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Preface

Overall, cancer is a preventable disease. Modifiable external factors, discov-
ered by epidemiological studies during the last 50 years, account for a major-
ity of all cancer deaths. Tobacco smoking remains the largest etiological
contributor to cancer, while the contribution of inadequate diet and obesity
may be equally important, but much more difficult to quantify. Most of the
biological agents with established carcinogenic potential are rare in high-
resource countries, but important in low-income countries. The association of
human papillomaviruses (HPVs) with cervical neoplasia is very strong. Per-
sistent infections with HPV types that carry a high oncogenic risk lead to inva-
sive cervical neoplasia. After 20 years of intensive research, a point has been
reached at which prevention of cervical cancer by vaccination against HPV
infection will be possible in the foreseeable future.

Implementation of cancer prevention takes place slowly and incremen-
tally, rather than through major breakthroughs. Avoidance of tobacco smoke,
including environmental tobacco smoke, is a first priority in prevention. With
respect to diet, increased consumption of fruits and vegetables and reduced
consumption of refined carbohydrates, salt, red meat and animal fat are likely
to contribute substantially to the primary prevention of cancer. Increased
physical activity, avoidance of excessive alcohol intake, avoidance of obesity
and overweight throughout life are also desirable. Vaccination against hepati-
tis B and control of transmission of hepatitis C virus and some of the HPVs
will have a modest impact in developed countries, but a major impact in devel-
oping countries. Avoidance of exposure to sunlight, strict control of occupa-
tional exposures and a sound environmental policy can also contribute to the
avoidance of a small fraction of the cancer burden.

Carcinogenesis is a multiyear, multistep, multipath disease of progressive
genetic and associated tissue damage. The past two decades have been golden
years for the genetics of cancer. It has become clear through the work of
several research groups that both inherited and sporadic cancers arise through
defects of misregulations of their genomes. The cartography of the order, accu-
mulation and interactions of genetic lesions during tumor initiation and pro-
gression is reasonably detailed for many human tumor types. Such information
is proving to be tremendously valuable in grouping patients into prognostic
categories, and also in opening new avenues for mechanism-based cancer
prevention.



VIII Preface

The good news is that basic research into molecular genetics and biology
of cancer is delivering better diagnoses and smarter drugs. However, despite
increasing research and development efforts in cancer prevention, new drug
approvals for preventive indications have been slow to emerge. New preven-
tive strategies with earlier endpoints, such as intraepithelial neoplasia, may
provide practical and feasible approaches to the rapid development of new
tools to treat and prevent precancer rather than full-blown invasive cancer.
Most of these approaches still need to be fully tested before they can be more
widely adopted. The ultimate prize, which could be available within the next
10-15 years, would be a preventive tool that works on the particular genes in
a particular sequence of events. Genetic tests may one day accurately identify
those precancers that are likely to become invasive and spread. The tests may
also tell physicians to which drugs a given precancer is most vulnerable.

HAarr1 VaiNio, EINo HIETANEN
Lyon, June 2002
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CHAPTER 1
Causes of Cancer and Opportunities
for Prevention

H. Vainio and E. HIETANEN

A. Cancer Burden and Health Challenge by Cancer

The global incidence of cancer is soaring due to the rapidly aging populations
in most countries. In 2000, there were ten million new cancer cases, six million
cancer deaths, and 22 million people living with cancer (ParkiN 2001). By the
year 2020, there will be an estimated 20 million new cancer patients each year.
Almost three quarters of them will be living in countries that between them
have less than 5% of the resources of cancer control (Sikora 1999).

Lung cancer was the most common cancer worldwide in 2000, both in
terms of incidence, with 1.2 million new cases, or 12% of the world total, and
mortality (1.1 million deaths or 18% of the total) (Fig. 1). This is by far the
most frequent cancer of men, with the highest rates in North America and
Europe (especially eastern Europe). Moderately high rates are also seen in
temperate South America, Oceania, and in parts of Asia (Singapore, Hong
Kong, the Philippines). In women, the incidence rates were lower (overall, the
rate of 11 per 10° women, compared with 35 per 10° in men). The major cause
of lung cancer is tobacco smoking, and in general, incidence rates in a country
closely reflect the past history of tobacco smoking (DoLL and Pero 1981).
Heavy smoking increases the risk by around 30-fold, and smoking causes over
80% of lung cancers in Western countries.

Breast cancer is by far the most common cancer of women (22% of all
new cancers) and ranks overall second (with 1.05 million cases) when both
sexes are considered together. Breast cancer is the most prevalent cancer in
the world today; there are an estimated 3.9 million women alive who have had
breast cancer diagnosed within past 5 years (Pisani et al. 2001). Incidence rates
are about five times higher in Western countries than in the developing
countries and in Japan. Incidence rates of breast cancer are increasing in most
countries, but especially in those countries where the rates have previously
been low.

The major influences on breast cancer are environmental and lifestyle
related (reproductive factors, diet, physical activity, energy balance).
Much of the international variation is due to differences in established repro-
ductive risk factors such as age at menarche, parity and age at births, and
breastfeeding, but differences in dietary habits and physical activity may also
contribute.



2 H. Vainio and E. HIETANEN

Fig.1. Estimated number of new cases (incidence) and deaths (mortality) by sex and
site. (Data from Globocan 2000)

Colorectal cancer accounted for about 9.4% of new cases in 2000, and
ranked third in frequency of incidence (PArRkIN 2000). Numbers were similar
in males and females. The highest incidence rates are in “developed” parts
of the world; they are about tenfold higher in developed than in developing
countries. Rates in Africa are very low (except in South Africa). Incidence
rates have been increasing in countries where they were previously low. The
relatively good prognosis means that colorectal cancer is the second most
prevalent cancer in the world, with estimated 2.4 million people alive with the
disease diagnosed in the previous 5 years.

Dietary exposures are the main risk factors. The best established dietary-
related factor is overweight/obesity. Physical activity has been consistently
associated with decreased risk (IARC 2002). Consumption of diet rich in fruits
and vegetables has shown protective effects in numerous observational epi-
demiological studies; however, results from recent large prospective studies
have been inconsistent.

Stomach cancer is the fourth in rank overall incidence (about 9% of the
total). Almost two-thirds occurred in developing countries. Until about 20
years ago, stomach cancer was the most common cancer in the world; mortal-
ity rates have been falling in all Western countries and stomach cancer is now
much more common in Asia than in Europe and North America. Stomach
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cancer incidence was highest in Japan in 2000. High incidence was also found
in eastern Asia and Central and South America. Migrant studies have demon-
strated that there is a strong environmental component in stomach cancer eti-
ology. Infection with Helicobacter pylori is an established risk factor. Stomach
cancer has been shown to develop in patients with H. pylori infection but not
in uninfected patients (UEMURA et al. 2001). According to Japanese data,
stomach cancer develops in 5% of H. pylori-positive persons over 10 years.
The introduction of refrigeration has been associated with decreased risk,
probably through reducing intakes of salted foods and facilitating year-round
fruit and vegetable availability.

Liver cancer was the fifth most common cancer in the world in 2000. It is
primarily a problem of developing countries, where over 75% of cases occur.
Most liver cancers are hepatocellular carcinomas. The major risk factors for this
type of cancer are chronic infection with hepatitis viruses (HBV and HCV)
and, in tropical parts of Asia and Africa, where contamination of food grains
with the fungus Aspergillus flavus is common, exposure to mycotoxins (afla-
toxin B1). Chronic infections with hepatitis viruses carry a substantial increase
in risk (more than 20-fold); furthermore, there is a clear (multiplicative) inter-
action with concomitant exposure to aflatoxins and hepatitis B virus. Excessive
alcohol consumption is the main diet-related risk factor for liver cancer in
Western countries, probably via cirrhosis and alcoholic hepatitis.

Cholangiocarcinoma, a tumor of the epithelium of the intrahepatic bile
ducts, is particularly high in some locations where infection with liver flukes
is common, such as northeast Thailand.

Prostate cancer is the third in importance in men overall (10.2% of all new
cancer cases). Incidence rates are influenced by screening asymptomatic indi-
viduals, so that where this practice is common, the “incidence” may be very
high (104 per 10° in the USA, for example). Incidence is also high in Europe
and Australia/New Zealand. The estimated prevalence in 2000 was 1.6 million.
There has been a rapid increase in incidence of prostate cancer over the past
20 years, also in low-incidence countries such as in Japan and China.

Little is known about the etiology of prostate cancer, although ecological
studies suggest that it is positively associated with a Western-style diet. Hor-
mones control the growth of the prostate, and interventions that lower andro-
gen levels are moderately effective in treating prostate cancer. Prospective
epidemiological studies suggest that the risk may be increased by high levels
of bioavailable androgens and of insulin-like growth factor-1 (CHAN et al. 1998;
STATTIN et al. 2000).

Cervical cancer is second in frequency in women worldwide; almost 80%
of cases occur in less developed parts of the world. The geographical pattern
is a complete contrast to breast cancer; the highest incidence is observed in
parts of Africa, Asia and Latin America. In developed countries, the incidence
rates are generally low.

The major etiological agents are the oncogenic subtypes of human papil-
loma viruses (HPV); indeed, it may be that the disease does not occur in the
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absence or infection. Other cofactors, such as parity and oral contraceptives,
may modify the risk in women infected with HPV.

Esophageal cancer is the eighth most common cancer worldwide (4% of
the total number of new cases). It is mainly a cancer of developing countries.
Tobacco and alcohol are the main cause of the squamous cell cancer of the
esophagus; in Europe and North America, over 90% of cases can be attrib-
uted to these causes. Chewing of tobacco and betel quid is an important risk
factor in India. Hot beverages have been shown to increase the risk. Nutri-
tional deficiencies are thought to underline the high risk in central Asia, China
and southern Africa. Overweight and obesity are associated with increased
risk specifically for adenocarcinoma (but not squamous cell carcinoma) of the
esophagus.

Bladder cancer, the seventh most frequent cancer in men, is considerably
less common in women (15th rank). Tobacco smoking is the main cause
of bladder cancer. In regions in Africa, high endemic urinary schistoso-
miasis is known to be associated with risk of squamous cell cancer of the
bladder.

Kidney cancer was estimated to account over 336,000 cases in 2000.The
geographic variation in incidence is moderate, with the highest incidence in
Scandinavia and among the Inuit. Overweight/obesity is an established risk
factor for cancer of the kidney, and may account for up to one third of kidney
cancers in both men and women (IARC 2002).

B. Main External Causes and Cancer Control

The identification of chemical, physical, and biological agents and factors with
potential for cancer causation, the potential of gene-environment interaction,
increasing knowledge of the pathways of carcinogenesis on the path to cancer,
increased knowledge from the human genome projects — all of these present
difficult challenges for prevention (see Fig. 2).

I. Tobacco Smoking

Tobacco smoking is the largest preventable risk factor for morbidity and mor-
tality worldwide. It has central importance in the etiology of cancers of the
lung, head and neck, urinary tract, pancreas, and esophagus. More recent evi-
dence indicates that several other types of cancers, of which the most impor-
tant worldwide are stomach, liver and probably cervix, are also increased by
smoking. The relative importance of different smoking-related diseases varies
between populations, as smoking usually multiplies the background rate due
to other factors (Pero 2001). The prevalence of smoking among adults in
Europe is currently around 30% or more. China, with 20% of the world’s pop-
ulation, produces and consumes about 30% of the world’s cigarettes. The
overall proportion of male cancer deaths caused by smoking in China in 1990
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Fig.2. Host-environmental interactions in carcinogenesis

was 22% and rising (L1u et al. 1998). Chronic obstructive pulmonary disease
causes more deaths due to tobacco than lung cancer in China. Smoking also
causes more premature deaths from liver cancer than from heart disease in
China.

II. The Effect of Diet and Overweight

Diet and nutrition is an important life-style factor modulating carcinogenesis.
Dietary factors include both genotoxic compounds and those having promo-
tional effects. Genotoxic dietary compounds include heterocyclic amines
produced upon heating processes and producing cancers in breast, colon, and
prostate although epidemiological evidence is not always evident (SUGIMURA
2000). Although many micronutrients and flavonoids may be protective, even
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their role is not always clear. The microcomponents like heterocyclic amines
are major genotoxic compounds in the diet but macronutrients may exert due
to promotional modification major effects as there always will be genotoxic
events in cells “exposing” them to promotional factors.

The last several decades have been characterized by major changes in
lifestyle, in both the economically developed and less developed countries,
leading to a general increase in body weight. This is particularly true of pop-
ulations living in urban areas, and which have relatively low levels of formal
education and income. Increasing trends in the prevalence of obesity in adult
populations have been reported in many countries. In Europe, approximately
half of men and 35% of women are currently estimated to be overweight
(BerGsTROM et al. 2001), and levels up to 30%—-35% have been reported in the
Middle East and Latin America (MARTORELL et al. 2000).

These high values for prevalence of obesity and changes over time seem
to be related mainly to a lifestyle characterized by over-consumption of energy
and physical inactivity. A diminished physical activity is the result of econom-
ical, social, and technological changes. These environmental factors have led
to an increase of automation and computerization in workplace and in domes-
tic chores, a reduction of walking and cycling for transportation, a decrease of
recreational exercising and a rise in sedentary occupations such as watching
television and use of computers. Overweight and obesity are well-known risk
factors for cardiovascular disease and diabetes. There is now a consensus that
several types of cancers, such as cancer of the colon, postmenopausal breast
cancer, kidney cancer, and adenocarcinoma of the esophagus, are commoner
in people who are overweight (IARC 2002; BiaNcHINI et al. 2002). It has been
estimated that among nonsmokers in USA, about 10% of all cancer deaths in
nonsmokers are caused by overweight (Pero 2001).

Radical changes in dietary habits within a population are not easy to
achieve. Dietary supplements such as vitamins and other micronutrients seem
an attractive alternative, but they may not have the same effects as the foods
that contain them, and some may even be harmful. The only reliable way to
assess their effectiveness is in large randomized intervention trials that con-
tinue for many years. For example, there is substantial evidence from nutri-
tional epidemiology that consumption of foods containing beta-carotene
correlates with reduced risk of lung cancer. However, two large-scale inter-
vention trials showed no benefit, and suggested that supplemental beta-
carotene might even increase the risk of lung cancer and the overall mortality
(IARC 1998) possibly due to the co-carcinogenic effects (PaoLinI et al. 1999).
Aspirin and other nonsteroidal anti-inflammatory drugs probably reduce
colorectal cancer incidence but may take a decade or more to do so, and with
significant toxic side effects (IARC 1997).

Although flavonoids are known to be even protective against cancers
acting as free radical scavengers, they are not equal in chemoprevention
or may be harmful (BEAr and TeeL 2000; Hammons et al. 1999; HarcH et al.
2000).
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III. Reproductive and Hormonal Factors

The effects of reproductive factors on breast and ovarian cancer have long
been assumed to reflect the underlying hormonal processes, and this is con-
firmed by the effects of both endogenous and exogenous hormones. Breast
cancer incidence is increased by oral contraceptives or by hormonal
replacement therapy (containing estrogens), and is permanently decreased by
menarche, early menopause, early first childbirth and high parity (IARC 1999).
Endometrial cancer incidence is also increased by hormone replacement
therapy. The development of cancers of the testis and prostate may also
depend on hormonal effects, but apart from the increased risk in the unde-
scended testis, no behavioral or reproductive correlate is strongly predictive
of these diseases.

IV. Viruses, Bacteria and Parasites

The most important discoveries of the past two decades relate to the carcino-
genic effects of infectious pathogens that had not been characterized 20 years
ago. Helicobacter pylori, a chronic gastric bacterial infection that can
cause gastric ulcers, is a major factor in the development of stomach cancer
(IARC 1994b). More than 100 human papillomaviruses (HPVs) have been
sequenced and some of them have been shown to be necessary factors in the
causation of cervical cancers (IARC 1995). The contribution of hepatitis-B
virus (HBV) to liver cancer in high-incidence regions has long been recog-
nized (IARC 1994). The hepatitis-C virus infection is similarly carcinogenic
(IARC 1994).

Other pathogens that cause a substantial cancer risk in certain popula-
tions include Epstein-Barr virus (EBV), human T-cell lymphotropic virus
type 1, HIV, human herpesvirus 8, schistosomiasis and liver flukes. These are
discussed in more detail in Chap. 13 by X. BoscH et al. (this volume).

V. Occupational and Environmental Carcinogens

In the past, at least in the industrialized countries, occupational exposures and
occupational cancers used to be easily detected due to the massive exposure
and clearly define target organs, e.g., pleura, bladder, or liver (caused by such
agents as asbestos, arylamines or vinyl chloride). The occupational exposures
were orders of magnitude higher than the exposures among general public.
Also in the occupational surroundings, multiple exposures at fairly high doses
are common.

The uncontrolled asbestos use had been widespread in the European con-
struction industry from the 1950s to the mid-1970s, when public concern lead
to a rapid reduction. The resulting epidemic of mesothelioma in construction
workers and other workers born after 1940 did not become apparent until
1990s owing to the long latency of the disease. Incidence rates are still rising,
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and asbestos exposure prior to 1980 may eventually cause a quarter of million
mesotheliomas and a similar number of lung cancers in the western Europe.
There will be many more cases in the developing countries where asbestos use
is still continuing. The carcinogenic effects of asbestos were known by 1960,
and much of asbestos-related cancer epidemic could have been avoidable. The
increase in cancer incidence caused by exposure to asbestos fibers can only
be observed in humans several decades after first exposure — emphasizing the
limitations of epidemiology as an early warning system.

The role of environment in carcinogenesis in the general public is often a
controversial subject as the exposures are often very small; the total burden
may still be of significance (FIDZGERALD et al. 1998). Air pollution may lead
to considerable exposure due to the large quantities of air breathed daily that
contains many biologically very active substances such as ozone, aromatic
hydrocarbons, nitrogen oxides, etc. The indoor air is an issue of importance as
well, since, depending on the site of building, there may be, for example, radon
exposure. Passive smoking is also an important cancer risk-increasing factor.
Drinking water undergoes many purification processes such as chlorination,
which may yield to reactive compounds when reacting with organic products
in water. Nitrates may also be common in water.

Epidemiological evidence on human cancer rates still suggests that the
cancer risks caused by living near an oil refinery or a high-voltage power line
are not large. Apart from skin cancers due to sunlight (IARC 2001), the only
substantial and widespread cancer risk known to be caused by an avoidable
environmental factor in developed countries is the further increase in lung
cancer among smokers caused by indoor radon escaping from the ground or
building materials, although both indoor and outdoor air pollution from fossil
fuels may also contribute to the risk in smokers.

VI. Radiation

Sunlight (ultraviolet radiation) is an important cause of skin cancer (basal cell
cancer, squamous cell cancer and melanoma) (IARC 2001). Information on
the health effects of ionizing radiation has been accumulating from atomic
bombing, nuclear power plant accidents, therapeutic and diagnostic uses of
radiation. With ionizing radiation, the risk for leukemia and other cancers is
dose-related. The ionizing radiation is a potent causative agent to cancer
without any observable threshold (IARC 2000). Both gamma- and x-rays are
known to cause cancers.

VII. Genetic and Familial Risks

Highly penetrant hereditary conditions such polyposis coli, Li-Fraumeni
syndrome, and familial retinoblastoma cause at most a few per cent of
the majority of cancers. BRCAI and BRCA2 genes may have genetic
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mutations which lead to increased risk for breast cancer (STAFF et al. 2001;
SwisHER 2001). In families with multiple breast cancers most of the cancer risk,
but only about 2% of all cases, is due to the mutations in BRCAI or BRCA2
(PeTO et al. 1999).

The hereditary breast cancer may occur in various phenotypes and may
also be associated with some other cancers as with ovarian cancer. In heredi-
tary polyposis coli mutations in the APC/beta-catenin/Tcf-4 pathway may lead
to changes increasing cancer risk (TEJPAR et al. 2001). Prostate and melanoma
and nonmelanoma skin cancers appear to have genetic background (IKONEN
et al. 2001, Tsao 2001). For more discussion, see Chap. 2 by K. HEMMINKI (this
volume).

C. Potential of Cancer Prevention in the Future

The “war” on cancer, after 30 years of effort, is only partially won. After a
quarter of century of rapid advances, cancer research is developing into a
logical science, where complexities of the disease, described in the laboratory,
clinic, as well as in populations, will become understandable in terms of a
handful of underlying principles. We are starting to understand the intricate
workings of the human genome — ultimately responsible for controlling all bio-
logical processes in health and disease. Gene chips will detect minute code
changes of considerable relevance. Novel screening technologies will allow us
to detect just a few cancer cells in a patient.

Because of the knowledge we have gained of the carcinogenesis process,
and the role of various etiological and protective factors, it is now a widely
accepted concept that cancer is mostly a preventable disease. A new paradigm
of cancer prevention includes modulation of DNA damage and repair mech-
anisms, DNA methylation pathways influencing gene expression and cellular
phenotypes, antioxidant rearranging and oxidative stress modulation, target
receptors and signaling pathways, cell cycle controls and check points, and
antiangiogenic properties. This knowledge allows us to set the framework for
cancer prevention research that includes biomarkers of early responses,
research on biological mechanisms underlying putative cancer relationships,
and identification of the molecular targets of cancer prevention.

The future of cancer prevention will benefit from technological advances
in the field of molecular biology and genetics. But as technology becomes more
complex, the gap between the global rich and poor will widen. The export of
unhealthy lifestyles — cigarette smoking, “fast food” with high energy content
and high glycemic index, sedentary occupations — will disproportionally
increase cancer and other chronic diseases such as cardiovascular diseases and
diabetes in many developing countries, which can least afford the treatment
costs.

The key success in cancer prevention is careful targeting. In developed
countries, cancer prevention programs will lead towards individualized
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prevention — a combination of genetic environmental and lifestyle data will be
used to construct very specific personalized messages.

Countries with limited resources should not continue reinventing the
wheel. In developing countries, tobacco control is the most urgent need. With
forceful “anti-smoking” programs, which are not “high-tech,” to stop people
from taking up the habit, and helping those who have already started to quit
smoking, we could have a major effect on future disease trends. Infections are
important causes of cancer especially in developing world, where an estimated
22% of cancer has an infectious cause (P1sani et al. 1997). Hepatitis B immu-
nization in children has significantly reduced the incidence of infection in
China, Korea and West Africa. Prophylactic vaccines are becoming available
against oncogenic papillomaviruses.

After the sequencing of the human genome, and with the advancing
technologies, it is likely that genetic polymorphisms of various sorts will be
identified that will begin to make it possible to get a better handle on an
individual’s susceptibility to various cancers. Research on environment
(nutrient)-gene interactions will provide pathophysiological mechanisms of
cancer causation and prevention, and improve our ability to identify at-risk
populations. Whether this will then result in an improvement in our ability to
control cancer generally is unclear. If particular subgroups that are at increased
risk of a specific cancer can be identified, it may be worthwhile to use certain
drugs or other agents to prevent cancer in them, or to concentrate screening
on them. That may make certain types of cancer control actions more cost-
effective, but may not necessarily result in a greater impact in the population.
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CHAPTER 2
Genetic and Environmental Factors
in Carcinogenesis'

K. HEMMINKI

A. Introduction

Cancer is a genetic disease in which the malignant cells have undergone muta-
tions and chromosomal alterations that maintain the transformed phenotype
even when cultured or when injected in immunologically tolerant experimen-
tal animals (HANAHAN and WEINBERG 2000; VOGELSTEIN and KiINzLER 1998).
Yet, the views about the environmental (somatic) and inherited origin of the
genetic alterations in human cancer have been debated and any reasonable
agreement can be reached only when the causation appears clear, i.e., in case
of a hereditary cancer syndrome or an overwhelming environmental cause,
such as tobacco smoking or human papilloma virus. Even in such cases, one
type of causation may not be pure, and when interactions exist, it may be impos-
sible to apportion causation (RoTHMAN and GREENLAND 1998). In the present
chapter I will discuss causes of cancer, keeping in mind that, due to interactions,
some of the quantitative measures may be imprecise and even arbitrary. Even
so, an understanding of these causes will be helpful for scientific, clinical, and
cancer preventive measures. A certain notion of cancer causation, often
implicit, underlies many science and health policy decisions.

John Higginson, then the director of the International Agency for
Research on Cancer, shook the prevailing view on the heritable etiology of
cancer in 1968 by stating that between 80% and 90% of all cancers were
causally related to environmental factors (HicGinson 1968). HicGinsoN based
his argument on the large differences in the incidence of cancer between pop-
ulations and on the disappearance of these differences upon migration. These
findings have later been used as the proof for the importance of environmen-
tal etiology in cancer (DoLL 1998; DoLL and Pero 1981; IARC 1990; PARKIN
and Karar 1996). The earlier misconceptions about predominant heritable
causes were likely to be due to the biases from clinical and case-control studies,
some of which have shown very high familial risks (HouLston and PETo 1996).
Also the distinction between the terms “genetic” and “heritable” has not
always been clear because “genetic” is often used to denote both somatic and
heritable events. In the present review, I will revisit the above arguments and

'To the memory of Eino Hietaneu, a colleague and friend.
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assess how the current data on familial risks and immigrants weight between
the environmental and heritable causation of cancer. Four types of evidence
are considered: familial clustering of cancer, cancer in twins, multiple cancers
in the same individual, and migrant studies. For an introduction, it is necessary
to consider cancer models. Most of the discussion will be on the estimation of
heritable effects, and then, by elimination, estimates are also derived for envi-
ronmental effects. Thus the term “environmental” denotes here anything that
is not inherited.

B. Cancer Models

Cancer syndromes, such as retinoblastoma, BRCA-linked breast cancer and
hereditary nonpolyposis colorectal cancer (HNPCC), follow a dominant
mendelian pattern of inheritance, the penetrance is high and close to 50% of
the offspring of an affected parent present with the disease (CoNNOR and
FerGgusoN-SmitH 1997). Because of the high risk, these syndromes are rare; the
frequency of the mutant gene is of the order of 1/1000 or less; the most
common cancer syndromes BRCA1 and BRCA2 and HNPCC are thought
to account for 1%-3% of all breast and colorectal cancers, respectively
(AARNIO et al. 1999; PeTo et al. 1999; SyryaAkoski et al. 2000). Bloom syndrome,
ataxia telangiectasia and xeroderma pigmentosum are examples of mendelian
recessive syndromes, in which cancer is a manifestation. About 25% of the off-
spring of two heterozygote parents display symptoms, including neoplasms.
It is relatively easy to estimate the proportion of all cancer due to such
monogenic syndromes of high risk, and 1% appears to be a good estimate
(FEarON 1997).

However, most common cancers are caused by alterations in many genes.
According to the multistage theory of cancer, the clonal tumor emerges as a
result of a number of mutations in a single cell (ARMITAGE and DoLL 1954,1957,
HemmiINKI and MUTANEN 2001; HERRERO-JIMENEZ et al. 1998, 2000; Loes 2001;
MooLGAavkAR and KNUDsON Jr 1981; MooLGAavKAR and LUEBECK 1992). The first
mutation(s) occur in normal cells creating a slowly growing preneoplastic
colony. Additional changes in a cell of the preneoplastic colony are believed to
be necessary to create a neoplastic cell capable of growing as a tumor without
further rate limiting genetic changes. The number of required mutations may
vary and probably depends on the genes and tissues affected. An initial mutant
clone may arise and thus increase the target size for subsequent promotional
mutations. The adoption of known mutation rates, number of stem cells, and
normal human life-span can accommodate a carcinogenic process with three or
more mutations, such as two in the initiation stage and one or more in the pro-
motional stage (HERRERO-JIMENEZ et al. 1998, 2000).

When two or more genes are involved, it is difficult to observe mendelian
inheritance in pedigrees (HEMMINKI and MUTANEN 2001). With an increasing
number of multifactorial genes, the likelihood decreases that an offspring will
inherit the parental set of disease genes. In such pedigrees it is difficult to dis-



Genetic and Environmental Factors in Carcinogenesis 15

tinguish multifactorial inheritance from low penetrance single-gene or envi-
ronmental effects, which is a major challenge to current segregation analyses
(AITKEN et al. 1998; SHAM 1998). In the twin model, polygenic inheritance
would be expressed as a much higher risk among monozygotic than dizygotic
twins (RiscH 2001; VoGeL and MotuLsky 1996). Another model where poly-
genic inheritance could be distinguished is in multiple primary cancers in the
same individual (DonG and HEMMINKI 2001b; HEMMINKT 2001a). Both of these
models will be discussed later.

C. Familial Cancer

Heritable effects would lead to a clustering of cancer in families, i.e., offspring
and parents, or siblings, would present with the same cancer. However, famil-
ial clustering can also be caused by shared environment, life-style or even
by chance, and an increased familial risk does not tell whether the reason
is heritable or environmental. Shared environmental effects can be found
in lung, stomach, and genital cancers and in melanoma (HEMMINKI et al.
2001a). However, in cancers where strong environmental effects do not exist,
most of familial clustering appears to be due to inheritance (HEMMINKI et al.
2001a).

Numerous studies on familial cancer have been carried out (EastoN 1994;
HoutstoN and Pero 1996; LINDOR et al. 1998). A large majority of them are
case-control studies, in which cases and controls are asked about cancers in
their first- or second-degree relatives. A general problem in this design is that
people are not well informed about cancers in their family members. There is
ample literature indicating over- and underreporting, and false reporting of
cancers in family members (for discussion see DHILLON et al. 2001; HEMMINKI
2001b; LAGERGREN et al. 2000). These errors may partially neutralize each
other, and for cancer sites on which many studies have been carried out, the
results approach values that have also been observed in cohort studies
(PHAROAH et al. 1997; STRATTON et al. 1998). A limited number of cohort studies
on familial cancer have been carried out outside Sweden (CARSTENSEN et al.
1996; EastoN et al. 1996; FucHs et al. 1994; GOLDGAR et al. 1994; PETo et al.
1996). Because of its unique datasets, Sweden has been the main source of
cohort studies of familial cancer (HEMMINKI 2001a).

Statistics Sweden created a family database, “Second Generation Regis-
ter,” in 1995. Initially it included offspring born in Sweden in 1941 with their
biological parents as families, a total of 6 million individuals. It was expanded
in the beginning of 2001 to 10.2 million individuals. It covers offspring (second
generation) born after 1931 with their parents, and has been renamed to
“Multigeneration Register.” We have linked this Register to the Swedish
Cancer Registry (started in 1958) to make the Family-Cancer Database in four
expanded versions in 1996 1997 1999, and 2001 (HemMINKI et al. 2001c). The
number of cancers in the second generation increased from 20,000 in 1996 to
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158,000 in 1999; in the parental generation the increase was from 500,000 to
over 600,000 invasive cancers. The Family-Cancer Database has been the
largest population-based dataset ever used for studies on familial cancer. For
comparison, The Utah Population Database, successfully used in many cancer
studies, has a different structure in containing more than two generations, and
42,000 cancers in 1994 (GoOLDGAR et al. 1994). Regarding the Family-Cancer
Database, it is worth pointing out that the parents have been registered at the
time of birth of the child. Thus it is possible to track biological parents in spite
of divorce and remarriage. The national personal identification code has been
deleted from the Database. The Database is population-based and is not sen-
sitive to selection or reporting biases because both the family relations and
cancers in family members have been obtained from recorded sources. The
Database has been used in over 100 studies so far, including familial studies
at most common sites.

We have carried out a systematic comparison of cancer risks between
parents and offspring for putative dominant effects (DonG and HEMMINKI
2001a). Standardized incidence ratios (SIRs) were calculated for offspring who
had an affected parent and they were compared to all offspring. The results
are summarized in Table 1. Among the 18 cancer sites, all the risks were sig-
nificantly increased, and they ranged from 6.9 for thyroid cancer to 1.5 for
kidney and bladder cancer. For the population burden of familial cancer, the

Table1. Standardized incidence ratios (SIRs), familial proportions (% of all affected
offspring with an affected parent) and population attributable fractions (PAFs) for
parent—offspring familial relationships among 0-61-year-old offspring, based on the
Swedish Family-Cancer Database (modified from DonG and Hemminkr 2001c;
Hemminki 2001a)

Site SIR Proportion (%) Familial PAF (%)
Stomach 1.7 4.5 1.9
Colorectum 2.0 9.8 49
Lung 1.6 5.6 21
Breast, female 1.9 8.1 3.8
Cervix 1.9 4.0 1.9
Endometrium 29 31 2.0
Ovary 2.8 31 2.0
Prostate 2.7 17.2 10.8
Testis 43 0.4 31
Kidney 1.5 29 1.4
Bladder 1.5 34 1.7
Melanoma 2.4 2.3 1.3
Skin, squamous 2.2 34 19
Nervous system 1.7 2.5 1.0
Thyroid 6.9 2.5 2.1
Other endocrine 2.5 2.1 14
Lymphoma 1.6 1.0 0.4

Leukemia 1.8 2.4 11
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prevalence of familial cases is important. This is shown in column “Propor-
tion,” giving the percentage of offspring who have an affected parent. Popu-
lation attributable fraction (PAF) is a measure used to quantify the effect at
the population level, or in other words, the reduction in the particular cancers
if the familial effect would not exist. PAFs for familial cancer range from
10.8% for prostate cancer to 0.4% for lymphoma. The population analyzed
was 0-61 years old. Because heritable cancers usually show the highest risks
at young age, the PAFs of Table 1 are likely to be higher than those that would
be found in a fully aged population. In other words, prostate cancer is an old
age disease, and the cases occurring by age 62 years would be likely to be
enriched in heritable cases. Thus the PAF of 10.8% is likely to be much higher
than that found among all men. The PAF values cites in Table 1 are much lower
than the figures sometimes cited in the literature (Riscu 2001). As was dis-
cussed under Cancer Models, the analysis of familial risks between parents
and offspring may be inefficient in detecting polygenic effects and it would
miss recessive effects. Analysis of cancer between siblings without affected
parents is informative of recessive effects and such results have also been
presented from the Family-Cancer Database (DonG and Hemminkr 2001a;
Hemwminki et al. 2001d).

D. Cancer in Twins

The Nordic countries have twin and cancer registries that cover a long period
of time. A cancer study was carried out by pooling data from the Swedish,
Finnish, and Danish twin registries for a joint analysis (LICHTENSTEIN et al.
2000). The aim of this study was to provide reliable estimates of genetic
and environmental effects for the most common cancer sites and to assess
the modification of such estimates by age at diagnosis. Data from 90,000
twins were combined to assess the cancer risks at 28 sites for co-twins of
twins with cancer. At least one malignancy was observed among 10,803
individuals among 9,512 twin pairs. Risk increases for co-twins of affected
twins were detected for several sites including stomach, colorectum,
lung, breast, and prostate cancer. Structural equation modeling was used to
determine the relative importance of heritable and environmental effects on
cancers at 11 sites.

The results from model-fitting are presented in Table 2. For stomach
cancer heritability was estimated to account for 28%, shared environmental
effects for 10%, and nonshared environmental effects for the remaining 62%
of the variation in liability. Statistically significant heritability estimates, where
the 95% confidence interval did not include zero, were detected for cancers
of the colorectum (35%), breast (27%), and prostate (42%). The estimates for
the shared environmental effects ranged from 0% to 20% but none were sta-
tistically significant. There were no significant differences between sexes at any
of the sites.
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Table2. Heritable and environmental effects for cancers among Swedish, Danish, and
Finnish twins (modified from LICHTENSTEIN et al. 2000)

Cancer site Proportion of variance attributed to
Heritable effects Shared environment Nonshared
effects environment effects

Stomach 0.28 0.10 0.62%*
Colorectum 0.35* 0.05 0.60*
Pancreas 0.36 0 0.64*
Lung 0.26 0.12 0.62*
Breast 0.27* 0.06 0.67*
Cervix uteri 0 0.20 0.80%*
Corpus uteri 0 0.17 0.82*
Ovary 0.22 0 0.78*
Prostate 0.42* 0 0.58*
Bladder 0.31 0 0.69*
Leukemia 0.21 0.12 0.66*

*95% CI does not include 0.0, i.e., the estimate is statistically significant.

The results quantified the effect of nonshared environment to range from
58% to 82% for different cancers. Nonshared environment encompasses any-
thing that is not hereditary and not shared between the twins: sporadic causes
of cancer. It is of interest to note that this effect was large, 80% or more
for uterine and cervical cancer. Shared environment, summing up common
family experiences and habits of the twins, accounted for 0%-24% of etiology
but none of these proportions were significant statistically. The proportions
were 20% or more for cervical cancer. The twin model can accommodate both
dominant and recessive mendelian modes and polygenic modes of inheritance.
Thus the results on heritability summarize the total genetic effects, which
for colorectal, breast and prostate cancer were between 27% and 42 %, clearly
higher than the PAF values of Table 1. For all cancer, the heritable effect
was 26%. Moreover, we found evidence for heritability of cancers at stomach,
pancreas, lung, ovary, and bladder, and for leukemia, but these estimates,
ranging from 21% to 36%, did not reach statistical significance. If the range
of heritable effects for colorectal, breast, and prostate cancer of 27%—42%
turns out to be true, there are major gaps in the understanding of the genetic
basis of these diseases. The frequencies of mutations in the known high-risk
susceptibility genes, BRCAI and BRCA?2 in breast cancer and DNA mismatch
repair genes in hereditary nonpolyposis colorectal cancer (HNPCC), are so
low that they explain at most 10% of the heritability noted (PEto et al. 1999;
SaLovaara et al. 2000). For prostate cancer, candidate genes have been
mapped but not identified (GRONBERG et al. 1999; Xu et al. 1998). These
findings suggest that other genes are yet to be identified but because they are
likely to be relatively common and of moderate risk only, the incrimination
will be difficult.
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E. Multiple Primary Cancers

Multiple primary cancers in the same individual are one of the hallmarks of
hereditary cancers (LINDOR et al. 1998). Patients belonging to BRCA or
HNPCC families are characterized by an increased risk of multiple primary
cancers (THE BREAST CANCER LINKAGE CoNsORTIUM 1999; LyncH and SMYRK
1996). In studies from the Family-Cancer Database, patients with a family
history are at a highly elevated risk of second primaries (DoNG and HEMMINKI
2001b; HeEmmMinki et al. 2001b; Varrtinen and HemMminkt 2000). An increased
occurrence of second primary cancers can also result from intensive medical
surveillance after first diagnosis, therapy-induced exposure to X-rays and car-
cinogens, and shared environmental causes between the first and second
cancer. As 98% of new primary cancers are verified histopathologically or
cytologically in the Swedish Cancer Registry, it is unlikely that intensive
medical surveillance is causing diagnostic misclassification. However, the diag-
nosis of second cancer is arrived at earlier, causing an increase in incidence
during the first year of follow-up and a deficit later. On the other hand,
therapy-induced carcinogenic effects usually occur about a decade or more
after treatment. Thus, second cancer offers an interesting possibility for study
of risk factors of cancer, including heritable factors.

