trial showed a better correla-
tion with reduction in metaplasia index than did 
chemopreventive treatment. In a similarly  

designed trial of fenretinide in 68 subjects, there 
was also a negative result (Kurie et al., 1999). 

Sputum atypia was the premalignancy end-
point of two randomized studies of chemopreven-
tion. Treatment with 3-carotene (50 mg per day) 
plus retinol (25 000 lU on alternate days), led to no 
significant reduction in the prevalence of sputum 
atypia or in cytological progression in 755 asbestos 
workers (McLarty et al., 1995). Although 
Heimburger et a/. (1988) reported a significant 
improvement in sputum atypia in a folic acid—vit-
amin B12  treatment group after a four-month, ran-
domized, placebo-controlled trial (n = 73), a 
reanalysis of these data using standard analytical 
methods found no significant difference in spu-
tum atypia between the placebo and treatment 
groups (Lippman et al., 1994). 

Primaxy long cancer end-point 
Two large randomized trials sponsored by the US 
National Cancer Institute have evaluated chemo-
prevention of primary lung cancer. In the Alpha-
Tocopherol, Beta-Carotene (ATBC) Prevention 
Study, u,-tocopherol and n-carotene were examined 
in a randomized, placebo-controlled factorial 

Intervention End-point Number Result ReterencelYear 

Etretinate Arnold et al. (1992) Metaplasia 150 Negative 
lsutretjnojn Metaplasia 87 Negative Lee et at 11994) 
Fenretinide Melaplasia 68 Negative Kurie etal. 	1999) 
13 Carotene + retinol Spuurn afypia 755 Negative McLarty etal. (1995) 
Vitamin B,, + folic acid Sputum atypia 73 Negative Heimburger ci at. (1688) 
13-Carotene Lung cancer 29 133 Harmful Alpha-Tocopherol, Beta Carotene 

Cancer Prevention Study Group 11 9941 
3-Carotene + relinol Lung cancer 18314 Harmful Omenn cLot 119961 
3-Carotene Lung cancer 22071 Negative Hennekena e! at. (1996) 
1-Carotene Lung cancer 39876 Negative Lee et cl. (1999) 
Vitamin E Lung cancer 29 133 Negative Alpha Tocophoro, Beta Carotene 

Cancer Prevention Study Group (19941 
Ht't,nyl paimrfate Second primary LC 307 Negative Pastorino et al. (1 9931 
Retinyl pamca.e Second primary LC 2592 Negative de Vues et al, (1999) 
N-Acetylcvsteine Second primary LC 2592 Negative de Vries oraL 119991 

Adapted from Khuri & Lippman (2000) 
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Marker Reported In pre-malignant/ Reference 
malignant specimens 

RAR-P mRNA Pie-malignant Lotan (1997), Ayoub et 
a!, (1999) 

hnRNP A2/81 Premalignant Tockman et al. (1997, 

Fielding et al. (1999) 

ras oncogene activation Pm-malignant RodenhiLls & Slebos 
(1992), Mao etal. (I 994a.) 

p53 deletion Pre-malignant Holistein etal. (1991) 
Mao et al. 0 994al 

Loss of heterozygosity at 3p, 9p Pro-malignant Mao eta), (1994b, 1997) 

Promoter CpG island methyletion Pre-malignant Herman et al. (1996). 
Belinsky etal. (1998) 

Helical CT detection of atypical Malignant Henschke et al. (1999), 

adenornatous hyperplasia Malignant Kitimara et cl. 1.1 999) 

Fluorescent bronchoscopy detection Pie-malignant Lam et al. (1993) 

of angiogenic squamous dysplasia  

design among 29 133 Finnish male cigarette smokers 
(Alpha-Tocopherol, Beta-Carotene Cancer 
Prevention Study Group, 1994). After 5-8 years 
receiving either (1) 3-carotene (20 mg/day), (2) 
u-tocopherol (50 mg/day), (3) the combination or 
(4) placebo, the group receiving 3-carotene had a 
statistically significant 18% increase in lung cancer 
incidence and an 8% increase in total mortality 
compared with the placebo group. This result was 
in sharp contrast with the epidemiological data, 
which show an inverse association of dietary and 
serum 3-carotene with lung cancer (IARC, 1998). 
Smokers who consume more fruits and vegetables 
are reported to have a lower risk for lung cancer, 
but the nutrients responsible for this protection 
remain unknown. Carotenoids in fruits and veg-
etables were postulated to have a protective action 
by quenching singlet oxygen and free radicals that 
could lead to lipid peroxidation. 

The Beta-Carotene and Retinol Efficacy Trial 
(CARET) confirmed the harmful effect of 
supplemental 3-carotene upon cigarette smokers 
(Omenn et al., 1996). CARET was a multicentre,  

randomized, double-blind, placebo-controlled pri-
mary prevention trial in the United States involv-
ing a total of 18 314 smokers, former smokers and 
workers exposed to asbestos. This trial was stopped 
21 months early when interim analysis showed 
that a combination of 30 mg of 3-carotene and 
25 000 lU of retinol per day had no benefit and 
may have had an adverse effect on the incidence of 
lung cancer and on the risk of death. The active 
treatment group had statistically significant 
excesses of lung cancer incidence (280/6), lung can-
cer mortality (46%), cardiovascular mortality 
(26%) and all-cause mortality (17%) compared 
with the placebo group. 

The reasons for the harmful effects of 3-carotene 
supplementation are neither clear nor universal. 
No significant harmful (or beneficial) effect was 
observed on rates of lung cancer, total cancer or 
cardiovascular disease after 12 years of 3-carotene 
supplementation (50 mg, alternate days) among 
22 071 males in the Physicians' Health Study 
(Hennekens et al., 1996). While many physicians 
were nonsmokers, there were no differences 
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between current and former smokers in any of 
these end-points. Similarly, the Women's Health 
Study found neither positive nor negative effects of 
n-carotene (50 mg, alternate days) on the 
incidence of cancer or of cardiovascular disease 
(Lee et at, 1999). This randomized, double-blind, 
placebo-controlled trial among 39 876 women 
aged 45 years or older tested the effects of aspirin, 
vitamin E and 3-carotene in prevention of cancer 
and cardiovascular disease, The j-carotene compo-
nent was terminated early after a median treat-
ment duration of 2.1 years in response to the pub-
lication of the Finnish and CARET trials. While no 
mechanism satisfactorily explains the effects of 
j3-carotene on lung cancer, the absence of benefi-
cial effects and the potential for harm suggests that 
this agent should not be used for chemopreven-
tion (IARC, 1998; Hong, 1999). 

Second primary lung cancer end-point 
Perhaps as a result of widespread epithelial injury 
(field cancerization), patients with a successfully 
resected first primary lung cancer have a high 
annual incidence (2-5%) of second primary lung 
cancer (Grover & Piantadosi, 1989). The adjuvant 
effect of vitamin A (as retinyl palmitate, 300 000 lU 
per day for 12 months) was evaluated in 307 
patients with stage I NSCLC, randomly assigned to 
treatment or placebo after curative surgery. After a 
median follow-up of 46 months, the treatment 
group developed fewer second primary tumours 
(370/a vs. 48%) and showed a significantly greater 
time to new primary (Pastorino et at, 1993). These 
encouraging results have been followed by the 
EUROSCAN trial, the largest chemoprevention 
study in curatively treated early-stage oral cancer, 
laryngeal cancer and lung cancer (n = 2595) (de 
Vries et ciL, 1999). Initiated by the European 
Organization for Reseach and Treatment of Cancer 
(EORTC) in 1988, EIJROSCAN was an open-label, 
multicentre, two-year trial of retinyl palmitate and 
N-acetylcysteine (NAC) administered in a 2x2 fac-
torial design. Preliminary results show no differ-
ence between treatment and control arms for sec-
ond primary tumours of the head and neck and 
the lung, local/regional recurrence and distant 
metastases, or long-term survival rates. 

In trials designed to look at primary aerodiges-
tive tract end-points therefore, chemoprevention 
of premalignancy (sputum atypia or bronchial  

metaplasia) has been unsuccessful and chemopre-
vention of primary or second primary lung cancer 
has either been unsuccessful or harmful (Table 1). 
The intermediate end-point of specific retinoid 
(13-cis-retinoic acid) effect, RAR-j3 mENA expres-
sion has differed from the more general lung can-
cer premalignancy markers (sputum atypia and 
bronchial metaplasia). The absence of benefit from 
chemoprevention with 13-cis-retinoic acid in 
reducing lung cancer incidence indicates that a 
marker of retinoid effect does not necessarily pro-
vide a good intermediate index of lung cancer 
chemoprevention. 

Lung cancer as secondary end-point 
In terms of lung cancer as a secondary end-point, 
vitamin E and selenium show some promise for 
chemoprevention. In a placebo-controlled trial to 
evaluate the effect of selenium (200 ig in brewer's 
yeast per day) on the incidence of skin basal-cell or 
squamous-cell carcinomas, Clark et al. (1996) 
found a reduction of second primary lung cancers. 
Seven dermatology clinics in the eastern United 
States treated 1312 former non-melanoma skin 
cancer patients with selenium or placebo for an 
average of 4.5 years. After follow-up of 8271 per-
son-years, selenium treatment did not significantly 
affect the incidence of basal-cell or squamous-cell 
skin cancer. However, compared with controls, 
patients treated with selenium had significant 
reductions in total cancer mortality, total cancer 
incidence and incidence of lung, colorectal and 
prostate cancers. The trial was stopped early 
because of the apparent reductions in total cancer 
mortality and total cancer incidence in the sele-
nium group. No case of selenium toxicity occurred. 
The potential lung cancer risk of low selenium 
levels is supported by follow-up data from a 
Finnish serum bank (Knekt et al., 1998). The sele-
nium levels of 95 cases of lung cancer arising 
during a 20-year follow-up of 9101 cancer-free 
individuals were compared with 190 matched con-
trols. After adjustment, Knekt et cii. (1998) found a 
significant excess lung cancer relative risk among 
those in the lowest compared with the highest ter-
tiles of serum selenium levels. The low sele-
nium—lung cancer association was even stronger at 
lower levels (<5.9 mg/litre) of a-tocopherol. 

A slight chemopreventive effect of vitamin E 
was observed in the a—tocopherol arm of the ATBC 
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study (Alpha-Tocopherol, Beta-Carotene Cancer 
Prevention Study Group, 1994). In contrast to the 
significant increase in lung cancer incidence with 
n-carotene, vitamin E gave no adverse effect on 
lung cancer incidence, but a trend towards reduc-
tion in lung cancer incidence in participants with 
longer cr-tocopherol exposure. The epidemiologi-
cal dietary and baseline serum cz-tocopherol levels 
from the ATBC study support the protective effect 
of vitamin E against lung cancer (Woodson et al., 
1999), as do data from China. An occupational 
cohort of Chinese tin miners was followed for 
development of lung cancer. Although there was 
no significant overall association between prospec-
tively collected serum cr-tocopherol, y.tocopherol 
or selenium levels and incidence of lung cancer, 
results from this study suggest that higher cr-toco-
pherol levels may be protective in men less than 60 
years old and in those who do not drink alcohol 
(Ratnasinghe et al., 2000). 

