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Preface 

The XIth International Expert Meeting of the Dr. Mildred Scheel 
Foundation for Cancer Research was held in Bonn, Germany, on 
16-17 November 1997. Thirty-two invited speakers from 10 
countries, together with 80 additional participants, discussed the 
topic "Genes and Environment in Cancer", a field of research 
that has developed rapidly in recent years. 

The homeostatic balance of an organism is the result of a deli
cate network of interactions between genes and environment. 
This balance may be suspended if genes are structurally or func
tionally aberrant, either due to an endogenous genetic condition 
or to external genotropic influences. 

The historical hypothesis "Cancer is a genetic disease" has 
convincingly been supported by a wealth of recent information. 
On the one hand, a hereditary genetic condition may predispose 
to cancer development, as evident from pedigree studies and 
molecular genetic analyses. Various genes have been found to be 
related to an individual hereditary cancer predisposition, for ex
ample, hereditary TP53 or RBi defects in several types of familial 
cancer, loss of mismatch repair genes in hereditary nonpolyposis 
colon cancer (HNPCC), BRCA-l or -2 germline mutations in a 
subgroup of breast carcinomas, or a well-defined mutation spec
trum in tumors of multiple endocrine neoplasia syndromes. On 
the other hand, identical, similar and many other genetic aberra
tions may arise spontaneously or can be induced by endogenous 
factors formed during pathological and even physiological pro
cesses and also as a result of interaction with external environ
mental factors. When Percival Pott described scrotal cancer of 
chimney-sweeps in England 200 years ago, he opened up the 
search for an ever-increasing number of cancer risk factors in 
our environment. The list of putative or confirmed human car
cinogenic factors is long and far from complete. Among them, 
most chemical carcinogens have to be metabolically converted 
into short-living, highly reactive electrophiles which form DNA 
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adducts. Recently observed polymorphisms of both activating 
and detoxifying enzymes contribute to individual cancer predis
position after carcinogen exposure. 

Determination of promutagenic DNA adducts in surrogate 
cells may help to evaluate the personal cancer risk. However, the 
persistence and biological effects of promutagenic DNA adducts 
or structural changes that are induced by chemical carcinogens 
or physical carcinogenic factors, ionizing radiation and UV in 
particular, may be influenced by DNA repair. The individual's ge
netically predetermined or adaptive DNA repair capacity is criti
cal to the probability of cancer development. In patients suffering 
from hereditary or acquired DNA repair disorders, the risk of 
cancer is increased. The final result of interaction with a carcino
genic factor appears to also be dependent on the particular con
ditions of the genomic target. Genome instability or chromoso
mal fragile sites are important determinants at the genomic level. 

In recent years, molecular epidemiology has become a most 
effective tool in bridging the gap between a typical genetic lesion 
(be it a mutation hotspot or a specific form of mutation), a puta
tively involved class of physical or chemical carcinogen and the 
actual cancer incidence. Although early enthusiasm for the hy
pothesis "Carcinogens leave fingerprints;' a very attractive term 
indeed, has quieted down, the information obtained by combin
ing molecular and population genetics, biochemistry and classi
cal epidemiology is of utmost importance for elucidating rela
tionships between risk factors and actual human cancer inci
dence. Molecular epidemiology may provide insights into mecha
nisms of initiation and progression of human cancer and may 
have a considerable impact on cancer prevention. 

Despite sophisticated analyses of genetic aberrations and the 
effects of carcinogenic factors, it should not be overlooked that 
the mysteries of the latency period between the initiating event 
at the start of the carcinogenic process and the clinical manifes
tation of a malignant tumor have not yet been unravelled. Re
search on the role of genetic and environmental factors that 
modify the susceptibility to spontaneous and hereditary carcino
genesis is a very important issue. 

Last, but not least, environmental exposure to viruses may 
serve as a paradigm of the contribution of transmissible carcino
genic factors to the development of human cancer. The pathway 
from epidemiological facts to the elucidation of molecular mech
anisms and, further, to practical tumor prevention by appropriate 
vaccination illustrates a promising and successful line of cancer 
research for which hepatitis B virus is prototypic. 

The idea of the XIth International Expert Meeting was to 
bring together recognized scientists who are familiar with the 
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multifaceted interplay between genes and environment in cancer. 
Recent achievements and promising trends in different disciplines 
of cancer research are presented in this volume. Apart from the 
pure heuristic value, we hope that advances in the assessment of 
cancer risk and the involved hereditary, genetic and environmental 
parameters, as reported here, will improve the chances for devel
oping new strategies for cancer detection and prevention. 

H. M. Rabes, Chairman, Scientific 
Committee, Dr. Mildred Scheel 
Foundation for Cancer Research 
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Epidemiological Evidence of the Effects of Behaviour 
and the Environment on the Risk of Human Cancer 

R.Doll 

ICRF Clinical Trial Service Unit and Epidemiological Studies Unit, 
Harkness Building, Radcliffe Infirmary, Oxford OX2 6HE, UK 

Abstract 

The incidence of cancer in middle and old age can, in principle, be reduced 
by 80%-90% and the risks worldwide could be halved, although the methods 
required are not always socially acceptable. The proportions of fatal cancers 
attributable to different causes are examined under 17 headings: smoking, al
cohol, pharmaceutical products, infection (parasites, bacteria, viruses) elec
tromagnetic radiation (ionizing, ultraviolet, lower frequency) occupation, in
dustrial products, pollution (air, water, food), physical inactivity, reproduc
tive hormones, and diet. 

Smoking is the most important factor. It contributes to the production of 
seven types of cancer in addition to the eight that were recognized by the In
ternational Agency for Research on Cancer in 1986 and is estimated to have 
been responsible for 38% of cancers in men and 6% in women in Germany 
in 1985. Firm estimates can also be made of the proportions of fatal cancers 
attributable to alcohol and ionizing radiation, and reasonable guesses can be 
made at the maximum effect of some of the other categories. 

Many of the factors act synergistically with one another, so that the risk of 
developing specific cancers can be modified in different ways. When all the 
avoidable causes are known, the sum of the proportions avoidable in differ
ent ways may add up to several hundred per cent. 

Introduction 

Knowledge of the environmental and behavioural causes of cancer grew rap
idly in the first few decades of the second half of this century. By 1980 we 
were able to assert that, in principle, it should be possible to reduce the inci
dence of the disease in middle and early old age by 80%-90%. It was not 
known precisely how such a large reduction could be brought about, but it 
was known how the risk could be approximately halved, though the methods 
required were not always socially acceptable. Since then the rate of accumu
lating knowledge of the means of avoiding cancer has slowed, while knowl-

Recent Results in Cancer Research, Vol. 154 
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4 R. Doll 

edge of the mechanisms by which cancer is produced at the cellular level has 
increased dramatically. This increase has facilitated the discovery of viral 
causes of cancer, but it remains to be seen how far it will help in identifying 
the nature of other avoidable causes that are as yet unknown. Here, I de
scribe the causes that are now known and draw attention to the areas where 
the gaps that should be capable of being filled are most glaring. I have, of 
necessity, had to use British data for some of my examples, as these were the 
only ones available to me, but I have used German data whenever I could. 

Avoidable Causes 

Smoking 

The most important known avoidable cause continues to be smoking. This, 
it is now known, contributes to the production of cancer of many different 
types. Eight forms of cancer were recognized to be largely attributable to 
smoking by the International Agency for Research on Cancer (IARC) in 
1986. These are listed in Table 1. For these eight cancers prolonged consump
tion of about 20 cigarettes per day increases the risk between 2 and 20 times. 
With further research since the IARC's report it has become clear that sev
eral other types of cancer are also somewhat more common in cigarette smo
kers than in non-smokers. These are listed in Table 2. For some, the mortal
ity in smokers is only slightly greater than in non-smokers, but the consis
tency of the findings in different countries, the evidence for a dose-response 
relationship, the lower mortality in ex-smokers than in continuing smokers, 
the presence of many different carcinogens in tobacco smoke, and the lack of 
evidence of confounding provide grounds for believing that most of the ob
served relationships are causal. For one, cancer of the liver, the association in 
developed countries has generally been attributed to confounding with the 
consumption of alcohol and cirrhosis of the liver, but evidence from parts of 
China, where little alcohol is consumed, confirm the finding by Trichopoulos 
et al. (1980) that smoking plays an independent part in its causation (Liu et 

Table 1. Cancers largely attributable to smoking 

Cancers of: 
Mouth 
Pharynx' 
Oesophagus 
Larynx 
lung 
Panaeas 
Kidney, pelvis 
Bladder 

• Excluding nasopharynx. From: International Agency 
for Research on Cancer (1986). 
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Table 2. Other cancers associated with smoking' 

Nature of association 

Causal 

Causal and confounding 
Confounding and possibly causal 

Type of cancer 

Up, nose, stomach, body of kidney, 
myeloid leukaemia 
Uver 
large bowel, cervix uteri 

• Principally or entirely cigarette smoking except for lip cancer, principally 
pipe smoking. 

Table 3. Risk of childhood cancer associated with paternal smoking 

Father's smoking 
(cigarettes a day) 

Risk relative to father not smoking 

Sorahan et aI. (1995) Sorahan et al. (1997) 13 other 
studies· 

1- 9 
10-19 
~29 
~39 
40 or more 
1 or more 
Number of children with cancer 

.. p<O.05. 

1.20 
114 
116" 
US· 
1.47* 

1641 

• Sorahan et al. (1997 and personal communication). 

1.03 
1.31· 

1549 
1.20· 
2731 

al. 1997). For two (cancers of the large bowel and cervix uteri) the associa
tions may be wholly due to confounding with, respectively, diet and some 
particular sexually transmitted infection(s); but smoking may still play a 
part in the former indirectly by causing dietary modification, and, in the lat
ter, by causing excretion of tobacco specific mutagens in the cervical mucus. 

Recently childhood cancers have been added to the list, as a small propor
tion appear to be produced by parental smoking; not by causing exposure to 
environmental smoke after birth or to smoke products in maternal blood in 
utero, but as a result of genetic mutations caused by paternal smoking before 
the child's conception. This, to me, surprising finding is strongly suggested 
by the massive data from the Oxford Childhood Cancer Study reported in 
two papers by Sorahan et al. (1995, 1997) and by the sum of the findings in 
13 smaller studies, as is shown in Table 3. It is made plausible by the finding 
of oxidative damage to the sperm of smokers (Fraga et al. 1996). 

Altogether Peto et al. (1994; Peto, personal communication) have esti
mated that smoking has been responsible for about 38% of all deaths from 
cancer in men in Germany since 1985 and that the proportion in women has 
gone up from 3% in 1985 to 6%-still a long way to go to catch up with the 



6 R. Doll 

Table 4. Per cent change in mortality 1970-1974 to 
1990-1991 : Cancers closely associated with smoking 

Type of Per cent change 
cancer 

Males aged, Females aged, 
years years 

35-49 50--69 35-49 50--69 

Lung -49 -34 - 21 +50 
Mouth +82 +80 +33 +37 
Pharynx +46 +12 - 59 - 37 
Oesophagus +36 +58 - 31 +26 
Larynx -5 +7 -41 +9 
Pancreas -23 -15 - 15 +3 
Bladder -47 -19 - 33 -4 

proportions of 52% in men in the UK in 1975 (now down to 40%) and the 
current 20% in women. 

In general, smoking interacts synergistically with other agents and, 
although the cessation of smoking, or better still the avoidance of smoking 
altogether, is the most effective way of reducing the risk, there are other 
ways in which the risk of smoking associated cancers might be influenced -
for example, by increasing the consumption of green and yellow vegetables 
in the case of cancer of the lung. For some types of cancer these other agents 
may have substantial effects, as is illustrated by the change in mortality from 
cancers closely related to smoking in England and Wales since the early 
1970s that are shown in Table 4. The sex-specific trends in the mortality 
from lung cancer, which closely reflect the trends in incidence, because the 
fatality continues to be so high, parallel the trends in the prevalence of cigar
ette smoking adjusted for tar yield, after appropriate allowance has been 
made for latent period and cohort effects (Doll et al. 1997), but the same is 
not true for several of the other cancers that are caused in large part by 
smoking. Clearly there have been other factors, some of which will have in
teracted with smoking, while others may have acted independently. One that 
will have interacted to affect the risk of cancer of the upper digestive tract in 
men and cancer of the mouth in young women will have been the increased 
consumption of alcohol and another may be an increased prevalence of 
infection with carcinogenic varieties of the human papilloma virus. There 
must, however, have been other factors that have caused the reduction in 
mortality from cancers of the pharynx in women and from cancer of the 
bladder in older women, the last being perhaps the elimination of carcino
genic dyes. 
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Table S. Mortality from breast cancer in american women by 
consumption of alcohol 

Consumption Annual death rate 
(glday) " per 100000 

None 30.3 
less than 12 33.3 
12- 23 37.6 
24-47 45.8 
48 or more 29.1 

After Thun et al. (1997). 
0, confidence interval. 

Relative risk 
(95% CI) 

1.0 
1.1 (0.9, 1.3) 
1.2 (1.0, 1.6) 
1.5 (11. 1.9) 
1.0 (0.7, 1.4) 

a The unit drink is defined as containing 12 g ethanol, 
50% more than the unit drink is assumed to contain in the UK. 

Alcohol 

Alcohol is another well established, but far less important, cause, responsible 
for perhaps 5% of all fatal cancers. Its contribution has been recognized by 
the International Agency for Research on Cancer (1988) which has accepted 
that alcohol, largely, but not wholly, in conjunction with smoking, increases 
the risk of cancers of the mouth, pharynx (other than the nasopharynx), lar
ynx, and oesophagus and increases the risk of cancer of the liver if drunk in 
sufficient amounts to cause cirrhosis. But, as with smoking, further evidence 
since the Agency's review suggests that other types of cancer may have to be 
added to the list. One is cancer of the breast which many cohort studies 
show is related to alcohol, the mortality being increased by about 10% for 
each unit of consumption per day (Longnecker 1994). Observations on some 
250 000 women with known drinking habits followed for 9 years in the 
American Cancer Society's most recent study are shown in Table 5. Maternal 
consumption during pregnancy may also increase the risk of myeloid leukae
mia with characteristic abnormalities of the MLL gene at chromosome 11 q 
23 in infants under 18 months of age (Shu et al. 1996). Whether it does have 
this effect should become clear next year with the report of two large studies 
of infant leukaemia that are now under way. 

Pharmaceutical Products 

As for other drugs, the more they are studied the more they seem to be ben
eficial rather than the reverse. If we leave aside those used to treat cancer, 
some of which cause a small risk of second cancers in patients otherwise ap
parently cured, and the immunosuppressive drugs used principally with or
gan transplants that cause a small risk of non-Hodgkin's lymphomas and 
skin cancers, the only important ones that may cause cancer are the com
bined steroid contraceptives and the oestrogens used as hormone replace-
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Table 6. Risk of breast cancer in users of oral contraceptives 

Use of oral combined 
steroid contraceptives 

Continuing 
Stopped 1-4 years 

5-9 years 
10 or more years 

Risk relative to that 2p 
in non-users 
(95% confidence interval) 

1.24 (1.15-1.33) 
1.16 (1.08-1.23) 
1.07 (1.0H.13) 
1.01 (0.96-1.05) 

<0.00001 
<0.00001 

0.009 

From Collaborative Group on Hormonal Factors in Breast Cancer (1996). 

ment therapy for menopausal and postmenopausal women The steroid con
traceptives we now know, from the results of a collaborative reanalysis of 
their data by epidemiologists who have studied the relationship of the drugs 
to breast cancer (Collaborative Group on Hormonal Factors in Breast Cancer 
1996), do cause a small increase in the incidence of the disease of about 
20%, but only during their use and up to 10 years after it is stopped, as is 
shown in Table 6. The excess was, however, limited to tumours that were lo
calized to the breast and tumours that had spread were, if anything, less 
likely to occur in users than in non-users, so that breast cancer mortality 
cannot have been increased much, if at all. Any increased risk is certainly 
small, and in absolute terms less than the reduction of about 50% in the inci
dence of ovarian cancer from long term use, to which may possibly be added 
a small reduction in the risk of endometrial cancer. 

Hormone replacement therapy also causes a small risk of breast cancer 
during and for up to 5 years after its use has been stopped, the increase in 
relative risk being about 2.3% for each year of use (Collaborative Group on 
Hormonal Factors in Breast Cancer 1997). Again, however, the increase ap
pears to be limited to localised tumours and it is unclear whether mortality 
is affected and whether a similar effect is obtained with the combined oestro
gen/progesterone pill as with oestrogen alone. Oestrogen therapy also causes 
an increase in the risk of endometrial cancer which may, however, be more 
than compensated for by a decrease in the risk of large bowel cancer. Three 
large cohort studies have reported reductions in the incidence of colorectal 
cancer of 18%, 20% and 48% in current users (Bostick et al. 1994; Chute 
et al. 1991; Calle et al. 1995). The largest also reported some reduction in ex
users (27%)and an increasing reduction with increasing duration of use 
(Calle et al. 1995) 

Medicinal treatment aimed at reducing the risk of cancer is a new con
cept, but several drugs promise to be useful for the purpose. One is tamoxi
fen, which mimics oestrogen in some respects but also acts as an anti-oestro
gen by blocking some oestrogen receptors. It reduces the risk of developing a 
new cancer in the second breast when given for the treatment of cancer in 
the first and controlled trials are under way to see whether it can reduce the 
risk of a first breast cancer in women at high risk of developing the disease, 
despite the fact that it can certainly increase the risk of endometrial cancer. 
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Aspirin, surprisingly, is another; for there is now evidence from six studies 
that it may approximately halve the risk of colorectal neoplasms and con
tradictory evidence from only one study (Logan et al. 1993). That it might 
have such an effect is supported by the experimental evidence that Sulindac 
(a similar non-steroidal anti-inflammatory drug) can reduce the number of 
both sporadic polyps (Matsuhashi et al. 1997) and polyps in patients with 
familial adenomatous polyposis (Giardello et al. 1993) possibly by blocking 
the production of prostaglandins which, among other things, can inhibit pro
gression from the G to the S phase of the cell cycle in vitro. 

Other pharmaceutical products may serve as dietary supplements, to 
which I will refer later, or to cure infections, an increasing number of which 
are being found to contribute to the production of many different cancers. 
These include infections with parasites and bacteria as well as with viruses. 

Infection 

Parasites 

Infection with parasites does not affect us directly in Western Europe, as the 
parasites responsible for many cancers of the bladder, large bowel, liver and 
bile ducts in parts of Africa and Asia are not found here. Where they do 
occur they could be eliminated by a combination of hygienic and therapeutic 
measures, if sufficient public collaboration could be secured. 

Bacteria 

The most important bacterial infection appears to be infection of the gastric 
mucosa with Helicobaeter pylori. Infection commonly occurs in youth, when 
colonisation of the gastric mucosa may cause antral gastritis. This can lead 
to duodenal ulceration, atrophic gastritis, intestinal metaplasia, and even
tually gastric carcinoma, the last of which is moderately associated with Heli
eobaeter infection in both case-control and cohort studies. The increased risk 
is not large, about twofold (Danesh 1998). Whether it will be possible to re
duce the risk by antibiotic therapy, which can eliminate the infection and 
heal duodenal ulcers, remains to be shown. It would almost certainly elimi
nate some gastric lymphomas as they regress, and may even disappear, when 
Helieobaeter infection is treated after the tumour is diagnosed (Bayerdorffer 
et al. 1995). 

Other forms of bacterial infection do not appear to contribute much to 
carcinogenesis, except perhaps in the bladder, where chronic infection may 
be accompanied by the formation of carcinogenic nitrosamines. Precisely 
what role bacteria play in the large bowel is still a matter for debate. 
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Viruses 

Viral infection is not as important as Nixon was advised when he ordered 
the National Cancer Institute's research programme in the United States to be 
focused on the discovery of "the cancer virus"; but it may yet prove to be 
important in the production of many cancers, which may become avoidable 
by appropriate immunization. 

The hepatitis B virus is partly responsible for most cases of hepatocarci
noma in Africa and Asia, where the disease is so common that liver cancer 
ranks eight in the list of common cancers worldwide. Immunization in child
hood prevents lifelong chronic infection and there is reason to hope that the 
mass immunization of children now being carried out in some tropical and 
semi-tropical countries will lead to a large reduction in the incidence of the 
disease. Some hepatocarcinomas, however, are attributable to hepatitis C 
virus, which is an RNA virus, and infection with this cannot be prevented in 
the same way, although it can sometimes be cured by interferon. 

In Europe, the principal carcinogenic viruses thus far identified are cer
tain specific types of the human papilloma virus. These, International 
Agency for Research on Cancer, 1995, are responsible for the great majority 
of cancers of the cervix and probably also for most cancers of the vulva, va
gina, and penis and for some cancers of the anus, and they may be responsi
ble for some cancers of the mouth, larynx, and skin. Genital cancers due to 
infection can be avoided if both sexes have only a very small number of sex
ual partners and, less effectively, if the male partner uses condoms; but at 
present the best hope for a major reduction in their incidence is by screen
ing for and treating premalignant lesions. In the future, immunization 
against the carcinogenic types of the human papilloma virus may be possi
ble. Immunization with gene segments of specific papilloma types has been 
shown to be effective in animals and the use of a similar type of vaccine has 
begun to be tested in humans in the UK. 

Four other viruses that contribute to the production of other cancers are 
listed in Table 7. The roles of the Epstein-Barr (EB) virus, now known as 
herpes virus type 4, and the human T cell leukaemia virus are firmly estab
lished and there is strong evidence to relate the Kaposi-associated herpes 
virus (herpes virus type 8) to all types of Kaposi's sarcoma, the classical East 
European type, the tropical type, and the type associated with AIDS. The as
sociation of simian virus 40-like viruses with four mostly rare types of can
cer is, however, still tentative. 

As with nearly all other causes, the viruses are not associated with every 
case of any of the cancers that they cause and they often require other fac
tors to be present as well, such as intensive infection with malaria parasites 
to produce Burkitt's lymphomas, amphibole asbestos to produce pleural me
sotheliomas, and aflatoxin to produce a high incidence of liver cancer. With 
so many newly discovered virus-associated cancers it would be surprising if 
there were not still more to be discovered. 
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Table 7. Viral causes of cancer 

Virus 

Hepatitis B 
Hepatitis ( 
Human papilloma (types 16, 18 and others) 
Human herpes type 4 (Epstein-Barr virus) 

Human herpes type 8 
(Kaposi associated herpes virus) 

Human T cell leukaemia type 1 
Simian virus 4O-like 

Electromagnetic radiation 

Cancer 

Cancer of liver 
Cancer of liver 
Cancers of cervix. wlva, vagina, penis, anus 
Burkitt's lymphoma, immunoblastic lymphoma, 
nasal T cell lymphoma, Hodgkin's desease, 
nasopharyngeal cancer 
Kaposi's sarcoma, body cavity lymphoma 

Adult T cell leukaemiallymphoma 
Ependymoma, choroid plexus tumours, 
mesothelioma, bone tumours 

A group of causes whose effects can be better quantified than those of infec
tion are the various categories of electromagnetic radiation. 

Ionizing Radiation 

Ionizing radiation is estimated to cause some 4%-5% of all cancers, mostly 
due to the natural radiation to which everyone is exposed from radon in air, 
cosmic rays from outer space, external radiation from the radionuclides in 
rocks, soils, and building materials, and internal radiation from radioactive 
traces of potassium, lead, and polonium in food. Of this natural radiation 
only some of that from radon, which worldwide provides about half the total 
dose, can be avoided. In Germany, as in many other countries, the dose var
ies more than IOO-fold from one part of the country to another. Where the 
dose is high, it can be reduced by ventilation or, in the future, by building 
regulations that would ensure that relatively little radon enters homes. Pre
cisely how much lung cancer in the general population is caused by radon is 
still uncertain, as the effect has had to be extrapolated from observations on 
heavily exposed miners. For the former West Germany, Steindorf et al. (1995) 
estimated that it might account for about 7%, mostly in conjunction with 
smoking, and this would fit in with the early results of the few direct obser
vations that have yet been reported. Action to reduce the risk is, however, a 
reasonable precaution for the relatively few people who are very heavily 
exposed. Some further reduction in exposure to medical uses of radiation, 
which, in the UK, now accounts for 97% of the exposure from man-made 
sources and 14% of the total exposure, is doubtless possible; but the total 
benefit to be gained is likely to be small, as much of the medical exposure is 
of people who are already near the end of their lives. 
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Ultraviolet Light 

More benefit could be expected from a reduction in exposure of the skin to 
strong sunlight; for sunlight, and presumably the ultraviolet component, is 
responsible for nearly all melanomas and basal cell carcinomas of the skin 
and, now that occupational exposure to coal tar and pitch has been effec
tively eliminated, for nearly all squamous carcinomas of the skin as well. Of 
the three, squamous carcinoma is the most closely related to cumulative ex
posure, while melanoma is specially related to intermittent exposure and the 
frequency of sunburn, particularly in youth (Elwood and Jopson 1997). The 
incidence of melanoma has been increasing steadily in all white skinned 
populations for many years. In England and Wales the mortality more than 
doubled in men aged 50-69 years between 1970-1974 and 1991-1992 and in
creased by 53% in women. This can be attributed to the increased exposure 
from changes in clothing, exposure of the skin, and travel to hot countries. 
The obvious way to avoid these cancers is to avoid prolonged and intensive 
exposure to sunlight, but such advice is socially unattractive in many coun
tries, where a tan is regarded as an indication of health, and there has been 
a tendency to emphasise the alternative use of sun-screen ointments. Now, 
however, there is accumulating evidence that such ointments, particularly if 
they contain psoralen, may actually increase the risk of the most serious type 
of skin cancer: namely, melanoma. Several studies have pointed in the same 
direction, the results of the latest of which are summarized in Table 8. It may 
be that all that this is telling us is that sun-screens increase risk in so far as 
they allow people to be exposed for longer without getting sunburn; but that 
would not explain the specific risk associated with the use of psoralen. At 
present we can suggest only the avoidance of unnecessary exposure, particu
larly when the sun is high in the sky. Whether any other type of cancer can 
be caused by ultraviolet light is uncertain, but there is some evidence to sug
gest that increased exposure may be responsible for some of the increase in 
non-Hodgkin's lymphoma (Adami et al. 1995), which is too large and began 
too soon to be explained as a diagnostic artefact or as attributable to the in
creased risks associated with AIDS and with the use of immunosuppressive 
drugs. 

Table 8. Risk of skin melanoma by skin type and sunscreen use 

Sunscreen use Odds ratio a for skin phototype 

Never (142, 197)· 
Ever, standard type only (230, 210) 
Ever, psoralen sunscreen (43, 26) 

After Autier et al. (1995). 

I-U 

1.0 
1.8 
2.1 

* Numbers of cases and controls in parentheses. 
• All odds ratios greater than 1.0 (p < 0.05). 

III- IV 

1.8 
2.2 
9.8 
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Table 9. Relative risk of acute lymphatic leukaemia in children 
exposed to different magnetic fields from 60 Hz electricity at 
home in the USA. 

Magnetic field Number of casesl 
(~T) matched controls 

<0.065 206/215 
0.065-0.099 92/98 
0.100-0.199 107/106 
0.200-0.299 29/26 
0300-0399 14111 
0.400-0.499 1012 

~.500 5/5 

After linet et al. (1997). 
* 95% CI 0.91 - 2.56. 

Odds ratio 

1.00 
0.96 
1.13 

) 1.53> 1.31 
1.46 
6.41 
1.01 

Low and Extremely Low Frequency Radiation 

Whether the radiation from other parts of the electromagnetic spectrum, or 
the separate electric and magnetic fields, can cause any risk of cancer is un
certain. Experimentally there was no reason to think that they could, unless 
perhaps the radiation was heavy enough to produce local heating, until Repa
choli et al. produced an excess of lymphomas in mice that had been geneti
cally modified to be highly susceptible to the development of the disease 
(Repacholi et al. 1997). But whether such a finding is relevant is open to 
doubt. Despite the heightened public concern, there is no epidemiological 
evidence of harm from cellular telephones, the claim for the production of 
brain cancer being based on single cases. There is, however, some evidence 
of risk for extremely low frequency magnetic fields. Occupational studies, in 
which exposures have been measured, have suggested - but certainly not 
proved - that exposures above 0.2 ~T might increase the risk of adult leukae
mia and brain cancer, and good quality epidemiological evidence from Fen
no-Scandinavia suggests that residence near high power electricity cables 
producing similar fields may approximately double the risk of childhood leu
kaemia. This is supported by findings in Germany, based, however, on very 
small numbers (Michaelis et al. 1997), and something similar was observed 
in the largest and best US study, the results of which are summarized in Ta
ble 9. It was, however, reported by the authors as essentially negative (Linet 
et al. 1997). The national study of children's cancer that is now being carried 
out in the UK will, I hope, settle the issue by the end of next year. 

Occupation, Industrial Products, and Pollution 

Three potential sources of hazard cause much public concern: namely, occu
pation, industrial products, and pollution. In total, however, they are unlikely 
to be responsible for more than 3% or 4% of all fatal cancers, most of which 
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were caused by uncontrolled exposure in the distant past. With one possible 
exception, I see little opportunity for benefit from further control. 

Occupation 

Occupational hazards have been substantial, causing, in the extreme case, all 
the most heavily exposed men to develop cancer, as occurred with some 
groups of manufacturers of 2-naphthylamine and benzidene, while coal tar 
fumes and asbestos have been so widespread that tens of thousands of skin 
and lung cancers have been produced. All such hazards have, however, now 
been eliminated or controlled for so long that few attributable cases continue 
to occur. Mesotheliomas due to exposure to amosite and crocidolite asbestos 
are an exception. The trend in the incidence of the disease continues up
wards and, if Peto et al:s prediction is correct, mesotheliomas attributable to 
asbestos may alone constitute 2% of all cancer deaths in 25 years time (Peto 
et al. 1995), instead of the 0.3% that they constitute now. 

Industrial Products 

Industrial products have never been a significant cause of cancer for the gen
eral public, apart perhaps from the dyes that used to be contaminated with 
aromatic amines and the asbestos materials that were used by the do-it-your
self home builder. 

Pollution 

Pollution, which was a significant hazard in the days when coal was burnt in 
every house, though never as great a cancer hazard as was commonly 
thought, is now so reduced that the risks that can be quantified - those of 
polycyclic aromatic hydrocarbons, trace metals, and benzene from the use of 
fossil fuels in industry and transport, dioxins from the combustion of waste, 
pesticide residues in food, and discharges from the nuclear industry - all ap
pear to be so minute in the UK, the combustion of fossil fuels causing less 
than 0.1% of fatal cancers and nuclear waste less than 0.01% (National Aca
demies Advisory Group 1995), that the social cost of trying to reduce them 
further may well outweigh any medical benefit. One possible exception is the 
pollution of drinking water with halomethanes caused by the action of chlor
ine on organic waste. From an overview of ten studies in the US, Morris et 
al. (1992) estimated that 8% of rectal cancers and 15% of bladder cancers 
might be attributable to chlorinated by-products in drinking water. The evi
dence is not compelling, but does point to the need for further study. 

Pollution is often suggested as a cause of an increase in the incidence of 
any cancer that cannot be firmly ascribed to any other cause and pollution 
with pesticides has been suggested as a possible explanation for the in
creased incidence of non-Hodgkin's lymphoma, not attributable to the causes 
to which I have already referred, and for the increase of testis cancer in 
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young men, which has continued in all developed countries for several dec
ades - at least since 1940 in Denmark and for even longer in the UK. There 
is, however, no good evidence to suggest that pollution is a cause of either. 

Physical Inactivity 

There remains one factor that has only recently been appreciated (physical 
inactivity) and two important groups of causes that have been recognized for 
many years (namely, reproductive hormones and diet) which I have left to 
the end, because there is little new to say about them and little clear evi
dence to relate specific agents quantitatively to specific risks. 

The first, physical inactivity, or rather a sedentary lifestyle without vigor
ous activity in leisure hours or at work, has been related to the risk of can
cers of the colon and the breast. Intensive activity, such as jogging for an 
hour 5 days a week, may halve the risk of both diseases and smaller benefits 
may be obtained with moderate activity, such as brisk walking for 3h a 
week. Physical activity is, however, difficult to quantity and the nature of the 
dose-response relationships is uncertain, as is the duration required and its 
temporal relationship to the incidence of the disease. A recent cohort study 
of 25000 Norwegian women suggested that any reduction in the incidence of 
breast cancer was largely limited to the premenopausal period (Thune et al. 
1997) as is shown in Table 10; but the number of cases was small and the 
confidence limits consequently wide. 

Table 10. Relative risk of breast cancer by level of physical activity 

Level of physical activity Premenopausal Postmenopausal 

Relative risk· Number Relative risk· Number 
of cases of cases 

At work 
Sedentary 1.0 22 1.0 39 
Walking 0.8 62 0.9 148 
Ufting/heavy manual 0.5 14 0.8 60 
P for trend 0.02 0.24 

Ouring leisure hours 
Sedentary 1.0 20 1.0 45 
Moderate 0.8 68 1.0 177 
Regular exercise 0.5 10 0.7 26 
P for trend 0.03 0.15 

After Thune et al. (1997). 
• Adjusted for age at entry, body mass index, height, county of residence, and number of children. 
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Reproductive Hormones 

That reproduction affects the risk of breast cancer has been known for 250 
years, since Ramazzini (1743) drew attention to the high risk of the disease 
in nuns. Now we know that pregnancy increases the risk temporarily, but 
that multiparity, early first birth, late age at menarche, and early menopause 
all reduce it in the long run and do so incrementally. None has a large effect 
alone, but in combination they could account for a reduction in risk of some 
90% under the conditions of life of women in hunter-gatherer societies. Pre
cisely what the mechanisms are is unknown, but oestrogen must play a large 
part and a high blood oestradiol has now been shown to predict a high risk 
of developing the disease (Thomas et al. 1997). Multiparity, late age at me
narche, and early menopause similarly reduce the risk of endometrial cancer, 
by reducing exposure to unopposed oestrogen, and the same factors plus 
prolonged lactation reduce the risk of ovarian cancer by reducing the num
ber of ovulations and consequently the repeated trauma to the surface epithe
lium of the ovary. 

Hormonal factors also seem likely to play a part in the development of 
cancers of the testis and prostate, but apart from early maturity causing an 
increase of the former and vasectomy possibly causing an increase of the 
latter no direct relationships have yet been established. 

Diet 

Last, but certainly not least in importance, is diet. Its effect on the incidence 
of cancer has been the subject of intensive research for many years, but the 
extent to which such major components as fat, meat, and fibre contribute to 
the effect is still uncertain. A high content of fat, and particularly of satu
rated fat, was long thought to be a probable cause of breast cancer; but the 
evidence from cohort studies, which are less likely to be influenced by recall 
bias than case-control studies, suggest that it is not (Hunter et al. 1996). One 
type of fat, olive oil, may indeed be protective (Cohen and Wynder 1990; 
Willett 1997). Meat has often been associated with an increased risk of colo
rectal cancer, but again the evidence is conflicting. No evident reduction in 
risk has been found in a pooled analysis of five cohort studies of vegetarians 
(Key, personal communication), and the International Agency for Research 
on Cancer (1993) could not find any human evidence of a harmful effect of 
cooking meat, despite the production of many products that were carcino
genic in the laboratory. 

Five relationships have, however, been established sufficiently clearly to 
justify intervention. Two have no relation to life in the developed world: 
namely, that of liver cancer with aflatoxin, a metabolic product of fungal con
tamination of oily foods under hot and humid conditions which interacts 
with hepatitis B infection, and that of nasopharyngeal cancer with a peculiar 
type of salted fish typically consumed in south China which interacts with 
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Table 11. Relationship between food consumption and risk of cancer: cohort and case-control studies 

Food Number of Relationship in studies: percent of total 
studies 

Inverse Null Positive 

Vegetables, any 68 81 6 13 
Vegetables, raw 39 85 10 5 
Vegetables. green 79 77 6 17 
Vegetables. audferous 54 70 15 15 
Vegetables. allium 34 79 9 12 
Legumes 36 39 17 44 
carrots 64 78 11 11 
Tomatoes 50 70 10 20 
fruit 46 63 26 11 
Citrus fruit 40 65 20 15 

After Steinmetz and Potter (1996). 

infection with the EB virus. A third has less relevance in most developed 
countries now, but used to be important worldwide: namely, the relationship 
of gastric cancer with the consumption of salted and salt preserved foods. 
The two that continue to be highly relevant in Europe are over-consumption 
leading to obesity and a relative deficiency of vegetables and fruit. 

Dietary restriction is a powerful means of reducing cancer incidence in 
laboratory experiments. In humans, in the wild, restriction in youth leads to 
diminished growth, delayed sexual maturity in both sexes, and a diminished 
risk of cancers of the testis and the breast. It is not a practicable means of 
reducing risk, but the avoidance of obesity is, and will reduce the risk of 
cancers of the endometrium and gallbladder and of cancer of the breast after 
the menopause. 

Precisely what is meant by a relative deficiency of vegetables and fruit is 
unclear, but it has been interpreted by the National Cancer Institute in the 
us and the British Department of Health to be anything less than five ser
vings a day. Investigators have mostly estimated odds ratios for different 
types of cancer in people in the highest category of consumption compared 
with people in the lowest and have found reductions in risk of the order of 
50%. The results reported for different types of vegetable or fruit are summa
rized from a review by Steinmetz and Potter (1996) in Table 11. Inverse rela
tionships have been observed most consistently with cancers of the lung, sto
mach, and oesophagus, less consistently with cancers of the mouth, pharynx, 
colon, breast, pancreas, and bladder and not at all with cancer of the pros
tate. 

On this evidence, trials of some of the potentially anti-carcinogenic com
pounds found in vegetables and fruit would seem to be justified. Priority 
was given to fJ-carotene and this has already been shown not to be benefi
cial, at least not when given in middle age, and most current interest centres 
on vitamin E. 
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Other components of food that may be specifically beneficial include cal
cium and vitamin D, which, in large amounts, may reduce the risk of colo
rectal cancer. The most recent results of the cohort study of nurses being 
carried out in the United States suggests that vitamin D is likely to be the 
more important factor in relation to colorectal cancer, though it may of 
course act by facilitating the absorption of calcium (Martinez et al. 1996). 

Others are the oestrogenic isoflavones from soy food, which it was 
thought might be important because of the low incidence of breast and pros
tate cancer in China and Japan, where large amounts of soy foods are con
sumed. Mechanisms are easy to postulate, since soy has many potentially re
levant physiological effects. The epidemiological evidence is weak; but was 
strengthened recently when Ingram et al. reported that a high urinary excre
tion of phyto-oestrogens (both isoflavones from soy and lignans from dietary 
fibre) was inversely related to the risk of breast cancer (Ingram et al. 1997). 

Relative Importance of Different Avoidable Causes 

It follows from this review that any attempt to allocate proportions of all can
cers that might be avoidable by the control of different environmental and 
behavioural factors is still largely guesswork. We are still ignorant of the pre
cise importance of different dietary components, different reproductive hor
mones, the principal causes of some of the most common cancers, and the 
reasons for the increasing incidence of two, as yet, relatively uncommon can
cers, which I have referred to only en passant: namely, that of non-Hodgkin's 
lymphoma and cancer of the testis. Firm estimates can, however, be made of 
the proportions attributable to smoking, alcohol, and ionizing radiation, and 
reasonable guesses can be made of the maximum effect of some of the other 
categories of cause. These are shown in Table 12 along with tentative esti
mates of the effect of other categories. 

The maximum proportions shown, it will be noted, add up to more than 
100%. This is only to be expected, as several changes are required in a cell 

Table 12. Proportion of fatal cancers attributable to different avoidable factors (UK) 

Percent Factor Percent Factor 

29-31 Smoking 2-4 Occupation 
4-6 Alcohol <1 Industrial products 

<1 Pharmaceutical products 1- 5 Pollution 
10-20 Infection Air 

Parasites Water 
Bacteria Food 
Viruses 1- 2 Physical inactivity 

5- 7 Electromagnetic radiation 10-20 Reproductive hormones 
Ionizing 
UV light 20-50 Diet 
lower frequency 
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before it can initiate a cancer clone and many factors interact with one an
other to multiply each other's effects. Anyone cancer may, consequently, of
ten be avoided in several different ways. Indeed, when all avoidable causes of 
all cancers are known the proportions avoidable in different ways may well 
add up to 300% or even more. 

Envoi 

Taken by itself, the evidence I have reviewed points clearly to some actions 
that we can take as individuals to reduce the risk of cancer. Cancer is not, 
however, the only risk to life and preventive action has to take into account 
its impact on the total risk of disease, which can sometimes be much greater 
than its impact on the risk of cancer and may be in the opposite direction, 
as could be the case with both alcohol and hormone replacement therapy. 

The evidence also serves to highlight the gaps in knowledge which, I 
hope, may be filled in by epidemiologists and molecular biologists working 
together. 
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Abstract 

A challenging goal of molecular epidemiology is to identify an individual's 
risk of cancer. Molecular epidemiology integrates molecular biology, in vitro 
and in vivo laboratory models, biochemistry and epidemiology to infer indi
vidual cancer risk. Molecular dosimetry of carcinogen exposure is an impor
tant facet of molecular epidemiology and cancer risk assessment. Carcinogen 
macromolecular adduct levels, cytogenetic alterations and somatic cell muta
tions can be measured to determine the biologically effective doses of car
cinogens. Molecular epidemiology also explores host cancer susceptibilities, 
such as carcinogen metabolism, DNA repair, and epigenetic and genetic 
alterations in tumor suppressor genes. p53 is a prototype tumor suppressor 
gene and is well suited for analysis of mutational spectrum in human cancer. 
The analyses of germ line and somatic mutation spectra of the p53 tumor 
suppressor gene provide important clues for cancer risk assessment in molec
ular epidemiology. For example, characteristic p53 mutation spectra have 
been associated with: dietary aflatoxin Bj exposure and hepatocellular carci
noma; sunlight exposure and skin carcinoma; and cigarette smoking and 
lung cancer. The mutation spectrum also reveals those p53 mutants that pro
vide cells with a selective clonal expansion advantage during the multistep 
process of carcinogenesis. The p53 gene encodes a multifunctional protein 
involved in the cellular response to stress including DNA damage and hypox
ia. Certain p53 mutants lose tumor suppressor activity and gain oncogenic 
activity, which is one explanation for the commonality of p53 mutations in 
human cancer. Molecular epidemiological results can be evaluated for causa
tion by inference of the Bradford-Hill criteria, i.e., strength of association 
(consistency, specificity and temporality) and biological plausibility, which 
utilizes the "weight of the evidence principle." 
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Molecular Epidemiology 

Molecular epidemiology is a field that integrates molecular biology, in vitro 
and in vivo laboratory models, biochemistry and epidemiology to infer indi
vidual cancer risk (Harris 1991; Shields and Harris 1991; Perera and Santella 
1993). Identification of individuals at high cancer risk in the general popula
tion is an important step towards cancer prevention. Achieving this goal is 
challenging both current molecular technologies and epidemiological de
signs, and exposing bioethical dilemmas. 

The two facets of molecular epidemiology of human cancer risk are as
sessment of carcinogen exposure and inherited or acquired host cancer sus
ceptibility factors (reviewed in Harris 1991; Perera 1996). The interaction be
tween these two facets determines an individual's cancer risk. This paradigm 
can also improve cancer risk assessment (Fig. 1). When combined with carci
nogen bioassay in laboratory animals, laboratory studies of molecular carci
nogenesis and classical epidemiology, molecular epidemiology can contribute 
to the four traditional aspects of cancer risk assessment: hazard identifica
tion, dose response assessment, exposure assessment and risk characteriza
tion. Improved cancer risk assessment has broad public health and economic 
implications (National Research Council 1994). 

I LABORATORY ANIMAL STUDIES rr CANCER EPIDEMIOLOGY I 

I MOLECULAR EPIDEMIOLOGY I 

I I 
Molecular Dosimetry of Carcinogen Exposure Inherited Cancer Predisposition 

~Co"'''' __ .' """" r G.~' """-"'"' 0< '''''- 'w~"' activation and detoxification of carcinogens 

Cytogenetic endpoints 1--- - Genomic instability and DNA repair deficient 
conditions 

Mutational spectra and frequency - Germline mutations in tumor suppressor genes 

Internal Exposure Assessment Host Susceptibility Assessment 

I I 
HUMAN CANCER RISK ASSESSMENT BIOETHICAL ISSUES 

• Autonomy • Quality 
• Hazard Identification • Privacy • Sensitivity 
• Dose Response Assessment f--

• Justice • Specificity 
• Equity • Effectiveness 

• Exposure Assessment • Lim~ genetic testing to conditions 

• Risk Characterization 
that are correctable by successful 
intervention 

INTERVENTION 
• Reduce carcinogen exposure 
• Increase medical surveillance 
• Therapeutic strategies including chemoprevention 
• Formulation of health policy 

Fig. 1. Human cancer risk assessment and bioethical issues associated with molecular epidemiology and 
human cancer 
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Another important aspect that needs to be addressed is the bioethical 
issues that may arise following the identification of high risk individuals (Li 
et al. 1992). One can argue that the knowledge of one's risk can be beneficial. 
However more encompassing bioethical issues arise such as an individual's 
responsibility to family members and psychosocial concerns regarding the 
genetic testing of children (Li et al. 1992). Therefore the uncertainty of the 
current individual risk assessments and the limited availability of genetic 
counseling services dictate caution and, many argue, the restriction of genet
ic testing to those conditions amenable to preventative or therapeutic inter
vention. 

Inherited gene mutations that increase the risk of cancer can be divided 
into two general categories. Predetermining genes increase the risk of cancer 
with little modulation by environmental factors. For example, inheritance of 
a defective gene involved in nucleotide excision repair (xeroderma pigmento
sum) increases the risk of skin cancer only in individuals exposed to ultra
violet light, so that protection from sunlight is an obvious preventive strat
egy. Whereas in individuals inheriting a defective predetermining gene, e.g., 
Li-Fraumeni syndrome with a germline mutation in the p53 tumor suppres
sor gene, modification of the environment may be a less effective strategy. 

Cancer Susceptibility Genes 

Germline mutations in genes, e.g., p53, RB and APe, that also are frequently 
somatically mutated in sporadic cancers, have been identified. The altered 
genes encode proteins that perform diverse cellular processes, including tran
scription, cell cycle control, xenobiotic metabolism and DNA repair. The in
creased cancer risk of an individual carrying one of these germline muta
tions can be extraordinarily high, i.e., more than woo-fold in xeroderma pig
mentosum (complementation group A-G) (Fig. 2). More common inherited 

HIGH GERMLINE MUTATIONS LOW 

(103- to 104 
-fold) 

CANCER 
RISK 

(2-10-fold) 

• Rb 
• p53 
• APC 
• NF1 
• XPA-G 

(Retinoblastoma) 
(Li-Fraumeni) 
(Familial Polyposis Coli) 
(Neurofibromatosis) 
(Xeroderma Pigmentosum) 

• ATM (Ataxia Telangiectasia) 
• BRCA1 (Breast-Ovarian Cal 
• HMLH1 (Hereditary Nonpolyposis 
• Colorectal Cal 

• CYP1A1} • CYP2E1 . 
• CYP2D6 Carcln0gen 
• NAT Metabolism 

(1-5 per 105 

live births) 

FREQUENCY 
OF AT RISK 
ALLELE 

(2-50 per 10 2 
live births) 

• GSTM1 
MODERATE HIGH 

Fig. 2. Example of cancer susceptibility genes and cancer risk 
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cancer susceptibility conditions, e.g., deficiencies in the N -acetyltransferase 
(NAT) genes or glutathione S-transferase genes may contribute a more sub
stantial attributable risk in a carcinogen-exposed population. 

p53 Structure and Function 

DNA Damage and Apoptotic Response Pathways 

The p53 protein is clearly a component of one of the pathways activated in 
response to DNA damage (Fig. 3) (Maltzman and Czyzyk 1984; Kastan et a1. 
1991, 1992; Guillouf et a1. 1995; Powell et al. 1995; Nelson and Kastan 1994). 
Cell cycle arrest at the Gland G2 checkpoints prior to DNA replication and 
mitosis, respectively, aid the DNA repair processes and prevents mutations 
and aneuploidy, whereas apoptosis can be considered a failsafe mechanism to 

_--------_ Transcription Dependent 
Altered Expression: 

• BAX, IGF-BP3 and Fas 
, Bc12, IGF-1 Rand IGF-II 

Increased Expression: 
p21Wafl,----"T---I--I 

Apoptosis 

p53 
Protein 

Accumulation 

~--~MDM2, ~--~ 

p53 Mutation, MDMX 
or DNA viral 
oncoproteins, e.g., 
HPV-E6, SV-40T, 
HBx or Adeno E1A 

cyclin G, and 
GADD45 

Binding to 
Transcription
Replication-Repair 
Factors, e.g., 
• TFIIH (XPB, XPD and 

p62 binds to p53) 
• RPA (p53) 
• PCNA (p21 Wal' 

and GADD45) 

Transcription Independent 
Apoptosis 

Fig. 3. Cell cycle arrest, DNA repair, and apoptosis induced by DNA damage. p53 is a component of a DNA 
damage, [e.g., which may involve the ataxia telangiectasia gene product (ATM)], response pathway. This sim
plifed model does not consider qualitative or quantitative differences due to either cell type or microenviron
ment. p53 accumulation leads to the regulation of cellular genes involved in apoptosis, e.g., BAX, IGF-l R, 
IGF-BP3, Fas, and Bcl2; cell cycle arrest, e.g., p21 Waf" an inhibitor of cyclin-dependent kinases, cdk; and DNA 
synthesis and repair, e.g., p21 Waf1 and GADD45 (growth arrest and DNA damage factor) binding to PCNA 
(proliferating cell nuclear antigen). MDM2 protein can bind to p53 protein and inhibit its functions in a neg
ative feedback loop. p53 can also bind directly to proteins involved in DNA synthesis (e.g., RPA, replicating 
protein antigen) and transcription, nucleotide excision, and apoptosis (e.g., XPD, xeroderma pigmentosum 
group D DNA helicase; XPB, xeroderma pigmentosum group B DNA helicase; and p62 of the TFIIH, transcrip
tion factor complex IIH). Therefore, p53 may mediate apoptosis by two interactive pathways. One dependent 
on p53 function as a transcription trans-activator and trans-repressor and a second pathway independent of 
its transcriptional activities and dependent on p53 protein-protein interactions. MDMX, X homologue of mur
ine double minute gene; MDM2, murine double minute protein; HPV-E6, human papillomavirus protein E-6; 
5V-40T, simian virus-40 large T antigen; HBx, hepatitis B viral X protein; Adeno El A, adenovirus protein El A 
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rid the organism of cells either with severely damaged DNA or cells with a 
low apoptotic threshold. Double stranded DNA breaks are especially efficient 
in causing p53 protein accumulation possibly by reducing its degradation 
through the ubiquitin-dependent proteolytic pathway (Scheffner et al. 1990; 
Maltzman and Czyzyk 1984; Kastan et al. 1991, 1992; Nelson and Kastan 
1994; Lu and Lane 1993; Di Leonardo et al. 1994; Huang et al. 1996). The 
molecular pathway between DNA damage and p53 protein accumulation is 
not understood. p53 protein may be involved as one of the sensors of DNA 
damage. The COOH-terminal of p53 can bind nonspecifically to ends of 
DNA molecules and catalyze DNA renaturation and strand transfer (Jayara
man and Prives 1995; Brain and Jenkins 1994; Oberosler et al. 1993; Foord et 
al. 1991; Reed et al. 1995). This region of the protein can also bind to extra
helical regions of DNA damage involved in forming insertion/deletion mis
matches (Lee et al. 1995). It will be interesting to determine if p53 recog
nizes other types of DNA damage including carcinogen-DNA adducts. 

Wild-type p53 protein can transcriptionally transactivate genes involved in 
cell cycle arrest (e.g, p21wafl, a potent inhibitor of most cyclin-dependent ki
nases: Harper et al. 1993; El-Deiry et al. 1993; Xiong et al. 1993) and interact 
either with the DNA repair and synthetic machinery, e.g., proliferating cellu
lar nuclear antigen (PCNA), GADD45 and p21 waf! (Smith et al. 1994; Li et al. 
1994) or proteins modulating apoptosis (e.g., Bax and Fas: Selvakumaran et 
al. 1994; Miyashita and Reed 1995). Certain other genes containing TATA 
boxes in their promoter regions, e.g., bcl-2 (Miyashita et al. 1994), can be 
trans-repressed perhaps by p53 binding to the TATA binding protein (TBP) 
and inhibiting its function as a basal transcription factor (Seto et al. 1992; 
Liu et al. 1993; Truant et al. 1993; Chen et al. 1993). p53 can also inhibit 
DNA synthesis by a transcription- independent mechanism binding to puta
tive origins of DNA replication and either prevent initiation or early replica
tion fork unwinding (Miller et al. 1995; Cox et al. 1995). p53 forms protein
protein complexes with cellular proteins involved in DNA synthesis (e.g., 
RPA, replicating protein antigen: Dutta et al. 1993), DNA repair (e.g., RPA, 
XPB, XPD, p62, topoisomerase I and CSB: Dutta et al. 1993; Wang et al. 1994, 
1995b; Xiao et al. 1994; Leveillard et al. 1996; Gobert et al. 1996), and apop
tosis (e.g., XPB and XPD: Wang et al. 1996). Cellular context determines 
whether p53 can induce apoptosis, independent or dependent of its tran
scription transactivation function and in the absence of RNA and protein 
synthesis (Wang et al. 1996; Caelles et al. 1994; Haupt et al. 1995; Wagner et 
al. 1994; Del Sal et al. 1995; Sakamuro et al. 1995). Interestingly, cyclohexi
mide, an inhibitor of protein synthesis, can induce apoptosis (Harris et al. 
1968; Martin 1993; Bazar and Deeg 1992) and a temperature-sensitive mutant 
of a basal transcription factor, GGlITAFn250, when inactivated at a nonper
missive temperature, induces apoptosis (Sekiguchi et al. 1995). Cells from pa
tients with Cockayne's B syndrome, which are deficient in transcribed strand 
specific repair, have increased sensitivity to ultraviolet (UV) light-induced 
apoptosis (Ljungman and Zhang 1996). Since the induction of apoptosis was 
positively correlated with p53 accumulation and inhibition of transcription, 
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Ljungman and Zhang (1996) have speculated that blockage of RNA polymer
ase by UV damage in the transcribing DNA strand initiates the apoptosis 
response to UV. All of these results are consistent with the hypothesis that 
the apoptotic protein machinery is constitutively present in a latent state and 
does not require the synthesis of additional proteins. Nevertheless, p53 regu
lation of genes, whose products (e.g., Bax, Bcl2 and p21 Waf!) may be involved 
in apoptosis, could modulate a cell's sensitivity to inducers of apoptosis. p53 
initiated GlfS cell cycle arrest is primarily mediated by up-regulation of 
p21 Waf! (Harper et al. 1993; EI-Deiry et al. 1993; Xiong et al. 1993), but 
p21 Waf! is not an inducer of apoptosis in that ionizing radiation induces a 
p53-dependent apoptosis in p21-f - cells from p21 Waf! gene knockout mice 
(Brugarolas et al. 1995; Deng et al. 1995). Therefore, p53 may function by 
transcription transactivator-dependent and -independent mechanisms in in
teractive, yet distinct pathways of cell cycle arrest and apoptosis. 

Molecular Archaeology of Tumor Suppressor Genes 

Several endogenous and exogenous mutagens have been described to induce 
a characteristic pattern of DNA alteration. Mutational spectrum analysis is 
required to study the type, location and frequency of DNA changes. Altera
tions of cancer-related genes found in tumors not only represents the interac
tion of a carcinogen with DNA and cellular DNA repair processes, but also 
reflect the selection of those mutations that provide premalignant and malig
nant cells with a clonal growth advantage. Study of the frequency, timing 
and mutational spectra of p53 and other cancer related genes provide insight 
into the etiology and molecular pathogenesis of cancer and generate hypoth
eses for future investigations. These include questions regarding carcinogen
DNA interactions, function of the affected gene products, mechanism of car
cinogenesis in specific organs or tissues and features of general cell biology, 
such as DNA replication and repair. 

Nonsense mutations, deletions and insertions are the most frequent types 
of mutations in tumor suppressor genes that produce either an absentee or 
truncated protein product. These mutations are clearly loss-of-function muta
tions. In contrast, the p53 tumor suppressor gene shows an unusual spec
trum of mutations when compared with other suppressor genes, e.g., APC, 
BRCA-l or ArM (Fig. 4). Missense mutations in which the encoded protein 
contains amino acid substitutions are commonly found in the p53 tumor 
suppressor gene. The missense class of mutations can cause both a loss of tu
mor suppressor function and a gain of oncogenic function by changing the 
repertoire of genes whose expression are controlled by this transcription fac
tor (Lane and Benchimol 1990; Dittmer et al. 1993; Hsiao et al. 1994). The 
p53 gene was initially classified as an oncogene, until it was discovered in 
the late 1980 s that the cDNAs cloned from murine and human tumor cells 
contained missense mutations; it was correctly classified when a true wild
type p53 gene construct suppressed the growth of tumor cells (Eliyahu et al. 
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Fig. 4. Class of mutations found in tumor suppressor genes 
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1989; Finlay et al. 1989; Baker et al. 1990; Diller et al. 1990; Mercer et al. 
1990; Chen et al. 1991; Cariello et al. 1994). This functional duality may be 
one explanation for the high frequency of p53 mutations in human cancer. 