In Table 3 we show the risks for second primary cancer at two follow-
up times from the Swedish Family-Cancer Database (DoNG and HEMMINKI
2001d). The risks for second cancer were calculated for the total population

Table 3. Risk for subsequent primary cancer from the Family-Cancer Database (DoNG
and HeEmMINKI 2001d)

Initial cancer site Follow-up interval (years)

0-9 10-38

SIR SIR
Oral etc. 8.2 6.0
Colon 34 2.6
Nose 31.8 39.0
Breast 2x 3.8 2x 2.2
Female genitals 6.7 8.8
Testis 53 6.8
Kidney 15 2.0
Urinary bladder 22 3.1
Melanoma 8.7 6.1
Skin 15.9 9.2
Connective tissue 20.3 7.9
Lymphoma 3.8 4.4
Leukemia 6.9 12.2

All SIRs are significant statistically. Follow-up time is the interval between the first and
second cancer diagnoses.
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(offspring and parents). The risks (SIRs) are very much higher than the
offspring risks cited in Table 1. Remarkably high SIRs for second cancer
were noted for nose, skin (squamous cell carcinoma), connective tissue and
leukemia. The SIRs for breast cancer were multiplied by 2 because only one,
contralateral breast, is at risk. We have analyzed the effect of family history
on some cancers, such as breast cancer, and it is an important factor but affects
a relatively small proportion of patients with second breast cancer (VAITTINEN
and Hemmink1 2000). The data suggest that patients with second cancer include
a subgroup with a strong genetic predisposition to cancer, which cannot often
be predicted by a family history. The findings are consistent with a recessive
or polygenic effect.

F. Cancer in Migrants

The classical migrant studies on Japanese immigrants to the USA and on
European immigrants to Australia have been strong arguments for the pre-
dominant environmental etiology in cancer (HAENSZEL and KURIHARA 1968;
MCcMIicHAEL et al. 1980). Subsequently, numerous other migrant studies have
appeared from these geographic areas, from Israel, South America and some
European countries (BaLzi et al. 1993; McCRreDIE et al. 1999a,b; PARKIN et al.
1990; StemNiTZ et al. 1989). Common to these studies has been, with a few
exceptions, that the incidence of cancer has moved to the level of the new host
population in one or two generations (DoLL and Pero 1981; IARC 1990;
ParkiN and KHLAT 1996). While these studies on practically all main cancers,
and decreasing and increasing rates, leave little doubt about the overall impor-
tance of changing environmental factors in cancer, there are some features in
migrant studies that have deserved limited attention, including movement of
people between approximately the same socio-economic backgrounds and
between small geographic distances. Such movements, typical of inter-
European migration, may entail relatively fast cultural mixing with the recip-
ient population and uninterrupted contacts to the native population. A set of
studies has recently been completed based on the Swedish Family-Cancer
Database, covering the large European migration to Sweden (HEmMIiNKI and
L12002a,b; HEmminkI et al. 2002). The findings of these studies are very much
in line with the earlier studies, reinforcing the argument for environmental
cancer etiology.

The main challenge to the current and future immigrant studies is whether
it is possible to pinpoint the environmental factors that cause the change,
either increasing or decreasing, in the incidence of cancer upon migration.
Another challenge is to identify cancer rates that would truly differ between
ethnic groups and thus suggest genetic factors predisposing to cancer.
Although humans are thought be genetically identical to more than 99.9%
(THE INTERNATIONAL SNP MAp WORKING Group 2001; VENTER et al. 2001),
there are ethnic differences in genotypes that may or may not have an impact
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on the risk of cancer (CavALLI-SFORzA 1998; IARC 1999). Such effects may be
small and their demonstration would require unbiased epidemiological studies
of high statistical power (McCRreDIE 1998; PARKIN and KHLAT 1996). Thus,
immigrant studies may eventually serve in showing the effects of inherited
genotypes on the risk of cancer.

G. Conclusions

There are no available data on the etiology of cancer that would refute the
predominant role of environment as a causative factor. However, since the
epochal review by DoLL and Peto in 1981 (DoLL and Peto 1981), disappoint-
ingly little progress has taken place in the search for new causes of environ-
mental carcinogenesis. One likely reason is that environmental carcinogenesis
is due to the interaction of external and host factors that cannot be unraveled
by epidemiological or molecular biological means alone. There is hope that
merging of these approaches into molecular epidemiology, or even better, into
molecular genetic epidemiology, will tool the exogenous/endogenous inter-
phase of human carcinogenesis.

All the main neoplasms appear to have a familial component that ranges,
as measured in PAFs, from 10% down to below 1% of all cancer at a partic-
ular site. When strong environmental risk factors do not exist, the familial risk
primarily constitutes inherited risk factors. A larger proportion of cancer may
be due to inherited effects, but the mode of inheritance has remained unchar-
acterized. At a cellular level, cancer is attributed to an accumulation of genetic
alterations in cells (HanaHAN and WEINBERG 2000). Familial risks observed
among twins and among patients with multiple primary cancers provide
support for the multistage carcinogenesis in human cancers at a population
level. There are at least two practical implications from such findings. One is
that in the search for new susceptibility factors in cancer, association studies
with a case-control design may turn out to be the tools of choice, but large
sample sizes are needed because of the expected small risks (EasTon 1999;
Hemminkt and MuTaNEN 2001; REeicH et al. 2001; ReicH and LANDER 2001;
RiscH and MERIKANGAS 1996). The second implication is that in clinical coun-
seling polygenic and recessive conditions imply uncertainty. The disease strikes
apparently randomly even though there is an inherited background.
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CHAPTER 3
Genetic Pathways to Human Cancer

H. OHacAKk1, W. Yasul, and J. YokoTta

Carcinogenesis is a multi-step process and it is generally accepted that mor-
phological changes that occur in malignant progression reflect the sequential
acquisition of genetic alterations. Sequences of genetic alterations appear to
be tissue- and cell type-specific. In this chapter, we summarize and discuss
genetic pathways leading to brain tumors, stomach cancer, and lung cancer.

A. Genetic Pathways to Brain Tumors
I. Astrocytic Brain Tumors

Diffusely infiltrating astrocytomas are the most frequent intracranial neo-
plasms and account for more than 60% of all primary brain tumors. Low-grade
diffuse astrocytomas (WHO grade II) are well-differentiated tumors that typ-
ically develop in young adults. They grow slowly, but diffusely infiltrate the
surrounding brain tissues. Therefore they tend to recur, and recurrence is often
associated with progression to more malignant histologic types, i.e., anaplastic
astrocytoma (WHO grade III) and glioblastoma (secondary glioblastoma
WHO grade IV) (KLEmHUES et al. 2000). The mean time till progression
from low-grade diffuse astrocytoma to glioblastoma is 4-5 years. Secondary
glioblastomas are considered to account for less than 20% of all glioblastomas
and occur in young patients (mean age, 40 years). In contrast, the majority of
glioblastomas develop very rapidly without clinical, radiological, or morpho-
logic evidence of a less malignant precursor lesion. These glioblastomas
develop typically in older patients (mean age, 55 years), and are termed
primary or de novo glioblastoma.

Primary and secondary glioblastomas share similar morphological fea-
tures, but recent genetic analyses have shown that they are genetically quite
different (Fig. 1) (BIERNAT et al. 1997a,b; Fusisawa et al. 2000; KLEIHUES and
OHGAKI 2000; NAKAMURA et al. 2000, 2001a,b; ToamA et al. 1998; WATANABE
et al. 1996). Primary glioblastomas are characterized by frequent EGFR am-
plification/overexpression, MD M2 amplification/overexpression, PTEN muta-
tions, and loss of heterozygosity (LOH) on the entire chromosome 10
(BIERNAT et al. 1997a; Fuiisawa et al. 2000; ToHMA et al. 1998; WATANABE et al.
1996). Secondary glioblastomas frequently contain p53 mutations, of which
more than 90% are already present in low-grade astrocytomas (WATANABE et
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Fig.1. Glioblastoma

al. 1997). Promoter methylation of the p14#%F gene has also been found in one
third of low-grade astrocytomas (NAKAMURA et al. 2001a). The pathway to sec-
ondary glioblastomas is further characterized by LOH on chromosome 19q,
RBI methylation, and LOH on chromosome 10q (Funisawa et al. 1999, 2000;
NakaMURa et al. 2000, 2001b).

Since primary and secondary glioblastomas are usually histologically
indistinguishable, at least one genetic alteration should be common if the phe-
notype of these lesions is a reflection of genetic alterations. Neuropathologists
occasionally observe an abrupt transition from low-grade or anaplastic astro-
cytoma to glioblastoma, suggesting the emergence of a new tumor clone. Such
glioblastoma foci have been microdissected and the chromosome 10 status was
compared with that of the respective low-grade or anaplastic astrocytoma
areas from the same tumor. In glioblastoma foci, deletions were typically
detected distal from PTEN at 10q25-qter, covering the DMBTI and FGFR2
loci (Fusisawa et al. 1999), suggesting that the acquisition of a highly malig-
nant glioblastoma phenotype is associated with loss of a putative tumor-
suppressor gene on 10g25-qgter.

More subtypes of glioblastoma may exist with intermediate clinical and
genetic profiles. Giant cell glioblastoma, a rare glioblastoma variant charac-
terized by predominance of multinucleated giant cells, occupies a hybrid posi-
tion, sharing with primary glioblastomas a short clinical history, the absence
of a less malignant precursor lesion and a 30% frequency of PTEN mutations.
With secondary glioblastomas, it has in common a younger patient age at man-
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ifestation and a high frequency (>70%) of p53 mutations (OHGakI et al.
2000b). Another rare glioblastoma variant, gliosarcoma, has a genetic profile
similar to that of primary glioblastomas but appears to lack their most typical
genetic change, i.e., EGFR amplification (OHGAKI et al. 2000a).

II. Oligodendrogliomas

Oligodendrogliomas account for approximately 4% of all primary brain
tumors and represent 5%-18% of all gliomas. Oligodendroglioma (WHO
grade II) is genetically characterized by concurrent LOH on chromosomes 1p
and 19q (up to 80%-90%) (REIFENBERGER et al. 2000b), which is associated
with longer survival (SMiTH et al. 2000a). Promoter methylation of the pI144%F
gene has been found in 20% of oligodendrogliomas (WATANABE et al. 2001a,b;
Fig. 2). About half of oligodendrogliomas show strong expression of EGFR
mRNA and protein in the absence of EGFR amplification (REIFENBERGER et
al. 1996). Platelet-derived growth factors A and B, as well as the correspond-
ing receptors, are coexpressed in most oligodendrogliomas (D1 Rocco et al.
1998).

Fig.2. Oligodendroglioma
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Anaplastic oligodendrogliomas (WHO grade IIT) share LOH on 1p and
19q with grade II oligodendrogliomas, and this is associated with sensitivity
to chemotherapy and longer survival of patients (CaIRNCRoss et al. 1998). In
addition, anaplastic oligodendrogliomas carry several genetic alterations,
including LOH on 9p and 10, and gain of chromosome 7 (10%-40%;
Fig. 2) (REIFENBERGER et al. 2000a). In anaplastic oligodendrogliomas,
the RB1/CDK4/p16™¥*/p15™*% pathway was altered in 13/20 (65%) cases,
by either RBI alteration, CDK4 amplification or pI6™%%/p]5™N%* homozygous
deletion or promoter hypermethylation. Among anaplastic oligoden-
drogliomas, 50% showed alterations in the pS3 pathway through promoter
hypermethylation or homozygous deletion of the pI4*%* gene and, less fre-
quently, through p53 mutation or MDM?2 amplification (WATANABE
et al. 2001b). It is notable that simultaneous disruption of the RB1/CDK4/
pl6™K4/p15™NK® and the p53/p14*RF/MDM2 pathways occurs in 45% of
anaplastic oligodendrogliomas (WATANABE et al. 2001b), whereas no oligo-
dendroglioma WHO grade II showed simultaneous disruption of these path-
ways. Amplifications of the CDK4 and PDGFRA genes were found in 20%
and 10% of anaplastic oligodendrogliomas, respectively (SmitH et al. 2000b;
WATANABE et al. 2001b).

B. Genetic Pathways to Stomach Cancer

In the course of multi-step stomach carcinogenesis, various genetic and epi-
genetic alterations of oncogenes, tumor-suppressor genes, DNA repair genes,
cell cycle regulators and cell adhesion molecules are involved (TaHARA 1993;
Yasul et al. 2000; Yokozakr et al. 2001). Stomach cancer is histologically
divided into two types, namely the intestinal and diffuse types. Genetic alter-
ations typical of the intestinal type of gastric cancer include K-ras mutations,
APC mutations, pS2 methylation, kM LHI methylation, p16™%* methylation,
p73 deletion and c-erbB-2 amplification, while those typical of the diffuse type
of gastric cancer are CDHI gene alterations and K-sam amplification (Figs. 3,
4). Other genetic alterations, including telomere reduction, hTERT expres-
sion, telomerase activation, genetic instability, overexpression of the cyclin E,
CDC25B, and E2F1 genes, p53 mutations, reduced expression of p27, CD44
aberrant transcripts, and amplification of the c-met and cyclin E genes, are
common in both pathways (Figs. 3, 4).

Telomerase activation and genetic instability are involved in the initial
step of carcinogenesis in the pathways of both diffuse and intestinal
types (Yasul et al. 2000; Yokozakt et al. 2001). Maintenance of telomeres by
telomerase activation induces cellular immortalization (K et al. 1994). Most
stomach cancers possess strong telomerase activity with overexpression of
the catalytic subunit of telomerase (hTERT), regardless of the histological
type and tumor stage (Yasur et al. 1998). Approximately 30% of primary
stomach cancers, including early cancers, show a low frequency of micro-
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Fig.3. Intestinal type gastric cancer

satellite instability (MSI-L) (Yokozaki et al. 2001). Approximately 50% of
adenomas and 25% of intestinal metaplasias also show MSI-L (HAMAMOTO et
al. 1997).

I. Histone Deacetylation

Acetylation of histones disrupts nucleosome structure, which leads to DNA
relaxation and thus increased accessibility for transcription factors to enhance
expression of various genes, including p21WAf/“! CBP, Bak and cyclin E
(GrunsTEIN 1997; Suzuki et al. 2000). More than 70% of stomach cancers
show reduced levels of histone acetylation. Reduced telomerase activity and
histone acetylation have also been detected in adenomas and less frequently
in intestinal metaplasias (Yasur et al. 1999a).

II. Cell Cycle Regulatory Genes

Abnormalities in cell cycle regulators are involved in the development and
progression of stomach cancer (Yasul et al. 2000; Yokozaxi et al. 2001). Cyclin
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Diffuse type gastric cancer

Fig.4. Diffuse type gastric cancer

E overexpression occurs in both diffuse and intestinal types of gastric cancer
and tends to correlate with their aggressiveness (Yasul et al. 1999b). Cyclin
E amplification was detected in 15%—-20% of advanced gastric carcinomas
(Yokozaki et al. 2001). Reduced p27%' expression without genetic alterations
is preferentially found in adenomas that progress to carcinomas, and also
significantly correlates with depth of tumor invasion and the presence of
lymph-node metastasis (Yasui et al. 1999b). E2F-1, a target of cyclins/CDKs
at G1/S transition, is overexpressed in approximately 75% of intestinal type
of stomach cancer (Suzuki et al. 1999).

III. Oncogenes and Growth Factors

K-ras mutation and c-erbB2 amplification preferentially occurs in the intesti-
nal type, while amplification of the K-sam and c-met genes is frequently
found in diffuse-type stomach cancer (Yokozaki et al. 2001). In particular,
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amplification of c-erbB2, K-sam and c-met is significantly associated with
advanced stomach cancers, suggesting that it contributes to invasion and
metastasis. Overexpression of growth factors or cytokines such as EGF,
TGFoa, bFGF and VEGF promotes progression through multiple autocrine
and paracrine loops modulating cell growth and microenvironment including
neovascularization.

IV. Tumor-Suppressor Genes

Mutations of the p53 gene are important in the initial stage of carcinogenesis
of both the intestinal and diffuse types, while mutations and LOH on the APC
gene locus occur at an early stage of carcinogenesis of the intestinal type of
stomach cancer (Yokozaki et al. 2001). LOH on the p73 locus occurs exclu-
sively in the intestinal type with a foveolar epithelial phenotype (Yokozaxki et
al. 1999). Since LOH on 1q, 7p, and 18q has been found in advanced carcino-
mas of the intestinal type, certain genes located at these loci may have a sup-
pressor function for malignant progression (SaNo et al. 1991). The diffuse type
frequently shows LOH on 17q21 (BRCA1 locus), 1p and 12q.

One of the epigenetic mechanisms of loss of expression of tumor-sup-
pressor genes is methylation of CpG islands in their regulatory (e.g., promoter)
sequences. Methylation of hAMLHI, O°-methylguanine DNA methyltrans-
ferase (MGMT),p16™%* and pS2 associated with loss of expression is detected
in 20%-30% of stomach cancers, especially of the intestinal type (Fuiimoro
et al. 2000; OuE et al. 2001, 2002; Tovota et al. 1999). Since hMLHI methyla-
tion already occurs in intestinal metaplasias, reduced hMLH1 expression
due to methylation may be an initial event which leads to accumulation of
genetic abnormalities in stomach carcinogenesis. In contrast, CDH-1 (E-
cadherin) promoter methylation and consistent reduced E-cadherin expres-
sion participate exclusively in diffuse-type stomach cancer (OUE et al. 2002).
Promoter methylation and reduced expression of retinoic acid receptor
B (RARB) has been detected in both the intestinal and diffuse types (OUE
et al. 2002).

C. Genetic Pathways to Lung Cancer

Lung cancer is histologically classified into three major types: adenocarcinoma
(AdC), squamous cell carcinoma (SqC) and small cell lung cancer (SCLC).
The term non-small cell lung cancer (NSCLC) is often used for AdC and
SqC together, since these have similar clinical behavior, being mostly chemore-
sistant and therefore being treated primarily by surgery. In contrast,
SCLCs are chemosensitive and are treated primarily by chemotherapy and
radiotherapy.

The origins of AdC are considered to be alveolar epithelial cells (in par-
ticular, type II alveolar epithelial cells and Clara cells) and those of SqC are
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Fig.5. Non-small cell lung cancer

bronchial epithelial cells. Atypical adenomatous hyperplasia (AAH) and squa-
mous metaplasia (SM) are considered to be precancerous lesions for SqC and
AdC, respectively. SCLC is considered to originate from neuroendocrine
epithelial cells. It is not clear if there are precancerous lesions for SCLC,
since the majority of SCLC is already in an advanced stage at the time of
diagnosis.

Several genes have been identified as being genetically and/or epigeneti-
cally altered in lung cancer cells, and the timing of the occurrence of these
alterations has been assessed by molecular analyses of cancer cells at various
stages of progression. Several genetic alterations are common between
NSCLCs and SCLCs and others are unique to a certain type only (Figs. 5, 6)
(Konno and Yokota 1999; WistuBa et al. 2001). The most frequent alterations
are p53 mutations, which have been reported in more than 90% of SCLCs
and in more than 50% of NSCLCs. The RBI gene is also inactivated in
over 90% of SCLCs but in only 15% of NSCLCs. In contrast, the p16/Vk%*
gene is inactivated in more than 50% of NSCLCs but rarely in SCLCs.
Since RB1 and p16™** are components of the same signaling pathway
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Small cell lung cancer

Fig.6. Small cell lung cancer

regulating the G,/S transition in the cell cycle, the biological significance
of abnormalities in the RB1 pathway appears to be similar in SCLCs and
NSCLCs.

What genes are involved in the early stages of lung carcinogenesis? Rel-
evant information has been obtained from analysis of atypical adenomatous
hyperplasia for AdC and squamous metaplasia for SqC, but is not available
for SCLC for the reasons described in Sect. C (BoyLE et al. 2001; NIKLINSKI
et al. 2001; WistuBa et al. 1999, 2000). The results indicate that chromosome
3p and pl6™*** abnormalities occur before p53 alterations in NSCLCs. The
K-ras gene is mutated in a small subset of NSCLCs, preferentially in AdC,
and this occurs earlier than p53 alterations, as in the case of colorectal cancer.
There are several candidate tumor-suppressor genes inactivated by LOH on
chromosome 3p. The strongest candidate at present is the RASSFI gene
at chromosome 3p21.3, since the promoter region of this gene is hyper-
methylated and its expression is downregulated in a considerable fraction
of both SCLCs and NSCLCs (DAMMANN et al. 2000). Another candidate is



34 H. OHcaxki et al.

the FHIT gene, which was isolated from a common fragile site, FRA3B, at
chromosome 3p14.3 (Croce et al. 1999). Expression of Fhit protein is greatly
reduced in the majority of lung cancers and this is preferentially observed
in tumors with LOH at 3p14. However, mutational inactivation of the RASSFI
and FHIT genes is rare and molecular mechanisms for promoter hyper-
methylation of the RASSFI gene are unknown. Thus, the possibility that
another tumor-suppressor gene is present on this chromosome arm cannot be
excluded (BayLin and HErMAN 2001). In SCLCs, LOH on 3p, 5q and 22q, in
addition to pS3 and RB1 abnormalities, occurs frequently in any stage of
progression (KawanisHI et al. 1997). Thus, it is possible that several tumor-
suppressor genes other than p53 and RBI are involved in the formation
of aggressive phenotypes typical of SCLC, although target genes on these
chromosomes are still unidentified, except for the candidate RASSFI gene on
chromosome 3p.

Comparative analyses of genetic alterations between primary lung cancers
and metastatic lung cancers indicate that further genetic alterations accumu-
late during progression of lung cancer. LOH studies in primary NSCLCs and
brain metastases indicate that LOH on several chromosome arms, including
2q, 9p, 18q, and 22q, occurs late in the progression of NSCLC (SHISEKI et al.
1994, 1996). However, the frequencies of genetic alterations in known tumor-
suppressor genes on these chromosome arms are much lower than those of
LOH in NSCLC. Thus, target genes inactivated by LOH for these chromo-
some arms are still unknown. This may imply that several unknown tumor-
suppressor genes are involved in the formation of more malignant phenotypes
in NSCLC. In SCLC, amplification of the Myc family genes occurs frequently
in tumors with more aggressive phenotypes. Since the presence or absence of
metastasis is a critical factor for the prognosis of patients with lung cancer, it
is very important to identify genes whose alterations are associated with
metastatic potential of lung cancer cells.

Deletion mapping studies have already defined more than 30 regions dis-
persed on 21 different chromosome arms as candidate tumor-suppressor loci
(Konno and Yokota 1999). Moreover, a recent genome-wide allelotyping
study using approximately 400 polymorphic markers distributed at around
10cM resolution across the human genome has indicated that, on average,
approximately 20 chromosomal loci show LOH in individual tumors in
both SCLC and NSCLC (GIrARD et al. 2000). Some “hot spots” for LOH
are common for both SCLC and NSCLC, and others are unique for each
type. These results indicate that there are still several unidentified tumor-
suppressor genes in the human genome, which are involved in the pathogen-
esis and/or progression of lung cancer. The results also suggest that a set
of tumor-suppressor genes for SCLC is partly the same as, but significantly
different from, that for NSCLC. Therefore, it is indispensable to identify
several additional tumor-suppressor genes in order to fully understand
the molecular pathways for lung carcinogenesis (KuramocHi et al. 2001; Xu et
al. 2001).
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The etiology of lung cancer is strongly tied to cigarette smoking. Thus,
several possible genetic targets of tobacco carcinogens have been identified,
such as p53, FHIT and p16™** (Crock et al. 1999; SANCHEZ-CESPEDES et al.
2001b; Yoon et al. 2001). The frequencies of genetic alterations in these genes
are considerably lower in lung cancers in nonsmokers (SANCHEZ-CESPEDES et
al. 2001a). These findings indicate that lung cancers in nonsmokers arise
through genetic alterations distinct from those in smokers. Since the incidence
of AdC in nonsmokers has increased in recent years, and AdC has replaced
SqC as the most frequent histological type of lung cancer (CHARLOUX et al.
1997; THuN et al. 1997), it is important to elucidate the molecular pathways to
AdC in nonsmokers.

D. Summary

In this review, we show that progression to a more malignant phenotype is a
reflection of sequential acquisition of genetic alterations in human neoplasms.
Accordingly, malignant neoplasms tend to contain a larger number of genetic
alterations than benign lesions. Some neoplasms develop de novo without evi-
dence of less malignant precursor lesions (e.g., primary glioblastomas, small
cell lung cancer). However, this refers to the lack of an identifiable precursor
lesion but should not be taken to imply that the lesion results from a single-
step malignant transformation. There is also increasing evidence that not only
genetic changes but also epigenetic changes are important. Promoter methy-
lation is frequently associated with loss of expression of tumor-suppressor
genes.

The sequence of genetic alterations appears to be highly cell- and tissue-
specific. For example, p53 mutations are gatekeeper lesions in the pathway
leading to secondary glioblastomas, gastric cancer and lung cancer, as sum-
marized in this chapter, while they occur at a late stage in colon carcinogene-
sis (AUGENLICHT 1998; CHo and VOGELSTEIN 1992).

Similar histologic phenotypes may arise through different genetic path-
ways, as observed in primary and secondary glioblastomas. In such cases,
at least one genetic alteration may be responsible for the common histologic
phenotype. LOH on 10q25-qter is a common alteration in primary and
secondary glioblastomas (Fuiisawa et al. 2000), and has been demonstrated to
be associated with acquisition of the glioblastoma phenotype (Fuiisawa et al.
1999).

In contrast, different histologic subtypes may share similar genetic path-
ways, as is observed in adenocarcinomas and squamous cell carcinomas of the
lung. However, more extensive genetic analyses and identification of novel
tumor-suppressor genes on chromosomes where LOH is frequent, may lead
to the finding of different genetic alterations in these histologic types of lung
cancer.
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CHAPTER 4
Signalling Pathways as Targets in
Cancer Prevention

M.M. MansoN, L.M. HoweLLs, and E.A. HubsoN

A. Introduction

Normal cells constantly receive signals from their external and internal en-
vironments which determine whether they proliferate, differentiate, arrest
cell growth, or undergo apoptosis. Transformed cells either fail to respond
or receive inappropriate signals which favor proliferation and avoidance of
apoptosis. Thus, it is no coincidence that many oncogenes and tumor sup-
pressor genes are components of signalling pathways. Despite the great variety
of cancer cell genotypes, it has been suggested that transformation is a result
of a few essential changes in cell physiology which collectively dictate malig-
nant phenotype. These acquired characteristics are self-sufficiency in growth
signals, insensitivity to growth inhibitory signals, evasion of apoptosis, limitless
replicative potential, sustained angiogenesis, and tissue invasion and metasta-
sis (HaNAHAN and WEINBERG 2000). There are now examples, at least from in
vitro studies, of chemopreventive agents which influence each of these
acquired characteristics, suggesting the possibility of intervention at many
stages of the carcinogenic process. As our understanding of the cell circuitry
involved increases (HaANAHAN and WEINBERG 2000), exciting new opportuni-
ties to target deregulated signalling pathways present themselves. Already
enormous research effort is being expended on the discovery and design of
molecules such as hormone or growth factor antagonists (DERYNCK et al. 2001),
inhibitors of growth factor receptor autophosphorylation (Levitt and Koty
1999; KirscHBAUM and YARDEN 2000; BUNDRED et al. 2001), inhibitors of cyclin
dependent kinases (FiscHEr and Lane 2000), angiogenesis (BERGERS et al.
1999; DorMoOND et al. 2001), and cyclooxygenase 2 (COX2) (Liu et al. 1998;
Hsu et al. 2000; WiLLiaMs et al. 2000;) and modulators of the tumor suppres-
sor p53 (Hupp and LANE 2000; HieTANEN et al. 2000; Komorova and GubDkov
2001).

Here, several of the major pathways involved in cell proliferation
and apoptosis are briefly described, along with examples of chemopreventive
agents which have been shown to target them. Further examples of signalling
pathways modulated by natural products are summarized in several reviews
(AGarRwAL 2000; MaNsoN et al. 2000a,b; PriMiano et al. 2001). However,
it should be emphasized that, while there are now many examples of
agents affecting signal transduction, in most instances the precise targets,
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particularly for naturally occurring chemopreventive agents, have not yet been
identified.

B. MAPK Cascades and Proliferation

The extensively studied and ubiquitous mitogen activated protein kinase
(MAPK) cascades are important in regulation of cell proliferation, differenti-
ation, movement, and death (IcHDO 1999; Davis 2000; SCHLESSINGER 2000).
Typically they consist of a hierarchy of three kinases (Fig. 1). The family
of MAPKs, extracellular signal regulated kinases (ERK1 and 2), c-jun N-
terminal kinases (JNKs), and p38, are phosphorylated by MAPK kinases
(MEKs or MKKs), which are phosphorylated by MAPK kinase kinases
(MAP3Ks). The MAP3Ks are activated by interaction with a family of small
GTPases, such as ras or other protein kinases, linking the pathways to cell
surface receptors and/or extracellular growth factors or other stimuli. A major
consequence of signalling through these pathways is an increase in transcrip-
tional activity, for example via the activator protein 1 (AP-1) complex. Onco-
genic ras (one of the most commonly mutated oncogenes in human cancer)
will stimulate this pathway continuously without need for external signalling
through the receptor. In addition, many tumors exhibit enhanced production

Mitogen activated protein kinase (MAPK) cascades

Stimulus  Growth factors Stress, Growth factors

Mitogens Inflammatory cytokines
MAPKKK Raf MEKK1/4 MLKs, TAK
MLKs, ASK1 ASK1
MAPKK MKK1/2 MKK4/7 MKK3/6
MAPK ERK1/2 JNK/SAPK p38
Biological Growth Growth, Apoptosis
response Development Differentiation, Inflammation
Differentiation

Fig.1. MAPK cascades. The mitogen activated protein kinases (MAPK) are widely
conserved among eukaryotes. They phosphorylate their substrates on serine/threonine
and are thereby involved in a wide range of cellular processes. They are phosphory-
lated by upstream MAPK kinases, which are phosphorylated by MAPKK Kkinases.
These MAP3Ks are activated by interactions with small GTPases and/or other protein
kinases, linking the cascade to the cell surface receptor or external stimuli
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of growth factors, therefore, clearly, inhibitors of this pathway could have sig-
nificant chemopreventive action.

C. Cell Cycle Checkpoints

The cell cycle is divided into distinct phases Gy, Gy, S, G,, and M. Many sig-
nalling molecules are involved at each stage and there are checkpoints which
help to determine whether the cell is ready to progress to the next phase. The
crucial G,/S checkpoint ensures that the cell is ready to undergo the DNA syn-
thesis (S) phase (Fig. 2). Two kinase complexes cdk4/6-cyclin D and cdk2-cyclin
E and a transcription complex containing Rb and E2F are pivotal in this
control. During the G, phase, Rb binding to the E2F complex inhibits tran-
scription of genes which allow progression through S phase. Phosphorylation
of Rb by the two kinase complexes allows dissociation of the Rb repressor

Fig.2. Signalling components involved in G, to S phase transition during the cell cycle.
The G,/S checkpoint controls the passage of cells towards DNA replication. Two com-
plexes, containing cdk4/6-cyclin D and cdk2-cyclin E, along with a transcription
complex containing the retinoblastoma tumor suppressor (Rb) and the transcription
factor E2F, are involved. Many different stimuli exert control over this checkpoint,
causing cells to arrest in G; including DNA damage, growth factor withdrawal, contact
inhibition, senescence, and transforming growth factor § (TGFp). In many instances
cell cycle inhibitors, p15, p16, p21, and p27, which prevent the phosphorylation of Rb
by cdks, are upregulated. Chemopreventive agents have been shown to modulate the
levels or activity of cdk2, cdk4/6, p21, p27, Rb, p53 and cyclins D and E
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complex to facilitate transcription of S phase genes which activate the G; to
S phase switch. However, under many conditions such as damage to DNA,
withdrawal of growth factors, contact inhibition, replicative senescence or
presence of inhibitory factors such as TGFp, progression to S phase is inap-
propriate. Under these conditions induction of members of the INK4 or
Kip/Cip families of cell cycle kinase inhibitors helps to retain cells in G,. TGFj,
while inducing expression of cell cycle inhibitory proteins p15 and p16, also
inhibits transcription of cdc25A, a phosphatase which activates the cell cycle
kinases. Growth factor withdrawal activates GSK38 which in turn phosphory-
lates cyclin D leading to its ubiquitination and degradation. Damage to the
cell DNA can lead to an increase in the tumor suppressor p53, which in turn
leads to an increase in cell cycle inhibitory proteins.

In tumor cells, however, signals which would retain cells in G, or G, are
absent or ignored (MALUMBRES and BarBaciD 2001). In cells where inappro-
priate proliferation is occurring, compounds which can reinstate cell cycle
arrest, either in G, or during later stages of the cycle, will slow down the growth
of tumors, and such arrest will often result in apoptosis.

D. Survival Pathways — PI3K and NF-xB

A key feature of many tumor cells is their ability to evade apoptosis. Numer-
ous strategies for survival have been devised, a few of which are illustrated
in Fig. 3. One intensively studied survival pathway is that signalling through
phosphoinositide 3-kinase (PI3K). Upon stimulation by growth factors,
cytokines or insulin, PI3K translocates to the plasma membrane where it phos-
phorylates the phospholipid phosphotidylinositol 4,5 bisphosphate (PIP2) to

»
»

Fig.3. Signalling pathways involved in cell survival. Survival requires the active inhi-
bition of apoptosis and cells have devised many strategies for this. Three key pathways
signal through GFRs, ras and the MAPKSs, through GFRs to PI3K and PKB or through
the TNFR to the transcription factor NF-xB. Many growth factors and cytokines
increase the expression of antiapoptotic Bcl2 family members, which protect the
integrity of mitochondria. This prevents release of cytochrome c, which would activate
caspase 9, one of the executioners of apoptosis. Stimulation of the PI3K pathway results
in activated PKB, which inhibits proapoptotic Bad (another Bcl2 family member),
again preventing release of cyt c. It also directly inhibits caspase 9 and additional apop-
totic pathways linked to GSK3 and forkhead (FKHR) transcription factors. The latter
activate the Fas ligand, a death-inducing molecule which binds to cell surface death
receptors. TNF induces apoptosis by activating caspases 8 and 9, but can effectively
inhibit the process by activating the NF-xB pathway. This transcription factor activates
a number of survival genes, including inhibitors of apoptosis (IAPs), cyclin D1, COX2
and Bcl-X;. Inhibition of NF-xB can result in an increase in proapoptotic Bax, which
is also regulated by p53 following DNA damage. Chemopreventive agents have been
shown to inhibit phosphorylation of ERKs and PKB, to inhibit translocation, activa-
tion, and DNA-binding of NF-«B, and to upregulate proapoptotic and downregulate
antiapoptotic Bcl2 family members
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form PtdIns(3,4,5)P3 (PIP3) (CanTrELL 2001). This reaction is reversed by the
tumor suppressor PtdIns (3,4,5)P3 3-phosphatase (PTEN). PIP3 is essential
for phosphorylation and activation of protein kinase B (PKB/Akt), a reaction
which involves 3-phosphoinositide-dependent protein kinase 1 (PDK1)
(Avrgsst 2001). PKB, isoforms of which are overexpressed in ovarian, breast,
prostate, and pancreatic cancers (CHENG et al. 1992, 1996; NAKATANI et al.
1999), has a variety of targets. Much recent research indicates it to be a key
molecule in stimulating cell proliferation and also in inhibiting apoptosis by
virtually all cell-death-inducing agents (LawLoR and AvrEssi 2001). One recent
study suggests that PKB can inhibit cell cycle arrest by phosphorylation of the
cell cycle inhibitor, p21, on threonine 145. This does not prevent p21 from
interacting with cdks, but encourages binding to 14-3-3 proteins in the cyto-
plasm, which prevents it from entering the nucleus to inhibit cell proliferation
(Znou et al. 2001). PKB also downregulates transcription of another cell cycle
inhibitor, p27, possibly via phosphorylation of forkhead transcription factors
(MEDEMA et al. 2000; NakaMURA et al. 2000). It also appears to regulate
cyclin D, at the level of transcription, translation, and stabilization (G1LLE and
DownNwaRD 1999; Muise-HELMERICKS et al. 1998; LawLor and AvrEsst 2001).
Cyclin D1 is also transcriptionally regulated by the MAPK pathway (LAvole
et al. 1996; WEBER et al. 1997; CHENG et al. 1998).

Signalling through PKB can also directly affect apoptosis. Members of the
Bcl-2 family can promote or hinder apoptosis. The proapoptotic family
member Bad is phosphorylated by PKB, preventing it from interacting
with the antiapoptotic protein Bcl-X; to neutralize the effect of the latter
(DowNwARD 1999). Another downstream target for PKB phosphorylation and
inhibition is caspase 9, caspases being the executioners of apoptosis. However,
the appropriate phosphorylation site in caspase 9 in humans is not conserved
in evolution, suggesting this may not be a key mechanism in the regulation
of apoptosis (LawLor and ALEss1 2001). PKB may also promote survival
by phosphorylating IxB kinase « (see below), the breast cancer susceptibility
gene 1 (BRCA1), human telomerase, the GTPases Racl/cdc42 and Rafl,
but further confirmation of an in vivo role for these targets is required
(LawLor and AvLgsst 2001).