In summary, while natural and synthetic vita-
min A metabolites and analogues (retinoids) have 
been found to suppress head and neck and lung 
carcinogenesis in animal models, chemopreven-
tive interventions have failed to show inhibition of 
carcinogenesis in individuals with premalignant 
lesions and were either neutral or harmful in terms 
of lung cancer end-points. With no demonstrated 
effectiveness of retinoid chemoprevention, discus-
sion of markers of specific retinoid effect (i.e., RAR-
j) becomes moot. 

Intermediate-effect markers 
A number of genetic instability and proliferation 
markers have been proposed as general markers of 
carcinogenesis. These markers may be useful both 
for early detection and potentially as intermediate-
effect markers for chemoprevention trials. 

Abnormal protein (hnRNP A2/B1) overexpression 
Sputum cells can now be probed for altered gene 
expression to assess the preneoplastic state of the 
airway. During the Johns Hopkins Lung Project 
UHLP), we developed an archive of dysplastic spu-
tum specimens and associated clinical data linking 
specimens to lung cancer outcome. These archived 
specimens were examined with two monoclonal 
antibodies (MoAbs 703D4 and 6241112; raised at 
the US National Cancer Institute) to NSCLC and 
SCLC cell lines (respectively). Antibody differential 

display was used to identify biomarkers of lung 
cancer in archived sputum specimens two years 
before clinical detection of lung cancer, with a sen-
sitivity of 91% and a specificity of 88% (Tockman 
etal., 1988). 

Monoclonal antibody 703D4 recognizes an epi-
tope of hnRNP A2 and its splice variant, hnRNP Bi 
(Zhou et al., 1996). The target antigen for 703D4 
was purified, leading to detection of three 
sequences, including one across a site of alternate 
exon splicing, which all identified a single protein, 
heterogeneous nuclear ribonucleoprotein A2 
(hnRNP A2). The splice variant hnRNP-B1 was a 
minor co-purifying immunore active protein. 
hnRNPs are members of a family of ribonuclear 
proteins which are generally thought to regulate 
the shuttling of nascent RNA transcripts between 
the nucleus and cytoplasm. The hnRNP A2/B1 
family of antigens is frequently observed in trans- 
formed bronchial epithelium (Zhou et al., 1996) 
and its increased expression is associated with a 
critical phase of fetal lung development for three 
mammalian systems, suggesting an oncofetal role 
for this protein (Montuenga et al., 1998). 

We are conducting a clinical trial to evaluate the 
performance of the hnRNP A2/131 protein as a 
biomarker for early detection of second primary 
lung cancer (SPLC) (Tockman et al., 1994). 
Individuals at risk for SPLC have the highest 
annual incidence of lung cancer (2-5%) among 
asymptomatic populations (Grover & Piantadosi, 
1989). The Lung Cancer Early Detection Working 
Group (LCEDWG), thoracic surgeons and medical 
oncologists from leading medical centres through-
out the United States and Canada, and the US 
National Cancer Institute are collaborating in this 
trial. 

Monoclonal antibody 703D4 binds hnRNP 
A2/B1 within selected epithelial cells that exfoliate 
in the sputum (Tockman et al., 1998). In all cells 
correctly diagnosed by immunocytochemistry, we 
recognize at least a proplastic morphology. These 
morphological criteria reflect proliferative changes 
in nuclear morphology and a level of cytoplasmic 
immaturity. When such cells bind monoclonal 
antibody, we consider them sentinel cells for pre- 
clinical lung cancer (Tockman et al., 1998). 
Sentinel cells expressing upregulated levels of 
hnRNP A2/B1 are found infrequently (1/5000) 
among cells which normally express low levels of 
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this protein. By developing a cell-based diagnostic 
approach, rather than a traditional mass extraction 
assay, we preserve in these isolated cells the natural 
upregulated signal compared to background noise. 

After the first year of the LCEDWG trial, 13 
SPLCs were identified (Tockman et al., 1997). The 
sensitivity and specificity of the hnRNP A2/B 1 bio-
marker for later SPLC were 77-82% and 65-81%, 
respectively. Among the cases called positive by 
immunocytochemistry and image cytometry, 67% 
developed SPLC within one year. This diagnostic 
accuracy exceeds that commonly found in cancer 
screening tests with prostate-specific antigen (PSA) 
(Tockman, 1996). Sueoka et al. (1999) and Fielding 
et al. (1999) have independently confirmed that 
this epitope can be used to detect preclinical lung 
cancer. More than 6000 individuals have been 
screened with this biomarker in ongoing clinical 
trials in North America, the United Kingdom, 
China and Japan. Detection of hnllNP AZ/B 1 over-
expression in sputum epithelial cells with proplas-
tic morphology appears to be the basis of a cytotest 
that could be the basis for a strategy of preclinical 
lung cancer diagnosis. 

Specific oncogene activation (ras) and tumour-sup-
pressor gene deletion (p53, 3p, 9p) 
Three closely related genes, H-ras, N-ras and K-ras 
make up the ras family of oncogenes. The highly 
conserved 21-kDa protein products of these genes 
are important signal transduction elements which 
participate in cell cycle regulation, controlling pro-
liferation. Mutation of the KRAS2 oncogene is one 
of the most commonly occurring genetic lesions 
in colorectal cancer (Bos et al., 1987), and is fre-
quently seen in lung cancer (Rodenhuis & Slebos, 
1992). Using the JHLP archive of preclinical spu-
tum linked to tumour outcome data, we have 
demonstrated that specific mutations can be 
detected in non-malignant sputum specimens in 
advance of clinical lung cancer (Mao et al., 1994a). 

In this pilot study, we selected 15 participants in 
the JHLP with no malignancy in sputum cytology 
who went on to develop adenocarcinoma or large-
cell carcinoma of the lung. These histological cell 
types were selected because they have a higher 
incidence of K-ras mutations (30%) than other 
lung tumours (Rodenhuis et al., 1988). We also 
looked for p53 gene mutations because these are 
among the most common genetic alterations in  

lung cancers (and other cancers) (Takahashi et al., 
1989; Hollstein et al., 1991). The first exon of K-ras 
or exons 5-8 of the p53 gene were amplified by 
polymerase chain reaction (PCR) from DNA 
extracted from the paraffin-embedded primary 
lung tumour. After cloning, the K-ras gene was 
sequenced to detect mutations. Tumours not con-
taining K-ras mutations were sequenced for p53 
mutations to detect tumour-specific markers. Once 
mutations specific for each tumour were identified, 
oligonucleotide probes were prepared, specific for 
the wild-type sequence or individual mutant K-ras 
and p53. These probes were hybridized to sputum 
DNA that had been amplified by PCR, cloned into 
a phage vector and transferred to nylon mem-
branes. Ten of the 15 patients had primary 
tumours which contained either a K-ras or a p53 
gene mutation. Identical mutations were detected 
in nonmalignant sputum cells from 8 of 10 
patients who had tumours containing oncogene 
mutations. Patients whose tumours did not con-
tain mutations and control patients without can-
cer were negative for sputum mutations by this 
assay. 

This study demonstrated that 8 of 15 patients 
(53%) with adenocarcinoma or large-cell carci-
noma of the lung had detectable mutations in spu-
tum cells from 1 to 13 months before clinical diag-
nosis. The identification of specific gene abnor-
malities is less sensitive than the protein marker 
described above and its applicability is further lim-
ited by the need to know the specific mutation 
sequence with which to probe the sputum speci-
mens. In this pilot study, the mutation sequence 
was determined from the resected tumour. This 
approach is obviously not practical for screening 
undiagnosed individuals. However, with future 
advances in gene chip technology, it may become 
feasible to probe for all possible mutations of 
common oncogenes and tumour-suppressor genes 
in sputum specimens of asymptomatic individuals. 

Genomic instability (loss of heterozyposity, 
microsatelilte alterations) 
Micro satellite markers are small repeated DNA 
sequences found in the introns (non-coding 
regions) of a gene. PCR amplification of these 
repeat sequences provides a rapid method for 
assessment of loss of heterozygosity (LOH) and 
facilitates mapping of tumour-suppressor genes 
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(Nawroz et al., 1994; Ruppert et al., 1993). Yet 
microsatellites can provide additional information. 
Expansions or deletions of these repeating ele-
ments are called microsatellite alterations. These 
alterations, acquired during division of a single 
transformed cell, are passed onto daughter cells 
during clonai expansion. Since they are not tran-
scribed, microsatellite alterations provide no 
growth advantage to the cell. However, their detec-
tion in histological specimens is equivalent to the 
detection of neopiastic (clonai) cell populations. 
Although detection of microsatellite alterations 
does not indicate the specific genetic change in the 
tumour, detection of clonai cell populations might 
serve as a marker for use in cancer screening (Mao 
et al., 1994b). 

Widespread microsatellite instability was first 
reported in colorectal tumors (Peinado etal., 1992). 
In hereditary nonpolyposis colorectal carcinoma 
(HNPCC), mutations of mismatch repair genes are 
probably responsible for microsatellite alterations 
at multiple locations in the genome (Leach et al., 
1993). However, in non-1-JNPCC-associated 
tumours, including lung cancer, there is not a sim-
ilar widespread loss of mismatch repair, indicating 
that another, as yet unknown, mechanism is 
responsible for somatic alterations of repeat 
sequences (Merlo et al., 1994). 

The pattern of microsatellite alterations and 
LOH may be specific for different types of cancer. 
The high incidence of these changes on chromo-
somes 3, 5, 8, 9, 10, 11, 17 and 20 has been 
described in lung cancer specimens (Merlo et al., 
1994; Xu et al., 1997b), although the role of these 
changes in carcinogenesis is not yet known. 
Perhaps it is the cumulative effect of these genetic 
injuries that is important. We have already shown 
that microsatellite alterations are clonai markers 
for detection of human lung cancer, and 
microsatellite alterations at selected loci can be rec-
ognized in sputum cells before clinical lung cancer 
(Mao et al., 1994b). When microsatellite alter-
ations occurred at more than one locus, there was 
a significant association with hnRNP A2/B1 over-
expression (Zhou et al., 1999). We tested 41 paired 
tumour and normal DNA specimens from NSCLC 
patients surgically resected at the Moffitt Cancer 
Center. Eleven di- and tetranucleotide repeat 
markers were selected for their high frequency of 
loss (LOH) or alteration in lung cancer. In 41 paired  

tumour/normal samples, 19 patients (46%) had 
more than two loci of microsatellite instability 
(loss or alteration), while 13 out of 41 patients 
(32%) had only one locus of microsatellite insta-
bility. The total frequency for microsatellite alter-
ation was 78%, suggesting that this panel of mark-
ers may have a sensitivity comparable to that of 
hnRNP protein markers for detection of lung can-
cer. We are now evaluating whether this perfor-
mance is maintained in sputum specimens of 
high-risk individuals. 