The p53 gene is well suited to mutational spectrum analysis for several 
reasons. First, since p53 mutations are common in many human cancers, a 
sizeable data base of more than 7000 entries has accrued, the analysis of 
which can yield statistically valid conclusions (Hainaut et al. 1997). The mod
est size of the p53 gene (11 exons, 393 amino acids) permits study of the en
tire coding region, and it is highly conserved in vertebrates, allowing extra
polation of data from anImal models (Soussi et al. 1990). Point mutations 
that alter p53 function are distributed over a large region of the molecule, 
especially in the hydrophobic midportion (Hollstein et al. 1991; Levine et al. 
1991; Greenblatt et al. 1994), where many base substitutions alter p53 confor
mation and sequence-specific trans-activation activity; thus correlation be
tween distinct mutants and functional changes are possible (Fig. 5). Frame
shift and nonsense mutations that truncate the protein can be located outside 
of these regions, so evaluation of the entire DNA sequence yields relevant 
data. This situation differs from the ras oncogenes whose transforming muta
tions occur primarily in three codons, a few sequence-specific motifs and a 
critical functional domain (Park and Vande Woude 1989). The diversity of 
p53 mutational events permits more extensive inferences regarding mecha
nisms of DNA damage. 
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Fig. 5. The p53 molecule. The human p53 protein consists of 393 amino acids with functional domains, 
evolutionary conserved domains, and regions designated as mutational hotspots (reviewed in Greenblatt et 
al. 1994). Missense or nonsense mutation: functional domains include the transactivation region (diagonally 
striped block), sequence-specific DNA binding region (amino acids 100-293), nuclear localization sequence 
(amino acids 316-325, vertical-striped block), and oligomerization region (amino acids 319-360, horizontal
striped block). Evolutionary conserved domains (amino acids 17-29, 97-292, and 324-352; black areas) were 
determined using the MACAW program. Seven mutational hotspot and evolutionarily conserved regions with
in the large conserved domain are also identified (amino acids 130-142, 151-164, 171-181, 193-200,213-
233, 234-258, and 270-286, checkered blocks). Vertical lines above the schematic are missense mutations. 
The majority of missense mutations are in the conserved hydrophobic mid region of the protein that is re
quired for the sequence-specific binding to DNA, the nonmissense (nonsense, frameshift, splicing, and silent 
mutations) are distributed throughout the protein, determined primarily by sequence context. Deletions and 
insertions are more common in the NHrterminal and COOH-terminal of the p53 gene 

Molecular Linkage Between Carcinogen Exposure and Cancer 

A number of specific p53 mutational hotspots have been identified in differ
ent human cancers (Fig. 6). Molecular linkage between carcinogen exposure 
and cancer can be well exemplified by the p53 mutational spectrum of hepa
tocellular carcinoma, skin cancer and lung cancer. In liver tumors from per
sons living in geographic areas in which aflatoxin B1 and hepatitis B virus 
(HBV) are cancer risk factors, most p53 mutations are at the third nucleotide 
pair of codon 249 (Hsu et al. 1991; Bressac et al. 1991; Scorsone et al. 1992; 
Li et al. 1993). A dose-dependent relationship between dietary aflatoxin B1 
intake and codon 249ser p53 mutations is observed in hepatocellular carcino-
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Fig. 6. p53 mutational hotspots in human cancers 

Head & Neck (n=352) 
248 

Skin (n=219) 
278 

248 
245 

rna from Asia, Africa and North America (reviewed in Harris, 1996). The 
mutation load of 249ser mutant cells in nontumorous liver also is positively 
correlated with dietary aflatoxin Bl exposure (Aguilar et al. 1994). Exposure 
of aflatoxin Bl to human liver cells in vitro produces 249ser (AGG to AGT) 
p53 mutants (Aguilar et al. 1993; Mace et al. 1997). These results indicate 
that expression of the 249ser mutant p53 protein provides a specific growth 
and/or survival advantage to liver cells and are consistent with the hypoth
esis that p53 mutations can occur early in liver carcinogenesis. 

Sunlight exposure is a well known risk factor for skin cancer. CC to TT 
double mutations are frequently found in squamous and basal cell skin carci
noma (Brash et al. 1991), while it is rarely reported in other forms of can
cers (Greenblatt et al. 1994). In vitro studies have shown the induction of the 
characteristic CC to TT mutations by ultraviolet exposure (Hsia et al. 1989; 
Bredberg et al. 1986; Brash 1988; Kress et al. 1992; Tornaletti et al. 1993). 
Sunlight exposed normal and precancerous skin contains CC to TT double 
mutations (Nakazawa et al. 1994; Ziegler et al. 1994). These results indicate 
that CC to TT mutations which can be induced by sunlight exposure, may 
play a role in the occurrence of skin cancer. 

Cigarette smoking is a major risk factor for the incidence of lung cancer. 
Benzo(a)pyrene, a chemical carcinogen in tobacco smoke, causes p53 hotspot 
mutations at codons 157, 248 and 273 in lung cancer. A dose-response in
crease in p53 G to T transversion mutations with cigarette smoking has been 
reported in lung cancer (Takeshima et al. 1993). Interestingly, codon 157 
(GTC to TTC) mutations are uncommon in other types of cancer and have 
not been found in lung cancer from never smokers (Greenblatt et al. 1994). 



Molecular Epidemiology of Human Cancer 31 

Table 1. Assessment of causation by the Bradford-Hill criteria. Hypothesis: Dietary aflatoxin B, (AFB, ) 
exposure can produce 249~r (AGG to AGT) pH mutations during human liver carcinogenesis 

Strength of association 
Consisten<y 

Positive correlation between estimated dietary 
AFBI exposure and frequency of 249* p53 
mutations in three different ethnic popula
tions on three continents (Hsu et al. 1991; 
Bressac et al. 1991; Soini et al. 1996). 

Specificity 
249* p53 mutant cells are observed in non
tumorous liver in high HCC incidence geo
graphic areas (Aguilar et al. 1994). 

Biological plausibility 
AFBI is enzymatically activated by human 
hepatocytes (Autrup et al. 1984; Pfeifer et al. 
1993) and the 8,9-AFB1 oxide binds to the third 
base (G) in codon 249 (Puisieux et al. 1991). 
AFBI exposure to human liver cells(Aguilar et al. 
1993; Mace et al. 1997) in vitro produces codon 
249* p53 mutations. 
249* p53 expression inhibits apoptosis 
(Wang et al. 1995a), p53 mediated transcription 
(Forrester et al. 1995) and enhances liver cell 
growth in vitro (Ponchel et aI. 1994). 

Table 2. Assessment of causation by the Bradford-Hill criteria. Hypothesis: Chemical carcinogens, e.g., 
benzo[a)pyrene (BP), in tobacco smoke cause p53 hotspot mutations at codons 157, 248 and 273 in 
human lung carcinogenesis 

Strength of association 
Consisten<y 

Ggarette smoking is associated with a dose
response increase in p53 mutations (G to T 
transversions) in human lung cancer 
(Takeshima et al. 1993). 

Specificity 
Codon 157 (GTC toTTO mutations are 
uncommon in other types of cancer and have 
not been found in lung cancer from never 
smokers (Greenblatt et al. 1994). 

Temporality 
p53 mutations can be found in bronchial 
dysplasia (Vahakangas et al. 1992). 

Biological plausibility 
BP is metabolically activated and forms BP diol 
epoxide-ONA adducts in human bronchus in 
vitro (75-fold interindividual variation) 
(Harris et al. 1974; Jeffrey et al. 1977). 
BP diol epoxide binds to Gs in codons 157, 248 
and 273, which are pSJ mutational hotspots 
(Oenissenko et al. 1996). 
BP exposure to human cells in vitro produces 
codon 248 (CGG to GG) p53 mutations 
(Cherpillod and Amstad 1995). 
Ggarette smoke condensates or BP can !leO

plastically transform human bronchial epithelial 
cells in the laboratory (Klein-Szanto et al. 1992; 
lizasa et al. 1993). 

Recently it was shown that BP diol epoxide, the metabolically activated form 
of BP, binds to guanosine residues in codons 157, 248 and 273 which are mu
tational hotspots in lung cancer (Denissenko et al. 1996). Cigarette smoke 
condensate or BP also neoplastically transforms human bronchial epithelial 
cells (Klein-Szanto et al. 1992). 

Assessment of Causation by Bradford-Hill Criteria 

Results obtained from molecular epidemiological studies can be used for the 
assessment of causation. Using "weight of the evidence" principle, Bradford
Hill (Hill, 1965) proposed criteria in the assessment of cancer causation in
cluding strength of association (consistency, specificity and temporality) and 
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Table 3. Assessment of causation by the Bradford·HiII criteria. Hypothesis: Sunlight exposure can 
cause a characteristic CC to IT tandem double mutation in p53 in human skin cancer 

Strength of association 
Consistency 

Commonality of CC to TT tandem double 
mutation In squamous and basal cell skin 
cardnorna (Brash et al. 1991; Ziegler et al. 
1994; ~an et al. 1995). 

SpecIficity 
Tandem dipyrimidine CC to TT mutations are 
uncommon in other types of cancer 
(Greenblatt et al. 1994). 

Temporality 
CC to TT mutations are found in normal and 
precancerous skin (Nakazawa et al. 1994; 
Ziegler et al. 1994). 

Biological plausibility 
Cydobutane pyrimidine dimers and pyrimidine 
photoproduc:1s are the two major adduct5 pr0-
duced by UV- Irradiation and Induces C to 1, 
at non-CpG sites, and CC to TT mutations 
(Tomaletti et al. 1993; Brash 1988; Cherpiliod 
and Amstad, 1995). 
Skin cancer In xeroderma plgmentosum patients, 
with defective nucleotide excision repair, con
tains a high frequency of CC to TT mutations 
(Oumaz et al. 1993). 
UV exposure produces CC to TT mutations in 
studies using phage, bacteria and mice 
(Hsia et al. 1989; Bredberg et al. 1986; 
Brash 1988; Kress et al. 1992). 

biological plausibility. For example, there is a considerable amount of evi
dence now consistent with the hypotheses that dietary aflatoxin Bl exposure 
can produce codon 2498er (AGG to AGT) p53 mutations during human liver 
carcinogenesis (Table 1), the chemical carcinogen, e.g., benzo(a)pyrene, in 
tobacco smoke cause p53 hotspot mutations in human lung carcinogenesis 
(Table 2), and sunlight exposure causes the characteristic CC to TT double 
mutations in p53 in human skin cancer (Table 3). 
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Abstract 

Environmental factors such as smoking, diet, and pollutants act in concert 
with individual susceptibility to cause most human cancers. This article 
briefly reviews molecular evidence that two types of susceptibility factors -
common predisposing genetic traits and young age at exposure - convey 
heightened risk from certain exposures. Examples are drawn from molecular 
epidemiologic studies of common environmental carcinogens such as poly
cyclic aromatic hydrocarbons (PAH) and aromatic amines. Understanding of 
both genetic and acquired susceptibility in the population will be instrumen
tal in developing health and regulatory policies that adequately protect of the 
more susceptible groups from risks of environmental carcinogens. 

Introduction 

The greatest potential of molecular epidemiology in cancer prevention lies in 
its ability to shed light on the complex interaction between the environment 
and individual susceptibility. That is, to elucidate relationships between expo
sures to tobacco smoke, dietary constituents, workplace and ambient pollu
tants, on the one hand, and individual susceptibility traits on the other. 
Known or suspected susceptibility factors include not only genetic poly
morphisms affecting the metabolic activation and detoxification of carcino
gens but a number of "acquired" factors (Table 1). An estimated 80% of can
cer is thought to be related to these interactions and thus to be theoretically 
preventable through the identification and control of the environmental fac
tors involved. 

Molecular epidemiology can be a useful tool in this regard by enhancing 
our understanding of mechanisms in human carcinogenesis, identifying 
groups and ultimately individuals at greatest risk, and designing and track
ing interventions to ensure their efficacy. It must be stressed that achieve
ment of this potential necessitates the thorough validation of biomarkers and 
their use in conjunction with sound epidemiologic principles. 

Recent Results in Cancer Research, Vol. 154 
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Considerable molecular epidemiologic research, including our own, has 
focussed on widespread chemical carcinogens, since exposures to them are 
often readily preventable once identified as harmful. There is substantial 
human exposure to hundreds of carcinogens, albeit generally at low concen
trations - in tobacco smoke, diet, workplace, indoor and outdoor air and 
drinking water. As in the case of polycyclic aromatic hydrocarbons (PAH), 
benzene and pesticides, exposure frequently comes from multiple sources via 
multiple routes. 

In terms of population attributable risk, common predisposing genotypes 
that affect metabolic handling of such carcinogens are more significant than 
rare high risk syndromes such as Li-Fraumeni, Rb and BRCAI which have 
frequencies of less than 10-3• Other susceptibility factors - perhaps equally 
important as the genetic ones - are age or stage of development at exposure, 
preexisting nutritional and health status, gender and ethnicity. I will discuss 
two of these susceptibility factors, common predisposing genetic polymorph
isms and age at exposure, reviewing recent molecular epidemiologic evidence 
that these factors are capable of modulating the risk of diverse carcinogens. 

But first, a word about the history and conceptual framework of molecular 
epidemiology. Molecular epidemiology has its roots in prior work in clinical 
chemistry and pathology, seroepidemiology, genetic epidemiology, multistage 
carcinogenesis and molecular biology. In contrast to traditional epidemiol
ogy, in which associations are observed between exposure/risk factors and 
disease, molecular epidemiology seeks to directly measure the intervening 
"black box" interactions. In 1982, Perera and Weinstein used the term molec
ular epidemiology to describe a comprehensive theoretical approach using 
biologic markers to document dose, preclinical effects and susceptibility to 
carcinogens directly in human populations (Perera and Weinstein, 1982). The 
purpose: to obtain early warning of potential risk and an understanding of 
the range and distribution of both exposure and susceptibility in the popula
tion. This information could then be used to inform interventions, both regu
latory and behavioral. 

Genetics Susceptibility 

Although they pose low individual risk, more common genetic traits, such as 
those that influence the metabolic activation or detoxification of carcinogenic 
chemicals, can be important determinants of population risk. For example, 
the phase I cytochrome P450 enzymes catalyze the oxidative metabolism of 
diverse endogenous and exogenous chemicals from steroids to pollutants; 
during the oxidative process electrophilic and carcinogenic intermediates can 
be created. Many P450 genes are polymorphic, including CYP1Al, whose 
product metabolizes PAH such as benzo[a]pyrene (BP). About 10% of the 
Caucasian population has a highly inducible form of the enzyme that is asso
ciated with an increased risk of lung cancer in smokers. Although not all 
studies have been positive, in Japanese and certain Caucasian populations, 
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increased lung cancer risk is correlated with one or both CYP1Al poly
morphisms, the so-called Msp I polymorphism and the closely linked exon 7 
(isoleucine to valine) polymorphism (Kawajiri et al. 1996; Nakachi et al. 
1991; Xu et al. 1996). The greatest incremental lung cancer risk from the 
"susceptible" CYP1Al genotype, was seen in light smokers (seven times the 
risk of light smokers without the genotype) whereas heavy smokers with this 
genotype had less than twice the risk as smokers without the genotype (Ka
wajiri et al. 1996; Nakachi et al. 1991). The proposed mechanisms for this 
phenomenon are higher CYP1Al inducibility or enhanced catalytic activity 
of the valine-type CYP1Al enzyme. Consistent with these mechanisms, 
smoking volunteers in the US with the exon 7 mutation were found to have 
more PAH-DNA adducts in white blood cells than smokers without the vari
ant (Mooney et al. 1997). PAH-DNA adducts are also elevated in cord blood 
and placenta of newborns with the CYP1Al MSPI polymorphism, which sug
gests that the genetic polymorphism may increase risk from transplacental 
PAH exposure (Whyatt et al. 1998 and in press). In lung tissue of adults, ad
duct concentration correlates with CYP1Al expression or enzyme activity 
(Bartsch and Hietanen 1996). Finally, lung tumors of Japanese smokers were 
found to be significantly more likely to have P53 mutations if they had the 
susceptible CYP1Al genotype (Kawajiri et al. 1996; Nakachi et al. 1991). As 
described below, variation in other cytochrome P450 genes, (such as 
CYP1A2, whose product metabolizes aromatic and heterocyclic amines,) can 
also modulate cancer risk (Vineis et al. 1994). 

In contrast to the phase I activating enzymes, phase II enzymes, including 
epoxide hydrolase, GST, NAT, and sulfotransferase, generally detoxify carcino
genic metabolites to produce excretable hydrophilic products. For example, 
GSTMl detoxifies reactive intermediates of the carcinogens such as PAH, 
ethylene oxide and styrene. In about 50% of Caucasians, the GSTMl locus is 
entirely deleted. Many studies have associated GSTMl deletion with an in
creased risk of bladder and lung cancer (McWilliams et al. 1995; Bell et al. 
1993). The importance of gene-environment interactions is illustrated by the 
finding that individuals with the null genotype had little risk of bladder can
cer in the absence of exposure to tobacco smoke. In lung biopsies, the fre
quencies of PAH-DNA adducts and p53 mutations were higher in persons 
with the GSTMl null genotype (Kato et al. 1995; Ryberg et al. 1994a, b). Fi
nally, susceptibility to aflatoxin Bl (AFB)- Bl induced hepatocellular carcino
ma has been associated with the deletion of GSTMl in combination with the 
epoxide hydrolase genotype that is correlated with low activity of the detoxi
fication enzyme (McGlynn et al. 1995). 

NAT2 deactivates carcinogenic aromatic amines through N-acetylation; 
50%-60% of Caucasians and 30%-40% of African-Americans are "slow" acet
ylators (Yu et al. 1994, 1995). Some, but not all, studies indicate that persons 
with the NAT 2 slow acetylator genotype have a higher risk of bladder cancer 
if they are exposed to environmental carcinogens such as 2-napthylamine 
and 4-aminobiphenyl (4-ABP) (Vineis et al. 1994; Landi et al. 1996). With 
low exposure to tobacco smoke, slow acetylators had approximately twice as 
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many 4-ABP hemoglobin adducts as did rapid acetylators; however, with 
higher exposure, NAT2 had no effect on adduct concentration. Among post
menopausal women, smoking increased breast cancer risk only among those 
with the NAT2 slow acetylator genotype (Ambrosone et al. 1996). 

Not only can multiple genes modulate the effects of environmental carci
nogens, but interactions between genes can result in a greater-than-additive 
effect on risk. Smokers with the combined rapid CYPIA2 oxidizer slow N
acetylation phenotype had more 4-ABP-hemoglobin than other smokers, but 
only when the smokers' dose was low (Vineis et al. 1994; Landi et al. 1996). 
Research with Japanese populations has revealed that individuals with the 
combination of the CYP1Al (VallVal) and GSTMI null genotypes, relative to 
persons with neither genotype, have an eightfold increase in frequency of 
p53 mutations (Kawajiri et al. 1996; Nakachi et al. 1991) and an estimated 
sixfold greater risk of lung cancer (Kawajiri et al. 1996; Nakachi et al. 1991; 
Hayashi et al. 1992). Studies of the role of CYP1Al and GST in lung cancer 
risk in Caucasians have yielded inconsistent results, possibly because of eth
nic differences in gene prevalence or linkage. 

Much of this research suggests that common genetic polymorphisms in 
P450s and NAT2 have a greater impact on pro carcinogenic adducts and cancer 
risk when exposure to carcinogens is low. Although this pattern was not seen 
with GSTMl and bladder cancer, it is plausible that at higher exposure, the 
effects of certain genetic traits are overwhelmed by the environmental insults. 

Age-Related Susceptibility 

There are important age-related differences in susceptibility to environmental 
toxicants (Perera and Weinstein 1982; Perera 1996; Goldman 1995; Bearer 
1995; National Academy of Sciences 1993, 1994). Experimental and epidemio
logic data indicate that, because of differential exposure or physiological im
maturity, infants and children have greater risk than adults from a number 
of environmental toxicants, including PAH, nitrosamines, pesticides, tobacco 
smoke, air pollution and radiation. The underlying mechanisms may include 
increased absorption and retention of toxicants, reduced detoxification and 
repair, the higher rate of cell proliferation during the early stages of develop
ment, and the fact that cancers initiated in the womb and in the early years 
have the opportunity to develop over many decades. 

Relative to body weight, infants and children take in appreciably more 
food, water, and air - and any carcinogens contained in them - than do 
adults. The very young may also have uniquely high exposures from nursing 
and other behaviors. For example, relative to adults with background expo
sure, nursing infants have an estimated 10- to 20-fold greater average daily 
intake of dioxin, a carcinogen that accumulates in breast milk (Mott et al. 
1994). Molecular epidemiologic studies also indicate that the young have a 
higher internal dose of toxicants and greater genetic damage than adults who 
are similarly exposed to tobacco smoke and PAH. In cord blood of newborns 
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at delivery, concentrations of cotinine were significantly higher (by 70%) 
than in the mothers' blood, also sampled at delivery (Whyatt et aL 1996). 
The newborns had 30% more PAH-DNA adducts than their mothers. 
(Although that difference was not statistically significant, this finding was 
noteworthy because the internal dose of PAH to the fetus is estimated to be 
about one-tenth of that to the mother). Similarly, in young children, urinary 
levels of 1-hydroxypyrene glucuronide, an indicator of PAH exposure, were 
higher than those in their mothers (Kang et aL 1995). 

Adolescence and young adulthood are also viewed as sensitive life stages 
because of greater proliferative activity in epithelial cells of certain tissues. 
Women who were in their teens at the time of the atomic bombings had the 
greatest risk of radiation-induced breast cancer (Tokunaga et aI., 1987). Simi
larly, initiation of smoking at an early age confers a higher risk of lung, blad
der, and possibly breast cancer. The risk for women who began smoking be
fore age 25 is almost four times that for women who began after age 25 
(Hegmann et aL 1993). Breast cancer risk associated with the NAT2 slow 
acetylator genotype was higher in women who began smoking before the age 
of 16 (Ambrosone et aL 1996). Similarly, long-term use of oral contraceptives 
by young women and exposure to human papilloma virus at an early age 
have been associated with enhanced risk of breast and cervical cancer, re
spectively (see Perera 1996 for review). 

Susceptibility in the elderly has received less attention in research. How
ever, immune function and DNA repair efficiency both decrease with age, 
which reduces protection against environmental carcinogens. 

Conclusion 

I have highlighted two examples of susceptibility factors that modulate indi
vidual responses to environmental carcinogens. As reviewed elsewhere (Per
era 1997), molecular data illustrate the complexity of environment-suscepti
bility interactions - not one gene, but multiple genes may be involved, and 
the effects of these genes can be modified by ethnicity, age, gender, nutri
tional status, and extent of carcinogen exposure (Perera 1997). Despite its 
complexity, this body of knowledge holds much potential in terms of cancer 
prevention. First, it has immediate application to the identification of envi
ronmental risk factors. In epidemiology, it has been difficult to detect rela
tive risks of 1.5 or even 2.0. Causal relationships and underlying mechanisms 
may emerge more clearly when etiologic research is focused on subgroups 
with heightened sensitivity (Millikan et aL 1995). Second, the greatest strides 
in preventing cancer at the population level will come from interventions 
that protect the susceptible subgroups. Thus, knowledge of differential risk 
resulting from predisposing metabolic genetic traits, ethnicity, young age, 
gender, or health and nutritional impairment can be useful in developing 
regulations, public education, health surveillance, behavior modification pro
grams, and chemoprevention strategies that will have the maximum impact. 
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Abstract 

It has become clear that several polymorphisms of human drug-metabolizing 
enzymes influence an individual's susceptibility for chemical carcinogenesis. 
This review gives an overview on relevant polymorphisms of four families of 
drug-metabolizing enzymes. Rapid acetylators (with respect to N-acetyltrans
ferase NAT2) were shown to have an increased risk of colon cancer, but a 
decreased risk of bladder cancer. In addition an association between a NATl 
variant allele (NAT*lO, due to mutations in the polyadenylation site causing 
~two fold higher activity) and colorectal cancer among NAT2 rapid acetyla
tors was observed, suggesting a possible interaction between NATl and 
NAT2. Glutathione S-transferases Ml and Tl (GSTMI and GSTTl) are poly
morphic due to large deletions in the structural gene. Meta-analysis of 12 
case-control studies demonstrated a significant association between the 
homozygous deletion of GSTM1 (GSTMI-O) and lung cancer (odds ratio: 
1.41; 95% CI: 1.23-1.61). Combination of GSTMI-O with two allelic variants 
of cytochrome P4501Al (CYPIA1), CYPIAI m2/m2 and CYPIAI Val/Val 
further increases the risk for lung cancer. Indirect mechanisms by which de
letion of GSTMI increases risk for lung cancer may include GSTMI-0 asso
ciated decreased expression of GST M3 and increased activity of CYPIAI 
and lA2. Combination of GST MI-O and NAT2 slow acetylation was asso
ciated with markedly increased risk for lung cancer (odds ratio: 7.S; 95% CI: 
104-78.7). In addition GSTMI-0 is clearly associated with bladder cancer and 
possibly also with colorectal, hepatocellular, gastric, esophageal (interaction 
with CYPIAl), head and neck as well as cutaneous cancer. In individuals 
with the GSTTl-O genotype more chromosomal aberrations and sister chro
matid exchanges (SCEs) were observed after exposure to 1,3-butadiene or 
various halo alkanes or haloalkenes. Evidence for an association between 
GSTTl-O and myelodysplastic syndrome and acute lymphoblastic leukemia 
has been presented. A polymorphic site of GSTPI (valine to isoleucine at 
codon 104) decreases activity to several carcinogenic diol epoxides and was 
associated with testicular, bladder and lung cancer. Microsomal expoxide 
hydrolase (mEH) is polymorphic due to amino acid variation at residues 113 
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and 139. Polymorphic variants of mEH were associated with hepatocellular 
cancer (His-1l3 allele), ovarian cancer (Tyr-l13 allele) and chronic obstruc
tive pulmonary disease (His-1l3 allele). Three human sulfotransferases (STs) 
are regulated by genetic polymorphisms (hDHEAST, hM-PST, TS PST). Since 
a large number of environmental mutagens are activated by STs an associa
tion with human cancer risk might be expected. 

Introduction 

It has become clear that interindividual differences in human susceptibility 
to genotoxic agents may depend on the individual's genetic makeup. Espe
cially polymorphisms of human drug-metabolizing enzymes have been 
shown to influence susceptibility to genotoxic substances and to be asso
ciated with cancer risk. In addition it has become increasingly clear that 
polymorphisms of drug metabolizing enzymes also modulate the risk of 
developing specific types of cancer. Although several polymorphisms confer 
only a modestly increased risk of cancer, they still can be important to pub
lic health, particularly if the polymorphism and its associated cancer are 
common (McWilliams et al. 1995). Polymorphisms are defined as less fre
quent phenotypes, which occur in at least 1 % of a population and are caused 
by gene mutations, especially point mutations, frame shift mutations, or gene 
deletions resulting in most cases (but not always) in enzymes with reduced 
or no activity. Large interethnic differences in the frequency of gene muta
tions responsible for polymorphisms have been observed. 

This review gives an overview on polymorphisms of four important super
families of drug metabolizing enzymes, namely N-acetyltransferases (NAT1 
and 2), glutathione S-transferases (GST Ml, Tl, and PI), microsomal epoxide 
hydrolase (mEH), and sulfotransferases (ST). 

N-Acetyltransferases 

The N-acetylation polymorphism was recognized already 1951 in tuberculo
sis patients treated with isoniazid (Evans 1968). The half-life of isoniazid in 
plasma was about 1 h in about 50% of the Caucasian patients compared to 
about 3 h in the second half of the patients. This difference could be ex
plained by the polymorphism of NAT2 - the "classical" N-acetylation poly
morphism - which inactivates isoniazid mainly in the liver (Blum et al. 1990; 
Hickman and Sim 1991). Rapid acetylators are either homozygous or hetero
zygous for the rapid acetylator allele, whereas slow acetylators are homozy
gous for the slow acetylator allele(s). Although a large percentage of slow 
acetylator phenotypes can be explained by three slow acetylator alleles (two 
in Caucasians, one in Asians), at least 20 rare NAT2 alleles are known (Vatsis 
et al. 1991; Blum et al. 1990; Martinez et al. 1995). 
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Later it was realized that the NAT2 polymorphism is associated with can
cer risk. Rapid acetylators (NAT2) were shown to have an increased risk of 
colon cancer (Gonzalez and Idle 1994; Nebert 1991; Vineis and McMichael 
1996). Recently, rapid acetylator phenotype (assessed by the rate of orally 
given sulphamethazine, a substrate specific to NAT2) was shown to be asso
ciated with colorectal cancer (odds ratio: loS; 95% CI: 1-3.3; number of pa
tients: 110) (Roberts-Thomson et al. 1996). The highest risk was observed in 
the youngest tertile «64 years) of patients in this study (odds ratio: S.9; 95% 
CI: 2.6-30.4). The risk of colorectal cancer increased with increasing intake 
of meat in rapid, but not in slow, acetylators (Roberts-Thomson et al. 1996). 

An association of the fast acetylator phenotype (with respect to NAT2) 
with increased risk of colorectal cancer may be explained by the participa
tion of NAT2 in activation of heterocyclic aromatic amines formed during 
the cooking of meat and meat derived products. A principal route of meta
bolic activation of heterocyclic aromatic amines, e.g. 2-amino-3,S-dimethyl
imidazo[ 4,5-flquinoxaline (MeIQx; Fig. 1) includes N-oxidation to hydroxyl
amines (e.g. by cytochrome P450 1A2), their subsequent activation by acetyl
transferase-catalyzed O-acetylation resulting in reactive N -acetoxy-esters, 
which can spontaneously lose acetate to form a nitrenium ion and covalently 
bind to DNA, one preferred position being the CS-position of guanine 
(Fig. 1). After N-hydroxylation and N,O-glucuronidation in the liver, the het
erocyclic aromatic amine-derived glucuronides are secreted into the bile, due 
to their relatively high molecular weight. In the colon the heterocyclic hydro
xylamines may then be released from the conjugates due to action of bacteri
al glucuronidases. Contrary to the original not hydroxylated heterocyclic aro
matic amines the hydroxylamines represent good substrates for NAT2, which 
is expressed in relatively high levels in colon epithelial cells. This mechanism 
may explain the colon-specific carcinogenic effect of some heterocyclic 
amines. The role of cytochrome P450 1A2 and NAT2 in metabolic activation 
of heterocyclic amines has been proven by several studies. For example, 
expressing both cytochrome P450 1A2 and NAT2 in Chinese hamster CHL 
cells caused an about 100-fold increase in sensitivity to the cytotoxic and 
mutagenic action of MeIQx compared to the parental cell line (Yanagawa et 
al. 1994). However, no significant increase in sensitivity to MeIQx was ob
served expressing NAT2 or cytochrome P450 1A2 alone or cytochrome P450 
1A2 plus NAT1. Furthermore, aberrant crypts, the earliest morphologically 
evident preneoplastic lesion in chemical colon carcinogenesis was about 
three fold higher in rapid vs slow acetylator (NAT2) congenic Syrian ham
sters administered 3,2' -dimethyl-4-aminobiphenyl, an aromatic amine colon 
carcinogen (Feng et al. 1996). Similarly, the level of DNA adducts induced by 
2-amino-3-methylimidazo[ 4,5-flquinoline (IQ) in colon tissue of C57BL/6 
mice was about three fold higher in rapid vs slow acetylator (NAT2) con
genic mice (Nerurkar et al. 1995). 

Although evidence has been given that 2-amino-1-methyl-6-phenylimida
zo[4,5-b]pyridine (PhIP) (which represents a predominant heterocyclic aryl
amine in pyrolized meat and fish) can be further activated by NAT2 (Hein et 
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al. 1994; Turesky et al. 1991) after hydroxylation, two recent studies from in
dependent groups suggest that PhIP may represent an exception (Wild et al. 
1995; Wu et al. 1997). Chinese hamster ovary UV5P3 cells were about 50-fold 
more sensitive to the cytotoxic effect of PhIP than to IQ (2-amino-3-methyl
imidazo[ 4,5-f] quinoline), another genotoxic compound found in cooked food 
(Wu et al. 1997). Expression of human NAT2 in Chinese hamster ovary 
UV5P3 cells caused an approximately 1000-fold increase in sensitivity to the 
killing effect of IQ over the parental cell line. However, no increase in cyto
toxicity to PhIP was observed in the NAT2-expressing cells. A similar result 
was obtained by expressing human NAT2 in Salmonella typhimurium TA 
1538/1,8-DNP, a derivative of strain TA 1538 devoid of the endogeneous Sal
monella O-acetyltransferase. In the Ames test with rat liver 5-9 Mix as an 
activating system the mutagenic potency of several heterocyclic aromatic 
amines was much higher in NAT2 expressing Salmonella typhimurium 
(strain DJ 460) than in the NAT2-deficient strain (TA 1538/1,8-DNP) except 
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for PhIP, which exhibited similar mutagenic potencies in both strains (Wild 
et al. 1995). These results suggest that PhIP - as an exception to the rule for 
heterocyclic arylamines - may be activated independent of NAT2 and, thus, 
genotoxic effects of PhIP will not depend on the NAT2 polymorphism. 

In contrast to the colon, for bladder the rapid acetylator phenotype 
(NAT2) was associated with a lower incidence of cancer (Weber and Hein, 
1985; Cartwright 1984; Karakaya et al. 1989; Okkels et al. 1997; Ross et al. 
1996). However, exposure to bladder carcinogens, such as aromatic amines 
or cigarette smoking, were required to observe an association between the 
slow acetylator phenotype and an increased risk for bladder cancer. No asso
ciation between NAT2 polymorphism and bladder cancer was observed with
out exposure of individuals to aromatic amines. 

In a relatively large hospital based case-control study (374 patients; 373 
controls), slow acetylation (NAT2) was a significant risk factor for bladder 
cancer in heavy smokers (not selected for occupational exposure to aromatic 
amines) (odds ratio: 2.7; 95% CI: 1-7.4) (Brockmoller et al. 1996a). In con
trast to earlier findings, a recent study with 196 urothelial cancer patients 
did not show a significantly increased frequency of slow acetylators (NAT2) 
among bladder cancer patients compared to the normal population (Golka et 
al. 1996). However, in subgroups of these urothelial cancer patients with for
mer occupational exposure to aromatic amines, a trend towards a higher re
presentation of slow acetylators was observed. This finding suggests that the 
percentage of slow acetylators (NAT2) in the population of urothelial cancer 
patients decreased during the last few years, possibly because the production 
of benzidine ceased in the early 1970s (Golka et al. 1996). 

The protection against bladder cancer by fast acetylation may be ex
plained by the role of NAT and cytochrome P450 in metabolic activation of 
aromatic amines, some of which are well-known bladder carcinogens (Fig. 2, 
4-aminobiphenyl). Toxification of aromatic amines includes N-hydroxylation 
by cytochrome P450 lA2 followed by the formation of a reactive O,N-ester 
(acetoxy-group) by N-acetyltransferase and spontaneous decomposition to an 
aryl-nitrenium ion, which can covalently bind to DNA. Cytochrome P450 
lA2 hydroxylates 4-aminobiphenyl relatively fast, whereas the arylamide, 
produced by N-acetylation of 4-aminobiphenyl, is a relatively poor substrate 
for cytochrome P450 lA2 (Fig. 2). Thus, high activities of NAT, which may 
compete with cytochrome P450 1A2 for aromatic amines, will reduce the for
mation of aryl-nitrenium ions and consequently reduce the formation of 
DNA adducts. The example of NAT2 shows that polymorphisms may influ
ence susceptibility of different organs in opposite directions. 

Some investigators also observed associations between the acetylator phe
notype and cancer of organs other than colon and bladder. An excess of slow 
acetylators (NAT2) was observed among patients with hepatocellular carcino
ma (Agundez et al. 1996). In postmenopausal women NAT2 modified the 
association of smoking with risk of breast cancer (Ambrosone et al. 1996). 
For slow acetylators smoking increased breast cancer risk in a dose-depen
dent manner (odds ratio: 4.4; 95% CI: 1.3-14.8), whereas for rapid acetyla-
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tors smoking was not associated with increased breast cancer risk. A study 
with 389 lung cancer patients revealed an overexpression of NAT*4/4 geno
type in the lung cancer patients (odds ratio: 2.4; 95% CI: 1.05-5.32), which is 
associated with especially high acetylation capacity (Cascorbi et al. 1996). By 
contrast, the risk of asbestos-exposed individuals of developing malignant 
mesothelioma for individuals with a NAT2 slow-acetylator genotype was 
about fourfold that observed for those with a NAT2 fast-acetylator genotype 
as reported by another group (odds ratio: 3.8; 95% CI: 1.2-14.3; Hirvonen et 
al. 1996). 

Activities of NAT! and NAT2 can be differentiated by the use of diagnos
tic substrates, in which N -acetylation of p-aminosalicylic acid represents an 
activity specific for NAT! and N-acetylation of sulfamethazine is specific for 
NAT2 (Sadrieh et al. 1996). The classical acetylation polymorphism is regu
lated at the NAT2 locus, although NAT! is also expressed polymorphically in 
human bladder (Bell et al. 1995). Individuals who inherited a variant poly
adenylation signal of the NAT! gene (NAT*10 allele) exhibited an about two 
fold higher NAT! enzyme activity in bladder and colon tissue specimens. 
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According to present knowledge NAT2 would be expected to be of higher 
toxicologic relevance than NATl, since it has a higher affinity to several aro
matic amines (Nebert et al. 1996) and heterocyclic hydroxylamines (Sinha et 
al. 1994; Kerdar et al. 1993; Wild et al. 1995; Yanagawa et al. 1994) than 
NATl. For example, expression of human cytochrome P450 1A2 and NAT2 in 
Chinese hamster CHL cells caused 370- and 100-fold increases in mutagenic 
effects of IQ (2-amino-3-methylimidazo[4,5-f]quinoline) and MeIQx (2-ami
no-3,8-dimethylimidazo[4,5-f]quinoxaline) compared to the parental cell line, 
whereas no clear increase in sensitivity was observed after expression of hu
man cytochrome P450 1A2 and NATl (Yanagawa et al. 1994). Similarly Wild 
et al. (1995), Hein et al. (1994) and Kerdar et al. (1993) observed a more effi
cient O-acetylation of heterocyclic arylamines by human NAT2 compared to 
NATl expressing both enzymes in Salmonella typhimurium or in COS-1 cells. 
The opposite situation - a more efficient O-acetylation (Minchin et al. 1992) 
and a more efficient activation to a mutagen (Grant et al. 1992) by NATl -
was observed for the nonheterocyclic N-hydroxy-2-aminofluorene. Further
more, NATl is expressed with relatively high activity in bladder and colon 
mucosa (Bell et al. 1995; Badawi et al. 1996). Bell et al. (1995) observed an 
association between the NATl variant allele (NAT 1 *10 genotype due to muta
tions in the NATl polyadenylation site causing about two fold higher activ
ity) and colorectal cancer among NAT2 rapid acetylators (odds ratio: 2.8; 
95% CI: 1.4-5.7). This suggests a possible interaction between NAT2 and 
NATl and is in agreement with the finding that the bladder NATl *10 geno
type and phenotype were correlated with significantly higher levels of aro
matic amine-DNA adducts in human bladder as measured by 32P-postlabel
ling (Kadlubar and Badawi 1995). However, a recent study did not observe 
an association between the NATl *10 fast acetylator allele and an increased 
prevalence of color ectal adenomas, nor a gene-gene interaction between 
NAT2 and NATl (Probst-Hensch et al. 1996), thus, presently leaving an un
clear situation with respect to the role of NATl for colorectal tumorigenesis. 

Glutathione S-Transferase Ml and 11 

The cytosolic glutathione S-transferase (GST) activity in mammalian tissues 
is due to the presence of multiple isoenzymes which, on the basis of their 
amino acid sequences, can be assigned to five classes known as, a, fl, n, (1, 

and e (Hayes and Pulford 1995). These enzymes catalyze many reactions be
tween glutathione and lipophilic compounds with electrophilic centers. When 
the reaction forms a covalent bond the resultant more water soluble GSH 
conjugate usually is no longer toxic and may be excreted. However, muta
genicity of several substances (especially halo alkanes and haloalkenes) in
cluding l,2,3,4-diepoxybutane, epibromohydrin, l,3-dichloroacetone and 1,2-
dibromoethane, is increased by the action of GST (Thier et al. 1996; Guen
gerich 1996). This activation process includes formation of an episulfonium 
ion, which reacts with nucleophiles and may bind to DNA, preferentially to 
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the N7 position of guanine. Within the GST,u class there exist at least five 
genes encoding the isoenzymes GST M1-M5 (Hayes and Pulford 1995). The 
most commonly expressed gene is GST M1, which has been shown to be 
polymorphic and for which at least three different allelic variants exist. A 
null allele (GSTM1-0) contains a nearly complete deletion of the gene and 
produces no enzyme (review in Nebert et al. 1996; Seidegard and Ekstrom 
1997; Rebbeck 1997). Two allelic variants have been described for GST M1, 
GST MIa and GST M1b. The GST MIa and GST M1b alleles differ by a C to 
G transversion at base position 534, causing a Lys to Asn substitution at ami
no acid 172. However, similar substrate specificities and enzyme activities 
have been observed for both variants. 

For Caucasians the frequency of homozygous deletions in GST M1 is 
about 50%. Thus, most individuals who are phenotypically GST M1-1 are de
letion heterozygotes rather than nondeletion homozygotes (approximately 
42% vs 9%, respectively) (Seidegard et al. 1988). Large ethnic differences for 
the frequency of homozygous deletion in GST M1 have been observed. Fre
quencies of homozygous GST M1-0 in Pacific Islanders, Malay, Japanese, Chi
nese, Indians (Asia), and Africans were 64%-100%, 62%, 48%-51%, 35%-
63%, 33%-36%, 22%-35%, respectively (review in Rebbeck 1997). Earlier 
studies used enzymatic assays with trans-stilbene oxide or immunological 
techniques for analysis of GST M1 positivity vs negativity, whereas most re
cent studies used PCR-based methods. The latter technique accurately distin
guishes deletion homozygotes from deletion heterozygotes and nondeletion 
homozygotes, whereas differentiation between heterozygotes and nondeletion 
homozygotes is difficult, due to limitations of consistent PCR product quali
ty. Since the variant of interest is a gene deletion, PCR based assays should 
include an internal positive control for PCR amplification, e.g. the albumin 
or the jJ-globin gene (Arand et al. 1996 a; Hengstler et al. 1998 a). Techniques 
which allow simultaneous amplification of the GST M1, GST Tl and albumin 
(positive control) genes in a single PCR reaction have been described (Arand 
et al. 1996a; Hengstler et al. 1998a). A list of typical substrates detoxified by 
GST M1 is given in Table 1. 

Similarly to GST M1, GST Tl also has been shown to be polymorphic due 
to a large deletion in the structural gene (Pemble et al. 1994). Already in 
1989 a polymorphic conjugation of methyl chloride by human erythrocytes 

Table 1. Xenobiotics detoxified by human glutathione S-transferase M 1. 
(Adapted from Hayes and Pulford 1995) 

Benzo[a)-pyrene-4.5-oxide 
(+)-antf.8enzo[a)pyrene-7.8-diol-9,l0-0xide 
Aflatoxin 81-8,9-epoxide 
Styrene oxide 
trans-Stilbene oxide 
Thiotepa 
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Table 2. Typical substrates for GST T1 and the influence of GST T1 on mutageniticity after expression 
in Salmonella typhimurium TA 1535. (From Thier et al. 1996) 

Substance 

1,2.3,4-Diepoxybutane 
1,3-Dichloroacetone 
Epibromohydrin 
1.2-Oibromoethane 
1.2-Epoxy-3-(4' -nitrophenoxy)propane 

Influence of GST T1 on mutagenicity a 

++ 
++ 
+ 
+ 

• Strong (++) and intermediate (+) increase in mutagenicity; decrease in mutagenicity (- ). 

GSH 

+ 

/'-..... / Sr 
Sr/' ~ 

GSTT1 GS(] 
Fig. 3. Activation of dibromoethane by glutathione S-transferase T1 (GST TI) via formation of an episul
fonium ion (from Guengerich, 1996) 

was observed (Peter et al. 1989). The majority of human blood samples 
showed a significant metabolic elimination of methyl chloride (conjugators), 
whereas a smaller fraction did not (nonconjugators). Later, conjugator status 
could be explained by the polymorphism of GST T1 (Pemble et al. 1994; 
Kempkes et al. 1996a; Fost et al. 1995; Schroder et al. 1996). Although large 
ethnic differences have been observed, the homozygous null genotype of GST 
T1 is in general less frequent than GST Ml. Frequencies of homozygous GST 
TI-0 in Chinese, Koreans, Africans, Caucasians, and Indians were 64%, 60%, 
24%-38%, 11%-16%, and 16%, respectively. A list of substrates for GST T1 
is given in Table 2. 

Recently, Thier et al. (1996) expressed human GST T1 in Salmonella typhi
murium either in a sense or antisense orientation, the latter serving as a con
trol. Expression of GST T1 enhanced mutagenicity of all investigated sub
strates, except 1,2-epoxy-3-( 4' -nitrophenoxy)propane, which was detoxified 
(Table 2). In this respect GST T1 differs from GST Ml, since GST Ml detoxi
fies the large majority of its substrates, e.g. many diol epoxides of polycyclic 
aromatic hydrocarbons or the 8,9-epoxide of aflatoxin B1• Bioactivation of 
halo alkanes mediated by GST T1 has been described by Guengerich (1996). 
Conjugation of these halo alkanes with glutathione generates episulfonium 
ions, which predominantly bind to the N7-position of guanine (2':95%), but 
also to other sites including 06-guanine (Fig. 3). The observation that GST 
T1 enhances mutagenicity of several of its substrates (Thier et al. 1996) is in 
contrast with the protective effect of GST Tl observed in humans ex vivo 
using various biomarkers. For example, approximately twofold more chromo-
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somal aberrations were observed in GST TI-0 workers exposed to 1,3-buta
diene (which is metabolized to 1,2,3,4-diepoxybutane and 1,2-epoxy-3-bu
tene) than in workers without the homozygous gene defect, whereas for con
trols only a slight, statistically not significant, difference was observed (Sorsa 
et al. 1996). In addition, GST Tl-O individuals were more sensitive to induc
tion of sister chromatid exchanges (SeEs) in lymphocytes by 1,2,3,4-diepoxy
butane (Wieneke et al. 1995). Incubation of whole blood samples with di
chloromethane (methylene chloride) as well as methyl bromide led to a sig
nificant increase in seEs in the lymphocytes of nonconjugators but not in 
those of conjugators (Hallier et al. 1993). In addition the GST Tl-polymorph
ism has been shown to influence the level of endogenous seEs in human 
lymphocytes ex vivo with higher seE levels in GST Tl negative individuals 
(Schroder et al. 1995; Wiencke et al. 1995). 

Similarly, we observed a slightly (~30%; borderline significant p<0.05), 
higher level of DNA strand lesions ex vivo (determined by alkaline elution) 
in mononuclear blood cells of workers exposed to ethylene oxide (which re
presents only a relatively weak substrate for GST Tl) if the GST Tl gene was 
homozygously deleted (Hengstler, unpublished data). In addition, incubation 
of venous blood with ethylene oxide in vitro resulted in slightly higher levels 
of DNA strand lesions in mononuclear blood cells of GST Tl negative vs pos
itive individuals (Fig. 4). By contrast, levels of DNA strand lesions induced 
by ethylene oxide were almost identical between GST Tl positive and nega
tive individuals if isolated mononuclear blood cells were incubated with ethy
lene oxide in vitro (Fig. 4). This is consistent with the observation that GST 
Tl is highly expressed in human erythrocytes, whereas expression in human 
lymphocytes has not been demonstrated (Schroder et al. 1996). The discrep
ancy between enhanced mutagenicity by GST Tl in Salmonella typhimurium 
and the protective effect of GST Tl against DNA strand lesions (single strand 
breaks and alkali labile sites) in blood or in vivo might be explained by the 
high polarity of the conjugate formed in erythrocytes, which is unlikely to 
pass the erythrocyte and lymphocyte plasma membranes (Thier et al. 1996). 
Furthermore, the mechanisms underlying the induction of point mutations 
and the induction of chromosomal aberrations, DNA strand lesions or seEs 
are not identical (Oesch et al. 1997). The latter DNA alterations require for
mation of DNA single strand breaks, which mainly arise as a consequence of 
covalent binding to the N-7 position of guanine. By contrast, point mutations 
(detected by Salmonella typhimurium 1535) are most effectively induced by 
substances with a relatively high ratio of 0 6 vs N7 guanine binding (Fig. 5; 
Dipple, 1995; Oesch et al. 1997). It might be possible that GST Tl forms me
tabolites (possibly episulfonium ions) that react more according to an SN 1 re
action than do the parent substances, thus forming more 0 6 _ (and relatively 
less N7 -) guanine adducts, consequently resulting in more point mutations 
and less DNA strand breaks, chromosomal aberrations and seEs (Fig. 5). 
However, both explanations are hypothetical and have not yet been con
firmed experimentally. 
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Fig. 4. Induction of DNA strand lesions (increase in elution rates) in mononuclear blood cells by ethylene 
oxide. Total venous blood and isolated mononuclear blood cells suspended in PBS (phosphate buffered 
saline) were incubated with ethylene oxide for 2 h. Individuals were genotyped by multiplex PCR as 
described (Arand et al 1996a). Of the 55 healthy individuals 42 were GST Tl-1, 13 GST Tl-O, 22 GST M1-1, 
33 GST M1-0, 9 GST M1-0 and GST Tl-O, and 18 GST M1-1 and GST Tl-1. Incubations were performed with 
0.66 mM ethylene oxide for total venous blood and with 0.44 mM for isolated mononuclear blood cells, be
cause the susceptibility of the isolated cells was higher. Determination of DNA strand lesions was performed 
by alkaline elution as described. (From Hengstler et al 1992) 

A very large number of case-control studies have been performed to exam
ine a possible influence of GST Ml and Tl polymorphisms on cancer risk. 
The best overview might be given if these are discussed according to tumor 
site. 

Lung Cancer 

Although it has been clear since a long time that the GST Ml polymorphism 
alone confers only a modestly increased risk for lung cancer (if any at all), 
the lung has been the tumor site which has been examined most intensively. 
However, this effort is justified since only a modestly increased risk of lung 
cancer is important to public health, as both the polymorphism and its asso
ciated cancer are common. McWilliams et al. (1995) peformed a meta-analy-
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Fig. 5. Reaction of various genotoxic substances on guanine residues in DNA. (From Dipple 1995) 

sis of 12 case-control studies of lung cancer risk and GST Ml status pub
lished between 1985 and 1994. In each of the studies an excess of GST Ml
deficient individuals among the lung cancer cases was observed compared to 
the controls. However, this excess reached statistical significance in only four 
of the individual studies. The summary odds ratio of all 12 studies (using 
Mantel-Haenszel methods for stratified analysis) was 1.41 (95% CI: 1.23-1.61; 
p<O.OOOl), including 1593 patients and 2135 controls. According to this odds 
ratio GST Ml deficiency accounts for approximately 17% of lung cancer be
cause of the high prevalence, although the increased risk is small (McWil
liams et al. 1995). The increased risk is evident for all major histological sub
types of lung cancer, namely squamous cell (odds ratio: 1.49; 95% CI: 1.22-
1.80), adenocarcinoma (odds ratio: 1.53; 95% CI: 1.26-1.85), and small cell 
carcinoma cell (odds ratio: 1.90; 95% CI: 1.27-1.85). 

Summary odds ratios of three studies including only Japanese patients 
and controls and of six studies limited to Caucasians were calculated. The 
summary odds ratio for the Japanese population was 1.60 (95% CI: 1.25-
2.13) compared to 1.17 (0.98-1.40) for Caucasians (McWilliams et al. 1995), 
suggesting ethnic differences. Interestingly, a higher odds ratio was obtained 
in studies, which determined GST Ml status by phenotyping (enzymatic 
assay with trans-stilbene oxide or immunological techniques; odds ratio: 
1.80; 95% CI: 1.29-2.50) than in studies using genotypic methods (odds 
ratio: 1.34; 95% CI: 1.16-1.55; McWilliams et al. 1995). This might be plausi
ble, since a negative genotype determined by PCR must be associated with 
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lack of enzyme activity, but due to various possible mechanisms (e.g. defi
ciencies in transcription, translation, posttranslational mechanisms or even 
epigenetic factors) a positive genotype does not guarantee the presence of 
enzyme activity. 

Thus, potential sources of bias, such as imbalance of racial groups or dif
ferent methods for determination of GST M1 status, were excluded in McWil
limn's meta-analysis. However, another source of bias, which might cause an 
overestimation of the summary odds ratio, was not discussed, namely un
published negative studies. While the summary odds ratio according to 
McWilliams et al. (1995) was 1.41, three of the single studies (Seidegard et 
al. 1986, 1990; Nazar-Stewart et al. 1993) obtained ratios higher than 2.0, but 
not a single study reported an odds ratio equal or smaller than 1.0. In addi
tion the two studies with the highest odds ratios (Seidegard et al. 1986; Na
zar-Stewart et al. 1993) have the largest 95% confidence intervals, whereas 
the studies with the smallest odds ratios (four studies with odds ratios only 
slightly higher than 1.0: Zhong et al. 1991; Brockmoller et al. 1993; Heckbert 
et al. 1992; Alexandrie et al. 1994) have relatively small 95% confidence inter
vals. This imbalance results from small case numbers in the highly positive 
studies (Seidegard et al. 1986: 66 patients, 78 controls; Nazar-Stewart et al. 
1993: 35 patients, 43 controls) and relatively high case numbers in the four 
studies with the lowest odds ratios (Zhong et al. 1991: 228 patients, 225 con
trols; Brockmoller et al. 1993: 117 patients, 355 controls; Heckbert et al. 1992: 
113 patients, 120 controls; Alexandrie et al. 1994: 296 patients, 329 controls). 
This constellation suggests that negative studies, especially when case num
bers were small, were not submitted for publication, or - even worse - were 
rejected by journals trying to improve their impact factors. Thus, it is impor
tant that all (methodologically correct) case-control studies are published, 
even if some might represent outsider positions, to avoid a selection of posi
tive studies. 

Several studies on GST M1 polymorphism and lung cancer risk have been 
published since 1995 presenting odds ratios between approximately 1.0 and 
1.8, altogether suggesting a slightly increased relative risk similar to McWil
liam's meta-analysis (Kelsey et al. 1997a; To-Figueras et al. 1996, 1997; Ki
hara et al. 1995 a, b; Harrison et al. 1997; Garcia-Closas et al. 1997; London et 
al. 1995, Moreira et al. 1996). A study of Kelsey et al. (1997) suggested racial 
differences, since the GST M1 homozygously negative genotype was asso
ciated with increased lung cancer risk in Mexican-Americans (odds ratio: 
1.80; 95% CI: 1.0-3.3; 60 patients, 146 controls), whereas no increase was ob
served for African-Americans (odds ratio: 1.0; 95% CI: 0.5-1.8; 108 patients, 
132 controls). In addition an influence of gender was suggested by a Japa
nese study, which observed a significantly higher percentage of GST M1 null 
genotypes in female compared to male lung cancer patients (447 patients, 
469 controls) (Kihara et al. 1995b). However, neither an influence of race nor 
of gender has as yet been confirmed. 

Several studies have shown that the risk for lung cancer is markedly influ
enced by the combination of GST Ml and cytochrome P450 lAl (CYP 1Al) 
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genotypes. The latter refers to a phase I enzyme and is, therefore, not dis
cussed in detail in this review. Briefly, two separate point mutations are 
known in CYP lAl, one in exon 7 causing an isoleucine to valine substitu
tion at amino acid 462 and the other in the 3' non-coding region of the gene 
causing an MspI cleavage site. By the latter polymorphism individuals can be 
classified into CYP lAl (ml/ml) lacking the MspI cleavage site, CYP lAl 
(m2/m2) homozygous for the allele with the MspI cleavage site, and CYP lAl 
(ml/m2) heterozygous for the MspI site. Probably both, the CYP lAl (m2/ 
m2)-variant in the 3' noncoding region and the CYP lAl (Val/Val) variant in 
exon 7, are associated with higher AHH (aryl hydrocarbon hydroxylase) in
ducibility. Combined with the GST Ml-O genotype both variants have been 
shown to be associated with lung cancer. For lung cancer patients with GST 
Ml-O genotype and the CYP 1A1 (m2/m2) variant an odds ratio of 8.3 (95% 
CI: 1.44-49.7) was observed (Kihara et al. 1995 a). Patients with the heterozy
gous CYP 1Al (ml/m2) and GST Ml-O had an odds ratio of 5.2 (95% CI: 
1.20-22.7), whereas the genotype CYP lAl (ml/ml) and GST Ml-O was not 
significantly associated with lung cancer (odds ratio: 2.3; 95% CI: 0.39-12.6). 
A similar interaction was observed for the CYP lAl polymorphism at exon 
7, with the highest risk observed for the combination of CYP 1Al (Val/Val) 
and GST Ml-O (Kawajiri et al. 1993). Although these findings are in agree
ment with several further Japanese investigations, studies with CYP lAl in 
other ethnic groups initially failed to support these observations (review: Ne
bert et al. 1996). However, the interaction between CYP lAl variants and 
GST Ml-null genotype has meanwhile been confirmed also in non-Japanese 
populations (Garcia-Closas et al. 1997; Alexandrie et al. 1994), although odds 
ratios in general were smaller. 

A finding in a Japanese population which might be of relevance was that 
the combination of the GST Ml-l and CYP lAl (m2/m2) genotypes was as
sociated with the lowest risk of developing lung cancer. Probably individuals 
with this genotype are able to eliminate absorbed polycyclic aromatic hydro
carbons (e.g. from tobacco smoke) most rapidly, due to increased monooxy
genation and conjugation activities (Kihara et al. 1995 a). 

In addition to GST M1 also GST M3, which shows catalytic activity for sev
eral electrophiles, may be important in the development of smoking-related 
lung cancer. Interestingly, GST Ml-O individuals showed a significantly lower 
expression of GST M3 protein in healthy human lung tissue (Nakajima et al. 
1995), which may contribute to the limited detoxification capacity of indivi
duals with the GST M1 gene deletion. Contrary to GST M3, which is reduced 
in GST Ml-O individuals, inducibility of cytochrome P450 1A1 (Vaury et al. 
1995) and activity of cytochrome P450 1A2 (MacLeod et al. 1997; Bartsch et 
al. 1995) have been shown to be higher in individuals lacking a functional 
GST M1 gene. This might be explained by the fact that many inducers of cyto
chrome P450 1A1 and 1A2 are substrates of GST M1. Thus, the absence of GST 
M1 might result in longer half-lives of inducing agents, thereby exhibiting a 
greater inducing capacity. Since increased activity of cytochrome P450 1A 
may be associated with increased cancer risk (e.g. cytochrome P450 lA1 with 
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lung cancer and cytochrome P450 lA2 with urothelial cancer) interaction be
tween GST Ml and cytochrome P450 may be another indirect mechanism 
which links the GST Ml gene defect to enhanced susceptibility. 

No significant association between GST TI-0 and lung cancer was ob
served in three independent studies, although all odds ratios were slightly 
higher than 1.0 (Kelsey et ai. 1997a; To-Figueras et aI., 1997; Deakin et ai. 
1996). An interaction between GST Tl-O and GST MI-0 as observed by Kel
sey et al. (l997a) was not confirmed (To-Figueras et al. 1997). 