Nuclear factor kB (Rel/NF-xB) transcription factors are activated in
response to a great variety of signals (PaHL 1999) and are key regulators of
inflammatory, immune, and acute phase responses. They also have a role in
regulation of apoptosis, most often in promoting survival, although in some
cases they appear to be required for induction of apoptosis (BARKETT and
GiLMORE 1999). Rel/NF-xB proteins form hetero- or homodimers which bind
to DNA consensus sequences in target genes to regulate transcription. NF-xB
usually refers to the most common activating dimer, p50/p65, and is frequently
overexpressed or constitutively active in cancer cells (RAYET and GELINAS
1999). In the inactive state it is sequestered in the cytoplasm by inhibitor of
kB (IxB a, B or €). Upon phosphorylation by an upstream complex, IxB is
degraded allowing NF-xB to become active and translocate to the nucleus.
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The complex which phosphorylates IxB contains two IxB kinases (IKKa and
B) and a structural component IKKY, otherwise known as NF-xB essential
modulator (NEMO) (IsraiL 2000). IKKy is required for activation of the
complex by upstream components including the MAP3Ks — NF-xB inducing
kinase (NIK), MEKK1 or TGFf activated kinase 1 (TAK1). PKB/AKkt has also
been reported to activate NF-xB, although whether this occurs through inter-
action with the IKK complex (Ozes et al. 1999; RoMasHKovA and MAKAROV
1999), or through direct phosphorylation of the p65 subunit of NF-xB, without
degradation of IxB (SizEMORE et al. 1999) is still unclear. It may also be pos-
sible that IKKs have the potential to autophosphorylate in stimulated cells.
Thus, compounds which compromise the ability of NF-kB to prevent apopto-
sis have the potential to be clinically useful (Wappick and Uckun 1999).

E. Cross-Reactivity of Signalling Pathways

Because of the degree of overlap and interdependence of signalling pathways,
therapeutic intervention aimed at a single key target could have profound
effects on the growth and survival of tumor cells (McCormick 2000). The
complex nature of signalling was explored by FAMBROUGH et al. (1999) in a
study which examined the relationship between receptor tyrosine kinase
(RTK) activated signalling pathways and the transcriptional induction of
immediate early genes (IEGs). By screening an array of 6,000 genes this group
identified 66 IEGs (including c-fos, junB, c-jun, IxkB, NF-kB, and Cox2) which
were induced in fibroblasts via platelet-derived growth factor receptor f
(PDGFRp) signalling. Following ligand binding, RTKSs dimerise and autophos-
phorylation of key tyrosines initiates signalling through diverse pathways,
including the Ras GTPase-activating protein, SHP2 phosphatase, phospholi-
pase C%, and PI3K pathways. By constructing a mutant receptor lacking five
of the critical tyrosine binding sites required to activate these various path-
ways, FAMBROUGH and co-workers found that 64 of the genes were still
inducible, albeit to a lesser extent. Comparison of IEG induction via PDGFRf
with that via fibroblast growth factor receptor 1 showed similar levels of induc-
tion of essentially the same set of genes. However, signalling through the much
less abundant epidermal growth factor receptor (EGFR) induced only a
subset of the genes to lower levels. These results suggested that while the five
key tyrosine residues were not absolutely essential for induction of most of
the IEGs, nonetheless, together they determined the level of induction. Thus,
RTKSs appeared to transduce signals to the nucleus by employing multiple
signalling pathways that interact to modulate the quantitative level of
transcription of a common group of IEGs. This type of strategy is likely to
apply to other effector genes.

Many chemopreventive agents, particularly those of dietary origin, appear
to have multiple modes of action. N-acetyl cysteine, for example, as well as
being an antioxidant, is reported to modulate metabolism, DNA repair, effects
in mitochondria, gene expression, signal transduction, and cell survival, to have
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antiangiogenic and anti-inflammatory activity, and to influence immunological
effects, cell cycle, invasion, and metastasis (DE FLoRrA et al. 2001). Given the
complex, interactive nature of signal transduction and the fact that oncogenes
and tumor suppressors depend on one another for their selective advantage,
affecting multiple pathways that intersect and overlap (McCormick 2000), it
is perhaps not surprising that a single agent should affect so many aspects of
cellular biochemistry. However, responses differ from one cell type to another
and may also be significantly more specific in vivo compared to culture con-
ditions, so that listing all the possible mechanisms of action of a particular com-
pound may give an unrealistic picture of its true physiological effects. Equally,
assuming that a mechanism identified in one cell type is generic may also be
misleading. A further complication is the fact that for many chemopreventive
agents mechanism of action is dose-dependent, even to the extent that oppo-
site effects may be achieved at high and low dose.

From the cell’s point of view, another factor to bear in mind is that onco-
genic signalling may differ significantly from normal signalling. For instance,
ras plays a minor role in normal signalling to PI3K from growth factor recep-
tors, but oncogenic ras is a potent activator of PI3K. Thus, a molecule such as
ras could contribute to tumor development through multiple pathways that
change as tumors develop (McCormick 2000). This allows for the possibility
that a chemopreventive agent may behave differently in tumor versus normal
cells, inducing apoptosis in one but not the other for example.

F. Chemoprevention by Growth Arrest or Apoptosis

Tumor development requires abnormal cells to proliferate and resist apopto-
sis. Signal transduction pathways that mediate the activation of transcription
factors, caspases, or cell cycle control proteins are all likely targets for pre-
vention (KoNG et al.1999). A number of signalling pathways, including those
outlined above, involving growth factor receptors and MAPKs, PI3K, or
NF-«B, are involved in these processes, offering many possible targets for
chemopreventive activity.

While tamoxifen and its analogues have proved useful in the treatment
and prevention of estrogen receptor (ER) positive breast cancer (WISEMAN
1994; JorpAN 2001), PARDEE and his colleagues have turned their attention to
ER negative tumors. They proposed that a major pathway of cell cycle pro-
gression and resistance to apoptosis in ER negative breast cancer is the acti-
vation of NF-xB by epidermal growth factor stimulation (Biswas et al. 2000).
In breast cell lines, signalling from the EGFR appeared to be dependent
on PI3K and protein kinase C (PKC), as demonstrated by the inhibitors
LY294002 and the indolocarbazole Go6796 respectively. NF-«kB was shown
to transactivate cyclin D1, leading to increased phosphorylation of Rb and
enhanced proliferation. In a subsequent in vivo study by the same group in
which an ER-ve mouse mammary epithelial tumor line was implanted into
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syngeneic mice, local administration of G09796 (an inhibitor of PKCa and f)
led to extensive regression of tumors. In addition, the tumorigenic potential
of the implanted cell line was lost upon expression of dominant negative
mutants of IKK S, which also blocked overexpression of cyclin D1 (Biswas
et al. 2001). They concluded that NF-xB is a potential target for therapy of
ER-negative breast cancers overexpressing EGFR family receptors.

Sulforaphane, derived from cruciferous vegetables, is an effective chemo-
preventive agent in a number of animal models, including dimethyl
benzanthracene-induced preneoplastic lesions in mouse mammary glands
(GERHAUSER et al. 1997), rat mammary tumorigenesis (ZHANG et al. 1994), and
azoxymethane-induced aberrant crypt foci in rat colon (CHUNG et al. 2000). A
recent study by HEiss et al. (2001) suggests that anti-inflammatory mechanisms
involving inhibition of NF-xB transactivation may account in part for sul-
foraphane’s anticancer activity. While it did not inhibit degradation of IxB
or translocation of NF-xB to the nucleus, it did inhibit DNA binding by
the transcription factor, resulting in a downregulation of lipopolysaccharide-
stimulated nitric oxide synthase (iNOS), Cox2, and tumor necrosis factor
o expression in RAW macrophages. The suggested mechanism by which
sulforaphane targeted NF-«B in this study was by modulation of intracellular
redox conditions via dithiocarbamoylation of essential thiol groups involved
in activation of the transcription factor.

Another chemopreventive agent, also derived from green vegetables and
already in clinical trial for breast cancer because of its effect on estrogen
metabolism, is indole-3-carbinol (I3C) (BRapLOW et al. 1994). This compound
inhibits growth of a number of different cell types including the nontumori-
genic HBL100 and tumorigenic MDA-MB-468 breast cell lines, but the latter
is much more sensitive. Because the MDA line lacks the tumor suppressor
PTEN, it contains higher basal levels of phosphorylated PKB. Inhibition of this
phosphorylation by I3C only in the tumor cells correlated with an inhibition
of DNA binding by NF-xB without affecting the translocation of p65 to the
nucleus or the ability of IKK to phosphorylate IxB. This in turn correlated
with induction of apoptosis in the MDA-MB-468 cell line (HoweLLs et al.
2001).

In a study by Cover et al. (1998),in MCF7 and MDA-MB 231 breast tumor
cell lines, I3C was found to cause arrest in the G, phase of the cell cycle. This
was attributed to inhibition of cdk6 expression, which resulted in a lack of
phosphorylation of Rb. An increase in the cell cycle inhibitors p21 and p27
was also observed. Inhibition of cdk6 was subsequently shown to result from
disruption of Spl transcription factor interactions in the promoter region of
the gene (Cram et al. 2001). A number of other potential chemopreventive
mechanisms have been described in breast cells for I3C. These include nega-
tive regulation of estrogen receptor ¢ signalling by downregulating estrogen
responsive genes and upregulating the tumor suppressor BRCA1 (MENG et al.
2000a); inhibition of adhesion, invasion, and spreading with concomitant
increase in expression of PTEN and E-cadherin, a regulator of adhesion
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(MENG et al. 2000b,c); and facilitation of apoptosis in ErbB2-expressing cells
by inducing expression and translocation of the proapoptotic Bcl-2 family
member Bax to the mitochondria, while also downregulating antiapoptotic
Bcl-2 (RAHMAN et al. 2000).

Epigallocatechin-3-gallate, a major component of green tea, has been
shown to inhibit proliferation of a range of cell types. In breast tumor cells it
caused G arrest and was shown to inhibit phosphorylation of Rb, inhibit activ-
ity of cdk2 and cdk4, decrease expression of cyclins D and E, and increase
levels of p21, p27, and p53 (LiaNG et al. 1999).

Nonsteroidal anti-inflammatory agents, which inhibit the activity of
cyclooxygenases, have been found to lower mortality from colorectal cancer.
Celecoxib, which was designed as a specific inhibitor of COX2, was found
to inhibit the growth of colon cancer cell lines and to induce apoptosis,
independently of COX2 (WiLLiams et al. 2000). However, the same group
found, encouragingly, that attenuation of HCA-7 xenografts in nude mice
occurred at much lower concentrations of celecoxib in plasma than had been
used in cell culture, with no in vivo effect on normal gut cells. Celecoxib also
induced apoptosis in prostate cells, an effect which was selective for tumor
lines and correlated with COX2 levels (Hsu et al. 2000). In this study,
the ability of celecoxib to block phosphorylation of PKB was considered
to contribute to apoptosis, since overexpression of constitutively active PKB
protected cells from apoptosis. However, the exact mechanism of action
was unclear since in vivo celecoxib did not adversely affect PI3K, nor
could okadaic acid, a phosphatase 2A inhibitor, rescue the inhibition of PKB
phosphorylation.

There is extensive evidence that another chemopreventive agent, cur-
cumin, a major component of turmeric, may be effective against colon cancer.
Amongst its mechanisms of action, curcumin inhibited transcriptional activa-
tion by NF-xB by inhibiting phosphorylation and degradation of IxB and
translocation of the p65 subunit to the nucleus (SINGH and AGGARWAL 1995;
BIERHAUS et al. 1997; CHAN et al. 1998; KuMar et al. 1998). It appeared to
inhibit the ability of the IKK complex to phosphorylate IxB (JoBIN et al. 1999;
PLuMMER et al.1999). Curcumin also inhibits signalling through the EGFR
family (KorutLa et al. 1995; Hong et al. 1999; MansoN et al. 2000a), MAPK
pathway involving JNK (CHEN and TaN 1998; MaNSON et al. 2000a) and tran-
scription via AP-1 (HUANG et al. 1991; BierHAUS et al. 1997).

G. Conclusions

The last few years have seen an explosion of data relating to potential mech-
anisms of action of chemopreventive agents, particularly with respect to ways
in which they might suppress tumor growth where initiation has already taken
place. The examples cited here, both of signalling molecules and of putative
agents, merely give a hint of what is possible. Perhaps one of the most strik-
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ing properties of dietary agents in particular is just how potent and wide-
ranging is their ability to alter cell biochemistry. However, in light of experi-
ments such as that described in Sect. E by FAMBROUGH et al.(1999), it appears
that what at first sight seems to be a rather specific ligand-receptor interaction
can result in multiple downstream consequences. Because of the complexity
of cross-talk and the high degree of redundancy in signalling networks, the
higher up a signalling pathway an agent can exert its influence, the more wide-
ranging should be its effects. On the other hand, a compound which interacts
very specifically with the active site or binding site of a component close to
the transcriptional end of the pathway might be expected to have a much more
selective or even invisible effect on the fate of the cell. It seems from avail-
able evidence that many dietary chemopreventive agents belong to the former
category, although as already noted, they may demonstrate more promiscuous
effects in culture than in vivo.

Abbreviations

AP-1 activator protein 1

Apafl apoptotic protease activating factor 1

ASK1 apoptosis signal regulating kinase 1

Bad Bcl2-antagonist of cell death

Bax Bcl2-associated X protein

Bcl2 B-cell CLL/lymphoma 2

BRCALl breast cancer susceptibility gene 1

cdc25A cell division cycle 25A

cdk cyclin dependent kinase

cipl cyclin dependent kinase inhibitor, p21

COX2 cyclooxygenase 2

CREB cAMP responsive element binding protein

DP-1 transcription factor dimerization partner-1

ErbB2 v-erb-b2 avian erythroblastic leukemia viral
oncogene homolog 2, (EGFR family member)

EGFR epidermal growth factor receptor

ER estrogen receptor

ERK extracellular signal regulated kinase

FKHR forkhead transcription factor

GFR growth factor receptor

GSK3 glycogen synthase kinase 3

IAP inhibitor of apoptosis

I3C indole-3-carbinol

IEG immediate early gene

IxB inhibitor of kappa B

IKK IxB kinase .

INK4 inhibitor of cdk4

JAK Janus kinase
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JNK c-jun N terminal kinase

Kip1 cyclin-dependent kinase inhibitor, p27

MAPK mitogen-activated protein kinase

MEKK (MKKK, MAP3K) MAP kinase kinase kinase

MKK (MEK) MAP kinase kinase

MLK mixed lineage kinase

NEMO NF-«B essential modulator

NF-xB nuclear factor kB

NIK NF-xB inducing kinase

iNOS inducible nitric oxide synthase

PDK1 3-phosphoinositide-dependent protein kinase 1

PI3K phosphoinositide 3-kinase

PIP2/ PIP3 phosphotidylinositol 4,5 bisphosphate/3,4,5
triphosphate

PDGFR platelet-derived growth factor receptor

PKB protein kinase B

PKC protein kinase C

PTEN phosphatase and tensin homolog deleted on
chromosome ten

Rb retinoblastoma tumor suppressor

p90RSK ribosomal s6 kinase

RTK receptor tyrosine kinase

SAPK stress-activated protein kinase

Smad homolog of mothers against decapentaplegic,
(Drosophila)

STAT signal transducer and activator of transcription

TAK TGFB-activated kinase

TGFp transforming growth factor 8

TNFR tumor necrosis factor receptor
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CHAPTER 5
TPS3 in Carcinogenesis and Cancer Prevention

E. GorMmALLy and P. HaINaUT

A. Introduction

Since its discovery in 1979, the tumor suppressor gene TP53 has been one of
the main focuses of cancer research. This gene is altered at high frequency in
most types of human cancers and studies on TP53-deficient mice have shown
that lack of pS3 protein function predisposes to early cancers (DONEHOWER et
al. 1992). In humans, inheritance of a TP53 mutation is the molecular basis of
Li-Fraumeni syndrome (LFS), a rare syndrome predisposing to multiple early
cancers (MALKIN et al. 1990; Srivastava et al. 1990). Extensive experimental
evidences support that p53 is essential in the control of genetic stability of cells
exposed to genotoxic stress. These observations have led to identify TP53
as “the ultimate tumor suppressor gene” (OReN 1992), or “the only thing that
stands between us and early death by cancer” (LANE 1992).

The p53 protein lies at the crossroad of many signaling pathways con-
trolling DNA repair and cell proliferation, survival and differentiation. This
functional diversity is considered as the main reason why TP53 is mutated in
many types of cancers. The functional consequences of TP53 mutation may
differ according to the nature and position of the mutation, the cell type and
the timing of occurrence in cancer progression. In several instances tumor spe-
cific mutation patterns have been identified. In cancers of the skin, liver and
lung, it has been shown that mutation patterns could be read as the “signa-
tures” of particular environmental insults.

During the past 10 years studies on TP53 mutations have concentrated on
carcinogen fingerprint patterns (molecular epidemiology) or on diagnosis and
prognosis of cancer (molecular pathology). These aspects are discussed in
several recent reviews (HAINAUT and HoLLsTEIN 2000; HussAIN et al. 2001b).
However, the TP53 gene and its product may also represent interesting
endpoints in cancer prevention. First, the analysis of TP53 mutation patterns
provides clues on significant mutagens (or mutagenic mechanisms). This
knowledge may help to design preventive strategies to limit the impact of
these mutagens. Second, it is possible to detect the presence of TP53 muta-
tions in the tissues of individuals at high cancer risk (AGUILAR et al. 1993;
BARRETT et al. 1999; HussaIN et al. 2001a; MANDARD et al. 2000). Monitoring
of mutations may thus be useful for evaluating preventive strategies. Third, the
pS3 protein may be a target for pharmacological preventive intervention.
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Indeed, pS3 is an important regulator of homeostasis under genotoxic stress.
“Boosting” its function using chemicals may be an effective way to increase
the protection of cells against such stresses.

In this chapter, we summarize characteristics of TP53 relevant for its
potential in cancer prevention. We also discuss current hypotheses on the sig-
nificance of TP53 mutations, as well as on the pharmacological modulation of
p53 protein functions.

B. TP53: Structure and Functions

I. TPS3 Is a Member of a Multi-Gene Family

The TP53 gene (OMIM 191170) is located on chromosome 17p13 and con-
tains 11 exons in a 20-kilobase locus. The coding sequence is well-conserved
in vertebrates but sequences found in invertebrates show only a distant resem-
blance with mammalian TP53 (Sousst and May 1996). Two related genes have
been recently identified on chromosome 1p36 (TP73, OMIM 601990) and on
chromosome 3p28 (TP63, OMIM 603273). They both encode proteins with
high structural homology to p53. All three family members oligomerize and
are sequence-specific transcription factors (Fig. 1; LEVRERO et al. 2000). The
three proteins bind as tetramer to DNA sequences containing repeats of the
consensus RRRC*/:*/;GYYY (where R is a purine and Y a pyrimidine) (EL
DEIRY et al. 1993). Thus, they share the capacity to regulate the transcription
of a common set of genes, suggesting functional redundancies. However, the
three genes differ by their pattern of expression. Whereas TP53 is ubiquitously
expressed as a single mRNA, the expression of TP73 and TP63 is tissue-spe-
cific and is regulated by alternative splicing, resulting in multiple isoforms with
different N- or C-terminal regions. Furthermore, inactivation of these genes in
mouse results in very distinct phenotypes. TP53-deficient mice develop almost
normally but are prone to multiple, early cancers (DONEHOWER et al. 1992).
TP73-deficient mice do not show increased tumorigenesis but have a complex
pattern of neurosensorial and inflammatory defects (YANG et al. 2000). TP63-
deficient mice show limb malformations and impaired development of squa-
mous epithelia (YANG et al. 1999).

In human cancers, only TP53 is mutated at a significant frequency. Most of
the mutations are scattered in the central domain, with “hotspots™ at codons
175,245,248, 282, and 273. Recent evidence indicates that TP63 is amplified in
some squamous carcinomas. But the mechanism by which amplification con-
tributes to cancer is poorly understood. TP73 is located in a chromosomal region
often deleted in neuroblastomas, but absence of mutations in the remaining
allele indicates that TP73 is not a neuroblastoma gene (KAGHAD et al. 1997).

II. The pS3 Protein Is Responsive to Many Stress Signals

Most of p53 regulation in normal cells occurs at the posttranslational level.
The protein is permanently produced in most tissues, but does not accumulate
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Fig.1. Protein structure of p53, p63 and p73. The three proteins have a transactivation
domain (oval), a DNA binding domain (rectangle) and an oligomerization domain
(diamond). P63 and p73 have a sterile alpha motif (SAM; black circle), a protein—
protein interaction domain usually found in proteins involved in development
(LEVRERO 2000). Only the longest isoforms of p63 and p73 are shown. Dashed arrows
indicate regions affected by alternative splicing. The number of amino acids contained
in each protein is shown on the right. The TP53 mutation spectrum mostly spanning
the DNA binding domain is depicted on top of p53. The length of bars is proportional
to the number of mutations. Major “Hotspot” codons are indicated

due to its rapid degradation (within minutes) by the proteasome. The key reg-
ulator of p53 protein stability is mdm2. The MDM2 gene (“Mouse double
minutes”) is the human homologue of a gene amplified in aberrant mouse
chromosomes (MoMAND et al. 1992). Mdm?2 binds p53 in the N-terminus, medi-
ates its export from the nucleus into the cytoplasm, where it triggers degra-
dation by the proteasome (BOTTGER et al. 1997; Haupr et al. 1997; KuBBUTAT
et al. 1997), with a turnover of only a few minutes in most normal cells. Inter-
estingly, MDM2 is a transcriptional target of p53 (Juven 1992). After p53 acti-
vation, levels of mdm?2 protein increase within the cell, helping to bring p53
back to basal levels. These two proteins are thus interconnected by a feedback
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loop which determines the extent of p53 accumulation in the nucleus (LANE
and HALL 1997).

Activation of p53 requires the temporary interruption of this feedback
loop for p53 to escape mdm2-mediated degradation. Three main mechanisms
can activate p53 through different signaling pathways (Fig. 2; PLuQuET and
Hamvaur 2001). The extent and duration of p53 activation differ, depending
on the exact nature of the inducing agent. The best known mechanism is DNA-
damage signaling. Many physical and chemical genotoxic agents (UV, irradia-

) s

Fig.2. Activation of p53. Inactive p53 (sphere) is shown as a tetramer bound to two
molecules of mdm2. After activation by various stress mechanisms (upper part), the
p53 tetramer undergoes conformational changes (cubes) and escapes mdm2 mediated
degradation. After binding to DNA, p53 regulates several biological processes (lower

part)
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tion, carcinogens, chemotherapeutic drugs, and oxidative stress) can turn p53
from a “latent” to an “active” state. This process requires the phosphorylation
of p53 by several kinases, including the cell-cycle regulatory kinase chk2, and
atm, the product of the Ataxia-Telangiectasia gene, a complex syndrome char-
acterized by radiosensitivity. Both kinases phosphorylate p53 in the mdm?2-
binding domain, inducing the dissociation of the p53-mdm?2 complex (APPELLA
and ANDERsON 2000). The second mechanism is oncogenic stress signaling
(Kamwo et al. 1997; PoMERANTZ et al. 1998). Oncogenic stresses arise when
hyperproliferative signals are constitutively activated within the cell, for
example after mutations of genes involved in the RAS/MAPKinase cascade,
or of the f Catenin/MYC pathway. The central effector in this pathway is p14°",
the alternative product of a locus (9p31) that also encodes the cell-cycle
inhibitory protein p16 (StonE et al. 1995). When activated, p14°*" binds and
neutralizes mdm?2 allowing p53 to accumulate (Kamuo et al. 1998; Tao and
LevINE 1999; ZHANG et al. 1998). A less well-described, third mechanism
involves nongenotoxic stresses such as hypoxia (GRAEBER et al. 1994, 1996).
Solid tumors with limited oxygen supply may undergo growth suppression
when p53 is activated by low oxygen pressure. Thus the p53 response to
hypoxia might represent an important limiting factor for tumor growth.

III. P53 Controls Several Antiproliferative Responses

After activation, p53 coordinates antiproliferative responses, including effects
on cell-cycle progression, apoptosis, and DNA repair (Fig. 2). In turn, these
cellular responses have an impact on senescence, differentiation, angiogene-
sis, and, possibly, on development (OReN 1999; OrReN and ROTTER 1999; PrIvES
and HaLL 1999). Two biochemical properties are essential for p53 activity:
sequence-specific DNA binding (and transcriptional regulation) and protein—
protein complex formation. Within the wide range of biological responses, only
a selected subset of targets are affected, depending on the activating agent,
the dose, and the cell type (Table 1). P53 is involved at multiple levels in each
of these processes. In cell-cycle, p53 exerts negative effects at all phases. In
apoptosis, although p53 is not part of the apoptotic machinery, it regulates
several of the initiating pathways. The role of p53 in DNA repair is less under-
stood and results, at least in part, in the elimination of unrepaired cells by cell
cycle arrest or apoptosis. Nevertheless, p53 also plays direct roles in DNA
repair (Liu and KuLesz-MagrTin 2001).

What are the biological consequences of p53 activation? In cultured cell
lines, p53 induces either cell death, or transient cell cycle arrest that facilitates
proper DNA repair. The p53 protein thus appears to act as a referee for the
decision between life and death. In primary cells and in normal tissues,
however, these responses may both contribute to the permanent elimination
of damaged cells from the pool of cells with replicative potential. Indeed,
arrested primary cells do not appear to reenter cell cycle after pS3 activation
(LINKE et al. 1997). In vivo, such arrested cells may undergo senescence or
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Tablel. p53 transcriptional and protein targets. Examples of genes transcriptionally
regulated by p53 (left hand side) and proteins interacting with p53 (right hand side)

Transcriptional ~ References Protein-protein ~ References
regulation interaction
Cell Cycle p21%ett EL DERY RPA Durra et al.
et al. 1993 1993
14-3-30 HERMEKING
et al. 1997
GADDA45 Kastan
et al. 1992
Apoptosis BAX-1 MIYASHITA
et al. 1994
APO1/Fas OWEN-SCHAUB
et al. 1995
Killer/DRS SHEIKH et al.
1998
AIPI Opa et al.
2000
PIG3 PoryAk et al.
1997
DNA repair MSH?2 ScHErEr et al. PCNA SHIVAKUMAR
2000 et al. 1995
0’MGMT HarRis et al. XRCC2/3 WANG et al.
1996 1996
p33Nat CHEUNG et al.
2001

enter terminal differentiation (WiLsoN et al. 1998). Thus, both responses
should be seen as complementary rather than antagonistic.

C. Alteration of TPS3 in Carcinogenesis

TP53 is often affected by mutations in most types of human cancers (Fig. 3).
The highest mutation prevalence is observed in esophageal cancers (50%). In
contrast, cancers of the cervix rarely contain TP53 mutations (5%). This is
due to the fact that the E6 antigen of human papillomavirus, an important
etiological agent in cervical cancer, binds to wild-type pS3 and induces its
degradation, thus bypassing the need for mutation. Over 70% of mutations
are missense and fall within the central portion of the gene, encoding the
DNA-binding domain (Fig. 1; HanauT and HoLLSTEIN 2000). These mutations
prevent correct binding of the protein to DNA sequences, thus abrogating
transcriptional activation. It is not clear whether they also abrogate the capac-
ity of pS3 to bind to other proteins. Loss of heterozygosity at the TP53 locus
is also common in human cancer, but the wild-type allele is not systematically
lost in cancer cells that carry mutant TP53.

Cells with mutant TP53 are allowed to proliferate in conditions where
normal cells undergo stress-induced growth suppression. The multi-functional
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Fig.3. Cancer cases and the estimated number of TP53 mutations worldwide. The
worldwide estimates of cancer cases (in thousands) are shown as histograms (dark gray
areas). Within each histogram bar cancers estimated to carry a TP53 mutation are
shown as light gray areas. Data from Globocan 2000 (ParkIN 2000) (cancer estimates)
and IARC TP53 mutation database (TP53 mutation estimates; http://www.iarc.fr/p53)

character of p53 may explain why mutations occur as early events in some
cancers and as late events in others (GuMARAES and Hainaurt, 2002). For
example, TP53 mutation seems to occur as a very early event (sometimes
detected in exposed, normal tissues) in cancers of the lung and of the head
and neck. In these cancers, tumor cells generally emerge from portions of the
epithelium exposed to exogenous damaging agents such as tobacco smoke.
Early loss of p53 function may thus favor the escape of cells on the path to
tumorigenesis. In other cancers, however, TP53 mutation is not detectable until
late stages, for example in colon or breast cancers. This observation suggests
that these tumors develop despite the presence of a wild-type TP53, but that
loss of pS3 function provides a selective advantage at a later stage of tumor
development.

The paradigm for tumor suppressor genes (KNuUDsoN 1971) implies that
mutation results in loss of function, which in due course is reflected by the
disappearance of the protein from cancer cells. In the case of TP53, however,
many missense mutations have a stabilizing effect and lead to the accumula-
tion of mutant protein in the nucleus of cancer cells, allowing the detection of
“mutant” p53 by immunohistochemistry in cancer tissues (BRAMBILLA and
BraMBIiLLA 1997). While there is a fairly good correlation between the two
phenomena, many mutations do not result in protein accumulation (e.g., non-
sense mutations, insertions, and deletions) and wild-type p53 accumulation
may also occur as a consequence of exposure to stress. Thus, care should be
exercised in the use of immunohistochemistry as a surrogate for mutation
analysis.
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The presence of high levels of mutant p53 in cancer cells, and the frequent
retention of a wild-type allele, has led to speculate that the mutant protein
may play a role of its own in carcinogenesis. Indeed, there is evidence that
mutant p53 complexes with the normal protein expressed by the remaining
wild-type allele and inactivates its suppressor functions (dominant-negative
effect; BLAGOSKLONNY 2000). Introduction of mutant TP53 into p53-deficient
cancer cells can also enhance their tumorigenic phenotype, suggesting that
mutant p53 behaves as an independent, oncogenic protein (DITTMER et al.
1993). The molecular basis of this activity is not known, but the recent finding
that mutant p53 can bind to and inactivate some p63 and p73 isoforms has led
to the hypothesis that mutant p53 may also abrogate the suppressor functions
of the other members of the family (BLanDINO et al. 1999; LouruM and
VouspeN 2000).

D. TP53 and Cancer Prevention

A large body of literature deals with the significance of TP53 as a biomarker
in clinical studies (HoLLSTEIN et al. 1991; SipDrRANSKY and HoLLSTEIN 1996).
Intensive investigations have been performed to evaluate whether TP53 muta-
tion might be a predictor of bad prognosis in molecular pathology. Overall,
these studies have shown that, if TP53 mutation often correlates with aggres-
sive tumors, the presence of a mutation is generally not an independent
predictor of malignancy. Many studies have also addressed the question of
whether mutant TP53 may determine poor response of tumor cells to cyto-
toxic therapies (Lowe et al. 1993; Lowe 1995). Indeed, in vitro, p53 is a crucial
effector of apoptosis in response to drugs used in cancer therapy. However,
studies in patients do not confirm that wild-type TP53 predicts a better
response to treatment.

In contrast with clinical studies, the significance of TP53 for cancer pre-
vention has not been fully assessed. Four distinct aspects may be considered.
First, TP53 polymorphisms may be associated with susceptibility to cancer.
Second, TP53 mutations may be seen as molecular “signatures” of cancer-
causing agents in the human population and designing strategies to counter-
act their effects is important. Third, TP53 mutations might be detectable in
surrogate tissues such as sputum, urine, or plasma, sometimes ahead of the
appearance of a detectable tumor. Fourth, the p53 protein may be an inter-
esting endpoint for pharmacological intervention aimed at preventing cancer.
These four aspects are developed in the paragraphs below.

I. TP53 Polymorphisms and Risk of Cancer

Table 2 provides a list of 14 known polymorphisms in the human TP53
gene. Four are in the coding sequence and only two, at positions 47
and 72, entail a change in amino acids (IARC TP53 database,
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Table2. List of TP53 polymorphism from the LARC TP53 database. The 14 poly-
morphisms found in the exons and introns of TP53 are described. Only two polymor-
phisms in exon 4 at codon 47 and 72 result in amino-acid substitutions. Data on allelic
ratio are available only for a few polymorphisms. For details, see IARC TP53 mutation
database

Polymorphisms =~ Codon/nucleotide  Nucleotide variants ~ Codon Allelic
variants ratio
Exon 4 47 CCG to TCG Pro to Ser <0.015
Exon 4 72 CGCto CCC ArgtoPro  0.2-0.6
Exon 2 21 GAC to GAT None ?
Exon 4 36 CCG to CCA None 0.04
Exon 6 213 CGA to CGG None <0.11
Intron 1 8545 TtoA None ?
Intron 1 8703 (AAAAT), None ?
Intron 1 ? HAEI1II RFLP None ?
Intron 2 11827 GtoC None ?
Intron 3 11951 +16bp None ?
Intron 6 13484 GtoA None ?
Intron 7 14201 TtoG None ?
Intron 7 14181 CtoT None ?
Intron 9 14766 TtoC None ?

http://www.iarc.fr/P53). The codon 47 polymorphism (proline to serine) is
extremely rare (allele ratio: less than 0.015) and has only been reported so far
in the African population (BECKMAN et al. 1994; WEsToN et al. 1992; WESTON
et al. 1994). Its association with disease is unknown. The codon 72 polymor-
phism (arginine, R to proline, P) is widespread and is detected in all popula-
tions with different allelic ratios. In Western populations, the most frequent
allele is R72 (0.6-0.8). However, in East Asian and in African populations, P72
is the major allele. This polymorphism shows a north to south cline, with a high
proportion of P72 near the equator, falling to less than 20% near the poles
(BECKMAN et al. 1994). It is not known whether this geographic variation is
associated with cancer susceptibility.

In 1998, STOREY et al. have shown that the R72 p53 protein variant showed
greater in vitro sensitivity than the P72 variant to degradation by the
E6 protein of human papilloma viruses (HPV; Storey et al. 1998). They
speculated that this increased sensitivity may predispose R72 homozygotes to
cancer of the cervix. This observation launched a flurry of studies aimed at
assessing the significance of the codon 72 polymorphisms for the risk of HPV-
associated cancers. However, to date, most of the publications based on well-
defined, epidemiological series have not confirmed the existence of an
increased risk of HPV-associated cancer (KLuG et al. 2001). Several studies
have suggested associations between codon 72 polymorphism and risk of other
cancers, including cancer of the lung (Fan et al. 2000; Jin et al. 1995), and squa-
mous cell carcinoma of the esophagus in a Taiwanese population (LEE et al.
2000).



66 E. GormALLY and P. HAINAUT

Recent experiments provide a new basis for a functional difference
between the R72 and P72 variants. In tumors with TP53 mutations, the mutant
p53 often binds to other proteins, including the homologous protein p73.
Mutant forms of the R72 variant bind better to p73 than mutant forms of the
P72 variant. Moreover, the R72 allele is preferentially mutated and retained
in squamous cell tumors arising in R72/P72 heterozygotes. Thus, a polymor-
phic residue may affect mutant p53 behavior by controlling inactivation of
p53 family members (MARIN et al. 2000).

II. TP53 Mutations as “Signatures” for Carcinogenic Exposures

In several cancers, particular mutation patterns may be seen as molecular “sig-
natures” of environmental carcinogens. Clear examples of such signatures are
observed in nonmelanoma skin cancers (CC to TT transitions, UV damage),
in lung cancers (G to T transversions, damage by polycyclic aromatic hydro-
carbons of tobacco smoke) and in liver cancers (G to T transversions, damage
by aflatoxins). However, the majority of TP53 mutations detected in cancer
are primarily the result of endogenous mutation mechanisms, such as the spon-
taneous deamination of 5’-methylcytosine to generate thymine (C to T muta-
tions) within poly-pyrimidine repeats (CpG sites) (WINK et al. 1991; YaNG et
al. 1996).

1. Sunlight UVs and Nonmelanoma Skin Cancers

DNA damage by UV induces p53 stabilization and activation, with increased
expression of the target protein p21**. In skin cancers, TP53 is often mutated
and about 10% of these mutations are double CC to TT transitions. This type
of mutation also represents 4.2% of all TP53 mutations in cancers of the lip,
but are virtually absent in cancers of internal organs (IARC TP53 database).
CC to TT transitions are consequences of inefficient DNA repair of a frequent
photoproduct, the cyclobutane pyrimidine dimer. Over half of the CC to TT
transitions in TP53 are within CpG sequences. This distribution may be
explained by the fact that absorption of near-UV by 5-methylcytosine (which
is often present at CpG sites) is 5- to 10-fold higher than by cytosine (ToMMAsI
et al. 1997). Moreover, repair of UV-induced lesions in vitro is exceptionally
slow at codons 177, 196, and 278 of TP53, corresponding to mutational
“hotspots” in human skin cancers (TORNALETTI and PrEIFER 1994). In skin
tumors of individuals with Xeroderma pigmentosum, a complex DNA repair-
deficiency syndrome with increased susceptibility to skin cancer, CC to TT
transitions represent almost 50% of all mutations (DuMAZz et al. 1993). Thus,
CC to TT transitions may be seen as molecular “signatures” of DNA damage
by UVB.

CCto TT transitions are also detectable in normal, UV exposed skin cells
in both humans (Nakazawa et al. 1994) and mice (ANANTHASWAMY et al. 1997).
In mice experimentally exposed to UV, CC to TT mutations are found in the
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skin up to 6 months before the appearance of skin tumors. Applying sun-
screens before irradiation reduces both the occurrence of skin cancers and the
early detection of TP53 mutations (ANANTHASWAMY et al. 1999). Thus, inhibi-
tion of TP53 mutations is a useful early endpoint for photoprotection in ultra-
violet carcinogenesis.