Abnormal methylation 
The p16 gene is located on the short arm of chro-
mosome 9 (at 9p2l) and is frequently mutated or 
inactivated in tumours and cell lines derived from 
lung cancer (Hamada et al., 1998; Shapiro et al., 
1995). This gene codes for a protein that binds to 
the cyclin-dependent kinases 4 or 6 (CDK4 or 
CIJK6) and prevents the kinase from phosphory-
lating (activating) cyclin Dl. When phosphory-
lated, the activated cyclin Dl phosphorylates the 
retinoblastoma protein to allow release of E2F 
transactivators and progression through the cell 
cycle (Lukas et al., 1995). p16, therefore, acts as a 
tumour-suppressor gene, inhibiting mitosis and 
cell proliferation. Downregulation or loss of p16 
expression could contribute to the loss of cell-cycle 
control and provide a cellular growth advantage. 
Mao et al. (1997) have shown that nearly two 
thirds of former smokers show some genetic alter-
ation in their bronchial cells. The frequency of 
LOH at the tumour-suppressor sites 9p2l(p16) and 
17p13(p53) was nearly the same for smokers and 
for former smokers. In contrast, lifetime non-
smokers showed no LOH at 9p21, suggesting that 
loss of 9p2i sequences might be an early event in 
the development of lung cancer. 

Loss of pi6 expression through gene deletion or 
expression of an altered protein through gene 
mutation are established causes of loss of tumour-
suppressor function (Shapiro etal., 1995). Merlo et 
al. (1995) have described inhibition of p16 gene 
transcription by promoter region hypermethyla-
tion and Herman et al. (1996) have described a 
novel PCR assay for detection of this condition. 
Briefly, the addition of methyl groups to a 
sequence motif (CpG islands) in the gene promoter 
region results in failure of gene transcription 
(Gonzalez-Zuiueta et al., 1995). For p16, these 
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sequence motifs start at the promoter and extend 
into exon (transcribed region) la (Merlo et al., 
1995). Myohanen et al. (1998) have shown that 
transcriptional repression induced by CpG island 
methylation could be at least partly reversed by 
cell culture treatment with the demethylating 
agent 5-aza-2'-deoxycytidine. 

Belinsky et ai. (1998) have measured hyperme-
thylation of the CpG islands of the p16 gene in 
sputum from lung cancer patients and found a 
high correlation with the early stages of NSCLC. 
They suggested that detection of p16 CpG island 
hypermethylation might be useful in the predic-
tion of individuals who might develop lung cancer. 
As yet, however, no prospective studies have 
assessed the performance of the hypermethylation 
assay on samples from individuals at risk for devel-
oping lung cancer. 

Helical CT detection of atypical adenomatous hyper-
plasia (AAH) 
A new radiographic approach has been pioneered 
in the United States and Japan (Kaneko et al., 1996; 
Henschke et al., 1999) using low-dose, single-
breath, helical computed tomography (CT). 
Henschke et al. (1999), in their Early Lung Cancer 
Action Project (ELCAP), screened 1000 smokers 
and former smokers aged 60 years and older with 
CT and detected 27 lung cancers, over 80% of 
which were stage la tumours. However, the 
histological distribution of these lung lesions was 
skewed; 78% were adenocarcinoma and a further 
11% were mixed adenosquamous cancers, The 
very small 'ground glass opacities' detected by CT 
are frequently characterized histologically as 
atypical adenomatous hyperplasia (AAH), appear-
ing as type II pneumocytes proliferating along the 
alveolar septa. Kitamura et al. (1999) have charac-
terized AAH as alveolar intraepithelial neoplasia. 
Certain populations of AAH cells exhibit active 
proliferation, aneuploidy, 3p and 9p deletions, 
K-ras codon 12 mutation and disruption of cell-
cycle control, butp53 gene aberrations are rare and 
telomerase activation is absent (Kitamura et al., 
1999). AAH and AAH-like carcinomas may consti-
tute a population of heterogeneous lesions 
representing progressive steps towards overt bron-
chiolo-alveolar lung carcinoma (Kitamura et al., 
1995). Although the treatment and prognostic 
implications of the lesion have not yet been 

determined, helical CT-detected AAH could be 
characterized and evaluated as a surrogate 
end-point biomarker in future chemoprevention 
trials. 

Fluorescent bronchoscopy detection of angiogenic 
squamous dysplasia 
Experience in other epithelial organs (i.e., cervix, 
oesophagus, colon) has shown that if the neoplas-
tic lesion can be detected and treated at the earli-
est, intraepithelial stage, the rate of cure can be sig-
nificantly improved (Anderson etal., 1988; Jiang et 
al., 1989; Winawer et el., 1993). Lam et al. (1998) 
showed that for the early detection of bron-
chogenic carcinoma, a combination of conven-
tional white-light bronchoscopy and light-induced 
fluorescence endoscopy significantly increased the 
ability of the bronchoscopist to recognize and 
diagnose small invasive cancers, carcinoma in situ 
and intraepithelial lesions. The treatment and sur-
vival implications of fluorescence-detected lesions 
have not yet been studied. 

In one study of 54 patients with known or sus-
pected lung cancer, 15% of patients diagnosed 
with invasive carcinoma also harboured carcinoma 
in situ (Lam et al., 1993). The relative sensitivity of 
fluorescence bronchoscopy, with regard to identi-
fication of moderate/severe dysplasia or carcinoma 
in situ, was 50% greater than that of conventional 
white-light bronchoscopy. To our knowledge, no 
study has evaluated whether lesions detected by 
fluorescence bronchoscopy have enhanced 
significance due to altered gene expression or the 
presence of angiogenic squamous dysplasia. 

In the biopsies from fluorescence broncho-
scopies of smokers at high risk for lung cancer, 
Keith et al. (2000) observed a lesion consisting of 
capillary blood vessels closely juxtaposed to and 
projecting into metaplastic or dysplastic squamous 
bronchial epithelium, which they termed angio-
genic squamous dysplasia. This lesion represents a 
qualitatively distinct form of angiogenesis in 
which there is architectural rearrangement of the 
capillary microvasculature. Genetic analysis of sur-
face epithelium in a random subset of lesions 
revealed loss of heterozygosity at chromosome 3p 
in 53% of angiogenic squamous dysplasia lesions. 
No confirmed pS3 mutations were identified. 
Compared with normal epithelium, proliferative 
activity was markedly elevated in angiogenic 
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squamous dysplasia lesions. The lesion was not 
present in biopsies from 16 normal nonsmoker 
control subjects. While neither the treatment nor 
prognostic implications of this lesion have been 
determined, it is another potential intermediate-
effect marker for trials of chemoprevention. 

Conclusion 
These potential intermediate-effect markers offer 
great promise to establish a molecular diagnosis of 
lung cancer far in advance of clinical presentation 
and to follow the response to chernoprevention. 
Any or all of these tests could be incorporated into 
the routine management of individuals at risk of 
developing primary or second primary lung cancer. 
However, several issues must be considered before 
these tests are ready for clinical application. First, 
test performance characteristics must be confirmed 
in prospective trials. For several of these markers, 
such trials are already in progress. Second, a man-
agement and intervention strategy must be devel-
oped that will be appropriate to the stage at which 
lung cancer is diagnosed. The ability to detect lung 
cancer at the stage of clonal expansion, well in 
advance of malignant invasion of the basement 
membrane, suggests that a non-invasive chemo-
prevention approach might be the primary 
therapeutic intervention in such cases. Preliminary 
studies of chemopreventive agents are now under 
way at the US National Cancer Institute. Several of 
these agents could be delivered by inhaler to place 
a maximum dose directly on the transformed 
epithelium. The next stage will be clinical trials to 
evaluate combined diagnostic and therapeutic 
approaches to assess their impact on the incidence 
of clinical lung cancer. 
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Metabolic polyrnorphisms as 
susceptibility markers for lung and 
oral cavity cancer 

Lung and oral cavity cancers are causally associated with tobacco use. Alcohol is an indepen-
dent risk factor for oral cavity cancer. Major classes of carcinogens present in tobacco and 
tobacco smoke are converted into DNA-reactive metabolites by cytochrome P450 (CVP)-related 
enzymes, several of which display genetic polymorphism. Individual susceptibility to cancer is 
likely to be modified by the genotype for enzymes involved in the activation or detoxification of 
carcinogens in tobacco and repair of DNA damage. Molecular epidemiological studies to assess 
the risk associated with metabolic polymorphisms for cancers of the lung and head and neck 
have shown that the overall effect of common polymorphisms is moderate in terms of 
penetrance and relative risk. However, some gene combinations like mutated CYP1A1/GSTM1 
null genotype seem to predispose the lung and oral cavity of smokers to an even higher risk for 
cancer or DNA damage although these results require confirmation in larger well defined 
studies that take into account the existence of ethnic variations even within the commonly 
defined groups. Retinoids, isothiocyanates and tea polyphenols have been identified as possi-
ble chemopreventive agents for cancers of the lung and oral cavity. While a number of trials have 
been conducted with retinoids or il-carotene, the results were ambiguous and the causes are still 
being debated. The possible interaction of chemopreventive agents with metabolic polymor-
phisms as biomarkers in chemoprevention trials is discussed. 

Introduction 
Analytical and molecular epidemiology studies 
have identified two types of population at elevated 
risk of cancer: (a) groups exposed to particular 
environmental or lifestyle risk factors, and (b) car-
riers of mutated cancer-determining genes that 
confer a very high cancer risk (Caporaso & 
Goldstein, 1995). Compared to the highly pene-
trant polymorphic genes, low-penetrance suscepti-
bility genes (such as those involved in carcinogen 
metabolism and DNA repair) modestly increase the 
risk for cancer in exposed individuals, perhaps at 
low doses of carcinogens (Vineis et al., 1994; 
Vineis, 1997). An important mechanism by which 
carcinogens cause DNA mutations is by covalent 
binding to DNA to form adducts, which if not 
repaired can result in a mutation when the DNA is 
copied during cell division. Thus DNA adducts are 
sensitive markers of exposure and, subject to 
certain conditions, also of disease risk. However, 

most carcinogens need to be metabolized by 
enzymes that may differ between individuals due 
to either inherited polymorphic DNA sequence 
variations or up-regulation or down-regulation of 
genes for metabolic enzymes by other external 
agents such as diet, alcohol, medication or lifestyle 
exposures. This entails complex gene-environ-
ment and gene-gene interactions. In principle, 
understanding the molecular basis of disease can 
facilitate prevention by allowing the identification 
of individuals who are at increased risk and of sus-
ceptible populations so that preventive strategies 
can be designed for the greatest impact. It is there-
fore important to identify candidate genes for 
which biologically plausible mechanisms for 
effects on cancer risk can be proposed. 