Malignant Mesothelioma 

In asbestos-exposed individuals a borderline significant association between 
GST MI-0 genotype and malignant mesothelioma has been observed (odds 
ratio: 1.8; 95% CI: 1.0-3.5) (Hirvonen et al. 1995), which was not confirmed 
in a more recent publication (Hirvonen et al. 1996). However, the NAT2 slow 
acetylator phenotype was associated with malignant mesothelioma (odds ra
tio: 3.8; 95% CI: 1.2-14.3) and the odds ratio increased markedly if the com
bined NAT2 slow acetylator GST MI-0 genotype was examined (odds ratio: 
7.8; 95% CI: 1.4-78.7), suggesting an interaction between GST Ml and NAT2 
(Hirvonen et al. 1996). 

Urothelial Cancer (Bladder, Renal Pelvis, and Ureter) 

At least 11 studies have been performed between 1993 and 1997 to examine 
a possible association between risk of urothelial cancer and GST MI-0 geno
type (Table 3). Six of 11 studies obtained a statistically significant associa
tion, with odds ratios ranging between 1.5 and 7.0. However, the study with 
the highest odds ratio (7.0) contained only a very small number of cases 
(n=22). The data show that GST MI-0 genotype probably has a higher pene
trance for urothelial cancer than for lung cancer, although the total number 
of lung cancer cases due to GST MI-0 genotype is higher than the total num
ber of urothelial cancer, due to the higher incidence of lung cancer. The ob
served risk modification of urothelial cancer is mechanistically supported by 
measurements of the mutagenicity of urine, showing that smokers with the 
GST MI-0 genotype have several times more mutagenic urine than smokers 
with the functional gene (Hirvonen et al. 1994). 

Cigarette smoking is known to be an important risk factor for bladder 
cancer. Among persons who did not smoke, the GST MI-O genotype was 
only weakly associated with bladder cancer risk (odds ratio: 1.3; 95% CI: 
0.6-2.7) (Bell et al. 1993). However, among smokers individuals who lacked 
the GST Ml structural gene had almost twice the risk of developing bladder 
cancer as persons with similar smoking histories who had the detoxification 
enzyme (GST Ml-l). These data suggest a protective effect of GST Ml for 
smoking-induced bladder cancer. 
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Table 3. Association between urothelial cancer and GST M 1-0 genotype: case control studies between 
1993 and 1997 

Authors Nationality Odds ratio · 95% Cl b Number Number 
of cases of controls 

Zhong et al.. (1993) UK 1.1 n.p.d 97 225 
Belle tal. (1993) USA 1.7 1.1 - 25 213 199 
Un et al. (1994) USA 1.4 0.9- 2.1 114 1104 
BrockmOller et al. (1994) Germany 1.5 1.1-2.1 296 373 
BrockmOller et al. (1996a) Germany 1.6 1.2- 2.2 374 373 
Katoh et al. (1995) Japan 2.2 1.2- 3.9 85 88 
Anwar et al. (1996) Egypt 7.0 1.6-30.6 22 21 
Rothman et al. (1996) c USA 1.0 0.4-2.7 38 43 
Okkels et al. (1996) Denmark 1.3 0.9-1.9 234 202 
Okkels et al. (1997) Denmark 1.2 0.8-1.7 254 242 
Kempkes et al. (1996b) Germany 1.8 1.1- 3.0 113 170 

• Overall odds ratios of total cases of the respective studies 
b 95% confidence interval. 
C Benzidine associated cases. 
d Not published. 

The risk conferred by the GST MI-0 genotype was similar for white and 
black Americans (Bell et al. 1993). However, the frequency of the GST MI-0 
genotype was significantly lower in blacks (35%) than in whites (49%). The 
incidence of bladder cancer in black men is approximately half that in the 
white men (Silverman et al. 1992). Thus, the lower frequency of the GST Ml
o genotype in black individuals might contribute to the lower incidence of 
bladder cancer among blacks. 

Okkels et al. (1996, 1997) observed no significant association between the 
GST MI-0 genotype and bladder cancer in incident patients (odds ratio: 
0.95; 95% CI: 0.58-1.58). However, a significant association between GST Ml 
deficiency and bladder cancer was found in patients who survived at least 2 
years after diagnosis (odds ratio: 1.63; 95% CI: 1.06-2.50). These data sug
gest that the GST MI-0 genotype may be related to survival of bladder can
cer patients and possibly plays only a minor role in carcinogenesis. Since al
most all studies shown in Table 3 relied on prevalent cases (or included only 
small numbers of incident cases), further studies should differentiate be
tween incident patients and survivors. 

The GST Tl-O genotype has not been shown to be associated with risk of 
urothelial cancer if the total population including smokers and nonsmokers 
was examined. However, in the subgroup of nonsmoking urothelial cancer 
patients a significantly higher frequency of GST Tl-O genotypes was ob
served. Odds ratios were 2.6 (95% CI: 1.1-6; 374 patients, 373 controls) 
(Brockmoller et al. 1996a) and 3.8 (1.21-12.23) (Kempkes et al. 1996b), re
spectively. 
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Colorectal Cancer 

Zhong et al. (1993) observed a significant association between the GST MI-0 
genotype and colorectal cancer, whereas Katoh et al. (1996) observed an as
sociation only if the subgroup of distal colorectal tumors was considered. 
However, the overall picture of case-control studies is inconsistent with the 
majority of studies being negative (Chenevix-Trench et al. 1995; Katoh et al. 
1996; Lin et al. 1995; Deakin et al. 1996). Nevertheless, most of the negative 
studies obtained odds ratios higher than 1.0. Thus, a modestly increased risk 
cannot be excluded. However, the number of published studies is still too 
small to perform a reasonable meta-analysis. 

For GST TI-0 genotypes no association with colorectal cancer has been 
observed in three studies (Katoh et al. 1996; Chenevix-Trench et al. 1995) in 
contrast to a case-control study which obtained an odds ratio of 1.9 (Deakin 
et al. 1996). However, in one study the GST Tl-O genotype was significantly 
more common in colorectal cancer patients who were diagnosed before the 
age of 70 years than in those who were diagnosed at an older age, suggesting 
that the GST Tl genotype might influence the age of onset of colorectal can
cer (Chenevix-Trench et al. 1995). This study has not yet been confirmed. 

Esophageal Carcinoma 

In a Japanese case-control study no significant association between the GST 
MI-0 genotype and esophageal cancer was observed (Morita et al. 1997). 
However, a recent study in a Japanese population obtained a significant asso
ciation between the CYP lAI (ValIVal) variant and esophageal carcinoma in 
smokers (odds ratio: 6.63; 95% CI: 1.86-23.7). If patients with the GST MI-0 
and CYP lAI (VaIIVal) genotype were considered the odds ratio increased 
about twofold (12.7; 95% CI: 1.97-81.8) suggesting a significant interaction 
of CYP lAI and GST Ml (Nimura et al. 1997). 

Head and Neck Cancer 

The absence of GST Ml conferred an odds ratio of 2.37 (95% CI: 1.20-4.67) 
for tumors of the head and neck (Trizna et al. 1995). Similarly, Kihara et al. 
(1997) observed an association between GST MI-0 and head and neck cancer 
(carcinoma of the larynx excluded) in smokers (odds ratio: 1.77; 95% CI: 
1.04-3.0I). The absence of GST Tl conferred a slightly, but statistically not 
significantly increased odds ratio for head and neck cancer (odds ratio: 1.47; 
95% CI: 0.71-3.02) (Trizna et al. 1995). Laryngeal carcinoma has been shown 
to be associated with GST Tl-O and the frequency of GST M3 BIB as well as 
GST Ml AlB genotype was significantly, lower in head and neck cancer pa
tients (Jahnke et al. 1997). Coutelle et al. (1997) observed a highly significant 
overrepresentation of the combination GST MI-0 and ADH (aldehyde dehy-
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drogenase) (3)1IADH(3)1 genotype in alcoholics with laryngeal cancer (odds 
ratio: 12.9; 95% CI: 1.8-92). 

Brain Neoplasms 

GST Tl-O has been shown to be associated with both astrocytoma and men
ingioma, whereas GST MI-0 was not overrepresented (Elexpuru-Camiruaga 
et al. 1995; Hand et al. 1996). Contrary to lung cancer, no relationship be
tween GST Ml genotype and GST M3 expression was observed in brain 
(Hand et al. 1996). Similarly, Wiencke et al. (1997) observed no significant 
association between GST MI-0 and gliomas, although women with GST Ml 
deletion were slightly younger on average at diagnosis than women who were 
GST Ml positive (44 vs 52 years). In addition GST MI-0 has been shown to 
be associated with pituitary adenomas (Fryer et al. 1993; Perrett et al. 1995). 

Hepatocellular Cancer 

A borderline significant association between GST MI-0 genotype and hepato
cellular cancer has been observed (odds ratio: 1.9; 95% CI: 0.94-3.63) 
(McGlynn et al. 1995). In addition higher serum aflatoxin Bl-albumin adduct 
levels were observed in GST MI-0 and/or GST Tl-O patients with hepatocel
lular cancer (C.J. Chen et al. 1996). Two case-control studies with relatively 
small case numbers did not observe an association between hepatocellular 
cancer and GST Tl-O and GST MI-0 genotypes (Yu et al. 1995; Hsieh et al. 
1996). 

Cutaneous Tumors 

Basal cell carcinoma of the skin is the commonest cancer in Caucasians, 
although mortality is very low. A feature seen in patients who suffered from 
basal cell carcinoma and who were successfully treated is the risk of further 
separate primary tumors. The GST TI-0 genotype was associated with signif
icantly decreased time to the next separate primary tumor (Lear et al. 1997). 
About two-thirds of GST Tl-O patients suffered a further tumor within 5 
years in contrast to only one-third of GST Tl-positive patients. GST Ml 
genotype alone did not influence subsequent tumor presentation time. How
ever, GST MI-0 genotype in combination with basal cell carcinoma at a trun
cal tumor site (which is usually less exposed to ultraviolet radiation) demon
strated a markedly decreased time to next lesion, such that all patients 
(100%) suffered a further primary basal cell carcinoma within 5 years (Lear 
et al. 1997). Heagerty et al. (1994) observed similar frequencies of GST MI-0 
genotypes in the total group of patients with cutaneous tumors (basal cell 
carcinoma, squamous cell carcinoma, malignant melanoma; total cases: 629) 
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and controls (n = 153). However, GST MI-0 was significantly associated with 
patients who suffered from two or more tumors of different types (odds ra
tio: 2.31; 95% CI: 1.12-4.75; 45 patients, 152 controls). The heterozygote GST 
Ml AlB genotype was reduced in the total group of patients with cutaneous 
tumors (odds ratio: 0.31; 95% CI: 0.13-0.75) and in patients with basal carci
noma (odds ratio: 0.26; 95% CI: 0.10-0.72) (Heagertyet al. 1994), suggesting 
that GST Ml AlB might be protective. 

In addition the GST M3 polymorphism (GST M3 AA) in combination with 
GST MI-0 genotype has been shown to confer increased risk of basal cell 
carcinoma (Yengi et al. 1996). Two alleles of GST M3, GST M3*A and GST 
M3*B, distinguished by a recognition motif for the YYl transcription factor, 
have been observed. Since GST M3AA (in combination with GST MI-0) was 
associated with increased tumor risk, YYl might act as an activator of the re
cognition motif in GST M3*B (Yengi et al. 1996). 

Myelodysplastic Syndrome 

Recently, a strong association between the GST Tl-O genotype with myelo
dysplastic syndrome has been observed (odds ratio: 4.3; 95% CI: 2.5-7.4; 96 
patients, 190 controls) (H. Chen et al. 1996). However, this observation has 
not been confirmed in an independent study with relatively high case num
bers (174 patients, 100 controls) (Preudhomme et al. 1997). 

Gynecologic Tumors 

No association between GST MI-0 andlor GST Tl-O with ovarian cancer 
(Hengstler et al. 1998 b; Sarhanis et al. 1996), breast cancer (Zhong et al. 
1993; Kelsey et al. 1997b; Ambrosone et al. 1995), endometrial cancer (Estel
ler et al. 1997) or cervical cancer (Warwick et al. 1994) has been observed. 
However, the GST MI-0 genotype was associated with longer survival in 
breast cancer (Kelsey et al. 1997b) and the proportion of patients with both 
GST MI-0 and GST Tl-O was significantly greater in individuals with p53 im
munopositive ovarian carcinomas than in the p53 immunonegative group 
(Sarhanis et al. 1996). Both interesting observations have not yet been con
firmed by independent groups. 

Other Sites 

GSTMI-0 was associated with gastric adenocarcinoma in a Japanese study 
(Katoh et al. 1996). The double-null genotype (GST MI-0 and GST Tl-O) was 
significantly overrepresented in black children with acute lymphoblastic leu
kemia, but not in white children (Chen et al. 1997). 
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The GSTTl-O genotype was significantly underrepresented in patients with 
renal cell cancer having been exposed to high levels of trichloroethylene over 
many years (odds ratio: 0.24; 95% CI: 0.07-0.86; 45 patients, 48 controls) 
(Bruning et al. 1997). The reference group consisted of 48 individuals with 
similar exposure to trichloroethylene but not suffering from cancer. Similar
ly, GST MI-0 was significantly underrepresented in patients with renal cell 
cancer (odds ratio: 0.36; 95% CI: 0.16-0.85) (Bruning et al. 1997). Thus, GST 
TI-0 and GST MI-0 genotypes seem to protect from renal cell cancer. This 
observation is interesting, since it differs from other positive case-control 
studies (of sites other than kidney), which all observed an association of 
GST MI-0 or GST Tl-O with increased cancer risk. The protective effect of 
GST MI-0 or GST Tl-O genotypes might be explained by the metabolic path
way of trichloroethylene, which includes formation of dichlorovinyl-S-cyste
ine catalyzed by glutathione S-transferases. In the proximal renal tubule di
chlorovinyl-S-cysteine is further metabolized to electrophilic thioketenes, the 
ultimately genotoxic metabolites, by the action of fJ-lyase (Dekant and Vam
vakas, 1993). It would be interesting to know whether the protective effect of 
the GST Ml and GST Tl null genotypes against renal cell cancer is limited 
to trichloroethylene-associated renal cancer or whether it is a general feature 
of renal cell carcinogenesis. 

Glutathione S-Transferase Pl 

Glutathione S-transferase PI (GST PI) is (together with GST AlIA2) the ma
jor GST protein in human lung tissue, whereas GST Ml is only expressed 
weakly (Anttila et al. 1993). GST PI is involved in the inactivation of various 
cigarette smoke carcinogens, such as benzo[a]pyrene-7,8-diol-9,10-epoxide 
(BPDE) (and other diol epoxides of polycyclic aromatic hydrocarbons), and 
also other toxic cigarette smoke constituents, such as acrolein (Hayes and 
Pulford 1995). In addition GST PI is known to be overexpressed in some 
types of tumor tissue (Hengstler et al. 1998 b) and may be involved in cyto
static drug resistance (Tanner et al. 1997). 

A polymorphic site of GST PI at codon 104 has been observed (Ahmad et 
al. 1990; Izawa and Ali-Osman 1993; Harries et al. 1997). An A to G substitu
tion at base pair 314 results in an amino acid difference, valine vs isoleucine, 
at codon 104. This residue is located close to the hydrophobic binding site of 
GST PI (Garcia-Saez et al. 1994) and it has been shown that the isoleucine 
104 variant exhibits a lower activity towards several carcinogenic diol epox
ides compared to the valine 104 form (Hu et al. 1997 a, b). For example, the 
V max of glutathione conjugation of (+)-7 fJ,8a-dihydroxy-9a,10a-oxy-7,8,9,10-
tetrahydrobenzo[a]pyrene ((+)-anti-BPDE), which among the four BPDE 
isomers is the most potent carcinogen, was 3.4-fold higher for the valine 104 
wild type of GST PI compared to the isoleucine 104 variant (Hu et al. 
1997a). Similarly, the V max of GSH conjugation of the carcinogenic diol 
epoxide of chrysene, (+ )-anti-l,2-dihydroxy-3,4-oxy-l,2,3,4-tetrahydrochry-
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sene ((+)-anti-CDE) was 5.3-fold higher for the valine 104 wild type com
pared to the isoleucine 104-variant (Hu et al. 1997b). These results suggest 
that individuals with the GST PI isoleucine 104 variant might be more sus
ceptible to carcinogenic effects of diol epoxides of polycyclic aromatic hydro
carbons. 

Recently, 297 healthy caucasians were genotyped for the GST PI poly
morphism at codon 104. Approximately 52% were homozygous for adenine 
at base pair 314 (valine 104 form), 39% were heterozygous and 9% were 
homozygous for guanine at base pair 314 (isoleucine 104 form) (Ryberg et 
al. 1997). 

Several types of cancer have been shown to be associated with the low ac
tivity allele of GST PI (isoleucine 104 variant). The odds ratio of testicular 
cancer patients (n == 155) homozygous for the isoleucine 104 allele vs random 
controls (n == 155) was 3.3 (1.5-7.7) (95% CI) (Harries et al. 1997). Similarly, 
the frequency of the homozygous isoleucine 104 allele was increased in blad
der cancer patients (n == 71) vs controls (n == 155) (odds ratio: 3.6; 95% CI: 
1.4-9.2) (Harries et al. 1997). Furthermore, a significant association of the 
GST PI polymorphism at codon 104 with lung cancer was observed (Ryberg 
et al. 1997). The frequency of the homozygous isoleucine at codon 104 was 
significantly higher for male lung cancer patients (current or former smokers 
only) (n == l38) than for healthy controls (n == 297) (odds ratio: 2.41; 95% CI: 
1.17-4.96). In the same population the GST Ml null genotype was associated 
only with a slightly, statistically not significant, increased odds ratio for lung 
cancer (odds ratio: 1.33; 95% CI: 0.89-1.99). In addition lung cancer patients 
homozygous for the isoleucine 104 variant had significantly (about twofold) 
more DNA-adducts in surgically obtained healthy lung tissue, as determined 
by 32p-postlabelling, than lung cancer patients homozygous for the valine 
104 form (Ryberg et al. 1997). 

An increase in the proportion of individuals homozygous for the isoleu
cine 104 variant in lung cancer patients was observed also in another study 
(Harries et al. 1997). However, this did not reach statistical significance 
(odds ratio: 1.9; 95% CI: 0.7-4.8). Nevertheless, the preliminary data indicate 
that the isoleucine 104 variant of GST PI might have a higher penetrance as 
a risk factor for lung cancer than the null genotype of GST M1. 

In contrast to lung, bladder and testicular cancer, a marked reduction in 
the frequency of isoleucine, 104 homozygotes was observed in patients with 
prostatic cancer (n == 36) (Harries et al. 1997). Although this was not signifi
cant (odds ratio: 0.4; 95% CI: 0.02-3.3), there was a highly significant reduc
tion in prostatic cancer patients homozygous for the valine 104 form 
(p == 0.008) and a significant increase in the proportion of heterozygotes 
(p == 0.003). 

No significant association between the GST PI isoleucine 104 variant and 
breast cancer (odds ratio: 1.3; 95% CI: 0.4-4.3) and colon cancer (odds ratio 
1.3; 95% CI: 0.4-4.6) was observed (Harries et al. 1997). 

These preliminary data, which have not been confirmed yet, suggest an 
important role for the GST PI polymorphism in cancer susceptibility, espe-
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cially in view of the almost ubiquitous expression of GST PI. Possibly this 
polymorphism may also be important in the success of anticancer che
motherapy with alkylating agents. It can be expected that a large number of 
studies on the relevance of the GST PI polymorphism at codon 104 will be 
presented in the next few years, since genotyping is relatively easy by PCR 
and digestion of the product with Alw261, as described by Harries et al. 
(1997). 

Microsomal Epoxide Hydrolase 

Epoxide hydrolases comprise a group of enzymes that are functionally re
lated in that they catalyze the addition of water to an epoxide to form the 
vicinal dihydrodiol, which in the cases of defined stereochemistry has the 
trans-configuration. Enzymatic hydration often results in metabolites of low
er reactivity, or of metabolites which can be conjugated and excreted. Thus, 
in most cases the action of epoxide hydrolases is considered as detoxifying. 
However, numerous studies have reported its central role in formation of pre
cursors of even more deleterious products in the metabolism of angular poly
cyclic aromatic hydrocarbons to diol bay region epoxides (Oesch 1988). 

Four different epoxide hydrolases are known in humans. Microsomal and 
cytosolic epoxide hydrolases metabolize a wide range of xenobiotic alkene 
and arene oxides including many known carcinogens and mutagens (Herrero 
et al. 1997; Lacourciere and Armstrong 1994; Beetham et al. 1995; Arand et 
al. 1996 b; Oesch et al. 1984), whereas microsomal cholesterol epoxide hydro
lase (specific substrate: cholesterol 5,6-oxide) and cytosolic leukotriene A4 
hydrolase are more specific (Oesch et al. 1984; Medina et al. 1991; Seidegard 
and Ekstrom 1997). 

Presently, only one of the four human epoxide hydrolases, namely micro
somal epoxide hydrolase (mEH), has been shown to be polymorphic (Hassett 
et al. 1994; 1997; Gaedigk et al. 1994; Green et al. 1995). The discovery of a 
polymorphism mEH (Hassett et al. 1994) was relatively unexpected, since 
several studies observed large interindividual variation but a unimodal fre
quency distribution for the activity of mEH in human leukocytes (Seidegard 
et al. 1984; Mertes et al. 1985; Kroetz et al. 1990; Heckbert et al. 1992; for re
view see Daly et al. 1993). Nonetheless, already in 1990 a trimodal frequency 
distribution in the activity of mEH in human amniocytes, obtained during 
gestational weeks 14-16, was observed (Buehler et al. 1990). Hassett et al. 
(1994) identified two allelic variants of human mEH, a His vs Tyr substitu
tion in amino acid position 113 (exon 3) and a His vs Arg substitution in 
position 139 (exon 4). The frequency of individuals (predominantly Cauca
sians; >85%) homozygous for Tyr at position 113 was 36%, whereas 8% were 
homozygous for His, and the remaining 56% were heterozygous (105 indivi
duals examined). At amino acid position 139 the percentage of individuals 
homozygous for His was approximately 58%, 5% were homozygous for Arg 
and 37% were heterozygous (109 individuals examined). Expression of cDNAs 
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containing each of the amino acids at positions 113 and 139 in COS-l cells 
showed a functional relevance of the different alleles with respect to mEH pro
tein expression and enzyme activity (Table 4). The highest activity of mEH 
(determined with benzo[a]pyrene-4,5-oxide as a substrate) was observed in 
S9 protein (the protein of the 9000 g supernatant fraction, which contains 
the microsomes) of COS-l cells transfected with mEH cDNA with amino acids 
Tyr-113 and Arg-139 (relative activity: 100%), whereas the Tyr-1l3/His-139, 
His-113/Arg-139, and His-I13/His-139 variants resulted in relative mEH activ
ities of 80%, 70%, and 49%, respectively (Hassett et al. 1994). Since enzymatic 
activity correlated well with immunochemically detected levels of mEH protein 
and the ratio of mEH activity/mEH protein was not increased in the more ac
tive COS-l cells (Table 4), the data suggest that amino acid variation at residues 
113 and 139 does not exert a primary influence on catalytic function (Table 4). 
Furthermore, mEH mRNA expression was relatively uniform, despite the differ
ent alleles (Table 4). These observations might suggest an influence of amino 
acid residues 113 and 139 on stability of mEH protein, although - to our knowl
edge - this has not yet been shown directly. 

To examine whether variations in mEH activity are associated with amino 
acid polymorphisms at positions 113 and 139, mEH activity and diploid hap
lotypes were determined in 40 transplant quality human liver samples (Has
sett et al. 1997). mEH showed an approximately eightfold range in activity. 
Overall rank ordering of mean mEH activity in livers from homozygous hap
lotypes followed the same trend as observed in vitro (Table 4). However, the 
small number of cases of the homozygous haplotypes did not allow reason
able statistical evaluation. Furthermore, large interindividual differences in 
mEH activity were observed even for individuals with identical amino acids 
at positions 113 and 139, suggesting that additional factors are responsible 
for mEH activity. Thus, further studies with sufficient case numbers are re
quired to examine a possible association between polymorphic 113 and 139 
residues and mEH activity in various human organs. 

Table 4. Expression of the polymorphic microsomal epoxide hydrolase (mEHl alleles in C05-1 cells. 
(From Hassett et al. 1994) 

Amino acids Relative mEH Relative immunohistodlemically mEH activ- relative 
at positions activity in trans- detected mEH protein expres- ity/ mEH mRNA 

fected C0S-1 cells' sion in transfected COS-l cells b mEH protein expresslon2 

113 139 

Tyr Arg 100% 100% 1.0 100% 
Tyr His 80% 65% 1.2 99% 
His Arg 70% 53% 1.3 106% 
His His 49% 36% 1.4 103% 
Mock transfected 0.6% 7% 0.1 0.09% 

• Benzo[a]pyrene-4,S-oxide was used as a substrate. 100% represents 938 pmol benzo[a)pyrene-4,S
diol formed per mg 59 protein per min. 

b Arbitrary units. 
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Presently, three studies have shown a possible assoClatlOn between the 
exon 3 (Tyr-113~His) polymorphism of mEH with different types of cancer 
(McGlynn et al. 1995; Lancaster et al. 1996). The His-113 variant of mEH was 
significantly overrepresented in 52 Chinese patients with hepatocellular can
cer compared to 116 healthy controls (McGlynn et al. 1995). The odds ratio 
associated with having at least one His-113 allele (mutant or putative low-ac
tivity allele) was 3.3 (95% CI: 0.39-2S.6) in HBsAg- (hepatitis B surface anti
gen-negative) individuals. As expected, viral infection (HBsAg+) represented 
a risk factor also in individuals with the homozygous Tyr-113 allele (odds 
ratio: 15.0; 95% CI: 1.2-1S4). However, the odds ratio of HBsAg+ individuals 
carrying at least one His-113 allele was even more than five fold higher 
(odds ratio: 77.3; 95% CI: S.9-666; compared to HBsAg- individuals with 
homozygous Tyr-1l3 allele) than the odds ratio of HBsAg+ individuals with 
the homozygous Tyr-113 allele. Mutations at codon 249 of p53 were detected 
in ten of the 52 hepatocellular tumor samples. All of the ten mutations oc
curred in tumors of individuals who had at least one His-113 allele. Since 
primary hepatocellular carcinoma has been shown to be caused by aflatoxin 
Bl (AFBl)' which after metabolic activation binds to the N7-position of gua
nine and induces G to T transversions, serum AFB1-albumin adducts were 
determined in 49 Ghanian males with possible exposure to AFBI (McGlynn 
et al. 1995). Individuals with detectable AFB1-albumin adduct levels (>5 pg/ 
mg) were more likely to have at least one His113 allele of mEH (p=0.02) 
than individuals without detectable AFB1-albumin adduct levels. The ob
served link between the mEH polymorphism, AFB1-adducts, p53 mutations 
and hepatocellular cancer suggests an important role for mEH in detoxica
tion of AFB1exo-S,9-epoxide. AFBI is oxidized by human cytochrome P450 
3A4 to several products. Only one of these, the S,9-exo-epoxide, appears to 
be highly mutagenic (Guengerich et al. 1996). Purified human epoxide hy
drolase provided no detectable enhancement of the rate of (already nonenzy
matically very high) chemical hydrolysis of AFB1-exo-S,9-epoxide (Guenger
ich et al. 1996; Johnson et al. 1997). Using a Salmonella typhimurium system 
(endpoint: umu-response) with very low concentrations of active cytochrome 
P450 3A4 (10 nM) and cofactors together with relatively high concentrations 
of purified human mEH (0.3-3 JlM) only a moderate inhibition in genotoxi
city of AFBI (20 JlM), by approximately 30% could be achieved by mEH 
(1 JlM) (Guengerich et al. 1996; Johnson et al. 1997). However, the slight 
effect resulting from extremely high ratios of mEH to cytochrome P450 is 
difficult to interpret. Furthermore, the use of AFB1-albumin adducts to study 
the contribution of mEH to detoxication of AFBl-S,9-epoxide (McGlynn et al. 
1995) was criticized (Johnson et al. 1997), since the hydrolysis product of 
AFB1-exo-S,9-epoxide, AFB1-S,9-dihydrodiol, was postulated to be responsible 
for formation of protein adducts via formation of the electrophilic dialde
hyde (Sabbioni et al. 19S7). Thus, further studies with higher case numbers 
and more specific endpoints for biomonitoring AFB1-exo-S,9-epoxide forma
tion are required to examine the postulated spectacular association between 
mEH polymorphism and AFB1-induced hepatocellular cancer. 
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Recently, the mEH polymorphism has been shown to be associated with 
ovarian cancer (Lancaster et al. 1996). The frequency of the homozygous 
(putative) high-activity genotype (Tyr-1l3 allele) was 41% in a caucasian 
control population (75 individuals) and 64% (75 individuals) in patients 
(odds ratio: 2.6; 95% CI: l.3-5). Thus, if the reported associations between 
mEH polymorphisms and hepatocellular as well as ovarian cancer are repro
ducible, they represent another striking example of organ-specific differences 
in polymorphism-based modification of cancer susceptibility, since the (pu
tative) high-activity genotype protects from hepatocellular cancer (possibly 
by detoxication of carcinogenic AFBI metabolites), whereas susceptibility for 
ovarian cancer is increased (possibly due to formation of mutagenic precur
sors). 

Since mEH is strongly expressed in bronchial epithelial cells, which are 
subject to oxidative stress from cigarette smoke, a possible association be
tween mEH and susceptibility to lung cancer (50 patients), emphysema (94 
patients) and chronic obstructive pulmonary disease (68 patients) has been 
examined (Smith and Harrison 1997). The homozygous exon 3 (slow) muta
tion (His-1l3 allele) was significantly associated with chronic obstructive 
pulmonary disease (odds ratio: 3.5; 95% CI: l.5-8.0) and emphysema (odds 
ratio: 5.6; 95% CI: 2.7-1l.5). Although a trend towards a higher odds ratio 
was observed (1.6; 95% CI: 0.6-4.8), the homozygous His-1l3 allele was not 
significantly associated with lung cancer. However, it should be considered 
that only a very small number of cases (n = 50) has been examined. The exon 
4 polymorphism (histidine residue 139 to arginine) was not significantly as
sociated with lung cancer and emphysema, whereas an increased odds ratio 
(l.9; 95% CI: l.2-3.0) for carriers of the mutant (fast) exon 4 allele (His-139 
to Arg; homozygous and heterozygous) was observed for patients with 
chronic obstructive pulmonary disease. 

Further investigations (with higher numbers of cases) on possible associa
tions between mEH polymorphisms and cancer risk are required, especially 
for tumors of organs with a high constitutive expression of mEH, such as 
kidney, pancreas, lung and liver. The scientific value of future studies will be 
increased if not only the Tyr-1l3-'>His, but also the His-139-'>Arg poly
morphism is considered and if determination of genotypes are combined 
with measurement of mEH activity, since an association has not yet been 
confirmed sufficiently. 

Sulfotransferases 

Cytosolic sulfotransferases transfer the sulfonyl moiety from the cofactor 3'
phosphoadenosine-5' -phospho sulfate (PAPS) mainly to hydroxyl-, but also to 
amino-, sulfhydryl-, and N-oxide groups of endogenous or xenobiotic sub
strates (Glatt et al. 1996). O-sulfonation is a common step in phase II meta
bolism and was traditionally associated with detoxification. However, since 
the sulfate anion represents a good leaving group it may be cleaved off het-
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erolytically from such sites thereby generating a relatively stable cation 
which, by means of its electrophilic nature, may covalently bind to DNA. Sul
fotransferase-mediated genotoxicity has been demonstrated for numerous 
substances (e.g. hydroxylated arylamines and also benzylic alcohols derived 
from polycyclic aromatic hydrocarbons; for review see Glatt et al. 1996) and 
presently almost weekly more substances are discovered which are activated 
to mutagens by sulfonation (Glatt, personal communication). 

Sulfotransferases are members of a gene superfamily that presently in
cludes phenol sulfotransferases (PST), hydroxysteroid sulfotransferases 
(HST), and in plants flavonol sulfotransferases (Weinshilboum et al. 1997). 
Five cytosolic sulfotransferases are presently known in humans, and cDNAs 
have recently been cloned (Table 5). Four isoforms belong to the subfamily of 
phenol sulfotransferase (ST 1A2, ST 1A3, M-PST, EST) and one isoform be
longs to the subfamily of hydroxysteroid sulfotransferases (hDHEAST). Two 
isoforms of phenol sulfotransferases, ST 1A2 and ST 1A3, are thermostable 
(previously thought to be only one enzyme: thermostable sulfotransferase in 
contrast to M-PST, which is relatively thermosensitive; Weinshilboum and 
Aksoy, 1994), whereas the thermosensitivity of HST (hDHEAST) is inter
mediate. Prototypical substrates of the thermostable sulfotransferases are 
4-nitrophenol and other planar phenols, whereas the thermolabile sulfotrans
ferase (M-PST) preferentially catalyzes sulfonation of dopamine and other ca
techols and phenolic monoamines. hDHEAST catalyzes sulfonation of dehy
droepiandrosterone to dehydroepiandrosterone sulfate, the most abundantly 
circulating steroid in humans, which serves as a precursor for the formation 
of active androgens and estrogens. Plasma levels of dehydroepiandrosterone 
have been shown to be decreased in patients with prostatic cancer (Stahl et 
al. 1992). 

Three cytosolic human sulfotransferase enzymes have been shown to be 
regulated by separate genetic polymorphisms: hDHEAST, hM-PST, and ther
mostable phenol sulfotransferase (TS PST) (the latter meaning ST 1A2 and/ 
or ST 1A3 isoforms, which share 96% amino acid identity; Yamazoe et al. 
1994) and were not differentiated in the polymorphism study in which hu
man platelet TS PST activity was determined (Weinshilboum and Aksay, 
1994). hDHEAST activity was determined in 94 samples of human hepatic 
biopsy tissue (Aksoy et al. 1993; Weinshilbaum and Aksay 1994). A bimodal 
frequency distribution was obtained, with approximately 25% of the samples 
included in a high-activity subgroup, although the range in hDHEAST activ
ity was not very wide (4.6-fold). 

In contrast to hDHEAST, TS PST and hM-PST are expressed in human 
blood platelets. The activity of TS PST, but not of hM-PST has been shown 
to correlate with activity of this enzyme in human liver, jejunal mucosa and 
cerebral cortex (Young et al. 1985; Sundaram et al. 1989). For TS PST a tri
modal frequency distribution of platelet enzyme activity (of 228 unrelated 
adults) was obtained (Weinshilboum and Aksoy 1994), with about 2%, 24%, 
and 74% of individuals in the high, intermediate and low activity subgroups, 
respectively {Van Loon and Weinshilboum 1984; Weinshilbaum and Aksoy 
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1994). These data were explained by a genetic polymorphism with gene 
frequencies of 0.14 for the high-activity allele and 0.86 for the low activity 
allele. 

For hM-PST activity in human platelets, data from family studies were 
best explained by a genetic polymorphism with a high-activity allele fre
quency of 0.08 and a low-activity allele frequency of 0.92 (Price et al. 1988). 
However, no correlation of hM-PST activity in human platelets and other 
human tissues was observed. Thus, the hM-PST polymorphism observed in 
platelets is possibly of minor relevance for cancer susceptibility. 

Although several studies have been performed, the molecular mechanisms 
of the sulfotransferase polymorphisms - to our knowledge - have not yet 
been discovered. In the hDHEAST gene of individuals from the slow sulfona
tion group, two point mutations, each resulting in an amino acid exchange 
(exon 2: Met-57---+Tyrj exon 4: Glu-186---+Val), were discovered (Wood et al. 
1996). Transient expression of the respective cDNAs in COS-1 cells resulted 
in decreased expression of both hDHEAST enzymatic activity and the level of 
immunoreactive protein only when the Glu-186---+ Val variant was present. 
However, neither polymorphism was closely associated with enzyme activity 
in human liver samples. Thus, mechanisms other than the investigated genet
ic polymorphisms may additionally influence hDHEAST activity in human 
tissue. 

To our knowledge no studies on sulfotransferase polymorphisms and hu
man cancer risk have been published, although this seems to be a very pro
mising field of research. A large number of environmental mutagens and car
cinogens are activated by sulfotransferases (Table 6j from Glatt 1997). For ex
ample, methylene-briged polycyclic aromatic hydrocarbons, which are pre
sent in crude mineral oil and occur as environmental contaminants (Glatt et 
al. 1993j Adams et al. 1982), or the ketone derivates of bridged polyarenes, 
which are found in urban air, in emissions from wood and coal combustion 
and diesel exhausts (Glatt et al. 1993j Ramdahl, 1985), can be activated by 
sulfotransferases after hydroxylation by cytochrome P450. In addition, after 
hydroxylation in the liver, several heterocyclic amines formed during the 
cooking of meat and fish (e.g. PhIP or IQj Table 6) are activated by sulfo
transferases (Glatt 1997). In general, benzylic alcohols of polycyclic aromatic 
hydrocarbons are preferentially sulfonated by HST (Glatt et al. 1994), 
whereas human PSTs are preferentially responsible for the sulfation of aro
matic hydroxylamines and hydroxamic acids (Glatt 1997). Thus, an increased 
cancer risk for the high-sulfonation subgroups of individuals exposed to the 
mentioned substances would not be unexpected, especially, since several ani
mal and in vitro studies have shown an association between sulfonation ac
tivity and chemically induced cancer (for review see Burchell and Coughtrie 
1997). For example, male rats, which have up to ten fold higher activities of 
sulfotransferases than female rats, are more susceptible to aromatic amines 
(requiring sulfonation for activation) than female rats. The carcinogenicity of 
aromatic amines to rats was significantly reduced by inhibitors of sulfotrans
ferases (Miller 1994). Furthermore, a mouse strain with reduced capacity for 
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Table 6. Substances activated by various isoforms o f human sulfotransferases. (From Glatt 1997) 

Sulfotransferase 
isoform 

Human thermostable 
phenol sulfotransferase 

Human thermosensitive 
phenol sulfotransferase 
(hm-PST) 

Human estrogen 
sulfotransferase (hEST) 

Hydroxysteroid 
sulfotransferase 
(hHST) 

Substances activated to mutagenic or DNA binding metabolites 

N-hydroxy-2-amino-l -methyl-6-phenylimidazo[4.5-b]pyridine 
(N-OH-PhIP) 
l -Hydroxymethylpyrene 
2-Hydroxymethylpyrene 
2-Hydroxy-3-methylcholanthrene 
7 -Hydroxy-7.8,9.1 o-tetrahydrobenzo(o]pyrene 

l -Hydroxymethylpyrene 

l -Hydroxymethylpyrene 
7-Hydroxy-7.8.9.1o-tetrahydrobenzo(o]pyrene 

N-Hydroxy-2-acetylaminofluorene 
9-Hydroxymethylanthracene 
l-Hydroxymethylpyrene 
2-Hydroxymethylpyrene 
7 -Hydroxymethyl-12-methylbenz[oJanthracene 
l-Hydroxy-3-methylcholanthrene 
2 -Hydroxy-3-methylcholanthrene 
4H-qdopenta[def]chrysen4-01 
7-Hydroxy-7.8.9.1o-tetrahydrobenzo[oJpyrene 
l-Hydroxysafrole 
Hycanthone 

PAPS synthesis (the rate limiting cofactor for sulfotransferase activity) was 
shown to be less susceptible to carcinogenesis initiated by aromatic amines. 
PAPS-dependent DNA binding of several N-hydroxy metabolites of carcino
genic arylamines and heterocyclic amines was examined using hepatic cyto
sols of 12 humans as an activating system (Chou et al. 1995). The extent of 
DNA binding significantly correlated with the levels of polymorphic thermo
stable PST activity. Furthermore, PAPS-dependent DNA binding of N-hydro
xylated metabolites of heterocyclic amines was observed using colon cyto
sols, but not cytosols of the pancreas, larynx, or urinary bladder epithelium 
(Chou et al. 1995). 

Although the tissue distribution of sulfotransferases in humans has only 
been studied to a limited extent, some examples of organ- and cell type-spe
cific expression have been shown. A well known example of cell type-specific 
expression of sulfotransferase is the metabolic activation of the antihyperten
sive and hypertrichotic drug Minoxidil, which requires activation by sulfona
tion. Especially high activities of the sulfotransferase responsible for this re
action are expressed in the hair follicles, providing locally high concentra
tions of activated Minoxidil at the place of its hypertrichotic effect (Burchell 
and Coughtrie 1997; Baker et al. 1994). Furthermore, besides the liver, high 
levels of hHST have been observed in adrenals and in the endometrium 
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(Falany and Falany 1996), which therefore represent organs which might be 
especially sensitive to sulfotransferase-mediated carcinogenesis. 

In conclusion studies on a possible association of sulfotransferase poly
morphisms and cancer risk are urgently required. 
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Abstract 

The characterization of genetic determinants for cancer susceptibility is im
portant for understanding disease pathogenesis and for preventive measures. 
There is growing evidence that a group of predisposing polymorphic genes 
exists, such as those involved in carcinogen metabolism and repair, which 
may increase cancer in certain environmentally exposed subjects, even those 
exposed only to low levels of carcinogens. In developing preventive strate
gies, it is therefore necessary to identify these vulnerable members in our so
ciety, particularly those suffering from an unfortunate combination of high 
carcinogen exposure, cancer-predisposing genes and lack of protective (diet
ary) factors. Thus, molecular epidemiology faces the difficult task of analyz
ing carcinogen-exposed individuals for a combination of genotypes asso
ciated with cancer susceptibility. Once identified, combinations of cancer-pre
disposing genes can then be used as intermediate risk markers rather than 
taking cancer as an endpoint. In case-control studies, simultaneous measure
ments were carried out in each subject to determine exposure/early effect 
markers, e.g. polycyclic aromatic hydrocarbons (PAH)-DNA adducts, and 
susceptibility markers, e.g. genetic polymorphism, in drug-metabolizing en
zymes related to cytochrome P450 IAI (CYP1Al) and glutathione S-trans
ferase (GSTMl) genes. The genotype dependence of human lung (+ )-anti
benzo[aJpyrene diol-epoxide (BPDE)-DNA adducts in lung cancer patients 
was examined. BPDE-DNA adduct levels in bronchial tissue of smokers with 
high pulmonary CYP1Al inducibility (by immunohistochemistry) and 
GSTMl inactive were -loo-fold higher than in subjects with an active 
GSTMl at similar smoking dose. Further genetic analyses confirmed that the 
combination of CYP1Al homozygous mutants and GSTMl inactive leads to 
high levels of BPDE-DNA adducts in human lung of smokers and white 
blood cells of PAH-exposed coke oven workers. Thus, BPDE-DNA adduct lev
els resulting from the "at risk" genotype combinations may serve as markers 
to identify high-risk subjects among smokers and individuals occupationally 
and/or environmentally exposed to PAH. 
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Introduction 

Past efforts in analytical epidemiology and more recent molecular, human 
genetic studies identified two types of "at risk" populations: one consisting 
of individuals with high carcinogen exposure, such as smokers or occupa
tionally exposed workers, and the other consisting of carriers of mutated 
cancer-determining genes that confer a very high cancer risk (Caporaso and 
Goldstein 1995). However, there is growing evidence that a third group of 
predisposing polymorphic genes exists, for example those involved in carci
nogen metabolism and repair, which increase cancer in certain environmen
tally exposed subjects, even those exposed only to low levels of carcinogens 
(Vineis et al. 1994; Vineis 1997). In developing preventive strategies it would 
therefore be necessary to identify vulnerable members in our society, in par
ticular those suffering from very unfortunate combinations of carcinogen ex
posure, predisposing genes and lack of protective dietary factors. 

Individual cancer susceptibility to environmental carcinogens must result 
from several host factors including the individual's genotype or phenotype 
for a number of carcinogen-activating and -detoxifying enzymes. Given their 
great number, their variability in expression and the complexity of chemical 
exposures, assessment of a single polymorphic enzyme or genotype may not 
be sufficient (Bartsch and Hietanen 1996). The difficult task now is to ana
lyze carcinogen-exposed individuals for a combination of genotypes asso
ciated with cancer susceptibility. Once identified, combinations of cancer-pre
disposing genes can then be used as intermediate risk markers rather than 
taking cancer itself as an endpoint. For these reasons we are carrying out, 
within case-control studies, simultaneous measurements in each subject to 
determine carcinogen exposure using early effect markers such as polycyclic 
aromatic hydrocarbons (PAH)-DNA adduct levels and susceptibility markers 
related to genetic polymorphism in drug-metabolizing enzymes. With this 
approach we aim at better defining gene-environment interactions and pro
viding knowledge that should facilitate the identification of high-risk sub
jects within carcinogen-exposed populations. Two of the authors' current 
studies on environmentally induced lung cancer, one related to cigarette 
smoking and the other to PAH-exposed coke oven workers, are briefly sum
marized. The literature cited is not exhaustive, and the reader is referred to 
review articles published earlier (Bartsch and Hietanen 1996; Bartsch 1996; 
Bartsch et aL 1995). 

Materials and Methods 

Normal lung tissue was obtained from untreated lung cancer patients under
going surgery. Samples were frozen immediately and stored at -80 °C until 
DNA isolation. Blood samples from male coke oven workers were obtained 
during the summer of 1995 in Houilleres du Bassin de Lorraine, France. 
Occupational exposure in the year of blood sampling ranged from <0.15 to 
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~4 )!g/m3 of benzo[a]pyrene (BP). Workers were exposed for 6-8 working 
hours per day for at least 4-6 months prior to blood collection. Workers 
with other relevant and occupational exposures were excluded from the 
study. White blood cells (WBCs) were prepared on Ficoll and frozen before 
DNA extraction. All samples were coded prior to molecular analysis. 

DNA was extracted from nontumorous tissue using proteinase K/RNAse 
digestion and a modified phenol extraction procedure (Alexandrov et al. 
1992). The DNA from WBCs was isolated as described (Rojas et al. 1995). 0.2 
to 1 mg DNA was used for analysis of BP-tetrols, allowing quantification of 
(+ )-anti-benzo[a]pyrene diol-epoxide (BPDE)-DNA adducts. High perfor
mance liquid chromatography analysis of BP-tetrols combined with fluori
metric detection (HPLC-FD) was carried out as described (Alexandrov et al. 
1992; Rojas et al. 1994). Using 1 mg of DNA, this assay can detect ~0.2 
BPDE-DNA adducts per 108 nucleotides (nt). The HPLC-FD runs were quali
tatively reproducible, and variability between the two assays was <5%. All BP 
metabolites used as standards in this study were obtained from the NCI Car
cinogen Standard Repository (Midwest Research Institute, Kansas City, MO, 
USA). PCR/RFLP based analysis of CYP1Al gene polymorphisms and 
GSTMl gene deletion was analyzed as described (Cascorbi et al. 1996; Brock
moIler et al. 1993). An allele carrying only a T to C transition 1194 bp down
stream of exon 7 in the 3'-flanking region, leading to a MspI restriction site 
(ml), was termed *2A. An allele with ml plus a mutation in exon 7 leading 
to an He/Val exchange at codon 462 (m2) due to an A to G transition at nt 
4889 was termed *2B. The corresponding deficient phenotype of GSTMl *0/*0 
genotype is termed GSTMl null phenotype. The "GSTMl active" genotype 
summarizes the following allele configurations: GSTMl *A!*A, GSTMl *A/*O, 
GSTMl *B/*B, GSTMl *B/*O and GSTMl *A!*B. 

Results and Discussion 

Role of Metabolism and PAH-DNA Adducts in Lung Carcinogenesis 
and Disease susceptibility 

Cigarette smoking is the strongest risk factor for lung cancer, but drug-meta
bolizing enzymes, which often display genetic polymorphism and convert 
lung carcinogens from occupational environment or tobacco into DNA-bind
ing metabolites in target cells, can modulate intermediate effect markers, e.g., 
DNA adducts, and ultimately the cancer risk. Table 1 summarizes some of 
the published evidence that bulky PAH-derived DNA adducts are significant 
in the onset of lung carcinogenesis in smokers. Having developed a sensitive 
and specific method for BPDE-DNA adduct detection in human lung tissue 
and WBCs (Rojas et al. 1994), the aims of our ongoing studies are: (1) to 
identify specific genotype combinations that lead to high BPDE-DNA adduct 
levels in smokers and PAH-exposed workers and (2) to use the characterized 
markers for early detection of individuals susceptible to lung cancer. Within 



Impact of Adduct Determination on the Assessment of Cancer Susceptibility 89 

Table 1. Bulky (PAH) DNA adducts in smokers: significance in human lung carcinogenesis 

- Present in all target organs of tobacco carcinogenesis. 
- Unear relation to total smoking dose. 
- Higher in "at risk" (lung cancer) genotypes (CYP7A1, GSTM7). 
- Patients with high adduct levels developed lung carcinoma after lower smoking doseIshorter 

(susceptible individuals). 
- High prevalence of (j( -+ TA mutations in pS3 tumor suppressor gene In smokers' lung 

carcinoma, compatible with BPOE-Induced mutational specificity; coincidence of BPOE-adduct
related and mutational hotspots in pS3 

~ i6I6J~JIO~CYPJA' IO~ rg:rgrgr EH ~ CYP3A4 ~ 
BlajP 

I ~) .. NO repair 
InitialioD 

BP-7,8-diol BP-7,8-diol-9,IO
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~ No,-oo,;, r conJugale 

Adducted DNA 

Fig. 1. Principal metabolic pathways of BP in human lung, leading to the formation of the ultimate carcino
genic metabolite BPDE which reacts with DNA, if not detoxified by glutathione S-transferases (GSTs); the 
reSUlting DNA adducts lead to the initiation of lung carcinogenesis 

the complex DNA adduct pattern found in smokers' lungs, we concentrated 
on the polycyclic aromatic hydrocarbon BP, because it is an important carci
nogenic constituent in tobacco smoke, air pollution and occupational envi
ronment. The mechanism by which BP interacts with DNA, activates onco
genes and initiates carcinogenic processes involves the formation of one of 
the enantiomeric BP diol-epoxides (BPDE). The biologically most active en
antiomer is (+ )-anti-BPDE, a major ultimate carcinogen which can now be 
quantified by our HPLC-FD technique (see below). 

In human lung, cytochrome P450 lAl-related catalytic activity is one of 
the enzymes that convert polycyclic PAH into DNA-binding metabolites as 
shown for BP (Fig. 1). For CYPIAl-related enzyme activity in human lung, 
BP-3-hydroxylase (AHH) is a marker. Glutathione S-transferases (GSTs), in
cluding GSTMI in the liver and GSTM3 in the lung, detoxify the reactive 
diol-epoxide intermediates (Fig. 1). Our previous studies revealed a dramatic 
impact of tobacco smoke on carcinogen-metabolizing enzymes in the human 
lung (Bartsch 1996). Recent smoking strongly and significantly induced 
phase I and phase II drug-metabolizing enzymes in a coordinated fashion. 
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Induction of the CYP1Al-related enzyme was up to sevenfold higher, 
whereas glutathione S-transferases were significantly repressed. Surprising 
was the long-lasting nature of this enzyme modulation, as the enzyme activ
ities fell to the basal levels found in nonsmokers only after several weeks. 
This is probably due to tar deposition in the lungs of smokers and a slow re
lease of PAH-type enzyme inducers. Therefore, individuals who smoke a suf
ficient number of cigarettes a day would have these PAH-activating enzymes 
induced and the detoxifying pathways by glutathione S-transferases repressed 
for life. Variations in these enzymes due to genetic polymorphism would 
therefore greatly affect the lung tissue dose of DNA-reactive tobacco carcino
gens. In the same study a significant increase in CYP1Al-related enzyme 
activity in lung was noted only in lung cancer patients who were recent smo
kers, but not in smoking patients with nonmalignant pulmonary diseases 
(Bartsch 1996). These results from earlier work suggest that PAH present in 
tobacco smoke induce pulmonary CYP1Al gene expression only in certain 
individuals. As a consequence, the generation of DNA-reactive metabolites 
from tobacco carcinogens in lung target cells should be affected by poly
morphic genes whose products are involved in PAH activation and detoxify
ing reactions. 

Correlation Between Pulmonary PAH-DNA Adduct Levels 
and Lung CYPl A l-Related Activity: Effect of Enzyme Polymorphism 

We examined whether a correlation exists between the CYP1Al-related cata
lytic activity in the lung of smokers and the level of PAH-DNA adducts that 
are thought to be critical at the onset of lung carcinogenesis. Initially, we 
used the sensitive method of 32P-postlabelling for detecting tobacco smoke
associated DNA adducts. Then, because of its low specificity, an improved 
analytical method was developed to quantitate BPDE after binding to cellular 
DNA in humans (Alexandrovet al. 1992). The assay was validated for human 
lung tissue and later modified to analyze peripheral WBC DNA (Rojas et al. 
1994). In brief, the method consists of HPLC-FD for quantifying BPDE ad
ducts via formation of tetrols that are released after acid hydrolysis of DNA. 
With this assay it is possible to quantify the most important, biologically re
active (+ )-anti-BPDE via the corresponding BP-tetrol, among the other less 
active enantiomers. The 32P-postlabelling assay and the HPLC-FD method 
were then applied to lung parenchyma of smokers to determine the level of 
DNA adducts; in the same lung samples microsomal CYP1Al-related enzyme 
(AHH) activity was measured. A positive, highly significant correlation was 
found between pulmonary enzyme activity and the level of BPDE-DNA ad
ducts (Table 2). The levels of total bulky PAH-DNA adducts were also corre
lated, but less strongly. Surprisingly, the BPDE-DNA adducts alone accounted 
for over 20% of the total bulky adducts in smokers' lungs. These positive cor
relations explain why variation in inducibility or genetic polymorphism of 
CYP1Al-related enzyme activity is a modifier of lung cancer risk in smokers 
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Table 2. Comparisons of BPOE-DNA adducts (determined by HPLC -FO) and of total bulky DNA ad
ducts (by 32P-postlabelling) with CYPIA/-related enzyme activity in smokers' lungs. (Data extracted 
from Alexandrov et al. 1992) 

- CYP1A7-reiated enzyme (lung AHH) activity and level of BPOE-DNA adducts were 
correlated (r=0.91; p<O.OC)1, n=13). 

- levels of BPDE adducts and of total bulky DNA adducts (determined by 12p_postIabeiling) 
were correlated (r= 0.78; p < 0.02; n = 13). 

- BPDE-ONA adducts accounted for over 20% of bulky DNA adducts in smokers' lungs. 

and also implicate CYP1Al in the formation and binding of BPDE to lung 
DNA in smokers. 

The regulation of CYP1Al expression is complex and also involves tran
scriptional control elements regulating enzyme induction which have not 
fully been characterized at the molecular level. Therefore, a genotype/pheno
type approach was applied to examine the BPDE-DNA adduct levels in lung 
cancer tissue from patients with high CYP1Al inducibility (cf. Bartsch 1996). 
This phenotype was measured by immunohistochemical staining with a 
monoclonal antibody while the GSTMl genotype was determined by PCR. 
Smokers with similar cigarette consumption had a 100-fold higher BPDE
DNA adduct level in bronchial tissue when they were GSTMl inactive and 
highly inducible for CYP1Al, than found in controls. This large difference 
was not seen in parenchymal tissue. 

Although GSTMl is not expressed in human lung, a GSTM3 activity is 
found which seems to be co-regulated with the GSTMl form (Nakajima et al. 
1995). Thus, individuals with the GSTMl null genotype suffer from impaired 
detoxification of tobacco carcinogens both qualitatively because of the ab
sence of GSTMl in the body and low expression of GSTM3 in the lung, and 
quantitatively because of the overall lower glutathione S-transferase activity. 
This effect of GSTMl null on lung PAH adduct levels was also seen in a Fin
nish cohort of lung cancer patients (Bartsch and Hietanen 1996). In current 
smokers the GSTMl gene deletion resulted in 10% increase in total bulky 
DNA adducts in lung, whereas even in ex-smokers a 2.5-fold excess of bulky 
DNA adducts was observed. This increase in DNA adduct levels is compati
ble with results from a meta-analysis of lung cancer patients with GSTMl de
ficiency whereby in smokers the relative risk increases to 1.4 for lung cancer 
of all major histological subtypes. This increased risk would account for 17% 
of all new lung cancers annually being caused in smokers because of the 
high prevalence of the GSTMl null genotype that occurs in about 50% of 
Caucasians (McWilliams et al. 1995). 

A recent study in human cell lines revealed that GSTMl deletion is asso
ciated with high inducibility by 2,3,7,8-Tetrachlorodibenzo-p-dioxin of the 
CYP1Al gene transcription (Vaury et al. 1995). Although the underlying 
mechanism is not fully understood, this observation in vitro and our data on 
genotype dependence of PAH adduct levels in humans further underline the 
major importance of CYP1AlIGSTMl as risk modifiers of tobacco-associated 
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DNA damage and lung cancer. The latter was supported by case-control stud
ies in Japanese populations (see below). 

BPDE-DNA Adducts in White Blood Cells of PAH-Exposed Coke Oven Workers 

Due to the precision of the HPLC-FD method, the level of BPDE-DNA ad
ducts could be determined in WBCs from PAH-exposed coke oven workers. 
The specific aim was to see whether smoking enhances the binding of PAH 
to DNA and whether CYP1AliGSTMl genotype combinations act as DNA-ad
duct modifiers. 

Groups of coke oven workers exposed to PAH and nonexposed controls, 
each group including smokers and nonsmokers, were investigated (Rojas et 
al. 1995). The BPDE-DNA levels in WBCs of workers was 15 times higher 
than in those from nonexposed controls. However, the most important find
ing was that smoking increased the adduct levels in PAH-exposed workers, 
leading to a 200-fold interindividual variation in smoking workers, which 
was only sixfold in nonsmoking workers. The enhancing effect of smoking 
on DNA-adduct levels in WBCs from PAH-exposed workers was confirmed 
recently (Van Schooten et al. 1995). 

The increased levels and high variability of BPDE-DNA adducts in smok
ing workers suggest genetic variations in PAH metabolism and DNA-adduct 
formation. As the same synergistic effects may occur in the lung, this would 
provide an explanation for the enhancing effect of smoking in PAH-asso
ciated occupational lung cancer risk. Recent studies showed that DNA-adduct 
levels in WBCs of smokers are correlated with adduct levels in lung tissue of 
lung cancer patients (Tang et al. 1995; Wiencke et al. 1995). The results from 
our study on coke oven workers suggest that the increment of DNA damage 
arising from occupational exposure to PAH is relatively small, but is greatly 
increased by smoking and genetic predisposition. The latter is now sup
ported by the observed BPDE-DNA adduct dependence in WBCs as related 
to specific genotype combinations of CYP1Al and GSTMl (see below). 