2. Tobacco Smoke and Lung Cancer

TPS53 mutations are frequent in cancers associated with tobacco smoking, and
the mutation load increases with the extent of tobacco consumption in cancers
of the lung, of the head and neck and of the esophagus (squamous cell carci-
noma) (HaiNauT and Prerrer 2001). Cigarette smoking is responsible for 90%
of lung cancers worldwide. The pattern of mutations in TP53 shows a high
prevalence of G to T transversions (30%) in lung cancers of smokers, but are
less frequent in lung cancer of nonsmokers (11%) or in cancers not directly
related to smoking such as brain, breast, or colon cancers (average of 10%).
Moreover, in vitro, these G to T mutations cluster at 5 codons (157, 158, 248,
245, and 273) that are sites of DNA adducts formation by metabolites of poly-
cyclic aromatic hydrocarbons such as benzo(a)pyrene (DENISSENKO et al. 1996;
SmitH et al. 2000). Mutations at codon 157 and 158, in particular, are rare in
cancers other than lung cancers of smokers, and may be seen as tobacco-spe-
cific mutations (Hamnaut and Prerrer 2001). Recent studies have shown that
exposure of primary bronchial cells to benzo(a)pyrene in vitro induces muta-
tions at codon 157. The same mutation is detectable in the nontumoral lung
tissue of smokers with lung cancers (Hussain et al. 2001a), making them
potentially useful as early biomarkers in prevention studies against tobacco-
induced tumors. However, these mutations seem to be specific to lung cancers
and are not as frequent in other smoking-related cancers such as oral,
esophageal or bladder cancers.

3. Aflatoxin B1 and Liver Cancer (Hepatocellular Carcinoma)

About 80% of hepatocellular carcinomas (HCC) arise in developing countries,
with high incidences of chronic infection by hepatitis viruses B or C. In these
regions, staple diets often contain high levels of aflatoxin B1, a mycotoxin con-
taminant. In regions of sub-Saharan Africa and of Eastern Asia where both
risk factors are present, HCC has often a characteristic TP53 mutation at
codon 249 (AGG to AGT). This mutation is rarely observed in HCC in
Western countries (JAcksoN and GrooPMAN 1999; MoNTEsANO et al. 1997,
SMELA et al. 2001).

Metabolites of AFB1 can bind to codon 249 in TP53 and induce this par-
ticular type of mutation. However, AFB1 can similarly damage other sites in
TP53, and the reasons why only codon 249 mutation is observed in HCC are
still not understood (DENISSENKO et al. 1998). It has been proposed that selec-
tion of codon 249 may result from cooperative effects between AFB1 and the
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HBx protein of HBV, which may modulate cell survival and DNA repair
(Sonn et al. 2000).

Given the role of AFB1 in liver carcinogenesis, chemopreventive
approaches have been developed to limit hepatic DNA damage by this agent
(WiLp and HaLL 2000). The drug oltipraz decreases the metabolization of
AFBI1 by CYP1A2 and increases its detoxification by GST in liver cells. This
drug is currently used in chemoprevention trials in an area of high incidence
of HCC in China.

4. C to T Transitions at CpG Sites and Cancers Linked to
Inflammatory Diseases

C to T transition is the most frequent type of mutation in all human cancers.
About 50% of these mutations fall at 6 codons corresponding to a CpG site,
codons 175, 213, 245, 248, 273, and 282 (IARC TP53 database). This type of
mutation may arise without the direct intervention of environmental carcino-
gens. In the human genome, 3%-5% of all cytosines at CpG sites are methy-
lated in the 5’ position (HoLLIDAY and GriGG 1993). Spontaneous deamination
of 5’-methylcytosine (SmC) generates thymine, creating a mismatch that, if not
taken over by repair mechanisms, gives rise to a C to T transition (ROBERTSON
and Jones 2000; YaNG et al. 1995). Spontaneous deamination of SmC is
enhanced by exposure to oxyradicals and, in particular, to nitric oxide (NO;
Murata et al. 1997; WINK et al. 1991). The prevalence of C to T transition is
thus high in cancers that arise in the context of an inflammatory lesion, for
example colorectal cancers (arising in the context of ulcerative colitis),
esophageal adenocarcinomas (often arising in the context of Barrett’s mucosa)
and stomach cancers (often associated with chronic infection by Helicobacter
pylori; AmBs et al. 1999). In patients with colorectal cancers, there is a corre-
lation between levels of expression of the inducible form of nitric oxide syn-
thase (NOS2), and CpG transitions in the tumor. Thus, this type of mutation
might be efficiently prevented by agents inhibiting the production of NO
(WATANABE et al. 2000).

III. Detection of TP53 Mutations in Surrogate Tissues

Low levels of mutant DNA may be found in surrogate tissues in subjects who
do not show clinically detectable lesions. For example, mutant TP53 has been
detected in DNA extracted from plasma, sputum, urine, bile, or feces (Tables
3, 4; SIDRANSKY 1997). Obtaining these surrogate tissues does not entail inva-
sive and painful interventions for the subject. Surrogate material may repre-
sent a flexible alternative to tumor biopsy in large-scale, follow-up programs.
Intensive research is currently aimed at identifying TP53 mutations (as well
as other mutations in cancer genes) in surrogate material ahead of tumor
development.
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Table3. Detection of TP53 mutations in different surrogate materials. The proportion
of patients with a TP53 mutation in the tumor and in the corresponding surrogate
material is shown. The concordance is the percentage of tumors and corresponding
surrogate materials that had a TP53 mutation

Surrogate Cancer Surrogate Percentage References

Bladder wash  Bladder 6/13 46 VET et al. 1996

Bile Cholangiosarcoma  4/12 33 Itor1 et al. 1999
Sputum Lung 30/54 55.5 WANG et al. 2001
Plasma Lung 13/35 37 GoNzALEs et al. 2000
Plasma Liver 19/53 36 Kirk et al. 2000

Table4. Concordance between TP53 mutation in surrogate and in tumor tissues. The
number of surrogate material carrying a TP53 mutation is indicated over the total
number of tested samples

Cancer Surrogate Mutations in References
Tumor®  Surrogate® n Concordance
(%)

Bladder  Bladder wash 38 33 49 84 PrescorT et al.
2001

Bladder  Urine sediments 46 29 28 61 Xu et al. 1996

Colon Feces 44 28 25 64 EcGucHi et al.
1996

Colon Feces 59 59 51 100 DonNG et al.
2001

NSCLC  Sputum 13 7 15 50 Mao et al. 1994

Lung Bronchoalveolar 56 22 50 39 ARHENDT et al.

lavage fluid 1999

Breast Plasma 36.5 24 126 65 SHAO et al.
2000

HCC Plasma 55 30 20 55 JAacksoN et al.
2001

Colon Serum 30 21 33 70 Hisr et al. 1998

#Percentage of tumors with a TP53 mutation.
®Percentage of surrogate with a TP53 mutation.
n, Number of cases.

Bladder cancer provides a good example of the interest of surrogate mate-
rial for detection of TP53 mutations. Most bladder cancers are superficial tran-
sitional cell carcinoma (TCC), which are treatable by local intervention, but
reoccur and progress towards an invasive phenotype in 15%-20% of the
patients (PrescorrT et al. 2001). TP53 mutation occur in over 30% of bladder
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cancers and are often associated with invasiveness (VET et al. 1996). Presence
of a TP53 mutation has been observed in bladder washes of patients treated
for superficial TCC on average 8 months before recurrence (VET et al. 1996).
Screening for TP53 mutations in bladder washes of patients treated for TCC
may help in the management of relapse.

Studies by SIDRANSKY and collaborators have shown that detection of
oncogene mutations in sputum could precede diagnosis of lung cancers. TP53
mutations or KRAS were identified in 10 of 15 (66%) normal subjects who
were later diagnosed with adenocarcinoma of the lung. In eight out of these
ten patients, the mutation found in sputum was identical to the one later
detected in cancer tissues (MAoO et al. 1994).

Plasma has long been recognized as containing small amounts of free
DNA fragments. In normal, healthy subjects, levels of plasma DNA average
13ng/ml, but levels up to 1,000 times higher can be detected in some cancer
patients. How this DNA is released in plasma is still a matter of conjecture
(AnkER and StrOUN 2000). In the past 5 years, a number of studies have
demonstrated the presence of tumor-specific mutant DNA in the plasma
of patients with overt cancers (reviewed in ANKER and StrROUN 2000).
The molecular alterations detected in plasma DNA encompasses point
mutations (KRAS, TP53), promoter hypermethylation (CDKN2a, O°MGMT,
DAPkinase, GSTP1), microsatellite instability and loss of heterozygosity
(AnkER and STrOUN 2000; CHEN et al. 1999; ESTELLER et al. 1999; MuLCAHY
et al. 1998).

We have analyzed TP53 mutations in plasma DNA in subjects from a case-
control study of HCC in The Gambia, a region of high incidence in West Africa
(KIrk et al. 2000). We have found that codon 249 mutation (see Sect. I1.3) was
detectable in 36% of cancer patients, 15% of individuals with liver cirrhosis,
and 6% of healthy controls (Kirk et al. 2000). In cancer patients, presence of
codon 249 mutation in the plasma correlates with the presence of this mutant
in the majority of cancer cells (JACKSON et al. 2001). In individuals with liver
cirrhosis, detection of codon 249 mutation in the plasma may be a marker for
the presence of asymptomatic cancer (e.g., diffuse groups of liver cancer cells
that escape detection by ultrasonography). In healthy controls, however, the
presence of codon 249 mutant DNA in the plasma may reflect high exposure
to dietary AFB1 and thus behaves as a marker for identification of individu-
als at high risk of developing HCC. Further studies are in progress to address
these questions.

Overall, only a subgroup of cancer patients with TP53 mutations
have detectable anti-p53 antibodies (20%—40%) and there is no clear corre-
lation between the presence of antibodies, clinical status or prognosis (Sousst
2000). In one interesting case, antibodies have been detected in an individual
with chronic bronchitis several months ahead of cancer development
(LuBIN et al. 1995). This example shows that, in some instances, presence of
anti-p53 antibodies in noncancer subjects may be an early marker of cancer
development.
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IV. The p53 Protein as a Target for Pharmacological Intervention

In recent years, several approaches have been tested to modulate p53 func-
tion in normal or cancer cells. Their effects depend upon the target cell, the
TP53 mutation status and the clinical context (Fig. 4). Several approaches aim
at “refolding” mutant p53 into wild-type form for therapeutic effects (FOSTER
et al. 1999). In addition, wild-type p53 is in itself a potential target for phar-
macological intervention aimed at “boosting” the cell’s capacity to resist geno-
toxic damage. In tumor cells with wild-type p53, this activation may enhance
the response to therapy. In contrast, in normal cells, enhancing p53 function
may activate a physiological, “guardian of the genome” effect contributing to
protection against toxic effects of cancer treatment. The same rationale can be
extended to chemoprevention: drugs that activate p53 may facilitate either the
elimination or the repair of cells under attack by DNA-damaging agents. In
this paragraph, we summarize the biochemical basis of two recent approaches
to modulate wild-type p53 protein function.

1. Stabilization of p53 by Disruption of Interactions with mdm2

Disruption of p53-mdm? interactions leads to the accumulation of active, p53
in the nucleus of normal cells. In 1997, LANE and collaborators have designed
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Fig.4. Rationale for the modulation of p53 function by pharmacological intervention.
Different types of pharmacological interventions are proposed according to the status
of the cells and p53 (dashed box). Mutant, inactive and active p53 are shown as star,
circle and square, respectively. In cancer cells some mutant p53 forms could be refolded
to their active form (Therapy) or normal p53 could be activated (Enhanced Cytotoxi-
city). In normal cells of cancer patients, inactive pS3 could be activated (Cytoprotec-
tion). In normal cells of individuals at risk of developing cancer, p5S3 could be activated
(Chemoprevention)
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a synthetic mdm2-binding protein expressing a short segment of p53 within
the active site of bacterial thioredoxin, which provides a stable scaffold for
optimal peptide presentation (BoTTGER et al. 1997). When introduced into cells
expressing wild-type p53, this synthetic protein neutralized mdm?2 and caused
a striking accumulation of endogenous p353. This accumulation was followed
by activation of a p53-responsive reporter gene and by cell cycle arrest, mim-
icking the effects seen in these cells after exposure to UV or ionizing radia-
tion. Microinjection of a monoclonal antibody to the p53-binding site of mdm?2
achieved similar effects. Although the conditions for using this peptide for
treatment or prevention remain to be established, these results demonstrate
that it is possible to activate p53 and induce a protective, cell-cycle arrest
response without causing DNA damage.

2. Pharmacological Control of p53 Protein A ctivity

The p53 protein shows an intrinsic sensitivity to oxidation-reduction condi-
tions (MEPLAN et al. 2000b). This sensitivity is mediated by reactive cysteines
located within the DNA-binding domain, three of them being involved in the
binding of a zinc atom (HaiNauTt and MILNER 1993). In vitro, the p53 protein
requires reduction by thiol antioxidants for binding to specific DNA and acti-
vating gene transcription. There is good evidence that redox changes affect
the folding of the DNA-binding domain of the protein. Many factors that
alter the intracellular redox balance, such as strong oxidative or nitrosative
stress, or exposure to heavy metals, inactivate wild-type p53 by turning the
protein into a conformation similar to that of mutant p53 (HAINAUT and MaNN
2001).

In vivo, several proteins are involved in the redox regulation of p53. These
proteins include thioredoxin (UEeNo et al. 1999), metallothioneins (MEPLAN et
al. 2000a) and Ref-1, a protein that interacts with the C-terminus of p53
(GapDON et al. 1999; JavaramaN and Prives 1995). Ref-1 is a dual-function
enzyme with roles in redox regulation and DNA repair. Ref-1 may act as a
functional link between DNA-damage recognition and modulation of p53 con-
formation. This pathway may represent a promising target for drugs aimed at
modulating p53.

Another pathway that activates p53 involves polyamines (KRAMER et al.
1998). These short molecules are essential regulators of cell growth through
multiple mechanisms, which are still poorly understood. Normal cell growth is
accompanied by variations in polyamines biosynthesis, largely mediated by
the rate-limiting enzyme ornithine decarboxylase (ODC). Difluoromethylor-
nithine (DFMO), a suicide inhibitor of ODC, is an experimental cancer
prevention agent that is evaluated in a number of current human cancer
prevention trials (CARBONE et al. 2001; MEyskeNs Jr. and GERNER
1999). Inhibition of polyamine metabolism has been proposed as an approach
for the chemoprevention of colorectal cancer (WALLACE and CASLAKE
2001).
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Synthetic polyamine analogues activate p53 function in cultured cell lines
(KrAMER et al. 1999). Similar effects are observed after inhibition of ODC by
DFMO (LI et al. 2001). The mechanisms by which polyamines activate p53 are
still poorly understood. Recent evidence from our group indicates that
polyamines may control pS3 conformation and accumulation. We have studied
the effects of a phosphoaminothiol, amifostine (WR2721), a drug currently
used in the clinics as a radio/chemo protective drug (Capizzi 1999a,b).
WR2721 is a prodrug that is converted to the active aminothiol compound
WR1065 by alkaline phosphatase. A considerable amount of preclinical
work suggests that this drug acts as an antimutagen in vitro and protects
normal cells against the adverse effects of irradiation and of several anticancer
drugs without inducing tumor protection (Carizzi 1999b; KurBacHER and
MALLMANN 1998).

We have shown that amifostine activates p53, and induces a p53 depen-
dent cell-cycle arrest in cultured cells (NorTH et al. 2000). This may be rele-
vant for the protective activities of amifostine, since arrested cells appear to
be more resistant than proliferating cells to DNA-damaging agents (NORTH et
al. 2000). Treatment by the drug does not generate detectable DNA damage,
does not perturb redox homeostasis, and does not induce pS3 phosphorylation
on serines located within the mdm?2 binding site. Further studies have identi-
fied the c-Jun N-terminal Kinase (JNK) as a mediator of p53 activation in
response to amifostine (Pluquet et al., submitted). The inactive form of JNK
binds p53 in a domain distinct from mdm?2 and induces p53 degradation in a
pathway parallel to the one mediated by mdm2 (Fucsas et al. 1998). Activa-
tion of JNK disrupts the p53-JNK complex, resulting in the accumulation and
activation of p53. Recent studies have shown that activation of JNK may be
a common response to disruption of polyamine biosynthesis (Ray et al. 1999).
Together, these results indicate the existence of a new, DNA damage inde-
pendent pathway for p53 induction, involving disruption of endogenous
polyamines as a key signal and JNK as the main effector. This pathway may
be responsible for essential aspects of the chemopreventive effects of
polyamines.

E. Conclusions and Perspectives

Within the 20 years following its discovery in 1979, TP53 has become the most
studied cancer gene, with over 23,000 publications referenced in Medline.
Despite the amount of information, the impact of TP53 in chemoprevention
is still a matter of conjecture. The most promising area for immediate impact
is in the field of molecular epidemiology. A better understanding of the mech-
anisms of formation of tumor-specific TP53 mutations will help to identify rel-
evant carcinogens and hence to devise adequate preventive strategies. In the
longer term, pharmacological approaches aimed at modulating p53 functions
may prove beneficial in chemoprevention. However, the complexity of the bio-
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logical processes regulated by p53 should not be underestimated and further
studies are needed to determine whether chemopreventive, p53 activation is
a realistic pharmacological target.

To exploit the promises of TP53 studies in chemoprevention, it will be nec-
essary to improve our understanding of the mechanisms of TP53 mutagenesis
in human tissues. It will also be very important to further explore the mecha-
nisms by which a normal cell “chooses” between destructive (proapoptotic) or
protective (cell-cycle arrest, DNA repair) responses when wild-type p53 is acti-
vated. The ultimate p53-dependent chemopreventive drug would need to acti-
vate p53 without inducing DNA-damage and to specifically enhance protective
responses in normal cells. Thus, the main emphasis for further research should
be on elucidating the molecular switches lying at the crossroads of the p53
pathway. It is very likely that these switches will involve many other proteins
with important regulatory functions in growth control and in carcinogenesis.
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CHAPTER 6

Apoptosis

B.W. STEWART

A. Apoptosis and the Genesis of Tumors

Malignant cancers arise as the culmination of a multistage process, and passage
through this process may be characterized genetically, morphologically, or bio-
logically. Genetically, tumors are distinguished from normal tissue by alter-
ations in the structure and/or expression of multiple genes, including particular
oncogenes and tumor suppressor genes (PoNDER 2001). Associated phenotypic
change is indicated by the appearance of hyperplastic, benign, invasive, and
finally metastatic cell populations, it being recognized that each of these terms
is indicative of a spectrum of morphological changes. In terms of biological
change, HANAHAN and WEINBERG (HANAHAN and WEINBERG 2000) have sug-
gested that tumors differ from normal tissue by their self-sufficiency in growth
signals, resistance to antigrowth signals, evasion of apoptosis, limitless replica-
tive potential, sustained angiogenesis, and tissue invasion and metastasis. Each
of these characteristics may be traced back to particular, and not necessarily
exclusive, gene sets.

Disordered apoptosis contributes to tumorigenesis. While the more
obvious scenario would implicate reduced apoptosis as causing concern,
increased cell death may also facilitate malignant transformation by con-
tributing to increased and compensatory proliferative activity (SCHULTE-
HEerRMANN et al. 1997). Thus, growth of some cancers, specifically including
breast, has been positively correlated with increasing apoptosis (PARTON et al.
2001a). By comparison with the molecular genetic basis of cell proliferation,
genes mediating cell death, and their altered function in malignant as opposed
to normal tissue, have been the subject of scrutiny only recently. Within this
limited history, initial attention was focused on revealing an immediate genetic
basis for the apoptotic phenotype as exemplified by the fragmentation of
DNA. Until the mid-1990s, the number of biological parameters considered
relevant to progress toward apoptosis, including change in intracellular
calcium concentration, was limited and it was practicable to characterize
virtually all such changes under particular experimental conditions (STEWART
1994). The opposite is now the case: the number of relevant indicators is
sufficient to preclude monitoring all such parameters in any (mammalian)
experimental system. Accordingly, mechanisms of apoptosis, as delineated
here and in virtually all current publications, are a synthesis predicated upon
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integration of processes described in a variety of systems, and in particular, in
a variety of cell types. The extent to which any particular reaction pathway is
operative in a given cell type must be determined directly, although reason-
able inferences can be made in many instances on the basis of cell lineage and
commonality between species.

While it is true that no single study can be anticipated to include all known
biological parameters of apoptosis, it is equally true that no written assessment
of the subject can deal with all aspects of this fundamental biological process.
This specifically includes the present text, and certain qualifications are appro-
priate. This chapter is wholly focused on apoptosis in relation to tumorigene-
sis from both a biological and a medical perspective. It must be noted that
apoptosis is being actively researched in other biomedical contexts including
developmental biology, immunology, and the pathology of degenerative
disease. These endeavors cannot be consciously ignored: insights gained
in such fields may prove critical to understanding and/or exploitation of
apoptosis in cancer.

B. How Mechanism Has Been Elucidated

Apoptosis is a mode of cell death that was originally characterized as being
distinguished from necrosis both morphologically and functionally (WYLLIE
1987). Thus, apoptosis involves single cells rather than areas of tissue and does
not provoke inflammation. Tissue homeostasis is dependent on controlled
elimination of unwanted cells, often in the context of a continuum in which
specialization and maturation is ultimately succeeded by cell death in what
may be regarded as the final phase of differentiation. Apart from a physio-
logical context, cells that have been lethally exposed to cytotoxic drugs
(Hickman 1992) or radiation (Lowe et al. 1993) may be subject to apoptosis.
Thus, in response to a variety of stimuli, it was recognized that a particular
mode of cell death was marked by condensation and margination of chro-
matin, a decrease in cell size, blebbing of the cytoplasmic membrane, and
sequestration of cell remnants into “apoptotic bodies.” Moreover, DNA iso-
lated from such cell populations exhibited a characteristic pattern of frag-
mentation (“laddering”) as a consequence of cleavage at approximately
180-base pair intervals (ARENDs et al. 1990). The latter was characterized as
the “hallmark” of apoptosis and perceived as a molecular indicator of loss of
viability.

Current understanding of apoptosis marks a transition from a focus
of morphological change and DNA laddering to specification of the genes
mediating morphological change and, more importantly, regulation of its
occurrence. Identification of genes mediating apoptosis in mammalian cells
has been critically dependent on definition of the “ced” genes in the nema-
tode Caenorhabditis elegans. During ontogeny of the adult hermaphrodite
worm, 131 of the 1,090 somatic cells die by apoptosis, leaving an adult
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comprised of 959 cells (MEIER et al. 2000). Genes whose loss-of-function inter-
feres with such development, namely ced-9, ced-4, and ced-3, are respectively
homologous to human Bcl-2 (which suppresses apoptosis), Apaf-1 (which
mediates caspase activation), and the caspases themselves (cysteine proteases
which mediate cell death). This paradigm largely encompasses the commonly
recognized phases of apoptosis indicated by the terms “regulation,” “effector,”
and “engulfing,” respectively (STRASSER et al. 2000). The regulatory phase
includes all the signaling pathways that culminate in commitment to cell death.
Some of these pathways regulate only cell death, but many of them have over-
lapping roles in the control of cell proliferation, differentiation, responses to
stress, and homeostasis. Critical to apoptosis signaling are the “initiator” cas-
pases (including caspase-8, caspase-9, and caspase-10) whose role is to activate
the more abundant “effector” caspases (including caspase-3 and caspase-7)
which, in turn, brings about the morphological change indicative of apoptosis.
Finally, the engulfing process involves the recognition of cellular “remains”
and their elimination by the engulfing activity of surrounding cells.

C. Apoptosis and Carcinogenesis

Apoptosis, or lack of it, may be critical to tumorigenesis (KAUFMANN and
Gores 2000). At its simplest, tumorigenesis may be perceived as a net local
increase in cell number or, slightly more informatively, an imbalance between
the rate of cell proliferation and the rate of cell death. In terms of cell kinet-
ics, populations of proliferating and dying cells may be identified in a mathe-
matical model of a growing tumor. The occurrence of apoptosis determines
not only which cells are lost but also the period during which particular cell
populations may proliferate (SCHULTE-HERMANN et al. 1999). When this per-
spective is applied to multistage carcinogenesis, it becomes evident that dif-
ferent subpopulations of cells may be subject to different rates of apoptosis.
Thus, for example, preneoplastic cells may be subject to reduced apoptosis
compared to normal cells (ScHULTE-HERMANN et al. 1999). Accordingly, the
regulation of apoptosis is pivotal to tumor growth. Although approaches to
carcinogenesis are often focused on early stage development, disordered
apoptosis may contribute to late stage carcinogenesis: namely, the growth of
metastases (WoNG et al. 2001).

If apoptosis can be characterized as relevant to tumor development, apop-
tosis can equally be immediately seen as critical to tumor elimination; that is,
to the goal of cancer treatment and cancer prevention. In respect of treatment,
it is self-evident that radiation or chemotherapy may be effective by increas-
ing the proportion of apoptotic cells. Thus it is asserted that most anticancer
agents now in use induce apoptosis (ScHMITT and LowE 1999). However, this
represents relatively recent understanding. The notion that cytotoxic drugs
interact with a critical “target” molecule generating a cytotoxic lesion was, and
continues to be, a central focus in molecular pharmacology (CHEN and Liu
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1994). However, drug-target interaction is now perceived as the event which
initiates apoptosis (DIvE and HickmMaN 1991). On this basis, the efficacy of
treatment is consequent upon functionality of the apoptotic process and hence
alterations in this process demonstrable in malignant cells are viewed as crit-
ical. Less obvious perhaps is the consideration that particular subpopulations,
such as those subject to hypoxia, may be subject to a rate of apoptosis differ-
ent from the rest of the tumor (DENKO et al. 2000).

The understanding that cancer preventive agents may function by induc-
ing apoptosis (Lotan 1995) may be perceived as having emerged from the
study of cytotoxic drugs. Generally, induction of cell death by preventive
agents is less marked than that observed using cytotoxic compounds. Nonethe-
less, results achieved using the latter may have been seen to have provided
concepts and models which have been explored in relation to substances which
prevent tumor development. Finally, occurrence of apoptosis has been pro-
posed as a susceptibility marker determining carcinogenic risk (ZHao et al.
2001).

This then is the scope of apoptosis in relation to cancer. While far from
encompassing the totality of apoptosis biology, this topic critically includes the
relationship between mitogenic and apoptotic pathways, particularly in rela-
tion to the consequences of DNA damage. Beyond that, understanding the
mechanism of apoptosis is fundamental to defining defective apoptosis in par-
ticular tumor cells. Finally, means of perturbing apoptosis are relevant to not
only cancer treatment, but also to cancer prevention.

D. Cell Division and Cell Death
I. Interrelationships Between the Mitogenic and Apoptotic Pathways

A relationship between apoptosis and mitosis may be presumed from mor-
phological similarities between the initial stages of both, specifically involving
condensation of chromatin. A much more direct and intimate relationship
between regulation of growth/mitosis and apoptosis is evident from a variety
of relevant signaling pathways which are common to both processes (Guo and
Hay 1999). Many differing promoters of cell proliferation have been found to
possess proapoptotic activity (CHoisy-Rosst and YonisH-RouacH 1998). The
activity of the kinase Akt, discussed later in terms of its ability to inhibit the
mitochondrial pathway of caspase activation, plays a role in control of cell
proliferation (EL Demry 2001). The phosphoserine-binding proteins designated
14-3-3 may be characterized as mediating cell cycle progression or apoptosis
depending upon the identity of the proteins to which they bind (vaN HEMERT
et al. 2001).

An immediate relationship between cell growth and apoptosis was evident
from the demonstration by Evan and colleagues (EvaN et al. 1992) that ectopic
expression of the c-myc oncogene (normally associated with proliferative
activity) causes apoptosis in cultured cells subjected to serum deprivation
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(which otherwise prevents proliferation). In common with many such gene
products mediating both growth/cell cycle and death functions, discreet sig-
naling pathways may be dissected (PacknaM et al. 1996) and may be shown to
depend on critical interactions with other players. Thus, myc-induced apopto-
sis can be inhibited by Bcl-2 overexpression (Cory et al. 1999)

Oncogenes that stimulate mitogenesis can also activate apoptosis. These
include oncogenic ras, myc, and E2F. The retinoblastoma gene (RB) encodes
a 105-kDa nuclear phosphoprotein (pRb) which is critical to the control of the
cell cycle, mediating processes essential for the initiation of DNA synthesis:
that is progression from G, to S phase (Kasten and GiorpaNo 1998) Muta-
tions in E2F that prevent its interaction with pRb accelerate S phase entry
and apoptosis (LoGaN et al. 1995). A function of pRb is to suppress apopto-
sis: pRb-deficient cells seem to be more susceptible to p53-induced apoptosis
(HarBour and Dean 2000). In agreement with it being a downstream target
of pRB, ectopic expression of E2F (of which there are several family members)
results in hyperproliferation and apoptosis. The apoptosis induced by E2F1 is
potentiated by p53.

II. Consequences of DNA Damage

Human cells contain 3 X 10° nucleotides which are constantly exposed to an
array of DNA damaging agents of environmental origin, such as X-rays, sun-
light, and tobacco smoke, as well as damaging agents of endogenous origin,
such as reactive oxygen species and spontaneous bond breakage. In most
instances, the integrity of the genome is maintained by the repair of such
damaged DNA mediated by repair pathways variously relevant to damage of
particular types (HoEwMAKERs 2001). In the immediate term, the adequacy of
DNA repair processes will account for the restoration of the original DNA
structure; in the longer term it accounts for the avoidance of cancer which is
otherwise attributable to the accumulation of gene mutation and other
genomic injury. Accordingly, apoptosis might be regarded as the ultimate
mode of DNA repair: the death of cells harboring irreparable DNA damage
to avoid the possibility of malignant transformation. Not surprisingly, there-
fore, the interrelationship between processes mediating DNA repair and those
bringing about cell death is complex; indeed, the processes are common up to
the causation of cell cycle arrest.

A wide variety of agents, specifically including ionizing and nonionizing
radiation, genotoxic carcinogens, and most cytotoxic drugs cause apoptotic cell
death (GerscHENsON and RoteLro 1992; HickMaN 1992). A distinguishing
feature of this route to apoptosis, as distinct from that initiated by certain
steroids, antibodies, cell detachment or growth factor receptor antagonists
(REED 1999), is the occurrence of cell cycle arrest in response to the initiating
agent (RicH et al. 2000). While molecules that sense DNA damage, which may
include DNA-dependent protein kinase and poly (ADP-ribose) polymerase,
have yet to be fully defined, the necessary signaling of such damage to cause



88 B.W. STEWART

cell cycle arrest is known to be transduced by the ataxia-telangiectasia mutated
gene (ATM) and the ATM-rad3-related (ATR) protein (ZHou and ELLEDGE
2000). Specifically, ATM plays a part in the response to DNA damage caused
by ionizing radiation, controlling the initial phosphorylation of key proteins
such as p53, Mdm?2, BRCA1, Chk2, and Nsbl. ATR/ATM-mediated phospho-
rylation of human Rad 17 may be a critical early event during checkpoint sig-
naling in DNA-damage cells (Bao et al. 2001). Other phosphorylation targets
are being progressively identified (Cortez et al. 2001). The sensors of DNA
damage may also include mammalian homologues of the PCNA-like yeast
proteins Radl, Rad9, and Husl. Other specific molecules detect nucleotide
mismatch or inappropriate methylation (JonNes and GonzaLGo 1997).

In their review, ELLEDGE and ZHoU identify a class of effector molecules
which, following DNA damage or other replication stress, are the targets of
signal transduction and variously mediate cell cycle arrest, DNA repair and
apoptosis (ZHou and ELLEDGE 2000). Foremost amongst such effectors, at
least in respect of the principal focus for research, is p53. Others include the
checkpoint kinases Chk1 and Chk2 as well as BRCA1, which is an ATM sub-
strate and required for DNA damage-induced homologous recombination.
Following exposure of mammalian cells to DNA-damaging agents, p53 is
activated by phosphorylation, which greatly increased its stability,and amongst
many “targets” upregulated are the cyclin-dependent kinase inhibitor
p21/wafl (which causes G arrest) and Bax (a member of the Bcl-2 family
which induces apoptosis). However, these particular responses must be viewed
as emblematic of the role of p53 in mediating cycle arrest or apoptosis, it
being acknowledged that the actual signaling pathways are more complex.
In relation to signaling apoptosis, the ASPP (apoptosis-stimulating protein
of p53) family has been described (SAMUELS-LEv et al. 2001). Specific members
of this family appear to bind to p53 and enhance transactivation of pro-
apoptotic genes, including Bax, but have no effect on relevant cell cycle arrest
genes such as mdm2, cyclin G, and p21. While this discussion is necessarily
focused on involvement of p53 in apoptosis, with some reference to cell cycle
arrest, the role of p53 impinges upon telomere erosion, hypoxia, and angio-
genesis and the impact of matrix-related cell survival (EvaN and VousDeN
2001).

E. The Regulatory Phase

Activation of caspases is generally regarded to mark irreversible commitment
to cell death and to be synonymous with morphological change indicative of
such cell death. Accordingly, processes which culminate in apoptosis, or which
may circumvent this outcome are categorized as regulating apoptosis primar-
ily on the basis of their occurring “upstream” or prior to caspase activation.
Within this concept of the regulatory phase of apoptosis, two major signaling
pathways which culminate in caspase activation have been identified in



Apoptosis 89

mammalian cells. The “extrinsic” pathway involves the conformational change
in certain cell surface receptors following the binding of respective ligands.
The “intrinsic” pathway involves mitochondrial function and is initiated by
growth factor deprivation and corticosteroids, or by DNA damage and cell
cycle arrest induced by radiation or cytotoxic drugs.

I. The Extrinsic Pathway: Death Via Cell Surface Receptors

Apoptosis may be induced by signaling molecules, usually polypeptides such
as growth factors or related molecules, which bind to receptors on the cell
surface (PETER and KRAMMER 1998). Such cell death was initially investigated
in relation to the immune response, but has much wider ramifications. The best
characterized receptors belong to the tumor necrosis factor (TNF) receptor
gene superfamily, which is defined by similar, cysteine-rich extracellular
domains (YEH et al. 1999). In addition, death receptors contain an homologous
cytoplasmic sequence, termed the “death domain,” to engage the cell’s apop-
totic machinery. The archetype members of the family are Fas/APO-1/CD95
and TNF 1 receptor (which binds TNFa). The role of Fas was elucidated in the
context of the immune response (KRAMMER et al. 1994). Activation of the Fas
receptor by its specific ligand (FasL) results in a conformational change such
that the death domain interacts with the adapter molecule FADD, which in
turn binds procaspase-8/FLICE/MACH (Fig. 1). Upon recruitment by FADD,
propcaspase-8 oligermization occurs which drives its activation through self-
cleavage. Once TNF is bound, TNFR1 may signal apoptosis in some cell types
by protein—protein interactions involving FADD and culminating in caspase
8 activation. Upon binding of TNF, the relevant receptor may also provoke
antiapoptotic signaling specifically through activation of NF-xB (ASHKENAZI
and Dixit 1998).

TRAIL (TNF-related apoptosis-inducing ligand, Apo-2L) has 28 % amino
acid identity to FasL. Unlike expression of FasL, which is restricted mainly to
activated T-cells and NK cells, TRAIL is expressed in many tissues. Apopto-
sis is mediated by a pathway that has not been described with the clarity of
that involving either Fas or TNFR1. TRAIL has been characterized as causing
cell death in tumorigenic or transformed cells but not in normal cells despite
the range of normal tissue in which TRAIL mRNA is detected (GrirriTH and
LyNcH 1998). This paradox may be explained in part by “decoy receptors”
(DcRs), which are able to bind the ligand with high affinity but which lack any
cytoplasmic death domain critical to the activation of caspases.

Clear and useful distinction can be made between the extrinsic and
intrinsic pathways to caspase activation. Thus, p53 may be characterized as not
having a role in the extrinsic pathway (O’conNoRr et al. 2000). However, a func-
tional separation is far from absolute as may be indicated by two considera-
tions. Firstly, in some cell types, cytotoxic drug-induced apoptosis is mediated
by Fas (FRrISEN et al. 1996). This phenomenon appears to be limited (E1SCHEN
et al. 1997), and may be restricted to certain cell types specifically including
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Fig.1. How Fas functions via the extrinsic pathway to caspase activation. In this sim-
plification, the pathway is indicated in respect of a single species of membrane recep-
tor, namely Fas. Both Fas receptor and signaling molecules such as FADD are single
representatives of families of such proteins variously involved in similar patterns of
caspase activation. The diagram is an over-simplification to the extent that “communi-
cation” with the intrinsic pathway is not directly indicated. (Adapted from KAUFMANN
and Gores 2000)

the T-cell lymphoblastoid line CEM. Secondly, activated caspase-8 may,
amongst other actions, mediate activation of procaspase-9, which otherwise is
key to the intrinsic pathway.

II. The Intrinsic Pathway: The Bcl-2 Family and the
Role of Mitochondria

While ced-9 is a single gene with one homolog (EGL-1) in Caenorhabditis
elegans, its human counterpart, Bcl-2, is but one member of a multigene family
related by four conserved Bcl-2 homology (BH) domains designated BH1-4,
which correspond to o-helical segments (REep 1997). The respective gene
products could be characterized on the basis of whether their exogenous
expression suppresses or facilitates apoptosis. The family members including
Bcl-2, Bel-x., and Bcl-W suppress apoptosis while others induce apoptosis and
may be subdivided on the basis of their ability to dimerize with Bcl-2 and
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homologous on the basis of BH3 only (Bad, Bik, Bid) or demonstrating BH1,
BH?2, and BH3 homology (Bax, Bak). Heterodimerization of Bcl-2 family
members was discovered on the basis of yeast 2-hydrid systems and the
life/death balance mediated by Bcl-2, and Bax was hypothesized as being
determined by homodimer/heterodimer balance (Orrvar et al. 1993). The Bcl-
2 gene product was also suggested to suppress apoptosis through its activity
as an antioxidant (HOCKENBERY et al. 1993). These explanations are currently
perceived as oversimplifications at best, the multiplicity of family members
and their respective intracellular locations precluding any simple dimeriza-
tion model. Thus Bax and Bcl-2 are described as operating independently
(Knupson and KorsMEYER 1997).