Tobacco exposure is the largest single cause of 
lung and oral cavity cancers (Doll, 1998). Alcohol 
use is the second major risk factor for the develop-
ment of oral cancer. The major classes of carcino- 
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gens from tobacco, polycyclic aromatic hydrocar-
bons (PAHs) and tobacco-specific nitrosamines, are 
causally associated with lung and oral cancer 
(Hoffmann & Hecht, 1990; Hecht, 1999a; 
McClellan, 1996; Bergen & Caporaso, 1999). Most 
tobacco carcinogens are converted to DNA-reactive 
metabolites by oxidative, mainly cytochrome 
P450-related, enzymes (CYPs) and are further 
metabolized by phase II enzymes. PAHs are con-
verted into phenolic metabolites; thus 
benzo[a]pyrene (B[a]P) is oxidized to B[a]P-7,8-diol 
by a CYP-mediated process. Secondary metabo-
lism, mainly involving epoxide hydrolase and 
other CYP isoforms, leads to formation of the 
highly reactive (+)-anti-B[aIP diolepoxide (BPDE) 
which is a relatively good substrate for glutathione 
S-transferase (GST) enzymes GSTM1, M2, M3 and 
PI (Coles & Ketterer, 1990). Among the tobacco-
specific nitrosamines, 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanone (NNK) and N'-nitrosonor-
nicotine (NNN) are the most important. NNK is a 
powerful lung carcinogen in all species tested and 
human exposure levels are comparable to the doses 
that cause tumours in laboratory animals. The 
metabolism of NNK includes Œ-methyl-hydroxyla-
tion, a-methylene-hydroxylation and pyridine-N-
oxidation by CYP-mediated reactions and reduc-
tion to 4-(methylnitros amino) -1-(3-pyridyl)- 1-
butanol (NNAL) and its conjugation as a glu-
curonide (Hecht, 1999a,b). Tobacco smoke also 
contains reactive oxygen species and reactive 
nitrogen species that impose oxidative stress on 
smokers' tissue. As a consequence, oxidative DNA-
base damage has been detected in respiratory tract 
tissue of smokers, with formation of lipid peroxi-
dation products such as malondialdehyde, croton-
aldehyde and trans-4-hydroxy-2-nonenal, the last 
of which can be further epoxidized by GYP-medi-
ated reactions to form promutagenic exocyclic 
DNA adducts (Chung et al., 1996; Nair et al., 
1999a) that could contribute to carcinogenesis in 
the upper aerodigestive tract (Nath et al., 1998). 
Chewing of tobacco alone or with betel quid also 
results in generation of large amounts of reactive 
oxygen species in the mouth; these and the 
tobacco-specific nitrosamines are the major 
genotoxic agents implicated in oral cancer related 
to chewing (Nair et al., 1996). Since tobacco car-
cinogens, reactive oxygen species and lipid perox-
idation products are likely to be substrates for 

metabolizing enzymes, the extent of DNA damage 
and ultimately the cancer risk may be affected by 
polymorphic GYP and GST enzymes (Brockitudler 
et al., 1998; Nair et al., 1999b). In many instances, 
the association between a particular genetic risk 
factor and cancer appears to be race- or ethnicity-
specific. Susceptibility markers that are on the 
pathway to the development of cancer have often 
been suggested as appropriate intermediate bio-
markers for use in chemoprevention studies. This 
review focuses on metabolic polymorphisms impli-
cated in susceptibility to lung and oral cancer, with 
a view to integrating them as biomarkers in 
chemoprevention strategies. 

Polymorphic metabolic genes and cancer risk 
for oral and lung cancer 
Genetic polymorphisms occur at a population fre-
quency of more than 1% and can result in marked 
inter-individual differences. Numerous alleles that 
cause defective, qualitatively altered, diminished 
or enhanced rates of drug metabolism have been 
identified for many of the phase I and phase II 
enzymes and underlying molecular mechanisms 
have been elucidated. 

Cytochrome P450 
The cytochrome P450 enzymes are a large multi-
gene family and are important in phase I detoxifi-
cation/activation reactions. In a review of the 
results of all genotype-based case—control studies 
published in the 1990s on the effect of genetic 
variants of CYPs alone or in combination as risk 
modifiers of tobacco-related cancers (Bartsch et al., 
2000), the overall effects of common GYP poly-
morphisms were found to be modest, with odds 
ratios ranging from 2 to 10. Extensive studies have 
been conducted with the aim of identifying risk 
genotypes for lung cancer, mostly focussing on 
CYP1A1, CYP2D6 and CYP2E1, while studies on 
oral cavity cancer have appeared more recently. 

CYP1A1: The human enzyme GYP lAi is involved 
in the activation of major classes of tobacco pro-
carcinogens, such as PAHs and aromatic amines, 
and is present in many epithelial tissues. About 
10% of the Caucasian population has a highly 
inducible form of this enzyme (termed B[a]P-
hydroxylase or previously arylhydrocarbon 
hydroxylase), which is associated with an 

272 



Metabolic polymorphisms as susceptibility markers for lung and oral cavity cancer 

increased risk for bronchial, laryngeal and oral cav-
ity turnouts in smokers (Nebert et al., 1996). The 
induction of CYP1A1 is initiated by the specific 
binding of aromatic inducer compounds to the 
aromatic hydrocarbon (Ah) receptor. An Ah recep-
tor nuclear translocator (Arnt) gene is further 
involved in the CYP1A1 induction pathway. So far, 
no relationship has been found between Ah-recep-
tor polymorphism and lung cancer risk (Kawairi et 
aL, 1995; Micka et at., 1997). Beginning with the 
pioneering work by Kellerman et al. (1973) on 
B [a]P-hydroxylase inducibility and bronchogenic 
carcinoma, studies on the association of the 
genetic polymorphism of CYP1A1 and cancer 
started after co-segregation of the CYP1A1 high-
inducibility phenotype and polymorphism of the 
MspI restriction site (Petersen et al., 1991). At the 
present time, the CYP1A1 gene is known to con-
tain four important sequence polymorphisms. The 
CYPIA1 11e-Val (m2) mutation in the haem-binding 
region results in a twofold increase in microsomal 
enzyme activity and is in complete linkage 
disequilibrium in Caucasians with the CYP1A1 
Mspl (ml) mutation, which has also been associ-
ated experimentally with increased catalytic activity 
(Landi et al., 1994). Although the 11e-Val mutation 
in the CYP1A1 allele does not increase activity in 
vitro (Zhang et at., 1996; Persson et at., 1997), it 
may be linked to other functional polymorphisms, 
for example in the regulatory region important for 
CYPIAI inducibility. Significant ethnic differences 
in the frequency of homozygous CYPIA I Mspl alle-
les have been observed, and both the MspI and Vat 
alleles are rarer in Caucasian than in Japanese pop-
ulations (Cascorbi et at., 1996a). 

Lung cancer: The various CYPJAI gene polymor-
phisms are differentially associated with risk of 
lung cancer. As the prevalence of both ml and m2 
alleles is higher in Japanese, studies have mainly 
investigated difference in cancer risk between 
homozygous mutant versus other genotypes, while 
in other populations, the effect is determined 
using pooled homo- and heterozygous genotypes. 
Data on lung cancer among Japanese suggest an 
increased risk associated with both the rai allele 
(Okada et a?., 1994) and m2 allele (Hayashi et al., 
1992) polymorphism; the risk is particularly 
elevated among light smokers and for develop-
ment of squamous-cell carcinoma (SCC). In studies 

on Caucasians, these findings were not confirmed 
(Hirvonen et al., 1993; Alexandrie et al., 1994; 
Bouchardy et al., 1997), possibly due to the much 
lower prevalence of the ml allele in Caucasians. 
However, Xu et at. (1996) did show an association 
for the ml allele in Caucasians. An African-
American-specific m3 allele does not seem to con-
fer increased risk for lung cancer overall but an 
association with increased risk for adenocarcinoma 
has been seen (Taioli et al., 1998). A recently 
described m4 mutation in close proximity to mi 
has been investigated in one study on Caucasians, 
and no correlation with lung cancer risk was found 
(Cascorbi et al., 1996b). 

Oral cancer: The CYP1A1 enzyme is present in oral 
tissue (Romkes et al., 1996), and the link between 
CYPIAI variants and oral cancer risk has been 
investigated in a number of studies. An overrepre-
sentation of the CYP1A1 11e-Val variant occurred 
among Caucasian patients with oral cancer and this 
was significantly higher in nonsmokers than smok-
ers (Park et al., 1997). Similarly, an increased preva-
lence of CYPIA I Val-Val variant was found among 
Japanese patients with head-and-neck cancers and 
especially those with pharyngeal cancer (Monta et 
al., 1999). Individuals with the homozygous 
CYPJA J MspI (mi/mi) variant were at significantly 
increased risk for oral SCC, in particular after expo-
sure to low concentrations of PAHs (Tanimoto et at., 
1999) and in combination with GSTM1-null, risk 
was also significantly elevated for various subsites, 
especially buccal mucosa. 

Combined effect of CYP1A1 and GSTM1 genotypes 
on cancer susceptibility 

Lung cancer: Smokers with the exon- 711e-Val muta-
tion were found to have more PAH—DNA adducts 
in their white blood cells than smokers without 
the variant (Mooney et al., 1997). In lung paren-
chymal tissue of smokers, levels of BPDE and bulky 
(PAH)—DNA adducts were positively correlated 
with CYP1A1 enzyme activity (Alexandrov et al., 
1992). Risk of lung cancer, especially SCC, is 
increased in individuals with a combination of a 
homozygous rare allele of the CYP1A1 gene (either 
m2 or ml) and the null GSTMI gene compared 
with those having other combinations of geno-
types in Japanese populations (Hayashi et al., 
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1992). Subsequently, a remarkably high risk for 
SCC at low cigarette dose (OR 41, 95% confidence 
interval (CI) 8.7-193.6) was demonstrated in 
Japanese (Nakachi et al., 1993). Significant 
increases were seen in B[a]P adduct levels in lung 
tissue from smokers with an 'at-risk' genotype, 
with a multiplicative effect at a lower level of expo-
sure (Bartsch et al., 1995, 1999). BPDE adduct lev-
els in lung and leukocytes of Caucasian smokers 
were correlated with CYPIA1 genotype, most 
strongly in GSTMJ-deficient smokers (Bartsch, 
1996; Rojas et al., 2000). These findings provide a 
mechanistic basis for the correlation of high-risk 
genotypes with increased risks for tobacco-related 
lung cancer, even at low levels of cigarette smoking 
(Kihara & Noda, 1995). Significantly more p53 
mutations were seen in lung tumours of Japanese 
smokers having the susceptible CYPJAJ genotype. 
Individuals with the combination of CYPIA1 
m2/m2 and GSTMJ-null genotypes had an eight-
fold greater frequency of p53 mutations than per-
sons with neither genotype (Kawajiri et al., 1996). 
Operated lung cancer patients with high pul-
monary CYP1A1 enzyme inducibility (Bartsch et 
al., 1990) and/or a high-risk genotype combina-
tion (Goto et al., 1996) had shorter survival. 