Association Between CYP1Al, GSTM1*O/*O Genotype, BPDE-DNA Adducts 
and Risk for Smoking- or Occupation-Related Lung Cancer 

In Japanese populations, a significant correlation between susceptibility to 
lung cancer and homozygosity for the CYP1Al MspI allele (*2AI*2A) was re
ported (Kawajiri et al. 1990; Nakachi et al. 1991, 1993). Hayashi et al. (1992) 
found exon 7 mutation (m2) to be associated with squamous cell and small 
cell lung cancer. Case-control studies revealed that Japanese individuals with 
the susceptible CYP1Al (*2AI*2A or *2BI*2B) genotype combined with 
GSTMl *01*0 were at remarkably higher risk, particularly for Kreyberg I type 
and squamous cell lung carcinoma, at a low-dose level of cigarette smoking 
(Hayashi et al. 1992; Kihara et al. 1995). Individuals having homozygous 
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CYP lAl (MspI/MspI) were found to be relatively resistant to tobacco-related 
lung cancers when combined with GSTMI active, but were highly susceptible 
when combined with GSTMI *0/*0 leading to a seven to eightfold increased 
risk (Kihara et ai. 1995). Interestingly, lung cancer patients with the "at risk" 
CYPIAl(*2A/*2A or *2B/*2B) genotype when combined with a deficient 
genotype GSTMI *0/*0 had remarkably shortened survivals, whereas the 
longest survival was seen in patients with the wild-type combination 
CYPIAl*lI*l and GSTMI active (Goto et ai. 1996). Similar observations were 
made previously on the shortened survival time of lung cancer patients with 
a high expression of CYPIAI (induced AHH activity) in the lung (Bartsch et 
ai. 1990). Although, homozygous carriers of the MspI-mutation of CYPIAI 
are very rare among Caucasians «1%) (Cascorbi et ai. 1996), a recent Scan
dinavian study found the combined CYPIAl(MspI) and GSTMl*O/*O geno
type significantly overrepresented in patients with squamous cell carcinoma 
(Alexandrie et ai. 1994). 

Taken together, these studies suggest a genetic basis for the association of 
high CYPIAI metabolic activity and GSTMI *0/*0 genotypes with increased 
lung cancer incidence, but the underlying molecular mechanisms regulating 
this effect are still not well understood. For these reasons the levels of BPDE
DNA adducts were analyzed by HPLC-FD in non-tumorous lung tissues from 
20 lung cancer patients and WBCs from 20 PAH-exposed coke oven workers, 
all current tobacco smokers. CYPIAI mutations and GSTMI deletion poly
morphisms in each subject were analyzed in genomic DNA by PCR/RFLP. 
The following results were obtained (Rojas et aI., 1998): Independently of the 
CYPIAI genotype, all samples in the two groups with nondetectable adducts 
«0.2 per 108 nt) were of GSTMI active genotype, and the 17 samples with 
detectable adducts (~0.2 per 108 nt) in the two groups were GSTMI *0/*0. 
The difference in adduct levels between GSTMI *0/*0 and GSTMI active geno
type was highly significant (p<0.00005). Among GSTM1-deficient individuals 
(n= 17), a subgroup of 14 subjects with CYPIAl*lI*l (wild type, n=7) or 
heterozygous genotype (*1I*2A or *1I*2B, n = 7) showed low levels of BPDE
DNA-adducts (range: 0.2-1.3 per 108 nt), whereas three subjects with the rare 
combination CYPIAl*2A/*2A or *2A/*2B and GSTMl*O/*O showed signifi
cantly higher adduct levels (median: 17.4 adducts/108 nt, range 1.9-44; 
p=0.017). Therefore, combination of homozygous mutated CYPIAI and 
GSTMI *0/*0 genotypes lead, at a similar or even lower smoking dose, to a 
stronger increase of BPDE-DNA adduct levels than found in subjects with 
CYPIAI and GSTMI wild type (Fig. 2). 

In conclusion, our results showed a clear effect of the combination of 
CYPIAI and GSTMI genotypes on the formation of BPDE-DNA adducts in 
human lung and WBCs. Using BP as a reference carcinogen and a specific, 
sensitive detection method for its DNA-bound metabolite, we conclude that: 
(1) subjects with GSTMI active genotype did not show any detectable BPDE
DNA-adducts, (2) those with CYPIAl*lI*l or heterozygous for CYPIAl*2A 
or *2B and with GSTMI *0/*0 combination showed low levels of BPDE-DNA
adduct formation, and (3) those with CYPIAI *2A/*2A mutant allele from the 



94 H. Bartsch et al. 

~ 
C YPIA I mulant.< homoz Ole 

Fig. 2. Classification of CYP7A 7IGSTM7 genotype combinations into three groups with low, intermediate and 
high levels of BPDE adducts; the data was compiled for lung parenchyma from individual smoking lung 
cancer patients (filled circles) and for WBC from PAH-exposed coke oven workers (open circles) (Rojas et aI., 
1998). Smokers with the rare combination of mutated CYP7A 7 (homozygotes) and GSTM7 inactive had high
est PAH-DNA adduct levels and consequently were shown to be at higher lung cancer risk. (From Kawajiri et 
al. 1990; Nakachi et al. 1991, 1993; Hayashi et al. 1992; Kihara et al. 1995; Alexandrie et al. 1994) 

GSTMI *0/*0 group showed the highest BPDE-DNA-adduct levels. These pre
liminary but consistent results in the two study groups demonstrated that the 
combination of CYPIAl*2A/*2A and GSTMl*O/*O modulates the level of 
BPDE-DNA adducts in human lung and WBCs; they provide a mechanistic 
understanding of previous epidemiological studies that correlated these at 
risk genotypes in Japanese individuals with both increased smoking-related 
lung cancers and shortened survival of lung cancer patients. Our findings are 
also consistent with the prevalence of G:C--+ T:A transversion mutations in the 
p53 tumor suppressor gene found in lung tumors, suggestive of PAH-related 
mutational damage, which occurs more frequently in persons who are 
GSTMI *0/*0 (Ryberg et al. 1994). Furthermore, the coincidence of mutational 
hotspots in p53 and BPDE-related adduct hotspots suggests that BPDE and 
structurally related PAH diol-epoxides are involved in the transformation of 
human lung tissue in smokers (Denissenko et al. 1996). 

The continued examination of the role of BPDE-DNA ad ducts resulting from 
the GSTMI and CYPIAI polymorphisms and their interaction with other sus
ceptibility markers, e.g., mutagen sensitivity and impaired DNA-repair capacity 
(Hsu 1987), may help to identify high-risk subjects among smokers and sub
jects occupationally and/or environmentally exposed to PAH. 
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Abstract 

The events leading to cancer are complex and interactive. Alteration of can
cer genes, such as the tumor suppressor gene p53, plays a central role in this 
process. Analysis of the frequency, type and site of mutations in important 
cancer-related genes may provide clues to the identification of etiological fac
tors and sources of exposure. In this chapter we have selected a few exam
ples of environmental human carcinogens and have attempted to use the 
knowledge of their mechanisms of mutagenesis, as derived from in vitro cell 
systems, as a key to understanding the complexity of p53 mutation spectra 
in tumors arising at the putative target organ. The analysis will focus on en
vironmental exposure to UV radiation. The examples of tobacco smoke, diet
ary aflatoxin and vinyl chloride will be also briefly discussed. 

Background 

The interpretation of mutation spectra is influenced and complicated by a se
ries of factors. A mutagen will generally introduce a variety of lesions with 
different mutagenic potential. The primary sequence of the target gene is one 
of the factors affecting the site-specificity of the lesion, while cell metabolism 
reflects another layer of complexity. Mutations are also affected by the effi
ciency of repair as well as by the replicative bypass machinery and the DNA 
polymerase insertion preference. Finally, biological selection of mutations 
will introduce another "filter" by confining the detectable mutations to those 
genetic alterations that, for example, produce a functionally altered gene 
product. The mutation spectrum is, therefore, the product of the probability 
patterns of all these sequential steps of mutagenesis: damage, repair, poly
merase misreading and biological selection. 
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How to Interpret Mutation Spectra? 

In Vitro Cell Systems: Mutation Spectra in Reporter Genes 

In the last decade considerable efforts have been directed towards the molec
ular analysis of gene mutations after exposure to physical and chemical 
agents. Mutation spectra have been analyzed either in intrachromosomal or 
in extrachromosomal (carried by episomic vectors) selectable genes in both 
prokaryotic and eukaryotic cell systems. The information that can be derived 
from a mutation spectrum relates to the type and position of the mutations. 
First, the type of mutation is the end-product of the type of lesion induced 
and of the host cell's strategy to cope with that specific DNA modification. 
Second, it is well known that interaction of a carcinogen with DNA is se
quence-specific and that the efficiency and specificity of both DNA repair 
and trans-lesion bypass may be affected by the sequences surrounding the 
lesion. Moreover, two cellular mechanisms can introduce strand asymmetry 
in mutation distribution: transcription-coupled excision repair (Hanawalt 
1994) and DNA replication machinery. 

Besides these carcinogen and host cell variables, the distribution of muta
tions along any gene reflects the functional domains of the protein. The 
drawback of any selective mutation assay (often based on resistance to the 
toxic effects of drugs) is that mutation analysis is confined to those genetic 
alterations that produce a functionally altered gene product. Proteins are sur
prisingly tolerant of amino acid substitutions. In the 1980s Miller (1983) 
studying the lac repressor, found that about one half of all substitutions 
(1500 at 142 positions) were phenotypically silent. This phenomenon, which 
is called "protein filter", may drastically affect the mutation distribution. An 
example is given in the study by Palombo et al. (1992 a) in which alkylation 
damage-induced mutations in the gpt gene carried by a shuttle vector were 
selected by nonphenotypic methods and compared with mutations detected 
by traditional phenotypic assays. By analysis of gpt mutation spectra ob
tained either in bacteria (Richardson et al. 1987, 1988) or mammalian cells 
(Palombo et al. 1992 b; Basic-Zaninovic et al. 1995) after treatment with 
alkylating agents, a striking unbalance for mutations at 5'GG3' sequences was 
observed between the two strands. For example, G > A transition mutations 
were often described at Gl2S on the nontranscribed DNA strand but not at 
G124, which presents the same flanking bases but is located on the tran
scribed DNA strand (Fig. O. Non-phenotypic selection of induced mutations 
within this sequence (Palombo et al. 1992 a) revealed that in fact mutations 
could be induced on both sites but only the Gl2S > A base change drastically 
affected the functionality of the GPT protein and, therefore, was detected by 
the phenotypic assay while G124 > A mutation was functionally silent. 

The effects of all these variables on mutation spectra have been investi
gated using in vitro experimental cell systems. Here we review these data for 
a selected number of environmental carcinogens obtained either in bacterial 
systems, in particular in Salmonella typhimurium, or in mammalian cells. 
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Fig. 1. Effect of the "protein filter" on mutation spectrum. Top: Sequence of the Ncil site of the gpt gene 
carried by an EBV-derived shuttle vector. The top strand is the non transcribed DNA strand. Mutations aris
ing within this sequence after cell treatment with an alkylating agent were selected by a nonphenotypic as
say, the RFLP/PCR. Bottom: The properties - ability of growth in selective medium containing 6-thioguanine 
(MATG) and xanthine-phosphoribosyltransferase (GPT) activity - of E. coli gpt- cells transformed with plas
mids containing these mutations are indicated. The nucleotide position of the gpt mutation is indicated 
(data from Palombo et al. 1992a) 

This knowledge is the basis for the correct interpretation of tumor-specific 
mutation spectra. 

Mutation Spectra in Cancer-Related Genes: 
The Example of the PS3 Gene 

The p53 tumor suppressor gene encodes a nuclear phosphoprotein with can
cer-inhibiting properties. The development of human cancer often involves 
inactivation of this suppressor function through several mechanisms, includ
ing gene deletions, point mutations or silencing of the p53 protein by bind
ing to viral or cellular proteins. These mutations frequently arise somatically. 
However, p53 mutations may also be inherited in several families with a pre
disposition to multiple cancers, as in the Li-Fraumeni syndrome. Loss of 
alleles at the p53 locus (on 17p13) is commonly observed in many forms of 
cancer. Point mutations are scattered over more than 250 co dons and are 
common in many forms of human cancer. In this respect, the p53 gene dif
fers from other tumor suppressor genes such as Rb, APC and p16 MTS-l, 
which are frequently inactivated by deletion or nonsense mutations, and 
from the oncogenes of the ras family, which are activated by mutations at a 
small number of well-defined co dons (Harris 1996 a). 

Since the identification of somatic, tumor-specific, missense p53 mutations 
in 1989, about 570 different p53 mutations have been identified in more than 
8000 individual tumors. Analysis of these mutations reveals clues about the 
etiology and the molecular pathogenesis of human cancer (Harris 1996 b, 
Greenblatt et al. 1994). A database of these mutations was initiated by M. 
Hollstein and C. C. Harris in 1990 to provide a tool to classify, sort, retrieve, 
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compare and analyze these mutations in order to generate hypotheses on the 
natural history of human cancer. This database is maintained at the Interna
tional Agency for Research on Cancer and is available at URL http:// 
www.iarc.fr/p53/homepage.htm (Hainaut et al. 1998). The diversity of p53 
mutations provides a valuable tool to identify sources of cancer-causing mu
tation in the human setting. 

The p53 gene is located on chromosome 17p13 and has 11 exons encoding 
a protein of 393 amino acid residues within a chromosomal domain of about 
20 kilobases. The p53 protein is a multifunctional transcription factor that 
plays a role in the control of cell cycle progression, DNA integrity and cell 
survival in cells exposed to DNA-damaging agents. Typically, DNA damage 
induces a rapid and transient nuclear accumulation and activation of the p53 
protein, resulting in the trans-activation of target genes, including the cyclin 
kinase inhibitor p21waf-l (a negative regulator of cell cycle progression) and 
the regulator of apoptosis bax-l (a dominant-negative inhibitor of bcl-2). The 
p53 protein also interacts with several key proteins regulating DNA replica
tion, transcription and repair, and some of its suppressor functions may 
involve transcription-independent pathways. Mutation of p53 impairs the 
DNA-binding and trans-activating properties of p53 and prevents growth 
arrest or apoptosis under conditions in which p53-competent cells are nor
mally suppressed. Thus, inactivation of p53 provides a selective advantage 
for the clonal expansion of preneoplastic or neoplastic cells. In addition, 
some mutants may exert an oncogenic activity of their own. The molecular 
basis for this "gain-of-function" phenotype is still unclear (reviewed in 
Levine 1997). 

Analysis of the p53 mutation database reveals that 91.2% of reported mu
tations fall within the DNA-binding domain (residues 102-292) (Fig. 2). This 
particular distribution may reflect a bias since many studies are limited to 
the central portion of the protein (exons 4-9). Taking into account studies 
that have covered all coding exons (2-11), the proportion of mutations in the 
central domain is still very high (84%). This high proportion may be ex
plained by: (1) the importance of DNA-binding as an essential functional 
property of p53, and (2) the particular structure of this protein domain, 
which can be unfolded by amino acid substitutions at many different sites. 
The DNA-binding domain of p53 differs from those of other known DNA
binding proteins (Cho et al. 1994). It is made of two distorted, anti-parallel P 
sheets that form a scaffold supporting a DNA-binding surface made of non
contiguous loops and helixes. These loops and helixes are kept in the correct 
orientation by the binding of a zinc atom. About 30% of all known muta
tions affect residues that make important contacts with DNA, such as Arg-
248 (the most important contact in the minor groove of target DNA), Arg-
273 (which contacts the DNA phosphate backbone) or Arg-282 (which binds 
in the major groove). Other frequently mutated residues, such as Arg-175 
and Arg-249, are not in direct contact with DNA but their mutation alters 
the architecture of the whole DNA-binding surface. These various mutants 
are not functionally equivalent and differ by their biological properties in ex-
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perimental systems (Ory et al. 1994). Thus, the occurrence of particular mu
tants in cancer is strongly influenced by a protein filter selecting mutant pro
teins with particular functional properties. It is now emerging that specific 
mutant proteins may have different consequences on the progression and 
prognosis of cancer. For example, mutation at Arg-175 carries a particularly 
poor prognosis in colon cancer (Goh et al. 1995), whereas mutations at co
don 248 are an indicator of poor response to treatment by doxorubicyn in 
breast cancer (Aas et al. 1996). 

Analysis of Mutation Spectra Induced by Selected Carcinogens 

Ultraviolet Light 

The carcinogenicity of sunlight to the skin has been recognized for over 100 
years (Unna 1894), and hundreds of studies on UV-induced mutation spectra 
have been conducted in experimental systems. However, most of these stud
ies have used germicidal lamps that emit UVC wavelengths in the range of 
180-280 nm, especially monochromatic light at 254 nm (International Agency 
for Research on Cancer 1992). The relevance of these wavelengths to sun
light-associated human skin cancer is questionable considering that UV 
wavelengths < 280 nm (i.e., UVC) are absorbed almost completely by the 
earth's atmosphere, and, therefore, only a negligible amount of UVC reaches 
the surface of the earth (Madronich 1993). 

As described elsewhere in this chapter, the mutation spectrum of simu
lated sunlight in mammalian cells (Drobetsky et al. 1994) is different from 
that produced by UVC (250-280 nm). This suggests that results from UVC 
studies may have limited relevance to results produced by sunlight itself, 
which is a complex array of wavelengths and radiations. 

Bacterial Cell Systems 

Mutagenesis studies in Salmonella of filtered fluorescent light have shown 
that wavelengths> 375 nm are not mutagenic (Hartman et al. 1991) and that 
wavelengths < 335 nm from sunlight account for most of the mutagenicity of 
sunlight in Salmonella (De Flora et al. 1990). Considering that only negligi
ble amounts of sunlight at wavelengths < 280 nm penetrate the earth's atmo
sphere, the likely range of wavelengths accounting for sunlight-induced mu
tations and skin cancer are 280-335 nm (UVB). 

One study has been performed in which mutation spectra were deter
mined in Salmonella cells exposed to full sunlight (DeMarini et al. 1995 a). In 
this case, ~ 10% of the solar radiation was in the UVABC range, with 50-60 
times more of these emissions being in the UVA relative to UVB range; 
< 0.08% of the total emissions were in the UVC range. The strains used con
tained the base substitution allele His-G46, which consists of a TCCC target 
that can be reverted by either single base substitutions involving the middle 
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two Cs or by tandem (primarily double base) mutations involving any of the 
four nucleotides. 

The mutagenic potency and mutation spectrum varied depending on the 
DNA repair capacity of the cells. In wild-type cells, or those containing the 
pKM101 plasmid, which confers the SOS response, sunlight produced only a 
two- to three-fold increase in the mutant yield relative to control cells; how
ever, in a strain containing the nucleotide-excision repair (NER) mutation 
jUvrB (TAI535), sunlight induced a 19-fold increase in mutant yield. Sunlight 
induced a tenfold increase in mutant yield in strain TA98, which contains 
both the pKM101 plasmid and the jUvrB mutation. 

In a wild-type strain, sunlight induced only a ",twofold increase in transi
tions and transversions (relative to spontaneous levels) in the absence of 
pKMI0l; the addition of the plasmid had little effect. However, in the NER
deficient strain TA1535, sunlight induced a tenfold increase in transversions 
(GC > TA) and a 20-fold increase in transitions (GC > AT). In strain TA98 
(JUvrB, pKM10l), sunlight induced only an -twofold increase in transver
sions but a 24-fold increase in transitions, indicating that, in a jUvrB back
ground, the plasmid reduced the production of transversions but had little 
effect on the production of transitions. 

In terms of the proportion of transitions and transversions recovered in 
these strains, sunlight induced equal proportions of these two classes of mu
tations in excision repair-proficient cells; however, sunlight induced more 
transitions relative to transversions in excision repair-deficient cells. The 
plasmid had no influence on the proportions of sunlight-induced transitions 
and transversions. In terms of site specificity, sunlight induced single base 
transversions equally at either of the middle two Cs of the TCCC target. 
However, sunlight induced single base transitions (C > T) preferentially at the 
first C (TCCC) in strain TA1535 (JUvrB); transitions were induced equally be
tween the middle two Cs in the other strains. 

The single base mutations in this study were determined by probe hybri
dization; the remaining mutants (probe-negative) are considered to contain 
multiple (tandem) mutations. Thus, in excision repair-proficient cells, sun
light induced an eightfold increase in presumptive multiple mutations; the 
addition of the plasmid increased this only slightly to ninefold. However, 
sunlight induced a 20-fold increase in presumptive multiple mutations in 
strain TA1535 (JUvrB) and a 38-fold increase in this class of mutation in 
TA98 (JUvrB, pKMI0l). Thus, sunlight increased the yield of presumptive 
multiple mutations more than any other class of mutation. In general, almost 
5% of the sunlight-induced mutations were multiple mutations. 

DNA sequence analysis of one of the mutants containing a presumptive 
multiple mutation confirmed the presence of a multiple (triple) mutation 
(TCCC> TTTT). DNA sequence analysis of other mutants containing pre
sumptive multiple mutations induced by light from a tanning salon bed 
showed that 83% were tandem CC > TT transitions (DeMarini et al. 1995 a). 
A study with 254 nm UV at the His-G46 allele also found induction of a high 
percentage (64%) of CC > TT transitions (Koch et al. 1994). Similar findings 
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were obtained for fluorescent light in Salmonella (DeMarini et al. 1995 a; 
Cebula et al. 1995). For various types of UV radiation in bacteria, yeast, and 
mammalian cells, excision repair deficiency increases the frequency of transi
tions and multiple mutations and reduces the frequency of transversions. 

Although different wavelengths preferentially produce different lesions, 
such as thymine glycol, alkali labile sites, DNA-protein cross-links, etc., two 
lesions appear to be especially important for UV mutagenesis: cyclobutane 
pyrimidine dimers (CPD) and (6-4) photoproducts (6-4 PP). CPD and 6-4 PP 
account for 85% and 10% of the UV lesions in double stranded DNA respec
tively. In bacteria TC, TCC, CC, and CCC are hotspots for UV-induced transi
tions and both CPD and 6-4 PP are important premutagenic lesions at these 
sites (see DeMarini et al. 1995 a). Thus, the TCCC sequence of the His-G46 
allele may present an ideal target for the formation of UV-induced photopro
ducts and subsequent mutagenesis. 

Neighboring DNA sequence and the resulting local DNA conformation 
may also playa critical role in the ability of UV-induced lesions to form at 
these sites and may influence the accessibility of such lesions to DNA repair 
enzymes. Runs of pyrimidines may adopt different conformations than that 
of B-DNA, such as bent, triple helix, and A-DNA (Mei and Barton 1988), and 
this may be promoted further by the presence of photoproducts. Conse
quently, DNA repair may be inhibited, and such sites may be prone to misin
corporation by DNA polymerase followed by elongation (Sage et al. 1992), 
especially in the presence of the pKM101 plasmid. 

Studies have shown that UVC-induced photolesions are repaired selectively 
on the transcribed strand in bacteria and that, consequently, most UVC-in
duced mutations occur at sites where the pyrimidine run is on the nontran
scribed strand (Hanawalt 1991; Terleth et al. 1991; Oller et al. 1992), as it is 
at the His-G46 allele of Salmonella. As discussed previously by Oller et al. 
(1992), the question of which strand produces mutations (due to photolesions 
on that strand) depends on the rate of repair of one strand relative to the other. 

Although a detailed understanding of the mechanism underlying the sun
light-induced mutation spectra in Salmonella reviewed above is lacking, 
some general features can be inferred from studies with UVB and UVC. In 
NER-proficient strains, the majority of mutations may have been produced 
during the filling of excision repair gaps, perhaps when repair of a lesion in 
one strand encountered a lesion in the opposite strand, resulting in misre
pair. In fUvrB strains, the mutations may have been produced later, when 
DNA replication resumed. In this situation, mutations may have occurred 
either at the replication fork (misreplication) or during the filling of the 
daughter strand gaps that were created when DNA replication was blocked at 
photolesions and reinitiated downstream from the lesion. A possible mecha
nism for fixation of a photolesion into a C> T transition implies that the by
pass of a totally noncoding lesion occurs via insertion of an A (''A rule") 
across from the lesion. This would result in the C> T transition only since 
photolesions involving T residues would not result in mutations, due to the 
insertion of the correct base (A) opposite the T. Furthermore, it has been hy-
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pothesized that the high frequency of cytosine deamination of PyPy lesions 
can be responsible for the observed e> T transitions (according to the A 
rule) (Tessman et al. 1992). The presence of the pKMlOl plasmid presum
ably facilitated trans-lesion synthesis past pyrimidine photoproducts, and 
this bypass was mutagenic primarily via misincorporation of dAMP opposite 
a cytosine (or uracil) in the dimer. 

Mammalian Cell Systems 

In eukaryotic cells uve light-induced mutation spectra have been widely 
studied either at the level of endogenous genes, such as aprt, dhfr and hprt, 
or using shuttle vectors that carry reporter genes (Vrieling et al. 1989; 
Dorado et al. 1991; McGregor et al. 1991; Bourre et al. 1989; Hsia et al. 1989; 
Brash et al. 1987; Seidman et al. 1987). As in the case of bacterial spectra, 
e> T transitions predominated and tandem mutations constituted almost 
10% of all mutations. As previously reported for bacteria, most e> T transi
tions occurred at Te and ee sites on the 3' side or within a short run of 
pyrimidines. By applying the A rule, the prediction is that, also in mamma
lian cells, T <> T are not mutagenic and T <> e, e <> T and e <> e are the 
major premutagenic lesions. 

Mutation specificity of uve (254 nm), UVB (290-320 nm), UVA (350-400 
nm) and broad-spectrum simulated sunlight (SSL) (310-1100 nm) was ana
lyzed and compared in the aprt gene of NER-proficent and -deficient eHO 
cells (Dobretsky et al. 1994, 1995; Sage et al. 1996). The data revealed that 
AT> TG transversions, a rare class of mutation in spontaneous and induced 

Fig. 3. Effect of DNA repair on 
mutation spectrum. The classes 
of mutation induced by UVB 
and SSL at the aprt locus in 
NER-proficient and -deficient 
CHO cells are indicated (data 
from Sage et al. 1996) 
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Fig. 4. Effects of DNA transcription and re
pair on mutation distribution. a Distribution 
of UV-induced base substitutions on the tran
scribed and non transcribed strand of the gpt 
gene as a function of the transcriptional ac
tivity of the gene (data from Basic-Zaninovic 
et al. 1995). b Distribution of UV-induced 
base substitutions on the transcribed and 
non transcribed strand of the hprt gene in 
human fibroblasts irradiated in G1- and 5-
phase (data from McGregor et al. 1991) 

spectra, constituted a high proportion (up to 50%) of mutations in UVA-ex
posed cells. This mutation event comprised also a significant part of the SSL
induced mutations (25%) while it was rarely detected after UVB or uve 
exposure (5%-9% of the total mutants). Therefore the mutagenic specificity 
of SSL indicates that, besides the UVB component, UVA also plays a signifi
cant role in solar mutagenesis. When UV mutation specificity was investi
gated in NER-deficient cells (Sage et al. 1996) (Fig. 3) the mutation spectrum 
of both UVB and SSL showed a marked increase in tandem ee > TT transi
tions relative to NER-proficient cells. Moreover, the T> G transversion class 
disappeared from the SSL spectrum that could be entirely accounted for by 
the UVB-induced mutations. 

As in the case of bacteria, the occurrence of preferential repair of the tran
scribed strand (Mellon et al. 1986, 1987) is expected to lead to the accumula
tion of UV-induced mutations on the nontranscribed strand of active genes. 
In general, this expectation has been borne out experimentally (Vrieling et 
al. 1989, 1991; Menichini et al. 1991). However, in the case of exponentially 
growing human cells, no strand bias in favor of the nontranscribed DNA 
strand was reported for UV-induced mutations in the highly transcribed gpt 
gene carried by an episomic shuttle vector (Baisc-Zaninovic et al. 1995). In 
contrast, the majority of UV-induced mutations were located on the tran-
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scribed gpt strand (Fig. 4A). It is important to recall that human cells repair 
efficiently both strands of active genes (Mellon et al. 1987), although the 
transcribed strand is repaired faster than the nontranscribed strand. By 24 h 
post-irradiation time, no difference between the two strands was detected by 
gene-specific repair assay. It might well be that the rate of strand-specific re
pair is not sufficient to leave its "fingerprint" on mutation distribution. In 
agreement with this hypothesis, the expected accumulation of mutations on 
the nontranscribed DNA strand of the hprt gene of human fibroblasts was 
only detected when G1-synchronized cells were irradiated (McGregor et al. 
1991) (Fig.4B). This finding clearly indicates that if sufficient time is pro
vided for transcription associated repair to occur, mutation distribution is 
indeed biased also in human cells. In the case of S-phase irradiated human 
fibroblasts the majority of hprt mutations were located on the transcribed 
strand (Fig.4B). This strand asymmetry which was also observed with the 
gpt gene is likely to reflect the "protein filter" (see above). 

UV-induced mutation spectra were also studied in several NER-defective 
human syndromes complementations groups. In UV-treated xeroderma pig
mentosum (XP) A cells (Dorado et al. 1991; McGregor et al. 1991), although 
the type of mutations were very similar to those observed in repair profi
cient cells, an unexpected bias towards mutations on the transcribed strand 
was detected. The occurrence of this phenomenon was also reported in re
pair-defective rodent cells (Sage et al. 1996; Vrieling et al. 1992). In the ab
sence of NER, the repair of the transcribed strand via alternative pathways 
might be preferentially inhibited ultimately favoring mutation due to lesions 
on the transcribed strand. UV-induced mutation spectra were also studied in 
defective cell lines by introducing UV-irradiated shuttle vector molecules into 
cells. The SV40-derived shuttle vector pZ189 (Seidman et al. 1987), which 
carries the supF gene as a target for mutations, was used to investigate UV 
mutagenesis in XP variant (XP-V) cells (Wang et al. 1991). Cells isolated 
from XP-V have a nearly normal rate of NER of UV-induced DNA damage 
and are slightly more sensitive than normal cells to the cytotoxic effect of 
UV radiation. However, they show a significantly higher sensitivity than nor
mal cells to the mutagenic effect of UV light. Sequence analysis showed that 
in XP-V cells 28% of the mutations involved AT base pairs, while in normal 
cells this value was only 11%. The type of mutations induced strongly sug
gests that these cells are defective in the process that leads to the preferential 
insertion of dAMP opposite UV photolesions. The UV-induced mutation fre
quency and type were also analyzed in XP-D and trichothiodystrophy (TTD) 
cell lines using a shuttle vector system, pR2, carrying the target lacZ' gene 
(Marionnet et al. 1995). XP-D and TTD/XP-D cells are mutated in the same 
gene, ERCC2, but the mutations differ by their pathological consequences. 
Whereas XP-D patients develop early skin tumors, TTD patients are not 
prone to early cancers. The UV mutation frequency was significantly higher 
in both defective cell lines than in normal cells. TTD cells presented more 
rearrangements (16%) than normal cells and XP-D cells exhibited a twofold 
higher rate of multiple mutations than normal cells. The types of mutations 
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Fig. 5. Distribution of UV-induced base pair substitutions in the leading and lagging strands of the gpt gene 
carried by an EBV-derived shuttle vector (data from Calcagnile et al. 1996) 

in TTD were, however, more similar to those in normal cells than those 
found in XP-D cells. A difference in the processing of UV-induced mutations 
might explain some of the differences between these two syndromes. 

Sequence- and strand-specificity of mutation distribution can also be 
affected by the insertion preference of the replicative DNA polymerase/so The 
question of whether the asymmetric nature of the replication complex might 
lead to differences in error rates for leading and lagging strand replication of 
UV-irradiated DNA was addressed using a cell-free SV40 origin-dependent 
replication mutagenesis assay (Thomas and Kunkel 1993) as well as by using 
an EBV-derived shuttle vector system (Calcagnile et al. 1996). In the latter 
case (Fig. 5) two human cell lines were constructed that contain the same 
episomic shuttle vector but with an opposite orientation of the marker gene 
relative to the EBV-oriP. Both studies showed that, although the overall error 
rate during replicative bypass was the same, the fidelity of leading and lag
ging strand trans-lesion synthesis varied by sequence context and position. 

Mutation Spectra in the p53 Gene: UV Exposure and Non-melanoma Skin Cancers 

Strong experimental and epidemiological evidence links UV irradiation to 
the development of human non-melanoma skin cancer (NMSC). Mutations in 
the p53 gene are common in these cancers (in contrast with malignant mela
noma, in which p53 mutations are rarely observed in primary tumors). The 



Fig. 6. Effect of DNA repair on 
p53 mutation spectrum in hu
man skin cancer. The classes 
of mutation found in the p53 
gene of skin tumors from nor
mal subjects (data from IARC 
database) and XP patients 
(data from Dumaz et al. 1993) 
are indicated 
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mutation spectrum in NMSC is characterized by frequent C > T transItIOns 
and, more specifically, by a high frequency of tandem CC > TT transitions, 
which represent 9% of the mutations in squamous cell carcinomas and 12% 
in basal cell cancers (Greenblatt et al. 1994; Sage et al. 1996). Both types of 
mutations are consistent with the mutagenic action of UV in vitro. Although 
c> T transitions are common in all tumor types, tandem CC> TT transitions 
are exceptional in internal malignancies (only two cases are reported in pri
mary internal malignancies, one in lung cancer and one in breast cancer). 
Further evidence for a direct link between these mutations and UV comes 
from the analysis of skin tumors from DNA repair-deficient XP patients, 
which show a particularly high frequency of tandem CC > TT transitions 
(Dumaz et al. 1993) (Fig. 6). It is interesting to recall that the same drastic 
increase in the relative percentage of CC > TT tandem mutations was re
ported in NER-deficient mammalian cells exposed to UVB or SSL (Sage et al. 
1996) (see above). Mutations at dipyrimidines have also been observed in 
normal, sun-exposed skin of skin cancer patients from Australia, suggesting 
that they occur at a very early stage of skin carcinogenesis (Nakazawa et al. 
1994). Studies in basal cell carcinoma show that tandem dipyrimidine transi
tions are preferentially detected in cancers developing from regions of the 
skin exposed to sunlight, whereas tumors arising from less exposed areas 
show mostly transversions (Gailani et al. 1996; Matsumura et al. 1996). These 
data also implicate agents different than UVB in the etiology of skin cancer. 
In experimental skin cancer induced in mice, distinct types of p53 mutations 
are observed in tumors induced by UVB and by PUVA (8-methylpsora
len+UVA) (Nataraj et al. 1996). 

The distribution of mutations in skin cancers (Fig. 7) shows striking dif
ferences when compared with most other types of cancers (Fig. 2). Three fac
tors may be involved in the generation of such a particular mutation distri
bution: (1) targeting of specific bases by UV light, (2) inefficient DNA repair 
at specific positions and (3) selection of forms of mutant p53 with functional 
specificity for skin carcinogenesis. There is no evidence for the latter inter
pretation; however, there is experimental evidence of slow repair of UV-in
duced lesions at several sites that are commonly mutated in skin cancers, in
cluding codons 177, 196 and 278 (Tornaletti and Pfeifer 1994). When the dis
tribution of the UV-induced p53 mutations is analyzed an almost even distri
bution of the mutations over the two strands is detected. Using human di-
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ploid skin fibroblast as a model, Tornaletti and Pfeifer (1994) have shown 
that the average repair rate of UV-induced cyclobutane pyrimidine dimers in 
p53 exons 5-9 was slower than in the control, housekeeping gene PGKI (en
coding phosphoglycerate kinase) and that the transcribed strand of p53 was 
more rapidly repaired than the nontranscribed strand. However, as in the 
case of the reporter gpt and hprt genes of UV-treated human cells (see 
above), the difference in strand-specific repair might not be sufficient to 
leave its fingerprint on mutation distribution. When the analysis is confined 
only to tandem CC > TT transitions in NMSC they are all located on the cod
ing (nontranscribed) strand, suggesting that transcription-coupled repair 
might act preferentially on these lesions. Also, half of the CC> TT transitions 
observed in NMSC are within CpG sequences, suggesting that spontaneous 
deamination of 5-methylcytosine may contribute to enhance the mutation 
rate at such sequences. Finally, it cannot be excluded that UV may more effi
ciently target specific bases than others. In a recent study, Denissenko et al. 
(1997) have shown that absorption of near-UV light by 5-methylcytosine is 
five- to ten-fold higher than by cytosine, suggesting that solar UV light could 
preferentially affect methylated cytosine. 

Tobacco Smoke 

Bacterial Systems 

The mutagenicity and carcinogenicity of tobacco smoke have been studied 
extensively, revealing that a variety of mutagenic polycyclic aromatic hydro
carbons (PAHs), aromatic amines, nitrosamines, etc., are present and likely 
to playa role in the induction of smoking-associated cancer (International 
Agency for Research on Cancer 1986). The mutation spectra of these and 
many other single compounds found in tobacco smoke have been determined 
in a variety of systems. However, the mutation spectrum of tobacco smoke it
self (cigarette smoke condensate, CSC) in the presence of metabolic activa
tion (S9) has been determined only in Salmonella at both frame shift (His
D3052) and base-substitution (His-G46) alleles (DeMarini et al. 1995 b). At 
the frame shift allele, CSC induced exclusively a hotspot, 2-base deletion of 
GC or CG within the hotspot sequence CGCGCGCG. At the base substitution 
allele, CSC induced primarily (80%) GC> TA transversions; the remaining 
~ 20% of the mutations were GC > AT transitions. Approximately 80% of the 
single base substitutions were at the middle of the CCC target sequence of 
the base substitution allele. How do these results compare to those produced 
by some model single compounds that represent the primary chemical 
classes responsible for the mutagenic and carcinogenic activity of CSC? Dec
ades of bioassay-directed chemical fractionation studies have shown that 
most of the carcinogenic activity of CSC in mouse skin resides in the neutral 
fraction (which contains, for example, PAHs), whereas most of the mutagenic 
activity of CSC at the frame shift allele in Salmonella resides in the basic and 
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weakly acidic fractions (which contains for example, aromatic amines) (In
ternational Agency for Research on Cancer 1986). PAHs have been impli
cated as a primary chemical class responsible for smoking-associated lung 
cancer, and aromatic amines have been most strongly associated with smok
ing-associated bladder cancer (International Agency for Research on Cancer 
1986). Comparisons of the mutation spectra produced by chemicals in these 
classes to that of CSC in a variety of Salmonella strains have confirmed the 
important contribution of these compounds to the mutagenic activity of CSC 
(DeMarini et al. 1995b). For example, the pKMI0l plasmid (conferring the 
SOS response, see above) had the same effect on the mutagenic activity of 
CSC as on that of a heterocyclic amine food mutagen present in CSC (Glu-P-
1), i.e., the plasmid had no effect on the ability of the two agents to revert 
the frameshift allele, but the plasmid was required by both agents to revert 
the base substitution allele. Likewise, both agents were more potent at the 
frame shift than at the base substitution allele, whereas the opposite was true 
for the aromatic amine 4-aminobiphenyl (4AB) (Levine et al. 1994) and the 
PAH benzo[a]pyrene (BP) (Koch et al. 1994; DeMarini et al. 1994). At the fra
me shift allele, only Glu-P-l and the model aromatic amine 2-acetylamino
fluorene (2AAF) (Shetton and DeMarini 1995) induced the same mutation 
spectrum as CSC, i.e., only the 2-base, hotspot deletion. Thus, the frame shift 
specificity of CSC was similar to that of the heterocyclic amine Glu-P-l. This 
is consistent with studies showing that the frame shift activity of CSC resides 
in the basic fraction, which contains aromatic amines. The results at the base 
substitution allele indicated that the base substitution specificity of CSC 
shares features of the mutation spectra induced by BP as well as by the aro
matic amines 4AB, Glu-P-l, and 2AAF. For example, CSC and all of the sin
gle compounds induced primarily GC > TA transversions, and most of the 
mutations were in the middle of the CCC target sequence of the base substi
tution allele (His-G46). One difference, however, was the induction of 
GC> CG transversions by BP but not by Csc. 

The mechanisms by which BP, 2AAF, Glu-P-l, and 4AB induce mutation in 
Salmonella and other systems have been described previously, and similar 
mechanisms could be postulated for related chemical mutagens in CSC (Koch 
et al. 1994; DeMarini et al. 1994, 1995 b; Shelton and DeMarini 1995; Levine 
et al. 1994). For all of these compounds, metabolic activation (S9) is required 
for bacterial mutagenesis, and metabolites of these compounds are the ulti
mate mutagenic forms that are responsible for the observed mutation spec
tra. 

Mutagenic and carcinogenic nitrosamines, such as 4-(methylnitrosamino)-
1-(3-pyridyl)-I-butanone (NNK), are also present in cigarette smoke. NNK 
induces predominantly either GC > TA transversions or GC> AT transitions, 
depending on the experimental system being used (Wynder and Hoffmann 
1994). However, there are no experimental studies that implicate NNK or the 
other N-nitrosamines in tobacco smoke as bladder carcinogens in laboratory 
animals (Hoffmann et al. 1994). The contribution of NNK to the observed 
mutation spectrum of CSC is unclear at this time. 
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Mammalian Cell Systems 

Among the PAHs present in cigarette smoke and implicated as causative 
agents in the development of lung cancer, BP is by far the best studied in 
mammalian cells. The metabolite of BP, (±)-7j3, 8a-dyhydroxy-9a, 10a-epoxy-
7,8,9,10-tetrahydrobenzo(a)pyrene (BPDE), reacts with DNA and forms pre
dominantly covalent (+) trans adducts at the N2 position of guanine (Singer 
and Grunberger 1983). BPDE-induced mutation spectra have been analyzed 
in several endogeneous genes (Mazur and Glickman 1998; Carothers and 
Grunberger 1990; Yang et al. 1991) of mammalian cells as well as in bacterial 
genes carried by shuttle vectors (Yang et al. 1987). In every case the majority 
of mutations were base pair substitutions involving G:C base pairs mainly 
GC> TA transversions and the distribution of mutations was not random. De
termination of the distribution of mutations induced in the hprt gene of G1-

synchronized repair-proficient human cells as compared to S-phase cells 
showed that the base substitutions located at guanine residues on the tran
scribed DNA strand decreased when the cells were allowed to repair before 
the onset of DNA replication (Chen et al. 1990). These results predicted that 
BPDE-induced adducts were preferentially repaired from the transcribed 
strand of the active hprt gene, and Chen et al. (1992) showed that indeed 
this was the case. The analysis of BPDE adducts and repair rate at nucleotide 
level (Wei et al. 1995; McGregor et al. 1997) along exon 3 of the hprt gene re
vealed that at least three factors playa role in the formation of mutation hot
spots: sequence context dependent binding of the mutagen to DNA, site-spe
cific rates of excision repair and the ability of adducts to block replication 
and transcription. The complex interplay of several factors in determining 
mutation specificity was also shown by lesion-specific mutagenesis studies. 
The DNA polymerase insertion preference opposite (+) and (-)-BPDE-N2 -dG 
adducts incorporated in a single-stranded shuttle vector was strongly influ
enced by host cell, sequence context and chirality when trans-lesion synthe
sis occurred either in Escherichia coli or simian kidney cells. Targeted BPDE 
adduct formation seems also to be the main determinant of lung cancer p53 
mutation hotspots (Denissenko et al. 1996) (see below). 

N-nitrosoamines are quantitatively the major carcinogens present in un
burnt tobacco. They are expected to alkylate DNA in vivo. For example, 
chronic treatment of rats with NNK induces in the tumor target tissues 0 6_ 

methylguanine, 0 4 - methylthymidine and 7-methylguanine (Hecht et al. 
1986). In agreement with the known pre mutagenic properties of 0 6 -methyl
guanine (Ellison et al. 1989), NNK-treatment of CYP2A6 transfected CHO 
cells showed a predominance of GC > AT transitions (Tiano et al. 1985). As 
stated above, the precise contribution of NNK-induced mutations to CSC mu
tation spectrum is open to question. 
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Table 1. Mutation spectra of p53 in human lung and bladder cancer 

Mutation Tumor type (number of cases) 
type % 

lung Bladder All 

Total Smoker Nonsmoker Total Smoker Nonsmoker ARY' 
(n=834) (n=I86) (n=36) (n=311) (n = 61) (n=43) (n=27) (n = 6609) 

AT>CG 3 3 6 3 2 4 

AT>GC 8 8 10 10 9 15 11 
AT>TA 4 3 3 4 2 5 4 5 
GC>AT 17 22 28 33 34 42 63 19 
GC>AT 10 7 17 15 13 12 24 
(CpG) 

GC>CG 12 9 31 14 18 21 4 8 
GC>TA 33 36 11 12 15 9 11 16 
Other 13 13 6 10 6 2 4 13 

• Workers exposed to aromatic amines. 

Mutation Spectra in the p53 Gene: 
Lung and Bladder Cancers as Examples of Tumors Related to Exposure to Tobacco Smoke 

Smoking is a major risk factor in many cancers, including cancers of the 
oral cavity, squamous cell carcinoma of the esophagus, lung cancer and blad
der cancer. In these pathologies, the prevalence of p53 mutations is generally 
higher in smokers than in nonsmokers, at least in regions of the world 
where epidemiological evidence points to tobacco as the major risk factor 
(Montesano et al. 1996; Kondo et al. 1996; Brennan et al. 1995). In addition, 
the spectrum of p53 mutations varies from one pathology to the other. In lung 
cancers (Table 1), the dominant mutation type is G> T transversions, a typical 
signature of BPDE. In squamous cell carcinoma of the esophagus, G> T trans
versions are comparatively rare (12%) and the predominant types of mutations 
are transitions or transversionsat A:T base pairs (31 %), and G:C transitions at 
non-CpG sequences (22%). A similar spectrum is observed in squamous cell 
carcinomas of the oral cavity. In both of these cancers, the combined consump
tion of tobacco and alcohol is considered to be a cumulative risk factor. This 
mutation spectrum is consistent with a role of nitrosamines (G:C transitions) 
and of some metabolites of ethanol, such as acetaldehyde (mutations at A:T 
bases) (Montesano et al. 1996). In bladder cancer (Table 1), the mutation spec
trum is dominated by mutations at G:C base pairs (75%, including 28% of tran
sitions at non-CpG). The major tobacco carcinogen(s) in these tumors are 
thought to be aromatic amines such as 4AB, an agent which is considered to 
cause G> T and G> C transversions (Vineis et al. 1996; Essigmann and Wood 
1993). Interestingly, this high frequency of mutations at G:C base pairs is 
found in bladder cancer of workers occupationally exposed to aromatic amines 
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as well as in bladder cancer of nonoccupationally exposed individuals (Table 1). 
Although the number of cases with occupational exposure is small, these pa
tients may have a higher frequency of G:C transversions. These observations 
support the notion that the carcinogens involved are identical in both groups 
(Taylor et al. 1996; Sorlie et al. 1998). Bladder cancer also shows a unique, dis
tinct mutation distribution, with specific hotspots at several co dons in exon 8, 
including 280 and 285. It is not known whether these hotspots represent pre
ferential targeting by a specific carcinogen rather than functional selection of 
particular mutants. 

Analysis of the G > T transversions found in lung cancers from smokers 
reveals interesting clues about how specific base targeting and bios election 
cooperate to generate tumor-specific mutation spectra. First, these mutations 
show a very strong strand bias, 94% of them being located on the nontran
scribed strand. Second, the most frequently mutated codons in lung cancer 
are 157, 158, 248 and 273. Codon 157 and 158 are rarely mutated in all other 
types of cancer and these co dons may be considered as a hotspot specific to 
lung cancer. In contrast, mutations at co dons 248 and 273 are common in 
most types of cancer (Fig. 2). Experimental evidence shows that co dons 157, 
248 and 273 are among the preferential sites for BPDE-DNA adduct forma
tion in bronchial cells exposed to BPDE (Denissenko et al. 1996). Interest
ingly, mutations at co dons 248 and 273 in lung cancers are different from 
those in other cancers. In breast or colon cancers, codon 248 and 273 are 
almost exclusively mutated by C > T transitions at a CpG dinucleotide, a type 
of mutation that may be interpreted as the result of an endogenous mutation 
event. In contrast, in lung cancers, about half of the mutations at these two 
co dons are G> T transversions, in agreement with the notion that BPDE may 
target these co dons. Recent evidence also indicates that BPDE adducts form 
preferentially at G bases adjacent to 5-methylcytosine (Denissenko et al. 
1997). This observation provides a good example of how bios election, methy
lation, specific targeting by environmental mutagens and inefficient repair all 
concur to the definition of a specific mutation profile. 

Aflatoxin 81 

Bacterial Systems 

In the base substitution strain TAI00 of Salmonella, aflatoxin Bl (AFB1) in
duced predominantly (84%-86%) GC> TA transversions, with a substantial 
preference (8:1) for the middle C relative to the first C of the CCC target of 
the His-G46 allele (Koch et al. 1994). As in Salmonella, AFBI induced predo
minantly (89%) GC > TA transversions in the E. coli lac! gene (Foster et al. 
1983). In contrast, AFBI induced GC > TA transversions and GC > AT transi
tions at nearly equal frequencies in the M13-borne lacZ target (Sambamurti 
et al. 1988). AFBI is metabolized to a highly reactive electrophile, AFBl-8,9-
oxide, that reacts almost exclusively at the N7 position of guanine (Croy et al. 
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1978; Lin et al. 1977). The preferential insertion of adenines opposite AFB)
N7 -guanine-directed apurinic sites has been postulated to account for the 
mutation spectrum of AFB) (Foster et al. 1983). Recent evidence (Bailey et al. 
1996) questions this mechanism and point to the adduct as the pre mutagenic 
lesion in AFB)-treated cells. 

AFB) induced most (76%-78%) of its GC > TA transversions in Salmonella 
TA100 at the middle position of the CCC/GGG target (Koch et al. 1994). This 
site specificity, observed for AFB) at the His-G46 allele, likely reflects prefer
ential adduct formation at the middle guanine of the CCC/GGG target. For 
example, AFB)-induced mutations have been recovered primarily at runs of 
Gs in forward mutation targets, including 5' -GpG doublets where the 3' sec
ond guanine is most often altered. Formation of AFB)-N7-guanine is nonran
dom, and in most cases the second guanine in contiguous doublets and tri
plets of Gs is favored for modification (Meunch et al. 1983; Benasutti et al. 
1988). 

Mammalian Cell Systems 

AFB) is carcinogenic in many animal species and mutagenic in cells in cul
ture. The mutagenic spectrum was analyzed in repair-proficient and -defi
cient human cells by using a shuttle vector plasmid containing the supF mar
ker gene (Levy et al. 1992). Base pair substitutions, one-half of which were 
GC > TA transversions, predominated the spectrum. As compared to normal 
cells, DNA repair-deficient fibroblasts showed a higher frequency of muta
tions, a unique induction of tandem mutations at GG sites and different mu
tation hotspots. Mutation rate, type and distribution are therefore affected by 
the efficiency of repair. The mutation spectrum of AFB) in exon 3 of the hprt 
gene in B-Iymphoblasts (Cariello et al. 1994) showed one strong mutation 
hotspot that contained 10%-17% of all mutations induced. This frequent mu
tation event was a GC> TA transversion located within a run of six Gs. This 
internal G is also a hotspot for other mutagens suggesting that, in this se
quence context, this residue becomes highly prone to chemical modification 
and/or hardly accessible to repair enzymes. 

A striking mutation hotspot has also been described for the p53 gene at 
codon 249 in hepatocellular carcinomas (HCC) from regions with food con
tamination with AFB) (see below). To gain insight into this mechanism 
AFB)-induced mutagenesis of p53 codons 247-250 was analyzed in human 
HCC cells HepG2 cells (Aguilar et al. 1993) and in CYP450-expressing hu
man liver cell lines (Mace et al. 1997). A high frequency of G > T transver
sions at codon 249 (AGG> AGT) was indeed observed. However, other domi
nant mutations at neighboring bases were also detected indicating that, be
sides the induction of AFB)-specific mutations, the mutant serine 249 p53 
protein should play per se an important role in the development of HCC (see 
below). 
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Mutation Spectra in the p53 Gene: Exposure to Aflatoxin B1 and Hepatocellular Carcinoma 

The most spectacular example of an obvious relationship between a specific 
environmental mutagen and a specific mutation profile is that of AFBl in 
HCC. This profile is observed in regions of the world where this type of cancer 
is associated with high exposure to AFBl and chronic infection by hepatitis B 
virus (HBV), such as China or central Africa (reviewed in Montesano et al. 
1998). This profile is dominated by a high frequency of G> T transversion at 
codon 249 (AGG > AGT, Arg> Ser). This mutation is also occasionally ob
served in other types of cancers (it represents 2.1% of all p53 mutations, 
65% or which are in HCC). Critical review of the data from geographic areas 
with high, moderate of low exposure to AFBl reveals a clear correlation be
tween the level of food contamination by AFBl and the prevalence of this par
ticular mutation (Montesano et al. 1998). Experimentally, AFBl has been shown 
to bind to codon 249 as well as to other codons in p53 cDNA. Why mutations at 
codon 249 are almost exclusively selected in HCC within the context of expo
sure to both AFBl and HBV is not understood at present. Experimentally, the 
Arg>Ser mutant at codon 249 has strong dominant-negative properties in cul
tured hepatic cells, suggesting that this mutant may be particularly deleterious 
in liver cells (Ponchel et al. 1994; Forrester et al. 1995). 

Vinyl Chloride 

Bacterial Systems 

As reviewed and demonstrated by Basu et al. (1993), vinyl chloride (VC) and 
other agents that form etheno adducts produce primarily GC > AT transi
tions. This has been confirmed recently with chloromalonaldehyde at the 
base substitution allele His-G46 in Salmonella (Knasmuller et al. 1996). An 
etheno adduct on cytosine appears to be the primary lesion; however, etheno 
adducts on adenine are also formed and are weakly mutagenic. 

Mammalian Cell Systems 

The mutagenic potential of the ultimate carcinogenic form of VC, 2-chloro
acetaldehyde (CAA), was analyzed in human cells using a shuttle vector con
taining the supF gene (Matsuda et al. 1995). More than half of the single 
base pair substitutions were GC> AT transitions. The majority of the muta
tions involved G:C bp in 5'AAGG3' or 5'CCTT3' sequences. The mutagenic 
specificity of two exocyclic DNA adducts produced by chloroethylene oxide 
and CAA, which are both reactive metabolites of VC, was investigated by 
performing single-lesion mutagenesis with a single-stranded shuttle vector 
transfected into COS cells (Moriya et al. 1994; Pandya and Moriya 1996). 
1, N6-ethenodeoxyadenosine was highly mutagenic and induced primarily 
A> G transitions (Pandya and Moriya 1996). 3, N4 -ethenodeoxycytidine dis
played comparable mutagenic potency and produced both C > T transitions 
and C > A transversions (Moriya et al. 1994) . 
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Mutation Spectra of the p53 Gene: 
Exposure to Vinyl Chloride and Angiosarcoma of the Liver 

There is preliminary evidence of a specific mutation spectrum in patients 
with angiosarcoma of the liver (ASL) associated with occupational exposure 
to Vc. Mutations of p53 are apparently rare in ASL. In 21 ASL patients with 
ASL not associated to exposure to VC, Soini et al. (1995) have reported only 
two mutations. In six patients with occupational exposure to VC, Hollstein et 
al. (1994) have found three mutations, and all of them are AT> TA transver
sions, a type of mutation which is very rare in all other types of cancer (they 
represent 2.8 % of all mutations, with a maximum of 8.9% in squamous cell 
carcinoma of the esophagus). In contrast, the two mutations found in pa
tients with other exposures (including thorotrast) were both G> A transitions 
(Soini et al. 1995). A majority of AT> TA mutations were also detected in 
ASL of rats experimentally exposed to VC (Barbin et al. 1997). In addition, 
serum anti-p53 antibodies have been found in ASL patients and in some 
workers with occupational exposure to VC (Trivers et al. 1995). It remains to 
be determined whether detection of these antibodies may be useful in identi
fying individuals at high risk of ASL. 

Conclusions 

Molecular epidemiology stems from the crossing-over of laboratory studies 
and classical cancer epidemiology, with the aim of exploiting molecular end-

Table 2. Mutation spectra of pS3 in human cancers 

Carcinogen Tumor type (number of cases) 
exposure 

Mutation type (%) Skin HCC lung All 
(279) (393) (834) (6609) 
Sunlight AFBI BPOE 

AT>CG 4 3 3 4 

AT>GC 8 12 8 11 

AT>TA S 1S 4 S 

GC>AT 31 11 17 19 

GC>AT (CpG) 13 9 10 24 

GC>CG 6 6 12 8 

GC>TA 11 36 33 16 

Other 11 7 13 13 

CC>TT 10 0.1 
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points to improve cancer risk assessment. In this review, we have discussed 
the best characterized examples of human cancers in which the p53 mutation 
profile reflects the impact of environmental mutagens and DNA repair pro
cesses. The nature and the position of p53 mutations in the tumor are in
deed expected on the basis of the mechanisms of mutagenesis of the environ
mental carcinogen as known from in vitro systems (Table 2). However, in most 
tumors, the mutation profiles are complex and there is little direct evidence that 
a suspected mutagen is indeed causing the mutations observed. This may of 
course reflect the fact that cancer is a complex process involving interactions 
between multiple factors of endogenous and exogenous origin. As a result of 
this complexity, the contribution of a single risk factor to the generation of a 
tumor-specific mutation spectrum may be difficult, if not impossible, to assess 
in many situations. However, additional factors other than the inherent com
plexity of the cancer process may contribute to blurr the picture provided by 
tumor-specific mutation spectra. In particular, it is important to remember 
that a significant potential limitation of mutational spectra is that various che
micals from different chemical classes can often produce similar mutation spec
tra (DeMarini 1998). For example, PAHs, aromatic amines, and nitroarenes all 
produce primarily GC > TA transversions in most organisms and targets in 
which they have been tested. Consequently, it is almost impossible to look at 
a mutation spectrum that contains predominantly GC > TA transversions and 
infer which class of chemical, let alone which individual compound, produced 
the observed mutation. Because of this overlap in mutational specificity, cau
tion must be exercised to avoid over-interpretation of mutation spectra in on
cogenes or tumor suppressor genes. 