The relationship between p53 and Bcl-2 (and other family members) may
be perceived as fundamental to tumorigenesis. Basic observations are that
Bcl-2 is able to block p53-mediated apoptosis (CHiou et al. 1994) and that Bax
is a transcription target of p53, the promoter region of Bax containing p53
binding sites (TREVES et al. 1994). Studies on tumorigenesis in appropriate
genetically modified animals suggest that deletion of p53 and overexpression
of Bcl-2 may be viewed as occurring cooperatively to bring about tumorigen-
esis. More recently it has been reported that Bax-deficient mice did not display
an increased incidence of spontaneous cancers and Bax-deficiency did not
further accelerate oncogenesis in mice also deficient in p53 (KNUDsON et al.
2001). Such paradoxical observations are by no means isolated in the field and
mitigate against sequential models involving these various genes being
adequate to explain all observations made.

While members of the “death receptor” family and their ligands have struc-
tural elements in common, agents and stimuli initiating the mitochondrial
pathway to apoptosis are diverse (REep 1999). Common to these stimuli,
however, is a change in mitochondrial function culminating in release of
cytochrome c, a scenario often mediated by members of the Bcl-2 family (Gross
et al. 1999). Following potentially lethal DNA damage by agents such as stau-
rosporine and ultraviolet irradiation, cytosolic and monomeric Bax protein
translocates to the mitochondria where it becomes an integral membrane
protein mediating release of cytochrome C (WOLTER et al. 1997). Similar insults
result in cleavage of Bid and associated alterations in mitochondrial integrity
(SLEE et al. 2000); indeed, Bid and Bax may operate together in this context
(CromptoN 2000). Mitochondrial dysfunction is evident from swelling, alkalin-
ization and a fall in the transmembrane potential (‘WYAm) constituted by the H*
gradientintegral to the synthesis of ATP, this effect being readily assayed by flow
cytometry using an appropriate dye. Loss of transmembrane potential follows
cytochrome c release and is dependent on caspase activation (see Sect. FI1.),
whereas cytochrome c release is not. Antiapoptotic members of the Bcl-2 family,
including Bcl-2 and Bcl-xy, are found in the outer mitochondria membrane as
well as in the endoplasmic reticulum and the nuclear membrane. Processes
underlying mitochondrial change coincident with apoptosis have been subject
to intense investigation. Bcl-2, Bcl-x;, and Bax can form ion channels when they
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are added to synthetic membranes, and this may be related to their impact on
mitochondrial biology (Marsuvama et al. 2000). The structural similarity
between Bcl-x; and the pore-forming helices of bacterial toxins has been noted
as indicating the Bcl-2 family proteins may possess channel-forming capability
(ScHENDEL et al. 1998). However, the exact mechanism whereby antiapoptosis
members of the Bcl-2 family function at a mitochondrial level to prevent cell
death remains to be established (STRASSER et al. 2000).

Generally, cell death mediated by Fas and certain members of the TNF
family is not blocked by overexpression of Bcl-2 or other antiapoptotic
members of the Bcl-2 family, but this rule is not absolute. In some cells such
as Jurkat leukemia, expression of Bcl-2/Bcl-x; can interfere with the death
signal delivered by Fas. Such cell death is not dependent upon activation of
caspase 8 but upon mitochondrial dysfunction. Also, after activation of the
extrinsic pathway, caspase-8 may cleave the proapoptotic Bcl-2 family member
Bid, a fragment of which translocates to the mitochondria and promotes
cytochrome c release (Stoka et al. 2001).

In the cytosol after release from mitochondria, cytochrome c activates
the caspases through formation of a complex: the vertebrate “apoptosome”
(Fig. 2). Cytochrome c binds with the scaffolding protein Apaf-1 (apoptotic-

Fig.2. Components involved in caspase activation by means of the intrinsic pathway.
The role that anti- and proapoptotic members of the Bcl-2 family may affect release
of cytochrome c from mitochondria in response to a range of stimuli, including irradi-
ation and cytotoxic drugs, is not illustrated and remains to be fully understood.
(Adapted from KaurmanN and Gores 2000)



Apoptosis 93

protease activating factor-1), causing an ATP- or dATP-induced conforma-
tional change through which procaspase-9 is proteolytically activated (Bupi-
HARDJO et al. 1999). Apaf-1 contains a caspase-associated recruitment domain
(CARD) which binds specifically to a complementary CARD within the
prodomain of procaspase-9. E2F-induced apoptosis, discussed in Sect. D.L, is
explicable on the basis of Apaf-1 being a transcriptional target for both
E2F and p53 (Moroni et al. 2001).

In the first instance, the machinery of apoptosis is usefully (and inevitably)
conceived as a linear relationship between gene products which function
either enzymically or as mediating signal transduction to bring about caspase
activation and cell death. The difficulty of consistent ordering of observations
made concerning apoptosis (or lack of it) resulting from overexpression or
deletion of various genes indicates that a network is a more useful, and pre-
sumably more valid, means of ordering observations. Moreover, beyond genes
identified as mediating apoptosis, there are a range of observations revealing
changes in life/death status being critically dependent on specific signaling
pathways. Foremost in this category is the role played by the protein kinase
Akt (protein kinase B). Akt is activated by phosphorylation through a reac-
tion sequence involving lipid kinase PI3k and 3-phosphoinositide-dependent
protein kinases. In common with many other such genes, Akt has a critical role
in regulating the cell cycle (EL DEIRry, 2001) as well as apoptosis. The influence
exerted by Akt is indicated by the range of its substrates (DATTA et al. 1999).
Thus, phosphorylation of Bad protein by Akt (and other kinases) prevents
dimerization with Bcl-2 and promotes cell survival. Indeed, Akt is usually
described as a survival factor (Testa and BeLrLacosa 2001). It has been shown
to exert antiapoptotic activity by preventing release of cytochrome ¢ from
mitochondria and inactivating forkhead transcription factors which otherwise
induce expression of proapoptotic factors such as FasL. Moreover, Akt acti-
vates IxB kinase, a positive regulator of NF-«xB, which results in the tran-
scription of antiapoptotic genes. In common with many of the genes regulating
apoptosis, various bases for alterations in Akt expression have been described
in malignancy, some of which are indicated in Sect. G.

F. The Effector Phase
I. Commitment to Death: Caspase Activation

In mammals, at least 13 proteases homologous to ced-3 have been identified
and are designated caspases-1 through -13 (KumMAR 1999). All possess an active
site cysteine and cleave substrates after aspartic acid residues. They exist as
inactive zymogens, but are activated by different processes which most often
involve cleavage of their proforms (designated procaspase-8, etc.) at particu-
lar sites, thereby generating subunits which form active proteases consisting
of two large and two small subunits. Proteolytic cascades may occur with some
caspases operating as upstream initiators (procaspases-8 and -9, which have
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large N-terminal prodomains and are activated by protein—protein interac-
tion) and others being downstream effectors (procaspases-3, -6 and -7, which
are substrates of the initiators). In the context of the extrinsic pathway, affin-
ity labeling suggests caspase-8 activates caspases-3 and -7 and that caspase-3
in turn may activate caspase-6.

With reference to the intrinsic pathway, caspase-9 activates caspase-3 in
the first instance. Some interaction between the pathways is evident. Thus,
caspase-9 is able to activate caspase-8. Nonetheless, the pathways are separate
to the extent that caspase-8 null animals are resistant to Fas- or TNF-induced
apoptosis while still susceptible to chemotherapeutic drugs; cells deficient in
caspase-9 are sensitive to killing by Fas/TNF but show resistance to drugs and
dexamethasone. These findings are indicative of an extensive literature con-
cerning “knockout” of caspases and other components of the cell death
pathway (RANGER et al. 2001). Many such knockouts are viable notwithstand-
ing specific defects. Amongst seven caspase knockout phenotypes, for example,
only caspase-8 was embryonic lethal. The data are indicative of widespread
degeneracy amongst the death signaling pathways: an expression, in itself, of
how critical such pathways are.

Caspases-3, -7 and -9 are inactivated by members of the inhibitor of apop-
tosis proteins (IAPs) family, which include XIAP and survivin, this class of
protein being conserved throughout evolution. IAPs suppress apoptosis by
preventing activation of procaspases and inhibiting their enzymic activity once
activated, thereby mediating another network of control (DevEraux and REED
1999). Thus, in response to potentially lethal injury, Smac (second mitochon-
dria-derived activator of caspases)/DIABLO is released from mitochondria
along with cytochrome c and regulates apoptosis by interacting with IAPs and
thereby enhancing caspase-3 activation (CHAI et al. 2000). Smac also affects
the efficacy with which XIAP inhibits caspase-9, suggesting that the ability of
caspase-9 and caspase-3 to bring about cell death is dependent upon the
stoichiometry of XIAP and its antagonist Smac (SRINIVASULA et al. 2001).

II. Caspase Substrates and Late Stages of Apoptosis

Apoptosis was initially defined by reference to specific morphological change.
In fact, both mitosis and apoptosis are characterized by a loss of substrate
attachment, condensation of chromatin and phosphorylation and disassembly
of nuclear lamins. These changes are now attributable to caspase activation
and its consequences.

Most of the more than 60 known caspase substrates are specifically
cleaved by caspase-3 and caspase-3 can process procaspases 2, 6, 7, and 9
(PorTER and JANICKE 1999). Despite the multiplicity of substrates, protease
activity mediated by caspases is specific and seems likely to account for much
of the morphological change associated with apoptosis. Caspases cleave key
components of the cytoskeleton, including actin as well as nuclear lamins
and other structural proteins. Thus, caspase-3 cleaves the Rho-activated
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serine/threonine kinase ROCK-1, it being shown that expression of the trun-
cated form of ROCK-1 is sufficient to induce cell contraction and membrane
blebbing (CoLEMAN et al. 2001). Classes of enzymes cleaved by caspases cover
proteins involved in DNA metabolism and repair exemplified by poly(ADP-
ribose) polymerase and DNA-dependent protein kinase. Other classes of sub-
strates include various kinases, proteins in signal transduction pathways and
proteins involved in cell cycle control, as exemplified by pRb. Cleavage of
some substrates is cell type specific.

Caspase activity accounts for internucleosomal cleavage of DNA, one of
the first characterized biochemical indicators of apoptosis. ICAD/DFF-45 is a
binding partner and inhibitor of the CAD (caspase-activated DNAase)
endonuclease, and cleavage of ICAD by capase-3 relieves the inhibition and
promotes the endonuclease activity of CAD (NaGarta 2000). Another candi-
date nuclease has been identified. Mitochondrial proteins released in response
to Bid include endonuclease-G, which also generates a DNA “ladder” after
incubation with isolated nuclei (L1 et al. 2001).

G. Subverting Apoptosis: The Road to Malignancy

The complexity of malignant disease is implicit in its multifaceted nature and
the multidirectional approaches that can be taken to either describe the devel-
opment of cancer or the basis of therapy. The multifaceted nature of the
problem is implicit in the multiple chapters of the present volume and it will
be readily apparent from these that few exist in total isolation. Rather, these
facets are interdependent and their definition — which is necessary for order-
ing the data available — is somewhat arbitrary. Malignant cells differ from
normal cells across a spectrum of parameters, specifically including the apop-
~ totic process. As REED has indicated (REep 1999), mechanisms of apoptosis
avoidance are fundamental to cancer development. The issue may be
approached by reference to a specific tumor type. Numerous reviews from this
perspective are available (PArRTON et al. 2001b; Lin 2001; Jounson and Hampy
1998;Voutsapakis 2000; WickREMASINGHE and HorrBRAND 1999). The present
discussion is a more generic approach in which reference is made to different
components of apoptosis as a framework for outlining change observed in
various tumor types (Table 1).

The significance of p53 biology to carcinogenesis is readily indicated by
this gene being the subject of a separate chapter in the present volume. The
role of p53 in cancer is not adequately addressed by its being simply catego-
rized as a cell cycle gene or an apoptosis gene (Evan and Vouspen 2001). On
the other hand, consideration of how apoptosis is disrupted in carcinogenesis
and in cancer cannot avoid the consideration that this gene is critical to apop-
tosis and is mutated in most human malignancy (HaiNauT and HOLLSTEIN
2000). The detail of disrupted p53 function in human tumors is not pursued
here. However, it should be noted that the manner in which mutation of
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Table1. Apoptosis subverted in cancer cells

B.W. STEWART

Mechanism

Process affected

Tumor type

Deregulation of the link
between cell cycle
control apoptosis

Increased cell survival

Suppression of apoptosis

Subverting apoptosis
otherwise mediated by
the immune response

Subverting the extrinsic
pathway

Altered signal
transduction

Alterations at effector
stage

Mutation of p53

Overexpression of
Bcl-2/Bcl-X,.

Mutation or
downregulation of Bax

Overexpression of FasL

Mutation or
downregulation of
TRAIL-receptor

Amplification or
upregulation of Akt

Overexpression of
survivin

Upregulation of NF-xB

Mutation or reduced
expression

A proportion (sometimes
more than 50%) of most
human cancer including
esophageal, lung, pancreas,
colorectum, bladder tumors

Follicular lymphoma: t(14,18)
AML and prostate, breast,
lung, colorectal tumors

Leukemias; colon, stomach,
and breast tumors

Leukemias; solid tumors,
including head and neck
tumors

Metastatic breast cancer;
melanoma

Many tumor types including
stomach, pancreas, ovarian
tumors

Many cancers including
colorectum, lung

Breast cancer, lymphoma

Mutation of caspases in
some lines

Altered expression in
prostate cancer,
neuroblastoma

Of necessity, this table involves an overview. It must be noted that reference to tumor
types is indicative of reports that some, as distinct from all, of the malignancies speci-
fied exhibit the process in question. Relevant references are cited in the text.

pS53 is, in many instances, relatable to specific carcinogenic factors is a singu-
lar consideration. In respect of other genetically-based change delineated in
this section, the mutation or other effect is evident in the tumor but not attrib-
utable to an environmental factor.

Bcl-2 was discovered at the t(14: 18) chromosomal translocation in low
grade B cell non-Hodgkin’s lymphoma which thereby exemplify neoplastic
cell expansion attributable to decreased cell death rather than rapid prolifer-
ation. It is now evident that overexpression of antiapoptotic members of the
Bcl-2 family is evident in human cancers (ZHENG 2001) although relevant
mechanisms are not clear. Such overexpression is often, but not invariably
associated with poor prognosis; specific examples include AML, cancer of



Apoptosis 97

prostate, and upper aerodigestive tract. However, Bcl-2 is overexpressed in
about 80% of breast cancers and is correlated with expression of steroid recep-
tors and other positive prognostic features and with survival (DAIDONE et al.
1999). The paradoxical result is far from exceptional, in that Bcl-2 expression
has been correlated with good prognosis in lung (PEzzELLA et al. 1993) and
colorectal cancer (KAKLAMANIS et al. 1998). It would appear that Bcl-2 expres-
sion is often correlated with a high rather than a low apoptotic index. In most
cases, the summary statements here represent generalizations with respect to
studies of which there are multiple examples, often involving other indicators
and/or consideration of tumors by stage or other subcategory. There seems
little doubt that Bcl-2 expression is modified in many tumors; however, simple
correlations are not apparent. A possible explanation for paradoxical findings
in relation to Bcl-2 (and p53) and prognosis has been offered on the basis of
these proteins not being determinant in cells resistant to apoptosis by other
mechanisms (BLAGOSKLONNY 2001).

Bcl-x, is a potent death suppressor as indicated by relevant transduction
studies in a variety of malignant cells. By comparison with Bcl-2, there have
been relatively few studies of the status of Bcl-x, status in clinical tumors,
though it is reported to be overexpressed, and correlated with poor
prognosis, in pancreatic cancer (Frigss et al. 1998).

Decreased expression of proapoptotic members of the Bcl-2 family, such
as Bax and Bak might be anticipated. Downregulation of Bax by both muta-
tional and nonmutational mechanisms has been described in colon and
stomach cancer, as well as in hematological malignancies (YIN et al. 1997).
Nonetheless, such mutation is not always observed when examined (STurMm et
al. 2000). The references cited are only indicative of an extensive literature in
which tumors are often assessed in relation to multiple genes, and often in
respect of parameters which include responsiveness to chemotherapy. Such
studies have not given rise to criteria of general application with respect to
genetic alterations indicative either of prognosis or responsiveness to cytotoxic
drugs.

Growth of tumors is not only favored by mechanisms which suppress
apoptosis in malignant cells, but also by mechanisms which induce apoptosis,
specifically in cells mediating the immune response. Initially, tumors of
hematopoietic origin, and later many carcinomas, were found to express FasL
(WALKER et al. 1998) and the list increases. Thus, expression of FasL on squa-
mous cell carcinomas of the head and neck is consistent with this mechanism
mediating escape of such tumor cells from immune destruction (GASTMAN et
al. 1999). Otherwise, the extrinsic apoptosis pathway may be modified in malig-
nant populations to prevent their being eliminated by this route to cell death.
Broad generalizations in relation to TRAIL-mediated apoptosis with respect
to multiple tumor types have not emerged (GrirriTH and LyncH 1998),
although insight is provided from specific studies. In a study of 57 breast cancer
cases, those few exhibiting mutations in TRAIL-receptor were restricted to
metastatic disease (SHIN et al. 2001). Melanoma cells may downregulate
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TRAIL-receptor to escape apoptosis mediated by that route (GRIFFITH et al.
1998).

Multiple mechanisms are evident through which altered Akt function
might disrupt apoptosis. For example, phosphorylation of the Bad gene
product by Akt (or other kinases) prevents its dimerization with Bcl-2/Bcl-xy..
Akt is sometimes amplified in gastric, pancreatic, or ovarian cancer (RUGGERI
et al. 1998). Akt is, in fact, a family of kinases (Aktl, 2 and 3) and it has been
suggested that one or more members of that family may become hyperactive
in most human cancer (D1 Cristorano and Panporrr, 2000).

The IAP protein “survivin” is overexpressed in a large proportion of
human cancers (AMBROSINI et al. 1997), a generalization which appears to be
a consistent finding in line with expectation. Thus, survivin expression confers
poorer prognosis in colorectal cancer (Kawasaki et al. 1998) and nonsmall cell
lung carcinoma (Monzo et al. 1999). NF-«B can suppress cell death by induc-
ing transcription of several antiapoptotic genes including Bcl-x, and some
IAPs. Activated NF-xB has been described in primary breast tumors (NAKSHA-
TRI et al. 1997) and is required for survival of Hodgkin’s disease tumor cells
(BarGou et al. 1997). Some, but not all forms of non-Hodgkin’s lymphoma rely
on constitutively active NF-xB signaling pathway for survival (Davis et al.
2001).

Little is known about the involvement of caspase mutations or modified
activation in cancer. Examples of loss of expression or mutational inactivation
of specific caspases have been found in human tumor cell lines. Thus, no dif-
ferences in protein level of procaspases-2, -3, -7, and -9 were detected between
the small cell lung carcinoma and the nonsmall cell lung carcinoma cell lines,
but a striking difference in procaspase-8 expression was noted (JoSepH et al.
1999). Procaspase-8 was undetectable in a majority of neuroblastoma lines,
apparently as consequence of gene methylation (TEeirz et al. 2000). Studies of
clinical material are limited. In childhood acute lymphoblastic leukemia, loss
of spontaneous caspase-3 processing was evident at relapse (Prokop et al.
2000). No evidence of difference in mRNA levels for various caspases were
evident when prostate tumors were compared to normal tissue, although levels
of caspase-1 and caspase-3 proteins were relatively reduced in the malignant
tissue (WINTER et al. 2001). Clearly such findings are insufficient to establish
whether effects on caspases are a primary means by which malignant cells gain
an advantage over normal tissue.

H. Therapeutic Implications

The manner in which experimental and clinical cancer responds to cytotoxic
drugs, and specifically, the differences in such responses between normal and
malignant cells, between different malignancies, or between different cell
populations belonging to the same type of malignancy, identifies a huge area
of investigation. Such research specifically includes the study of drug-resistant
phenotypes. While often, at least under experimental conditions, being attrib-
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utable to altered structure or expression of genes mediating the transport,
metabolism, or elimination of drugs from cells, or defining a biological “target”
for the drug in question, such genes also include those mediating apoptosis.
The role of p53 as determining the efficacy of cytotoxic drugs exemplifies such
studies (Lowe et al. 1994). Likewise, the overexpression of Bcl-2 markedly
reduces the sensitivity of cultured cells to a range of cytotoxic drugs and to
radiation (REED et al. 1996). These (and similar) observations have prompted
surveys of tumors in an attempt to establish correlations of relevant genetic
characteristics with prognosis. The results are far from uniform. Thus, clinical
studies have not consistently established that mutation of p53 is predictive of
a poor response to chemotherapy. Responses are often tumor specific (KEmp
et al. 2001). No attempt is made to review those studies here except to note
that anticipated “intuitive” correlations are not often reported. Also, it must
be noted that the role of p53 and Bcl-2 in apparently mediating drug resis-
tance may be inferred from cytotoxicity assays but not from clonogenic assays
(BrowN and WouTERs 1999). The following discussion is restricted to studies
in which specific components of the apoptotic pathway have been identified
as “targets” for putative anticancer agents, rather than the possibly broader
body of research concerned with identifying apoptotic processes induced by
cytotoxic agents (MAKIN and Hickman 2000; Mow et al. 2001).

In theory, knowledge of critical signaling or effector pathways which bring
about apoptosis provides a basis for therapeutic intervention, perhaps by the
development of novel drugs to activate particular pathways. Options for
therapy include not only inducing apoptosis with a view to cancer treatment,
but also of inhibiting apoptosis to improve management of degenerative
diseases (REED 2002). Only approaches perceived as relevant to cancer are
considered here.

The possibility of restoring mutant p53 function, or otherwise using p53
to kill cancer cells is recognized (VoGELSTEIN and KinzLER 2001). Options
include introducing normal p53 genes, a small compound to alter mutant p53
protein conformation to normal or a protein that attaches itself to p53 and
causes cell death, as well as others. A recent protocol has involved an aden-
ovirus which mimics damaged DNA consequently rendering cells with mutant
p53 susceptible to apoptosis (Ras et al. 2001). Likewise, members of the
Bcl-2 family may be targeted. One strategy is the use of small molecules that
bind to Bcl-2/ Bel-x; such that they could not bind to Bax and similar proteins
to inhibit their death-inducing activity (ZHENG 2001). In a variety of cell
culture systems and preclinical animal models, suppression of Bcl-2 by an
antisense oligonucleotide has been shown to retard tumor growth sufficiently
consistently to justify phase 1 trials in non-Hodgkin’s lymphoma (WATERs
et al. 2000).

In theory, any step in the survival signaling pathway(s) might be inhibited
and/or a corresponding step mediating apoptosis might be activated as a
means of limiting malignant growth (NicHoLson 2000). Antisense oligonu-
cleotides directed at “survivin,” an inhibitor of apoptosis (IAP) family
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member, are being evaluated (OLIE et al. 2000). The possibility of using recom-
binant TRAIL to induce apoptosis in malignant cells is under investigation.
Peptides that, once internalized by cells, can cause mitochondrial disruption
resulting in release of cytochrome c and apoptosis, have been described (Mar
et al. 2001), as has adenovirus-mediated transfer of inducible caspases
(SHARIAT et al. 2001). Obviously, these and similar observations are yet to
indicate improved therapy for patients, but the potential is obvious.

Drugs shown to induce apoptosis specifically include chemopreventive
agents, exemplified by 4-hydroxyphenylretinamide (KiTAREEWAN et al. 1999).
TRAIL is implicated as the basis of all-trans retinoic-induced apoptosis of
promyelocytic leukemia, suggesting a possible role of recombinant TRAIL
in cancer therapy (Arrucct et al. 2001). Butyrate, a short-chain fatty acid
produced by bacterial fermentation of dietary fiber, inhibits cell growth in
vitro and promotes differentiation; it also induces apoptosis (BoNNOTTE et al.
1998). Both roles may contribute to its prevention of colorectal cancer. Dietary
flavones have a similar effect (WENzeL et al. 2000). Moreover, cyclo-
oxygenase enzyme (COX-2) expression may modulate intestinal apoptosis
via changes in Bcl-2 expression. Aspirin and similar drugs which inhibit
COX-2 may promote apoptosis and prevent tumor formation (HUANG et al.
2001).

I. Conclusion

By comparison with the role of DNA damage, or the role of proliferative activ-
ity in carcinogenesis, study of the role of cell death in this process is recent.
So recent, that certain areas of investigation are “missing.” There are no com-
prehensive structure-activity relationships concerning induction of apoptosis
analogous to those which provide a comprehensive data base concerning the
impact of chemical carcinogens on normal tissue. However, the understanding
of carcinogenesis as a multistage process, and the explanation of this process
at a genetic level, includes and accommodates knowledge of apoptotic
processes. The processes themselves have provided tools for revealing aspects
of malignant transformation. Moreover, this same area of investigation has
provided increased understanding of how conventional cytotoxic agents work
and how better agents might be developed. At this time, limits to the poten-
tial offered are not apparent.
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CHAPTER 7
Deficient DNA Mismatch Repair
in Carcinogenesis

P. PELTOMAKI

A. DNA Mismatch Repair System in Man

The postreplicative DNA mismatch repair (MMR) system maintains genome
integrity by recognizing and repairing mismatched nucleotides that result from
misincorporation during DNA synthesis. The genes coding for MMR proteins
are highly conserved throughout evolution. The human proteins that corre-
spond to the bacterial MutS proteins and participate in MMR include MSH2,
MSH3, and MSH6, whereas the human MutL proteins include MLH1, PMS1,
PMS2, and MLH3. Characteristics of the human MMR genes are given in
Table 1.

Mismatches may represent single-base substitutions, such as G to T trans-
version, that typically affect nonrepetitive DNA. Alternatively, mismatches
may consist of insertion-deletion loops (IDL) that affect repetitive DNA and
arise as a consequence of DNA polymerase slippage during DNA replication.
In humans, at least six different MMR proteins are required for the correction
of mismatches (KoLODNER and MARrsiSCHKY 1999; BUERMEYER et al. 1999,
JiricNy and NystroM LanTi 2000). For mismatch recognition, the MSH2
protein forms a heterodimer with two additional MMR proteins, MSH6 or
MSHS3 (the resulting complexes are called hMutS«a and hMutSp, respectively)
depending on whether base-base mispairs or insertion-deletion loops (IDL)
are to be repaired (Table 2). In the former case, MSH6 is required, while
in the latter case, MSH3 and MSH6 have partially redundant functions
(MARSISCHKY et al. 1996; Das Gurpra and KoLopNER 2000). A heterodimer of
MLH1 and PMS2 (hMutLe) coordinates the interplay between the mismatch
recognition complex and other proteins necessary for MMR. These additional
proteins may include at least proliferating cell nuclear antigen, replication
factor C, DNA polymerases 6 and ¢, exonuclease 1 (EXO1), single-stranded
DNA-binding protein, and possibly helicase(s). Besides PMS2, MLH1 may
heterodimerize with two additional proteins, MLH3 and PMS1. While the
MLH1-PMS2 complex contributes to the correction of both single-base mis-
matches and insertion-deletion loops, the MLH1-MLH3 complex primarily
functions in the repair of insertion-deletion loops (LipKIN et al. 2000). The role,
if any, of the MLH1-PMS1 complex (hMutLp) in MMR remains to be deter-
mined (RAscHLE et al. 1999; LEUNG et al. 2000). Two additional human MutS
homologues are known: MSH4 (Paquis-FLUCKLINGER et al. 1997) and MSH5
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Table 1. Human genes whose products participate in DNA mismatch repair (MMR)

Gene Chromosomal Length of = Number Genomic References
location cDNA (kb) of exons size (kb) for structure
MSH2* 2p21 2.8 16 73 LEAcH et al.

(1993), FisHEL
et al. (1993),
Liu et al. (1994),
KoLODNER

et al. (1994)

MLH1* 3p21-23 2.3 19 58-100 PaPADOPOULOS
et al. (1994),
BRONNER et al.
(1994),
KOLODNER et al.
(1995), HAN
et al. (1995)

MSH6* 2p21 4.1 10 ~20 PaLoMBO et al.
(1995),
NICOLAIDES et al.
(1996), ACHARYA
et al. (1996)

PMS2¢  7p22 2.6 15 16 NICOLAIDES et al.
(1994),
NICOLAIDES et al.
(1995)

MLH3* 14q24.3 43 12 ~37 LipkIN et al.
(2000)

PMS1  2q31-q33 2.8 Not known Not known NICOLAIDES et al.
(1994)

MSH3 5ql1-q12 34 24 ~134 Fui and
SHIMADA (1988),
WATANABE et al.
(1996)

?Germline mutations cause susceptibility to HNPCC.

(WiNaND et al. 1998) that are required for meiotic (and possibly mitotic)
recombination but are not presumed to participate in MMR.

B. Clinical Phenotypes Associated with DNA
MMR Deficiency

The detection of clonal gains or losses of short repeat units [such as (CA)
within microsatellite (CA),] in tumor DNA, referred to as microsatellite insta-
bility (MSI), is a useful indicator of MMR deficiency. This phenomenon typi-
cally, but not always, results from the failure to correct insertion-deletion loops
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Table2. Designation of complexes of human MMR proteins and their functions in
MMR

Protein Designation of  Function

components heterodimer

MSH2 + MSH6 hMutSo Recognition of single-base mismatches and
insertion-deletion loops

MSH2 + MSH3 hMutSp Recognition of insertion-deletion loops

MLHI1 + PMS2 hMutLo Interacts with hMutSa and hMutSp to recruit
additional proteins to the site of repair

MLH1 + MLH3 Interacts with hMutSp to recruit additional
proteins to the site of repair

MLH1 + PMS1 hMutL Not known

that arise during DNA replication. MSI is a hallmark of a hereditary form of
colon cancer, HNPCC (hereditary nonpolyposis colon cancer) that is associ-
ated with germline mutations in four, possibly five, DNA MMR genes (Table
3). Additionally, 15%-20% of sporadic colon (and other) cancers display the
MSI phenotype, reflecting an acquired defect in DNA MMR.

HNPCC-associated mutations are dominant on the pedigree level: the
predisposed individuals carry one defective copy and one normal copy of a
given MMR gene in all their nonneoplastic cells. On the cellular level, the
mutations are recessive, since both copies of the MMR gene need to be inac-
tivated for the development of tumors and MSI. Thus, bulk DNA extracted
from nonneoplastic cells from HNPCC patients that has retained one normal
copy of the MMR gene in question does not show MSI, whereas that extracted
from tumor cells does, reflecting the propagation of a clone with both copies
of the MMR gene inactivated. Nonneoplastic DNA diluted to the level of one
genome equivalent and amplified by a small pool PCR technique usually does
not show MSI either, except for rare circumstances. These exceptions include
presumably “dominant negative” mutations (Parsons et al. 1995; Mivaxi et al.
1997a) and homozygous (or doubly heterozygous) mutations (HackmaN et al.
1997; WANG et al. 1999; RicciaRDONE et al. 1999; b Rosa et al. 2000; VILKKI et
al. 2001). In sporadic tumors with MSI, two somatic events in a MMR gene
are required that may occur independently (such as two somatic mutations)
or as a result of a single mechanism (biallelic inactivation of MLH1 by pro-
moter hypermethylation, see Sect. II).

I. Hereditary Nonpolyposis Colon Cancer

In spite of the fact that the presently known human MMR genes have been
identified relatively recently (during the last decade), HNPCC as a clinical
entity has been known for almost a century (WarTHIN 1913). HNPCC is one
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Table3. Clinical phenotypes associated with MMR deficiency

Phenotype Clinical hallmarks Mutated MMR
genes (major genes
underlined)
I. Hereditary Germline mutations:
HNPCC At least 3 relatives should have MIH1, MSH2, MSHS,
colon cancer (Amsterdam PMS2 (MLH3)

criteria I) or cancer of the
endometrium, small intestine
ureter, or renal pelvis
(Amsterdam criteria II)
Additionally, one patient
should be a first-degree relative
to the other two, at least two
successive generations should
be affected, and at least one
tumor should be diagnosed
before age 50.

Muir-Torre syndrome Occurrence of sebaceous gland MSH2, MLH1
tumors together with HNPCC-
type internal malignancy

Turcot syndrome Association of primary brain MI H1, PMS2?
tumors (usually glioblastomas)
with multiple colorectal
adenomas and carcinomas

Hereditary site-specific ~ Familial endometrial cancer MSH6"

endometrial cancer

IL. Acquired Somatic inactivation:
Sporadic cancers of the  Sporadic colon cancers with MIH1¢, MSH2, other
HNPCC spectrum MSI-H: Late onset (60-70 MMR genes

years), proximal location,
favorable prognosis, female
predominance

*Part of the cases with Turcot syndrome are associated with germline mutations in the
APC gene.

"The etiology is unknown in most cases with hereditary site-specific endometrial
cancer.

¢Usually inactivated through promoter hypermethylation and not as a consequence of
mutations.

of the most common forms, if not the most common form, of hereditary cancer.
Based on clinical estimates, it may account for up to 13% of the total colorectal
cancer burden (HouLsTON et al. 1992). However, based on the occurrence of
MMR gene germline mutations in unselected patients of colorectal cancer,
the incidence of HNPCC may not be quite as high (0.3%-3% of the total
colorectal cancer burden; AALTONEN et al. 1998; RavNIK-GLAvVAC et al. 2000;
CunNINGHAM et al. 2001; Samowitz et al. 2001; Percesepe et al. 2001).
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According to the international diagnostic criteria (Amsterdam criteria I),
at least three close relatives should be affected with colon cancer in two suc-
cessive generations and the age at diagnosis should be below 50 years in
at least one (VAsEN et al. 1991) (Table 3). In addition to colon cancer, HNPCC
patients often have excess of extracolonic cancers, notably endometrial
cancer, and to a lesser extent other cancers, including cancers of the small
bowel, ureter and renal pelvis. The diagnostic criteria were recently revised to
take these extracolonic cancers into account (Amsterdam criteria II) (VASEN
et al. 1999). Variant forms of HNPCC include the Muir-Torre syndrome
and Turcot syndrome. Additionally, part of familial site-specific endometrial
cancer may be associated with inherited mutations in MMR genes, especially
MSHS6.

The International Collaborative Group on HNPCC maintains a database
of HNPCC-associated mutations (http://www.nfdht.nl). To date, the database
contains information of more than 400 different predisposing mutations that
occur in over 600 HNPCC families from all parts of the world (PELTOMAKI et
al. 1997 and http://www.nfdht.nl). A majority of the mutations affect two genes,
MLH1 (~50% of mutations) and MSH2 (~40%), whose protein products are
indispensable for MMR. These mutations commonly impair the necessary
protein—protein or protein--DNA interactions. MSH2 and MLH1 mutations
often (but not always) give rise to “classical” HNPCC families that fulfill the
Amsterdam criteria I and have high degree of MSI in tumors (for “grading”
of MSI, see Sect. I1., “Sporadic Colon Cancers with MSI”’). MSH6 accounts for
a lower, but significant number of mutations (~10%). MSH6 mutations often
occur in clinically less typical HNPCC families with one or more of the fol-
lowing features: late onset, frequent occurrence of endometrial cancer, and low
degree of microsatellite instability in tumor tissue (AKIYAMA et al. 1997; Miyaki
et al. 1997b; WiNEN et al. 1999; Wu et al. 1999; KoLODNER et al. 1999).

Only a few germline mutations in PMS2 have been described. These occur
mainly in the context of Turcot syndrome, and for the manifestation of
the disease two defective copies may be necessary already in the germline,
which would be compatible with recessive, rather than dominant, inheritance
(Hamicron et al. 1995; Mivaki et al. 1997a; DE Rosa et al. 2000). Thus
far, no such HNPCC families have been identified in which colon cancer
susceptibility would be associated with inherited mutations in MSH3 (HuanG
et al. 2001) or PMS1 (Liu et al. 2001). Finally, certain germline variants of
the MMR gene MLH3 (Wu et al. 2001a) and the EXO1 gene encoding a
5’-3’ exonuclease (Wu et al. 2001b) may be associated with atypical HNPCC
displaying variable degree of MSI in tumor tissue as a suggestion of MMR
deficiency.

II. Sporadic Colon Cancer with MSI

MSI, the hallmark of HNPCC, occurs in approximately 15%—-20% of sporadic
tumors from the colorectum and other organs as well (Table 3). According to
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international criteria, high-degree of MSI (MSI-H) is defined as instability at
>2/5 loci, or 230%-40% of all microsatellite loci studied, whereas instability
at fewer loci is referred to as MSI-low (MSI-L) (BoLAND et al. 1998). Sporadic
counterparts of tumors of the HNPCC spectrum, for example, endometrial and
gastric cancer, typically show high degree of instability, but an MSI-L subset
also exists. MSI-L, as defined by the low involvement of the dinucleotide and
mononucleotide repeat markers belonging to the consensus panel (BoLAND et
al. 1998), is a predominant pattern in tumors not belonging to the HNPCC
spectrum.

From the clinicopathological point of view, colorectal cancers with MSI-
H define a group of tumors with predilection in the proximal colon, diploid
DNA content, high grade, better survival, and association with female gender
(KM et al. 1994; SANKILA et al. 1996; GryFE et al. 2000; MALKHOSYAN et al.
2000). These features distinguish MSI-H tumors from those without wide-
spread MSI, i.e., MSI-L or microsatellite-stable (MSS) tumors. The reasons
for the observed good prognosis despite aggressive histological features are
poorly understood, but plausible explanations include reduced cell viability
(SHiBATA et al. 1994) or enhanced immune response (DOLCETTI et al. 1999) due
to the accumulation of mutations in critical genes. Low incidence of pS3 muta-
tions may also contribute to the favorable outcome (KM et al. 1994). Estro-
gens have been offered as an explanation to the sex-specific differences in the
incidence of MSI-positive colon tumors. Based on a large population-based
series, it was found that estrogens reduce and withdrawal of estrogens increase
the risk for MSI-positive colon cancer and that the excess of MSI-positive
tumors in women was primarily explained by the excess of MSI-positive
tumors at older ages (SLATTERY et al. 2001). Based on these findings the authors
suggested that MMR genes may be estrogen responsive, a hypothesis that
remains to be verified.