Oral cancer: In Japanese patients, the high-risk 
combination CYP1AI MspI (mi/mi) and GSTMl-
null genotype conferred a high risk for oral SCC 
(Sato et al., 1999) and a similar combination 
increased significantly the risk for cancer of the 
buccal mucosa and upper gingiva (Tanimoto et al., 
1999). In Caucasians, while no effect was reported 
by several authors (Matthias et al., 1998; Oude 
Ophius et al., 1998), Park et al. (1997) reported a 
significant effect, especially in non-smoker cases. 
But in one report, the highest prevalence of p53 
mutation was observed in oral tumours from 
patients with the CYP1A1(Val)!GSTMI active geno-
type (Lazarus et al., 1998). 

Overall, there is increasing evidence that indi-
viduals with the homozygous CYPJAJ MspI and 
11e-Val genotypes are at higher risk for contracting 
smoking-associated lung (SCC) and oral cancers, as 
particularly seen in Asian study populations where 
these high-risk allele frequencies are 8-18 times higher 
than in Caucasians (Bartsch et al., 2000). The cancer 
risk is further increased in carriers of the combined 
high-risk CYP1A1IGSTMI-null genotypes. 

CYP2D6: CYP2D6 has received particular atten-
tion as a genetic susceptibility factor since the first 
studies on the link between lung cancer risk and 
extensive metabolizer (EM) status (Ayesh et al., 
1984). The poor metabolizer (PM) phenotype, 
inherited as an autosomal recessive trait, is due to 
several defective allelic CYP2D6 variants, three of 
which account for more that 90% of all poor 
metabolizers. An allele associated with 2-12-fold 
amplification of the CYP2D6 gene is found in car-
riers known as 'ultra-rapid metabolizers' (UM) 
(Daly et al., 1996). Conflicting data exist as to 
whether CYP2D6 is expressed in human lung 
(Raunio et al., 1999). This isozyme can activate the 
tobacco-specific nitrosamine NNK and also nico-
tine, but other P450s are more active in this 
respect. Associations have been found between 
nicotine dependence and PM phenotype (Bous-
tead et al., 1997) and between UM and smoking 
addiction (Saarikoski et al., 2000). Higher DNA 
adduct levels have been reported among homozygous 
and heterozygous extensive metabolizers com-
pared with people classified as poor metabolizers. 

Lung cancer: Among the nine genotyping studies 
that have been reported, a significant association 
was found between lung cancer and the EM geno-
type in three studies, and in one study an associa-
tion with UM genotype and lung cancer risk was 
found in African Americans (Bartsch et al., 2000). 
However, in two meta-analyses, there was no asso-
ciation or one of borderline significance between 
the EM genotype and increased risk (Christensen et 
al., 1997; Rostami Hodjegan et al., 1998). 

Oral cancer: In Caucasians, a significantly higher 
frequency of the PM genotype among cases 
was reported in one study, while the time for 
lymph node metastasis was shorter in PM 
compared with EM subjects (Worrall et al., 1998). 
No effect was found in other studies (Gonzales et 
al., 1998; Matthias et al., 1998). 

Overall, evidence for a role of CYP2D6 poly-
morphisms as a risk factor for lung or oral cancer 
is weak, conflicting and inconclusive. 

CYP2E1: The ethanol-inducible CYP2EI metabo-
lizes many known procarcinogens, including 
NNN, NNK and other volatile nitrosamines found 
in tobacco smoke. Wide inter-individual variation 
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in expression of the CYP2E1 gene in humans has 
been reported, which is possibly due to gene—envi-
ronment interactions, CYP2E1 is induced in mice 
exposed to cigarette smoke by inhalation (Villard 
et al., 1998). Its regulation involves complex tran-
scriptional and post-transcriptional mechanisms. 
Several polymorphic alleles occurring at low 
frequency have been identified and the most studied 
are the Rsal G_1259C or Pst' C_1591T restriction frag-
ment length polymorphisms (P.FLP); these appear 
to be in complete linkage disequilibrium with each 
other (cl: common and c2: rare allele). Although 
the primary sequence of the enzyme does not 
appear to be altered, increased gene transcription 
has been suggested (Watanabe et al., 1994). A sec-
ond allele of the CYP2E1 gene is revealed by a Dm1 
RFLP (C: minor and D: common allele). While in 
Caucasians no relationship was found between 
genotype and the activity of this enzyme in vivo, in 
Japanese the presence of the variant c2 alleles 
resulted in a significant reduction in oral clearance 
of chlorzoxazone, after adjustment for age and sex. 
The mean activity in individuals with the c2/c2 
genotype was significantly lower than that in indi-
viduals with either the homozygous wild-type or 
the heterozygous genotype. Body weight and 
dietary factors were the major modulators of inter-
individual variation (Le Marchand et ai., 1999). As 
the frequencies of variant alleles are very low in 
Caucasians and African Americans, the statistical 
power of these studies was low. 

Lung cancer: In a number of studies of Caucasians, 
no significant association was found, but the wild-
type Dial genotype was associated with an 
increased risk for lung cancer in studies in Japanese 
(Uematsu et al., 1994), Mexican Americans (Wu et 
al., 1998) and a mixed Hawaiian population (Le 
Marchand et al., 1998). More conflicting results 
have been published concerning the RsaI/PstJ 
mutation. The rare PstI/RsaI c2 allele has been asso-
ciated with decreased risk for cancer in some stud-
les (Wu et al., 1997; Le Marchand et al., 1998), and 
in one study the c2 allele frequency was signifi-
cantly lower among cases than controls (Persson et 
al., 1993). The homozygous c2 genotype correlated 
positively with p53 mutations in Japanese (Oyama 
et al., 1997a); in a small study of Caucasians, the c2 
genotype conferred a significant risk especially for 
lung adenocarcinoma (El Zein et al., 1997). 

Oral cancer: No association between head-and-
neck cancer and CYP2E1 variants was reported in 
two studies (Matthias et al., 1998; Monta et al., 
1999), but a higher prevalence of the c2 allele was 
reported in non-betel quid-chewing Chinese 
patients (Hung et al., 1997). As the frequencies of 
variant alleles are very low in Caucasians and 
African Americans, the statistical power of the 
studies was low. 

Glutathione S-trans brases 
The glutathione S-transferase genes (GSTs) form a 
superfamily of consisting of four distinct families, 
named Alpha, Mu, Pi and Theta. The GSTM1, 
GSTTI and GSTP1 genes are polymorphic in 
humans. GSTM1 is expressed at high levels in liver 
but not in lung. GSTM1 has three alleles: GSTM1 
0/0 (null) is gene deletion in homozygotes, while 
GSTM1 *A  and GSTM1 *B  differ by a single base in 
exon 7 and encode enzyme monomers that form 
active homo- and heterodimeric forms. The preva-
lence of the GSTM1 -null genotype shows ethnic 
differences, with reported ranges of 22-35% in 
Africans, 38-67% in Caucasians and 33-63% in 
East Asian populations (Rebbeck, 1997). 

Lung cancer: As an illustration of the potential 
population impact of these genes, it has been 
estimated that 17% of lung cancers may be attrib-
uted to GSTM1 genotypes (McWilliams et al., 
1995). Recent meta-analyses of 19 studies indicate 
that the GSTM1-null genotype confers a modest 
increased risk of lung cancer, the relative risk 
among Caucasians being 1.21 (95% Cl, 1.06-1.39), 
and among Asians 1.45 (95% Cl, 1.23-1.70). For 
lung cancer, risk seems to be related particularly to 
squamous and small cell histologies. Estimates for 
Asians show higher consistency and risk is greater 
in Kreyberg I histologies (d'Errico et al., 1999). Ten 
studies have examined the relationship between 
GSTM1 polymorphism and lung cancer risk 
according to tobacco consumption. In five of the 
ten studies, the OR was higher among heavy smokers 
than among light smokers and in the other five 
studies was higher among light smokers (Stucker et 
al., 1999). There is evidence that female smokers 
with the GSTM1-null genotype are at higher risk 
for lung cancer than males (Tang et aL, 1998). 
Although GS7M1 is not expressed in human lung, 
GSTM3 activity is found, which seems to be 
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co-regulated with the GSTM1 form. Thus, individ-
uals with the nulled GSTMI genotype suffer from 
impaired detoxification of tobacco carcinogens, 
both qualitatively because of the absence of 
GSTM1 in the body and low expression of GSTM3 
in the lung, and quantitatively because of the over-
all lower GST activity (Nakajima et a?., 1995). 

Oral cancer: A significant association with the null 
genotype was seen in some Japanese studies, one at 
low dose of cigarettes (Sato, 1999) and another in 
alcohol-drinking cases (Nomura, 2000), while a 
lack of association has also been reported 
(Tanimoto et al., 1999). An association was 
reported among French smokers (Jourenkovo-
Mironova etal., 1999b), while other studies among 
Caucasians have reported a lack of association 
(Deakin etal., 1996; Park et al., 1997). GSTPvTI-null 
conferred a significant increased risk for oral leuko-
plakia among Indian betel-quid chewers, which 
was further increased in combination with GSTT1 - 
null genotypes (Nair et al., 19991). 

GSTT1: Ethnic differences in prevalence exist. The 
frequency of the GS7T1 -null genotype varies from 
10-18% in Caucasians (Rebbeck, 1997) to 58% in 
Chinese (Lee at ai., 1995). The overall biological 
effect of this polymorphism is difficult to predict, 
as the enzyme is involved in both detoxification 
(monohalomethanes, ethylene oxides) and meta-
bolic activation reactions (methylene chloride). 

Lung cancer: A number of studies have shown no 
association of GSTT1 with lung cancer risk (Harries 
et al., 1997; Ryberg et al., 1997). However, a signif-
icant association was observed with a concurrent 
lack of GSTMI and GSM genes and susceptibility 
to squamous cell lung cancers, although individu-
ally neither genotype showed any association 
(Saarikoski et al., 1998). 

Oral cancer: The GSTT1-null genotype was shown 
to increase the risk for oral and pharyngeal cancers 
among French smokers (Jourenkova-Mironova et 
al., 1999b), but most other studies did not find an 
associated risk (Deakin et al., 1996; Mathias et cd., 
1998; Oude Ophius etal., 1998; Worrall eta?., 1998). 