Another important concern that we have attempted to illustrate in this re
view is that the correct interpretation of tumor-specific mutation spectra re
quires a good and detailed understanding of the molecular mechanisms that 
are responsible for the formation, escape from repair mechanisms and bio
logical selection of these mutations. In the future, we believe that it will be 
necessary to develop research on mutation spectra in two parallel directions: 
(I) experimental analysis of the mechanisms of mutagenicity using reporter 
systems as close as possible to the human context, and (2) well-defined mo
lecular epidemiological studies to reveal subtle differences in mutation pat
terns using exposure cohorts matched for various parameters that could in
fluence the mutation spectrum (such as age, sex, ethnic origin, etc.). 
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Abstract 

DNA-reactive carcinogens and anticancer drugs induce many structurally 
distinct cytotoxic and potentially mutagenic DNA lesions. The capability of 
normal and malignant cells to recognize and repair different DNA lesions is 
an important variable influencing the risk of mutation and cancer as well as 
therapy resistance. Using monoclonal antibody-based immunoanalytical as
says, very low amounts of defined carcinogen-DNA adducts can be quanti
fied in bulk genomic DNA, individual genes, and in the nuclear DNA of sin
gle cells. The kinetics of DNA repair can thus be measured in a lesion-, 
gene-, and cell type-specific manner, and the DNA repair proftles of malig
nant cells can be monitored in individual patients. Even structurally very 
similar DNA lesions may be repaired with extremely different efficiency. The 
miscoding DNA alkylation products 06-methylguanine (06-MeGua) and 0 6_ 
ethylguanine (06-EtGua), for example, differ only by one CH2 group. These 
lesions are formed in DNA upon exposure to N-methyl-N-nitrosourea 
(MeNU) or N-ethyl-N-nitrosourea (EtNU), both of which induce mammary 
adenocarcinomas in female rats at high yield. Unrepaired 0 6 -alkylguanines 
cause transition mutations via mispairing during DNA replication. 0 6_ MeGua 
is repaired at a similar slow rate in transcribed (H-ras, fJ-actin) and inactive 
genes (IgE heavy chain; bulk DNA) of the target mammary epithelia (which 
express the repair protein 06-alkylguanine-DNA alkyltransferase at a very 
low level). 06-EtGua, however, via an alkyltransferase-independent mecha
nism, is excised '" 20 times faster than 0 6_ MeGua from the transcribed genes 
selectively. Correspondingly, G:C --+ A:T transitions arising from unrepaired 
06-MeGua at the second nucleotide of codon 12 (GGA) of the H-ras gene are 
frequently found in MeNU-induced mammary tumors, but are absent in 
their EtNU-induced counterparts. 
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Introduction 

Carcinogenesis involves the stepwise evolution and selection of cells disobey
ing the physiological rules governing cell proliferation and differentiation, 
cell motility, and cell death (apoptosis) in a given tissue. The distinct path
ways of differentiation and phenotypic properties of individual types of cells 
require that genes be switched on, up- or down-regulated, and turned off in 
specific combinations and sequence. Destabilization and disarrangement of 
these finely balanced, cell type-specific patterns of gene expression may be 
initiated and driven by diverse molecular alterations and mechanisms. There
fore, carcinogenesis is a multifactorial and multifaceted process conditioned 
by the genetic program and phenotype of the target cell, and a multitude of 
genes may potentially be involved. Of particular current interest, however, 
are those genes that encode "protective" proteins ensuring the integrity and 
stability of the genome (e.g., DNA repair proteins), proteins participating in 
cellular signal transduction pathways, and proteins associated with the con
trol of cell proliferation and cell-cell and cell-matrix interactions. 

There are "harder" and "softer" ways to upset regular gene expression. 
The former include the untimely gain, alteration, or loss of gene function as 
a result of structural modifications of DNA. Point mutations are frequent 
events following exposure to chemical or physical mutagens. Further impor
tant genetic alterations include deletions, insertions, inversions, DNA double
strand breaks, and chromosome rearrangements or losses (Friedberg et al. 
1995). Examples of softer modulatory mechanisms are the epigenetic silenc
ing of genes by 5-cytosine methylation at particular CpG dinucleotides 
(Costello et al. 1996; Baylin 1997; Kass et al. 1997; Lengauer et al. 1997; Ushi
jima et al. 1997; Woloschak et al. 1997; Zingg and Jones 1997), or alterations 
of gene expression levels via gene amplification receptor-mediated signaling 
pathways, transcription factors, and other molecules interfering with the 
nuclear transcription machinery. 

Potentially mutagenic DNA lesions may either be exogenous, i.e., caused 
by DNA-reactive environmental chemicals (including many anticancer 
agents), solar UV light and ionizing radiation, or originate from endogenous 
cellular processes (Singer and Grunberger 1983; Dipple et al. 1990; Epstein 
1990; Montesano et al. 1992; Dipple 1995; Friedberg et al. 1995; Loeb 1996). 
The latter include DNA replication (polymerase) errors that result in mis
matched base pairs (Umar and Kunkel 1996; Kolodner 1997); the hydrolytic 
cleavage of N-glycosylic bonds generating misinstructive apurinic or apyri
midinic (AP) sites in DNA (Dogliotti et al. 1997); the deamination of 5-
methykytosine or cytosine in DNA to thymine or uracil, respectively (Gon
zalgo and Jones 1997); various metabolic processes producing reactive oxy
gen species (ROS) which can cause a broad spectrum of DNA alterations, 
such as single-strand breaks, pyrimidine glycols, 8-hydroxyguanine, or glyox
al (Sies 1986; Demple and Harrison 1994; von Sonntag 1987; Loeb 1996; Cro
teau and Bohr 1997; Murata-Kamiya et al 1997); and alkylation of bases in 
DNA by, e.g., S-adenosylmethionine or alkylating compounds generated by 
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bacterially catalyzed nitrosation of endogenous amides or amines (Lutz 1990; 
Sedgwick 1997). 

DNA Repair 

General Aspects 

Mutagenesis by chemical or physical agents requires the persistence of struc
tural lesions in genomic DNA for a period of time sufficient to give rise to 
heritable changes in nucleotide sequence. The key protective mechanism 
counteracting the generation of mutations from premutational DNA lesions is 
timely and error-free DNA repair. In principle, the cellular DNA repair ma
chinery can process both potentially mutagenic and primarily cytotoxic DNA 
lesions. Besides decreasing the risk of mutation and cancer, DNA repair may 
thus enable cells to cope with an otherwise deleterious load of DNA damage 
(exception: mismatch repair, MMR, which may actually enhance cytotoxicity; 
Karran and Bignami 1994; Duckett et al. 1996; Fink et al. 1997). Most pre
sent-day anticancer drugs as well as radiation target DNA (along with other 
cellular macromolecules). In general, therefore, DNA repair synergizes with 
other adaptive mechanisms contributing to cancer therapy resistance (Fig. 1; 
Epstein 1990; Burt et al. 1991; Skovsgaard et al. 1994; Zeng-Rong et al. 1995; 
Chaney and Sancar 1996). 

It is important to note that the efficiencies of specific pathways of DNA re
pair vary considerably between different types (and probably stages of differ
entiation) of mammalian cells - not to speak of their malignant counterparts 
(Goth and Rajewsky 1974; Harris 1989; Gerson et al. 1986; Muller et al. 1994; 
Preuss et al. 1995; Lee et al. 1996; Buschfort et al. 1997; White et al. 1997). 
Such variability would be predicted for the cells of malignant tumors, and 
between subpopulations of tumor cells, due to their genetic and phenotypic 
heterogeneity (Heppner and Miller 1998). What remains to be understood, 
however, is the physiological rationale underlying the differential DNA repair 
capacity of normal cells. 

In contrast to the fundamental work on DNA repair in prokaryotes, re
search on genes, proteins and pathways operating in mammalian DNA repair 
had been sluggish for a long time (Friedberg et al. 1995; Wood 1996). Cur
rent rapid advances in this field have been fueled mainly by: 
(1) the cloning of DNA repair genes of Saccharomyces cerevisiae, mostly 

found to be highly homologous to those identified earlier in bacteria and 
later on in mammalian cells; 

(2) detailed genetic and biochemical analyses of heritable human disease 
syndromes involving defective DNA repair and increased susceptibility to 
cancer and/or other clinical phenotypes including neurological abnorm
alities (e.g., xeroderma pigmentosum, ataxia telangiectasia, Fanconi's 
anaemia, Lynch syndrome [HNPCC], Bloom's syndrome, Li-Fraumeni 
syndrome, and Cockayne syndrome; Hoeijmakers and Bootsma 1990; 
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Fig. 1. DNA repair: Suppressor of mutation and cancer, accomplice of cancer therapy resistance 

Ellis et al. 1995; Hanawalt 1996; Fishel and Wilson 1997; Kolodner 1997; 
Kraemer 1997); 

(3) the revitalized notion that defective genes encoding DNA repair proteins 
and polymerases result in mutator phenotypes, i.e., in cells with reduced 
genomic stability and the propensity to rapidly accumulate mutations 
(Strauss 1977; Loeb 1996); and - of the same high relevance to carcino
genesis and cancer therapy -
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(4) the unfolding interconnections between DNA repair and transcription on 
the one hand, and the genetic control of cell proliferation (cell cycle 
checkpoints) and apoptosis on the other (Bohr 1991; Bohr 1995; Hana
walt 1996; Kaufmann and Paules 1996; Sancar 1996; Wood 1996; Wahl et 
al 1997). 

The number of genes and proteins identified as molecular players directly or 
more indirectly involved in DNA repair in mammalian cells has grown rapid
ly (Friedberg et al. 1995; Seeberg et al. 1995; Sancar 1996; Wood 1996; Hick
son 1997; Kolodner 1997). What is being uncovered is an intricate multimo
dal system with multiple effector mechanisms, built-in redundancies and 
"backup" pathways, and endowed with the capacity for subtle distinction, in 
terms of recognition and processing, between specific types and sites of 
DNA damage. Comparable to the immune system with its surveillance func
tion at the cellular level, this corrective network has evolved to preserve the 
integrity of the genome. 

Figure 2 shows a simplified outline of major DNA repair pathways in 
mammalian cells. Two principal modes of the repair of DNA base damage 
are distinguished: single-step repair and excision repair. Not included in this 
scheme are: (1) the repair of DNA double-strand breaks (induced, e.g., by io
nizing radiation, anticancer agents, or ROS generated in oxidative metabo
lism) by homologous recombination or by nonhomologous DNA end joining 
(Chu 1997); and (2) a potentially very important repair-associated process, 
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replicative bypass (also referred to as postreplication repair), which has not 
yet been clarified sufficiently in terms of its molecular mechanisms (Naegeli 
1994). 

Single-step repair is performed by 0 6 -alkylguanine-DNA alkyltransferase 
(MGMT) through direct removal of an alkyl residue from the 0 6 -atom of 
guanine in the DNA of cells exposed to alkylating agents, and by photolyases 
in the direct reversion of UV-induced cyclobutane pyrimidine dimers (CPDs) 
in DNA in the presence of photoreactivating blue light (Lindahl et al. 1988; 
Pegg 1990; Friedberg et al. 1995; Singer and Hang 1997). Excision repair 
broadly encompasses the pathways of base excision repair (BER) (Seeberg et 
al. 1995; Wood 1996; Hickson 1997), nucleotide excision repair (NER) (Fried
berg et al. 1995; Sancar 1996), and mismatch repair (MMR) (Karran 1996; 
Umar and Kunkel 1996; Kolodner 1997). Subpathways of NER are transcrip
tion-coupled repair (rCR; involving the general transcription factor TFIIH) in 
genes transcribed by RNA polymerase II, and transcription-independent re
pair (TIR; also referred to as "global" or "overall" NER) in transcriptionally 
silent genes (i.e., in most of genomic DNA; Link et al. 1991; Bohr 1995; Fried
berg et al. 1995; Friedberg 1996; Hanawalt 1996). In addition to their involve
ment in the transcription machinery, certain NER proteins may also partici
pate in sub pathways involving genetic recombination (as probably required 
in the repair of DNA interstrand cross-links). 

NER, BER and MMR are multistep pathways involving a large number of 
different proteins and protein complexes for the recognition and processing 
of DNA damage. NER is a highly versatile pathway acting upon a broad spec
trum of structurally diverse DNA alterations ("bulky" DNA lesions) that 
cause substantial local distortions of the DNA helix (Gunz et al. 1996). The 
NER pathway involves the concerted action of about 30 proteins to excise a 
fragment of ~ 24-32 nucleotides after incision of the damaged strand on 
each side of the lesion, followed by DNA repair synthesis (by DNA poly
merases 6 and 8) using the intact strand as template, and closing of the gap 
by ligation. In contrast to BER, there appears to be little redundancy in the 
NER pathway. In BER, the removal of a single modified nucleotide from one 
DNA strand is performed by DNA glycosylases via hydrolytic cleavage of the 
N-glycosyl bond (Neddermann et al. 1996; Hickson 1997; Krokan et al. 1997). 
Some of these glycosylases exhibit pronounced lesion specificity, others rec
ognize multiple, structurally different damaged bases, and certain glycosy
lases display considerable versatility regarding the range of reactions they 
catalyze. The apurinic/apyrimidinic (AP) site left behind after cleavage of the 
N -glycosyl bond is then hydrolyzed 5' by an AP endonuclease, and the 
5' deoxyribose phosphate is excised by a phosphodiesterase. The resulting 
single-nucleotide gap is filled by polymerase f3 and ligated. Alternatives to 
this common pathway of BER include, e.g., the excision of a short oligonu
cleotide patch containing the AP site and filling of the gap by polymerase 6 
or 8. Base alterations dealt with by the BER pathway may be caused by a 
large variety of agents and processes (e.g., spontaneous deamination, radia
tion, ROS, alkylating agents, DNA replication errors). Contrasting with the 



Relevance of DNA Repair to Carcinogenesis and Cancer Therapy 133 

situation in NER, a common feature of the damaged or mismatched bases 
recognized by glycosylases in BER is that they do not significantly distort the 
DNA helix. While BER may well be the DNA repair mechanism used most 
frequently in mammalian cells, no disease has yet been clearly related to 
defects in this pathway, suggesting that some of its elements may be indis
pensable for viability. 

Mainly based on analyses of repair rates of CPDs produced in the DNA of 
cells exposed to UV light, TCR has been found to operate faster than overall 
NER (TIR) - usually with a bias in favor of the transcribed strand. Depend
ing on DNA sequence context and chromatin structure, however, extensive 
positional heterogeneity regarding the efficiency of CPD repair within de
fined genes has been documented by analyses at very high or even single-nu
cleotide resolution (Tu et al. 1997; Wellinger and Thoma 1997). Interestingly, 
pronounced intragenic heterogeneity has recently been observed along the 
TP53 gene with respect to the distribution of sunlight-induced CPDs and 
benzo(a)pyrene-DNA adducts, dictated to a large extent by the absence or 
presence of 5-methylcytosines in target CpG dinucleotides (Denissenko et al. 
1996; Tommasi et al. 1997). Obviously, both hotspots for the formation of 
premutational DNA lesions as well as "slow spots" regarding their repair may 
enhance the frequencies of critical mutations in proto-oncogenes or tumor 
suppressor genes. 

The removal or persistence, respectively, of mutagenic DNA lesions in can
cer-associated genes is critical to carcinogenesis. It is clear, therefore, that 
the relative capacity of target cells for corrective DNA repair is a key deter
minant for the probability of their malignant conversion. This is also true re
garding the repair of cytotoxic DNA damage in tissues proficient for compen
satory hyperplasia, where damage-induced cell loss leads to increased prolif
erative activity (Rajewsky 1972; Fong et al. 1997). Reparative cell prolifera
tion enhances the probability of mutation fixation through DNA replication 
and is known to further promote the carcinogenic process through mecha
nisms as yet insufficiently understood. 

Carcinogenesis: Human Cancer 

The most impressive cases so far that link increased human cancer risk and 
the early onset of tumor development to defects in particular pathways of 
DNA repair, are: (1) the rare autosomal recessive disease xeroderma pigmen
tosum (XP), and (2) the HNPCC syndrome, a more common autosomal 
dominant cancer susceptibility disorder responsible for 1 %-5% of all colorec
tal cancers. XP patients are defective in NER, exhibit very high sensitivity to 
sunlight, and their risk of developing skin cancer is ~ 2 000 times that of the 
general population (Hoeijmakers and Bootsma 1990; Kraemer 1997). The age 
of onset of nonmelanoma skin cancer is reduced by ~ 50 years in these pa
tients. Colorectal adenocarcinomas of HNPCC patients show genomic insta
bility in the form of highly polymorphic mono- and dinucleotide microsatel-
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lites (microsatellite instability, MIN) (Karran 1996; Kolodner 1997). MIN re
flects frame shift mutations resulting from uncorrected misalignments be
tween template and daughter strands during DNA replication. The corre
sponding "replication error+(RER+) phenotype" has been observed in >90% 
of colorectal tumors of HNPCC families and in other cancers associated with 
the HNPCC syndrome. In nearly all cases analyzed so far, the underlying 
DNA repair defect was a germline mutation in one of four MMR genes 
(hMSH2IhMSH6 and hMLHlIhPMS2). The proteins and sequential steps in
volved in human MMR, the substrate preferences of different MMR subpath
ways, and the possibility of dominant-negative mutations in MMR genes, are 
under investigation. Apparently, some MMR defects selectively result in an 
inability to repair single base mismatches and single nucleotide loops, while 
others affect the repair of both mono- and dinucleotide loops. It should be 
noted that DNA replication errors could, in principle, also accumulate as a 
result of polymerase alterations leading to decreased replication fidelity, or as 
a consequence of disproportionate deoxynucleotide triphosphate pools (Kar
ran 1996). 

Carcinogenesis: Animal Models and In Vitro-Studies 

Numerous attempts have been made to demonstrate the cancer-suppressive 
function of DNA repair in established rodent models of chemical carcinogen
esis complemented by cell culture experiments, and recently with the use of 
animals expressing a specific DNA repair transgene and repair gene knockout 
mice. Compared with human exposure to environmental carcinogens, experi
mental models have the obvious advantage that a single known carcinogen 
can be applied whose reaction products with DNA are well-defined and may 
be analyzed specifically in terms of their mutagenic potential and repair. For 
these reasons, alkylating N-nitroso carcinogens have been used in the majority 
of studies (Goth and Rajewsky 1974; Thomale et al. 1990; Engelbergs et al. 1998; 
Becker et al. 1997). However, UV light and some other mutagenic compounds, 
such as aralkylating agents (e.g., the polycyclic aromatic hydrocarbon 7,12-di
methylbenz[a] anthracene, DMBA), aryl aminating agents (e.g., the aromatic 
amine N-acetoxy-2-acetylaminofluorene, N-AcOAAF), or heated food-derived, 
heterocyclic amines (e.g., 2-amino-1-methyl-6-phenylimidazo- [4,5-b]-pyri
dine, PhIP) have also been applied in recent analyses of cancer susceptibility 
in repair gene knockout mice (de Vries and van Steeg 1996). 

Alkylating N-nitroso compounds either require enzymatic bioactivation 
(e.g., the N,N-dialkylnitrosamines) or decompose heterolytically (e.g., the N
alkyl-N-nitrosoureas) (Singer and Grunberger 1983; Eisenbrand et al. 1986; 
Colvin and Chabner 1990; Montesano et al. 1992). The resulting reactive elec
trophilic metabolites attack nucleophilic atoms in cellular macromolecules, 
and alkyl residues are thus covalently attached to 0 and N atoms in DNA. 
About 12 different alkylation products are formed in DNA at relative propor
tions that depend on the chemical nature of the respective N-nitroso com-
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pound (Singer et al. 1978; Beranek 1990). 06-alkylguanines and 04-alkylthy
mines are considered the most potent mutagenic DNA alkylation products 
(Singer and Grunberger 1983; Altshuler et al. 1996). Both lesions give rise to 
point mutations (G:C ~ A:T and T:A ~ C:G transitions, respectively) via mis
pairing during DNA replication. 0 4 -alkylthymines are formed in DNA at sig
nificantly lower yield than 0 6 -alkylguanines, in particular if the alkyl residue 
is a methyl group. 0 6 -methylguanine is predominantly repaired by the sin
gle-step "suicide repair protein" MGMT in a stoichiometric manner (Lindahl 
et al. 1988). This direct repair is effected through the transfer of the methyl 
residue from the 0 6 atom of guanine to a cysteine in the active center of the 
MGMT molecule (which is thereby inactivated). The degree to which a given 
cell is able to clear its genomic DNA of 0 6 -methylguanine thus depends on 
its MGMT pool size and the rate of de novo MGMT synthesis. The expres
sion of human MGMT appears to be controlled at the transcriptional level. 
Candidate regulatory mechanisms are 5-cytosine methylation and/or the in
teraction of a 45 kDa protein with a 59 base pair (bp) enhancer sequence lo
cated at the first exon-intron boundary of the MGMT gene (Chen et al. 
1997). With increasing size of the alkyl group (> ethyl), the contribution of 
MGMT to the repair of 0 6 -alkylguanines decreases and excision repair steps 
in as a "backup" modality. In mammalian cells, both 04-methyl- and 0 4_ 
ethylthymine are not repaired by MGMT, but are slowly removed from geno
mic DNA by excision mechanisms (04-methyl-» 04-ethylthymine) (Altshuler 
et al. 1996; Singer and Hang 1997). 

Using monoclonal antibody-based immunoanalysis, DNA alkylation prod
ucts such as 06-alkylguanines or 04-alkylthymines can be quantified in the 
femtomole to attomole range (Thomale et al. 1996). The elimination kinetics 
of specific alkylation products from cellular DNA can thus be recorded as a 
reflection of their rate of repair. Specifically, available immunoanalytical 
methods include competitive radioimmunoassays following separation by 
HPLC of a given alkyl-2' -deoxynucleoside from DNA digests, immuno-slot
blot procedures, a combined immunoaffity-quantitative PCR assay to quanti
fy specific DNA lesions in known gene sequences, immuno-electron micro
scopy, and an immunocytochemical assay to visualize and quantify specific 
alkylation products in the nuclear DNA of individual cells via digital imaging 
of electronically intensified fluorescence signals (Fig. 3; Seiler et al. 1993; 
Thomale et al. 1994a, 1996). 

Studies in rodent models of carcinogenesis induced by N-alkyl-N-nitro
soureas, and in vitro experiments using repair-competent vs repair-incompe
tent rodent cell variants, have shown a strong correlation between the persis
tence of unrepaired 0 6 -alkylguanines in the DNA of tissues with low MGMT 
activity and the development of malignant tumors (Goth and Rajewsky 1974; 
Thomale et al. 1990; Oda et al. 1997). Conversely, when rats were continu
ously exposed to the hepatocarcinogen N,N-diethylnitrosamine, unrepaired 
0 4 -ethylthymines rapidly accumulated in the DNA of target cells with high 
MGMT activity (hepatocytes), thus substituting for the repaired 06-ethylgua
nines as the predominant mutagenic DNA lesion (Swenberg et al. 1984). 
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The evidence for the cancer-suppressive role of the repair of 0 6 -alkylguanine 
in target cell DNA has been corroborated impressively by recent studies 
showing: (1) almost complete protection from the induction of thymic lym
phomas by single-dose exposure to N-methyl-N-nitrosourea (MeNU) in mice 
strongly expressing a human MGMT transgene in the thymus (Dumenco et 
al. 1993), and (2i) a reduced incidence of liver cancer following pulse-expo
sure to N,N-dimethyl- or -diethylnitrosamine in rats carrying the bacterial 
MGMT homologue ada as a transgene (Nakatsuru et al. 1993). 

During the coming years, the relative contributions of different DNA re
pair pathways to the suppression of mutagenesis, carcinogenesis, and cyto
toxicity, their individual substrate specificities, and their built-in redundan
cies and "backup" capacities will have to be investigated in depth under in 
vivo conditions. This can be achieved through functional analyses of DNA 
repair transgenes expressed in a cell type-specific manner, but most convinc
ingly with the use of conventional and, in particular, cell type-specific, 
"conditional" gene targeting in mouse (and hopefully rat) models. Single and 
multiple gene knockouts, and their breeding into defined genetic back
grounds, will elucidate the interrelations of the DNA repair network with 
other critical regulatory systems, such as those controlling cell proliferation, 
senescence, and apoptosis. To date, mouse lines with a complete knockout of 
both alleles of a specific DNA repair gene have been generated for the 
MGMT gene, the Aag (alkyladenine DNA glycosylase) gene (BER), the XPA, 
and XPC and CXB genes (NER), the PMS2, MLHl and MSH2 genes (MMR), 
the PARP (poly[ADP-ribosel polymerase) gene, and the TP53 gene (Baker et 
al. 1995; Nakane et al. 1995; Sands et al. 1995; de Wind et al. 1995; Done
hower 1996; Edelman et al. 1996; Prolla et al. 1996; de Vries and Steeg 1996; 
Engelward et al. 1997; Hang et al. 1997; van der Horst et al. 1997; Menissier
de Murcia et al. 1997; Sakumi et al. 1997). Increased spontaneous and exo
genously induced mutation rates and cancer risk are features common to 
these animals; however, detailed investigations, including the crossing of re
pair-defective mouse lines in different combinations, are being performed in 
various laboratories. Moreover, complete knockouts of a number of other 
DNA repair genes, such as the genes encoding DNA polymerase fJ (BER), the 
major AP endonuclease APE (BER), DNA ligase I (BER, NER), or the ERCCI 
protein (NER) proved to be lethal during embryogenesis or early in postnatal 
life. In such cases, functional gene analyses will require conditional knockout 
methodology. 

Differential Efficiency of DNA Repair Upon Subtle Variation 
of Target Lesion Structure in Transcriptionally Active vs Inactive Genes 

As pointed out above, the efficiency of the repair of potentially mutagenic 
and carcinogenic DNA alterations is affected by the transcriptional status of 
target genes, DNA sequence context and chromatin structure. A further im
portant determinant, however, lies in the molecular structure of the lesions 
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Fig. 4. N-ethyl-N-nitrosourea (EtNU) vs N-methyl
N-nitrosourea (MeNU) 

to be recognized and processed. How small an alteration in substrate struc
ture would be sufficient to significantly influence repair efficiency in tran
scriptionally active vs silent target genes? We have addressed this question 
by analyzing overall (global) and gene-specific repair of a mutagenic DNA le
sion (06 -alkylguanine), mutation frequencies in cancer-associated target 
genes (H-ras, K-ras), and tumor incidence in a model of mammary carcino
genesis induced in 50-day-old female Sprague-Dawley rats by a single appli
cation of MeNU vs N-ethyl-N-nitrosourea (EtNU) (Engelbergs et a1. 1998). 
Both carcinogens induced mammary adenocarcinomas at high yield; the tu
mors were indistinguishable histologically and with respect to tumor pro
gression. The structure of MeNU differs from that of EtNU only by one extra 
CH2 group in the latter compound (Fig. 4); i.e., MeNU will induce 06-methyl
guanine (06-MeGua) in DNA while EtNU induces 06-ethylguanine (06_Et-
Gua). Mispairing of an unrepaired 0 6 -alkylguanine with thymine during 
DNA replication results in a G:C -+ A:T transition mutation, which in MeNU
induced rat mammary tumors is very frequently observed at the second posi
tion of codon 12 (exon 1) of the H-ras gene (Fig. 5; Sukumar et a1. 1983). 
This point mutation in the H-ras gene has, therefore, been considered a criti
cal initiating gene alteration in the MeNU-induced malignant conversion of 
rat mammary epithelia (which exhibit a very low level of MGMT expression 
compared to other types of cells). 

In our analyses of the repair of 06_MeGua vs 06_EtGua, we have compared 
bulk genomic DNA and the nontranscribed 19B heavy chain gene with the 

Transition Mutation 

~ Repl. Repl. 

~tt-lV, [~~[ O'r c - O'-AlkGT-~ [AJT 

GTG GTG GGC GCT I GGA IGGC GTG GGA AAG AGT GCC CTG 
val val gly ala gly gly val gly Iys ser ala leu 

+~ +~ 

Fig. s. The rat H-ras proto-oncogene (exon 1): G:C -> A:T transition mutation at the second base (guanine) 
of codon 12 following methylation of the 06 atom of guanine by MeNU or EtNU and subsequent mispairing 
of unrepaired 06 -alkylguanine with thymine during DNA replication. Repl., round of DNA replication 
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Table 1. Overall (global) and gene-specific repair of 06·methylguanine vs 06-ethylguanine in the DNA 
of rat mammary epithelia cells exposed to MeNU in vivo 

06 -methylguanine ts0.6 [h) 06 ~ylguanine t5O'l6 [h) 

- 06-BeGua + cr-BeGua - cr-8eGua + cr-BeGua 

Bulk genomic DNA 40 • 48 ... 
IgE heavy chain gene 48 • SO -
H-lOs gene 36 • 2.5 2.6 
{J-octin gene 42 * 2.4 2.4 

ts0.6, nme (h) required for repair of SO% of input 06-alkylguanines in DNA; 06-BeGua: 06-benzylgua
nine ~MGMT inhibitor); .. <10% of input 06-methylguanine repaired during 48 h inhibition of MGMT 
by 0 -BeGua; - 20% of input 06-ethylguanine repaired during 48 h inhibition of MGMT by 06_ 
BeGua; --- 30% of input 06-ethylguanine repaired during 48 h inhibition of MGMT by 06-BeGua. 

Table 2. G:C -+ A:T transition mutations at the second nucleotide of codon 12 (GGA) of the H-ras and 
K-ras genes in rat mammary adenocarcinomas induced by EtNU vs MeNU 

H-ras gene 
K-lOs gene 

EtNU 

A" B' 

0/12 * on 
0112 013 

MeNU 

6/8 
0115 

6/10 
n.d. 

Mutations were found neither at any other position of H-ras exon 1 in EtNU-induced tumors, nor in 
exon 1 of K-ras in 12 EtNU- and 1 S MeNU-induced tumors analyzed. Likewise, no mutations were 
detected at codon 61 (CAA), exon 2, of H-ras and K-ras in a total of 23 MeNU-induced tumors and 
31 tumors induced by EtNU; 1 EtNU-induced tumor exhibited a transversion (CAA -+ CTA) at codon 61 
of H-ras. 
• 06-alkylguanine-DNA alkyltransferase activity of mammary epithelia at the time of carcinogen expo

sure. A, Normal (low) MGMT activity; 8, MGMT activity supplemented by the bacterial MGMT homo
log ada (the alkyltransferase activity of mammary epithelia in ada transgenic rats was - 6.S-fold 
that of wild-type animals). 

b Number of tumors with mutant gene/number of tumors analyzed. 

transcriptionally active H-ras and fJ-actin genes. In mammary epithelia ex
posed to MeNU on postnatal day 50 in vivo, 06-MeGua was eliminated from 
the transcribed H-ras and fJ-actin genes at the same slow rate as from bulk 
DNA and the silent 19B heavy chain gene (Table 1). This comparatively high 
persistence of 06_MeGua in DNA correlated with a high frequency of 
G:C ---> A:T transitions at codon 12 of H-ras in the MeNU-induced tumors 
(Table 2). The repair of 06-EtGua was similarly slow in bulk DNA and the 
19B heavy chain gene (Table 1). In sharp contrast to 0 6 -MeGua, however, 0 6_ 
EtGua was removed about 20 times faster from both strands of the transcrip
tionally active H-ras and fJ-actin genes by an MGMT-independent excision 
repair process (Table 1). Correspondingly, no H-ras codon 12 mutations were 
observed in the EtNU-induced tumors (Table 2), and surplus MGMT activity 
of the mammary epithelia - via a bacterial ada transgene - did not signifi-
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cantly counteract mammary tumorigenesis in EtNU -exposed rats in contrast 
to the MeNU-treated animals. 

Neither the MeNU- nor the EtNU-induced mammary carcinomas ex
hibited mutations at codons 13 and 61 of H-ras or at codons 12, 13 and 61 of 
K-ras. 

A small molecular change (methyl to ethyl) in the alkyl residue bound to 
the 0 6 atom of guanine in a transcribed gene (H-ras) thus dramatically influ
ences the rate of repair of a potentially mutagenic DNA lesion, thereby modi
fying the risk of mutation of a critical gene. The apparent disregard of 0 6_ 
MeGua by the fast repair system of active genes is intriguing (might this bar
rier perhaps be installed to avoid interference with molecular recognition of 
the methyl group in [5-methyIC]pG?). The selective fast repair of 06-EtGua 
obviously prevents the activation of H-ras through mutation at codon 12 
when rat mammary carcinogenesis is initiated by EtNU in place of MeNU, 
leaving open the question which genetic alteration(s) is (are) involved in the 
initiation of EtNU-induced mammary cancer in the rat. 

DNA Repair and Cancer Therapy Resistance 

Cancer therapy resistance is multifactorial and involves the pronounced ca
pacity of malignant cells to adapt to altered micro environmental conditions 
(including exposure to cytocidal agents). The ranking of DNA repair as part 
of the repertoire of synergistic mechanisms used by cancer cells to evade cy
totoxic therapy has not yet been firmly established, in spite of active past 
and currrent investigation (excellently reviewed by Chaney and Sancar 1996). 
However, DNA repair is a particularly important protective mechanism in 
cancer cells when the type and extent of DNA damage caused by a given an
ticancer agent is primarily responsible for triggering apoptotic pathways or 
other forms of cell death. 

Perhaps most impressively, resistance of cancer cells to the widely used 
chloroethylnitrosoureas (e.g., N ,N' -bis [2-chloroethyl]-N -nitrosourea, BCNU; 
N-[2-chloroethyl]-N'-cyclohexyl-N-nitrosourea, CCNU) has been found to be 
strongly correlated with the expression of MGMT (Chaney and Sancar 1996). 
In the formation of cytotoxic interstrand cross-links, chloroethylnitrosoureas 
initially chloroethylate the 0 6 atom of guanine in target cell DNA. The levels 
of MGMT expression in different types of human tumors have been found to 
be highly variable (Preuss et al. 1995; Lee et al. 1996; White et al. 1997). The 
efficiency of DNA repair pathways other than single-step repair by MGMT in 
human malignancies has so far not been investigated in any detail. Clearly, 
however, the development of specific inhibitors of distinct pathways of DNA 
repair (dictated by the form of DNA damage, i.e., by the chemistry of the 
therapeutic agent) and their tumor-selective (!) application is an important 
objective. The only efficient inhibitor of a specific DNA repair pathway avail
able, and currently in clinical testing, is the MGMT inhibitor 06-benzylgua
nine (Crone et al. 1994; Pegg 1990). 
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The selection of effective anticancer drugs based on the avoidance of ther
apy resistance due to DNA repair requires the establishment of methods (i) 
for testing human primary malignant cells with respect to their capacity to 
repair specific DNA lesions prior to therapy, and (ii) for the "intratherapeu
tic" monitoring of target cells for changes in their DNA repair properties 
which may translate into resistance to the therapeutic agent initially applied. 
Standardized in vitro assays of this kind have thus far only been focused on 
the pre- and intratherapeutic testing of leukaemic cells from individual pa
tients in connection with alkylating drug therapy (06 -alkylguanines as model 
DNA lesions to be repaired; Fig. 3) (Muller et al. 1994; Thomale et al. 1994 b; 
Buschfort et al. 1997). 

Contrary to strategies attempting inhibition of DNA repair to avoid thera
py resistance, it may also be possible to exploit enhanced DNA repair to 
achieve more effective cancer therapy; e.g., via selective protection of haema
topoietic stem cells in the bone marrow. Due to their high sensitivity to cyto
toxic drugs, these cells constitute the main limiting factor in cancer che
motherapy. Normal bone marrow cells express MGMT at an exceedingly low 
level (Gerson et al. 1986). However, the MGMT gene can be retrovirally trans
duced and expressed in haematopoietic progenitor cells (e.g., human CD34+ 
cells) (Moritz et al. 1995; Maze et al. 1996; Rafferty et al. 1996). Using an 
(06 -benzylguanine)-insensitive mutant MGMT gene for transduction, malig
nant tumors can thus be sensitized to chloroethylnitrosoureas via inhibition 
of their endogenous MGMT by 0 6 -benzylguanine, while haematopoietic cells 
continuing to express the mutant MGMT gene remain protected (Reese et al. 
1996; Davis et al. 1997). 

Acknowledgements. The authors are indebted to their colleagues, past and present, who have 
contributed to work carried out in this laboratory and referred to here. We apologize to all 
those whose original publications and reviews pertaining to the broad topic of this article 
could not be directly referenced due to space constraints. The secretarial assistance of Ms. 
Ute Hausler is gratefully acknowledged. Our research is supported by the Dr. Mildred Scheel 
Stiftung fiir Krebsforschung, the Deutsche Forschungsgemeinschaft, and the National Founda
tion for Cancer Research (USA) through Krebsforschung International e.V. (Germany). 

References 

Altshuler KB, Hodes CS, Essigmann JM (1996) Intrachromosomal probes for mutagenesis 
by alkylated DNA bases replicated in mammalian cells: a comparison of the mutagenici
ties of 04-methylthymine and 06-methylguanine in cells with different DNA repair back
grounds. Chern Res Toxicol 9:980-987 

Baker SM, Bronner CE, Zhang L, Plug AW, Robatzek M, Warren G, Elliott M, Yu J, Ashley T, 
Arnheim N, Flavell RA, Liskay RM (1995) Male mice defective in the DNA mismatch re
pair gene PMS2 exhibit abnormal chromosome synapsis in meiosis. Cell 82:309-319 

Baylin SB (1997) Tying it all together: epigenetics, genetics, cell cycle, and cancer. Science 
277:1948-1949 

Becker K, Gregel CM, Kaina B (1997) The DNA repair protein 06-methylguanine-DNA 
methyltransferase protects against skin tumor formation induced by antineoplastic 
chloroethylnitrosourea. Cancer Res 57:3335-3338 



142 M. F. Rajewsky et al. 

Beranek DT (1990) Distribution of methyl and ethyl adducts following alkylation with 
monofunctional alkylating agents. Mutat Res 231:11-30 

Bohr VA (1991) Gene specific DNA repair. Carcinogenesis 12:1983-1992 
Bohr VA (1995) DNA repair fine structure and its relation to genomic instability. Carcino

genesis 16:2885-2892 
Burt RK, Poirier MC, Link CJ Jr, Bohr VA (1991) Antineoplastic drug resistance and DNA 

repair. Ann Oncol 2:325-334 
Buschfort C, Muller MR, Seeber S, Rajewsky MF, Thomale J (1997) DNA excision repair 

profiles of normal and leukemic human lymphocytes: functional analysis at the single
cell level. Cancer Res 57:651-658 

Chaney SG, Sancar A (1996) DNA repair: enzymatic mechanisms and relevance to drug 
response. J Nat! Cancer Inst 88:1346-1360 

Chen FY, Harris LC, Remack JS, Brent TP (1997) Cytoplasmic sequestration of an 0 6 _ 

methylguanine-DNA methyltransferase enhancer binding protein in DNA repair-deficient 
human cells. Proc Natl Acad Sci USA 94:4348-4353 

Chu G (1997) Double strand break repair. J Bioi Chern 171:24097-24100 
Colvin M, Chabner BA (1990) Alkylating agents. In: Chabner BA, Collins JM (eds) Cancer 

chemotherapy: principles and practice. Lippincott, Philadelphia, pp 276-314 
Costello JF, Berger MS, Huang H-JS, Cavenee WK (1996) Silencing of p16/CDKN2 expres

sion in human gliomas by methylation and chromatin condensation. Cancer Res 56: 
2405-2410 

Crone TM, Goodtzova K, Edara S, Pegg AE (1994) Mutations in human 06-alkylguanine
DNA alkyltransferase imparting resistance to 06-benzylguanine. Cancer Res 54:6221-
6227 

Croteau DL, Bohr VA (1997) Repair of oxidative damage to nuclear and mitochondrial DNA 
in mammalian cells. J Bioi Chern 272:25409-25412 

Davis BM, Reese JS, Ko ON, Lee K, Schupp JE, Gerson SL (1997) Selection for G156A 0 6_ 
methylguanine DNA methyltransferase gene-transduced hematopoietic progenitors and 
protection from lethality in mice treated with 0 6 -benzylguanine and 1,3-bis(2-chloro
ethyl)-l-nitrosourea. Cancer Res 57:5093-5099 

De Vries A, van Steeg H (1996) Xpa knockout mice. Semin Cancer Bioi 7:229-240 
De Wind N, Dekker M, Berns A, Radman M, te Riele H (1995) Inactivation of the mouse 

Msh2 gene results in postreplicational mismatch repair deficiency, methylation tolerance, 
hyperrecombination, and predisposition to tumorigenesis. Cell 82:321-330 

Demple B, Harrison L (1994) Repair of oxidative damage to DNA: enzymology and biology. 
Annu Rev Biochem 63:915-948 

Denissenko MF, Pao A, Tang M-S, Pfeifer GP (1996) Preferential formation of ben
zo(a)pyrene adducts at lung cancer mutational hotspots in P53. Science 274:430-432 

Dipple A (1995) DNA adducts of chemical carcinogens. Carcinogenesis 16:437-441 
Dipple A, Chau Cheng S, Bigger AH (1990) Polycyclic aromatic hydrocarbon carcinogens. 

In: Pariza M (ed) Mutagens and carcinogens in the diet. Wiley-Liss, New York, pp 109-
127 

Dogliotti E, Fortini P, Pascucci B (1997) Mutagenesis of abasic sites. In Hickson ID (ed) 
Base excision repair of DNA damage. Landes Bioscience, Austin, pp 81-101 

Donehower LA (1996) The p53-deficient mouse: a model for basic and applied cancer stud
ies. Semin Cancer Bioi 7:269-278 

Duckett DR, Drummond JT, Murchie AIH, Reardon JT, Sancar A, Lilley DMJ, Modrich P 
(1996) Human MutSu recognizes damaged DNA base pairs containing 06-methylguanine, 
04-methylthymine, or the cisplatin d(GpG) adduct. Proc Nat! Acad Sci USA 93:6443-
6447 

Dumenco LL, Allay E, Norton K, Gerson SL (1993) The prevention of thymic lymphomas in 
transgenic mice by human 06-alkylguanine-DNA alkytransferase. Science 259:219-222 

Edelman W, Cohen P, Kane M, Lan K, Morrow B, Bennet S, Umar A, Kunkel T, Cattoretti G, 
Chaganti R, Pollard J, Kolodner R, Kucherlapati R (1996) Meiotic pachytene arrest in 
MLH1-deficient mice. Cell 85:1125-1134 



Relevance of DNA Repair to Carcinogenesis and Cancer Therapy 143 

Eisenbrand G, Muller N, Denkel E, Sterzel W (1986) DNA adducts and DNA damage by 
antineoplastic and carcinogenic N-nitroso compounds. J Cancer Res Clin Oncol 112:196-
204 

Ellis NA, Groden J, Ye T-Z, Straughen J, Lennon DJ, Ciocci S, Proytcheva M, German J 
(1995) The Bloom's syndrome gene product is homologous to RecQ helicases. Cell 
83:655-666 

Engelbergs J, Thomale J, Galhoff A, Rajewsky MF (1998) Fast repair of 06-ethylguanine, but 
not 06-methylguanine, in transcribed genes prevents mutation of H-ras in rat mammary 
tumorigenesis induced by ethylnitrosourea in place of methylnitrosourea. Proc Nat! Acad 
Sci USA 95:1635-1640 

Engelward BP, Weeda G, Wyatt MD, Broekhof JL, De Wit J, Donker I, Allan JM, Gold B, 
Hoeijmakers JHL, Samson LD (1997) Base excision repair deficient mice lacking the Aag 
alkyladenine DNA glycosylase. Proc Natl Acad Sci USA 94:13087-13092 

Epstein RJ (1990) Drug-induced DNA damage and tumor chemosensitivity. J Clin Oncol 
8:2062-2084 

Fink D, Zheng H, Nebel S, Norris PS, Aebi S, Lin T-Z, Nehme A, Christen RD, Haas M, 
MacLeod CL, Howell SB (1997) In vitro and in vivo resistance to cisplatin in cells that 
have lost DNA mismatch repair. Cancer Res 57:1841-1845 

Fishel R, Wilson T (1997) MutS homologs in mammalian cells. Curr Opin Genet Dev 7:105-
113 

Fong LYY, Lau K-M, Huebner K, Magee PN (1997) Induction of esophageal tumors in zinc
deficient rats by single low doses of N-nitrosomethylbenzylamine (NMBA): analysis of 
cell proliferation, and mutations in H-ras and p53 genes. Carcinogenesis 18:1477-1484 

Friedberg EC (1996) Relationships between DNA repair and transcription. Annu Rev Bio
chern 65:15-42 

Friedberg EC, Walker GC, Siede W (1995) DNA Repair and mutagenesis. ASM, Washington 
DC 

Gerson SL, Trey JE, Miller K, Berger NA (1986) Comparison of 06-alkylguanine-DNA alkyl
transferase activity based on cellular DNA content in human, rat and mouse tissues. 
Carcinogenesis 7:745-749 

Gonzalgo ML, Jones PA (1997) Mutagenic and epigenetic effects of DNA methylation. Mutat 
Res 386:107-118 

Goth R, Rajewsky MF (1974) Persistence of 06-ethylguanine in rat-brain DNA: correlation 
with nervous system-specific carcinogenesis by ethylnitrosourea. Proc Nat! Acad Sci USA 
71:639-643 

Gunz D, Hess MT, Naegeli H (1996) Recognition of DNA adducts by human nucleotide exci
sion repair. J BioI Chern 27l:25089-25098 

Hanawalt PC (1996) Role of transcription-coupled DNA repair in susceptibility to environ
mental carcinogenesis. Environ Health Perspect 104 Suppl 3:547-551 

Hang B, Singer B, Margison GP, Elder RH (1997) Targeted deletion of alkylpurine-DNA-N
glycosylase in mice eliminates repair of 1,N6-ethenoadenine and hypoxanthine but not of 
3,N4-ethenocytosine or 8-oxoguanine. Proc Natl Acad Sci USA 94:12869-12874 

Harris CC (1989) Interindividual variation among humans in carcinogen metabolism, DNA 
adduct formation and DNA repair. Carcinogenesis 10:1536-1566 

Heppner GH, Miller FR (1998) The cellular basis of tumor progression. Int Rev Cytol 
177:1-56 

Hickson ID (ed) (1997) Base excision repair of DNA damage. Landes Bioscience, Austin 
Hoeijmakers JHJ, Bootsma D (1990) Molecular genetics of eukaryotic DNA excision repair. 

Cancer Cells 2:311-320 
Huh N-H, Rajewsky MF (1988) Enzymatic elimination of 06-ethylguanine from the DNA of 

ethylnitrosourea-exposed normal and malignant rat brain cells grown under cell culture 
versus in vivo conditions. Int J Cancer 41:76-766. 

Karran P (1996) Microsatellite instability and DNA mismatch repair in human cancer. 
Semin Cancer BioI 7:15-24 

Karran P, Bignami M (1994) DNA damage tolerance, mismatch repair and genome instabil
ity. Bioessays 16:833-839 



144 M. F. Rajewsky et al. 

Kass SU, Pruss D, Wolffe AP (1997) How does DNA methylation repress transcription? 
Trends Genet 13:444-449 

Kaufmann WK, Paules RS (1996) DNA damage and cell cycle checkpoints. FASEB J 10:238-247 
Kolodner RD (1997) DNA mismatch repair and cancer susceptibility. In: Fortner JG, Sharp 

PA (eds) Accomplishments in cancer research 1996. Lippincott - Raven, Philadelphia, 
pp 56-69 

Kraemer KH (1997) Sunlight and skin cancer: another link revealed. Proc Natl Acad Sci 
USA 94:11-14 

Krokan HE, Standal R, Slupphaug G (1997) DNA glycosylases in the base excision repair of 
DNA. Biochem J 325:1-16 

Lee SM, Reid H, Elder RH, Thatcher N, Margison GP (1996) Inter- and intracellular hetero
geneity of 06-alkylguanine-DNA alkyltransferase expression in human brain tumors: 
possible significance in nitrosourea therapy. Carcinogenesis 17:637-641 

Lengauer C, Kinzler KW, Vogelstein B (1997) DNA methylation and genetic instability in 
colorectal cancer cells. Proc Natl Acad Sci USA 94:2545-2550 

Lindahl T, Sedgwick B, Sekiguchi M, Nakabeppu Y (1988) Regulation and expression of the 
adaptive response to alkylating agents. Annu Rev Biochem 57:133-157 

Link CJ Jr, Burt RK, Bohr VA (1991) Gene-specific repair of DNA damage induced by UV 
irradiation and cancer chemotherapeutics. Cancer Cells 3:427-436 

Loeb LA (1996) Many mutations in cancers. Cancer Sur 28:329-342 
Lutz WK (1990) Endogenous genotoxic agents and processes as a basis of spontaneous car

cinogenesis. Mutat Res 238:287-295 
Maze R, Carney JP, Kelley MR, Glassner BI, Williams DA, Samson L (1996) Increasing DNA 

repair methyltransferase levels via bone marrow stem cell transduction rescues mice 
from the toxic effects of 1,3-bis(chloroethyl)-1-nitrosourea, a chemotherapeutic alkylat
ing agent. Proc Natl Acad Sci USA 93:206-210 

Menissier-de Murcia I, Niedergang CP, Trucco C, Ricoul M, Dutrillaux B, Mark M, Oliver FI, 
Masson M, Dierich A, LeMeur M, Walztinger C, Chambon P, de Murcia G (1997) 
Requirement of poly(ADP-ribose) polymerase in recovery from DNA damage in mice 
and in cells. Proc Natl Acad Sci USA 94:7303-7307 

Montesano R, Hall J, Wild CP (1992) Alkylating agents relating to carcinogenesis in man. 
In: D'Amato R, Slaga TJ, Farland WH, Henry C (eds) Relevance of animal studies to the 
evaluation of human cancer risk. Wiley-Liss, New York, pp 175-196 

Moritz T, Mackay W, Glassner BJ, Williams D, Samson L (1995) Retrovirus-mediated expres
sion of a DNA repair protein in bone marrow protects hematopoietic cells from nitro
sourea-induced toxicity in vitro and in vivo. Cancer Res 55:2608-2614 

Muller MR, Seiler F, Thomale J, Buschfort C, Rajewsky MF, Seeber S (1994) Capacity of 
individual chronic lymphatic leukemia lymphocytes and leukemic blast cells for repair 
of 06-ethylguanine in DNA: Relation to chemosensitivity in vitro and treatment out
come. Cancer Res 54:4524-4531 

Murata-Kamiya N, Kamiya H, Kaji H, Kasai H (1997) Glyoxal, a major product of DNA oxi
dation, induces mutations at G:C sites on a shuttle vector plasmid replicated in mamma
lian cells. Nucleic Acids Res 25:1897-1902 

Naegeli HP (1994) Roadblocks and detours during DNA replication: mechanisms of muta
genesis in mammalian cells. Bioessays 16:557-564 

Nakane H, Takeuchi H, Yuba S, Saijo M, Nakatsu Y, Murai H, Nakatsuru Y, Ishikawa T, 
Hirota S, Kitamura Y, Kato Y, Tsunoda Y, Miyauchi H, Horio T, Tokunaga T, Matsunaga 
T, Nikaido 0, Nishimune Y, Okada Y, Tanaka K (1995) High incidence of ultraviolet-B
or chemical-carcinogen-induced skin tumours in mice lacking the xeroderma pigmento
sum group A gene. Nature 377:165-168 

Nakatsuru Y, Matsukuma S, Nemoto N, Sugano H, Sekiguchi M, Ishikawa T (1993) 0 6 _ 

methylguanine-DNA methyltransferase protects against nitrosamine-induced hepatocarci
no genesis. Proc Natl Acad Sci USA 90:6468-6472 

Neddermann P, Gallinari P, Lettieri T, Schmid D, Truong 0, Hsuan JJ, Wiebauer K, Jiricny J 
(1996) Cloning and expression of human G/T mismatch-specific thymine-DNA glycosy
lase. J BioI Chem 271:12767-12774 



Relevance of DNA Repair to Carcinogenesis and Cancer Therapy 145 

Oda H, Zhang S, Tsurutani N, Shimizu S, Nakatsuru Y, Aizawa S, Ishikawa T (1997) Loss of 
p53 is an early event in induction of brain tumors in mice by transplacental carcinogen 
exposure. Cancer Res 57:646-650 

Pegg AE (1990) Mammalian 06-alkylguanine-DNA alkyltransferase: regulation and impor
tance in response to alkylating carcinogens and therapeutic agents. Cancer Res 50:6119-
6129 

Preuss I, Eberhagen I, Haas S, Eibl RH, Kaufmann M, von Minckwitz G, Kaina B (1995) 0 6_ 
methylguanine-DNA methyltransferase activity in breast and brain tumors. lnt J Cancer 
61:321-326 

Prolla TA, Abuin A, Bradley A (1996) DNA mismatch repair deficient mice in cancer 
research. Semin Cancer BioI 7:241-247 

Rafferty JA, Hickson I, Chinnasamy N, Lashford LS, Margison GP, Dexter TM, Fairbairn LJ 
(1996) Chemoprotection of normal tissues by transfer of drug resistance genes. Cancer 
Metastasis Rev 15:365-383 

Rajewsky MF (1972) Proliferative parameters of mammalian cell systems and their role in 
tumor growth and carcinogenesis. Z Krebsforsch 79:12-30 

Reese JS, Ko ON, Lee K, Liu L, Allay JA, Phillips WP, Gerson SL (1996) Retroviral transduc
tion of a mutant MGMT into human CD34+ cells confers resistance to 06-benzylguanine 
plus BCNU. Proc Nat! Acad Sci USA 93:14088-14093 

Sakumi K, Shiraishi A, Shimizu S, Tsuzuki T, Ishikawa T, Sekiguchi M (1997) Methylnitro
sourea-induced tumorigenesis in MGMT gene knockout mice. Cancer Res 57:2415-2418 

Sancar A (1996) DNA excision repair. Annu Rev Biochem 65:43-81 
Sands AT, Abuin A, Sanchez A, Conti CJ, Bradley A (1995) High susceptibility to ultravio

let-induced carcinogens is in mice lacking xpc. Nature 377:162-165 
Sedgwick B (1997) Nitrosated peptides and polyamines as endogenous mutagens in 06-alky

guanine-DNA alkyltransferase deficient cells. Carcinogenesis 18: 1561-1567 
Seeberg E, Eide L, Bjoras M (1995) The base excision repair pathway. Trends Biochem Sci 

20:391-397 
Seiler F, Kirstein U, Eberle G, Hochleitner K, Rajewsky MF (1993) Quantification of specific 

DNA O-alkylation products in individual cells by monoclonal antibodies and digital 
imaging of intensified nuclear fluorescence. Carcinogenesis 14:1907-1913 

Sies H (1986) Biochemistry of oxidative stress. Angew Chern [Int Ed] 25:1058-1071 
Singer B, Grunberger D (1983) Molecular biology of mutagens and carcinogens. Plenum, 

New York 
Singer B, Hang B (1997) What structural features determine repair enzyme specificity and 

mechanism in chemically modified DNA? Chern Res Toxicol 10:713-732 
Singer B, Bodell WI, Cleaver JE, Thomas GH, Rajewsky MF, Thon W (1978) Oxygens in 

DNA are main targets for ethylnitrosourea in normal and xeroderma pigmentosum 
fibroblasts and fetal rat brain cells. Nature 276:85-88 

Skovsgaard T, Nielsen D, Maare C, Wassermann K (1994) Cellular resistance to cancer 
chemotherapy. Int Rev Cytol 156:77-157 

Strauss BS (1977) Silent and multiple mutations in p53 and the question of the hyper
mutability of tumors. Carcinogenesis 18:1445-1452 

Sukumar S, Notario V, Martin-Zanka D, Barbacid M (1983) Induction of mammary carcino
mas in rats by nitrosomethylurea involves malignant activation of H-ras-1 locus by sin
gle point mutations. Nature 306:658-661 

Swenberg JA, Dyroff MC, Bedell MA, Popp JA, Huh N-H, Kirstein U, Rajewsky MF (1984) 
0 4 -ethyldeoxythymidine, but not 0 6 -ethyldeoxyguanosine, accumulates in hepatocyte 
DNA of rats exposed continuously to diethylnitrosamine. Proc Nat! Acad Sci USA 
81:1692-1695 

Thomale J, Huh N-H, Nehls P, Eberle G, Rajewsky MF (1990) Repair of 06-ethylguanine in 
DNA protects rat 208F cells from tumorigenic conversion by N-ethyl-N-nitrosourea. Proc 
Natl Acad Sci USA 87:9883-9887 

Thomale J, Hochleitner K, Rajewsky MF (1994a) Differential formation and repair of the 
mutagenic DNA alkylation product 06-ethylguanine in transcribed and non-transcribed 
genes of the rat. J BioI Chern 269:1681-1686 



146 M. F. Rajewsky et al.: Relevance of DNA Repair to Carcinogenesis and Cancer Therapy 

Thomale J, Seiler F, Miiller MR, Seeber S, Rajewsky MF (1994b) Repair of 06-alkylguanines 
in the nuclear DNA of human lymphocytes and leukaemic cells: analysis at the single
cell level. Br J Cancer 69:698-705 

Thomale J, Engelbergs J, Seiler F, Rajewsky MF (1996) Monoclonal antibody-based quantifi
cation and repair analysis of specific alkylation products in DNA. In: Pfeifer GP (ed) 
Technologies for detection of DNA damage and mutations. Plenum, New York, pp 87-
101 

Tu Y, Bates S, Pfeifer GP (1997) Sequence-specific and domain-specific DNA repair in xero
derma pigmentosum and Cockayne syndrome cells. J BioI Chern 272:20747-20755 

Umar A, Kunkel TA (1996) DNA-replication fidelity, mismatch repair and genome instability 
in cancer cells. Eur J Biochem 238:297-307 

Ushijima T, Morimura K, Hosoya Y, Okonogi H, Tatematsu M, Sugimura T, Nagao M (1997) 
Establishment of methylation-sensitive-representational difference analysis and isolation 
of hypo- and hypermethylated genomic fragments in mouse liver tumors. Proc Natl 
Acad Sci USA 94:2284-2289 

Van der Horst GTJ, van Steeg H, Berg RJW, Morreau H, Beems RB, van Kreij CF, de Gruiji 
FR, Bootsma D, Hoeijmakers JHJ (1997) Defective transcription-coupled repair in 
Cockayne syndrome B mice is associated with skin cancer predisposition. Cell 89:425-
435 

Von Sonntag C (1987) The chemical basis of radiation biology. Taylor and Francis, London 
Wahl GM, Linke SP, Paulson TG, Huang L-C (1997) Maintaining genetic stability through 

TP53 mediated checkpoint control. Cancer Surv 29:183-219 
Wellinger RE, Thoma F (1997) Nucleosome structure and positioning modulate nucleotide 

excision repair in the non-transcribed strand of an active gene. EMBO J 16:5046-5056 
White A, Kibitel J, Garcia Y, Belanich M, Yarosh D, Wideroff J, Levin L, Held D, Fuchs A, 

Citron M (1997) 0 6 -alkylguanine-DNA alkyltransferase in normal colon tissue and colon 
cancer. Oncol Res 9: 149-153 

Woloschak M, Yu A, Post KD (1997) Frequent inactivation of the p16 gene in human pitui
tary tumors by gene methylation. Mol Carcinog 19:221-224 

Wood RD (1996) DNA repair in eukaryotes. Annu Rev Biochem 65:135-167 
Zeng-Rong N, Paterson J, Alpert L, Tsao M-S, Viallet J, Aloui-Jamali MA (1995) Elevated 

DNA repair capacity is associated with intrinsic resistance of lung cancer to chemother
apy. Cancer Res 55:4760-4764 

Zingg J-M, Jones PA (1997) Genetic and epigenetic aspects of DNA methylation on genome 
expression, evolution, mutation and carcinogenesis. Carcinogenesis 18:869-882 



Molecular Basis of DNA Repair Mechanisms 
and Syndromes 

G. Weeda, J. de Boer, I. Donker, J. de Wit, S. B. Winkler, 
G. T. J. van der Horst, W. Vermeulen, D. Bootsma, and J. H. J. Hoeijmakers 

Department of Cell Biology and Genetics, Medical Genetic Centre, 
Erasmus University, P.O. Box 1738, 3000 DR Rotterdam, The Netherlands 

Introduction 

Numerous chemical agents and various types of radiation (e.g. UV-light, x
rays) induce a wide range of lesions in DNA. Such damage can lead to 
changes in the nucleotide sequence varying from point mutations to gross 
chromosomal aberrations which can alter the expression or functioning of 
genes implicated in regulation of cell proliferation and differentiation, there
by forwarding the cell in the multistep process of carcinogenesis. To prevent 
these and other deleterious consequences of DNA injury, all living organisms 
are equipped with a complex network of DNA repair systems. One of the 
best studied repair processes is the nucleotide excision repair (NER) pathway 
which removes a wide diversity of DNA lesions including cyclobutane pyri
midine dimers and (6-4) photoproducts as well as chemical adducts and 
cross-links. In most - if not all - organisms two NER subpathways operate. 
One deals with the rapid and efficient removal of lesions that block tran
scription and thus need to be eliminated urgently (transcription-coupled 
repair, TCR). The other accomplishes the slower and less efficient global 
genome repair (GGR) of bulk DNA, including the nontranscribed strand of 
active genes. 