A majority of MSI-H colon cancers is due to inactivation of MLLH1, which
mostly results from promoter hypermethylation rather than somatic mutations
or loss of heterozygosity that are significant mechanisms of MMR gene inac-
tivation in HNPCC tumors (KuisMANEN et al. 2000). MLH1 inactivation
by promoter hypermethylation appears to underlie a majority of sporadic
MSI-positive endometrial cancers as well (ESTELLER et al. 1998). Studies
on cell lines have shown that promoter hypermethylation is often biallelic
(VEIGL et al. 1998). This DNA methylation disorder, the mechanism of which
is unknown, is present already in nonneoplastic colorectal mucosa and
colorectal adenomas and has several other gene targets besides MLH1 (AHUJA
et al. 1998; Toyota et al. 1999; KuisMANEN et al. 1999; NakaGawa et al. 2001).
As will be further discussed below, the genetic signature of sporadic MSI-
positive tumors may consist of a combination of genetic (“the mutator
phenotype” due to MMR deficiency) and epigenetic alterations (hyperme-
thylation tendency).

In the MSI-L subset of colon cancers, immunohistochemical and mutation
studies have found no involvement of MLH1, MSH2, MSH6, or MSH3
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(THIBODEAU et al. 1998; PERCESEPE et al. 1998; CUNNINGHAM et al. 2001). Given
that the clinicopathological features do not seem to distinguish this group from
MSS colon cancers, either (THIBODEAU et al. 1998), it has been a subject of
debate whether or not MSI-L tumors should be considered separate from MSS
tumors. Recent observations, however, have provided important distinguish-
ing features. According to Jass et al. (1999) the early stages of neoplastic evo-
lution in MSI-L tumors might depend on K-ras mutations, rather than APC
mutations that characterize the classical adenoma-carcinoma sequence giving
rise to MSS tumors. The infrequent occurrence of MSI-H in sporadic adeno-
mas, contrary to adenomas from HNPCC patients, led Jass et al. (2000a) to
further hypothesize that a significant proportion of sporadic MSI-H cancers,
too, might develop through an alternative pathway not involving the tradi-
tional adenoma. It was proposed that neoplastic transformation in this alter-
native pathway might start within hyperplastic polyps that could progress into
MSI-H or MSI-L cancer depending on the presence vs. absence of inactiva-
tion of the MMR gene MLH1 (Jass et al. 2000b). WHITEHALL et al. (2001)
extended these findings by showing that frequent epigenetic silencing of
the O-6-methylguanine DNA methyltransferase (MGMT), whose function is
to remove mutagenic adducts from the O° position of guanine, may predispose
MSI-L tumors to mutations, including those in K-ras. These findings together
supported the idea that DNA methylation may play an important role in
the determination of MSI-H vs. MSI-L phenotype through selective inactiva-
tion of MLH1 vs. MGMT, respectively. KamBARA et al. (2001) identified
loss of heterozygosity at 1p32 and 8p12-22 as further characteristics of the
tumorigenic pathway in MSI-L colorectal cancers and showed that MSI-L
phenotype was especially common in early colorectal cancers with invasion
limited to the submucosa. The results of WHITEHALL et al. (2001) and KAMBARA
et al. (2001) also implied a worse outcome for MSI-L colon cancers as com-
pared to the other instability phenotypes, which could be attributed to K-ras
mutations or loss of the as yet unidentified colon cancer-associated loci on 1p
and 8p. Taken together, the available evidence suggests that tumorigenesis in
the MSI-L group may indeed be distinct from that in either the MSI-H or MSS
group.

C. Mechanisms of Cancer Development in Tumors with
MMR Gene Defects

I. Mutation Frequencies in Normal and Pathological Conditions

The spontaneous mutation rate in normal somatic human cells is estimated to
be about 1.4 x 10™° mutations/bp/cell division (LoeB 1991), which (given the
size of the human genome of 3 x 10°bp) would account for less than one muta-
tion in each daughter cell. The mutation rates in cancer are much higher. Using
a technique called inter-SSR PCR that monitors nonrepeat sequences between
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simple sequence repeat elements, STOLER et al. (1999) estimated that at least
11,000 mutation events are likely to occur in each colon cancer cell. STOLER et
al. (1999) studied consecutive sporadic colon cancers, most of which are MSI-
negative (MMR-proficient). In MMR-deficient cancer cells, the mutation rates
are at least 100 times higher than in their MMR-proficient counterparts, as
estimated from studies of selectable loci, such as hprt (BHATTACHARYYA et al.
1994; EsHLEMAN et al. 1995) or certain types of short tandem repeats (PARSONS
et al. 1993). Using the AP-PCR technique, an unbiased DNA fingerprinting
method that takes advantage of primers whose nucleotide sequence is arbi-
trarily chosen, Ionov et al. (1993) estimated that colon cancer cells may carry
more than 100,000 deletion mutations. This accumulation of mutations that is
especially characteristic of cells with deficient MMR is termed as “mutator
phenotype” and it leads us to more closely examine the important role of the
MMR system in mutation avoidance.

II. MMR System in Mutation Avoidance: Generation of the
“Mutator Phenotype”

The “mutator phenotype” in MMR-deficient cells is typically a combined con-
sequence of enhanced mutagenesis, inefficient repair, and clonal selection. The
mutations may be spontaneous (such as C to T transition generated by spon-
taneous deamination of 5-methylcytosine), may represent biosynthetic errors
(for example, insertion-deletion mismatches generated by DNA polymerase
slippage), or be induced by various endogenous or exogenous agents. As dis-
cussed above, instability at short tandem repeats, microsatellites, is a useful
indicator of MMR deficiency. Studies of disorders with genetic instability,
including colon cancers, have shown that several factors influence the stabil-
ity/instability of microsatellite sequences. First, the number of repeat units
plays a role (proneness to instability increases with the increasing number of
repeat units, EICHLER et al. 1994). Second, the presence of sequence interrup-
tions stabilizes the repeats (Bacon et al. 2000). Third, the type of repeat is
important: for example, (G)g is more mutable than (A)s (ZHANG et al. 2001),
and the background mutation rates of tetranucleotide repeats are higher than
those of dinucleotide repeats (WEBER and WonG 1993). Fourth, the sequence
context or surrounding chromatin structure may influence the stability of the
repeat (ZHANG et al. 2001). Even repeat tracts composed of an identical
number of the same nucleotide may show drastically different mutation fre-
quencies in tumors, and if the tracts are part of functionally relevant genes,
selection is a likely explanation.

Mutations may confer selective advantage by several mechanisms, but
most importantly, by allowing the cells to overcome host-mediated restrictions
to viability and expansion (JANIN 2000; LoeB 2001; FisHEL 2001). Table 4 lists
a number of genes containing “hypermutable” tracts as part of their coding
sequence, whose mutations appear to be selected for in MSI-positive tumors.
The affected functions include signal transduction, tumor suppressor activity,
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Table4. Mutational targets of MMR deficiency. The coding DNA of all genes listed
below contains a microsatellite repeat whose mutations are selected for in tumors

Functional goal Examples of genes References
of mutations

Induction of growth- TCF4, AXIN2 Duvat et al. (1999), Liu
stimulatory signal et al. (2000)

Loss of tumor TGFpRIIL, IGFIIR, Markowrrz et al. (1995),
suppression PTEN, RIZ PARrsons et al. (1995b),

Souza et al. (1996),
GuanTi et al. (2000),
CHADWICK et al. (2000),
P1ao et al. (2000)

Prevention of apoptosis BAX, caspase-5 RamPINO et al. (1997),
ScHWARTZ et al. (1999)

Decrease of genomic MSH3, MSH6, MALKHOSYAN et al. (1996),

stability MSH2, MBD4 BADER et al. (1999),

Riccro et al. (1999),
CHADWICK et al. (2001)

Evasion of host B-Microglobulin BICKNELL et al. (1994)
immune reaction

apoptosis, genomic stability, and immune response. Different functions/genes
are critical in the development of different tumors, and tissue-specific selec-
tion of the mutations might in part explain the characteristic organ involve-
ment in HNPCC (“HNPCC tumor spectrum”). Thus, frameshift mutations
in the TGFBRIT (MyerorrF et al. 1995) and TCF4 (DuvaL et al. 1999)
appear to be strongly selected for in gastrointestinal malignancies but not
in endometrial cancer. On the other hand, loss of PTEN function is an early
event in endometrial tumorigenesis, but appears less important in colorectal
tumorigenesis. Consequently, PTEN is inactivated in 90% of MSI-positive
endometrial adenocarcinomas by mutation or other mechanisms (MUTTER et
al. 2000) and 85% of endometrial tumors from HNPCC patients show PTEN
frameshift mutations (ZHou et al. 2002), whereas the repetitive tracts of PTEN
are unstable in only some 20% of MSI-positive colon cancers (GUANTI et al.
2000).

In the classical adenoma-carcinoma sequence of colorectal tumorigenesis,
inactivation of the APC gene is one of the earliest events (VOGELSTEIN et al.
1988). According to a simplified model (KiNzZLER and VOGELSTEIN 1996), colon
tumors from patients with HNPCC go through a similar (but not identical)
series of mutations in a process that MMR deficiency speeds up. The spectrum
of APC mutations has been used to evaluate the relative order of APC and
MMR gene mutations in this process. An excess of APC mutations of the
frameshift type, typical of a MMR defect, in MSI-positive colon cancers sug-
gested that genetic instability precedes and is responsible for APC mutation
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in colorectal tumorigenesis (HuaNG et al. 1996). In accordance with the above
findings, studies on mice with constitutional defects of both the Apc and Msh2
genes demonstrated that the mechanism of inactivation of the wild-type Apc
allele in tumors depended on the Msh2 status (REITMAIR et al. 1996). Thus, in
the presence of a functional Msh2 (Apc”/Msh2** or Apc”-/Msh2*") all tumors
displayed loss of heterozygosity at the Apc locus, whereas in the absence of a
functional Msh2 (Apc"/Msh2™"), somatic mutations appeared to be the major
mechanism of Apc inactivation. Subsequent mouse studies have confirmed
and extended the observations of REITMAIR et al. (1996) by showing that Msh2
or Mlhl deficiency results in a change in the prevailing mechanism of Apc
inactivation from allelic loss to somatic mutation in tumors (SMits et al. 2000;
KuraGucHi et al. 2000). However, results pointing to an opposite direction
were reported by HoMFray et al. (1998) who found no difference in the APC
mutation spectra between sporadic microsatellite-unstable and -stable colon
cancers, suggesting that APC mutations, rather than genomic instability, initi-
ated tumorigenesis in sporadic colorectal cancers. These conflicting results may
in part be attributable to the different experimental systems used or charac-
teristics of the tumor series studied (hereditary vs. sporadic). As discussed in
Sect. I1., widespread hypermethylation of DNA underlies most cases of spo-
radic (but not hereditary) MSI-positive colon cancers through MLH1 inacti-
vation, and this hypermethylation may affect the APC gene as well (HILTUNEN
et al. 1997; ESTELLER et al. 2000). Being an early event, hypermethylation pro-
vides a possible mechanism for an early and concurrent inactivation of both
APC and MLHI1.

As the “mutator phenotype” in the original nontransformed cell is
counterselective, mutations blocking apoptosis are among the most vital to
“rescue” such a cell to allow malignant transformation as a result of additional
mutations to follow (JANIN 2000). One of the most interesting observations
made recently is that MMR and apoptosis are directly connected. MMR
proteins may function as direct sensors of damage and link signaling
pathways that may either incite DNA repair or provoke apoptosis
(FisHEL 2001). Thus, mutations in MMR genes can simultaneously provide a
selective advantage (owing to mutation to apoptotic resistance) and an
increased rate of mutations (resulting from impairment of MMR function).
The role of MMR proteins in apoptosis signaling is discussed in greater detail
in the next section.

III. Repair of Endogenous and Exogenous DNA Damage

1. Heterocyclic Amine Adducts

Besides biosynthetic errors arising during DNA replication, the MMR system
recognizes and corrects several types of chemical DNA damage. As shown by
L1 et al. (1996), hMutSa can specifically bind to heterocyclic amine adducts,
many of which are of dietary origin and may increase the risk of colon cancer
(SuciMura 1988). Enzymes that metabolize these compounds, including the
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N-acetyltransferases 1 and 2 and the glutathione S- and T- transferases show
polymorphic variation in the population and may modify the age at onset,
tumor site, and cancer risk in MMR gene mutation carriers (Moisio et al. 1998;
HEINIMANN et al. 1999; Frazier et al. 2001). Besides being substrates for MMR
proteins, whose defects give rise to MSI, heterocyclic amines have recently
been implicated in the induction of another type of instability, CIN (gross
chromosomal instability, LENGAUER et al. 1998). The molecular mechanisms of
CIN are poorly understood. According to recent findings (BARDELLI et al.
2001), specific carcinogens can select for tumor cells with distinct forms of
genetic instability: PhIP (an abundant heterocyclic amine in a typical Western
diet) selects for cells with CIN, whereas the methylating agent MNNG (N-
methyl-N'-nitro-N-nitrosoguanidine) selects for cells with MSI. Both cate-
gories of instability, MSI and CIN, exist among colon (and other) cancers
(LENGAUER et al. 1998) and carcinogen exposure may thus contribute to the
type of genetic instability in tumors.

2. Oxidative Damage

The MMR system also recognizes and eliminates oxidative damage. Oxidation
of guanine (8-0xo0-G) is a mutagenic lesion that may lead to misincorporation
of adenine to the opposite position. In Saccharomyces cerevisiae, mutations in
MSH2 or MSH6 caused a synergistic increase in mutation rates in combina-
tion with mutations in OGG1 (encoding an oxidative damage-specific DNA
glycosylase) and the MSH2-MSH6 complex bound to 8-0xo-G:A mispairs with
high affinity and specificity (N1 et al. 1999). The results indicated that MSH2-
MSH6-dependent MMR was the major mechanism correcting this type of
error in the yeast. Mouse embryonic stem cells carrying one or two defective
copies of Msh2 were shown to survive promutagenic lesions accompanying
oxidative stress inflicted by low-level radiation (DE WEESE et al. 1998), which
could increase the risk of neoplastic transformation in such cells. Both human
epithelial cell and mouse embryo fibroblast cell lines lacking the MLH1
protein were found to display increased resistance to oxidative stress and
might possess a selective growth advantage under oxidative stress via dysreg-
ulation of apoptosis (HARDMAN et al. 2001). It was also shown that oxidative
DNA damage induced MSI in MMR-deficient Escherichia coli cells, possibly
by increasing strand misalignment during DNA replication or through ineffi-
cient repair of the specific lesions (Jackson et al. 1998). Based on these find-
ings, it was postulated that endogenous production of oxygen-free radicals
might be a major source in promoting instability at microsatellite sequences
in tumor cells. Reactive oxygen species arise in most cells during normal meta-
bolic processes (AMEs et al. 1995); additionally, chronic oxidative stress may
be induced in colonic cells, for example, by the cyclo-oxygenase 2 enzyme or
in the uterine endometrium by estrogen. Failure of the removal of oxidative
damage may therefore play an important role in the elevated colon and
endometrial cancer risk in HNPCC.



118 P. PELTOMAKI

3. Alkylation Damage

Long before the identification of human MMR genes, resistance to alkylating
agents was described as a feature of MMR-deficient E. coli cells (JoNes and
WaGNER 1981; KArraAN and MariNus 1982). Methylating agents induce a
variety of base adducts, including O°-methylguanine (O®-meG) that is cyto-
toxic in normal cells. In MMR-deficient cells, however, these lesions are
allowed to persist (“alkylation tolerance”). Methylation tolerance has been
associated with both hMutSo (DE WIND et al. 1995; PapapoPouLos et al. 1995)
and hMutLa defects (BrancH et al. 1995) in cancer cells. Even nonneoplastic
tissues from MMR-mutation carriers may exhibit methylation tolerance, as
demonstrated by Marra et al. (2001) who suggested that tolerance of human
MSH2"" (but not MLH1*") lymphoblastoid cells to the methylating agent
temozolomide (a widely used chemotherapeutic agent) may distinguish
asymptomatic carriers of such mutations. As demonstrated by YAMADA et al.
(1997), hMutSa recognizes cisplatin-DNA adducts in a specific manner.
Recent studies that will be described in detail below suggest that the alkyla-
tion tolerance of MMR-deficient cells specifically results from their failure to
induce apoptosis.

Independent observations from several research groups suggest a direct
link between the MMR system and apoptosis. O5-meG lesions, in which the
damaged base is paired with either T or C, are subject to excision repair in a
reaction that depends on a functional MMR system (Duckerr et al. 1999). The
authors further observed a hMutSa and hMutLo-dependent activation of
protein kinases that phosphorylate the p53 tumor suppressor protein in
response to DNA methylation damage. Studies on Msh2 null mice showed
that Msh2-deficient animals had higher basal levels of mutation in the small
intestine and they failed to initiate apoptosis after treatment with temozolo-
mide (Tort et al. 1999). This suggested that apart from impaired repair of DNA
lesions, failure to engage apoptosis might contribute to cancer predisposition
in Msh2-deficient animals. Further experiments with mice mutant for both
Msh2 and p53 indicated the Msh2-dependent apoptosis was primarily medi-
ated through a p53-dependent pathway (Torr et al. 1999). According to
Hickman et al. (1999), the hMutSa branch, but not the hMutSg branch, was
absolutely required for signaling apoptosis in response to O°-meG, and the
apoptotic response could also be executed in p53-independent manner. The
differential involvement of the individual MMR genes in apoptosis signaling
could offer an explanation to the observation that mutations in certain MMR
genes are more prevalent than others in HNPCC families (FisHeL 2001; see
Table 3).

IV. Role of MMR Proteins in Genetic Recombination

A further mechanism by which the MMR proteins promote genomic stability
is by suppressing recombination between interspersed, diverged (homeolo-
gous) sequences (RAYU 1996). Gene targeting assays in embryonic stem cells
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conducted by DE WIND et al. (1995) revealed loss of heterology-dependent
suppression of recombination in Msh2™" mice, suggesting that MSH2 defi-
ciency might enhance carcinogenesis by elevating the rate of chromosomal
rearrangements. Whereas the comparative genomic hybridization method
revealed only a few losses and no gains of DNA sequences in MSI-positive
colon carcinomas (SCHLEGEL et al. 1995), spectral karyotyping studies on colon
cancer cell lines turned out more informative (ABDEL-RAHMAN et al. 2001).
While MSI-positive cell lines generally showed few chromosome abnormali-
ties, two cell lines (LoVo and HCA7) showed a novel pattern of multiple
reciprocal translocations, with little numerical change or variability. LoVo is
associated with a MSH2 defect and HCA7 with a MLH1 defect (WHEELER et
al. 1999), and it is possible that these defects promoted the observed translo-
cation events. Furthermore, the protein products of MLH1, PMS2, MSH4, and
MSHS are known to play a role in meiotic recombination, and their defects
lead to infertility in mice (BAKER et al. 1995; BAKER et al. 1996; EDELMANN et
al. 1999) and may lead to aneuploidy in the sperm from HNPCC patients
(MagrTIN et al. 2000).

E. Concluding Remarks

Discoveries made in the characterization of the MMR system provide one of
the most illustrative examples of a fruitful synergy between different inde-
pendent lines of research. Here, the study of different organisms (bacteria,
yeast, mice, humans) using different approaches (genetic, biochemical, clini-
cal) has resulted in a better understanding of some fundamental phenomena
(basic biology of MMR, carcinogenesis, human disease). Although the picture
still remains incomplete in many respects, the acquired information already
has immediate clinical applications in mutation diagnostics, and cancer pre-
vention and treatment. Most importantly, these applications are not restricted
to patients with hereditary cancer (HNPCC) only, but are relevant for the
MSI-positive subset of sporadic cases of cancer as well (in essence, covering
15%-20% of all cancers). Such combined approaches will be necessary also
in future studies on the MMR system. For example, no human homologues for
a number of MMR genes that are known to exist in prokaryotes have yet been
identified. At the same time, not all families that meet the clinical criteria of
HNPCC have revealed detectable defects in the presently known MMR genes,
not to mention the large number of atypical families, in which the MMR
system might or might not be involved. Moreover, even in families with known
predisposing mutations, the mechanisms that translate HNPCC genotype into
its clinical phenotype remain poorly understood. A more complete under-
standing may come from the possible detection of additional functions for
known MMR genes or from the identification of novel components of the
MMR system or other genes that interact with the MMR system to modulate
carcinogenesis driven by deficient MMR.
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CHAPTER 8
Epigenetic Changes, Altered DNA Methylation
and Cancer

F. Lyxo

It has been known for a long time that tumor development coincides with
changes in DNA methylation. Epigenetic mechanisms such as DNA methyla-
tion and specialized chromatin structures are capable of stably modulating
gene expression over many cell generations. Thus, an epigenetic mutation can
have the same effect like a classical, genetic mutation, i.e., loss- or gain-of-
function of any given gene. Sensitive methods for the detection of epigenetic
mutations have been developed in the past years and have been used to
demonstrate a role of epigenetic mechanisms in tumorigenesis. Recent
progress in our understanding of these mechanisms also allowed for the devel-
opment of epigenetic cancer therapies. These concepts have a high potential
for increasing the efficiency of conventional chemotherapy.

A. DNA Methylation Systems

Several mechanisms of gene regulation have roles in regulating epigenetic
inheritance. These include DNA methylation, establishment of particular
chromatin structures, chromatin modification, and posttranscriptional RNA
processing. Since little is known about the activity of the latter two mecha-
nisms in cancer or other diseases, the focus of this chapter will be on DNA
methylation and the establishment of DNA-methylation-dependent chro-
matin structures. In humans, DNA methylation mainly occurs at the 5-
position of cytosine in the context of cytosine-guanine (CpG) dinucleotides.
CpG dinucleotides are clustered in CpG islands, certain regions of the genome
with an unusually high CG-content. The methylation reaction is catalyzed by
a class of enzymes termed (cytosine-5) DNA methyltransferases (BESTOR
2000). These enzymes specifically recognize their target sequence and cova-
lently modify genomic cytosine residues. It is possible that some of the bio-
logical effects of DNA methylation are mediated directly by 5-methylcytosine.
For example, it has been shown that DNA methylation can inhibit binding
of transcription factors to DNA in vitro (BECKER et al. 1987; IGUCHI-ARIGA
and ScHAFFNER 1989). This effect could be due to sterical hindrance or
conformational changes induced by DNA methylation.

In vivo, the conversion of DNA methylation signals to biological effects
appears to be more complex. There is an increasing number of proteins that
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specifically bind to methylated DNA and exert regulatory functions from there
(HenpricH and Birp 1998). These proteins have been termed methyl-DNA
binding proteins and they have been shown to engage in intriguing inter-
actions: the majority of methyl-DNA binding proteins not only interact
with methylated DNA but also with transcriptional corepressors and histone
deacetylases (BALLESTAR and WoLFFE 2001; NG and Birp 1999).

The interdepending action of DNA methyltransferases and methyl-DNA
binding proteins defined a novel paradigm for epigenetic mechanisms. In this
concept, the central factors of epigenetic gene regulation are provided by
DNA methylation systems (BIrp and WoLFFE 1999). The core components of
DNA methylation systems are the DNA methyltransferases and the methyl-
DNA binding proteins (Fig. 1). Associated proteins are recruited from the
nuclear pool of histone deacetylases, chromatin repressors, and nucleosome
remodeling factors (Fig. 1). The sequential assembly of all factors involved
results in the establishment and maintenance of stable, repressive chromatin
structures. In this fashion, DNA methylation systems ensure the stable
inheritance of epigenetic signals.

While a great wealth of information exists about DNA methylation, less
is known about epigenetic chromatin. It is noteworthy that epigenetic inheri-
tance can also be regulated independently of DNA methylation. There are
several examples for epigenetic phenomena where DNA methylation appears
not to be involved and where epigenetic signals are executed directly by chro-
matin regulation or by chromatin modification (Lyko and Paro 1999; TURNER
2000). These phenomena have been described mostly in model organisms
other than mouse or man and their contribution to tumor formation is largely
unknown.

Fig.1. Epigenetic regulation by DNA methylation systems. DNA methyltransferase
(Dnm) site-specifically methylates genomic DNA (open circles). Methyl-DNA binding
proteins then bind to methylated DNA and function as anchors for corepressors and
histone deacetylase complexes. The combined action of all proteins involved results in
the establishment of repressive chromatin structures that cannot be accessed by RNA
polymerase
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The close connection between DNA methylation and chromatin regula-
tion has also been further supported by the identification of methyltransferase
interaction partners. These include the retinoblastoma protein, the transcrip-
tional repressor DMAP1, and the histone deacetylases HDAC1 and HDAC2
(Fuks et al. 2000; RoBerTSON et al. 2000; ROUNTREE et al. 2000). Direct inter-
actions between the methyltransferase and chromatin components facilitate
the synergistic action of DNA methylation and chromatin networks on epi-
genetically regulated genes. In addition, the interactions might also target
DNA methyltransferases to their site of action. This could be a major factor
contributing to the dynamics of DNA methylation.

B. DNA Methylation Changes During Development

For a long time, DNA methylation has been perceived as a stable determinant
of epigenetic inheritance. However, it now becomes more and more evident
that DNA methylation actually is a dynamic process that undergoes various
changes (JaeniscH, 1997). For example, DNA methylation levels change dra-
matically during mammalian development (Fig. 2). In the zygote, the majority
of CpG islands is methylated, but in blastula stage embryos, much of the

Fig.2. Dynamic changes in DNA methylation levels during mammalian development.
In blastula stage embryos, much of the genome becomes demethylated. Demethylation
probably erases the epigenetic program of the zygote and primes the embryonic
genome for differentiation processes. During postimplantation development, a wave of
global de novo methylation reestablishes embryonic DNA methylation patterns that
are then faithfully maintained in differentiated cells. DNA methylation patterns slowly
change during aging but very little is known about the nature of these changes
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genome becomes demethylated (KAFRI et al. 1992; MAYER et al. 2000; MoNk et
al. 1987; RouGier et al. 1998). Demethylation is the consequence of both active
and passive mechanisms and starts with the first embryonic cell division
(MAYER et al. 2000; RouGier et al. 1998). The function of early embryonic
demethylation remains elusive but it has been hypothesized that the mecha-
nism serves to erase the epigenetic program of the zygote and to allow for the
establishment of new programs for embryonic development and differentia-
tion. The low efficiencies in the process of animal cloning can be at least partly
attributed to a failure to sufficiently demethylate the embryonic genome
(Kang et al. 2001).

After this initial period of demethylation, DNA methylation patterns
become reestablished during postimplantation development (KAFrI et al.
1992; Monk et al. 1987). During this period, de novo methyltransferases speci-
fically recognize and modify their target sequences. The concomitant increase
in genomic methylation levels coincides with cellular differentiation and an
increasing commitment of cell lines to certain, specialized functions. In differ-
entiated cells, DNA methylation patterns are maintained by maintenance
methyltransferase. This keeps methylation levels stable by simply copying pat-
terns from the parental DNA strand to the daughter strand immediately after
replication. The methylation level of a fully differentiated mammalian cell cor-
responds to 4%-5% of genomic cytosines and about 80% of genomic CpG
dinucleotides being methylated.

DNA methylation patterns have also been shown to change in an
age-dependent manner (Tovora et al. 1999). The data on age-dependent
methylation changes is still very limited but it suggests that certain
CpG islands might become hypermethylated. These data also indicate that
age-dependent changes might precede cancer-specific changes (see Sect. C.).
However, it remains to be shown whether age- and tumor-related changes
represent an actual increase (or decrease) in DNA methylation levels
or rather reflect qualitative changes in DNA methylation patterns (Fig. 2).
It is conceivable that epigenetic mutations accumulate with age through
spurious de novo methylation or demethylation, as will be discussed in
Sect. C.

C. DNA Methylation Changes During Tumorigenesis

Alterations in DNA methylation are a consistent marker in tumorigenesis
(WarnNEcke and Bestor 2000). However, the large body of available
results points into two different, seemingly contradictory directions. Early
attempts to detect genome-wide changes by quantification of genomic
S-methylcytosine contents revealed a small but consistent decrease in tumors.
Generally, genomic DNA from tumors appeared to contain about 10%
less 5-methylcytosine than DNA from control tissues (BEDFOrRD and VAN
HeLDEN 1987; FEINBERG et al. 1988; Gama-Sosa et al. 1983). This decrease
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appeared to be more evident in metastases than in primary tumors
(Gama-Sosa et al. 1983).

Analysis of gene-specific CpG island methylation resulted in a different
picture. As soon as genomic Southern blots became commonly established,
DNA methylation was analyzed with methylation-sensitive restriction
enzymes. Because it was known that methylation of CpG islands is associated
with gene silencing, a special focus was put on methylation analysis of CpG
islands in the promoter region of tumor suppressor genes. Indeed, several of
these CpG islands were found to be hypermethylated, supporting the notion
of hypermethylation-induced epigenetic mutations (BavyLiN and HERMAN
2000). More recently, the analysis of CpG island methylation has been
extended to the genomic level (CosTELLO et al. 2000; HUANG et al. 1999; Toyora
et al. 1999). Different strategies were used to obtain a more comprehensive
view about alterations in DNA methylation in various tumors. Generally, it
was found that about 10% of the CpG islands analyzed were hypermethylated
in tumors when compared to healthy control tissue (CosTELLO et al. 2000;
HuaNG et al. 1999). Thus, there appears to be a tendency towards CpG island
hypermethylation as well as genomic hypomethylation. The magnitude of
changes might still have been underestimated because the results were derived
largely from heterogeneous clinical samples that contain significant amounts
of normal cells.

The biological significance of both genomic hypomethylation and CpG
island hypermethylation has, to a limited extent, been analyzed in experi-
mental systems. The consequences of genome-wide demethylation were
studied in mutant mouse embryonic stem cells lacking the majority
of their DNA methyltransferase activity (CHEN et al. 1998). These cells
have greatly demethylated DNA and showed a ten-fold increased mutation
rate with large-scale chromosomal abnormalities accounting for most
of the mutations (CHEN et al. 1998). The results are consistent with decreases
in DNA methylation affecting genome stability and concomitantly causing
cancer. In contrast, DNA methyltransferase overexpression experiments
also appeared to support a role of CpG island hypermethylation in
tumorigenesis. Results obtained with transgenic cell lines suggested that
DNA methyltransferase overexpression causes both ectopic CpG island
hypermethylation and cellular transformation (VErtINO et al. 1996; Wu
et al. 1993). How this apparent contradiction can be resolved is presently
unknown. Possibly, the process is more complex than previously envisaged
and involves both an overall decrease in DNA methylation and a redistri-
bution to certain CpG islands. A possible explanation would involve
two distinct fractions of genomic S5-methylcytosine, a large fraction in
centromeric satellite DNA and a smaller fraction in gene-rich regions
of the genome. Genomic DNA hypomethylation could compromise genome
stability by reducing the stability of centromeres, whereas hypermethylation
could affect gene expression by modulating chromatin structure in gene-rich
regions.
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D. DNA Methyltransferase Expression in Tumors

The DNA methylation changes during tumorigenesis triggered a considerable
interest in DNA methyltransferases. DNA methyltransferases are central
factors in epigenetic gene regulation and mammalian methyltransferases
have been analyzed extensively. All known (cytosine-5) DNA methyltrans-
ferases, from bacteria to man, share a common structure: Their C-terminal
domain contains defined catalytic signature motifs that are required for
enzymatic methyltransferase function (Kumar et al. 1992). In addition,
most eukaryotic DNA methyltransferase also contain an N-terminal, “regula-
tory” domain that can mediate various functions, mostly by protein-protein
interactions.

Presently, there are 4 known human DNA methyltransferases: DNMT1,
DNMT2, DNMT3A, and DNMT3B. DNMT1 has been shown to be essential
for mammalian development from the onset of cellular differentiation
(L1 et al. 1992). The enzyme has been analyzed in high detail, both in vitro
and in vivo. Most in vivo results are consistent with DNMTI encoding a
pure maintenance methyltransferase (LE1 et al. 1996; Lyko et al. 1999) that
is responsible for copying methylation patterns from the parental DNA
strand to the newly replicated daughter strand. DNMT1 contains a very large
regulatory domain that mediates protein—protein interactions with several
factors involved in DNA replication, cell cycle control, and chromatin
structure.

Additional human methyltransferases have been discovered more
recently and are now being characterized. The function of DNMT?2, the second
known DNA methyltransferase, is still far from being understood (OkANO
et al. 1998b; Yoper and Bestor 1998). Unlike most other eukaryotic DNA
methyltransferases, DNMT2 does not contain a regulatory domain and there-
fore looks similar to bacterial methyltransferases. Although the enzyme con-
tains all the catalytic consensus motifs, no enzymatic activity could be detected
yet (OkANO et al. 1998b). DNMT?2 is highly conserved during evolution with
known homologs in a variety of diverse organisms such as yeasts, insects,
plants, and vertebrates (DoNG et al. 2001).

The most recently discovered DNA methyltransferases, DNMT3A and
DNMT3B, are two closely related enzymes that have been demonstrated to
function as de novo methyltransferases in vitro and in vivo (Hsien 1999; Lyko
et al. 1999; Okano et al. 1999; OkaNo et al. 1998a). Both enzymes are essen-
tial for mammalian development as demonstrated by gene targeting in mice
(OkaNoO et al. 1999). While the target genes of DNMT3A are still unknown,
the function of DNMT3B appears to be restricted to methylation of cen-
tromeric satellite repeats (OkaNo et al. 1999). This particular sequence speci-
ficity also linked DNMT3B to ICF syndrome, a rare autosomal recessive
disorder characterized by immunodeficiency, centromeric instability, and facial
anomalies. Loss-of-function mutations in the DNMT3B gene have now been
identified in a considerable number of ICF syndrome patients, thus revealing
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the molecular origin of the disease (HANSEN et al. 1999; Okano et al. 1999; Xu
et al. 1999).

DNA methyltransferase expression has been analyzed in a variety of
tumors. While there appears to be a general consensus on methyltransferase
upregulation in tumor cells, the significance of the phenomenon is still unclear.
Initial reports suggested an up to several-hundred-fold increase of DNMT1
expression in cancer cells (EL-DEIry et al. 1991), thus suggesting direct con-
sequences for CpG island hypermethylation. Later reports indicated a more
modest increase (up to ten-fold) that is not restricted to DNMT1 but
appears to also include DNMT2, DNMT3A, and DNMT3B (LN et al. 2001;
ROBERTSON et al. 1999). However, it has also become evident that the magni-
tude of differences can be influenced by secondary factors: DNA methyl-
transferase expression was found to be upregulated when compared to actin
expression, but not when compared to the proliferation markers PCNA and
histone H4 (EaDs et al. 1999). Thus, DNA methyltransferase overexpression
might simply be a byproduct of tumorigenesis without necessarily affecting
epigenetic control of gene expression in tumors (WARNECKE and Bestor 2000).
Indeed, deletion of the DNMTI gene in a human colorectal cancer cell line
affected methylation of centromeric satellites but not methylation of various
other loci, including tumor suppressor genes (RHEE et al. 2000).

E. Epigenetic Mechanisms as a Therapeutic Target

Even though the precise causes of epigenetic changes during tumor progres-
sion are unknown, alterations in DNA methylation are undoubtedly involved
in tumorigenesis. Apart from the indications for an accumulation of epigenetic
mutations (see Sect. C.) there are additional lines of experimentation that
provide direct proof for a role of DNA methylation in the development of
cancer. For example, it has been shown that genomic demethylation greatly
reduces the number of intestinal polyps in the Apc™™ mouse strain (LAIRD et
al. 1995). This mouse strain represents an excellent model system for colorec-
tal cancer since it carries a mutation in the Apc gene that causes the forma-
tion of numerous intestinal polyps and tumors. The incidence of lesions was
significantly decreased by either mutational inactivation of the Dnmtl gene or
by a pharmacological inhibition of DNA methyltransferase or by a combina-
tion of both (LAIRD et al. 1995). Genomic demethylation therefore reverted
epimutations that normally facilitate the generation of intestinal polyps caused
by the Apc mutation.

The therapeutic potential of genomic demethylation has also been demon-
strated in human cancer cells. Melanoma cells, for example, frequently show a
high degree of resistance to conventional chemotherapeutic agents. This
chemoresistance could be overcome by treating cells with an inactivator of
DNA methyltransferases (SOENGAs et al. 2001). The effect is caused by
reversion of the methylation-induced silencing of the apoptosis effector gene
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Apaf-1. Experimental demethylation therefore reverted an epigenetic muta-
tion in the apoptosis pathway that had rendered the cells incapable of respond-
ing to signals triggered by chemotherapeutic agents.

The significance of epigenetic mutations for cancer therapy lies in their
reversibility. In contrast to genetic mutations, that can only be treated by
removal of affected tissue, epigenetic mutations can be reverted. Reversion
results in epigenetic reprogramming or resetting from the epigenotype of
tumor cells to the epigenotype of normal cells. In this respect, inhibitors
of DNA methyltransferases have been used with some limited success.
The most widely known inhibitor is the cytidine analogue 5-aza-cytidine
(Fig. 3) and it has been used in the vast majority of experiments where phar-
macological inhibition of methyltransferase activity is involved. The com-
pound gets incorporated into DNA and functions as a suicide analogue
for DNA methyltransferases (SANTI et al. 1984). The DNA methyltrans-
ferases recognize 5-aza-cytidine as a natural substrate and initiate catalysis.
However, with the inhibitor, a covalent reaction intermediate between
substrate and enzyme cannot be resolved and the enzyme remains bound to
DNA (SanTi et al. 1984). The toxicity of these protein-DNA adducts probably
accounts for the highly toxic effects of 5-aza-cytidine (JACKsON-GRUSBY et al.
1997).