GSTPI: Although genetic polymorphisms have 
been reported, only the exon 5 polymorphism (G 

to A, valine to isoleucine) in the GSTP1 gene is 
linked to changed enzyme activity. The 105Val 
variant is more active than the 10511e variant in 
conjugation of diol epoxides of some PAHs, sug-
gesting that the allele 10511e variant may be more 
susceptible to the carcinogenic effects of diol epox-
ides of PAHs. 

Lung cancer: The frequency of the homozygous GG 
genotype was significantly higher in male lung 
cancer patients (Ryberg et al., 1997), whereas no 
association was reported in other studies 
(Butkiewicz & Chorazy, 1999; Harries et al., 1997). 
The combination of the three risk genotypes of 
GSTM3 M, GSTP1 (AG or GG) and GSTM1-null 
conferred an increased risk of lung cancer in heavy 
smokers (Jourenkova-Mironova et al., 1998). 

Oral cancer: The GSTP1 variant genotype conferred 
an increased risk for oral and/or pharyngeal cancer 
in a number of studies (Mathias et al., 1998; 
Jourenkova-Mironovo et al., 1999b; Katoh et a?., 
1999; Park et al., 1999). In an oral cancer case—con-
trol study among ethnic Indians, we observed a 
statistically significant risk associated with a 
homozygous variant genotype of the GSTP1 gene 
(Nair et al., unpublished). 

N-Acetyltransferase 
N-Acetyltransferase-1 (NAT1) and N-acetyltrans-
ferase-2 (NAT2) genes are polymorphically 
expressed in a variety of tissues. NAT2 may either 
detoxify or activate aromatic amines found in 
tobacco smoke, such as 4-aminobiphenyl 
(Hengstler et at., 1998). Both phenotypic assays 
and genotypic assays for NAT2 can be used to clas-
sify individuals as rapid or slow acetylators. 
Genetic variants of the NAT genes have been 
cloned and at least 19 rare alleles for NAT2 have 
been detected (Vatsis et al., 1995) but NAT*5,  
*6 and *7  alleles account for most of the slow-
acetylator allele in Caucasian populations, provid-
ing high concordance between genotype and phe-
notype. For NAT1, eight alleles have been identi-
fied. The distribution of NAT1 and NAT2 alleles 
differs widely between racial and ethnic groups. 

Lung cancer: Information about the role of NAT 
enzymes as risk factors for lung cancer is ambigu-
ous. No association with NAT2 slow or rapid geno- 
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types was seen in a Spanish study (Martinez et al., 
1995). In contrast, the homozygous rapid NAT2 
genotype was associated with increased risk in a 
German study (Cascorbi et ai., 1996b) and the slow 
acetylator with an increased risk in a Japanese 
study (Oyama etal., 1997b). In a Swedish study, an 
increased risk for NAT2 slow acetylators among 
never-smokers but an increased risk for rapid acety-
lators among smokers was seen (Nyberg et al., 
1998). A significantly increased risk of developing 
pulmonary disorders among asbestos-exposed 
subjects with a combined GSTMI-null and NAT2 
slow genotype has also been reported (Hirvonen et 
ai., 1995, 1996). In a meta-analysis of estimates for 
NAT2 slow acetylators, an OR of 0.96 (95% Cl, 
0.824.10) was computed. A significant association 
was reported between NATI genotype and lung 
cancer risk in smokers (Bouchardy et al., 1998; 
Abdel-Rahman et al., 1998), whereas no associa-
tion between lung cancer risk and NAT2 was 
observed. Recently, individuals with GSTM1-null 
and/or NAT2 slow genotypes were reported to be at 
increased risk of contracting non-operable lung 
cancer at young age (Hou et al., 2000). 

Oral cancer: Only a few studies have been con-
ducted. The NAT1*10  slow metabolizer genotype 
was associated with oral cancer risk in Japanese, 
especially in non-smokers, but not the NAT2 rapid-
acetylator genotype (Katoh et al., 1998). In another 
Japanese study, the NAT2 slow-metabolizer geno-
type predisposed towards higher risk (Monta et al., 
1999), reflecting the tendencies observed among 
Caucasians (Gonzales et al., 1998; Jourenkova-
Mironova et al., 1999a). 

Other metabolic polymorphisms 
There are a number of other metabolic polymor-
phisms which, given their substrates and func-
tions, could be expected to have some effect on the 
risk for lung and oral cancers. However, only a few 
studies testing these hypotheses for some isoforms 
have appeared. 

CYP1A2: CYPIA2 activates many dietary and 
tobacco procarcinogens, notably aromatic and 
heterocyclic amines and nitrosamines, and also 
metabolizes nicotine. In contrast to extrahepatic 
CYP1A1, CYP1A2 appears to be expressed mainly 
in the liver and only weakly in the peripheral lung 

(Mace et al., 1998). Like CYP1A1, CYP1A2 is regu-
lated in part by the Ah-receptor system and 
induced in humans by a variety of chemicals. The 
activity of this enzyme can be determined in a 
non-invasive assay involving measurement of 
caffeine 3-demethylation. Recently, two genetic 
polymorphisms of the human CYP1A2 gene have 
been identified, one in the 5 flanking region 
affecting enzyme inducibility (Nakajima et al., 
1999) and another in intron 1 which is associated 
with high catalytic activity of the enzyme, when 
subjects are exposed to tobacco smoke (MacLeod et 
al., 1998; Sachse et al., 1999). About 45% of 
healthy Caucasians are homozygous for the high-
inducibility genotype. A subgroup of smokers had 
a 1.6-fold increase in caffeine demethylation ratio 
(ratio of paraxanthine : caffeine in serum) over 
that in nonsmokers. Interactions between GSTM1 
status and CYPIA2 and CYP1A1 enzyme induction 
have been observed in smokers: GSTM1 deficiency 
was associated not only with increased hepatic 
CYP1A2 activity in current smokers but also with 
significantly increased levels of bulky PAH—DNA 
adducts in the lung parenchyma of smokers and 
ex-smokers, over that in individuals with wild-type 
GSTM1 (Bartsch et al., 1995; Bartsch & Hietanen, 
1996). CYPIA2 activity was higher in GSThIJ -null 
subjects after exposure to cigarette smoke and het-
erocyclic amines from cooked meat. Exposed indi-
viduals with CYP1AJ 11e—Val alleles had greater 
CYP1A2 activity than those with wild-type 
CYPIAI (MacLeod et al., 1997). GSTh'Il -null was 
associated with higher levels of 4-amino-
biphenyl—haemoglobin adducts in smokers (Yu et 
al., 1995). 

CYPIBI: A key enzyme in the production of 
potentially carcinogenic estrogen metabolites, 
CY1'1B1 also activates many PAH-dihydrodiols, 
aromatic amines and other groups of procarcinogens. 
CYP1B1 is also induced by Ah-receptor 
ligands. Several genetic polymorphisms have been 
identified (Bailey et al., 1998), but the role of 
CYP1B1 in lung/oral cancer has not been investi-
gated in epidemiological studies. 

CYP2A6: In humans, CYP2A6 is involved in the 
metabolism of several carcinogens, mediates 
7-hydroxylation of coumarin, a component of cig-
arette smoke, and activates several nitrosamines in 
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tobacco smoke, including NNK (Hecht, 1999b; 
Tiano et ai., 1994). The catalytic selectivity of 
CYP2A6 appears to overlap with that of CYP2E1. 
The location of CYP2A6 and 2E1 in extrahepatic 
tissues such as lung, nasal and pharyngeal areas is 
of interest. Two CYP2A6 variant alleles have been 
identified (*2  and *3)  The prevalence of the 
Leu°His variant allele in Caucasians is about 2% 
and it is associated with lower coumarin 7-hydroxy-
lation activity. A new allele has been described in 
which exons 5-9 are deleted (Nunoya et al., 1998). 
Individuals lacking functional CYP2A6 have 
impaired nicotine metabolism and may thus be 
protected against tobacco dependence. No associ-
ation of CYP2A6*2  with lung cancer was detected 
in a single report (London et al., 1999). 

CYP2C9: The levels of all smoking-related DNA 
adducts in the larynx were correlated with the 
presence of P4502C protein, suggesting a role of 
CYP2C9 in DNA adduction of PAl-I-type tobacco 
carcinogens (Degawa et al., 1994). The level of 
bulky DNA adducts in normal bronchial tissue of 
smokers was higher in individuals with the 
homozygous CYP2C9*3/*3  genotype (Ozawa et ai., 
1999). In African Americans and Caucasians, the *2 
allele was associated with borderline-increased risk 
for lung cancer (London et al., 1996, 1997). 

CYP2C19: Several defective CYP2C19 alleles are 
the basis for the (S)-mephenytoin 4'-hydroxylase 
polymorphism. The most common variant allele, 
*2, has an aberrant splice site in exon 5 (DeMorais 
etal., 1994a). The premature stop codon mutant *3 
allele has so far been found only in Asians 
(DeMorais et al., 1994b). There is evidence that 
CYP2C19 expressed by yeast has a major role in 
the accumulation of the proximate mutagen B[a]P-
7,8-dihydrodiol. A very small study among 
Japanese patients revealed a significant association 
of the poor-metabolizer genotype with lung SCC 
(Tsuneoka et al., 1996). 

CYP3A4: CYP3A4 can activate numerous procar-
cinogenic PAH dihydrodiols, such as B[a]P-dihy-
drodiol, and also metabolizes NNN (Patten et al., 
1997). Whether genetic or solely environmental 
factors are responsible for the wide variation in 
human CYP3A4 activity is unknown. Although the 
three CYP3A genes, 3A4, 3A5, and 3A7, are 

expressed at widely different levels, polymorphism 
has been found only for CYP3A4 and CYP3A5 to 
date. Several allelic variants of the CYP3A4 gene 
have been reported (Peyronneau et al., 1993), but 
none was apparently related to catalytic activity in 
the liver samples from which the DNA was derived. 
No extensive studies on CYP3A4 polymorphism 
have been reported. 

NQOI: NAD(P)ftquinone oxidoreductase (NQ01) 
is a flavoprotein that catalyses the reduction of 
quinones, quinone amines and azo dyes, thereby 
protecting cells from reactive oxygen species gen-
erated from these compounds by the activity of 
reducing enzymes such as cytochrome P450 reduc-
tase. Two alleles have been identified. NQ01 
Pro-Ser, the less common, encodes an inactive pro-
tein and is termed null (Rosvold et al., 1995). 
Significant ethnic variations in the frequency of the 
variant allele have been reported. The NQ01 Pro 
allele is associated with increased risk for lung can-
cer in non-Hispanic whites and African Americans 
(Wienke et al., 1997). Allelic variants at NQ01 have 
been associated with susceptibility to lung tumours. 