Mutants and Diseases 

Since the isolation of NER deficiency mutants in E. coli, a large number of 
eukaryotic mutants has been discovered. These were isolated in many species 
including yeast, Drosophila, rodent cell lines and humans. The collection of 
Saccharomyces cerevisiae NER mutants includes at least 14 different comple
mentation groups, comprising the RAD3 epistasis group representing as 
many genes involved in NER (Friedberg et al. 1995). Similarly, a large num
ber of mammalian NER mutants has been generated in the laboratory using 
rodent cell lines. Cell fusion experiments has identified a minimum of 11 
complementation groups. By introducing human DNA into these rodent mu
tant cells the NER defect could be complemented. These genes were desig-
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nated ERCC (for excision repair cross complementing) followed by the num
ber of the rodent complementation group corrected by the human gene. 

In humans the source of NER mutants is an interesting and still expand
ing group of rare genetic diseases characterized by hypersensitivity of the 
skin of patients to sunlight (UV) (Hoeijmakers 1993). The prototype DNA re
pair disorder is xeroderma pigmentosum (XP). Strongly reduced DNA-repair 
synthesis (the gap-filling step), demonstrating the NER defect, has been ob
served in situ in cultured cells from patients with XP by autoradiographically 
monitoring the incorporation of radioactive nucleotides. Complementation 
tests via cell fusion have demonstrated genetic heterogeneity within XP and 
provided evidence of at least seven excision-deficient complementation 
groups (XP-A to -G) implying the existence of as many distinct genes 
(Bootsma et al. 1997). Several of them have been shown to be similar to 
genes cloned by transfection of rodent cells. An NER defect was also found 
in two other rare inborn disorders: Cockayne syndrome (CS) (Nance and 
Berry 1990) and PIBIDS (Itin and Pittelkow 1990), the photosensitive form of 
brittle hair disease trichothiodystrophy (TTD). CS is represented by two 
complementation groups (CS-A and CS-B), whereas the NER defect of 
PIBIDS patients has been assigned to three complementation groups (XPB, 
XPD and TTD-A). In exceptional cases individuals display a combination of 
XP and CS or XP and TTD. These have been assigned to XP complementa
tion groups B, D and G, indicating the molecular and connected clinical in
tricacy of mammalian NER. XP patients show, in addition to sun sensitivity, 
other cutaneous manifestations including pigmentation abnormalities and an 
over 2000-fold elevated frequency of skin cancer, often accompanied by pro
gressive neurological degeneration. A different and much more severe type of 
neurologic dysfunction, namely, demyelination of neurons, is seen in CS. 
PIBIDS manifests essentially all of the CS symptoms and in addition two 
hallmarks of TTD: ichthyosis and brittle hair. The latter is due to a reduced 
content of cysteine-rich matrix proteins. In contrast to XP, CS and PIBIDS in
dividuals do not appear to be particularly cancer-prone. Thus, a remarkable 
clinical heterogeneity is found to be associated with NER impairment. 

Nucleotide Excission Repair Proteins and Excision of Damaged DNA 

The XPA protein is thought to play an important role in damage recognition 
as it specifically binds to damaged DNA (Jones and Wood 1993), and inter
acts with RPA as well as with other DNA repair proteins including the struc
ture-specific endonucleases XPG and the ERCCI complex (consisting of XPF 
and ERCC1) and the basal transcription factor IIH (TFIIH). The multipro
tein-containing complex TFIIH was first described as an essential factor 
required for the transcription of RNA polymerase II (RNAPII) genes (Gerard 
et al. 1991). This complex contains the DNA helicases XPB and XPD 
(Schaeffer et al. 1993, 1994). Microinjection and in vitro repair experiments 
with purified TFIIH as well as antibody depletions revealed that probably the 



Molecular Basis of DNA Repair Mechanisms and Syndromes 149 

entire complex is an integral part of the NER reaction. The bidirectional 
helicase activity of the complex has implicated TFIIH in a helix-opening step 
during both transcription initiation and NER. The complex consists of at 
least nine components, which have been cloned and characterized: XPB (p89, 
3' -+ 5' helicase), XPD (p8G, 5' -+ 3' helicase), p62, p52 (WD repeat), p44 (two 
Zn2+ fingers), p34 (Zn2+ finger) (Marinoni et lao 1997) and in addition the 
CAK sub complex, harbouring CDK7 which was identified as the catalytic 
subunit of the kinase activity of TFIIH that is able to phosphorylate the 
COOH-terminal domain of the large subunit of RNA polymerase II. Inter
estingly, CDK7 also constitutes a separate trimeric kinase complex possibly 
involved in cell-cycle regulation together with the cyclin H and MatI 
subunits of TFIIH (Adamczewski et al. 1996). In order to investigate the 
function of TFIIH in NER, we developed a simplified purification scheme by 
generating stably transfected human and CHO cell lines containing func
tional tagged XPB. The affinity-purified TFIIH contains all the known com
ponents, as judged from immunoblots and corrects the repair defect of XPB, 
XPD and TTDA-deficient extracts in vitro (Winkler et al. 1998). Starting 
from repair-competent whole cell extracts fractionated under native condi
tions, we identified interactions of TFIIH with p53 and the human homolo
gue of the yeast SUG1, a protein associated with the 26S proteasome and the 
RNA polymerase II holoenzyme. Interestingly, the interaction with hSUG 1 
was weakened by a XPB mutation, providing clues to some of the clinical 
manifestations of CS and TTD (Weeda et al. 1997a). Furthermore this sug
gests a link between TFIIH functioning and protein remodelling systems in
volving the proteosome machinery. In addition, we did not find any evidence 
of copurification of other significant quantities of NER and basal transcrip
tion activities. Obviously, these results do not rule out fragile or transient 
interactions. 

During NER, TFIIH is thought to convert a recognized damaged site into 
a substrate for XPG (3' incision) and the XPF/ERCC1 (5' incision) structure
specific nucleases by locally opening DNA around a lesion allowing dual in
cision at some distance from the lesion (Fig. 1) (O'Donovan et al. 1997; 
Sijbergs et al. 1996). The gap is subsequently filled in by DNA polymerase c5 
and/or [; with the help of RPA, PCNA and RFC, and the newly synthesized 
DNA is ligated to the existing strand by DNA ligase I (Aboussekhra et al. 
1995). 

The above scheme of the NER reaction is still tentative and some pieces of 
the model are still missing. The XPE DNA-damage-binding protein (Chu and 
Chang 1988), (consisting of a heterodimer of 125 and 41 kDa) may have an 
accessory function in NER. A newly recognized and poorly defined activity, 
initiation factor (IF7) (Aboussekhra et al. 1995) is essential in the reconsti
tuted in vitro NER reaction, but its composition is not known. 
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Fig. 1 A-F. Models of the two NER pathways, global genome repair (GGR) and transcription-coupled rapair 
(TCR) are shown. For an explanation of the mechanisms, see text 
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Transcription-Coupled Repair and Global Genome Repair 

Although, in principle, NER acts on the entire genome, a profound heteroge
neity exists in the efficiency with which at least some types of lesions are re
moved in different parts of the genome. Two subpathways of NER exist, a 
fast and efficient repair of lesions in the transcribed strand of RNAPII -driven 
genes and the slower repair of untranscribed DNA (Hanawalt et al. 1994). In
terestingly, it turned out that this TCR pathway enhances only the repair of 
the transcribed strand of active genes, while the nontranscribed strand is re
paired at a slower rate (Mellon et al. 1997). Damage recognition in the TCR 
pathway is probably performed by the elongating RNAPII complex itself. 
Since it is known that RNAPII stalls on UV-induced lesions (Donahue et al. 
1994), this stalled RNAPII complex may serve as a substrate for the NER ma
chinery. Both complementation groups of CS (CS-A and CS-B) exhibit defi
cient TCR but normal GGR. CSB encodes a putative ATPase belonging to the 
superfamily SWIISNF helicases (Gorbalenya and Koonin 1993). CSA belongs 
to a protein family containing WD repeats (Henning et al. 1995). The WD re
peats in CSA could serve to stabilize transient interactions between CSB and 
the stalled transcription complex. In addition, these domains, perhaps to
gether with unidentified regions in CSB, may be involved in the transient in
teraction with the repair machinery, and thus stimulate repair of the lesion. 
Finally, the recently documented presence of CSB in an RNAPII complex is 
consistent with the idea that CS is in part due to impaired transcription (van 
Gool et al. 1997). 

Most of the XP complementation groups are deficient in both TCR and 
GGR, except XP-C which has a proficient TCR mechanism and is unable to 
remove UV-induced pyrimidine dimers and (6-4) photoproducts from un
transcribed sequences including the nontranscribed strand of active genes 
(Venema et al. 1991). Despite its specific role in GGR, the exact function of 
the XPC protein, which forms a heterodimer with the abundantly present 
HHR23B polypeptide (Matsutani et al. 1994), in NER is still unclear. 

Nucleotide Excision Repair and Transcription Deficiency Syndromes 

A specific correlation is apparent between TFIIH and the three NER-deficient 
complementation groups exhibiting the TTD features, XP-B, XP-D and TTD
A (van Vuuren et al. 1994; Vermeulen et al. 1994). The unexpected dual role 
of these proteins provided a rationale for the complex clinical features speci
fically associated with inherited defects in TFIIH that were difficult to ex
plain solely on the basis of a NER defect, such as the combined XP/CS and 
TTD symptoms. This combined "repair/transcription" syndrome concept dis
sects the pleiotropic clinical features into those derived from a NER defect 
and those explained by a subtle transcription impairment. Some mutations 
in TFIIH may lead to only an affected NER function and thus explain the 
classical XP patients. Alternatively, other mutations may inactivate NER and 
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Fig. 2. Mutations in TFIIH components affect NER or basal transcription, or both processes. This results in 
the indicated inherited diseases, which can be categorized as repair, repair/transcription and transcription 
syndromes 

concomitantly partly disrupt the transcription function glvmg rise to the 
combined XP/CS and photosensitive TTD patients (Fig. 2). Furthermore, this 
model provides an explanation for the category of TTD (and CS) patients in 
whom only the transcription function is slightly altered, without NER de
fects: such nonphotosensitive individuals harbour mutations that only cripple 
the transcription function of TFIIH. Recently, it was shown that TFIIH iso
lated from a lymphoblastoid cell of an XP-B (XP/CS) patient had reduced 
3' --* 5' XPB-dependent helicase, DNA repair and basal transcription activity 
compared to wild-type cells (Huang et al. 1996). These data provide evidence 
for the proposed concept of repair/transcription syndromes. 

Mouse Models for Human DNA Repair/Transcription Syndromes 

To gain more insight into the complex genotype-phenotype relationship in 
these syndromes and the role of these proteins in preventing mutagenesis 
and carcinogenesis, we utilized gene targeting in ES-cells for the generation 
of repair-deficient mouse mutants. 

The ERCCl gene specifically corrects rodent group 1 (mutant sensitive for 
UV and DNA cross-linking agents) and appears not to be involved in any of 
the known XP and CS complementation groups. For ERCCl homozygous 
knockout and a more subtle point mutant proved viable, although in both 
cases the frequency of -/- offspring was below Mendelian expectation. The 
homozygous mutant mice exhibit severe growth defects and have a reduced 
lifespan, the extent of which is dependent on the genetic background (Weeda 
et al. 1997b). Pathological findings included absence of subcutaneous fat, 
striking polyploidy and chromatin abnormalities in liver and kidney as well 
as ferritin deposition in the spleen. These mice probably die as a conse
quence of liver failure. An important clue to the cause of the very severe 
ERCC1-mutant phenotypes is the finding that ERCCl-mutant cells undergo 
premature senescence, unlike cells from mice with a defect only in NER, 
such as XPA-1- mice (de Vries et al. 1995; Nakane et al. 1995). Importantly 
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the latter mice, - like ERCCl-/- mice - are totally deficient in NER, yet fail 
to display many of the severe ERCCI characteristics. This suggets that the 
ERCCI features are not due to accumulation of NER lesions but may be 
caused by endogenously generated DNA interstrand cross-links which are 
normally repaired by ERCCI-dependent recombination repair. This probably 
underlies both the early onset of cell cycle arrest and polyploidy in the liver 
and kidney and highlights the role of ERCCI and interstrand cross-links. 

The CSB gene was shown to correct the repair defect in CS-B cells. It is in
volved in the repair of actively transcribed genes. Surprisingly, CSB-deficient 
mice showed only mild Cockayne syndrome features: minor developmental 
and neurological abnormalities. Repair studies with embryonic fibroblasts 
from CSB-1- mice revealed an increased UV sensitivity, normal global 
genome repair, defective transcription-coupled repair and impaired RNA syn
thesis recovery. However, contrary to the situation in CS, CSB-deficient mice 
showed increased cancer incidence following either UV-B or DMBA treat
ments (van der Horst et a!. 1977). XPC/CSB double knockouts were severely 
runted, with disturbed gait and died early after birth. 

To investigate the dual role of XPB, we have generated several mouse mu
tants that mimic a causative mutation found in the XP/CS patient XPllBE of 
XP group B. This mutation is a C -+ A transversion in the splice-acceptor site 
4 bp upstream of the normal 3' splice site of the very last exon (Weeda et a!. 
1990). Mimicking this mutation by inserting 4 bp in the last exon close to 
the splice site resulted in embryonic lethality in the mouse. In addition, we 
generated mice harbouring an extra splice acceptor site 4 bp in front of the 
normal 3' splice sequence, more precisely reflecting the mutation in the hu
man patient. In this case the most 5' splice site is preferentially used in both 
embryonic stem cells and in mouse tissues, resulting in a COOH-terminal 
truncated XPB protein and a viable phenotype. These results establish the es
sential function of the XPB protein in mammals and in cellular viability and 
show that the COOH-terminal of XPB is essential for NER (Weeda et a!., un
published observations). 

Recently, we generated a null allele for XPD in mice which proved to be 
embryonic lethal, which is consistent with its essential role in basal tran
scription (de Boer et a!. 1998). In addition, we decided to mimic the causa
tive XPD mutation of the photosensitive TTDIBEL patient in the mouse 
germline. Mice homozygous for the XPDTTDIBEL mutation display many of 
the clinical symptoms of TTD, such as growth retardation, reduced lifespan, 
ichthyosis, reduced female fertility and UV sensitivity. Interestingly, homozy
gous mutant XPDTTDIBEL mice have reduced hair-specific cysteine-rich ma
trix proteins which normally cross-link the hair keratin filament. As a result 
the hair of XPDTTDlBEL mice is brittle, mimicking the hallmarks of the 
human disorder. Finally, as in the case of CSB mice, XPDTTDIBEL mice, in 
contrast to TTD patients, show increased susceptibility to skin cancer. 

It is expected that the above mouse mutants will improve our understand
ing of the contribution of repair to mutagenesis, carcinogenesis, aging and 
neurodegeneration. 
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Abstract 

The ataxia telangiectasia (A-T) gene, ATM, predisposes affected homozygotes 
to a wide range of malignancies. It has been suggested that this is a conse
quence of the genomic instability associated with the syndrome. The elevated 
risk of malignancy is not, however, observed among A-T heterozygotes 
(except, apparently, regarding breast cancer). In this report we describe re
sults from the study of the rare sporadic disease, T cell prolymphocytic 
leukaemia (T-PLL). In all individuals tested, we observed that at least one 
ATM allele was disrupted by rearrangement, that in many cases both alleles 
were disrupted and that there were additional mutations, predominantly mis
sense, that clustered toward the 3' end of the gene corresponding to the 
protein's phosphatidylinositol 3-kinase (PIK)-related domain. We conclude 
that the ATM gene can act as a tumour suppressor in the development of 
sporadic T -PLL. Our finding of a surfeit of mutations within ATM may 
reflect the involvement of the gene at more than one step in tumorigenesis. 
In particular, we suggest that the clustering of missense mutations may 
pertain to the late-onset character of both sporadic and A-T-related T-PLL, 
since the closest homologue of Atm protein is the yeast TELl protein that 
maintains telomere length. ATM inactivation may not be the initiating event 
in T-PLL tumorigenesis: ·prior mutation of another gene - perhaps TeLl 
activation - may be obligate. This would explain the recessive character of 
T-PLL risk in A-T. 

Introduction 

The theme of this volume is the role of the environment in cancer. This 
chapter is concerned, in particular, with defective DNA repair as a mediator 
of increased cancer risk. However, we shall be arguing that defective DNA re
pair due to inactivation of both copies of the ataxia telangiectasia (A-T) gene 
is not the major cause of an elevated risk of a haematological malignancy in 
A-T. Moreover, rather than suggest that the external environment is of signif-
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icance to a sporadic leukaemia involving the A-T gene, we shall instead spec
ulate that the "internal environment" may playa role in this malignancy. 

The A-T Gene 

The first clinical description of ataxia telangiectasia (A-T) appeared in 1926 
(Syllaba and Henner 1926). The second better known one by Madame Denise 
Louis-Bar, appeared in 1941. She described a 9-year-old Belgian boy with 
progressive cerebellar ataxia and telangiectasiae of the skin and conjunctivae. 
In 1957, a simple recessive mendelian inheritance was proposed and the dis
ease was named ataxia telangiectasia (Boder and Sidgwick 1958). As well as 
neurological abnormalities and progeric changes, the condition was asso
ciated with abnormal development (including athymia), radiosensitivity, cell 
cycle abnormalities, cancer predisposition and immunological abnormalities 
(including hypogammaglobulinemia, selective deficiency of serum IgA and 
IgE, abnormalities of IgG subclasses, depressed blastogenic response, faulty 
development or complete absence of the thymus, failure to produce virus
specific histocompatibility-restricted cytotoxic T lymphocytes and an overall 
poor response to skin test allergens). More features of this disease were de
scribed as antibiotics were discovered that helped patients shake off their fre
quent infections. One of these, seen in older patients, was a rapidly progres
sive leukaemia with a mature T cell immunophenotype and a preceding rela
tively stable T cell lymphocytosis, both with characteristic cytogenetic ab
normalities (Taylor et al. 1996). It is this mature T cell leukaemia and a simi
lar sporadic disease that will mostly concern us here. 

The A-T trait was mapped (Gatti et al. 1988) to chromosome llq23 in 
1988, leading to the cloning in 1995 by Savitsky et al. (l995a) of the 66 exon 
gene - called ATM for A-T-mutation - encoding a large 350 kDa protein. Its 
-COOH terminal is homologous to a group of phosphatidyl-3 kinases and 
the closest homologue is the TEL 1 gene of S. cerevisiae that controls telo
mere length and chromosome integrity. Upstream of this is a region of 
homology to three genes in yeast and D. melanogaster (MECl, rad3 and mei-
41) that all share a property: arrest at G2 in the cell cycle after DNA damage 
(Savitsky et al. 1995b). Recently the 146 kb of genomic ATM sequence was 
published by workers from Jena here in Germany (Platzer et al. 1997). Most 
A-T mutations so far described - and there are over 100 apparently ran
domly distributed throughout the gene (see the ATM mutation database at 
http://www.vmmc.org/vmrc/atm.htm) - result in truncation of the ATM pro
tein (Fig. 1). These data have opened up new vistas for research into A-T, 
into the cellular function of the protein and into sporadic diseases in which 
the gene is implicated. We shall focus on the relationship between ATM and 
cancer. 
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Fig. 1. The distribution of reported A-T mutations is shown. Circles above the numbered line representing 
the exons of ATM identify the exon location of mutations. Each circle represents a report and hence the 
same mutation is in some instances shown more than once. Homology domains in the protein are identified 
at bottom 

A-T and Cancer 

Complete autopsy reports (Hecht and Hecht 1990) on over 100 A-T patients 
revealed that the two leading causes of death were pulmonary disease and 
cancer, with cancers present in 47% of autopsies. Many of the neoplasms re
corded in A-T patients have been collated at the Immunodeficiency Cancer 
Registry and these are summarised in Table 1. This reveals that mutation of 
both ATM alleles predisposes A-T individuals at a young age to a wide range 
of neoplasms. These are rarely observed in corresponding normal indivi
duals, or, indeed, in A-T heterozygotes. Among female A-T heterozygotes 
there is an elevated risk of breast cancer, ranging from an odds ratio of 2.9 
(CI 1.1-7.6) for onset before 60 years to an odds ratio of 6.4 (CI 1.4-28.8) 
for onset 60-plus (Athma et al. 1996). Note that only one A-T homozygote 
breast cancer case was reported to the Immunodeficiency Cancer Registry. 
Linkage studies in breast cancer families have excluded the A-T locus 
(Wooster et al. 1993). For all other cancers, the situation is less clear: in A-T 
families, the relative risk of all other cancers has been calculated (Easton 
1994) at 1.9 (CI 1.5-2.5), but this data is inhomogeneous, with European 
studies showing no evidence of any excess risk. 

Many of the Registry A-T patients had multiple neoplasms, most com
monly non-Hodgkin's lymphoma (NHL). In a study of UK A-T patients 
(Taylor et al. 1996), 17 haematological malignancies were observed of which 
eight were NHL. Of these, five were T -NHL and three were B-NHL. Since T
NHL is rarer than B-NHL in the general population it would appear that 
while all NHL is elevated in A-T, the risk of T -NHL is even greater. Among 
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Table 1. Neoplasms in A-T patients 

Type of Neoplasm N % 

Non-Hodgkin's lymphoma 49 41 

Solid tumours 32 27 
Brain (3); breast(1); GI (11); laryngeal (1); 
liver (2); ovarian (5); parotid (1); skin (4); 
uterine (3) 

Leukaemia 26 22 
All (20); acute leukaemia (4); subacute 12 10 
lymphocytic leukaemia (1); chronk lympho-
blastic leukaemia (2) Hodgkin's disease 

Total 119 100 

the five acute leukaemias reported, four were T-ALL and one was of mixed 
lineage. The mean life expectancy of A-T patients is about 17 years but the 
mature T cell leukaemia we shall consider here has an average age of onset of 
over 30 years. It is thus an infrequent cause of death among A-T patients as 
a whole. This prevalence of T cell malignancy is of special interest in light of 
the frequent athymia of A-T patients. 

Theories on the Role of ATM in Tumorigenesis 

It appears that one mutated copy of the ArM gene in the germline predis
poses to breast cancer and two mutated copies predispose to a variety of sol
id tumours and lymphoproliferative diseases. This is rather a puzzling pic
ture. Other cancer predisposition syndromes - be it the well-known condi
tions such as familial retinoblastoma or Li-Fraumeni syndrome or the var
ious mutator genes implicated in cancer families - show a simple dominant 
mode of inheritance. An idea (Hecht and Hecht 1990) that began to address 
this problem is that there might be more than one way that ArM is linked to 
cancer, with one copy predisposing to solid tumours and two mutated copies 
predisposing to solid and haematological tumours. Knudson (1971) who pro
posed the two-hit hypothesis defining dominant tumour suppressors, has 
suggested that, as far as breast cancer is concerned, ArM may be classified 
as a dominant cancer gene (Knudson 1997). This however avoids the issue of 
cancer predisposition in A-T patients. 

However, the favoured view of the role of ArM in tumorigenesis has been 
based on the early observation (Hecht et al. 1966) of chromosomal instability 
in A-T cells. The observation has been replicated by many other groups and 
has led implicitly and also, more recently, explicitly (Bebb et al. 1997) to the 
proposition that ArM is a mutator gene: loss of ArM function is said to re
sult in a chromosomal instability that is characterised by frequent chromoso
mal aberrations. Some of these may affect the function of genes involved in 
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tumorigenesis. Hence the frequency of cancer is elevated. This model is not 
however entirely satisfactory: 
1. With the mutator genes MSH2 and MLHI that have been described in he

reditary nonpolyposis colon cancer (HNPCC), the total number of DNA 
errors per genome is very great: inactivation of these genes yields a phe
notype that includes somatic microsatellite instability in noncoding DNA. 
Only a small number of microsatellites need to be examined for a somatic 
mutation to be detected. Hence the total number of errors arising is very 
large. But in A-T, no micro satellite instability has been reported: the syn
drome is characterised by cells that fairly frequently have complex karyo
types with perhaps 20 breakpoints. This makes breakages less frequent 
than errors of replication in HNPCC and thus may well reduce the relative 
risk of mutating a cancer gene. 

2. The common chromosomal aberrations seen in A-T cells can be regarded 
as especially labile genomic regions according to the mutator hypothesis. 
But they could also be indicators of precancerous states. Where such aber
rations have been cloned (as at 14q32.1), the latter explanation has been 
favoured. 

3. There is good evidence of cell cycle defects in A-T (see below) and hence 
the mutator hypothesis at least requires modification. 

4. The different patterns of malignancy between A-T homozygotes and het
erozygotes are explicable by considering tissue-specific effects of constitu
tive ATM expression in regulation of the cell cycle. But these patterns are 
much harder to explain based on the mutator hypothesis. 

5. The mutator hypothesis does not readily explain different patterns of 
chromosome breakage in different A-T tissues. Lymphocytes and fibro
blasts have different patterns of breakage while bone marrow samples 
show no chromosomal abnormalities (Hecht et al. 1973; Al Saadi et al. 
1980; Cohen et al. 1975). The chromosomal breakages seen in A-T T cells 
are highly nonrandom since they commonly involve the T cell receptor 
loci on chromosomes 7 and 14. A-T B cell translocations commonly in
volve immunoglobulin loci on chromosomes 2, 22 and 14. Such nonran
domness is at variance with a general mutator hypothesis. The other main 
cytogenetic abnormality suggesting chromosomal instability is the preva
lence in both lymphocytes and fibroblasts of telomeric fusions (Kojis et al. 
1989). Telomeric fusions are also found in A-T T cell clonal lymphocytoses 
(Metcalfe et al. 1996) (suggesting that the mutations that give rise to the 
lymphocytosis do not rescue telomere integrity). However, the disease of 
which these clones are a precursor - a mature T cell leukaemia (see be
low) - do not have telomeric fusions. Hence rescue of telomeric integrity 
is a step in progression toward T -PLL. Thus progression involves suppres
sion of at least one aspect of ATM inactivation. The mutator hypothesis 
can only explain this with difficulty. There is probably much significance 
in telomeric fusions of A-T because of the high degree of homology be
tween the 3' end of the ATM cDNA and the yeast TELl gene. Mutation of 
this gene reduces telomere length, and, just like ATM inactivation (Meyn 
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1993), elevates aneuploidy and recombination rates (Greenwell et al. 1995). 
Note that an elevated frequency of legitimate recombination may contrib
ute to specific steps in tumorigenesis (e.g. where one allele only is nor
mally methylated). 

6. The mutator hypothesis may require an additional postulate (Bridges and 
Harnden 1981): that A-T involves faulty recombinase activity. Cloning of 
chromosomal breakpoints in A-T T cells has usually identified consensus 
sequences implicating recombinase-mediated events (Mengle-Gaw et al. 
1987, 1988; Russo et al. 1989; Baer et al 1987; Davey et al. 1988). But in 
vitro assays suggest that A-T cell extracts are associated with a distinct 
pattern of DNA misrepair (Thacker 1994) that has no obvious relationship 
to recombinase activity. Thus the postulate is not supported. 

7. The observation of chromosomal abnormalities in A-T cells need not im
plicate ATM inactivation as the sole, immediate cause of those abnormal
ities. Rather the absence of ATM may select for the chromosomal ab
normality. For example, in A-T stable T cells with inv(l4)(qll;q32) or 
t(l4;14)(qll;q32) are elevated 50-fold over their frequency in normal indi
viduals (Aurias et al. 1980). For the record, smaller transient lymphocy
toses with inv(7) and t(7;14) clones have also been reported in normal 
and in A-T (Aurias 1981) 

The mutator hypothesis is thus an incomplete description of the role of ATM 
in tumorigenesis. A key test of the mutator hypothesis is whether the gene is 
occasionally mutated in sporadic cancers. The micro satellite instability 
phenotype is certainly observed sporadically at varying frequencies. But it 
has not been observed - nor would the mutator hypothesis predict that it 
would - in all cases of a sporadic malignancy. Let us now turn to these 
malignancies. 

Sporadic Cancers and ATM 

Based on the frequency of breast cancer among A-T heterozygotes, some 
10% of sporadic breast cancers were predicted (Easton 1994) to involve ATM 
and with the cloning of gene this has now been investigated. Early onset 
breast cancers and those with loss of heterozygosity at l1q23 showed no 
truncating or point mutations (FitzGerald et al. 1997; Vorechovsky et al. 
1996a). Breast cancer in families also manifesting haematological malignan
cies showed no nucleotide changes (Vorechovsky et al. 1996b). This of course 
immediately raises the question as to whether these are the appropriate risk 
groups to examine. 

However, positive results have been obtained for some of the malignancies 
seen in A-T homozygotes. We have reported, so far, on two sporadic malig
nancies: B-NHL and T-prolymphocytic leukaemia (T-PLL) (Yuille et al. 
1996a, 1998; Vorechovsky et al. 1997) and these reports have been confirmed 
by others for T-PLL (Stilgenbauer et al. 1997). 
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The reason for examining NHL is obvious: it is common among A-T pa
tients. T -PLL is far less frequent in A -T but nonetheless the risk is substan
tially elevated compared with the normal population. It is a rare sporadic 
leukaemia of cells with a mature T cell phenotype that is highly aggressive 
(mean survival: 7 months) (Matutes et al. 1991), and our clinical colleagues 
at the Royal Marsden Hospital and their collaborators have shown (Pawson 
et al. 1997) that the disease responds well to a monoclonal antibody, CAM
PATH-1H, directed at the cell surface antigen CD52. Antigen-CD52 antibod
ies activate resting rat T cells via a Ca2+ -dependent signal transduction path
way (Rowan et al. 1995). It is worth investigating whether CAMPATH binds 
to CD52 to cause apoptosis (rather than complement-mediated lysis) via this 
pathway, since: (1) T-PLL is exquisitely sensitive to CAMPATH-1H; (2) B cell 
tumour lines undergo Ca2+ -dependent apoptosis when the pathway is inhib
ited (Bonnefoyberard et al. 1994); (3) the pathway includes genes that are 
homologues of the ataxia telangiectasia gene (Brown et al. 1994). 

Our colleagues at the Marsden noted, some years ago, (Brito-Babapulle 
and Catovsky 1991), the striking cytogenetic and immunophenotypic similar
ity between T-PLL first described by workers including Profs. David Galton 
and Daniel Catovsky - who has been collecting for two decades the samples 
we have now studied (Catovsky et al. 1973; Galton et al. 1974); and the ma
ture T cell leukaemia found in older A-T patients. This indirect evidence im
plicates the ATM gene in T-PLL, as summarised in Table 2. The differences 
between the two diseases are: (1) The risk of disease is greater for A -T 
homozygotes than for the general population. (2) A lower age of onset is in
dicated in A-T homozygotes than in the population. (3) We observed in the 
sporadic disease breakpoints at chromosome 11q23 - where ATM maps - but 
this has not been reported in A -T -related mature T cell leukaemia. This latter 
observation encouraged us to consider ATM as a candidate gene in T -PLL. 
We had previously examined other genes in this chromosome band impli-

Table 2. Mature T (I'll leukaemia in A-T patients and sporadic T -PLL 

Property A-T mature T-cell leukaemia T-PU 

Age of onset 34 years (S patients) 66 years (SS patients) 
COla- 4/4 100% 
C03+ SIS 100% 
(04+ 215 63% 
(08+ 4fl 10% 
(04+/(08+ 215 26% 
TdT- 212 100% 
11 q23 breakpoint 018 10% 
14q32 breakpoint 518 76% 
Xq2S breakpoint 218 5% 
Trisomy 8q 218 67% 

A-I. ataxia telangiectasia; T-PLl, T (I'll prolymphocytic leukaemia. 
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Fig. 2. Southern blots were prepared with restricted DNA from a 

12.0 > 

9.0 > 

6.0 > 

panel of 20 T-PLL samples (identified by sample number above 3.0 > 
each lane) and a healthy volunteer (C above lane) and probed 
with cDNA probes fB2 (spanning exons 27-31) and reflV (span-
ning exons 56-65). Representative rearrangements are shown for 
samples 2, 3, 8, 9 and 11. The multiple bands seen with cDNA 
probes often make difficult the detailed interpretation of the rear
rangements. Samples 2 and 3 were also examined by Fibre FISH 
(see text) 

1B2 
C 8 9 11 

re1IV 

C 2 3 

cated in lymphoproliferative disorders - PLZF and MLL among others - but 
had no indication of their involvement (Yuille et al. 1996b). The search for a 
gene on l1q23 started before ATM was cloned and so relied on nearby se
quence-tagged sites as probes on Southern blots. Rearrangements were de
tected in two cases: one with DllS384 (which maps immediately centromeric 
of ATM), and another with a probe for the transcription cofactor BOB-l 
(which we showed maps immediately telomeric of ATM). This approach, 
however, was overtaken by the positional cloning of the ATM gene (Savitsky 
et al. 1995a). Using cDNA probes we then identified rearrangements in one 
in four of 20 T-PLL samples (Fig. 2). The use of cDNA probes involves nu
merous problems of interpretation and when we observed cases with highly 
complex patterns of rearrangement, we decided it was necessary to use a 
technique that could give a complete overview of the 150 kb ATM gene. 

We examined a smaller panel of seven T -PLL samples by fibre FISH 
(Yuille et al. 1996a, 1998). In this technique, DNA fibres are released from 
tumour cells on glass slides and the fibres stretched out by gravity prior to 
hybidisation using, in our case, four fluorochrome-labeled cosmids spanning 
the ATM locus. We discovered that all the cases had at least one lesion dis
rupting the locus (Fig. 3). It was difficult to escape the conclusion that the 
gene is usually a target for mutation in T -PLL. It is rather rare to identify a 
gene mutated in all cases of a sporadic disease and it implies, of course, that 
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the gene is crucial to the pathogenesis of the disease. By definition, this is 
not the case for a mutator gene. In four of the seven cases neither allele was 
intact. Close inspection of the DNA fibres indicated that in some cases more 
than one event had occurred. For example, in case 2 (Fig. 3, left) we deduced 
that an intragenic inversion had occurred followed by a translocation-type 
event. In case 4 (Fig. 3, left), one allele appeared to be lost entirely and on 
the other there was an apparent deletion at the centromeric end of the gene, 
a probable duplication event had occurred more distally and a transposition 
was inferred distal of that. Thus one allele had undergone at least three sepa
rate events involving a minimum of five breakages. Consideration of the lim
ited resolution of the technique leaves open the possibility that the appar
ently intact alleles contained cryptic abnormalities. We were concerned that 
these multiple events might not be restricted to the ATM region; but no ab
normalities were found when we examined a region of the genome not impli
cated in T -PLL using another cosmid contig from the ETV-6 gene on chro
mosome 12. Therefore these multiple lesions appeared to be specific to the 
ATM gene in T -PLL. 

Three of the cases had one intact ATM allele, but was that allele ex
pressed? To test this, we also performed, in collaboration with Prof S. P. Jack
son (Cambridge UK), a western blot with anti-ATM antibody (Lakin et al. 
1996) (corresponding to consecutive exons in cosmids Al and A4, as shown 
in Fig. 3, right) and found that two of these three lacked an ATM band. Thus 
in six of seven cases there was good evidence that both ATM alleles were in
activated. 

Could the final case with one intact ArM allele have acquired (or even in
herited) a missense mutation that led to inactivation without loss of protein? 
We performed exon-scanning using single-strand conformation polymorph
ism (SSCP) mutation detection, in collaboration with Dr. Igor Vorechovsky 
(Karolinska Institute, Sweden), with PCR primers spanning each of the cod
ing exons of the gene (exons 3-65) and identified in this final case a homo
zygous nucleotide change in exon 44 in the rad3 domain. This change was 
acquired, since it was absent from a germline sample (evidence from other 
cases indicated that all nucleotide changes were acquired). The change had 
not been reported as a polymorphism (nor has any other change we detected 
subsequently, see below). We concluded that ATM was mutated on both al
leles in all the cases of T -PLL examined. Therefore the sporadic disease, T
PLL, is as commonly mutated at ATM as is the A-T-related mature T cell leu
kaemia: the two diseases are nearly indistinguishable both by phenotype and 
at the molecular level. Moreover, such frequent ATM inactivation in T -PLL is 
not predicted by the mutator hypothesis on the mode of action of ATM in 
causing cancer susceptibility. Rather, it points to ATM acting as a type of 
tumour suppressor, consistent with its known effects in relieving cell cycle 
checkpoints (Meyn 1995). 

In the panel of seven cases examined by fibre FISH we also found two 
other missense mutation, both at exons in the 3' end of the cDNA in the so
called kinase domain of ATM. A fourth case had a deletion that removed a 



166 M. A. R. Yuille and L.J. A. Coignet 

splice site and was predicted to lead to truncation. All four nucleotide 
changes showed loss of the wild-type allele: there was a reduction to homo
zygosity. Note, however, that the two cases with one remaining intact allele 
and with no detectable ATM protein had no nucleotide change. This may be 
due to the limited sensitivity of SSCP, to an event proximal or distal to exons 
3 and 65 or to an epigenetic event (e.g. examination of the mutational 
spectrum of A-T mutations [see the ATM mutation database at http:// 
www.vmmc.org/vmrc/atm.htm] indicates that C-+ T transitions are the most 
common type of point mutation, consistent with mutation by deamination of 
methyl cytosine and thus implying that ATM is methylated). 

Both ATM alleles were mutated in the seven cases examined. But why did 
a single allele so often contain more than one breakpoint? Why were nucleo
tide changes present when the allele was also disrupted by one or more 
breakages? Why was there a reduction to homozygosity when the DNA fibres 
showed the presence of two distinct alleles? In other words, why was there 
an apparent surfeit of mutations? 

One possibility was that the nucleotide changes we had observed were 
actually rare in T -PLL. To test this, we examined, in collaboration with Dr. I. 
Vorechovsky (Karolinska Institute, Sweden), a panel of 37 T-PLL cases (Vor
echovsky et al. 1997). Nearly half (46%, 17 samples) showed nucleotide 
changes (Table 3). In all except three, the wild-type allele was absent. Five 
cases showed truncating mutations (in exons 15, 30, 40, 55 and 65). Three 
were mutations reported as A-T mutations and two cases had the same point 
mutation. Two cases had more than one mutation (a frameshift plus a down
stream missense mutation). But the major observation was the clustering of 
15 out of 23 nucleotide changes (30% of all T-PLL cases) in the 3' end of the 
gene: in the domain most closely homologous to TELl in yeast. Thus, not 
only are point mutations present in a third of all T-PLL cases, but their dis
tribution suggests impairment of a specific function of the gene. (Note that 
among the 35 B-NHLs tested, three had point mutations, one of which was 
in the TELl domain. This indicates the need to test a large panel of NHL 
cases.) 

The clustering of mutations implies a defect in the function of the TELl 
domain. If this domain controls telomere integrity in humans as in yeast, 
then we may imagine that a function of ATM is to switch between progres
sion of the cell cycle (when telomere integrity is confirmed) and delay or 
death (when it is not). The choice between delay and death could be deter
mined by the actual length of telomeres. These shorten with age, leading tel
omere fusions and correlating with aneuploidy and senescence (death) 
(Norrback and Roos 1997). In A-T, this is more pronounced (Metcalfe et al. 
1996). Moreover, late onset is observed in both sporadic T-PLL (at 66 years) 
and A-T-related T-PLL [at 34 years (Taylor et al. 1996), twice the mean sur
vival of A-T homozygote]. Thus T-PLL may be a disease of old age because it 
requires age-compromised telomeres as a starting condition. In other words, 
T-PLL may be favoured by a change in the "internal environment", i.e. by 
ageing. 
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Table 3. ArM nucleotide changes in sporadic T-Pll and B-NHl 

Sample ATM exon Nucleotide Wild-type allele Protein change 
change (%) 

T-PU. 
5b3 15 2119delTCTGA 0 Frameshift 
lc8 30 4174InsC 0 Frameshift 
5b3 30 4220T -+C 20 11407T 
lb8 36 S044G -+C 0 Dl682H 
lb2 40 5729T -+A 15 L1910H 
5 40 5763-22de131 0 Splice site loss 
6 44 6116A -+G 0 E2139G 
ld4 47 6490G -+A 0 E2164K 
lc8 51 7187C-+G 0 T2396S 
lel0 51 7271T -+G 0 V2424G 
la9 52 732SA-+C 0 Q2442P 
ld5 54 7636de19 0 S2S46de1, 

R2S47de1, 
12S48de1 

6c4 55 7880insT 25 Frameshift 
laS 57 8084G-+C 0 G2695A 
lb4 58 816ST -+G 0 Ll722R 
lb7 58 8174A-+T 10 D272SV 
Sa6 58 8194T -+C 0 F2732l 
tlaS 60 843Ode1AAA SO K2810de1 
lal 61 8613deiACA SO R2871S, H2872de1 
6bl 61 8668C-+G 40 Ll890V 
3 61 8668C-+G 0 Ll890V 
BJOl 65 9139C-+ T 0 R3047X 
4 65 9022(-+T 0 R3OO8C 

B-NHL 
NHLlO 23 3118A-+G 0 Ml040V 
NH134 31 4387T -+( 10 Fl463S 
GS19 60 8494(-+ T 45 R2832C 

ATM, ataxia telangiectasia gene; T -PlL, T cell prolymphocytic leukaemia, B-NHl, 
B non-Hodgkin's lymphoma. 

Impairment of the ATM TELl domain's function cannot constitute the sole 
role of the gene in T -PLL tumorigenesis since our fibre FISH results indicate 
that complete ATM inactivation due to rearrangement is also common. So, if 
ATM is involved at two distinct steps in T -PLL tumorigenesis, the first might 
require impairment and the second loss of all ATM function. Logically, this 
imposes an order on events: the point mutation would arise first and the re
arrangements second. 

However, there is also a need to explain the recessive character of T-PLL 
in A-T families: no case of T-PLL has been reported among A-T heterozy
gotes, yet there is a substantial risk of T -PLL in A-T homozygotes. Why does 
the presence of a single mutated ATM allele in an A-T heterozygote not lead 
to any detectable risk of T -PLt? Other cancer predisposition syndromes, 
such as familial retinoblastoma or Li-Fraumeni disease, show a dominant 
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Fig. 4. In sporadic cases, a mature T cell undergoes a rearrangement giving, first, TCL 1 expression and then 
a point mutation in the ATM TEL 1 domain. This combination bypasses limits set on growth (arising from 
age-related loss of telomere integrity). Subsequent complete ATM inactivation then bypasses restriction 
points in the cell cycle, resulting in a large, clonal lymphocytosis. In A-T patients, ectopic TeLl expression in 
a mature T cell directly permits this large clonal lymphocytosis 

pattern of inheritance and are the basis for Knudson's two-hit hypothesis 
(Knudson 1971). The answer is surely related to the consequence to a hetero
zygote of acquiring a hit at the second ATM allele: this hit fails to confer a 
growth advantage or it confers a disadvantage relative to all its sister cells. A 
disadvantage seems more likely in light of the observations that A-T cells are 
prone to aneuploidy and spontaneous apoptosis (Duchaud et al. 1996). Now, 
if this disadvantage were overcome by some prior mutation of another gene, 
then the development of T-PLL would be dependent on the risk of that prior 
mutation. If this risk were low then the risk of T -PLL to the A-T heterozy
gote might not be detectably different than the risk of T -PLL in the general 
population. What might this other gene be? An excellent candidate is TeLl. 
This maps to 14q32.1 and breakpoints at this band are the most common cy
togenetic abnormality in sporadic and A-T-related T-PLL (Brito-Babapulle et 
al. 1987). In A-T, T cell clones with 14q32.1 breakpoints are frequently ob
served as significant nonpathological proliferations and are known in some 
cases to have preceded the emergence of T-PLL in those patients (Taylor et 
al. 1996). Thus these large stable clones carry a mutation that gives a growth 
advantage to the T cell bearing it. Such large stable clones are not observed 
in the general population. Thus it seems likely that expression of TeLl in T 
cells suppresses the general growth disadvantage of loss of ATM function 
and specifically may block the path toward apoptosis that putatively arises 
from loss of ATM TELl domain function. This then permits us to propose a 
model for the development of sporadic and A-T-related T-PLL (Fig. 4): (1) 
Sporadic T-PLL is initiated by TeLl activation (in some cases we observe no 
breakpoint at 14q32.1, but rather at Xq28 which results in expression of an 
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alternate transcript of the MTCPl gene called MTCPl Bl - the correspond
ing protein has 41% amino acid identity to TCLl (Stern et al. 1993; Madani 
et al. 1996). (2) A missense mutation arises in the ATM TEll domain on one 
allele. The second, wild-type allele is lost or acquires the same mutation by 
somatic homologous recombination. This subverts the maintenance of the in
tegrity of telomere function which, in the context of TCLl/MTCPl Bl expres
sion, constitutes a growth advantage. This step may be restricted to those T
PLL cases that acquire TELl domain missense mutations (about a third of all 
cases); other cases bypass this step. (3) Further mutations arise at ATM re
sulting in complete ATM inactivation and thus relief of cell cycle check
points. This permits progression to a stable clonal lymphocytosis (as seen in 
A-T patients). The inactivation implicates domains additional to TEll in cell 
cycle control. 

It is difficult to see why a locus should involve multiple disruptions in or
der that its function be disrupted. It is unlike the situation in BCL2 in which 
more than one breakpoint is occasionally seen in association with gene acti
vation (Seite et al. 1993), or the situation at the DMD dystrophin locus in 
which the severity of the muscular dystrophy can depend on multiple muta
tional events in a 5 mb region (Bartlett et al. 1989; Laing et al. 1992). For the 
moment, the multiple disruptions at ATM must remain as intriguing obser
vations, although they are reminiscent of the chromosomal fragmentation 
seen in the developing ATM-i-knockout mouse spermatocyte (Xu et al. 1996). 
Another possible explanation for multiple disruption of an allele is that there 
might be a nearby gene also involved in tumorigenesis. 

In summary, we have observed an intriguing difference in the pattern of 
mutation of the ATM gene in A-T as compared to T-PLL. A-T seems to re
quire complete inactivation of the gene and this is achieved primarily by 
truncating mutations. This suggests that most missense mutations leave in
tact functions of ATM which if lost in the germline do not give a recognisa
ble A-T phenotype. While loss of ATM function substantially elevates the 
risk of T-PLL, the pattern of mutation in sporadic cases suggests that the 
gene is involved at two distinct steps in tumorigenesis: a step requiring im
pairment of the TEll domain and a subsequent step requiring loss of all 
functions. The first step is achieved by missense mutation while the second 
step often involves unusual complex rearrangements. The rarity of A-T het
erozygotes among sporadic T -PLL cases and the absence of T -PLL in A-T 
heterozygotes points to the recessive nature of the predisposition to T -PLL 
and thus implicates another gene, quite possibly TCLl, in initiation of T-PLL 
tumorigenesis. The finding of occasional ATM mutations in B-NHL demon
strates that the cancer epidemiology of A-T patients does not predict the re
lative frequency of involvement of ATM in sporadic malignancy: in A-T, T
PLL is rare but NHL common, while the reverse is true for ATM mutations 
in the sporadic counterparts of these diseases. Similarly while A-T heterozy
gotes have elevated risk of breast cancer, no ATM mutations have yet been re
ported in the sporadic form. That said, T-PLL demonstrates that ATM should 
be considered a candidate gene in a wide range of malignancies, perhaps 
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Table 4. Sporadic solid tumours with frequent 
loss of heterozygosity at 11q22-23 

Site Reference 

Breast Kerangueven et al. 
(1997) 

Bladder Shaw et al. (1995) 
CoIorectal Keldysh et al. (1993) 
Lung !izuka et al. (1995) 

Rasia et al. (1995) 
Nasopharyngeal Hui et al. (1996) 
Ovarian Foulkes et al. (1993) 

Davis et al. (1996) 
Gabra et al. (1996) 

Stomach Baffa et aI. (1996) 
Melanoma Tomlinson et al. (1993) 

especially those that show loss of heterozygosity in the ATM region (Ta
ble 4). 
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Abstract 

It has not previously been clear whether cytogenetic biomarkers in healthy 
subjects will predict cancer. Earlier analyses of a Nordic and an Italian co
hort indicated predictivity for chromosomal aberrations (CAS) but not for 
sister chromatid exchanges (SeES). A pooled analysis of the updated cohorts, 
forming a joint study base of 5271 subjects, will now be performed, allowing 
a more solid evaluation. The importance of potential effect modifiers, such 
as gender, age at testing, and time since testing, will be evaluated using Pois
son regression models. Two other potential effect modifiers, occupational 
exposures and smoking, will be assessed in a case-referent study within the 
study base. 
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Background 

Cytogenetic biomarkers such as chromosomal aberrations (CAs), sister chro
matid exchanges (SCEs), and micronuclei (MN) in peripheral blood lympho
cytes have been used for decades in surveying workers exposed to mutagens 
or carcinogens. It has been proposed that these cytogenetic endpoints may 
serve as biomarkers not only of exposure, but also of an early mutagen effect 
indicating increased cancer risk (Aitio et al. 1988; International Commission 
for Proctection against Environmental Mutagens and Carcinogens 1988). This 
hypothesis had, however, been left unproven until the Nordic Study Group 
on the Health Risk of Chromosome Damage in the late 1980s established a 
cohort of 3182 subjects from Sweden, Finland, Norway and Denmark who 
had been examined for at least one of the cytogenetic tests (Nordic Study 
Group on the Health Risk of Chromosome Damage 1990a). A predictive value 
of CA frequency for total cancer incidence was observed (Nordic Study 
Group on the Health Risk of Chromosome Damage 1990b; Hagmar et al. 
1994), whereas no such associations were observed for SCEs or MN. These 
estimates were based on a relatively limited number of observations which 
hampered a firm conclusion. It was therefore of interest that an Italian 
cohort study, designed in a similar way as the Nordic one, also showed an 
association between CA frequency and cancer risk (Bonassi et al. 1995). 

Economic support from the European Union Biomed-2 program has 
enabled a collaborative effort, creating a joint Nordic and Italian data base of 
cytogenetically examined subjects and allowing pooled analyses. The main 
objectives of this collaboration were to evaluate the type of association be
tween cytogenetic biomarkers and cancer risk in a large study base and to 
assess whether gender, age at cytogenetic testing, time since testing, smoking 
habits, and exposure to mutagens/carcinogens may modify the cancer-predic
tive value of the biomarkers. 

We will here report on the basic design of this 3-year project, and give 
some descriptive data on the joint study base. Furthermore, we will outline 
some methodological aspects regarding cohort analysis of the joint data base 
and a case-referent study within the study base. 

Establishment of a Joint Data Base 

Altogether 5271 subjects, examined between 1965 and 1988 for at least one 
cytogenetic biomarker, constituted the study base (Table 1). Looking separa
tely at the various endpoints, 3540 subjects had been examined for CAS, 
2702 for SCES and 1496 for MN. The CA tests in the the study base were 
performed between 1965 and 1987. The corresponding time interval for the 
SCE tests was 1970-1987, and for the MN tests 1980-1987. The cohorts of 
cytogentically examined subjects from Sweden, Norway, Finland, or Denmark 
which were included in the joint data base were identical with those de
scribed before (Nordic Study Group on the Health Risk of Chromsome 



Cancer Predictive Value of Cytogenetic Markers Used in Occupational Health Surveillance Programs 179 

Table 1. Number of subjects tested for chromosomal aberra
tions (CAs), sister chromatid exchanges (SCEs), or micronuclei 
(MN), with respect to tumor diagnosis' during follow-up 

Cytogenetic 
endpoint 

SCEs 

MN 

Country 

Sweden 
Finland 
Norway 
Denmark 
Italy 

Sweden 
Finland 
Norway 
Denmark 
Italy 

Sweden 
Italy 

Number of subjects in cohort 

With a tumor All 
diagnosis 

33 749 
26 557 
30 471 
2 191 

64 1573 

23 850 
27 669 
20 289 
3 202 
4 692 

18 686 
9 810 

• Number of incident cancer cases for Sweden, Finland, Norway, 
and Denmark and number of deaths in cancer for Italy. 

Damage 1990 a, b; Hagmar et al. 1994), The included Italian cohort was, how
ever, only partly identical with the one previously reported on (Bonassi et al. 
1995), due to the required application of the same inclusion criteria for all 
cohorts: (a) cytogenetic tests should have been performed because of poten
tially harmful environmental/occupational exposures or because the subjects 
had served as unexposed control subjects (thus excluding subjects tested due 
to medical reasons), (b) the subjects should have been at least 15 years of 
age at cytogenetic testing, (c) and should not have had a cancer diagnosis 
before testing, and (d) the personal identification code and (e) the date for 
cytogenetic testing should be known. These data, which were included in the 
joint data base, could thus be used to assess the potentially modifying effect 
on cancer risk of gender, age at testing, and time since test. The available 
data on smoking habits and occupational exposure were to scarce too allow 
an evaluation of the modifying effect of these factors without additional 
information. 

Classification of Cytogenetic Endpoints 

Ten Nordic and ten Italian cytogenetic laboratories contributed with data. In 
order to standardize for interlaboratory variation, the results for the various 
cytogenetic endpoints were trichotomized within each laboratory as follows: 
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Table 2 . Agreement between trichotomization for 
chromosomal aberrations (CAs) and sister chromatid 
exchanges (SeEs) in 1553 subjects examined for 
both endpoints (K-value = 0.03) 

SCEs CAs frequency 
frequency 

low Medium High 

low 219 
Medium 218 
High 188 

144 
138 
157 

150 
146 
193 

"low" (1-33 percentile), "medium" (34-66 percentile), or "high" (67-100 per
centile), as described in detail earlier (Hagmar et al. 1994; Bonassi et al. 
1995). 

At least 100 metaphases were scored with respect to CAs (gaps not in
cluded) for each individual. The culture time was 48 or 72 h. The CA data 
based on 48-h culture time were trichotomized separately from those with a 
72-h culture time. The scoring of mean SCEs, after replication of a DNA tem
plate containing BrdU, was based on the analysis of 20-50 cells/individual in 
the Nordic cohorts and 20-100 cells/individual in the Italian cohort. The MN 
estimate was, in both the Swedish and Italian data bases, based on at least 
1000 interphase cells; 78% of the Italian MN tests were performed using the 
cytokinesis block technique, and thus binuclear cells were analysed. The re
maining Italian tests and all Swedish tests were performed using the tradi
tional technique and scoring of mononuclear cells. The trichotomization of 
the MN results was made with respect to the technique used. 

Agreement Between Cytogenetic Endpoints 

Altogether 1 553 subjects were examined for both CAs and SCEs, but there 
was poor agreement between the trichotomizations for these two endpoints 
(Table 2, K-value=0.03). The corresponding figure for those 773 subjects 
examined for both CA and MN was similarly low (Table 3, K-value=0.07). 
Considering this astonishing lack of agreement, one should not expect a sim
ilar cancer predictive value from the three cytogenetic endpoints. 

Cohort Analysis of Mortality and Cancer Incidence 

After linkage to national registers, the data base was supplemented with in
formation on vital status. The follow-up period was defined as the time from 
the date of cytogenetic testing until the date of death, tumor diagnosis (Nor
dic cohort only), emigration, 85th birthday, or end of the calendar-year of 
follow-up, whichever occurred first. 
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Table 3. Agreement between trichotomization for 
chromosomal aberrations (CAs) and micronuclei 
(MN) in 773 subjects examined for both endpoints 
(K-value == 0.07) 

MN frequency CAs frequency 

low Medium High 

low 
Medium 
High 

192 
92 
83 

107 
66 
65 

57 
57 
54 

Information on incident malignant tumors, from the start of the follow-up 
period until the end of 1993 (Sweden, Denmark), 1994 (Norway), or 1995 
(Finland), were obtained from the National Cancer Registries. In the Italian 
cohort, the specific causes of death until April 30, 1996 were obtained from 
the Municipality of Residence. 