The toxicity of 5-aza-cytidine also presented a major obstacle in attempts
to use the inhibitor in cancer therapy. Low concentrations have been used in
clinical trials (ABELE et al. 1987; LusBERT 2000; PiNTO and ZAGONEL 1993; VAN
GROENINGEN et al. 1986) but their success has been rather limited. Several
strategies are now being pursued to establish a more effective concept for epi-
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Fig.3. Pharmacological inhibition of epigenetic factors. 5-aza-cytidine effectively
inhibits DNA methyltransferases. This results in genomic demethylation due to
ongoing replication. Butyrate inhibits histone deacetylases. This results in the destabi-
lization of repressive chromatin structures. A combination of both strategies acts
synergistically and seems to be especially potent in erasing epigenetic signals



Epigenetic Changes, Altered DNA Methylation and Cancer 137

genetic cancer therapy. For example, small molecules could be developed that
inhibit methyltransferases directly without being incorporated into DNA. This
could result in a marked reduction in toxicity. However, screening for methyl-
transferase inhibitors is a complex task because assays with an easy experi-
mental read-out appear not to be available. An alternative strategy would be
to increase the efficiency of low 5-aza-cytidine concentrations. This could be
done either by chemical modifications of 5-aza-cytidine or by combining 5-
aza-cytidine with a second compound to support synergistic effects. The latter
strategy has been applied in experiments to revert epigenetic silencing on the
level of both DNA methylation and chromatin structure (CAMERON et al.
1999). While low concentrations of 5-aza-cytidine proved ineffective in many
instances, a combination of 5-aza-cytidine with trichostatin A restored gene
expression effectively (CAMERON et al. 1999). Similar effects can be achieved
with the simpler substance butyrate (Benjamin and Jost 2001) (Fig. 3). Both
Trichostatin A and butyrate function as inhibitors of histone deacetylases and
they can be used to break up the synergistic action of DNA methylation and
repressive chromatin structures. Whether this approach can be successfully
used for cancer therapy remains to be seen but the general strategy of increas-
ing the effectiveness of 5-aza-cytidine appears to hold some promise for the
future.
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CHAPTER 9
Hormonal Carcinogenesis

R. Kaaks

Tumor development is a consequence of mutations in proto-oncogenes and
tumor suppressor genes that normally control cell proliferation. Such muta-
tions may results from defective DNA repair (PEGG 1999), increased exposures
to mutagenic chemical agents either of exogenous origin or of endogenous
origin (e.g., oxygen radicals) (BLAIR and Kazerount 1997; CErutTi 1985; LOFT
and PouLseN 1996; STaNLEY 1995), exposure to radiation (HALL and ANGELE
1999), and other mechanisms. The occurrence of mutations, and the likelihood
that they become fixed by transmission to daughter cells, depends on the rate
of cell proliferation, as well as on the failure of cells to undergo apoptosis (pro-
grammed death) (PRESTON-MARTIN et al. 1990, 1993). In addition, the likeli-
hood of proliferating cells to accumulate mutations may also depend on the
pool-size of cells maintained in a relatively undifferentiated state, as only
nondifferentiated cells have the potential to divide. Hormones and growth
factors have well-documented roles in maintaining a proper balance between
cellular differentiation, proliferation, and programmed death (AARONSON
1991; WerNER and LerortH 1996). Thus, alterations in the endogenous
hormone and growth factor metabolism, or use of exogenous hormones for
contraception or postmenopausal replacement therapy, could have effects on
the risk of certain types of cancer.

Amongst many classes of hormones, sex steroids (androgens, estrogens,
progestogens) have especially received the attention of researchers as factors
potentially playing a role in carcinogenesis. Besides their well-documented
roles in regulating cellular differentiation, mitosis, and apoptosis, there is abun-
dant evidence from animal experiments and cell or tissue cultures that some
of these hormones may favor the selective growth of preneoplastic and
neoplastic cells (Dickson and Stancer 2000). Epidemiologists have had a
longstanding interest in sex steroids, especially in relation to cancers of steroid-
sensitive tissues or organs such as the breast,endometrium, ovary, and prostate
(HeENDERSON et al. 1982; Key and Pike 1988a,b).

In addition to the sex steroids, there is increasing interest among molec-
ular biologists, pathologists, and epidemiologists in the possible roles of insulin,
IGF-I, and IGF-binding proteins as factors that may favor tumor develop-
ment (Giovannuccr 2001; Kaaks et al. 2000a; Kaaks and Lukanova 2001;
KuanpwaLa et al. 2000; Yu and RoHAN 2000). Insulin and IGF-I both have
mitogenic and antiapoptotic effects in normal and neoplastic cells of various
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tissue origins (KHANDWALA et al. 2000; WERNER and LeroiTH 1996), influence
cellular (de-)differentiation, and have been documented to favor neoplastic
transformation (KHANDWALA et al. 2000; STEWART and RoTWEIN 1996; WERNER
and LeroitH 1996; YU and BERkEL 1999). Insulin and IGF-I exert these trophic
effects on a wide variety of tissue types including breast (FOEKENS et al. 1989),
endometrium (RUTANEN 1998; WANG and CHARD 1999), ovary (PoRETSKY et al.
1999; WanG and CHArRD 1999), colon (SINGH and RuBIN 1993), prostate
(PoLLak et al. 1998; WonG and WANG 2000), and kidney (HAMMERMAN 1999).
In some tissue types (e.g., breast, endometrium, and prostate) the effects of
IGF-I have been proven to be synergistic with those of other growth factors
and steroids (WESTLEY et al. 1998; YEE and Leg 2000). A further reason for the
special interest in insulin and IGF-I in cancer development is that their metab-
olism is also strongly related to nutrition and energy metabolism. Finally,
insulin and IGF-I are key regulators of the synthesis and biological availabil-
ity of sex steroids, by stimulating steroidogenesis (Kaaks 1996; Kaaks et al.
2000a; PoreTsKy et al. 1999) while inhibiting the hepatic synthesis of SHBG
(CrAVE et al. 1995; PLYMATE et al. 1988; PUGEAT et al. 1991; SINGH et al. 1990).
Circulating levels of insulin and IGF-I are inversely correlated with levels of
circulating SHBG, and are directly correlated with total and bioavailable sex
steroids in women (PFEILSCHIFTER et al. 1996). Dysregulations in the metabo-
lism of insulin or IGF-I might thus form a metabolic link between a Western
lifestyle, characterized by sedentariness and excess energy intake, increased
levels of bioavailable androgens and estrogens, and high incidence rates of
various forms of cancer that are frequent in industrially developed societies
(Kaaks and Lukanova 2001).

This chapter will review the epidemiological evidence relating cancer risk
to sex steroids (of endogenous or exogenous origin) and to circulating levels
of insulin, IGF-I, and IGFBPs. Most of this chapter focuses on cancers of the
breast, endometrium, ovary, prostate, and colon, which are all tumors with high
incidence rates in the Western, industrially developed world, as compared to
developing countries (IARC 1997).

A. Sex Steroids
I. Cancers of the Breast, Endometrium, and Ovary

A number of observations provide indirect evidence that alterations of
endogenous sex steroid metabolism can influence the risk of cancer of the
breast, endometrium, and ovary. First, the risks of these cancers are related to
factors such as early menarche (which marks the onset of ovarian estrogen
and progesterone synthesis), late menopause (arrest of ovarian estrogen and
progesterone synthesis), age at first full-term pregnancy, and total number of
full-term pregnancies experienced lifetime (JoHN et al. 1993; KELSEY et al.
1993; KeLseYy and WHITTEMORE 1994; PUrDIE and GREEN 2001; SCHILDKRAUT et
al. 2001; WHITTEMORE et al. 1992; WHITTEMORE 1994). Second, with increasing
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age, age-specific incidence rates of cancers of the breast and endometrium
rise faster before menopause than after menopause. Third, overweight and
obesity increase the risk of breast cancer among postmenopausal women, and
of endometrial cancer both before and after menopause. Increased adiposity
generally decreases plasma levels of sex hormone-binding globulin (SHBG),
due to increase in circulating insulin (see also Sect. B.1.). Among post-
menopausal women, increased adiposity augments levels of estrone, and of
total and bioavailable estradiol (AUSTIN et al. 1991; KATSOUYANNI et al. 1991;
KA¥YE et al. 1991; KEy et al. 2001). Among premenopausal women, obesity may
lead to chronic anovulation and low progesterone levels, especially when
women have a predisposition towards the development of ovarian hyperan-
drogenism (HAMILTON-FAIRLEY et al. 1992; RoBinsoN et al. 1993). Finally
(fourth), alterations in endogenous steroid metabolism, and the use of exoge-
nous estrogens or progestogens (or combinations) used for contraception or
postmenopausal therapy have also been documented to influence risk of
mammary, endometrial, and ovarian cancers (see sections below).

1. Breast

Prospective cohort studies have shown increased breast cancer risk among
postmenopausal women who have comparatively elevated plasma levels of
testosterone and A-4 androstenedione, reduced levels of sex hormone-binding
globulin (SHBG), and increased levels of total estradiol, and bioavailable
estradiol not bound to SHBG (THE ENDOGENOUS HORMONES AND BREAST
CaNCER CoLLABORATIVE Group 2002; THOMAS et al. 1997b). Similar observa-
tions were made in a number of traditional case-control studies, where blood
concentrations of hormones were compared between women who had a diag-
nosis of breast cancer and cancer-free control subjects (reviewed in BERNSTEIN
and Ross 1993).

Use of exogenous estrogens for postmenopausal estrogen replacement
therapy (ERT) is also associated with an increase in breast cancer risk. Sys-
tematic reviews of case-control and cohort studies (IARC 1999), and a pooled
analysis of over 50 such studies (CoLLABORATIVE GROUP ON HORMONAL FacTors
IN BReasT CANCER 1997), have shown a small increase in breast cancer risk
with longer duration of ERT use (5 years or more) in current and recent users.
The increase in risk disappears several years after cessation of ERT use. These
and other observations support the “estrogen” hypothesis, which postulates
that breast cancer risk is increased in women with elevated mammary tissue
exposures to estrogens (BERNSTEIN and Ross 1993; Key and Pike 1988a; PiIke
et al. 1993). Animal experiments (NANDI et al. 1995) and in vitro studies with
tissues and cell lines (CLARKE et al. 1994; Dickson et al. 1989) have also shown
the critical role of estrogens in malignant transformation, and progression and
growth of mammary tumors.

An extension of the estrogen excess theory is that, compared to an expo-
sure to estrogens alone, breast cancer risk is increased further when women
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are exposed to the combination of estrogens and progestogens (“estrogen-
plus-progestogen” hypothesis) (KeEy and Pike 1988b). One observation that
led to this extended theory is that in premenopausal women breast epithelial
proliferation rates are increased during the luteal phase of the menstrual cycle,
when progesterone levels are high, as compared to the follicular phase, when
progesterone levels are low (POTTEN et al. 1988). Furthermore, breast cancer
incidence rates rise less steeply with age after menopause, when the ovarian
synthesis of both estrogens and progesterone ceases, than before. Finally,
the estrogen-plus-progestogen hypothesis is supported by recent study results
showing that women using combined estrogen-plus-progestogen prepara-
tions for postmenopausal replacement therapy (MAGNUSSON et al. 1999) have
a greater increase in risk than women using preparations containing only
estrogens.

As for breast cancer among premenopausal women, several case-control
studies (reviewed in StoLL and SEcrETO 1992), and at least three prospective
studies have been conducted (HELZLSOUER et al. 1994; ROSENBERG et al.
1994; Taomas et al. 1997a; Wysowskr et al. 1987). However, these studies
included small numbers of cases, and in general are complicated by the fact
that blood levels of sex steroids, especially estrogens and progestogens, vary
widely during the menstrual cycle. While suggesting a possible association of
breast cancer risk with circulating levels of androgens and total estrogens, the
data from these studies are insufficient to allow any firm conclusion at this
stage.

In an expert panel review of more than 10 cohort and 50 case-control
studies (IARC 1999), it was concluded that use of combined oral contracep-
tives (OCs), containing both estrogen and progestogen, is associated with a
small increase in breast cancer risk. This association, however, did not show
any clear difference between types and doses of estrogen/progestogen combi-
nations, and was no longer present 10 years after cessation of OC use. It is pos-
sible that the small OC-related increase in breast cancer risk was a result of
detection bias, due to increased surveillance of women regularly visiting a
physician for OC prescriptions. Conclusions very similar to those of the expert
panel review were reached after reanalysis of the pooled, individual-level data
of over 50 studies (COLLABORATIVE GROUP ON HORMONAL FACTORS IN BREAST
CANCER 1996).

A somewhat paradoxical observation is that obesity is related to a mild
reduction in breast cancer risk among premenopausal women (IARC 2002;
UrsIN et al. 1995), in contrast to the relationship observed in postmenopausal
women. This inverse relationship might be explained by the fact that, in pre-
menopausal women, obesity does not lead to any noticeable increase in cir-
culating estradiol (Key et al. 2001), but can, at least in some women with a
predisposition towards ovarian hyperandrogenism, lead to chronic anovula-
tion and a decrease in progesterone levels. The inverse relationship of obesity
with premenopausal breast cancer risk can therefore also be interpreted as
indirect support for the estrogen-plus-progestogen hypothesis.
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2. Endometrium

From a histological and molecular pathology perspective, endometrial tumors
can be divided into two major types. Type-I tumors, which represent up to
about 80% of endometrial cancers, are mostly endometrioid. Type-II tumors
are more often serous papillary, clear cell, or squamous carcinomas, and gen-
erally develop from the atrophic endometrium in older women. The two types
differ also in the pattern of somatic gene mutations: type-I tumors often show
mutations in the ras proto-oncogene and the PTEN tumor suppressor gene,
microsatellite instability, but generally no mutations in the P53 tumor sup-
pressor gene, whereas a majority of serous (type-II) tumors have P53 muta-
tions, but generally no microsatellite instability, ras or PTEN mutations
(Emons et al. 2000; SHERMAN 2000). Nutritional lifestyle factors most strongly
related to endometrial cancer risk are obesity and lack of physical activity.
Together, these two factors may account for up to half of the total incidence
of endometrial cancer in Western, industrially developed societies (BERGSTROM
et al. 2001; TARC 2002). Most epidemiological studies did not distinguish
clearly between type-I and -II tumors, and even when the distinction was made
numbers of type-II tumors were usually too small to make clear separate infer-
ences with regard to potential risk factors. Nevertheless, there is evidence that
nutritional lifestyle factors such as obesity, and also aspects of hormone metab-
olism discussed in the following paragraphs, affect mostly the risk of type-I
tumors (EMons et al. 2000).

The predominant theory relating endogenous risk of endometrial cancer
to endogenous sex steroids is the “unopposed estrogen” hypothesis. This
theory stipulates that risk is increased among women who have normal or ele-
vated plasma bioavailable estrogens but low levels of progesterone, so that
biological effects of estrogens are insufficiently counterbalanced by those of
progesterone (KEy and Pike 1988a). One observation that led to the unop-
posed estrogen hypothesis is that mitotic rates of endometrium are higher
during the follicular phase of the menstrual cycle when progesterone levels
are low, than during the luteal phase (FErReNczy et al. 1979; Key and Pk
1988a). Another key observation, confirmed by numerous case-control and
cohort studies, is that endometrial cancer risk is increased among post-
menopausal women using ERT, with a clear dose-dependence with respect
to duration of use, whereas women using combined estrogen-progestogen
combinations (“hormone replacement therapy” or HRT) have only a very
mild increase in risk compared to women who never used any postmenopausal
ERT or HRT (IARC 1999). Results from a few more detailed studies suggest
that the increase in risk among HRT users compared to nonusers is present
only when progesterone is added for less than 10 days for each (28-day)
cycle (IARC 1999; SHAPIRO et al. 1985; VAN LEeuweN and Rookus 1989;
WEIDERPASS et al. 1999a). Combination-type OCs that contain both estrogens
and progesterone, and that have progestogens for at least 10 days per cycle
also reduce risk by approximately 50%, whereas the use of sequential OCs,
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containing progestogens only in the last 5 days of a cycle, were found to be
associated with an increased risk of endometrial cancer (IARC 1999,
WEIDERPASS et al. 1999b).

Studies in vitro have shown that estrogens stimulate the proliferation of
normal endometrial tissue as well as endometrial tumor cells, and that at least
part of this effect may be mediated by an increase in local IGF-I concentra-
tions (GIUDICE et al. 1991; KLEINMAN et al. 1995; MurpHY and GHAHARY 1990;
RuUTANEN 1998). The estrogen-opposing effects of progestogens, on the other
hand, appear to be due largely in part by progesterone’s capacity to increase
endometrial tissue levels of IGFBP-1. IGFBP-1 is the most abundant IGF-
binding protein in endometrial tissue, where it inhibits IGF-I action (GIUDICE
et al. 1991; RUTANEN 1998).

In both pre- and postmenopausal women, endometrial cancer risk has
been found to be directly related to circulating levels of androstenedione and
testosterone (AUSTIN et al. 1991; GIMEs et al. 1986; MOLLERSTROM et al. 1993;
Nacamant et al. 1986; NyHorm et al. 1993; PoriscHMAN et al. 1996).
Premenopausal patients with endometrial cancer often present symptoms
or a history of ovarian hyperandrogenic syndromes, such as the polycystic
ovary syndrome ((PCOS) CouLawm et al. 1983; DAHLGREN et al. 1991; GRADY
and ERNSTER 1996; Niwa et al. 2000; SHuU et al. 1991) - syndromes that
are generally associated with chronic anovulation, and hence with low
production of progesterone (EHRMANN et al. 1995). Interestingly, women with
PCOS are often obese and insulin resistant, and studies have shown that
chronic hyperinsulinemia is at least partially responsible for the ovarian
androgen excess in these women (EHRMANN et al. 1995; PoreTsky et al.
1999).

Besides androgens, low circulating levels of sex hormone-binding globu-
lin (SHBG) and elevated total and bioavailable estrogens (estrone, estradiol)
have also been associated with increased risk of endometrial cancer, although
among postmenopausal women only (ALEEM et al. 1976; AuUsTIN et al.
1991; BENjaMIN and DEeutscH 1976; GiMEs et al. 1986; NyHoLM et al. 1993;
OETTINGER et al. 1984; PETTERSSON et al. 1986; PoriscHMAN et al. 1996;
ZELENIUCH-JACQUOTTE et al. 2001). The elevated estrogen levels can be
explained by the fact that many postmenopausal women with endometrial
cancer are obese (IARC 2002) and by increased circulating androgen levels.
After menopause, the peripheral conversion of circulating androgens within
adipose tissue is the major source of estrogens (KEey et al. 2001; Sttert 1987).
Before menopause, risk of endometrial cancer does not appear to be related
to circulating levels of estradiol (Key and PIKE 1988a; PoTISCHMAN et al. 1996)
and neither are estrogen levels related to body mass index or other measures
of obesity (KEy et al. 2001). The high prevalence of both obesity and PCOS
among young endometrial cancer patients, but absence of a clear association
between premenopausal endometrial cancer risk and circulating estradiol
levels, suggest that endometrial cancer risk before the menopause may be due
mostly to progesterone deficiency, as a consequence of excess weight, hyper-
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insulinemia, ovarian androgen excess, and anovulation (Kaaks et al. 2002a;
PotiscHMAN et al. 1996).

3. Ovary

The role of hormones in the etiology of ovarian cancer is not very well under-
stood. Established epidemiological associations include a reduction in risk
among regular users of combined OCs, the reduction being about 50% for
women who have used the preparations for at least 5 years (WHITTEMORE 1994;
WHITTEMORE et al. 1992; IARC 1999) and a protective effect of high parity.
However, there may be a weak (about 20%) increase in ovarian cancer risk in
relation to long-term ERT or HRT use (GARG et al. 1998; NEGRI et al. 1999;
RopRrIGUEZ et al.2001). Ovarian cancer risk is not clearly related to excess body
weight, some studies showing an increase in risk (LEw and GARFINKEL 1979;
MOoLLER et al. 1994; PoLycHRONOPOULOU et al. 1993; PURDIE et al. 1995; RiscH
1998), whereas others showed no strong relationship (CHEN et al. 1992;
KocH et al. 1988; SHU et al. 1989; SLATTERY et al. 1989) or even a decrease in
risk (LukaNova et al. 2002e). One cohort study showed a direct association of
risk with the waist-to-hip ratio (WHR) (MINk et al. 1996) as a measure of
central (“android”) obesity, and a similar direct association was observed
among premenopausal women in one case-control study (SONNICHSEN et al.
1990).

Two classical hypotheses about the etiopathology of ovarian cancer are
the “incessant ovulation” hypothesis, and the “gonadotropin” hypothesis.

The incessant ovulation hypothesis (FaTHALLA 1971; RiscH 1998) stipu-
lates that ovarian cancer risk is increased by prolonged periods of uninter-
rupted ovulatory cycles. Incessant ovulation would increase the formation of
ovarian inclusion cysts, which are believed to form as a result of repeated
damage and remodeling of the ovarian epithelial surface epithelium induced
by regular ovulations. The inclusion cysts would be the origin of epithelial-type
ovarian tumors, which constitute about 90% of ovarian malignancies. In an
extension of the incessant ovulation hypothesis, it has been proposed that
inclusion cysts would gradually transform to tumor cells under the influence
of hormonal factors (CRaMER and WELCH 1983; RiscH 1998).

One hormonal factor strongly implicated in the malignant transformation
of entrapped epithelium is an excessive stimulation by luteinizing hormone
(LH), follicle-stimulating hormone (FSH) or both [“gonadotropin” hypothe-
sis (BLAAKAER 1997; CRAMER et al. 1983)]. The gonadotropins might act either
directly, through their cognate receptors in ovarian epithelium and activation
of gonadotropin-responsive genes, or indirectly, through the stimulation
of ovarian production of androgens or estrogens. The gonadotropin hypothe-
sis got its original support from animal experiments, showing enhanced
ovarian tumor formation after manipulations that caused excess pituitary
gonadotropin secretion.

Several case-control studies have been conducted to examine relation-
ships of ovarian cancer risk with circulating sex steroid levels (Rao and
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SrormaN 1991). However, these studies were generally small, and their results
are difficult to interpret because of possible tumor-induced alterations in
ovarian sex steroid secretion. One prospective study, by HELZLSOUER et al.,
has shown significantly elevated A-4-androstenedione levels in prediagnostic
blood samples of 13 premenopausal and 18 postmenopausal women who even-
tually developed ovarian cancer (HELZLSOUER et al. 1995). In a larger prospec-
tive study, combining three cohorts in New York (USA), Milan (Italy) and
Ume4 (northern Sweden), including a total of 132 cases of ovarian cancer cases
and 257 controls, ovarian cancer risk showed no statistically significant asso-
ciations with prediagnostic circulating levels of estrone, androstenedione,
and testosterone (Lukanova et al. 2002a). However, increased levels of
androstenedione measured in women who were premenopausal at recruit-
ment were associated with a modest increase in risk of ovarian cancer [OR =
2.35 (0.81-6.82), p < 0.12], although in the second study this association was
not statistically significant. Before menopause, about 50% of androstenedione
is produced by the ovaries, whereas after menopause the adrenals become the
major source. Additional indirect evidence for an association of ovarian pro-
duction of androstenedione with cancer risk comes from one prospective study
showing an increased risk among women who have PCOS, a metabolic disor-
der that is indeed related to androstenedione excess both from ovaries and
adrenals (SCHILDKRAUT et al. 1996). Interestingly, women with PCOS generally
also have elevated pituitary luteinizing hormone (LH) secretion. Taken
together, these observations suggest an extension of the gonadotropin hypoth-
esis, namely that ovarian tumor development may be enhanced by excess
ovarian production of androgens, induced by elevated LH (and possible other
regulatory factors, including insulin) (RiscH 1998). This hypothesis requires
further investigation.

The incessant ovulation hypothesis is based almost entirely on indirect
epidemiological evidence. Ovarian cancer risk is increased in women who
have early menarche, late menopause, low parity, and who do not use OCs —
factors that all contribute to a woman’s lifetime cumulated number of
ovulatory cycles. Several of these associations, however, are also in agree-
ment with the gonadotropin/androgen excess hypotheses. In particular, oral
contraceptive use causes a suppression of pituitary LH secretion, and is
also related to reduced ovarian androgen production in both hyperandro-
genic and normoandrogenic women (ADEN et al. 1998; PorciLE and
GALLARDO 1991; SoBBRrIO et al. 1990; THE ESHRE Caprri WorksHor GROUP
2001; THORNEYCROFT et al. 1999; WIEGRATZ et al. 1995; Yamamoro and OKADA
1994).

II. Cancer of the Prostate

Like cancers of the breast, endometrium, and ovary, prostate cancer has also
much higher incidence rates in populations with a Western lifestyle than in
most parts of the developing world (IARC 1997). In contrast to breast and
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endometrial cancers, however, prostate cancer risk shows no clear relationship
with excess weight (IARC 2002; Kaaxks et al. 2000a).

There is substantial indirect evidence for the implication of sex steroids,
notably androgens, in prostate tumor development. Surgical or medical
castration often dramatically improve the clinical course of prostate cancer
patients, and animal studies have also shown increased spontaneous or chem-
ically induced prostatic tumor formation after the administration of testos-
terone or dihydrotestosterone (DHT) (BosLanD 1996). Polymorphisms in
the androgen receptor gene causing increased receptor transactivation have
also been found to be associated with an increase in prostate cancer risk
(CouGHLIN and HaLL 2002; Ross et al. 1998).

The predominant hypothesis is that risk is increased in men who have ele-
vated intraprostatic concentrations of dihydro-testosterone (DHT). DHT is
formed within the prostate from testosterone, by the enzyme So-reductase
type II (SRD5A), and has a higher binding affinity for the androgen receptor
and stronger androgenic activity than testosterone. There is some evidence
from prospective cohort studies that prostate cancer risk is increased among
men who have comparatively elevated circulating levels of androstanediol-
glucuronide — a major breakdown product of DHT and a possible marker of
intraprostatic androgen (DHT) activity (EaToN et al. 1999; Kaaks et al. 2000a).
It is not entirely clear, however, what are the most important determinants
of interindividual differences in prostatic DHT concentrations and, especially,
how such differences might be related to lifestyle or other environmental
factors that are strongly associated with international differences in prostate
cancer incidence (BosLanD 2000; Kaaks et al. 2000a). Japanese and Chinese
immigrants to the USA have lower incidence rates of prostate cancer than
men of African or European ancestry, and at the same time have been found
to have lower 5-a-reductase activity. Certain polymorphic variants of the
SRDS5A gene that are associated with increased Sa-reductase activity have
also been found to increase prostate cancer risk (CouGHLIN and HALL 2002;
Ross et al. 1998).

Another possible determinant of levels of intraprostatic DHT formation
could be levels of bioavailable testosterone in the circulation. This prediction,
however, has received only limited support from prospective epidemiological
studies (EATON et al. 1999; Kaaks et al. 2000a). In one study, a multivariate
analysis showed a strong trend of increasing prostate cancer risk with increas-
ing levels of plasma testosterone adjusting for SHBG, whereas risk was
inversely related to levels of SHBG after adjustment for testosterone (GANN
et al. 1996). An association of risk with indicators of bioavailable circulating
testosterone, unbound to SHBG, has not been confirmed by at least four other
prospective cohort studies and in none of eight cohort studies (reviewed in
BosLaND 2000; EaToN et al. 1999; Kaaks et al. 2000a), was risk associated with
plasma or serum levels of total testosterone. In summary, it remains unclear
whether variations in bioavailable testosterone are indeed entirely unrelated
to prostate cancer risk, or whether weak associations exist that may have been
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obscured by, for example, inaccuracies in hormone measurements. Excess
weight is not a determinant of increased total and bioavailable testosterone
in men (Kaaks et al. 2000a), in contrast to postmenopausal women. Indeed,
obesity rather causes a decrease in both total and bioavailable testosterone
levels.

Besides androgens, estrogens have also been proposed either to enhance
or inhibit prostate cancer development (BosLanDp 2000; CHANG and PRINs
1999; FarnsworTH 1996) but the lack of any direct association of prostate
cancer risk with plasma estrogen levels provides no support to either of these
hypotheses (BosLAND 2000; EaTon et al. 1999).

B. Insulin, and Insulin-Like Growth Factors
I. Chronic Hyperinsulinemia and Cancer Risk

Epidemiological studies have shown that the risk of a number of cancers that
are particularly frequent in Western, industrialized societies is increased by
excess body weight (IARC 2002) and lack of physical activity. The associations
of risk with excess weight includes cancers of the colon, endometrium, pan-
creas, and breast (only for tumors diagnosed several years after menopause).
Colon cancer risk appears to be associated particularly with increased intra-
abdominal body fat stores (i.e., an “androgenic body fat distribution,” as mea-
sured, for example, by the ratio of waist-to-hip body circumferences) and,
possibly for this reason, is stronger among men than among women. Regard-
ing physical activity, there is convincing evidence that it reduces risk of cancers
of the breast and colon, and substantial evidence that it may also protect
against cancers of the endometrium, and possibly other organ sites (IARC
2002).

Excess weight and lack of physical activity both lead to a diminished
sensitivity of tissues (especially skeletal muscle, liver, and adipose tissue)
to the physiological actions of insulin. Such insulin resistance is a frequent
phenomenon in Western populations. Nutritionally induced insulin resistance
can be seen as a metabolic adaptation to increased hepatic and muscular
uptake and oxidation of fatty acids, which needs to be compensated by a
reduced capacity of these tissues to absorb, store, and metabolize glucose
(KRAEGEN et al. 2001; RANDLE 1998). The relationship of insulin resistance
to excess weight can be explained to a large extent by the constant release
of free fatty acids from adipose tissue (especially from intra-abdominal fat
stores) into the circulation (BERGMAN and ADER 2000; FERRANNINI et al. 1983).
In addition, adipose tissue releases a number of endocrine signalling factors,
such as tumor necrosis factor (TNF) o (Hotamisricic 2000) and resistin
(StePPAN and Lazar 2002), and other molecules (TRaYHURN and Beartie 2001)
that play a role in regulating insulin sensitivity of liver and skeletal muscle.
Physical activity improves insulin sensitivity (GRiMM 1999; RaAsTAD et al. 2000;
VaN Baak and BorgaouTts 2000). One mechanism through which this may
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occur is the limitation of weight gain or reduction of excess weight. How-
ever, in sedentary subjects, physical activity can improve insulin sensitivity
and decrease plasma insulin levels within days, and thus independently of
any substantial changes in body weight. Mechanisms that may mediate such
effects include reductions of intramuscular triglyceride stores (PaN et al.
1997), increased muscular phosphatidylinositol-3 kinase activity (HoUMARD
et al. 1999), and an increased capacity of skeletal muscle to metabolize
or store glucose (GooDYEAR and KAHN 1998; HARGREAVES 1998; PERSEGHIN
et al. 1996).

In the mid-1990s, MckeowN-EysseN (1994) and Giovannucct (1995)
formulated the hypothesis that chronically elevated insulin levels might be a
causal factor in the etiology of colon cancer. The hypothesis was motivated by
the observations of increased colon cancer risk among obese and physical inac-
tive men and women, and among subjects who have low dietary intakes of
n-3 polyunsaturated fatty acids, and high intakes of sucrose and other refined
and rapidly digestible carbohydrates. These various factors all predispose to
the development of insulin resistance and/or lead to elevated postprandial
insulinemia. Similar hypotheses have been formulated for breast (Kaaks 1996,
StorLL 1999), pancreas (WEIDERPASS et al. 1998) and endometrium (KaAks
et al. 2002a; RUTANEN et al. 1993; RUTANEN 1998). The tumor-enhancing
effects of insulin might be either directly mediated by insulin receptors in the
(pre)neoplastic target cells, or might be due to related changes in endogenous
hormone metabolism, such as increase in IGF-I bioactivity or alterations in
sex steroid synthesis and bioavailability.

Indirect evidence that chronic hyperinsulinemia may enhance the devel-
opment of these various forms of cancer comes from observations that the risk
of cancers of the colon (or colorectum) (Grovannucct 1995; Hu et al. 1999,
LA VEccHiA et al. 1997, LE MARCHAND et al. 1997; MckeowN-EYsseN 1994;
WEIDERPASS et al. 1997a; WiLL et al. 1998), endometrium (Apawmr et al. 1991;
LA VEccHIA et al. 1994; N1wa et al. 2000; O’MARA et al. 1985; WEIDERPASS et al.
1997b), pancreas (CaLLE et al. 1998; EvERHART and WRIGHT 1995; SILVERMAN
et al. 1999; WeiDErpass et al. 1998; WIDerOFF et al. 1997), and kidney
(CouGHLIN et al. 1997; LINDBLAD et al. 1999; O’MaRrA et al. 1985; WIDEROFF et
al. 1997) is increased in diabetics. Although a large proportion of studies did
not distinguish clearly between diabetes of an early onset (type I) or adult
onset (type II), and whether or not the subjects depended on insulin injec-
tions, the majority (>80%) of diabetes patients in Western populations is of
adult onset and noninsulin dependent. This type of diabetes is usually pre-
ceded by a long period of insulin resistance and pancreatic insulin hyper-
secretion, and even after the onset of diabetic symptoms patients’ insulin levels
usually remain high for years, until they eventually drop because of pancre-
atic exhaustion. A large number of epidemiological studies (Kaaks 1996) have
not provided any strong evidence for a direct association of diabetes with
breast cancer risk. This lack of association could be due to failure to distin-
guish between pre- and postmenopausal breast cancer. As for obesity, diabetes
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might have a direct association only with breast cancer risk diagnosed several
years after menopause, but not before.

In addition to this indirect evidence, several prospective cohort studies, as
well as a few case-control studies, have related cancer risk directly to circu-
lating levels of insulin or C-peptide (a marker of pancreatic insulin secretion),
or to metabolic factors that are related to insulin resistance and chronic hyper-
insulinemia, such as elevated plasma glucose or triglycerides (DEFrRONZO 1988;
REeaveN 1988).

With regard to colorectal cancer, one recent cohort study of about 6,000
men and women followed for an average of about 7 years, showed significantly
elevated levels of fasting and postload (2-h) glucose, as well as of 2-h insulin,
for 102 subjects who developed a tumor of the colon or rectum as compared
to control subjects who remained cancer-free (SCHOEN et al. 1999). In another
small cohort of more than 14,000 women in New York, which also had
102 incident cases of colorectal cancer (75 for colon, 27 for rectum), risk of
colorectal cancer was also significantly increased among women with elevated
(nonfasting) C-peptide [odds ratio of 2.92 (95% CI = 1.26-6.75) for highest
vs. lowest quintile; pyena < 0.001] (Kaaks et al. 2000b). In the latter study,
the association of risk with C-peptide levels became stronger when the
analysis was focused on colon cancer alone [76 cases; OR 3.96 (1.49-10.50)],
while in neither study did adjustment for effects of BMI materially alter
the associations of cancer risk with insulin or C-peptide. In both prospective
studies, numbers of rectal cancer cases were too small to allow separate
risk analysis. Colon cancer tissue has receptors for both insulin and IGF-I
(Guo et al. 1992; MacponaLD et al. 1993). Signal transduction pathways
mediating the effects of insulin on gene expression and mitosis include the
activation of the K-ras oncogen (BURGERING et al. 1989; BURGERING et al. 1991),
a pathway that is central to colorectal carcinogenesis (Bos 1988; VOGELSTEIN
et al. 1988).

The risk of pancreas cancer has not been related directly to circulating
insulin or C-peptide, so far. However, one prospective study recently showed
an increase in the risk of pancreas cancer in men and women who had com-
paratively elevated plasma glucose levels 2 h after a standard oral glucose dose
(GapsTuR et al. 2000). Elevated plasma glucose levels are indicative of insulin
resistance, and hence of chronically elevated pancreatic insulin production
(DeFrONZO 1988).

For endometrial cancer, one case-control study in the USA showed an
increase in risk in postmenopausal women with elevated serum levels of C-
peptide (Troist et al. 1997), which did not persist, however, after adjustment
for BMI. A much smaller study in Japan, of 23 endometrial cancer patients
and 27 healthy control women, showed decreased IGFBP-1 levels in the cases
(Avase et al. 1997), and another small study in Finland showed increased
fasting plasma insulin levels, and decreased expression of the IGFBP-1 gene
in endometrial tissue samples, in cancer patients compared to controls
(RUTANEN et al. 1994). In a pooled prospective study of three cohorts in New
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York, Milan and Umed, which included 166 cases and 315 controls, a strong
direct relationship of endometrial cancer risk with serum levels of C-peptide
was found (OR = 4.5 (2.0-10.0), 95% CI 2.1-10.7), but no association with
levels of IGF-I (LukaNova et al. 2002b).

With respect to breast cancer, two case-control studies showed an associ-
ation of both premenopausal (BRUNING et al. 1992; DEL GIUDICE et al. 1998)
and postmenopausal risk (BRUNING et al. 1992) with measurements of insulin
or C-peptide, but this was not confirmed by two prospective studies (Kaaks
et al. 2002b; TonioLo et al. 2000).

As mentioned in Sects. A.I and A.Il, , there is no clear relationship of
ovarian and prostate cancer risks with excess weight, and neither is there
any clear evidence that more central body fat distribution is a risk factor.
Furthermore, neither of these two cancer types appears to be related to pre-
existing diabetes (Kaaks et al. 2000a; RiscH 1998). One prospective cohort
study showed no clear relationship of prostate cancer with plasma levels of
(fasting) insulin, IGFBP-1, and IGFBP-2 (StarTIN et al. 2000).

II. IGF-1, IGFBP-3 and Cancer Risk

IGF-I and at least six different IGF-binding proteins are synthesized in most,
perhaps all, organ systems; however, most (>80%) of IGF-I and IGFBPs in
the circulation are synthesized in the liver. The biological activity of IGF-I
depends on the binding of IGF-I from endocrine (circulation), paracrine, and
autocrine sources with cellular receptors. Besides absolute plasma and tissue
concentrations of IGF-I, IGF-I bioactivity is strongly modulated by IGFBPs,
which control the size of the circulating and tissue IGF-I pools, regulate the
efflux of IGF-I from the circulation towards target tissues, and within tissues
regulate binding of IGF-I to its tissue receptors (JoNes and CLEMMONS 1995;
WETTERAU et al. 1999).