Other enzymes: Microsomal epoxide hydrolases 
(mEH), TJDP-glucuronyl transferases (UDPGTs) 
catalysing glucuronidation of N-hydroxyarenes, 
heterocyclic amines and aromatic dihydrodiols, 
phenols, quinols and NNK, and myeloperoxidase 
(MPO) which can activate lilaiP and aromatic 
amine in cigarette smoke, all display genetic poly-
morphisms, and would be candidate susceptibility 
genes to modify the risk for cancers of the lung and 
oral cavity. 

Genetic polymorphism in metabolic enzymes as 
biomarkers in chemoprevention 
As a number of xenobiotic oxidations by cyto-
chrome P450 enzymes are affected by endobiotic 
chemicals, endobiotic-xenobiotic interactions as well 
as drug-drug interactions may be of great impor-
tance in relation to the chemopreventive, 
pharmacological and toxicological actions of 
chemopreventive agents. Three classes of chemo-
preventive agents, retinoids, tea polyphenols and 
isothiocyanates, are reviewed in the context of 
their possible modulation of and interaction with 
metabolic enzymes, to evaluate the importance of 
integrating individual metabolic genotype/pheno- 
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type in designing effective chemopreventive 
strategies. 

Retinoids 
Vitamin A, synthetic and naturally occuring 
retinoids and 3-carotene have attracted wide inter-
est as possible chemopreventive agents against 
lung and oral cavity cancer. 3-Carotene is directly 
absorbed by the intestine and a proportion of it is 
then converted to retinol. Additionally, -apo-&-
carotenal, an excentric cleavage product of 
3-carotene, is a strong inducer of cytochrome 
P4501A1 and 1A2 enzymes in mice and rats 
(Gradelet et al., 1996). Such induction of P450 
enzymes might occur with high doses of 
3-carotene supplementation, as reported in ferrets, 
where the formation of 3-apo-8-carotenal was 2.5 
times higher in lung extracts (Wang et al., 1999). 

The major established pathway of retinol acti-
vation involves mobilization of retinyl esters, 
reversible conversion of released retinol into 
retinal and irreversible conversion of retinal into 
the key functional all-trans-retinoic acid. In adult 
mammalian hepatic tissue, biosynthesis of 
all-trans-retinoic acid is catalysed primarily by 
ADH and ALDH, but other enzymes including 
P450 have also been reported to catalyse biosyn-
thesis of ail-trans-retinoic acid from precursor 
retinoids (Roos et al., 1998). Rat liver microsomes 
in the presence of NADPH converted retinol to 
polar metabolites, including 4-hydroxyretinol 
(Huang et al., 1999). This activity was also shown 
in a reconstituted monooxygenase system con-
taining purified forms of rat P450 enzymes includ-
ing CYP1BI. More recently CYP1A1 has been 
shown to oxidize retinal to retinoic acid. In human 
skin, CYP1A1 and CYP1A2 convert all-tram- and 
9-cis-retinoic acid into corresponding isomers. The 
basal expression of CYPIAI and CYP1A2 can be 
inhibited by all-trans-retinoic acid (Li et al., 1995). 

3-Methylcholanthrene(3-MC) and B[a]P can 
increase all-trans-retinoic acid catabolism in 
human skin or induce local tissue depletion. This 
is caused primarily by xenobiotic-mediated induc-
tion of CYP1A1, which also is involved in inacti-
vation of all-trans-retinoic acid to 4-hydroxy-
retinoic acid. Competitive inhibitory effects of vit-
amin A, all-trans-retinol, all-trans-retinal, all-tram-
retinoic acid and retinyl palmitate on rat CYP1A1-
dependent monooxygenase activity were observed  

in a reconstituted system containing the micro-
somal fraction prepared from recombinant 
Saccharomyces cerei.4siae cells producing rat CYP1A1 
and yeast NADPH-P450 reductase (Inouye et al., 
1999). Retinol and retinal decreased the muta-
genicity of heterocyclic amines in the Salmo-
nella/reversion assay, behaved as competitive 
inhibitors of isoquinoline-induced mutagenesis 
and strongly inhibited CYP1A1- and CYP1A2-
dependent monooxygenases activities (Edenharder 
et al., 1999). Retinol and retinoic acid were strong 
competitive inhibitors for xenobiotic oxidations 
catalysed by recombinant human GYP lAi and 
CYP2C19 (Yamazaki & Shimada, 1999). 

Ethanol and its major oxidative metabolite, 
acetaldehyde, both inhibit the generation of 
all-trans-retinoic acid (Deltour et al., 1996). 
Concurrently, the CYP2E1-catalysed oxidation of 
ethanol can initiate lipid peroxidation via genera-
tion of a variety of free radicals. The lipid peroxides 
thus formed could then be converted via CYP2E1-
catalysed reactions to alcohols and aldehydes, 
including trans-4-hydroxy-2-nonenal, that act 
as potent inhibitors of all-trans-retinoic acid 
synthesis. (Khalighi et al., 1999). Prolonged use of 
alcohol, drugs or both accelerates the breakdown 
of retinol through cross-induction of degradative 
enzymes. There is also competition between 
ethanol and retinoic acid precursors. Depletion 
ensues, with associated hepatic and extrahepatic 
pathology, including carcinogenesis. Ethanol 
also interferes with the conversion of 0-carotene 
to retinol (Leo & Lieber, 1999). Thus ethanol, 
while promoting a deficiency of vitamin A, also 
enhances its toxicity as well as that of 
3-carotene. 

In conclusion, the role of microsomal 
cytochrome P450 in vitamin A metabolism and 
maintenance of vitamin A homeostasis should be 
considered in formulating chemopreventive 
strategies with retinoids, especially in the presence 
of exogenous exposure. 

Human studies: The prevalence of an array of poly-
morphic genes was determined in a cohort of male 
smokers who participated in the a-tocopherol, 3-
carotene (ATBC) study among a fairly genetically 
homogeneous Caucasian population in Finland. 
Unlike CYP1A1 and CYP2EI mutant frequencies, 
which in keeping with studies among other 
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Caucasian populations were low, most of the genes 
studied (including the GSIMI-null allele, NQ01 
Ser linked to loss of enzyme activity and ADH3-2 
lower enzyme activity) had a sufficiently high 
frequency in this population to allow investigation 
of gene-environment interactions (Woodson et al., 
1999a). In a nested case-control study within the 
ATBC cohort, GSM-null genotype was not asso-
ciated with lung cancer risk in male smokers, but 
may have conferred a higher susceptibility with 
cumulative tobacco exposure. The association was 
attenuated by a-tocopherol but not by 
fl-carotene supplementation (Woodson et al., 
1999b). One possible mechanism for this interac-
tion may be the reported activation of carcinogens, 
as 3-carotene has been shown to induce several 
carcinogen-metabolizing enzymes including 
CYP1A1/2 in ferrets (Wang et al., 1999). 

Tea polyphenols 
Tea (black, green or oolong) is produced from the 
tea plant (Camellia sinensis) by various processing 
conditions. Black tea is produced by fermenting 
the leaves, green tea leaves are not fermented, 
while oolong teas are semi-fermented followed by 
a heating process to halt fermentation. 

The primary catechins in green tea are epicate-
chin, epicatechin-3-gallate, epigallocatechin and 
epigallocatechin-3-gallate. Other polyphenols 
include flavanols and their glycosides and dep-
sides, such as chiorogenic acid, coumaroylquinic 
acid and one that is unique to tea, theogallin 
(3-galloylquinic acid). Also present are quinic 
acids, carotenoids, trigalloylgiucose, lignin, pro-
tein, chlorophyll, minerals, caffeine and very small 
amounts of other methyixanthines such as theo-
phylline, theobromine and theanine. Depending 
on the amount of oxidation and condensation of 
catechins, green tea may also contain constituents 
commonly found in black tea, such as theaflavin, 
theaflavic acids, volatile compounds and thearubi-
gens (Graham, 1992). 

Tea polyphenols, specifically the catechins epi-
gallocatechin-3-gallate, epigallocatechin and epi-
catechin-3-gallate, which account for 30-40% of 
the extractable solids of green tea leaves, are 
believed to mediate many of the cancer-cherno-
preventive effects. The chemopreventive potential 
of tea has been extensively reviewed (Yang & 
Wang, 1993; Weisburger, 1999), but the mode of  

action is still not clear. There appear to be a whole 
spectrum of activities with which these tea com-
ponents interfere. Several plausible mechanisms 
have been put forward, including inhibition of 
ultraviolet radiation- and tumour promoter-
induced ornithine decarboxylase, cyclo-oxygenase 
and lipoxygenase activities; antioxidant- and free 
radical-scavenging activity; enhancement of 
antioxidant (glutathione peroxidase, catalase and 
quinone reductase) and phase II (GST) enzyme 
activities; inhibition of lipid peroxidation; and 
anti-inflammatory activity. These properties of tea 
polyphenols make them effective chemopreven-
tive agents against the initiation, promotion and 
progression stages of multistage carcinogenesis 
(Katiyar & Mukhtar, 1997). The pharmacokinetic 
properties of tea polyphenols are largely unknown. 
Tea catechins are rapidly absorbed and the addi-
tion of milk does not impair their bioavailability. 

Inhibition of tumorigenesis by tea and tea 
polyphenols has been demonstrated in several 
rodent models, for sites including skin, lung, 
oesophagus, forestomach, duodenum, small intes-
tine, colon and liver (Yang & Wang, 1993; Fujiki, 
1999). After oral administration of tea preparations 
to animals, the activities of glutathione peroxidase, 
catalase, GST, NADPH-quinone reductase, UDPGT 
and methoxyresorufin 0-dealkylase were moder-
ately enhanced. Theaflavins have been shown to 
have inhibitory action against NNK-induced 
pulmonary hyperproliferation and tumorigenesis 
(Yang et al., 1997, 1998). The inhibitory effect of 
tea on NNK-induced tumorigenesis has been 
explained in part by increased metabolism of NNK 
in the rat liver and decreased bioavailability in the 
lung (Chung et al., 1998). The induction of hepatic 
cytochrome P450 enzymes such as CYPA2, lAi, 
and 2131 has been described in rats given either 
green or black tea (Sohn et al., 1994). Caffeine has 
been identified as the active component in tea 
responsible for enzyme induction (Chen et al., 
1996). Glucuronidation and sulfation of tea 
polyphenols are the major elimination pathways, 
and competition among tea polyphenols for glu-
curonosyltransferase and sulfotransferase could 
inhibit epigallocatechin-3 -gall ate elimination. 
Oral administration of lyophilized green tea to 
female CD-1 mice stimulated liver microsomal glu-
curonidation of estrone, estradiol and 4-nitrophe-
nol (Zhu et ai., 1998). The effects of green tea 

280 



Metabolic polymorphisms as susceptibility markers for lung and oral cavity cancer 

flavonoids on 7-ethoxyresorufin-0-deethylase 
(CYP1AZ), p-nitrophenol hydroxylase (CYP2L1), 
erythrornycin-N-demethylase (CYP3A) and 
nifedipine oxidase (CYP3A4) were examined in 
human liver microsomes. Epicatechin-3-gallate 
was the most potent inhibitor of 7-ethoxyreso-
rufin-0-deethylase in human liver microsomes. 
The effect of the green tea flavonoids on 
7-ethoxyresorufin-0-deethylase was complex; in 
addition to inhibition at high concentrations of 
flavonoid, moderate activation was seen at lower 
concentrations (Obermeier et al., 1995). Using 
standardized cell cultures, the green and black tea 
extracts and tea polyphenols were shown to 
inhibit B [a]P adduct formation with human DNA 
and induce GST and quinone reductase (Steele et 
ai., 2000). Activation of the mitogen-activated pro-
tein kinase pathway by green tea polyphenols 
(Lin et ai., 1999) might be responsible for the regu-
lation of the antioxidant-responsive element which 
is believed to mediate the induction of phase II 
enzymes by many drugs, and may be stimulated by 
green tea polyphenols in the transcription of phase 
II detoxifying enzymes (Yu et ai., 1997). 