During the follow-up period 91 Nordic subjects examined for CAs were di
agnosed with cancer and 64 Italian subjects examined for CAs died from a 
malignant tumor (Table 1). The relative distributions of tumor diagnoses dif
fers somewhat between the Nordic cohorts and the Italian cohort. About 40% 
of the tumor deaths in the Italian cohort were caused by neoplasms in the 
lower respiratory tract, but these tumors contributed only to 12% of the ob
served cancer cases in the Nordic cohorts. By contrast, only one prostate can
cer death (2%) was found in the Italian cohort, whereas 15% of the incident 
cases in the Nordic cohorts were due to prostate cancer. This can partly be 
explained by a varying survival with respect to cancer diagnosis. It under
lines, however, the difficulties in assessing the predictive value of CAs for 
specific tumor diagnoses in the joint data base. Such analyses will be more 
meaningful after a prolonged follow-up period. 

Seventy-three subjects from the Nordic cohorts examined for SCEs were 
diagnosed with cancer, but only four Italian SCE-examined subjects had died 
from a malignant tumor (Table 1). The corresponding figures for MN were 
18 in the Swedish cohort and nine in the Italian cohort. 

Expected cancer incidence for the Nordic cohorts will be calculated by ca
lendar year-, gender-, and 5-year age-group specific incidences for each 
country. Correspondingly, the expected cancer mortality in the Italian co
horts can be calculated by calendar year-, gender-, and 5-year age-group spe
cific death rates for the Italian population. Stratified calculations of standard
ized cancer incidence ratios (SIRs) and standardized mortality ratios 
(SMRs), with respect to the trichotomized results of the cytogenetic biomar
kers, will thereafter be performed. 
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Table 4. Distribution of the potential effect modifying factors, gender, age at test, and length of fol-
low-up time in the Nordic and Italian cohorts, with respect to frequency of chromosomal aberrations 
(CAs) andsister choromatid exchanges (SCEs) 

Cytogenetic Cohort Frequency Females (%) Age at test (years) Follow-up time (years) 
endpoint of CAs Percentiles Percentiles 

10th 50th 90th 10th 50th 90th 

CAs Nordic low 23.3 23 33 55 6.8 11.2 16.5 
Medium 21 .5 23 36 55 6.8 12.6 16.9 
High 28.0 25 38 57 12.2 12.2 17.8 

Italian Low 21.3 25 38 54 3.5 10.9 22.1 
Medium 26.1 25 39 55 3.8 11.7 19.7 
High 28.0 26 41 57 3.8 11.9 20.0 

SCEs Nordic low 32.9 23 35 55 6.9 10.2 15.6 
Medium 35.6 23 35 58 6.8 10.8 16.1 
High 32.0 25 38 56 6.9 12.6 16.2 

Italian Low 27.6 24 36 S3 2.2 S.2 10.9 
Medium 27.8 26 37 54 2.4 45 11.5 
High 32.7 26 38 SS 2.2 3.8 12.2 

Low, 1- 33 percentiles; medium, 34-66 percentiles; high, 67- 100 percentiles. 

Poisson Regression Models 

The distributions of gender, age at testing, and length of follow-up, with re
spect to the frequency of the cytogenetic endpoints, are displayed in Table 4. 
One aim of the present study is to assess the importance of potential effect 
modifiers on the predictive values of the cytogenetic endpoints regarding 
cancer risk. The potential modifying effect of gender, age at testing, time 
since testing, and country (only for cancer incidence) will be assessed by 
means of Poisson regression (Clayton and Hill 1993). As the the presently 
available data on smoking habits and occupational exposure are not suffi
cient, the importance of these factors will therefore be assessed in a case-re
ferent study within the joint study base. 

Cohort-Based Case-Referent Study 

The aim of this study is to investigate if the predictivity of CA frequency re
garding cancer risk is modified by certain exposures (occupational expo
sures, smoking habits, radiotherapy and cytostatic drugs). For each subject 
with cancer in the study base, four referents will be selected, independent of 
their CA frequency and exposure status. The referents will be matched with 
respect to country, gender, birth year, and year of cytogenetic testing. 

Available exposure data for cases and referents will be retrieved from med
ical records and protocols from the original cytogenetic studies. Moreover, 
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skilled industrial hygienists from each participating country will contact the 
companies in which the cases and referents were employed at the time of cy
togenetic testing in order to ascertain supplementary exposure data. A life
long occupational history will be obtained by means of a postal question
naire to cases/referents (or next-of-kin if they are deceased), followed by a 
structured telephone interview performed by the occupational hygienists. 
Based on available exposure data, each subject will be classified in a semi
quantitative way for a number of exposures included in an exposure matrix. 
This exposure matrix has basically been constructed with respect to the mu
tagen/carcinogen exposures described in the original cytogenetic studies, 
forming the present study base. The assessment according to the exposure 
matrix will be performed for each calendar year during the subjects occupa
tional history, until end of foHow-up. Data on smoking habits, radiotherapy 
and treatment with cytostatic drugs will also be obtained through the tele
phone interview, and if necessary checked with medical records. Logistic re
gression models will be used for the data analysis. The case-referent study 
must be approved by ethics committees in each participating country before 
it can be implemented. 

Discussion 

A validation of candidate biomarkers of excess cancer risk to be used in 
occupational health surveys hopefully will result in the enhanced quality of 
health surveillance programs, and increased preventive measures at the work
place. Cytogenetic biomarkers, which have been used for decades and to a 
large extent in occupational health surveys, are presently the only endpoints 
allowing a reasonable epidemiologic evaluation of cancer predictivity in 
healthy subjects. The prerequisites for prospective cohort studies needed for 
such a validation are that the identity of the subjects examined for cytoge
netic endpoints can be retrieved and that an adequate follow-up for cancer 
can be performed. These conditions were at hand in the Nordic countries 
and in Italy, but do not seem to be present in other countries. The data base 
presented here are therefore unique, and their further analysis will allow a 
more detailed understanding of the predictive value of cytogenetic biomar
kers, possibly also providing some mechanistic knowledge relevant to cancer 
development. 
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Instability at Chromosomal Fragile Sites 
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Abstract 

Chromosomal fragile sites are loci that are especially prone to forming gaps 
or breaks on metaphase chromosomes when cells are cultured under condi
tions that inhibit DNA replication or repair. The relationship of "rare" folate 
sensitive fragile sites with (CCG)n expansion and, in some cases, genetic dis
ease is well established. Although they comprise the vast majority of fragile 
sites, much less is known at the molecular level about the "common" fragile 
sites. These fragile sites may be seen on all chromosomes as a constant fea
ture. In addition to forming fragile sites on metaphase chromosomes, they 
have been shown to display a number of characteristics of unstable and 
highly recombinogenic DNA in vitro, including chromosome rearrangements, 
sister chromatid exchanges and, more recently, intrachromosomal gene am
plification. Only one such fragile site, FRA3B at 3pI4.2, has been extensively 
investigated at the molecular level. It extends over a broad region of possibly 
500 kb, and no trinucleotide or other simple repeat motifs have been identi
fied in the region. FRA3B has recently been shown to lie within the FHIT 
gene locus. This region and the FHIT gene are unstable in a number of tu
mors and tumor cell lines. It thus appears that common fragile sites are also 
associated with unstable regions of DNA in vivo, at least in some tumor cells, 
and may cause this instability. Current challenges include determining the 
mechanism of fragile site expression and instability, and both the environ
mental and genetic factors that influence this process. Candidate factors in
clude those genes involved in DNA repair and cell cycle and common carci
nogens such as those in cigarette smoke. 

Background 

Chromosomal fragile sites are chromosome regions that are especially sensi
tive to forming chromosome gaps or breaks on metaphase chromosomes 
(reviewed in Sutherland and Hecht 1985). They are site-specific in that they 
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occur at cytogenetically identifiable points in the genome and do not gener
ally appear on metaphase chromosomes unless the cells are cultured under 
conditions that inhibit DNA synthesis or repair. Today, we know of over 100 
fragile sites, which are generally grouped into two classes based on their rela
tive frequency of occurrence and means of induction. These are the "rare" 
fragile sites, such as FRAXA in the fragile X mental retardation (FMRl) 
gene, and "common" (or "constitutive") fragile sites, such as FRA3B at 
3p14.2, which are found in many if not all chromosomes. Appearance of the 
rare fragile sites is a manifestation of mutation and genetic variation while 
common fragile sites apparently represent a constant feature of chromosome 
structure, but which may be unstable in somatic cells under certain condi
tions. 

Rare Fragile Sites 

Growth of cells under conditions of folate or thymidylate stress has led to 
the identification of 17 rare folate-sensitive fragile sites, a class which in
cludes FRAXA. Other rare fragile sites are induced by 5-bromodeoxyuridine 
(BrdU) or distamycin A (Sutherland and Hecht 1985). Seven of the rare 
fragile sites have been cloned and six, including the fragile X site, FRAXA, 
are associated with CCG trinucleotide repeats (Warren 1996). These fragile 
site loci therefore represent a subclass of the trinucleotide repeat expansion 
mutations involved in a number of human diseases. However, only the CCG 
repeat expansion disorders are known to be associated with chromosomal 
fragile sites. Expanded CAG, CTG or GAA repeats apparently do not give rise 
to fragile sites (Jalal et al. 1993). The associated fragile site contributed im
mensely to the positional cloning of the FMRl gene and the discovery that 
an expanded CCG repeat in the 5' untranslated region of the FMRl gene 
leads to inactivation of the gene and associated chromosomal instability 
(Verkerk et al. 1991; Kremer et al. 1991; Oberle et al. 1991). The trinucleotide 
repeat expansion explains the unusual inheritance and genetic anticipation 
seen in the fragile X syndrome (Fu et al. 1991), and accounts for the appear
ance of the associated fragile site on metaphase chromosomes from affected 
individuals and some carrier females. 

In addition to FRAXA, expanded CCG repeats have also been found at the 
FRAXE and FRAXF loci in Xq27-28, FRA16A in 16p13, and FRA11B in 
llq23 (Knight et al. 1993; Parrish et al. 1994; Nancarrow et al. 1994). FRAXE 
is associated with mild mental retardation in males with expanded repeats. 
FRA11B, found in the CBL2 gene, is believed to lead to terminal deletions of 
distal chromosome 11 in some cases of Jacobsen syndrome. FRA16A lies ad
jacent to a CpG island but is not associated with disease in heterozygotes. A 
related, but different, rare fragile site was recently cloned and characterized 
by Yu et al. (1997). This fragile site, FRA16B, is associated with an expanded 
33 bp AT-rich micro satellite repeat. The finding that this sequence contains 
long AT tracts was predicted based on the fact that it and a few other rare 
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fragile sites are induced by AT-binding drugs such as distamycin A and ne
tropsin. 

In all of these cases, the instability observed at the nucleotide level as ex
panded repeats is translated through an apparent change in chromatin struc
ture to a higher order instability observed at the level of the metaphase chro
mosome. These changes can give rise to genetic disease by modifying the 
expression of neighboring genes, as is the case with FRAXA and FRAXF, or 
by mediating chromosome deletions, as is seen in some cases of Jacobsen 
syndrome. In all cases, the changes give rise to fragile sites on metaphase 
chromosomes by mechanisms that likely involve formation of complex intra
molecular structures that act as a block to DNA synthesis. 

Common Fragile Sites 

In the early investigations of the cytogenetics of the fragile X syndrome, the 
occurrence of site-specific chromosomal gaps and breaks was noted on chro
mosomes of all individuals, hence the term "common fragile sites" (Glover et 
al. 1994). Certain sites such as 3pI4.2, 16q23, Xp22.3 and others repeatedly 
display gaps and breaks which appear on the cytological level just like the 
fragile X site. While common fragile sites are seen when cells are grown un
der those conditions of folate orthymidylate stress that also induce the rare 
(CCG)n-associated fragile sites, they are more efficiently seen when cells are 
treated with aphidicolin, an inhibitor of DNA polymerases a and y (Glover et 
al. 1984). However, the rare fragile sites are not induced by aphidicoIin, sug
gesting related, but different, mechanisms for instability. 
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Fig. 1. Examples of common fragile sites induced by aphidicolin in normal human lymphocytes (from Glover 
1988) 
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At present, 84 common fragile sites are listed in the Genome Database 
(GDB). The exact number of common fragile sites that exist is a matter of in
terpretation based on criteria for inclusion and statistical analyses of data. 
The greater the stress placed on DNA replication or G2 repair, the more 
breaks and gaps are observed until replication ceases altogether. The most 
frequently observed common fragile sites occur at 3p14.2 (FRA3B), 16q23 
(FRA16D, 6q26 (FRA6E), 7q32 (FRA7H), Xp22.3 (FRAXB) and five to ten 
other sites (Glover et al. 1984) (Fig. O. 

Most common fragile sites occur in G-light bands, leading to suggestions 
that they may be associated with active gene regions (Yunis and Soreng 
1984; Hecht 1988). Variation among normal individuals in the proportion of 
treated cells expressing common fragile sites has been reported (Austin et al. 
1992), and a study of expression in twins (Tedeschi et al. 1992) has suggested 
that the level of expression is under stringent genetic control. However, there 
are also very likely environmental influences on fragile site expression, such 
as cigarette smoking (Ban et al. 1995; Stein et aI., submitted) (discussed be
low). 

Common Fragile Sites and Cancer 

Instability In Vitro 

Common fragile sites have been of interest because they represent an un
known component of chromosome structure, and because of their instability 
and high recombination in vitro. However, even though these sites comprise 
the vast majority of fragile sites, little is known about their structure or bio
logical significance. Based on their behavior in vitro and their locations, nu
merous suggestions have been made that fragile sites may playa mechanistic 
role in chromosome breakage and rearrangements involved in cancer (Austin 
et al. 1992; LeBeau and Rowley 1984; Hecht and Glover 1984; Hecht and 
Sutherland 1984). This association is based on the coincident location of a 
number of fragile sites and the location of breakpoints of common and char
acteristic chromosome aberrations in cancer. However, these studies have 
been based largely on statistical correlation of breakpoints and fragile sites 
with little direct evidence either to support or refute this suggestion. They 
make the assumption that instability at fragile sites can lead to chromosome 
breakage in vivo, as they do in vitro, and that these breaks result in chromo
some rearrangements or deletions. 

In addition to forming gaps or breaks on metaphase chromosomes, com
mon fragile sites have been shown to display a number of characteristics of 
unstable and highly recombinogenic DNA in vitro. All of these characteris
tics are consistent with the hypothesis that DNA strand breaks are associated 
with fragile site induction. Following induction, these sites are "hotspots" for 
increased sister chromatid exchange on metaphase chromosomes (Glover 
and Stein 1987) and show a high rate of translocation and deletions in so-
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matic cell hybrid systems (Glover and Stein 1988; Wang et al. 1993). Rassool 
et al. (1916) showed that FRA3B (and likely other common fragile sites) is a 
preferred site of recombination, or integration, with pSV2neo-plasmid DNA 
transfected into cells pretreated for fragile site induction. Perhaps related to 
this characteristic are the findings of Wilke et al. (1996), that FRA3B was the 
site of integration of HPV16 in a primary cervical carcinoma, and other 
reports of the coincidence of viral integration sites in tumors or tumor cell 
lines and fragile sites as studied by FISH (De Braekeleer et al. 1992; Popescu 
and DiPaolo 1989; Smith et al. 1992). 

Fragile sites have also recently been implicated in intrachromosomal gene 
amplification events in cultured CHO cells. Kuo et al. (1994) found a fragile 
site in CHO cells to be consistent with the site of three independently estab
lished P-glycoprotein gene amplification events, and that pretreatment of 
cells with aphidicolin greatly increased such amplification events. These re
sults suggested that fragile sites might also play a pivotal role in some gene 
amplification by initiating a breakage-fusion bridge cycle. More recently, 
Coquelle et al. (1997 and this volume) have expanded on the findings that 
show a relationship between fragile sites and gene amplification. They 
showed that actinomycin D, a known clastogen with CG binding preference, 
and related compounds that induce fragile sites in CHO cells also induce am
plification of flanking genes and regions. The investigators hypothesize that 
DNA strand breaks preferentially at fragile sites initiate a breakage-bridge-fu
sion cycle, triggering and setting limits to amplification of large DNA seg
ments. Additional studies of the connection between fragile sites and gene 
amplification are necessary to understand this process and are important in 
fully understanding the significance of fragile site expression in cancer cells, 
where gene amplification plays a major role in tumor progression. 

Molecular Analysis of FRA3B 

Only one common fragile site, FRA3B, has so far been extensively studied on 
the molecular level. FRA3B was targeted for study because it is the most fre
quently seen fragile site on human metaphase chromosomes and can be in
duced in the majority of treated cells. It maps to a region of 3p known to be 
associated with deletions in a number of solid tumors, including small cell 
lung cancer (SCCL) (Hibi et al. 1992), hereditary and sporadic renal cell can
cer (RCC) (Cohen et al. 1979; Yamakawa et al. 1991), and cervical cancer 
(Wistuba et al. 1997). In addition, FRA3B was found to lie very near the 
t(3;8) translocation breakpoint segregating in a family described with familial 
renal cell carcinoma (Glover et al. 1988). 

Sequences at FRA3B have been identified by a number of related ap
proaches. Wilke et al. (1994, 1996) used a positional cloning approach and 
FISH to localize the fragile site to a large region of > 100 kb that is ~ 160 kb 
telomeric to the renal cell carcinoma t(3;8) breakpoint. Sequence analysis of 
9 kb at the "center" of the defined region revealed a site of integration of 
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HPV 16 in a human cervical carcinoma, suggesting that fragile sites may be 
hotspots for integration of viral DNA in vivo, as they are for transfected 
DNA in vitro (Rassool et al. 1991). Pardee et al. (1995, 1996) mapped a series 
of aphidicolin-induced chromosome 3 breakpoints to the same region, and 
identified two clusters of breaks flanking the region studied by Wilke et al. 
(1996). By cloning sequences surrounding pSV2neo-plasmid DNA integrated 
into FRA3B after being transfected into cells treated with aphidicolin, Ras
sool et al. (1996) identified sequences within the fragile site region", 350 kb 
distal to the t(3;8) breakpoint. Boldog et al. (1997) cloned a 300 kb region 
spanning an aphidicolin-induced chromosome 3 translocation breakpoint 
and have sequenced over 110 kb of this region. This sequence matched the 
HPV16 integration site, the aphidicolin-induced breakpoints and the 
pSV2neo integration sites in the FRA3B region. Finally, in an approach 
aimed at investigating regions of loss of heterozygosity (LOH) in tumors, 
Ohta et al. (1996) cloned the FHIT (for fragile histadine triad) gene from the 
same region, and it is now known that FHIT spans FRA3B. 

The results of these studies show that the common fragile sites, and 
FRA3B in particular, differ from FRAXA and other rare fragile sites in many 
ways. First, gaps, breaks and instability occur over a very large genomic 
region relative to FRAXA. FRA3B extends from approximately the t(3;8) 
breakpoint to roughly 500 kb telomeric. Whether this represents a single un
stable region or multiple unstable regions is unknown. Secondly, trinucleo
tide repeats have not been identified in the region (Wilke et al. 1996; Pardee 
et al. 1995; Boldog et al. 1997). Thus, while all fragile sites appear similar on 
the level of the metaphase chromosome, there are significant differences on 
the molecular level. 

Are common fragile sites associated with genes as are at least some rare 
fragile sites? Given their apparent instability, this might have been considered 
doubtful not long ago. However, FRA3B, the only common fragile site to so 
far be characterized at the molecular level, lies within a gene that is highly 
unstable in tumor cells. The identification of this gene followed from 
searches for regions that might contain tumor suppressor genes in tumor cell 
lines. 

Based on representational difference analysis (RDA) of genomic DNA, 
Lisitsyn et al. (1995) identified a region on 3p which showed homozygous 
deletions in gastrointestinal tumor cell lines. Kastury et al. (1996) defined 
homozygous deletions encompassing these sequences in a variety of epithe
lial tumor cell lines. Focusing on this deleted region, Otha et al. (1996) used 
exon trapping to identify an exon of what is now known as the FHIT gene 
from a cosmid contig spanning this region. The region of homozygous dele
tion and the FHIT gene were subsequently found to map exactly at FRA3B. 

The FHIT gene spans approximately 1 mb of 3p14.2, and spans both 
FRA3B and the t(3;8) familial renal cell carcinoma breakpoint. It contains ten 
exons, five of which are coding. In contrast to its large genomic size, it en
codes only a 1.1-kb transcript that is ubiquitously expressed at relatively low 
levels (Ohta et al. 1996). The product of the FHIT gene is a 147 amino acid 
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(16.8 kDa) protein with identity to diadenosine 5',5'" -P1,P4-tetraphosphate 
hydrolase (Ap4A) from Schizosacchramyces pompe which functions in the 
cleavage of diadenosine tetraphosphates (Barnes et al. 1996). Both proteins 
have sequence homology to the HIT family of proteins. These proteins are 
characterized by four conserved histidines, three of which comprise a histi
dine triad (HxHxH), or HIT sequence which is encoded by exon 8 for the 
human protein. Barnes et al. (1996) have recently demonstrated that the pre
ferred substrate for the FHIT protein is a diadenosine triphosphate, rather 
than tetraphosphate, thus FHIT functions as as'S'" -P1,P3-diadenosine tri
phosphate (Ap3A) hydrolase (EC3.6.1.29). 

The biological significance of the FHIT gene is not clearly understood. 
Diadenosine tri- and tetra-phosphates are ubiquitous small molecules pro
duced from ATP and consist of two adenosine molecules bridged by two or 
three phosphate groups. They have been implicated in cell cycle arrest and 
are synthesized in response to cellular stress such as starvation and heat 
shock conditions in prokaryotes, leading to their being termed "alarmones" 
(Segal and Le Pecq 1986; Garrison et al. 1986). This possible role is of partic
ular interest when considering fragile sites given that they are induced under 
conditions of cellular stress or nucleotide starvation. Besides this, the signifi
cance of diadenosine phosphates as modulators of physiological processes 
such as hemostasis and neurotransmission has been the focus of intensive 
research interest for many years. 

The FHIT/FRA3B Region is Frequently Deleted in Tumor Cells 

Because of its location in a region of frequent LOH in many tumors, and the 
fact that a homozygous deletion in an esophageal tumor provided a foothold 
into 3p 14.2 for the identification of FHIT, Ohta et al. (1996) and others from 
this group studied the FHIT gene in a number of tumors and tumor cell 
lines. Using RT-PCR to study RNA from cell lines as well as primary squa
mous cell esophageal, stomach, and colon carcinomas, aberrant FHIT tran
scripts, suggesting deletions, were identified in many of the tumors and most 
of the cell lines. The cell lines were also shown to have homozygous dele
tions within FHIT and the FHIT protein was shown to be absent or reduced 
in some of these cell lines. Based on these findings, Ohta et al. (1996) sug
gested that FHIT is a frequently mutated tumor suppressor gene. 

Aberrant transcripts have subsequently been identified by RT-PCR in 
numerous tumors or tumor cell lines including breast (Negrini et al. 1996), 
lung (Sozzi et al. 1996), head and neck (Virgilio et al. 1996), cervical (Muller 
et al. 1948) and Barrett's esophageal tumors (Michael et al. 1997). While the 
nature of the aberrant transcripts is not completely understood, genomic 
deletions have been identified in many of the cell lines and some of the pri
mary tumors. In our study of premalignant metaplasia and adenonocarcino
mas of Barrett's esophagus (Michael et al. 1997) deletions of exon 5 and 
within intron 5 of FHIT, both within FRA3B by FISH, were observed. The re-
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sults of genomic deletion analysis coincided with the RT-PCR results in 
some, but not all, cases, suggesting that other factors such as aberrant splic
ing in tumor cells may also contribute to the appearance of aberrant tran
scripts. 

In addition to deletions and aberrant transcripts, the FRA3B region and 
FHIT gene have so far been found to be involved in two chromosome trans
locations associated with cancer. The first is the hereditary t(3;8) transloca
tion breakpoint, mentioned earlier, that was found in a family segregating a 
genotype conferring high risk for renal cell carcinoma (Cohen et al. 1979). 
This translocation breaks the chromosome in intron 3 of the FHIT gene. The 
second is a tumor-specific translocation found in a pleomorphic adenoma of 
the thyroid gland (Geurts et al. 1997). In this latter case, FHIT forms a chi
meric transcript with the HMGIC tumor supressor gene on chromosome 12. 
Whether these translocations are related to instability of FRA3B is not 
known, but as mentioned above, translocations in FRA3B can be induced at 
a high frequency in vitro (Glover and Stein 1988; Wang et al. 1993). 

These and other studies (see Huebner et al. this volume) have firmly 
shown a relationship between deletions and instability at the FHIT/FRA3B 
locus and cancer cells. Questions that remain include whether these deletions 
are a cause or an effect of cancer, whether FHIT is a classic tumor suppres
sor gene, and whether FRA3B is truly the cause of the instability. Siprashvili 
et al. (1997) have recently presented functional data in which transfected 
FHIT constructs suppressed tumor growth, supporting the tumor suppressor 
hypothesis. Arguments against the FHIT gene acting as a classical tumor 
suppressor gene include the fact that the known function of FHIT is not 
obviously related to tumor suppressor activity. In addition, some primary 
tumors and cancer cell lines were found to harbor allelic and homozygous 
deletions only in intronic regions (Boldog et al. 1997; Sozzi et al. 1996; 
Thiagalingam et al. 1996), thus presumably not affecting FHIT function. 
Also, under certain conditions, "aberrant" FHIT transcripts have been seen 
in normal cells (Boldog et al. 1997; Thiagalingam et al. 1996). Therefore, 
alternative hypotheses for the unusual findings with the FHIT gene include 
aberrant or alternative splicing, selection for another mutated gene tumor 
suppressor gene in the region, perhaps in the large FHIT intron 5, and 
genomic instability at FRA3B which lies at the center of the frequently 
deleted regions of FHIT. 

Genomic instability is a frequent characteristic of tumor cells and com
mon fragile sites may be particularly sensitive to such instability. Thus, as 
now suggested by many investigators, FHIT deletions and aberrant splicing 
and aberrant transcripts may arise through FRA3B leading to genomic insta
bility and possibly interfering with FHIT transcription and/or splicing with 
or without providing a selective advantage to the affected cell (Boldog et al. 
11997; Michael et al. 1997; Thiagalingam et al. 1996). However, the hypoth
esis that FRA3B is responsible for the high frequency of FHIT deletions is 
not mutually exclusive with the tumor suppressor gene hypothesis. Regard
less of the function of the FHIT gene, it represents a highly unstable gene in 
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cancer, and it contains a common fragile site that may cause the instability. 
It is possible that similarly unstable genes could be associated with the 80 or 
so other common fragile sites, and such associations would lend support to 
this hypothesis. Huang et al. (1997) have recently identified yeast artificial 
chromosomes (YACs) spanning the common fragile site at 7q32.1 (FRA7G). 
This fragile site region also appears large, over 300 kb, and contains markers 
that are frequently lost in breast, prostate and ovarian cancers. My laboratory 
has recently identified YAC clones spanning common fragile sites at Xp22.3 
(FRAXB) and 16q23.1 (FRA16D) and has begun their analysis. FRAXB lies in 
a region of frequent deletions at Xp22.3, while the region in which FRA16D 
maps has been identified as a region of frequent LOH in prostate and breast 
cancer (Cleton-Jansen et al. 1994). Whether these fragile sites are mechanisti
cally related to the deletions noted in these regions is unknown at present. 

Mechanism of Instability: Genetic and Environmental Influences 

The mechanism underlying instability at all fragile sites, including the trinu
cleotide repeats, is not well understood. The mechanism for induction of all 
fragile sites appears to involve interruptions of normal DNA synthesis. DNA 
repair mechanisms may also playa role, since caffeine, an inhibitor of G2 re
pair, increases the number of cells expressing fragile sites (Yunis and Soren 
1984; Glover et al. 1986). Based on the fact that fragile sites are induced by 
agents that retard DNA replication or repair, and the high frequency of sister 
chromatid exchanges and chromosome rearrangements, it was proposed 
many years ago that fragile sites were associated with unreplicated DNA or 
DNA strand breaks (Glover et al. 1984; Glover and Stein 1987, 1988). 

For the majority of rare fragile sites, the same events that lead to instabili
ty at CCG repeats during meiosis or mitosis in vivo also likely lead to the 
manifestation of fragile sites on metaphase chromosomes. Richards and 
Sutherland have suggested that the massive expansion seen at trinucleotide 
repeats may be due to the occurrence of more than one single-strand DNA 
break causing slippage of unanchored Okazaki fragments during replication 
(Richards and Sutherland 1995). Instability in related tandem repeat se
quences has been shown by Jeffreys et al. (1994) to involve a complex pro
cess involving strand breaks, gene conversion or internal reduplication, and 
gap repair. Interestingly, mutations in these repeats tend to occur at one end 
of the repeat, i.e. they are polar, and this has led to the suggestion that se
quences adjacent to the repeats may play a role in the instability. In recent 
years, investigators have demonstrated an association of trinucleotide repeats 
with exclusion of nucleosomes (Wang and Griffith 1996), DNA hairpin struc
tures (Gracy et al. 1995) and pausing of DNA synthesis (Kang et al. 1995). 

Less is known about the mechanism responsible for common fragile sites. 
No trinucleotide or other simple repeat sequence motif has yet been identi
fied that could be responsible for the instability (Wilkeet al. 1996; Boldog et 
al. 1977). The common fragile site region so far examined in greatest detail, 
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FRA3B, is very large and a complete sequence is not yet available. Boldog et 
al. (1997) have sequenced approximately 110 kb of the centromeric portion 
of FRA3B within intron 5 of the PHIT gene and have found the region to be 
high in AT content and in LINE and MER repeats, with few alu repeats. Inter
estingly, they identified a small polydispersed circular DNA (spc-DNA) se
quence in this region. Such sequences have been shown to be associated with 
clustered repeats such as ,B-satellites and are elevated in Fanconi's anemia pa
tients. They are also induced by DNA damaging agents, including the fragile 
site inducer aphidicolin. 

If fragile sites are indeed regions of unreplicated DNA, this could arise 
from a number of reasons in addition to repeats leading to blocks to DNA 
replication, such as late replication or a paucity of replication origins in the 
region. Laird et al. (1987) have proposed a model for fragile sites wherein 
they occur at alleles whose replication is delayed relative to nonfragile alleles. 
Le Beau et al. (1998) have recently shown that FRA3B is a late replicating re
gion and that replication is further delayed or inhibited by aphidicolin, used 
to induce expression of FRA3B. While late replication alone does not result 
in a fragile site, fragile site sequences may not be able to recover from a 
further delay in DNA synthesis. Such regions of unreplicated DNA persisting 
in G2 and M could explain why caffeine, an inhibitor of G2 repair, increases 
fragile site expression. A largely unexplored possibility is that common frag
ile site expression is related to transcriptional timing of associated late repli
cating genes, such as PHIT or other genes at FRA3B. 

In addition to cis-acting sequences, there are undoubtedly other genetic 
and environmental factors that influence fragile site expression and asso
ciated genomic instability. Candidates for genes influencing expression are 
those involved in DNA replication and repair, and those involved in cell cycle 
checkpoints such as p53. It is clear that one of the defining features of can
cer cells is an increase in genome instability. Mutations in the p53 gene are 
known to result in polyploidy and widespread karyotypic instability, amplifi
cations and deletions (Donehower et al. 1995; Huang et al. 1996). Loss of p53 
function by mutation or inactivation of the protein leads to an inability of 
the cell to interrupt its cell division cycle in response to many types of DNA 
damage, perhaps including DNA damage at fragile sites. It is very possible 
that fragile site regions, and any associated genes (such as PHIT at FRA3B), 
may be especially sensitive to the effects of such instability. This could in 
part explain why the PHIT gene is so frequently deleted and rearranged in 
many tumors. Boldog et al. (1997) have recently found a correlation between 
tumors with PHIT deletions and their p53 mutation status, supporting this 
suggestion. The recent findings, that fragile sites are associated with intra
chromosomal gene amplification in CHO cells, may relate to their deficiency 
in p53 or related genes. 

Environmental factors also may influence fragile site expression or stabili
ty. As mentioned above, caffeine treatment of cells in vitro increases fragile 
site expression. Ban et al. (1995) have provided data indicating that cigarette 
smokers show increased frequencies of fragile site expression in their cul-
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Fig. 2. Summary of fragile site expression in cultured lymphocytes from nonsmoking lung cancer patients, 
nonsmoking controls and smokers. Values are presented as least squares means ± std. error. Both total 
fragile site and FRA3B expression are significantly higher in smokers (from Stein et aI., submitted) 

tured lymphocytes. In our own studies (Stein et aI., submitted) of fragile site 
expression in lung cancer patients vs controls, we also found this to be the 
case. Current cigarette smokers showed a significantly increased frequency of 
expression of FRA3B and other fragile sites as compared to nonsmoking can
cer patients or controls (Fig. 2). In what could be related to these findings, 
Sozzi et al. (1997) have recently reported loss of alleles on chromosome 3p, 
specifically at the FHIT locus, occurs in tumors from cigarette smokers at a 
higher frequency than in tumors from nonsmokers. How cigarette smoking 
can lead to increased expression of a fragile site, even after lymphocytes are 
cultured for 3-4 days, is presently unknown, as is the effect on FHIT or other 
genes at the molecular level. However, theses studies point to the possibility 
that FRA3B and other common fragile sites may be targets for common car
cinogens such as those found in cigarette smoke. 

Conclusions 

The phenomenon of fragile sites has intrigued a handful of investigators for 
over two decades, but has become increasingly of interest with findings over 
the past few years. Some, like FRAXA seen in the FMRl gene, are caused by 
expansion of CCG trinucleotide repeats. The majority of fragile sites, how
ever, are the common fragile sites about which much less is known regarding 
their biological significance or mechanism of instability. Although a number 
of early reports attempted to link fragile sites with chromosome breakpoints 
found in cancer cells, until recently there was no direct molecular evidence 
to support this association. It now appears from studies of FRA3B and the 
FHIT gene that this is a large genomic region that is particularly unstable in 
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cancer cells. A number of interesting questions are now approachable, 
including the mechanism of this instability, the genetic and environmental 
influences affecting instability and the functional significance of instability at 
FRA3B and other fragile sites. 
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Abstract 

The PHIT gene, which encodes a l-kb message and a 16.8-kDa protein that 
hydrolyses diadenosine triphosphate (ApppA) to ADP and AMP in vitro, 
covers a megabase genomic region at chromosome band 3p14.2. The gene 
encompasses the most active of the common human chromosomal fragile 
regions, PRA3B. Over the years, it has been suggested that fragile sites might 
be especially susceptible to carcinogen damage and that chromosomal 
regions of nonrandom alterations in cancer cells may coincide with defined 
fragile sites. Within the PRA3B region, the characteristic induced chromo
some gaps can occur across the entire region, but 60% of the gaps are cen
tered on a 300-kb region flanking PHIT exon 5, the first protein-coding exon. 
Numerous hemizygous and homozygous deletions, translocations and DNA 
insertions occur within PHIT in cancer cell lines, uncultured tumors, and 
even in preneoplastic lesions, especially in tissues such as lung that are tar
gets of carcinogens. This supports the proposed cancer-fragile site connec
tion and suggests that the PHIT gene, expression of which is frequently 
altered in cells showing PHIT locus damage, is a tumor suppressor gene 
whose inactivation may drive clonal expansion of preneoplastic and neo
plastic cells. Replacement of Fhit expression in Fhit-negative cancer cells 
abrogates their tumorigenicity in nude mice. 

Analysis of the approximately 300-kb DNA sequence encompassing PHIT 
exon 5 in the PRA3B epicenter has provided clues to the mechanism of re
pair of the fragile site double strand breaks. The mechanism involves recom
bination between LINE 1 elements with deletion of the intervening sequence, 
often including PHIT exollS. These studies have also shown that PHIT altera
tions generally entail independent deletion of both PHIT alleles. 

Future studies will focus on two objectives: study of (1) the in vivo func
tion of the Fhit protein and (2) mechanisms of break and repair in the 
PRA3B fragile region. 
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Background 

With the mapping of the PTPRG (receptor protein tyrosine phosphatase gam
ma or PTPy gene) locus to 3p14-21 centromeric to a chromosome transloca
tion break (LaForgia et al. 1991) associated with familial clear cell renal car
cinoma in a family carrying a t(3;8)(pI4.2; q24), translocation (Li et al. 
1993), we began a search for the gene at 3p14.2 which was disrupted or dys
regulated by the translocation and thus might be a tumor suppressor gene 
important for kidney cancer. It was already known that alterations on the 
short arm of chromosome 3 (3p), usually involving loss of portions of 3p, 
were extensive in a number of important types of human cancers, notably 
lung and kidney cancer; it has subsequently been shown that 3p rearrange
ments resulting in loss of 3p alleles are among the most frequent alterations 
in human cancer. There are at least four target regions for loss of alleles on 
3p - at 3p12, 3p14, 3p21, and 3p25 - and tumor suppressor genes were 
being sought for each of these loci. A number of laboratories had been inter
ested in the 3p14.2 region because of the familial kidney cancer translocation 
and because the most active of human chromosome fragile sites was also in 
3pI4.2, perhaps coincident with the t(3,8) chromosome translocation (Glover 
et al. 1988). We studied the relationship of the PTPy gene and the t(3;8) 
flanking region to loss of heterozygosity (LOH) in sporadic human cancers, 
with the ultimate goal of isolation and characterization of the tumor sup
pressor gene at the translocation break. We have shown that the PTP)! gene 
maps closely centromeric to the 3p 14.2 breakpoint and that the breakpoint 
region is involved in LOH in more than 80% of clear cell renal carcinomas 
(Druck et al. 1995) and a substantial fraction of stomach, colon, lung 
(Kastury et al. 1996; Ohta et al. 1996; Sozzi et al. 1996) and other tumors. We 
have also shown that the remaining PTPy allele in kidney tumors is not 
altered (Druck et al. 1995). We thus moved to the telomeric side of the trans
location break, showed that numerous homozygous deletions in cancer cell 
lines mapped closely telomeric to the translocation break, and isolated a 
gene which encompassed the translocation break, the common fragile site, 
and the homozygous deletions. The gene, designated the fragile histidine 
triad or FHIT gene, has now been further characterized to strengthen its cre
dentials as a multiple tumor suppressor gene that, by virtue of its inclusion 
of the common fragile site, is especially sensitive to disruption by environ
mental carcinogens, such as those found in cigarette smoke (Mao et al. 1997; 
Wistuba et al. 1997b). Additionally, expression of Fhit protein has been 
assessed by immunohistochemistry in small cell lung cancers (SCLC) and the 
related lung carcinoids. 
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Materials and Methods 

Tissue Specimens and DNA Isolation 

Tumor specimens and matched normal controls were obtained from the archi
val files or frozen tissue bank of Thomas Jefferson University Hospital. Slides 
and tissue sections were reviewed to confirm the diagnosis and check confor
mity with standard histologic criteria. Carcinoid tumors were micro dissected 
prior to DNA preparation. SCLC samples were taken from biopsies of less than 
3 mm and were not micro dissected. Slides used for immunohistochemistry 
were coated with neoprene. Dissected tissues were placed in sterile microcen
trifuge tubes, deparaffinized with xylene, and incubated overnight at 37 DC in 
Tris-ethylenediaminetetraacetate (EDTA), pH 7.8, and proteinase K (50llg). 
DNA from sections, biopsies, and frozen or fresh tissue was isolated by stan
dard phenol-chloroform extraction and ethanol precipitation. 

Loss of Heterozygosity Analysis 

LOH at microsatellite loci was detected using a polymerase chain reaction 
(PCR)-based approach. Primers which amplify polymorphic microsatellite
containing alleles from numerous 3p loci were prepared in the Kimmel Can
cer Institute core sequencing and synthesis facility or were purchased from 
Research Genetics. Map order and position were established on the basis of 
data from the Genome Data Base (GDB) and the Human Cooperative Linkage 
Center Database and were confirmed, where possible, by analysis of a panel 
of rodent-human hybrids containing portions of 3p. Band positions were es
timated from a combination of genetic and physical positions. For informa
tive cases, allelic loss was scored visually if the radiographic signal of one 
allele was reduced by at least 50% in the tumor DNA when compared to its 
corresponding normal allele. Altered alleles observed in tumors displaying 
apparent micro satellite instability were not scored for allelic loss. 

Microsatellite loci from tumor and normal DNA templates were amplified 
by PCR with the appropriate oligonucleotides. PCR amplification reactions 
were carried out in 12.5-111 final volume with 100 ng template DNA, 20 ng 
primers, 10 mM Tris-HCl pH 8.3, 50 mM KCl, 0.1 mg/ml gelatin, 1.5 mM 
MgClz, 0.1 mM each deoxynucleoside triphosphate (dNTP), 0.5 units Taq 
polymerase (ABI), and 1 IlCi [a32Pl-deoxycytidine triphosphate (dCTP). The 
amplification reactions were performed in a Perkin-Elmer Cetus thermal 
cycler for 30 cycles at 94 DC for 30 s, at 57 DC (varied for specific primer 
pairs) for 30 s, and at 72 DC for 30 s. PCR product (1 Ill) was mixed with 9 III 
sequencing stop buffer (95% formamide, 10 mM NaOH, 0.05% bromphenol 
blue, 0.05% xylene cyanol FF) and denatured at 94°C for 5 min. For LOH, 
analysis 5 III of this mixture was loaded onto a 6% acrylamide:bis (19:1), 8 M 
urea gel for electrophoresis at 80 W for 2-3 h. Gels were dried and exposed 
to X-ray film for 1-14 h. 
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Immunohistochemical Methods 

Routine deparaffinization from xylene to 95% alcohol and rehydration prior 
to microwave antigen recovery were carried out on a Leica Autostainer (Leica 
Inc., Deerfield, IL). The deparaffinization process included a 3D-min metha
nolic peroxide block for endogenous peroxidase activity. The antigen recov
ery step was carried out in an 800-W microwave oven in 200 ml heat-in
duced epitope retrieval ChemMate (HIER) Buffer, pH 5.5-5.7 (Ventana Medi
cal Systems, Tucson, AZ). The holder and slides were then removed from the 
oven and cooled for 20 min prior to continuing the immunostaining proce
dure. 

Slides were washed in dH20 and placed in ChemMate Buffer 1 (phosphate
buffered solution containing carrier protein and sodium azide). Immuno
staining was performed on a Techmate 1000 (Ventana Medical Systems, Tuc
son, AZ) using capillary gap technology. Tissue sections were exposed for 10 
min to normal horse serum (1:50) followed by overnight primary antibody 
incubation (1:2000), as described by Kovatich et al. (1998). The primary anti
body was a polyclonal rabbit immunoglobulin raised against GSTFhit protein 
(Barnes et al. 1996; Druck et al. 1997). The next day, slides were washed, in
cubated for 30 min with a biotinylated goat anti-rabbit IgG secondary anti
body (1:200), and exposed to avidin biotinylated complex (ABC) for 45 min. 
After washing, slides were subjected to three consecutive 8-min applications 
of diaminobenzidine (DAB)/peroxide solution. Treated slides were counter
stained with hematoxylin and coverslipped prior to evaluation. 

Tumorigenicity Studies 

Preparation of mammalian expression vectors, transfection of Fhit-negative 
cancer cell lines, and evaluation of tumorigenicity of Fhit-expressing trans
fected clones have been described (Siprashvili et al. 1997). 

Sequencing and Sequence Analysis 

Preparation of plasmid templates from the cosmid contig, sequencing, 
assembly, and analysis of the 210-kb region flanking FHIT exon 5 has 
been described (Inoue et al. 1997). Sequencing and analysis of the over
lapping 1l0-kb region in FHIT intron 4 has been described by Boldog et al. 
(1997). 
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Results 

Isolation of the FHIT Gene 

To begin the search for a tumor suppressor gene encompassing the t(3;8) break, 
we had several valuable reagents. First, we had somatic cell hybrids carrying the 
derivative 8 chromosome, der 8 (8qter ~ 8q24::3p14.2 ~ 3pter), without chro
mosome 3 or the der 3; we also had the entire PTPy gene cloned in yeast arti
ficial chromosomes (YACs) and phages and had markers derived from within 
PTPy. Figure 1 shows a karyotype of lymphoblasts from a member of the 
t(3;8) family. The derivative 3 (der 3 (3qter ~ 3p14.2::8q24 ~ 8qter) is dupli
cated as indicated by the arrows, while the der 8 is present in one copy. Avail
able 3p markers were used to evaluate up to 50 renal cell carcinomas for LOH 
within the PTPy locus and flanking markers and it was found that approxi
mately 85% of these sporadic tumors showed LOH using markers flanking 
the t(3;8) break (Druck et al. 1995); thus we could be sure that the locus was 
important both in sporadic kidney tumors and in familial tumors. Since the 
remaining PTPy allele in tumors was intact and apparently normal (Druck et 
al. 1995) and we knew the PTPy 5' end was within a few hundred kilobases 
of the t(3;8) break, we assumed that the suppressor gene might be telomeric 
to the t(3;8) and began assembling a map of this region. 

2 4 5 

6 7 8 \ 9 10 11 12 

13 14 15 16 1 7 18 

• • 
19 20 21 22 x 

Fig. 1. The t(3;8)(p14.2;q24) reciprocal chromosome translocation associated with familial clear cell renal 
carcinoma. G-banded karyotype of an Epstein-Barr virus (EBV)-transformed lymphoblast from a member of 
the family carrying the t(3;8) constitutional reciprocal translocation. Arrows mark the derivative chromo
somes, der 3 (two copies) and der 8 
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About this time, in early 1995, Lisitsyn et al. reported that a novel 3p mar
ker isolated by representational difference analysis from a Barret's esophagus 
metaplasia was homozygously deleted in a number of cancer cell lines. We 
mapped this marker, BE758-6, into our region telomeric to the t(3;8), defined 
the size of the common homozygous deletion, and were able to isolate the 
cDNA for a gene which encompassed the homozygous deletions, the trans
location break, a region of hemizygous loss and the common fragile site that 
flanked exon 5 of the gene, the first protein-coding exon (Ohta et al. 1996). 
The cDNA encoded the FHIT gene, a fragile histidine triad gene which is 
translated into a 17-kDa protein, with Ap3A hydrolase activity (Barnes et al. 
1996; Fig. 2). 

Delineation and Sequencing of the Fragile Region 

A number of laboratories, notably that of Thomas Glover (see chapter by 
Glover, this volume), had defined the position of the FRA3B fragile region. 
Thus we knew that the chromosome gaps in this fragile region were telo
meric to the t(3;8) and were within YAC 850A6, which extended from PTPy 
to within the large FHIT intron 5 (see Fig. 3). Using cosmid probes from 
within the large contiguous cloned region surrounding FHIT exon 5, we were 
thus able to determine that the gaps induced in FRA3B by aphidicolin treat
ment were distributed over a broad region of at least 1 Mb with about 60% 
of the gaps occurring within a 300-kb region surrounding exon 5 (Zimonjic 
et al. 1997). Using cosmid templates (cosmids c63, cP4, cS8, c76, and cB4; 
Fig. 3), we sequenced 210 kb of this fragile region (Inoue et al. 1997); our 
sequenced region overlapped the 110 kb intron 4 sequence of Boldog et al 
(1997), resulting in a total sequenced region of 276 kb. This sequence was 
analyzed for repeated sequences (alu, LINE, MIR), for positions of cancer cell 
deletion breakpoints, and for the position of an HPV16 integration site, 
pSV2 integration sites, and somatic cell hybrid breakpoints. Significant fea
tures of the sequence were a GC content of approximately 38% with minimal 
deviation from this mean over the region; no apparent CpG islands; no con
firmed exons other than FHIT exon 5; and the presence of 43 LINE elements, 
mostly of the 11 subtype, that were clustered in two subregions. Sequence 
analysis of 22 cancer cell deletion breakpoints showed that the sequenced 
region was a frequent target of homologous recombination between LINE 
sequences, resulting in FHIT gene internal deletions, probably as a result of 
carcinogen-induced damage at FRA3B fragile sites. Individual cancer cell 
lines exhibited overlapping-independent deletions of the two FHIT alleles, 
with clustering of end points in subregions of high LINE content (Inoue et 
al. 1997). This clustering of breakpoints may allow the design of primers and 
probes which will detect FHIT alterations in primary tumors. 
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Fig. 3. The FHIT locus. The FHIT gene at chromosome region 3p14.2 is represented by the top line with 
associated markers. FHIT exons are shown below the line within individual cosmids as filled bars for protein 
coding exons and open bars for noncoding exons. Other thick lines represent cosmids and bacterial artificial 
chromosome (BAC) clones covering most of the 1-Mb mega base FHIT locus. Cosmids B4, 76, 36, 58, P4, and 
63 covering mid intron 4 through mid-intron 5 have been fully sequenced. This sequence combined with 
the overlapping 11 O-kb partial intron 4 sequence (Boldog et al. 1997) gives a fully sequenced 276-kb 
region, encompassing FHIT exon 5 and most of the fragile gaps which can be induced in lymphocytes 

Replacement of Fhit Expression Suppresses Tumorigenicity 

The structure and expression of the FHIT gene at chromosome region 
3p14.2, encompassing the FRA3B common fragile site, are frequently altered 
in primary or cultured esophageal, head and neck, lung, gastric, breast and 
cervical carcinomas (Ohta et al. 1996; Virgilio et al. 1996; Sozzi et al. 1996; 
Fong et al. 1997; Negrini et al. 1996; Druck et al. 1997; Boldog et al. 1997; 
Hendricks et al. 1997; Greenspan et al. 1997). Structural alterations tend to 
be due to deletion within both FHIT alleles, resulting in loss of exons and 
concomitant absence of full-length FHIT transcript and protein (Druck et al. 
1997; for review, Huebner et al. 1997). Because loss of Fhit activity involves 
mechanisms unlike the classical mechanisms for loss of tumor suppressor 
activity, it has been argued that the FHIT gene may be altered in cancer cells 
simply because it encompasses the fragile region that flanks the first FHIT 
protein-coding exon and is likely to be very susceptible to breakage (Boldog 
et al. 1997). The locus is highly susceptible to carcinogen damage, explaining 
why deletion is much more frequent than point mutation in the gene, but we 
argue that loss of Fhit function provides a selective advantage for the tumor 
cell; otherwise, such frequent expansion of the deleted FHIT clones in tumors 
and tumor-derived cell lines would be difficult to explain. 

Although the gene is a member of a well conserved gene family, the se
quence of the FHIT gene and protein do not give obvious clues to the biolog
ical function of the protein or to its possible role in tumor suppression. In 
vitro the wild-type Fhit protein, like its yeast homologue, hydrolyzes dinu
cleo side 5'5'" _p\p3 -triphosphate (Ap3A) to yield ADP and AMP; mutation of 
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the central histidine of the histidine triad (HxHxH or HIT) domain reduces 
the hydrolase activity by six orders of magnitude, while reducing substrate 
binding minimally (1. Barnes, personal communication). 

To study the biological functions of the Fhit protein, epitope-tagged wild
type and mutant FHIT open reading frames were inserted into a mammalian 
expression vector and transfected into gastric, kidney, and lung cancer cell 
lines which lacked endogenous Fhit due to genomic deletions within the 
FHIT gene. For each of the cancer cell lines, numerous neomycin-resistant 
colonies were obtained, and about one in 30 colonies expressed detectable 
Fhit. Fhit-expressing cancer cell clones hydrolyzed Ap3A in vitro, while 
clones expressing mutant Fhit did not. Cancer cell clones expressing exo
genous wild-type and mutant Fhit were tested for growth in liquid and semi
solid media and for tumorigenicity in nude mice (Siprashvili et al. 1997). A 
consistent effect of exogenous Fhit on growth in liquid medium and soft agar 
was not observed. The Fhit-expressing gastric and kidney cancer cell clones 
grew as well as the control Fhit-negative parental cancer cells, while Fhit 
expressing H460 lung cancer clones showed reduced growth in soft agar. 
However, each transfected Fhit-expressing clone showed reduced tumorigeni
city in nude mice. In addition, gastric cancer cell clones expressing mutant 
Fhit which lacks Ap3A hydrolase activity also showed reduced tumorigeni
city, indicating that the Ap3A hydrolytic activity is not involved in Fhit 
tumor suppressor activity. 

A possible conclusion to be drawn from these studies is that the tumor 
suppressive signal is transmitted by the enzyme-substrate complex. We are 
pursuing this hypothesis by studying suppressor function of Fhit mutant 
proteins that cannot bind substrate. 

Fhit Expression in Human Tumors 

We have shown that Fhit protein is expressed in normal lung epithelium 
but is undetectable in most SCLCs and is reduced or absent in dysplastic 
lesions (Sozzi et al. 1997b), suggesting that the FHIT gene undergoes inacti
vation in parallel with genomic alterations at the FHIT locus detected by 
studies of allele loss. Point mutations in the FHIT gene are rare in sporadic 
cancers of various types (Gemma et al. 1997) and we have shown that FHIT 
inactivation occurs through independent deletions within both FHIT alleles 
(Druck et al. 1997; Inoue et al. 1997), triggered by misrepair of sequential 
double strand breaks within the carcinogen-sensitive common fragile site 
FRA3B (Inoue et al. 1997). Sometimes, the independent allelic deletions par
tially overlap, allowing detection of homozygously deleted markers within 
the I-MB FHIT gene. Since nonoverlapping regions of allelic deletions would 
be detected as LOH, loss of portions of both FHIT alleles could be assessed 
as hemizygous loss at the DNA level, but could be distinguished at the 
protein level, since deletion within both FHIT alleles should result in loss of 
Fhit expression. 
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In a study of Fhit expression in cervical carcinomas by immunohisto
chemistry, Greenspan et al. (1997) scored the tumors for both intensity and 
extent of Fhit staining from a score of 1-3. A composite score was obtained 
by multiplying the scores for intensity and extent. They observed marked 
reduction or loss of Fhit protein in 76% of cervical tumors. More than 50% 
of the lesions had fewer than 10% positive cells, and 36% showed absent to 
weak intensity of staining. Thus it was not a question of "all or none" Fhit 
expression for cervical tumors, perhaps because of intratumoral heterogene
ity with respect to alteration of one or both PHIT alleles, as previously ob
served for head and neck tumor cell lines (Virgilio et al. 1996). We have 
found similar patterns of Fhit expression in the atypical lung carcinoids and 
suggest that the extent of Fhit expression is secondary to heterogeneity of 
molecular alterations of the PHIT locus in individual cells within these 
neuroendocrine tumors. We demonstrated strong Fhit protein expression in 
typical lung carcinoids, tumors which rarely progress (Kovatich et al. 1998). 

The features that distinguish typical carcinoids, atypical carcinoids, and 
SCLCs place atypical carcinoids intermediate to typical carcinoids and 
SCLCs. The results of the Fhit expression study confirm the proposed clinical 
continuum, suggesting that when they progress and metastasize, atypical car
cinoids, may show alteration of both PHIT alleles and complete loss of Fhit 
expression. 

An interesting finding was that a few typical carcinoids showed LOH with
in the PHIT gene. All the atypical carcinoids also showed loss of a PHIT al
lele, suggesting that PHIT alteration is an early event. Typical carcinoids, on 
the basis of loss of PHIT locus markers and lack of reduction in Fhit expres
sion, exhibited minimal damage to the PHIT gene, while atypical carcinoids 
may have sustained loss of one PHIT allele and SCLCs loss of both, based on 
the reduction in extent and intensity of Fhit staining in all atypical tumors 
compared with the uniform absence of Fhit staining in SCLCs. 

Ongoing studies of both clear cell renal carcinoma and colon carcinoma 
show complete absence of Fhit expression in a significant fraction of these 
cancers as wellj examples are shown in Fig. 4). 

Discussion 

In setting out to clone and characterize a gene that was important in familial 
and sporadic renal cancer, we have described a locus and gene, the PRA3B/ 
PHIT locus, which is involved in allele loss in a large fraction of the most 
important human cancers (Huebner et al. 1997j Shridhar et al. 1996j Michael 
et al. 1997) and in many preneoplastic tissues (Sozzi et al. 1997bj Wistuba et 
al. 1997aj Larson et al. 1997). We have suggested that the frequent alterations 
to this locus result from carcinogen damage, possibly in the form of double 
strand breaks. Repair may occur through homologous recombination with 
concomitant deletion, in the most inducible common fragile site, PRA3B, 
which is within the 1-Mb PHIT gene. Corroboration of this hypothesis has 
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Fig. 4 A-D. Immunohistochemical evaluation of Fhit expression in tumor tissues. A Normal renal medulla. 
B Clear cell renal carcinoma. C Well-differentiated colon carcinoma. D High-grade colon carcinoma. Tissue 
sections were deparaffinized and Fhit expression (brown stain) detected using rabbit anti-gstFhit antiserum 
(1 :2000). Sections were counterstained with hematoxylin and eosin (H & E) 

come from studies of allele loss at various tumor suppressor or putative 
tumor suppressor loci in bronchial biopsies of smokers and former smokers 
compared to nonsmokers (Mao et al. 1997; Wistuba et al. 1997b). Genetic 
changes at 3p, including markers within the FHIT gene, were detected in the 
nonmalignant bronchial epithelia of current and former smokers and can 
persist for years after smoking cessation (Wistuba et al. 1997b; Mao et al. 
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Fig.4(,D 

1997). Additionally, although human papillomavirus (HPV) infection is the 
earliest molecular event in cervical carcinogenesis, deletions at 3p 14.2 are 
also frequent and occur early in this process (Wistuba et al. 1997b; Larson et 
al. 1997), possibly following HPV DNA integration at the FRA3B. 

Since point mutations in the small Fhit open reading frame (147 amino 
acids) are rare (Gemma et al. 1997) and rearrangements and deletions are 
difficult to detect in primary tumor DNA, we have used a reverse-transcrip
tase (RT)-PCR strategy to look for alterations in the FHIT gene in cancers. 
Using this method, we noted that RNA from a large fraction of many tumor 
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types yielded aberrant, usually shorter RT-PCR amplification products, often 
but not always accompanied by the expected size product. The normal-sized 
product may derive from normal contaminating cells, cancerous cells within 
the population that have not sustained a FHIT deletion, cancer cells in which 
one allele has been deleted and one allele is intact, or a combination of 
these. If loss of only one FHIT allele within a cell does indeed impart a 
growth advantage due to a reduction in expression of Fhit protein, as sug
gested by the immunohistochemical studies of cervical carcinoma and atypi
cal lung carcinoids, then it is not surprising that many tumors and cancer 
cell lines express some normal FHIT transcript and protein. 