More than 90% of IGF-I in the circulation is bound to a ternary com-
plex including IGFBP-3 and another glycoprotein, called acid-labile subunit
(ALS). Most of the remainder is bound to IGFBP-5, which also forms a
ternary complex with ALS, and to the IGFBPs -1, -2, -4 and -6. Because of the
very high affinities of IGFBP-3 and IGFBP-5 for IGF-I, and their large com-
plexes with ALS, IGF-I bound to IGFBP-3 or IGFBP-5 cannot diffuse through
the endothelial barrier. The IGFBPs -1, -2, -4 and -6 are smaller (hence can
diffuse from the circulation towards the extravascular space), and have lower
affinities for IGF-I. At the tissue level, the IGFBPs have been proposed mostly
to inhibit binding of IGF-I to its receptor (JoNEs and CLEMMONS 1995). Nev-
ertheless, in vitro studies have shown that some IGFBPs may also enhance
IGF-I binding to its receptors, depending on the relative concentrations of
IGF-I and IGFBPs. These modulating effects of the IGFBPs may be altered
by phosphorylation of IGFBPs, or by enzymatic proteolysis (JONEs and
CLEMMONS 1995). IGFBP-3 has been shown to exert proapoptotic and anti-
mitogenic effects through a specific IGFBP-3 binding site on the membranes
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of mammary, prostatic, endometrial, or colonic cells (Baxter 2000; FErry Jr.
et al. 1999).

In most tissues, the principal stimulus for the synthesis of IGF-I is pro-
vided by growth hormone (GH), although IGF-I synthesis can be modulated
by many other physiological factors (LE Rort et al. 2001). In some tissues,
the principal stimulus is not GH; for example, in endometrium the synthesis
of IGF-I appears to be mostly under the control of estrogens (GIUDICE et al.
1991; KLEINMAN et al. 1995; MurpPHY and GHAHARY 1990; RUTANEN 1998). From
a epidemiological and lifestyle perspective, it is important to recognize that
nutrition, particularly energy balance, plays a key role in modulating IGF-I
synthesis and circulating levels of IGF-I (Kaaks and Lukanova 2001). Pro-
longed fasting and chronic energy undernutrition lead to dramatic reductions
in IGF-I (Kaaks and LukaNova 2001; THISSEN et al. 1994). A teleological inter-
pretation of this is that IGF-I, as an anabolic factor, can stimulate growth only
in the presence of sufficient available energy from diet and body reserves. In
well-nourished populations, however, the relationship of IGF-I levels with
energy from diet or adipose tissue stores is less clear. Obesity is not associated
with any increase in circulating IGF-I, but rather with a small decrease, com-
pared to normally nourished control subjects (Kaaks and Lukanova 2001).
There is some recent evidence that the relationship of adipose tissue stores
with IGF-I may be nonlinear, and that IGF-I may increase with increas-
ing levels of BMI up to about 25-26kg/m? but decrease again thereafter
(Lukanova et al. 2002d). Apart from energy, IGF-I synthesis depends also on
the intake of animal protein (ALLEN et al. 2000; NocucHr 2000) and other
nutrients (EsTivariz and ZIEGLER 1997; STrAUS 1994; THISSEN et al. 1994). In
many developing countries with low incidence rates of cancers of the breast,
colon, prostate, and ovary, the average BMI is (or used to be) below 22 kg/m?
for the vast majority of the population, whereas in industrially developed soci-
eties the median BMI may lie around 25kg/m* or above (IARC 2002). Fur-
thermore, low-risk countries have generally much lower intakes of animal
protein. Taken together, these data suggest that differences in IGF-I levels may
at least partially explain the large differences in cancer risk observed between
economically developed and less developed parts of the world.

A substantial number of studies have recently addressed the question
whether circulating levels of IGF-I and its major plasmatic binding protein,
IGFBP-3, were associated with risk of developing cancer.

With regard to breast cancer, four case-control studies (BoHLKE et al. 1998;
BRUNING et al. 1995; L1 et al. 2001; PEYRAT et al. 1993) and two prospec-
tive cohort studies (HANKINSON et al. 1998; TonioLo et al. 2000) showed an
increased risk among women with elevated plasma or serum IGF-I, and espe-
cially for breast cancers diagnosed at a young, premenopausal age. However,
this finding was not confirmed in a third prospective study, combining two
cohorts in northern and southern Sweden (Kaaks et al. 2002b) and in three
other case-control studies (DEL GIUDICE et al. 1998; NG et al. 1998; PETRIDOU
et al. 2000). In several studies, the association with IGF-I was stronger after
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adjustment for levels of IGFBP-3 (HaNkiNsoN et al. 1998), or when IGF-I
levels were expressed as molar ratios to IGFBP-3 (BRUNING et al. 1995). The
latter suggested that risk may be related more strongly to increased bioavail-
ability or bioactivity of IGF-I, due to comparatively low IGFBP-3 levels, or
might also point to a direct protective effect of IGFBP-3 through its proper
cellular binding sites.

For colorectal cancer, epidemiological studies have shown a direct associ-
ation of colon cancer risk with body stature (height), which may reflect
levels of IGF-I during puberty and adolescence. Furthermore, patients with
acromegaly — a pathology due to GH excess and associated with elevated IGF-
I levels — have an increased risk of developing colonic polyps and colon cancer
(Cars et al. 1996; CoLao et al. 1997; GiovanNucct et al. 2000; ITUARTE et al.
1984; JENKINS et al. 1997; OrTEGO et al. 1994). More recently, five cohort studies
(Grovannuccat et al. 2000; Kaaks et al. 2000b; Ma et al. 1999; PALMQVIST et al.
2002; ProBsT-HENSCH et al. 2001) and one case-control study (MaNousos et
al. 1999) all showed increases in risk either of colon cancer, or of colon and
rectal cancers combined. In only one of these studies (PALMQVIST et al. 2002)
was the association with absolute circulating levels of IGF-I statistically
significant, but for colon cancer only. In two of the five prospective studies
(Grovannucct et al. 2000; Ma et al. 1999), the association of colon cancer risk
with IGF-I became much stronger, and statistically significant, only after
adjustment for IGFBP-3. A similar effect of IGFBP-3 adjustment was seen in
studies on other cancer types conducted by the same (Harvard) group (CHAN
et al. 1998; HANKINSON et al. 1998). In all of these studies, IGFBP-3 had been
measured by an ELISA assay, from DiaGNosTIC SYSTEMS LAaBORATORIES (DSL;
Webster, Texas). In all other studies (Kaaks et al. 2000b; PALMQVIST et al. 2002;
ProBsT-HENSCH et al. 2001), IGFBP-3 had been measured by various other
assays, and elevated IGFBP-3 was systematically found to be associated with
an increased risk of colon cancer. This increase in risk for elevated IGFBP-3,
measured by assays other than the DSL-ELISA, has also been observed
for other cancer types (STaTTIN et al. 2000). In a study in Hawaii, a single
nucleotide polymorphism (SNP) (“T1663A” allele) in the growth hormone
gene (GH1) was reduced plasma levels of IGF-I, confirming earlier observa-
tions of association with reduced GH secretion and adult height (HASEGAwA
et al. 2000). The reduced IGF-I levels in the Hawaiian study were thus
putatively explained by lower levels of GH. At the same time, the GH1 poly-
morphism was associated with a reduced risk of colorectal cancer (study of
535 cancer cases and 650 controls), as well as with a reduced risk of colorec-
tal adenomas (139 cases, 202 controls) (LE MARCHAND et al. 2002; WoLKk et al.
1998)

With regard to prostate cancer, several case-control (MANTZOROS et al.
1997; WoLk et al. 1998) and prospective cohort (CHAN et al. 1998; HARMAN et
al. 2000; StarTiN et al. 2000) studies have shown an increase in prostate cancer
risk in men with comparatively elevated absolute levels of IGF-I (HARMAN et
al. 2000; ManNousos et al. 1999; Woik et al. 1998), or with elevated levels of
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IGF-I, either as absolute concentrations or relative to levels of IGFBP-3
(CHaN et al. 1998). At least one recent prospective study did not confirm these
findings, however (LACEy, JRr. et al. 2001).

One prospective study, based on three pooled cohorts in New York, Milan
and Ume4, showed an increase in risk of ovarian cancer diagnosed before age
55 [OR =4.97 (1.22-20.2) for the top versus bottom IGF-I tertile], but no asso-
ciation with risk of ovarian cancer at older ages (Lukanova et al. 2002c). This
intriguing find, which very much resembles observations for breast cancer,
requires confirmation from further prospective studies.

Taken together, it appears that elevated plasma IGF-I, as absolute con-
centrations or relative to levels of IGFBP-3, may be a risk factor for a number
of different tumors that are frequent in Western societies. It is possible that
the elevated IGF-I levels in men or women who subsequently develop cancer
is due to increased pituitary GH secretion, and further studies are needed to
address that question.

C. Concluding Remarks

Epidemiologial studies have shown clear evidence that among post-
menopausal women risks of cancers of the breast and endometrium are asso-
ciated with blood levels of total and bioavailable estrogens, as well androgens.
By contrast, blood levels of sex steroids have not been found to be clearly
related to the risk of prostate cancer. For premenopausal breast cancer and
ovarian cancer there is insufficient evidence to draw any clear conclusions at
this stage. Besides the sex steroids, there is increasing evidence from recent
studies that elevated blood levels of IGF-I may be associated with increased
risks of cancers of the prostate, breast (in young women), colon, and possibly
also the ovary, and that elevated insulin levels may be a risk factor for cancers
of the colon, endometrium, and possibly pancreas and kidney.

Further studies are needed to confirm the above findings, especially with
respect to IGF-1, and to examine possible relationships of cancer risk with pre-
menopausal hormone profiles. In addition, many questions remain about the
possible determinants, nutritional, and other lifestyle factors, or genetic back-
ground, that may explain the sometimes large interindividual variation in
plasma levels of sex steroids, insulin, IGF-I, and IGF-binding proteins.
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CHAPTER 10
Angiogenesis: A Promising Target for
Cancer Prevention

I.U. ALI

The formation of new vasculature proceeds by mechanisms that primarily
comprise vasculogenesis and angiogenesis. The process of vasculogenesis,
which is mostly confined to early embryonic development, involves de novo
differentiation of endothelial cells from mesodermal precursors and their sub-
sequent organization into the vascular capillary network (Risau and FLAMME
1995; Risau 1997; Patan 2000). Angiogenesis, on the other hand, is the process
of recruitment of capillaries from preexisting blood vessels by sprouting or
sometimes by a nonsprouting mechanism known as intussusception (PATAN et
al. 1996). Angiogenesis is required for the supply of oxygen and nutrients to
the cells and is therefore essential for cell survival. Although angiogenesis is
a key process during embryonic development, the vasculature is usually qui-
escent in adult life with physiologic angiogenesis occurring only in specific
situations such as wound healing, inflammation, and development of corpus
luteum during the menstrual cycle. Neovascularization in these situations is
tightly regulated and temporally and spatially coordinated.

There is a long list of pathological situations with which angiogenesis is
associated, including rheumatoid arthritis, diabetes, various ischemic and
inflammatory disorders, and cancer (FOLKMAN 1995; CARMELIET and Jain 2000).
Vascular proliferation is an important aspect of the tumorigenic process
(FoLkman 1990). Like any developing organ, tumors are angiogenesis-
dependent for the acquisition of nutrients and oxygen and hence for their sur-
vival and growth. Contrary to the conventional wisdom that angiogenesis is
triggered when the tumor reaches a size of approximately 0.2-2mm, i.e.,
relatively late in the tumorigenic process, evidence is mounting that the angio-
genic switch may be an early event in carcinogenesis (FOLKMAN et al. 1989;
HaNaHAN et al. 1996; HaNaHAN and ForkMan 1996) and may therefore
provide a potential new avenue for cancer prevention. This review will briefly
outline the significant steps in angiogenesis, focus on the rationale of using
antiangiogenic strategies as a new paradigm for cancer prevention and discuss
the potential and problems associated with this approach.

A. Mechanisms of Angiogenesis

Angiogensis is a highly complex process, which, under normal conditions, is
exquisitely regulated by the opposing activities of a variety of angiogenic
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inducers and inhibitors (Bouck et al. 1996; IRUELA-ARISPE and Dvorak 1997,
HaNAHAN and WEINBERG 2000). Formation of new vasculature from normally
quiescent endothelial cells in itself is an invasive process that comprises well-
defined steps involving numerous cellular functions such as degradation of the
basement membrane, directed migration of endothelial cells, proliferation,
adhesion, and cell—cell and cell-matrix interactions (Bouck et al. 1996; Risau
1997). A vast array of cytokines, growth factors, growth factor receptors, adhe-
sion factors, adhesion receptors, proteases, and protease inhibitors participate
in multiple steps that occur during neovascularization. Obviously, each of these
steps constitutes targets for designing prevention/intervention strategies
directed against angiogenesis (EaTock et al. 2000).

L. Growth Factors and Growth Factor Receptors

There is a long list of growth factors that have mitogenic activity for endothe-
lial cells and act via autocrine or paracrine mechanisms serving as inducers of
angiogenesis (FoLkMAN and KLAGSBRUN 1987; LEEK et al. 1994; ZETTER 1998).
By far the single most important growth factor, vascular endothelial growth
factor or VEGF, is a specific mitogen and a survival factor for endothelial cells
(SENGER 1996; FERrARA 2000). VEGF is produced by a wide variety of tumor
cells, and plays a central role in angiogenesis (SENGER et al. 1993; FERRARA and
AvmraLo 1999). It is a bifunctional peptide with vascular permeability and
endothelial cell-specific mitogenic activities (SENGER et al. 1983; SENGER et al.
1990; STEPHAN and Brock 1996). Several biologically active isoforms of VEGF
are generated by the alternative splicing of a single gene product (TiSCHER et
al. 1991). The production of VEGF is often upregulated in tumors by hypoxia
partly through the action of the hypoxia-inducible transcription factor, HIF-1
(ForsyTHE et al. 1996). Loss of the tumor suppressor gene, VHL, mutational
inactivation of the p53 gene, and the activation of the nuclear factor-kB
play an important role in the upregulation of VEGF (KIESER et al. 1994;
MUKHOPADHYAY et al. 1997; Royps et al. 1998). The activity of VEGF is medi-
ated via two of its receptors, VEGFR-1 and VEGFR-2 belonging to the
tyrosine kinase family (VEikkora et al. 2000). VEGFR-2 is expressed
predominantly on proliferating endothelial cells (VEikkoLa et al. 2000). A
variety of other proangiogenic cytokines and growth factors regulate angio-
genesis by either directly or indirectly modulating VEGF and/or VEGFR
signaling.

Another family of angiogenic factors specific for the vascular endothelial
cells, named angiopoietins, and endothelial cell-specific tyrosine kinase recep-
tor, Tie-2, have been identified recently and their function elucidated through
the use of transgenic and knock-out mice (Davis and Yancopouros 1999). It
has been demonstrated that the angiopoietin system is crucial for the recruit-
ment of pericytes and smooth muscle cells needed for the stabilization of
the developing vasculature and thus in maintaining vascular integrity
(PAPAPETROPOULOS et al. 1999).
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Besides these endothelial-specific growth factors, numerous other
cytokines and growth factors, by virtue of their mitogenic and chemotactic
activities on endothelial cells, have been suggested to positively regulate angio-
genesis. These include the family of fibroblast growth factors and their recep-
tors, PDGF and its receptor tyrosine kinase, TNFe, IL6 and IL8, HGF/SF
(WEBB and VaNDE WouUDE 2000), and some members of the CXC chemokine
family (BELPERIO et al. 2000; SCHNEIDER et al. 2001).

Although endothelial cell proliferation, stimulated by a variety of growth
factors and their receptors, is a critical process during angiogenesis, endothe-
lial cell adhesion events affecting endothelial cell migration, construction and
extension of new microvessels, and degradation and remodeling of the extra-
cellular matrix (ECM) are recognized to be essential as well (ELICEIRI and
CHERESH 2001). The growth and alignment of endothelial cells and capillary
morphogenesis during angiogenesis depend on both cell-cell and cell-ECM
adhesions mediated by various adhesion receptors.

II. Cell Adhesion Receptors

Various adhesion receptors expressed either selectively or predominantly
on endothelial cells include vascular-endothelial cadherin (VE-cadherin),
platelet-endothelial cell adhesion molecule (PECAM-1 or CD31), E- and P-
selectins, and integrins (TEDDER et al. 1995; Brooks 1996; NEwMaN 1997,
SHEBANI and FrRAZIER 1999; DEjANA et al. 2001). Endothelial cells interact with
a wide variety of ECM components via integrin receptors, which are trans-
membrane multifunctional proteins and are transducers of biochemical signals
between a cell’s exterior and interior (Giancorti and RuosLanTi 1999;
Evicemrt and CHERESH 2001). The integrin superfamily is composed of at least
16 « and eight B subunits that are expressed in a variety of noncovalently
associated heterodimeric combinations (Giancorri and Ruosrautt 1999).
Endothelial cells, depending on a variety of conditions, express several com-
binations of these transmembrane heterodimeric receptors (Bazzoni et al.
1999). Two of these integrin receptors, ovf33 and avf5, while minimally
expressed on quiescent vessels, are highly expressed on new vessels during
angiogenesis induced by distinct growth factors (Brooks et al. 1994). It has
been suggested that avf3 integrin receptor provides a survival signal to vas-
cular cells during new blood vessel growth. Preclinical studies have demon-
strated that antagonists specific for integrins, including peptidic inhibitors and
anti-integrin monoclonal antibodies, inhibit angiogenesis by inducing apopto-
sis of newly sprouting blood vessels (Brooks et al. 1994; Brooks et al. 1995;
KuMaR et al. 2001).

III. Proteases and Protease Inhibitors in Extracellular Remodeling

The degradation and remodeling of the extracellular matrix are essential steps
in the angiogenic process (BIRKEDAL-HANSEN 1995). A cohort of proteases and
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protease inhibitors, produced by tumor cells as well as endothelial and nonen-
dothelial cells, mediates these important events. A number of cytokines and
growth factors have been shown to regulate the activity of various proteases
and protease inhibitors. During the remodeling process, protease cascades,
such as plasminogen activator/plasmin system and specific plasmin activator
inhibitors and matrix metalloproteinases and their respective tissue inhibitors
of metalloproteinases, carry out a controlled degradation of the ECM (PEPPER
2001). Besides remodeling the ECM, interactions between the proteases and
the ECM are important at multiple levels. For example, growth factors, many
of which have proangiogenic activities, may often be stored in the ECM and
finally released by the action of proteases (SAKSELA and RirkiN 1990;
V0LoDAVSKY et al. 1990). Similarly, ECM components provide substrates for the
generation of the inhibitors of angiogenesis by proteolytic cleavage (WEBB and
VANDE WoubE 2000).

IV. Endogenous Inhibitors of Angiogenesis

Naturally occurring endogenous inhibitors of angiogenesis are believed to
function in the maintenance of vascular quiescence. The first inhibitor of angio-
genesis to be identified was thrombospondin, TSP-1, a member of the family
of extracellular proteins with multifunctional domains that participate in
cell—cell and cell-matrix communications (LAWLER 2000). The inhibitory effect
of TSP-1 on angiogenesis is mediated through its binding to the CD36 trans-
membrane receptor expressed on microvascular endothelial cells thereby
inducing receptor-mediated apoptosis (Dawson et al. 1997). Many other
inhibitors of angiogenesis are generated in vivo by proteolytic degradation of
the components of the ECM. Angiostatic activities of angiostatin and endo-
statin, which are the proteolytic cleavage fragments of plasminogen and col-
lagen XVIII respectively, have been extensively studied (O’ReLLy 1997,
O’REILLLY et al. 1997). It has been suggested that circulating levels of these
antiangiogenic fragments, generated by the activity of proteases elaborated by
primary tumors, help maintain the distant micrometastases in a dormant state.
Several in vitro experiments have shown that similar proteolytic fragments of
prolactin, fibronectin, collagen IV, and hepatocyte growth factor/scatter factor
inhibit endothelial cell growth suggesting a potential in vivo antiangiogenic
role for them as well (FERRARA et al. 1991; CLAPP et al. 1993; JiaNG et al. 1999;
Eviceirt and CHEResH 2001). Also, some members of the CXC chemokine
family, which are inducible by interferons, have been shown to be potent
inhibitors of angiogenesis (BELPERIO et al. 2000; SCHNEIDER et al. 2001).

It is clear that, based upon the molecular details of angiogenesis, preven-
tion/intervention strategies can be directed at multiple steps of this complex
process. A variety of antiangiogenic agents are already in clinical trials for the
treatment of tumors with high vascularity and other advanced and metastatic
cancers (BENCE et al. 2001; Toserti et al. 2002). These compounds that block
the remodeling of ECM, interfere with the integrin signaling critical for cell
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survival, and/or inhibit the activity of various proangiogenic growth factors
hold great potential for blocking angiogenesis.

B. Angiogenesis as a Component of
Precancerous Phenotype

It has long been known that the growth of advanced and metastatic tumors is
dependent upon angiogenesis. That angiogenesis may also be a potentially
rate-limiting step in the conversion of dormant preinvasive cells to those with
the tumorigenic invasive phenotype has been suggested by studies of animal
models, experimental assay systems, and analysis of a variety of human pre-
malignant lesions.

I. Animal Models

In multiple transgenic models of tumorigenesis, employing dominant
oncogenes and/or null alleles of tumor suppressor genes and modeling the
multistage tumor development pathways in human cancers, the angiogenic
phenotype is often evident in the premalignant stage prior to tumor forma-
tion. The induction of the “angiogenic switch” has been reported in distinct
premalignant stages of SV40 T antigen-expressing pancreatic islet cell carci-
noma (HANAHAN 1985; FoLkMAN et al. 1989), bovine papillomavirus (BPV-1)
oncogene carrying dermal fibrosarcoma (LACEy et al. 1986; HANAHAN et al.
1989), and human papillomavirus (HPV-16) expressing squamous cell carci-
noma (ARBEIT et al. 1996; Coussens et al.1996). Especially, the pancreatic islet
carcinoma model has provided molecular insights into the discrete role of
angiogenesis in tumor progression (HANAHAN and FOLKMAN 1996). In this
experimental mouse model, although all hyperplastic pancreatic islets express
the transgene, SV40 T antigen, only the ones that switch to the angiogenic phe-
notype, probably by inactivating the angiogenesis suppressor gene throm-
bospondin, progress to form invasive tumors. Most notably, a study using these
mice at different stages of the carcinogenic spectrum provided evidence that
distinct antiangiogenic compounds act in a stage-specific manner (BERGERS et
al. 1999). Of special interest are the angiogenesis inhibitors that block the pro-
gression of premalignant lesions into tumors.

In another example, distinct angiogenic initiation and angiogenic pro-
gression switches were reported in the transgenic adenocarcinoma of the
mouse prostrate (TRAMP) model. TRAMP mice, expressing the SV40 large
T antigen driven by the rat probasin promoter specific for prostate epithelium,
develop prostate cancer that displays the entire spectrum of the human disease
ranging from mild to severe hyperplasia corresponding to PIN lesions, well-
differentiated to poorly-differentiated neoplasia, and finally metastatic tumors
(GREENBERG et al. 1995). The two distinct angiogenic switches, the first one cor-
responding to the tumor initiation phase and another late angiogenic switch
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coinciding with the progression phase of the tumor development, exhibited
distinct molecular profiles of angiogenic markers (Huss et al. 2001). These
findings have significant implications in terms of designing target-specific and
stage-specific antiangiogenic therapies.

II. Experimental Systems

The events that precede tumor cell proliferation and neovascularization have
been analyzed in an elegant experimental system. When only 20-50 mammary
tumor cells were implanted into transparent skin chambers of rats and mice,
the earliest event was chemotaxis-like directional migration of tumor cells
towards the host vasculature followed by tumor cell proliferation and onset
of angiogenesis (LI et al. 2000). At this stage of the onset of neovasculariza-
tion, the tumor mass contained approximately 100 cells. A fully functional
microvasculature was evident when the cluster grew to about 300-400 tumor
cells. Most importantly, injection of an angiogenesis inhibitor, a truncated form
of the vascular endothelial growth factor receptor, together with tumor cells,
not only blocked the initial angiogenesis but also caused tumor cell apoptosis
(L1 et al. 2000). These experiments clearly demonstrate that the cross talk
between tumor cells and the host vasculature resulting in the onset of angio-
genesis is the earliest event during tumorigenesis, and that antiangiogenesis
agents, when administered early enough, can prevent tumor formation. Since
the mammary tumor cells used in the skin chamber assays had a fully invasive
and angiogenic genotype, the question arises if premalignant breast epithelial
cells depicting the early progression events in human primary breast tumors
would also elicit such an early angiogenic response.

Many experimental systems including rodent models and human breast
tumor lines xenografted in murine hosts, both in their structural architecture
as well as biological behavior, do not truly reflect the complex and heteroge-
neous characteristics that accompany the progression of human breast disease.
In this context, a unique xenograft model using MCF10A cells, derived from
the breast tissue of a patient with fibrocystic disease, has been described
(MILLER et al. 1993). Ha-ras-transformed derivatives of MCF10A, when
xenografted in mice, evolve into proliferative lesions displaying histologic
features of the entire spectrum of the human breast disease including mild to
moderate hyperplasia, atypical hyperplasia, dysplasia, carcinoma in situ,
and invasive carcinoma (DAwsoN et al. 1996). Coculturing of MCF10 A cells,
which are normal and do not form lesions in immune-deficient mice, and
MCFd10AT1-EIII8 cells, which produce preneoplastic lesions, with human
umbilical vein endothelial cells in matrigel appears to recapitulate interactions
between endothelial cells and breast epithelial cells in vivo (SHEKHAR et al.
2000). Although there is a preferential interaction between the endothelial
cells and both normal and premalignant breast epithelial cells, sustained
proliferation of endothelial cells occurs only in cocultures of EIII8 premalig-
nant breast epithelial cells. This induction of angiogenesis supported the



Angiogenesis: A Promising Target for Cancer Prevention 175

formation of hyperplastic proliferative ductal alveolar outgrowths with
invasive potential suggesting a cause-effect relationship. Furthermore, both
processes were enhanced by estrogens and inhibited by antiestrogens
(SHEKHAR et al. 2001).

III. Human Cancers

Angiogenesis is detected in early neoplastic lesions associated with a variety
of human cancers including ductal carcinoma of breast, cervical carcinoma,
prostate cancer, bladder cancer, skin cancer, and probably many other types
of cancers. The original histopathological observations using immunostaining
to detect microvessel density in premalignant stages have later been substan-
tiated by molecular techniques of profiling angiogenic markers.

1. Breast Cancer

The critical morphological and histological features, suggesting that onset of
angiogenesis is a relatively early event in breast carcinogenesis, have been
defined much before the advent of molecular characterization (GIMBRONE and
GuLLINO 1976; BREM et al. 1978). In women with fibrocystic disease, the risk
of breast cancer increased with the number and density of microvessels in the
hyperplastic lesions (WEIDNER et al. 1992; GUINEBRETIERE et al. 1994). Ductal
carcinoma in situ (DCIS) is considered to be the preinvasive version of breast
cancer with complete genotypic potential of invasion and malignancy
(SiLversTEIN and Masgtti 1998). Compared with normal breast epithelium,
DCIS lesions generally overexpress VEGF (Guipi et al. 1997). Two distinct
patterns of vascularity, a diffuse stromal vascularity between the ducts and a
dense rim of microvessels around the ducts, have been defined in the DCIS
lesions suggesting the presence of two different angiogenic pathways (ENGELS
et al. 1997). An upregulation of the platelet-derived endothelial cell growth
factor, also known as thymidine phosphorylase, which is chemotactic for
endothelial cells, has been reported in the rimmed version of DCIS (ENGELs
et al. 1997).

In various studies, increased vascularity has been reported in preinvasive
breast pathologies possibly even before the appearance of defined histopatho-
logical changes. Analysis of angiogenic growth factors during the progression
through various histopathologies suggests that the regulation of each pheno-
type may have a complex and distinct angiogenic profile. The growth factors
examined and found to be altered include VEGF, bFGF, PD-ECGF, IGF 1,
and IGF II, which are produced by epithelial, endothelial, and other cell types.
Especially, an increase in VEGF, bFGF, and PD-ECGF was reported at the
transition from atypical hyperplasia to carcinoma in situ (HEFFELFINGER et al.
1999). It appears that a dynamic balance of several angiogenic factors derived
from various cell types regulates the vascularity during the initiation and pro-
gression of breast cancer through multiple stages. Analysis of the angiogenic
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profiles during the early stages of preinvasive breast lesions would provide
insights into the multifactorial nature of regulation of angiogenesis and iden-
tify stage-specific molecular targets for the development of chemopreventive
strategies.

2. Prostate Cancer

Well-defined progressive histopathologic stages can be delineated in prostate
cancer ranging from low-grade to high-grade PIN lesions, focal carcinoma, and
finally to invasive carcinoma and metastasis (NUPPONEN and Visakorpi 1999).
Although high grade PIN is widely regarded to be the likely precursor of
prostate cancer, most of the PIN lesions remain permanently dormant and pro-
gression of these lesions to clinical prostate cancer is a rare event (CARTER et
al. 1990). Several studies, employing immunohistochemical staining for deter-
mining the microvessel density, have suggested that neovascularity is an essen-
tial requirement in the progression of prostate carcinoma through various
pathologic stages (CaMPBELL 1997; Sakr and GRIGNON 1997). Microvessel
density was reported to be of prognostic importance and an independent pre-
dictor of pathologic stage as well as of malignant potential of prostate cancer
(BrawEr 1996; Borre et al. 1998). Also, in a xenotransplant model, use of
angiogenesis inhibitors such as linomide has been shown to be effective against
prostate cancer growth (JosepH and Isaacs 1997).

There are numerous reports of the expression of proangiogenic factors
such as VEGF, PD-ECGF, IGF-1, IGF-2, and TGFp in prostate carcinoma
(reviewed in (RussELL et al. 1998)). Administration of anti-VEGF antibodies
targeting neovascularization effectively suppressed the growth of prostate
cancer xenografts in nude mice beyond the initial prevascular growth phase
as well as the metastasis of established prostate cancer (BORGSTROM et al. 1998;
MELNYK et al. 1999).

3. Glial Tumors

Astrocytic neoplasms are believed to progress via independent genetic path-
ways ultimately giving rise to glioblastoma multiforme (GBM), the most
malignant form of the glial tumors. One of the genetic pathways to GBMs
involves linear progression of low-grade astrocytomas, which are considered
semi-benign primary brain tumors, by acquiring increasing genetic alterations.
(KLeiHUES and OHGak1 1999). The GBMs are endothelial-rich tumors with
prominent vascular proliferation, which is mediated by a dynamic balance
of angiogenesis inducers and inhibitors (GUerRIN and Laterra 1997). VEGF
has been shown to play a significant role in the neovascularity of glial
tumors. Various studies have examined angiogenesis in fibrillary low-grade
astrocytomas in an attempt to differentiate between tumors with differing
propensities for early recurrence and/or malignant transformation. Immuno-
histochemical staining to assess microvessel density or the expression of
various angiogenesis stimulating-growth factors, especially VEGF and its
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receptor Flk-1, in diffuse fibrillary low-grade astrocytomas indicates that a
significant association exists between positive staining for both VEGF and
Flk-1 and earlier recurrence and overall shorter survival (Yao et al. 2001).

In another recent study, patients with fibrillary astrocytomas were
examined by dynamic susceptibility contrast-enhanced MRI to measure the
pretherapeutic cerebral blood volume as a surrogate marker of tumor angio-
genesis (Fuss et al. 2001). The observed values were then correlated with cli-
nical outcome subsequent to radiotherapy. The results suggest that based upon
the angiogenic activity measured by this technique, low-grade astrocytomas
may be categorized into more or less favorable entities in terms of malignant
transformation or early local recurrence (Fuss et al. 2001). If born out by
future studies, this noninvasive method of measuring the angiogenic activity
of low-grade astrocytomas would have far-reaching prognostic and therapeu-
tic consequences.

4. Other Cancers

Other examples of induction of angiogenesis in premalignant phases of onco-
genesis include colonic adenomas and dysplastic lesions of the uterine cervix.
In colonic adenomas, immunostaining detected increased levels of VEGF
as well as microvessel density as compared to normal colonic epithelium
(Bosst et al. 1995; Wong et al. 1999). Analysis of VEGF expression by in situ
hybridization confirmed its upregulation in adenomas prior to the establish-
ment of the invasive phenotype with a further increase during the develop-
ment of adenocarcinoma (WoNG et al. 1999). Similarly, onset of angiogenesis
is an important event in the progression of cervical carcinogenesis. Multiple
studies have demonstrated an increase in the VEGF expression as well as in
microvessel density in cervical dysplasia or intraepithelial lesions ranging from
CIN I to CIN III (Ravazoutra et al. 1996; DELLAS et al. 1997; OBERMAIR et al.
1997).

In summary, studies of both in vitro and in vivo experimental models and
analyses of human cancers have provided compelling evidence that neovas-
cularization ensues at the earliest stage of tumor development and therefore
constitutes a critical target for prevention. An understanding of the molecu-
lar differences in tumor-specific vasculature would not only be of diagnostic
value, but also enhance the prospects of tailored preventive approaches.

C. Molecular Architecture of Normal Versus
Tumor-Derived Vasculature

The development of normal vasculature in various tissue types is highly spe-
cific and conforms to the environmental and metabolic needs of a specific
organ. Vascular remodeling of the endometrium during the menstrual cycle
and of the mammary gland during various stages of its life cycle are examples
of the highly organized, genetically programmed, and tissue-specific
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angiogenesis. Tumor vasculature, on the other hand, is known to be abnormal
and disorganized, both structurally and functionally (BaisH and JaiN 2000;
CArRMELIET and JaiN 2000; HasnizuME et al. 2000), and probably reflects
the qualitative and quantitative imbalance in angiogenic stimulators and
inhibitors. Studies using the microvascular corrosion casting technique fol-
lowed by scanning electron microscopy have revealed the differences between
the vascular architectures of normal tissues and tumors (KONERDING et al.
1999). The normal vasculature is highly organized and displays uniform pat-
terns of vascular densities, branching, and vessel diameters. In contrast, char-
acteristic features of tumor vessels include heterogeneous vessel densities and
significant differences in vessel diameters as well as in intervessel and inter-
branching distances. Comparison of the colorectal adenomas and carcinomas
exhibited architectural similarities although the vascular hierarchy was better
maintained in adenomas (KoNERDING et al. 2001). Another striking finding of
the studies was the presence of tumor-specific microvascular architecture in
both xenografted human tumor cell lines in mice as well as in primary human
tumors (KONERDING et al. 1992).

Besides these architectural differences in the vasculature, significant
molecular differences have been identified between normal and tumor-
derived endothelial cells. Recent findings from two studies have furthered our
understanding of the molecular aspects of tumor angiogenesis (St Croix et al.
2000; CArsON-WALTER et al. 2001). A large number of genes are differentially
expressed on tumor endothelial cells and have been designated as tumor
endothelial cell markers (TEMs) (St Croix et al. 2000). Identification and
characterization of some of these TEMs, originally isolated from a colon
tumor, demonstrated that (a) the expression of TEMs is largely restricted to
the vasculature of tumors derived from a variety of tissue types, (b) although
not detectable in adult normal vessels, most of the TEMs are generally
expressed during normal angiogenesis such as in the corpus leuteum and
healing wounds, and (c) the mouse counterparts of TEMs are also selectively
expressed in mouse tumors as well as in the vasculature of the developing
mouse embryos (CArRSON-WALTER et al. 2001). It is clear that these TEMs
render themselves as molecular targets for antiangiogenic therapies. Given the
complex heterogeneity of human cancers, it is conceivable that significant
qualitative and/or quantitative differences exist in the molecular profiles of
vasculatures derived from different tumors. Future investigations would reveal
if tumor tissue-specific and/or stage-specific TEMs exist for designing of highly
specific prevention/intervention strategies targeting angiogenesis.

D. Angiogenesis as a Target for Chemoprevention —
Potential and Challenges

Cancer prevention is fast emerging as a discipline with a very promising poten-
tial. The nature of the multistep progression of cancer development provides
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a strong rationale to develop preventive approaches in the premalignant phase
of the disease much before the appearance of clinical symptoms. Carcino-
genesis at a premalignant stage can be inhibited or even reversed by dietary
and/or pharmacological interventions, a strategy defined as chemoprevention
(Sporn 1976; KELLOFF et al. 1994). It is obviously a very challenging terrain for
at least two reasons. First, it is very difficult to detect subtle changes that are
indicative of the onset of the carcinogenic process and to subsequently follow
the efficacy of chemopreventive agents by monitoring these subtle alterations.
And second, chronic administration of appropriate chemopreventive agents
in mostly healthy individuals must provide a protective effect without toxic-
ity. It is expected that the explosion in molecular information that is provid-
ing new mechanistic insights into cellular signaling networks would enable the
development of target-selective agents for cancer prevention with low or no
toxicity profiles.

Most chemopreventive compounds currently in clinical use probably act
via multiple mechanisms, which are often unclear and sometimes controver-
sial. Although certain classes of chemopreventives have a designated central
mechanism, for example, scavengers of free radicals, antagonists of hormones,
modulators of signal transduction, or differentiation agents, it is difficult to
assess the relative contribution of different and probably overlapping mecha-
nisms to their chemopreventive activity as well as their long-term side effects.
The chemopreventives used in multiple prevention trials including retinoids,
interferons, selenium, linomide, aromatase inhibitors, selective estrogen recep-
tor modulators like tamoxifen, and NSAIDS, especially the COX-2 inhibitor,
celecoxib, have been shown to inhibit angiogenesis (NAKAMURA et al. 1996;
JoserH and Isaacs 1997; LINGEN et al. 1998; Tsuii et al. 1998; JiaNG et al. 1999;
FATHALLAH-SHAYKH et al. 2000; MARsoN et al. 2001; McNAMARA et al. 2001).
The antiangiogenic activity of these compounds probably contributes to their
protective and chemopreventive effect. If so, use of specific antiangiogenesis
agents, alone as chemopreventives or in combination with other chemopre-
ventive agents, is likely to have several benefits in prevention trials.

The antiangiogenesis approach has some widely recognized advantages
over other treatment modalities. First, antiangiogenic therapies targeting new
vasculature are expected to be highly tumor specific as 99.99% of the endothe-
lial cells in the normal vasculature are in a state of quiescence (HoBson and
DEe