Human studies: In contrast to the consistently 
observed inhibition of tumorigenesis by tea in 
many animal models, studies concerning the 
effects of tea on the incidence of human cancers 
have been inconclusive. Some epidemiological 
studies on the effect of tea ingestion on cancer risk 
have suggested an inhibitory effect, others an 
enhancing effect, and still others a lack of effect 
(Katiyar & Mukhtar, 1997; Yang, 1999; Goldbohm 
et al., 1996). 

A catechin esterase which converts epigallocat-
echin-3-gallate to epigallocatechin has been found 
in saliva. Holding a tea solution in the mouth for 
a few minutes without swallowing produced high 
salivary catechin levels, which were two orders of 
magnitude higher than in plasma. This suggests 
that slow drinking of green tea could be an effec-
tive way to deliver high concentrations of 
catechins to the oral cavity and oesophagus for 
prevention studies (Yang et ai., 1999). Human oral 
precancerous mucosal lesions have been reported 
to respond to tea (Li et ai., 1999). 

Isothiocyanates 
Glucosinolates are stable precursors of isothio- 

cyanates, which are typically present in plants at 
high concentrations. They are hydrolysed to iso-
thiocyanates by the coexisting but physically 
segregated enzyme myrosinase, which is released 
upon wounding (cutting, chewing) plant cells. 
Isothiocyanates and related substances, indoles, 
are responsible for the sharp taste in cruciferous 
(brassica) vegetables (broccoli, cabbage, Brussels 
sprouts, cauliflower, collards, kale, kohlrabi, mus-
tard greens, rutabaga, turnips, bok choy). In the 
cruciferous family, the inducer activity is princi-
pally due to the highly reactive isothiocyanates 
(R—N=C=S; mustard oils). More than 20 iso-
thiocyanates have been shown to inhibit the for-
mation of carcinogen-induced turnouts of several 
animal target organs. Of the indole glucosinolates 
which are predominant in brassica vegetables, 
glucobrassicin forms an unstable isothiocyanate 
which degrades into indole-3-carbinol. The 
isothiocyanate sulforaphane is the most potent 
naturally occurring inducer of phase II enzymes. A 
CYP2E1-mediated effect has been associated with 
the anti-genotoxicity of the broccoli constituent 
sulforaphane (Barcelo et ai., 1996). Young sprouts 
of broccoli and cauliflower contain much higher 
levels of glucoraphanin, the glucosinolate precur-
sor of sulforaphane, than do the mature counter-
parts. Isothiocyanates prevent carcinogenesis in 
laboratory animals by blocking carcinogen activa-
tion or enhancing detoxification. Many isothio-
cyanates have one or the other type of activity or 
both in various test systems. Some isothiocyanates 
are inhibitors of specific cytochrome P450 
isozymes in rodent tissues. Numerous isothio-
cyanates are potent inducers of GST and NADPH 
quinone reductase. Several effectively inhibit 
carcinogenesis and their effect can be remarkably 
specific. While benzyl isothiocyanate (BITC) 
inhibits lung tumour induction by B[a]P  in A/J 
mice, phenethyl isothiocyanate (PEITC) does not. 
In contrast, induction of lung turnouts by NNK is 
inhibited by PEITC but not by BITC. PEITC inhibits 
the metabolic activation of NNK in rat lung and is 
a selective inhibitor of certain P450 enzymes in rat 
liver, although it has limited effect on phase II 
enzymes (Verhoeven et ai., 1997; Hecht, 1999c). 

Human studies: Several metabolic experiments in 
humans have consistently shown increased 
GYP 1A2 activity after consumption of cruciferous 
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vegetables (Verhoeven et al., 1997). A number of 
studies to test the effect of cruciferous vegetables in 
humans in the context of metabolic polymorphisms 
have been reported. Among Chinese in Singapore, 
urinary isothiocyanate levels were not dependent 
on either GS7M1 or GSTP1 genotypes, but urinary 
excretion was significantly higher in GSTTI-posi-
tive than in GSTT1 -null subjects in the highest ter-
tile, of cruciferous vegetable intake. These results 
suggest the possible presence of inducers of GSIT1 
in cruciferous vegetables (Seow et al., 1998). 
GSTMJ apparently indirectly plays a role in the 
induction of CYP1A2 activity. Among weekly con-
sumers of cruciferous vegetables in a study among 
non-Hispanic whites, GSTMI -null individuals 
showed significantly higher CYP1A2 activity rela-
tive to GSThI1 -non-null individuals. Cruciferous 
vegetables also induce CYP1A2 activity, and 
CYP1A2 activity was induced in GSTM1 -null subjects, 
suggesting that cruciferous vegetables contain 
CYP1A2 inducers, which are probably deactivated 
in the presence of GSTM1 (Probst-Hensch et al., 
1998). GSTM1 rapidly conjugates isothiocyanates 
to GSH, leading to excretion (Zhang et al., 1995). 
Lin et al. (1998) reported that although subjects in 
the highest quartile of broccoli intake had a low 
risk of colorectal adenomas, when stratified by the 
GSTM1 genotype a protective effect was observed 
only among subjects with the GSTMJ -null geno-
type. Among smoking volunteers, Hecht etal. (1995) 
showed that PEITC (watercress) inhibited the 
oxidative metabolism of NNK in humans similarly 
to rodents; 7 of 11 subjects had increased levels of 
urinary metabolites of NNK (NNAL and NNAL glu-
curonide). As PEITC can induce UDP glucuronosyl-
transferase activity and as that is the path of NNK 
excretion, it would be interesting to study whether 
polymorphisms in these enzymes would affect NNK 
detoxification. 

Careful consideration should be given in future 
research to the fact that the plant polyphenols act 
synergistically in complex ways with other con-
stituents of the plant. These unknown and poorly 
understood interactions could play a significant 
role in the anticarcinogenic efficacy of the 
polyphenol constituents. A lesson can be drawn 
from pharmaceutical agents available today: iso-
lated extracts of one primary active constituent are 
generally not without side-effects. 

Perspectives: metabolic polymorphisms and 
chemoprevention in humans 
The evaluation of the net effect of chemopreven-
tive agents in real life is difficult, as exposure to 
many different carcinogens, drugs, dietary factors 
and endobiotics occurs simultaneously. Several of 
these use the same metabolic pathways. Induction 
of a pathway that is protective against one group of 
compounds may potentiate the toxic or carcino-
genic effects of another class or vice versa. Although 
bifunctional inducers such as indole-3-carbinol 
can be directly beneficial, as shown by the 
increased metabolism of aflatoxin B1  to less toxic 
and carcinogenic metabolites due to induction of 
P450 enzymes, such a protective effect may not 
extend to PAHs. Further, prophylaxis based on 
inhibition of cytochrome P450, known to play a 
role in primary metabolism of a wide range of 
dietary and physiological compounds, carries a 
high risk of inducing adverse responses. A balance 
between activation and detoxification is the deter-
mining factor for the net effect. In contrast to 
bifunctional inducers (Prochaska & Talalay, 1988) 
which induce both phase II as well as selected 
phase I activities, monofunctional inducers elevate 
phase II metabolism without significantly 
affecting phase I activity. They appear to be the 
preferred agents for producing resistance against a 
wide range of chemical insults without adverse 
side-effects. The possibility of changed organo-
tropy should also be considered; for example, 
decreased carcinogen metabolism in the liver 
could affect peripheral organs such as the lung, or 
increased metabolism in the liver could affect the 
kidney or bladder. A detailed understanding of 
mechanism of action and host genotype/pheno-
type profile is required before setting up chemo-
prevention trials. 

Molecular epidemiological studies attempting 
to identify gene-carcinogen interactions and 
other mechanistic aspects in humans require 
comprehensive integration of genotype and phe-
notype biomarkers. IARC (Toniolo et al., 1997; 
Vineis et al., 1999) proposed that the design and 
analysis of molecular epidemiological studies 
should include: 

• a clear definition of representative study 
populations and controls; 
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a sample size adequate to provide the necessary 
statistical power; 
proper documentation (or measurement) of 
exposure to carcinogens or protective agents; 

• avoidance of confounding due to mixed ethnic 
background of study subjects; 
study only of gene polymorphisms that have 
been shown to lead to altered phenotypic 
expression. 

Future investigations should include both single 
and joint risk effects of multiple polymorphism 
combinations and should assess interaction 
between susceptibility genes and other endo-
genous (e.g., hormones) and exogenous (e.g., 
tobacco smoke, vitamin supplementation) risk fac-
tors. For appropriate and rigorous hypothesis test-
ing, these studies will require a reasonable preva-
lence of relevant alleles. The data generated from 
the Human Genome Project and the Cancer Gene 
Anatomy Programme together with gene-chip 
technology have provided high-throughput means 
to look at general genetic damage as well as specific 
genetic changes at the molecular level. Such chips 
may be designed to evaluate subjects at risk, for 
example those carrying genetic polymorphisms, 
for determining appropriate target population for 
intervention strategies. Knowledge of the preva-
lence and distribution of common genetic suscep-
tibility factors and the ability to identify suscepti-
ble individuals or subgroups will have substantial 
preventive implications, in particular if more data 
are collected showing that people with certain 'at-
risk' genotypes are more susceptible to low levels of 
carcinogens. It is conceivable that such subjects 
could be (i) more easily persuaded to avoid 
hazardous exposures such as tobacco, (ii) targeted 
for intensive smoking cessation programmes, 
(iii) be enrolled in chemoprevention trials and 
(iv) be involved in cancer screening programmes 
that would not be appropriate for the general pop-
ulation. 
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