In our initial report, we proposed that the aberrant RT-PCR products 
might encode shorter proteins lacking for example, exon 8. Because we have 
been unable to detect expression of such proteins, even after in vitro tran
scription-translation of cloned short RT-PCR products or after transfection 
into Cos cells, we now believe that the aberrant RT-PCR products which lack 
coding exons are meaningless in the cellular context. In other words, they 
are infrequently transcribed from partially deleted FHIT alleles, are not trans
lated, and only serve as markers for a deleted allele. Some investigators have 
observed aberrant RT-PCR products in normal cells (van den Berg et aL 
1997; Panagopoulos et al. 1997). However, most investigators have reported 
consistently normal RT -PCR products from normal control cells compared to 
frequent aberrant products in paired tumor RNAs. 

With the availability of anti-Fhit polyclonal antisera which detect Fhit pro
tein by western blot or by immunohistochemistry on frozen and paraffin sec
tions, it will be possible to determine the frequency of Fhit-negative cancers 
for many organs which have been reported to exhibit FHIT gene abnormal
ities. Already, lung (Sozzi et al. 1997b), cervical (Greenspan et al. 1997) and 
stomach cancers (R. Baffa, personal communication) have been studied by 
immunohistochemical methods. All show a high frequency of Fhit-negative 
tumors. 

The FHIT gene has been expressed by transfection in four cancer cell 
lines, derived from two gastric carcinomas, a clear cell kidney carcinoma and 
a lung carcinoma. Subsequent growth of tumors in nude mice was sup
pressed by expression of exogenous wild-type Fhit. The tumorigenicity assay 
is now being used to analyze mutant Fhit genes which may be defective in 
tumor suppression. 

Nearly 300 kb of the FHIT/FRA3B locus surrounding FHIT exon 5 have 
been fully sequenced and searched for characteristics which may explain the 
regional fragility (Inoue et al. 1997; Boldog et al. 1997). This 300-kb segment 
of the FRA3B region exhibits a high AT content, a low Alu sequence content, 
and several clusters of 11 LINE elements which are involved in recombina
tion in cancer cell lines exhibiting deletions in both FHIT alleles. Although a 
number of fragile region landmarks, such as plasmid integration sites, an 
HPV integration site, and rodent-human hybrid cell breakpoints, have been 
precisely positioned within the sequence, comparison of these sequences 
does not suggest mechanisms for generation of gaps or breaks at these 
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Fig. 5. FHIT tumor suppressor credentials. One FHIT allele is interrupted between exons 3 and 4 by a consti
tutional chromosome translocation in a familial kidney cancer syndrome; allelic loss of one FHIT gene nears 
100% in sporadic lung, kidney, and cervical cancers; numerous cancer-derived cell lines exhibit homozygous 
deletions within the FHIT gene, usually due to independent overlapping deletions of the two FHIT alleles; 
very rare point mutations have been found in sporadic tumors, reexpression of Fhit protein in tumorigenic 
cancer cell lines suppresses tumorigenicity; and Fhit protein is reduced or absent in a large fraction of lung, 
stomach, kidney and cervical cancers. RCC, renal cell carcinoma; WH, loss of heterozygosity 

"fragile sites" (Inoue et al. 1997). Completion of the remaining several hun
dred kilobases of intron 4 and intron 5 regions may yet provide insight into 
mechanisms of carcinogen damage to this chromosome region. 

Conclusion 

Figure 5 illustrates in summary form the status of the investigation of the 
FRA3B locus and the FHIT gene which encompasses it. The FHIT gene is in
terrupted by translocation in a family with hereditary multifocal renal cell 
carcinoma; at least one FHIT allele and frequently both are partially or com
pletely deleted in a large fraction of cancers of many types, including eso
phageal, lung, gastric, breast, cervix, and kidney. Other cancers will no 
doubt join this list. Replacement of Fhit expression in tumorigenic cancer 
cell lines results in suppression of tumor growth in nude mice and reduction 
in the number of selectable transfected colonies. Immunohistochemical stud
ies of lung and cervical tumors have demonstrated reduction or absence of 
Fhit expression relative to strong expression in the appropriate normal con
trols. Continued examination of the relationship between carcinogen-induced 
alteration of the FRA3B region and FHIT inactivation should provide impor
tant insights into the role of this fragile region in cancer. In parallel, the 
study of the in vivo function of Fhit protein will provide the basis to under
stand the role of this protein in normal cells and in tumor progression. 
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Abstract 

We studied the early stages of gene amplification in a Chinese hamster cell 
line and identified two distinct amplification mechanisms, both relying on 
an unequal segregation of gene copies at mitosis. In some cases, a sequence 
containing the selected gene is looped out, generating an acentric circular 
molecule, and amplification proceeds through unequal segregation of such 
extrachromosomal elements in successive cell cycles. In other cases, the accu
mulation of intrachromosomally amplified copies is driven by cycles of chro
matid breakage, followed by fusion of sister chromatids devoid of a telomere, 
which leads to bridge formation and further break in mitosis (BFB cycles). 
We showed that some clastogenic drugs specifically trigger the intrachromo
somal amplification pathway and strictly correlated this induction of BFB 
cycles to the ability of these drugs to activate fragile sites. In three model 
systems, we also established, that the location of centromeric and telomeric 
fragile sites relative to the selected genes determines the size and sequence 
content of the early amplicons. 

Background 

Gene amplification is a genetic alteration through which a cell gains addi
tional copies of a small part of its genome. In mammalian cells, such muta
tions make an important contribution to tumor progression, and possibly to 
tumorigenesis, through overexpression of many different cellular oncogenes 
(Brison 1993; Schwab and Amler 1990). Gene amplification and transloca
tions, inversions or deletions are genetic abnormalities commonly found in 
tumor but not in normal cells. It has been demonstrated that the permissiv
ity of tumor cells for chromosomal aberrations and genome remodeling de
pends on the loss of cell cycle check points (Hartwell 1992; Livingstone et al. 
1992; Yin et al. 1992). 

Because of this high level of genome instability, the reconstitution of the 
mechanisms responsible for amplification in cells recovered from advanced 
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tumors is often obscured by a variety of secondary rearrangements. To over
come this difficulty, model systems of in vitro cultured cells were used to 
design experimental protocols allowing mutant cells to be recovered and 
analyzed as early as 10 to 20 generations after the initial event triggering the 
amplification process (Smith et al. 1990). Such studies were made possible by 
the development of the fluorescence in situ hybridization technique (FISH) 
(Pinkel et al. 1988), which permits cell-by-cell analysis of very small cell pop
ulations. 

Results 

Our goal was to understand the mechanisms and the initiating events leading 
to gene amplification in mammalian cells. Working with Chinese hamster 
cells, we focused our study on two genes located on chromosome lq: the 
adenylate deaminase 2 gene (AMPD2) and the multidrug resistance 1 gene 
(MDRl). In both cases, it is possible to select mutants that overcome the 
toxic action of specific drugs through amplification of one or the other gene. 
Moreover, several cytogenetic markers are available that permit a precise 
analysis of the rearrangements taking place on this chromosome (Toledo et 
al. 1993). When early amplified mutants were analyzed by FISH, the extra 
copies were found on acentric extrachromosomal elements (double-minute 
chromosomes, DMs) or within expanded chromosomal regions (ECRs) also 
referred to as homogeneously staining regions (HSRs) as previously de
scribed for established mutant lines (Cowell 1982). 

Gene Amplification Driven by Two Different Mechanisms 

In all the clones with extrachromosomally amplified copies of the AMPD2 or 
the MDRI genes, the telomeric parts of both chromosomes lq are normal 
(Coquelle et al. 1997; Toledo et al. 1993; Fig. lA, B). These clones can be clas
sified into two categories depending on the characteristics of their chromo
some 1. In some of them, cells have one normal chromosome 1, while the 
homologue is deleted for the selected gene; in other clones, cells have two 
completely normal chromosome 1 homologues (Fig. IB). To explain these 

Fig. 1 A-F (see page 218). Amplified structures A, B. DMs containing cell. A Diamidino-phenylindol (DAPI) 
staining, the arrows point to double-minute chromosomes (DMs). B The same metaphase plate hybridized 
with a MDR1 probe (green) and a probe identifying the telomeric part of chromosome 1q (red). The arrow
heads point to the normal chromosomal copies of the MDR1 gene. C-F Intermediates of the chromatid type 
of Breakage - fusion - bridge (BFB) cycles. C, D Fused sister chromatids. C Phase contrast picture before flu
orescence in situ hybridization (FISH) treatment. D Same metaphase plate after hybridization with an AMPD2 
probe (red) and a probe for a coamplifiable marker (green). The long arrows point to the fusion and the 
short arrows to the normal chromosome 1. E Bridge between two son nuclei. F FISH with an AMPD2 probe 
(red) and a probe for a coamplifiable marker as in D (white) showing symmetrically organized inverted 
repeats along an amplified chromosome 1 q 
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Fig. 1 A-F. 
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Fig. 2 A, B (B see page 220). Looping out mechanism of extrachromosomal amplification. A Looping out in a cell 
in phase G1. At the following G1 phase, after one step of replication (R) and mitosis (M), one daughter cell (right) 
receives a single copy of the gray sequence (sequence to be amplified) which is lethal in selective medium, while 
three copies are present in the other daughter cell (left). The uneven segregation of the extrachromosomal 
acentric molecules during subsequent cell cycles might lead to higher levels of amplification. The cells of 
the resulting amplified clone are characterized by an interstitial deletion corresponding to the excised sequen
ce. B Looping out in a cell in phase G2. Among the four chromatids of the cell, only one is deleted. At mitosis, in 
half the cases, the acentric molecule segregates within a cell with two normal chromosomes (left). Such a cell 
can later give rise to an amplified clone devoid of chromosomal abnomalies. In the other cases, the acentric 
molecule segregates within a cell with one normal and one deleted chromosome (right), a situation indistin
guishable from the one depicted in A. Arrowheads, telomeres; black circles, centro meres 

features, we proposed that DMs are formed without chromosome breakage 
but rather by looping out of a sequence a few megabases long (Toledo et al. 
1993; Fig. 2). If such an event occurs in a cell in phase G1 (Fig.2A), a chro
mosome 1 deleted for this sequence on both sister chromatids is generated 
after replication. The second chromosome 1 remains completely normal. At 
mitosis, each daughter cell receives a normal and a deleted chromosome. If 
looping out of the same sequence occurs in a cell in phase G2 (Fig. 2B), a 
single chromatid of one homologue is deleted. After mitosis, one daughter 
cell has two normal copies of chromosome 1, and the other, as above, con
tains one normal and one deleted homologue. The acentric circle has a 50% 
chance of segregating in the daughter cell that received two normal chromo
some 1 homologues. Because DMs are acentric, their unequal segregation at 
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Fig. 28 

mitosis is expected to allow one daughter cell to gain more copies of the 
gene, while the other one loses copies and dies in selective medium. This 
model accounts for both categories of DM-containing clones and for the ab
sence of rearrangement of the telomeric part of the chromosomes. Stahl et 
al. (1992) also obtained results supporting this model by comparing the map 
of the MDR1 chromosomal locus and of the DMs present in a mutant line 
amplified for this gene. They showed that both maps are similar, with the ex
ception of a novel junction present on the DMs, which probably reflects the 
recombination event responsible for excision. 

At early steps of the process, in clones with an intrachromosomal amplifi
cation of the dihydrofolate reductase (DHFR), carbamyl-P-synthetase, aspar
tate transcarbamylase, dihydro-orotase (CAD), AMPD2, or MDR1 genes, the 
amplified copies were found on one of the chromosome arms that bear a 
normal copy of the gene in unamplified cells (Coquelle et al. 1997; Smith et 
al. 1990; Toledo et al. 1992b; Trask and Hamlin 1989). In striking contrast to 
DM-containing cells, the telomeric part of the amplified chromosome is 
deleted in cells of these clones (Coquelle et al. 1997; Ma et al. 1993; Toledo et 
al. 1992 a; 1993) (see Fig. 4, left). This feature constitutes the landmark of 
intrachromosomal amplification. In the case of early mutants amplified for 
the AMPD2 gene, we showed for the first time that the selected gene and a 
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passively co amplified marker alternate in symmetrically arranged inverted 
repeats a few megabases- long (Fig. IF; Toledo et al. 1992a). Characteristic 
structures bearing amplified copies of the selected gene, such as fusion be
tween two 1q sister chromatids (Fig. 1C,D) or bridges between late anaphase 
and telophase nuclei were also frequently observed (Fig. IE; Toledo et al. 
1993). All these features are perfectly explained by the chromatid type of 
BFB cycles (Fig. 3). According to this model, the whole process can be trig
gered by a double strand break. After replication, the two broken sister chro
matids fuse. At anaphase, the centromeres of the dicentric chromatid move 
to opposite poles of the mitotic spindle, creating a bridge which is later bro
ken. Each daughter cell receives a normal and a broken chromosome which 
forms another bridge after replication, perpetuating the cycles until the 
broken end is healed. This model accounts for the main features observed in 
cell populations undergoing the intrachromosomal mechanism. The same 
mechanism was later shown to operate in at least three other model systems 
(Bertoni et al. 1994; Coquelle et al. 1997; Kuo et al. 1994; Ma et al. 1993; 
Smith et al. 1992). 

Initiation of BFB Cycles 

To test the hypothesis that a double strand break is able to trigger the whole 
process of intrachromosomal amplification, we tried to identify agents able 
to induce gene amplification. For this purpose, we concentrated on the 
MDR1 gene, because several drugs can be used to select for its amplification 
(Biedler and Meyers 1989). Some of these drugs are well-known inducers of 
DNA breaks (adriamycin and actinomycin D), while others are spindle poi
sons (vinblastine). Table 1 shows the results obtained in parallel experiments 
differing only in the drug utilized to select the mutants (Coquelle et al. 
1997). We recovered independent clones resistant to each of these three 
drugs; because it is well known that resistance can be achieved through 
mechanisms other than MDR1 gene amplification, we first determined the 
MDR1 copy number in each of them. Surprisingly, the percentages of ampli
fied clones recovered in adriamycin or vinblastine are low and relatively sim
ilar. The products of the intrachromosomal and extrachromosomal mecha
nisms of amplification are equally frequent in these cases. In contrast, ampli
fied clones represent the large majority of the clones recovered in actinomy
cin D, and the products of the breakage - fusion - bridge (BFB) cycle mech
anism were observed in all the clones. We concluded that only actinomycin 
D induces gene amplification and that only the BFB cycle mechanism is trig
gered by the drug. Such a result confirms that different mechanisms, in
itiated by different types of primary events, drive the early steps of extra- or 
intrachromosomal amplification. 

However, the differential effect of the two clastogenic drugs was unex
pected. In order to clarify this point, we undertook a cytogenetic analysis of 
the chromosome damage resulting from treatment of the cells by each drug 
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Fig. 3. The chromatid type of breakage - fusion - bridge (BFB) cycles. The phenomenon is postulated to 
result from a chromosome break: the fragment corresponding to the part of the chromosome telomeric to 
the break is lost and, after replication, the two broken chromatids fuse. At mitosis, the fused chromatids 
form a bridge. If this structure is asymmetrically broken, one daughter cell receives an additional copy of 
the corresponding sequence, while the other one has a terminal deletion and is expected to die in selective 
medium. In the amplified daughter cell, the third copy of the considered sequence lies in an inverted orien
tation relative to the normal one on the broken chromosome arm. After replication, the broken chromatids 
can fuse again, perpetuating the amplification cycles 
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Table 1. Mechanism of resistance in independent mutant clones 

Selective Analyzed clones Clones not amplified Clones amplified for MORl 
agent (n) for MROl 

Total OMs BFBs 

(n) % 

(n) (%) (n) (n) 

Vinblastine 37 3S 9S 2 S 1 1 
Adriamycin 28 2S 89 3 11 1 2 
Actinomycin 0 16 6 37 10 63 0 10 

DM, double-minute chromosome; BFB, breakage - fusion - bridge. 
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Fig. 4. Role of fragile sites in the early stages of intrachromosomal amplification. Left. model involving a 
centromeric (e) and a telomeric (T) fragile site in MDRl amplification. 81ack triangles, telomeres; white 
circles, centromeres, yellow squares, MDRl genes; red squares, telomeric marker; 8r, breakage; 87, 82, bridges 
of the first and the second cycles, respectively. Right, fluorescence in situ hybridization (FISH) with a probe 
for the MDRl gene (green) and a telomeric marker (red) . The arrowhead points to the normal copy of the 
MDRl gene on the unamplified chromosome 1 q. The homologue is deleted for the telomeric marker and 
bears two doublets of the MDRl gene 

at the concentration used to select mutants. We found that adriamycin in
duces chromosome breaks very efficiently at random locations. In contrast, 
actinomycin D induces breaks targeted to specific loci. With the help of the 
cytogenetic markers available on chromosome 1, we identified and localized 
at least six hotspots of breakage along this chromosome. One of them lies 
close to and telomeric to the MDRI gene, a convenient location to trigger 
MDRI amplification. A break at this site has been observed in as many as 
14% of the metaphase plates. Experiments were also undertaken with cofor-
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mycin, and the very same hotspots of breakage were observed. Remarkably, 
breaks at a site just telomeric to the AMPD2 gene are also efficiently induced 
by the drug. The same pattern of breakage was also revealed following treat
ment of the cells with methotrexate, a well-known activator of a particular 
type of fragile sites. Thus the ability of a drug to induce amplification of a 
given gene relies directly on its ability to activate adequately located fragile 
sites. The location of these sites along chromosome lq suggests that not only 
is the intrachromosomal amplification process induced by activation of frag
ile sites telomeric to the selected genes, but that in each case, a centromeric 
one contributes to determine the sequence content of the early amplified 
units (Coquelle et al. 1997; Fig. 4). In this work, we were unable to deter
mine clearly whether the breaks per se or some particular sequences or 
structural features of the fragile sites contribute to initiate the process. More 
recently, we used a model system allowing a single double strand break to be 
targeted in a mammalian chromosome to demonstrate that such a break can 
trigger the intrachromosomal amplification process (Pipiras et al. 1998). 

Conclusions 

Because of the clinical importance of gene amplification, the initiating events 
and the nature of the mechanisms responsible for these mutations in mam
malian cells have been intensively studied for over 20 years. Recently, devel
opment of the FISH technique has provided a powerful tool to study the 
early stages of the amplification process. The results described here indicate 
that two independent pathways, both relying on unequal segregation of gene 
copies at mitosis, drive the initial steps of gene amplification. First, the anal
ysis of DM-containing cells indicated that extrachromosomal amplification 
results from the looping out of a few megabases-long molecule, generating 
an initial circular acentric extrachromosomal element (Coquelle et al. 1997; 
Toledo et al. 1993). We have also shown that a second pathway accumulates 
copies organized as giant inverted repeats on a chromosome arm where one 
normal gene copy maps in un amplified cells (Toledo et al. 1992 a). These 
features and the fact that the telomeric part of the amplified chromosome is 
deleted in such mutant cells correspond to the expected products of the BFB 
cycles mechanism, first described by McClintock (1942). Moreover, the fre
quent observation of both the fusion and bridge intermediates of this mecha
nism in cell populations undergoing intrachromosomal amplification defi
nitely established the involvement of the BFB cycles in intrachromosomal 
mammalian gene amplification (Coquelle et al. 1997; Toledo et al. 1993). 

Until recently, the initial events triggering either of the pathways remained 
uncertain. Some clue as to the nature of these events can be expected from 
the identification and properties of agents that can induce the amplification 
processes. We showed that the drugs behaving as potent activators of fragile 
sites specifically induce the BFB cycles. Moreover, evidence was obtained at 
three different loci that breaks at fragile sites telomeric to and centromeric 
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to the selected genes frame the initial intrachromosomal amplicons (Coquelle 
et al. 1997). Because most drugs used to select mutants in vitro are also used 
in cancer therapy, our results suggest that knowledge of the ability of chemo
therapeutic agents to induce fragile sites in human cells, coupled to precise 
mapping of these sites relative to oncogenes frequently amplified in tumors, 
may help to choose among drugs of comparable anti proliferative efficiency 
those which are not prone to inducing marked genomic instability. 
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Abstract 

The ret proto-oncogene encodes a receptor tyrosine kinase whose ligands be
long to the glial cell line-derived neurotrophic factor (GDNF) protein family. 
Its germline mutations are responsible for the development of multiple endo
crine neoplasia (MEN) types 2A and 2B and Hirschsprung's disease (HSCR). 
MEN2A and MEN2B mutations result in the constitutive activation of Ret by 
different molecular mechanisms. MEN2A mutations involve cysteine residues 
present in the Ret extracellular domain and induce disulfide-linked Ret di
merization on the cell surface. MEN2B mutations were identified in methio
nine 918 in the tyrosine kinase domain and activate Ret without dimeriza
tion, probably due to a conformational change of its catalytic core region. In 
contrast to MEN2 mutations, HSCR mutations represent loss of function mu
tations. We found that most of HSCR mutations detected in the extracellular 
domain impair the Ret cell surface expression. More interestingly, ret muta
tions in cysteines 618 and 620 were reported in several families who devel
oped both MEN2A and HSCR. It was suggested that these mutations might 
have two biological effects on Ret function, leading to the development of 
different clinical phenotypes in the same patients. 

Introduction 

The ret proto-oncogene encodes a receptor tyrosine kinase that contains a 
cadherin-related sequence in the extracellular domain (Takahashi 1995). It 
was recently demonstrated that glial cell line-derived neurotrophic factor 
(GDNF) and neurturin, which define a new protein family, can induce Ret 
tyrosine phosphorylation, indicating that these two neurotrophic factors re
present Ret ligands. It is interesting to note that these factors mediate their 
actions through a multicomponent receptor system composed of ligand-bind
ing glycosyl-phosphatidylinositol (GPI)-linked proteins and Ret (Buj-Bello et 
al. 1997; Jing et al. 1996; Klein et al. 1997; Treanor et al. 1996). This unique 
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multicomponent receptor system plays an important role in the survival and/ 
or differentiation of a variety of central and peripheral neurons. 

Germline mutations of the ret proto-oncogene are associated with the de
velopment of three hereditary neoplastic disorders: multiple endocrine neo
plasia (MEN)2A, MEN2B, and familial medullary thyroid carcinoma (FMTC) 
(Carlson et al. 1994; Donis-Keller et al. 1993; Hofstra et al. 1994; Mulligan et 
al. 1993). MEN2A and MEN2B share the clinical features of medullary thy
roid carcinoma and pheochromocytoma, and FMTC is characterized by the 
development of medullary thyroid carcinoma alone. MEN2B is distinguished 
from MEN 2A and FMTC by a more complex phenotype including mucosal 
neuroma, hyperganglionosis of the gastrointestinal tract, and marfanoid ha
bitus. The MEN2A and FMTC mutations resulted mainly in nonconservative 
substitutions for six cysteines (cysteines 609, 611, 618, 620, 630, and 634) in 
the Ret extracellular domain, whereas the MEN2B mutation was detected in 
methionine 918 in the tyrosine kinase domain. 

Germline mutations of ret are also responsible for Hirschsprung's disease 
(HSCR), which is characterized by the absence of intrinsic ganglion cells in 
the distal gastrointestinal tract (Pasini et al. 1996). HSCR mutations, includ
ing missense, nonsense, and frame shift mutations, are scattered along the 
whole coding sequence of ret and account for 50% of familial and 10%-20% 
of sporadic cases of HSCR. Based on the length of the aganglionic segment, 
HSCR is classified into two subtypes, short-segment HSCR and long-segment 
HSCR; ret mutations appear to be associated with long segment HSCR. In 
addition, three mutations in cysteine 618 or 620 were reported in several 
families who developed both MEN2A and HSCR. 

To assess the correlation between genotype and phenotype, we introduced 
most mutations reported in these diseases into ret cDNA which was trans
fected into NIH 3T3 cells. Characterization of the nature of the mutant Ret 
proteins provided interesting insights into the mechanisms of development of 
MEN2A, MEN2B, FMTC, and HSCR. 

Mechanism of Ret Activation by MEN2A and FMTC Mutations 

We investigated the transforming activity of Ret with a MEN2A or FMTC 
mutation found in cysteine 609, 611, 618, 620, 630, or 634. Of these cysteine 
mutations, cysteine 634 mutations are known to be strongly associated with 
the MEN2A phenotype, whereas cysteine 609, 618, and 620 mutations were 
found in about 70% cases of FMTC (Pander and Smith 1996). We introduced 
a total of 18 mutations into six cysteine residues (Fig. 1) and found that all 
mutant ret cDNAs had the ability to transform NIH 3T3 cells at variable lev
els (Ito et al. 1997). The transforming activity of cysteine 634 mutant pro
teins was approximately three- to five-fold higher than that of cysteine 609, 
611, 618, or 620 mutant proteins. The activity of cysteine 630 mutant pro
teins was slightly lower than that of cysteine 634 mutant proteins. In addi
tion, different amino acid substitution for the same cysteine displayed com-
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c-Ret 

Fig. 1. Ret protein. 5, signal sequence; CAD, cad herin-like domain; CYS, cysteine-rich region; TM, trans
membrane domain; TK, tyrosine kinase domain. Eighteen cysteine mutations and a MEN-2B mutation 
(Met918-> Thr) are shown 

parable transforming activity, suggesting that the degree of activity depends 
on the position of cysteine rather than the substituted amino acids. Our 
results showing that cysteine 634 mutant proteins had the highest transform
ing activity are consistent with the observation that there is a strong associa
tion between cysteine 634 mutations and the development of pheochromo
cytoma in MEN2A. On the other hand, the low transforming activity of cys
teine 609, 618, and 620 mutant pr6teins appears to correlate with the FMTC 
phenotype. 

Western blot analysis of the mutant Ret proteins revealed that the level of 
expression of the 175-kDa Ret form present on the cell surface was directly 
proportional to the transforming activity of each mutant protein [Ito et al. 
1997] . The level of expression the 175-kDa Ret form with a cysteine 609, 611, 
618, or 620 mutation was approximately five- to ten-fold lower than that of 
the 175-kDa form with a cysteine 634 mutation. Since the expression of the 
155-kDa Ret form present in the cytoplasmic membrane fraction was not af
fected by each cysteine mutation, this result suggests that cysteine 609, 611, 
618, or 620 mutations severely impair the transport of Ret to the plasma 
membrane or its correct maturation. As we and others have already reported 
(Asai et al. 1995; Borrello et al. 1995; Iwashita et al. 1996a; Santoro et al. 
1995), cysteine 634 mutations are able to activate Ret by inducing homodi
mers of the 175-kDa Ret form on the cell surface (Fig. 2). Although cysteine 
609, 611, 618, and 620 mutations were also able to form homodimers of the 
175-kDa form, the amount of homodimers with these mutations was very 
low. Thus the levels of expression of the 175-kDa Ret form with each cyste
ine mutation and of its homodimers appear to correlate with both the trans
forming activity and the clinical phenotype. 
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Difference in Activation Mechanisms by the MEN2A 
Versus MEN2B Mutation 

Unlike the MEN2A and FMTC mutations, the MEN2B mutation does not in
duce Ret dimerization. Since the MEN2B mutation is present in the catalytic 
core region of the Ret kinase domain, it could induce a conformational 
change of its region, resulting in Ret activation (Fig. 2; Iwashita et al. 1996a). 
Ret is translated as two isoforms of 1114 amino acids (long isoform) and 
1072 amino acids (short isoform). The 51 carboxy-terminal amino acids of 
the long isoform are replaced by the nine unrelated amino acids of the short 
isoform by alternative splicing in the 3' region. Interestingly, the transform
ing activity of the long isoform with the MEN2B mutation was approximately 
ten fold higher than that of the short isoform, although the transforming ac
tivity of both isoforms with the MEN2A mutation showed similar transform
ing activity (Asai et al. 1996). Thus the carboxy-terminal tail may regulate 
the transforming activity of Ret with the MEN2B mutation. 

To investigate further the different activation mechanisms by MEN2A ver
sus MEN2B mutations, we mutated tyrosine residues present in the tyrosine 

c-Ret 

c 
®-V 

1062®V V~ 

~~ Signal 

V-®864 

V-®9S2 

v-®8 
~~Signal 

Fig. 2. Mechanisms of Ret activation by the MEN2A (center) or MEN2B mutation (right). When one cysteine 
residue (C) in the extracellular domain is replaced by other amino acids (X) due to a MEN2A mutation, it is 
anticipated that another cysteine which should form an intramolecular disulfide bond with the mutated cys
teine becomes free and forms an aberrant intermolecular disulfide bond, leading to ligand-independent Ret 
dimerization. However, since the MEN2B mutation (Met918 -> Thr) is present in the catalytic core region in 
the kinase domain, it could induce a conformational change of its region, reSUlting in Ret activation without 
dimerization. In addition, tyrosine 905 and tyrosines 864 and 952 are required for the transforming activity 
of MEN2A-Ret and MEN2B-Ret, respectively. Tyrosine 1062 represents a binding site of Shc adaptor proteins 
that are crucial for the transforming activity of both MEN2A-Ret and MEN2B-Ret 
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kinase domain. When tyrosine 905 that is conserved at the same position in 
all tyrosine kinases was changed to phenylalanine, the transforming activity 
of Ret with a MEN2A mutation (Cys634 ---'> Arg; designated MEN2A-Ret) was 
completely abolished, suggesting that phosphorylation of this tyrosine is es
sential for its activity (Iwashita et al. 1996a). On the other hand, this tyro
sine mutation did not affect the transforming activity of Ret with the MEN2B 
mutation (MEN2E-Ret) at all. 

To look for tyrosine residues required for the activity of MEN2B-Ret, we 
further changed several tyro sines in the kinase domain to phenylalanine. 
When tyrosine 864 or 952 was replaced with phenylalanine, the transforming 
activity of MEN2E-Ret significantly decreased. In addition, the double muta
tion of these two tyrosines completely abolished the activity of MEN2B-Ret, 
but not of MEN2A-Ret, indicating that tyrosine residues essential for the 
transforming activity differ between MEN2A-Ret and MEN2B-Ret (Iwashita 
et al. 1996a). In addition to these tyrosine residues, we identified tyrosine 
1062 as a binding site of Shc adaptor proteins that could play an important 
role in the activity of both MEN2A-Ret and MEN2B-Ret proteins. Possible 
activation mechanisms of Ret by the MEN2A or MEN2B mutation are sum
marized in Fig. 2. 

Mechanism of Ret Dysfunction by HSCR Mutations 

It is known that ret is an important gene for the development of enteric neu
rons because ret knockout mice completely lack ganglion cells in the intes
tine (Schuchardt et al. 1997). To date, a variety of mutations, including mis
sense, nonsense, and frame shift mutations, have been identified in both the 
extracellular and intracellular domains of Ret in HSCR (Chakravarti 1996). 
Pasini et al. (1995) reported that some mutations detected in the kinase do
main impair the Ret kinase activity as expected. We and others investigated 
the biological effects of several HSCR mutations reported in the Ret extra
cellular domain and found that these mutations severely impair Ret cell sur
face expression (Carlomagno et al. 1996; Iwashita et al. 1996b). Based on its 
length, the aganglionic segment is classified into two groups: short -segment 
HSCR and long-segment HSCR. Our results also showed that long-segment 
HSCR mutations more severely impair transport of Ret to the plasma mem
brane than a short-segment HSCR mutation, suggesting that the level of its 
cell surface expression may correlate with the HSCR phenotype (Iwashita et 
al. 1996b). In addition, the fact that ret heterozygous deletions were detected 
in both familial and sporadic HSCR patients suggests that haploinsufficiency 
for ret is crucial for development of HSCR. Since the cell surface expression 
of Ret with long-segment HSCR mutations was very low, a haploinsufficiency 
effect might be also postulated in the cases of missense mutations found in 
the Ret extracellular domain. Thus it seems likely that sufficient GDNF bind
ing to Ret on the cell surface of enteric neuroblasts is required for their full 
differentiation during embryogenesis. 
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Cys 609 
Cys 618 Mutations 
Cys 620 

Dimerization of Ret 
Impairment of Ret 
Cell Surface Expression 

Development of MTC 

Hirschsprung's Disease 

Fig. 3. Biological effects of cysteine 609, 618, and 620 mutations on Ret function. These mutations might 
have different biological effects on Ret function, depending on the cell type expressing Ret. MTC medullary 
thyroid carcinoma 

Another interesting finding is that there are several families who develop 
both MEN2A and FMTC (Ponder and Smith 1996). In these families, substi
tution of arginine or serine for cysteine 618 and of arginine for cysteine 620 
in ret was identified. In addition, mutations of cysteine 609 reported in 
MEN2A were found in sporadic cases of HSCR. These findings suggest that 
the same cysteine mutations are able to induce both MEN2A and HSCR. As 
mentioned already, the transforming activity of Ret with cysteine 609, 618, 
or 620 mutations was very low compared with the activity of Ret with cyste
ine 634 mutations (Ito et al. 1997). The low activity of Ret with cysteine 609, 
618 or 620 mutations correlated with the low expression of the 175-kDa Ret 
form present on the cell surface, indicating that these mutations impair the 
Ret cell surface expression in the same way as HSCR mutations affecting the 
Ret extracellular domain. These results thus suggest that cysteine 609, 618, 
and 620 mutations have two biological effects on Ret function (Fig. 3; Ito et 
al. 1997). First, these mutations induce ligand-independent Ret homodimers 
at low levels that are sufficient for tumorigenesis of thyroid C cells, leading 
to the development of MEN2A or FMTC. Second, they also severely impair 
Ret cell surface expression in enteric neurons. This could result in the pre
mature arrest of differentiation of enteric neuroblasts during embryogenesis, 
leading to the development of HSCR. 
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Conclusion 

We have studied and elucidated molecular mechanisms of development of 
MEN2A, MEN2B, FMTC, HSCR, and papillary thyroid carcinoma by ret mu
tations. However, further studies of the intracellular signaling pathway via 
the mutant Ret proteins could be essential to better understand the correla
tion between genotype and phenotype correlation observed in these diseases. 
In addition, ret is known to playa crucial role in the development of the en
teric nervous system and kidney and in survival of various neurons. In this 
regard, the recent identification of GDNF and neurturin as Ret ligands may 
be an important step in promoting the study of Ret signaling in neuronal 
cells and embryonic kidney. 
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Abstract 

A combined cytogenetic and molecular analysis of thyroid tumours has indi
cated that these neoplasms might represent a significant model for analysing 
human epithelial cell multi-step cancerogenesis. Thyroid tumours comprise a 
broad spectrum of lesions with different phenotypes and variable biological 
and clinical behaviour. Molecular analysis has detected specific genetic al
terations in these different tumour types. In particular, the well-differentiated 
carcinomas of the papillary type are characterised by the activation of the 
tyrosine kinase receptors (TKRs) RET and NTRKI proto-oncogenes. Cytoge
netic analysis of these tumours has contributed to defining the chromosomal 
mechanisms leading to the TKRs' oncogenic activation. The results have 
shown that, in the majority of the cases, intra-chromosomal inversions of 
chromosome 10 and of chromosome 1 lead to the formation of RET-derived 
and NTRKl-derived oncogenes, respectively. Exposure to ionizing radiation 
is associated with papillary carcinomas, and RET activation has been sug
gested to be related to this event. All these findings are contributing to the 
definition of genetic and environmental factors relevant to the pathogenesis 
of thyroid tumours. Moreover, the molecular characterisation of specific 
genetic lesions could provide significant information about the association 
between ionising radiation and RET oncogene activation. 

Introduction 

Thyroid tumours comprise medullary thyroid carcinoma (MTC) developing 
from neural crest-derived C cells and tumours originating from epithelial fol
licular cells. The latter include several tumour types with different phenoty
pic characteristics and variable biological and clinical behaviours. Thyroid 
adenomas are benign neoplasms, although some are capable of malignant 
growth and progression. Papillary and follicular carcinomas are the most 
common forms of thyroid cancer. Although originating from the same folli
cular cell, papillary and follicular carcinomas are regarded as different bio-
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logical entities. Follicular carcinoma, which is solitary and encapsulated, is 
associated with endemic goitre, and low iodine intake and metastatises 
almost exclusively via the blood stream, often to bones. In contrast, papillary 
carcinoma is multifocal, is associated with previous radiation exposure and 
high iodine intake and metastatises by lymphatic spread to regional lymph
nodes. Anaplastic or undifferentiated thyroid carcinomas are almost invari
ably fatal, representing the most aggressive form of thyroid tumours. 

In particular, papillary thyroid carcinomas (PTCs) account for about 80% 
of tumours originating from the epithelium of the thyroid gland, and their 
prognosis correlates with the initial extent of the primary tumour (occult, in
trathyroid or extrathyroid). Furthermore, this parameter is closely related to 
the histological pattern of the various papillary carcinoma subtypes, which 
are graded according to their level of differentiation. These tumours pro
vided the first evidence for an activated oncogene in thyroid tumours; a re
view of their molecular characterisation will follow. 

RETINTRKl Rearrangements 

Over the last 10 years, several reports have demonstrated the alternative in
volvement of the RET and NTRKl tyrosine kinase (TK) receptors (TKRs) in 
the development of a consistent fraction of PTCs. Somatic rearrangements of 
both RET and NTRKl produce several forms of oncogenes (Pierotti et al. 
1996). In all cases, RET or NTRKl TK domains are fused to the amino termi
nus of different gene products (Table 1). 

In particular, the RET proto-oncogene encodes for the TKR of glial cell
derived neurotrophic factor (GDNF) and neurturin (NTN) (Baloh et al. 1997; 
Creedon et al. 1997; Durbec et al. 1996; Jing et al. 1996; Sanicola et al. 1997; 
Suvanto et al. 1997, Treanor et al. 1996; Trupp et al. 1996). Activation of RET 
by GDNF or NTN has been shown to require one of two accessory proteins, 
GDNFR-a and GDNFR-fJ (Buj-Bello et al. 1997, Jing et al. 1996; Klein et al. 
1997; Sanicola et al. 1997; Treanor et al. 1996). In humans, RET is expressed 
in the thyroid by normal C cells and their pathologic counterpart, MTC. 
Moreover, RET expression can be detected in normal adrenal medulla and 
pheochromocytomas (Santoro et al. 1990). Germline mutations of proto-RET 
result in human diseases, including familial MTC, multiple endocrine neo-

Table 1. Oncogenic version of RET and NTRKl tyrosine kinases 

Tyrosine kinase ActivaIing gene 

RET H4(Dl0 5170) 
RIa 
ElEl 

NTRKl Tropomyosin 
TPR 
TFG 

RETJPTCl 
RET/PTC2 
RET/PTO 
TRK 
TRKIT1 (T2; T4) 
TRKIT3 
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plasia types 2A and 2B (MEN2A and MEN2B) and Hirschprung's disease 
(Donis-Keller at al. 1993; Hofstra et al. 1994; Mulligan et al. 1994; Pasini et 
al. 1996; Romeo et al. 1994). The human RET locus maps to lOql1.2. 

The RET/PTCI oncogene represents the first report of oncogene activation 
in solid tumours due to an acquired chromosomal abnormality. RET/PTCI is 
a chimeric transforming sequence generated by the fusion of the TK domain 
of RET to the 5'-terminal sequence of the gene H41D1OS170 (Griew et al. 
1990). The latter has been shown to display a coiled-coil sequence which 
confers to the oncoprotein the ability to form dimers, resulting in a constitu
tive activation of the TK function. Both partners in the fusion have been 
localised to chromosome lOq. 

We subsequently found a second example of RET activation: the RET/ 
PTC2 oncogene. In this case, the rearrangement involved the gene of the reg
ulatory subunit RI-a of protein kinase A, which maps to chromosome 17q23 
(Bongarzone et al. 1993; Sozzi et al. 1994). Interestingly, like the H4 gene, 
RI-a also contains a dimerisation domain, and the construction of RET/PTC2 
mutants with deletions in RI-a has demonstrated that the formation of di
mers is necessary to express the activity of the oncogene. Cytogenetic analy
sis of one case of RET/PTC2-positive carcinoma revealed that this oncogene 
arises from a t(1 0;17)( q 11.2;q23) reciprocal translocation (Minoletti et al. 
1994). Finally, a third example of RET activation in PTCs has been reported: 
RET/PTC3. In this oncogene, the TK domain of RET is fused to sequences 
derived from a previously unknown gene named ELEI (also known as RFG; 
Bongarzone et al. 1994; Santoro et al. 1994). Interestingly, we have localised 
ELEI to the same chromosomal region of RET, lOql1.2. In this case, too, a 
paracentric inversion of the long arm of chromosome 10 was identified. 

The NTRKI proto-oncogene is a component of the high-affinity receptor 
for nerve growth factor (NGF) (Kaplan et al. 1993). NTRKI is primarily ex
pressed in the nervous system, and mice carrying a germline mutation that 
eliminates NTRKI show severe sensory and sympathetic neuropathies and 
most die within 1 month of birth (Smeyne et al. 1994). Thus NGF signalling 
via NTRKI appears essential for the development of both the peripheral and 
central nervous systems. NTRKI is expressed in neuroblastoma, and its ex
pression correlates with a good prognosis (Borrello et al. 1993; Nagakawara 
et al. 1992). The human NTRKI locus has been mapped to lq22 (Weier et al. 
1995). 

In our analysis of PTCs, several cases showed an activation of the NTRKI 
proto-oncogene. In three specimens, we identified a chimeric sequence gen
erated by the rearrangement of an isoform of non-muscle tropomyosin 
(TPM3) and NTRKI (Martin-Zanca et al. 1986). We mapped the former to 
chromosome lq31. Therefore, NTRKI localisation to lq22 suggested that a 
lq intrachromosomal rearrangement could have generated the TRK onco
gene. Molecular analysis of TRK-positive PTCs revealed the presence not 
only of the product of the oncogenic rearrangement (5'TPM3-3'NTRKI), but 
also of that related to the reciprocal event (5'NTRKI-3'TPM3). This finding 
indicates that an intrachromosomal inversion, inv(1q), provided the mecha-
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lllsm of the NTRKI oncogenic activation in these tumours (Pierotti et al. 
1996). 

In the remaining cases, different genes provided the 5'terminus of the on
cogene; we therefore designated the latter as TRK-T (Greco et al. 1992, 1995). 

Three cases showed the fusion of the NTRKI TK domain to sequences of 
the TPR (Translocated Promoter Region) gene, originally identified as part of 
the MET oncogene. The first of these cases, TRK-Tl, is encoded by a hybrid 
mRNA containing 598 nucleotides of TPR and 1148 nucleotides of NTRKI. 
We have localised the TPR locus on chromosome lq25 (Miranda et al. 1994). 
Therefore, as for TRK, an intrachromosomal rearrangement, molecularly de
fined as an inversion of lq, is responsible for its formation. A rearrangement 
involving the same two genes, TPR and NTRKl, has been found in two other 
papillary thyroid tumours, and the relative oncogenes have been designated 
TRK-T2 and TRK-T4 (Grew et al. 1993). Although the two rearrangements 
involve different genomic regions of the partner genes, they occur in the 
same intron of both TPR and NTRKI. As a consequence, the same mRNA 
and 1323 amino acid oncoprotein are produced in both cases. Similarly to 
TRK-Tl, the molecular characterisation of these rearrangements indicated 
the chromosomal mechanism leading to the oncogenic activation as an 
inv(1q) (Grew et al. 1993). As for the last two oncogenes derived from 
NTRKI activation, one is still uncharacterised, whereas the other, designated 
TRK-T3, has recently been analysed (Grew et al. 1995). Sequence analysis re
vealed that TRK-T3 contains 1412 nucleotides of NTRKI preceded by 598 nu
cleo tides belonging to a novel gene named TFG (TRK Fused Gene) encoding 
a 68-kDa cytoplasmic protein. The latter displays a coiled-coil region in the 
TFG part, that could endow the oncoprotein with the capability to form com
plexes as shown by sedimentation gradient experiments. The TFG gene is 
ubiquitously expressed and is located on chromosome 3, thus suggesting that 
a still undetected t( 1 q;3) occurred in this tumour. Molecular analysis of the 
rearranged fragments supported this conclusion by indicating that the 
chromosomal rearrangement is reciprocal and balanced, involving the loss of 
only a few nucleotides of germline sequences. 

The relative frequency of RET and NTRKI activation has been found to be 
different in PTCs collected from various geographical areas. We have demon
strated the formation of oncogene sequences from RET and NTRKI in about 
50% of PTCs collected at the National Cancer Institute in Milan (Italy). In a 
total of 76 PTCs, there were 26 (34%) oncogenic versions of RET (13 RET/ 
PTCl, two RET/PTC2 and 11 RET/PTC3) and nine (12%) oncogenic versions 
of NTRKI (three TRK, one TRK-Tl, two TRK-T2, one TRK-T3 and two as 
yet uncharacterised. However, lower percentages have been described, rang
ing from 2.5% in Saudi Arabia to 8% in Japan (Table 2). In order to deter
mine whether their diversity is due to different methodologies or to the in
volvement of different genetic and/environmental factors, we tested the pres
ence of RET/NTRKI oncogenes in other cases from different Italian regions. 
The presence of oncogenic versions of RET and NTRKI was assessed in 14 
samples of PTC from Pisa and in 39 samples from Catania using different ex-
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Table 2. RET activation 

References Country Positive Total (n) 

(n) (%) 

Sporadic tumors: 
Bongarzone • Italy 27 21 129 
Santoro et al. (1992) USA 15 15 101 
Jhiang et al. (1992) 
Santoro et al. (1992) France 8 11 70 
Ishizaka et al. (1991) Japan 2 4 49 
wajjwalku et al. (1992) 
lou et al. (1994) Saudi Arabia 2.5 40 

Radiation-related tumours: 
FugazzoIa et al. (1995) Belarus 12 66 18 
KJugbauer et al. (1995) 
Bounacer et al. (1997) France 16 84 19 

• see Table 3. 

Table 3. RET activation in different Italian locactions 

Source Cases RETIPTC and NTRK1 
(n) positivity 

Istituo Nazionale Tumori (Milan) 76 
Pisa University 14 
~nia Unw~ 39 

• NTRKl activation. 
b RET activation. 

(n) (%) 

35 
1 
1 

241 

perimental procedures, including transfection, Southern blotting, extra-long 
polymerase chain reaction (PCR) (XL-PCR) and reverse transcriptase (RT)
PCR (Table 3). In these samples, we observed a very low frequency of RET/ 
NRTKl activation, corresponding to 7% in the Pisa cases and 2.5% in those 
from Catania. Considering the fact that, in Italy, ethnical differences are un
likely to significantly influence these events, a possible explanation for these 
results might lie in exposure to diverse environmental factors. The primary 
role of environmental factors has already been shown in tumours in children 
exposed to high levels of radiation following the Chernobyl disaster (Shore 
et al. 1985) and in thyroid lesions associated with radiation therapy of the 
head and neck (Kazakov et al. 1992). Although uncertainties remain about 
the dose - response relationship, a history of radiation exposure, particularly 
in childhood, is probably the best characterised risk factor for thyroid 
cancer and for RET oncogenic rearrangements. In fact, molecular studies 
both from our laboratory and by Klugbauer's group have found RET rearran-
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gements in 67% of post-Chernobyl PTCs. Interestingly, in these cases, RET/ 
PTC3 was the most frequently observed rearrangement. Little is known about 
the mechanism of RET damage by ionising radiation. Random breaks due to 
incomplete replication or exogenously introduced mutagens may cause a 
large number of broken ends that can represent potential recombination sub
strata (Nelson and Kastan 1997). As a consequence, illegitimate recombina
tion can occur and produce genetic rearrangements. In keeping with this 
concept, RET/PTC1 oncogenic activation has been induced by high-doses of 
X-irradiation in cell lines in thyroid tissues transplanted into severe com
bined immunodeficient (SCID) mice following X-ray radiations (Ho et al. 
1993; Mizuno et al. 1997). In addition, most importantly, about 80% of PTCs 
from patients who received external radiation for benign or malignant condi
tions showed RET oncogenic rearrangements (Bounacer et al. 1997). In con
trast with the results obtained with Chernobyl tumours, the most frequently 
observed chimaeric gene was not RET/PTC3, but RET/PTC1. It has been sug
gested that the predominance of RET/PTC1 or RET/PTC3 rearrangements 
may be due to a different preferential target of the damage produced by ex
ternal therapeutical ionising radiation or by accidental exposure to radioiso
topes which could also act via an intra-body irradiation mechanism. 

Role of Age 

Age appears to be the main factor related to an excess risk of thyroid cancer 
associated with radiation exposure. In fact, risk is greatest if irradiation oc
curs in the first two decades of life, when thyroid cells display a significant 
mitotic rate. In view of the fact that RET activation is frequently involved in 
PTCs related to radiation exposure, we examined a possible relationship be
tween RET/NTRKI oncogenic activation and age in a sample of 92 consecu
tive patients (Bongarzone et al. 1996). The results showed that the frequency 
of RET and NTRKI activation was significantly higher in the group of PTC 
patients aged 4-30 years (p = 0.02), thus supporting the concept that age 
might contribute to this specific carcinogenic process. 

Correlation Between RETINTRKl Rearrangements 
and Clinico-Pathological Features 

Having obtained the above-mentioned results, we investigated the age-inde
pendent correlations between RET and NTRKI activation and the clinico
pathologic features of 76 sporadic (i.e. non-radiation-associated) PTCs. 
Among the 76 tumours analysed, 35 (46%) were positive for RET/PTC or 
NTRK1 oncogenic rearrangements. Specifically, RET/PTC oncogenes were 
detected in 34.2% (26 of 76) and NTRK1 oncogenes in 11.8% (nine of 76) of 
the evaluated patients. The presence or absence of RET/NTRKI oncogenic 
activation was then correlated to gender, age and the clinico-pathologic fea-
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Table 4. RETINTRK1 oncogenic activation accorting to pT stage 

Stage Negative cases (n) Positive cases (n) Cramer's V P 

pTl -pTI 33 18 
pT4 9 17 0.280 0.D15 

tures (in terms of pTNM) of the patients. Statistical testing yielded a signifi
cant p-value for age (Bongarzone et al. 1996) and pT stage (Table 4). Results 
from a multivariate analysis showed that unfavourable disease characteristics, 
such as pT4 stage, presence of nodal (pNl) or distant metastases (pMl) or 
poorly differentiated and undifferentiated histologies, were placed close to 
RETINTRKl oncogenic expression, thus suggesting the existence of an asso
ciation between the latter feature and the presence of unfavourable disease 
characteristics. Due to the modest number of RET/PTC2- and NTRK1-posi
tive cases, it was not possible to distinguish any biological feature specifi
cally conferred by these two rearrangements on the basis of their statistical 
analysis. Conversely, both RET/PTCl and RET/PTC3 rearrangements oc
curred with higher frequencies (13 and 11 of 26 positive cases, respectively). 
Interestingly, in this case, RET/PTC3 oncogenes seemed to be associated with 
a more aggressive tumour. Taken as two homogeneous groups, RET/PTC and 
NTRKl oncogenic rearrangements were topologically strictly related and 
therefore did not imply a different pattern of association with pTNM or his
tological characteristics. Finally, young age (:520 years) and male sex also 
tend to imply less favourable disease characteristics. In our analysis, RET/ 
PTC and NTRKl rearrangements were not associated with the degree of tu
mour differentiation. In fact, all the histological variants (with the exception 
of tall cell carcinomas) had similar frequencies of RET/PTC and NTRKl acti
vation with no particular imbalance in the frequencies of the oncogene sub
types. Unfortunately, due to the lack of follow-up in our patients, we cannot 
interpret these results in a prognostic context. 

Conclusions 

A comparative analysis of the oncogenes originating from the rearrangement 
of the two RTK proto-oncogenes RET and NTRKl allowed us to identify a 
common cytogenetic and molecular mechanism for their activation. 

In all cases, chromosomal rearrangements fuse the TK portion of the 
TKRs to the 5' end of different genes, which we have designated as "activat
ing" genes. Furthermore, although functionally different, the various activat
ing genes share three properties: 
1. They are ubiquitously expressed. 
2. They have demonstrated or predicted domains able to form dimers or 

multimers. 
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3. They translocate the TKR-associated enzymatic activity from the mem
brane to the cytoplasm. 

These characteristics are in agreement with the following scenario. After the 
fusion of their TK domain to the activating gene, RET and NTRK1, whose 
tissue-specific expression is restricted to subsets of neural cells, become 
expressed in the epithelial thyroid cells. Their dimerisation triggers a consti
tutive, ligand-independent trans-autophosphorylation of the TK domains. In 
this condition, the latter can recruit SH2- and SH3-containing cytoplasmic 
effector proteins. The relocalisation in the cytoplasm of RET and NTRKl en
zymatic activity could allow their interaction with unusual substrates, per
haps modifying their functional properties. Therefore, following chromo
somal rearrangements in PTes, the oncogenic activation of RET and NTRKl 
proto-oncogenes can be defined as an ectopic, constitutive and topologically 
abnormal expression of their enzymatic (TK) activity. Moreover, the possibil
ity that other carcinogenic factors may produce the same genetic changes 
remains to be determined. It seems likely that specific, as yet undetermined 
environmental factors are important in the aetiology of RETINTRK1-positive 
PTes. Direct evidence for this concept stems from the observation that PTes 
from different geographical areas within the same country (Italy) or among 
different countries show a significantly different frequency of RETINTRKl 
oncogenic expression. In addition, we must consider the possibility of a 
strong association between ionising radiation exposure and RET oncogenic 
activation. 
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Abstract 

Epidemiological studies have revealed a connection between thyroid carcino
genesis and a history of radiation. The molecular mechanisms involed are 
not well understood. It has been claimed that RAS, pS3 or GSP mutations 
and RET or TRK rearrangements might playa role in adult thyroid tumors. 
In childhood, the thyroid gland is particularly sensitive to ionizing radiation. 
The reactor accident in Chernobyl provided a unique chance to study molec
ular genetic aberrations in a cohort of children who developed papillary thy
roid carcinomas after a short latency time after exposure to high doses of 
radioactive iodine isotopes. According to the concepts of molecular genetic 
epidemiology, exposure to a specific type of irradiation might result in a typ
ical molecular lesion. Childhood papillary thyroid tumors after Chernobyl 
exhibit a high prevalence of RET rearrangement as almost the only molecu
lar alteration. The majority showed RET/PTC3 (i.e., ELE/RET rear
rangements), including several subtypes. Less frequently, RET/PTCI (i.e., H4/ 
RET rearrangements), and a novel type (RET/PTCS, i.e., RFGS/RET) were ob
served. Proof of reciprocal transcripts suggests that a balanced intrachromo
somal inversion leads to this rearrangement. Breakpoint analyses revealed 
short homologous nucleotide stretches at the fusion points. In all types of 
rearrangement, the RET tyrosine kinase domain becomes controlled by 5' 
fused regulatory sequences of ubiquitously expressed genes that display 
coiled-coil regions with dimerization potential. Oncogenic activation of RET 
is apparently due to ligand-independent constitutive ectopic RET tyrosine 
kinase activity. The analysis of this cohort of children with radiation-induced 
thyroid tumors after Chernobyl provides insights into typical molecular aber
rations in relation to a specific mode of environmental exposure and may 
serve as a paradigm for molecular genetic epidemiology. 
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Background 

The identification of genomic fingerprints that reflect a specific interaction 
of target cells with a defined class of carcinogens in human tumors is an im
portant new tool available to molecular epidemiology. Recent work on types 
and patterns of p53 mutations in various human tumors revealed the feasibil
ity of this concept (Harris 1993). Examples are G-T transversion mutations at 
codon 249 of p53 in hepatocellular carcinomas developing in aflatoxin Bj -

contaminated areas (Bressac et al. 1991; Hsu et al. 1991). In many other 
groups of tumors, a specific molecular lesion that might be related to a cer
tain class of carcinogens is missing, probably due to the multiplicity of fac
tors acting in concert in tumor induction and progression. In radiation
induced human tumors, a typical molecular genetic aberration has not yet 
been found. Reports on a p53 mutation hotspot (G-T transversion mutation 
at codon 249) in radon-associated lung cancer (Taylor et al. 1994) have not 
been confirmed by others (Bartsch et al. 1995). Because of the wealth of epi
demiological data on the association between radiation exposure and thyroid 
cancer, this tumor is a most interesting type of cancer for such an approach. 
Ionizing radiation, particularly during childhood, increases the risk of thy
roid cancer. Head, neck, or thorax irradiation administered in childhood to 
treat tinea capitis (Ron et al. 1989), lymphoid hyperplasia of the tonsils 
(Favus et al. 1976; Schneider et al. 1993), enlarged thymus gland (Shore et al. 
1985, 1993) and Hodgkin's disease (Hancock et al. 1991) and exposure dur
ing the atomic bomb explosions in Japan (Prentice et al. 1982; Thompson et 
al. 1994) increased the risk of thyroid carcinogenesis. In a comprehensive 
evaluation, an average excess relative risk of 7.7 per Gy was reported. It was 
concluded that, in children, the thyroid gland has one of the highest risk 
coefficients observed in any organ, with convincing evidence for an in
creased risk even at a level of approximately 0.10 Gy (Ron et al. 1995). 

When searching for typical molecular genetic alterations, thyroid carcino
mas occurring after the atomic bomb explosions or nuclear tests are, in prin
ciple, a valuable source of information, as large populations have been ex
posed for a known period of time at a defined dose range. However, not 
much is yet known about critical genetic changes which would provide a 
clue to characterizing a typical radiation-related molecular lesion in such co
horts of radiation-exposed individuals. 

The Chernobyl Reactor Accident and Thyroid Cancer 

A similar case of radiation exposure as that caused by atomic bombs, but on 
a much larger scale, was the explosion of the nuclear reactor in Chernobyl 
on April 26, 1986. The released radioactivity led to a very high population 
exposure (Balonov et al. 1996). Certain areas in Belarus, the oblast Gomel in 
particular, were most severely contaminated by radioactive fallout. Immedi
ately after the reactor accident, various short -lived iodine radioisotopes, 
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especially 1311, accounted for the largest fraction of contamination (Balonov 
et al. 1996). As the southern part of Belarus is an iodine-deficient area and 
iodine supplementation was incomplete, large doses of radioactive iodine 
were incorporated by inhalation or in food and led to high thyroid doses. 
Children were most affected. As early as 1990, an increased incidence of thy
roid carcinomas was observed in children from the most severely contami
nated regions (Baverstock et al. 1992; Kazakov and Demidchick 1992). The 
annual incidence of thyroid cancer rose steeply to more than 20 per 100000 
children in the oblast Gomel. The morbidity rates increased in Belarus by a 
factor of 55.7 as compared with the 10-year pre-accident period (Demidchik 
et al. 1996). Almost exclusively papillary thyroid carcinomas were detected, 
including solid and follicular variants of papillary carcinomas (Furmanchuk 
et al. 1992; Nikiforov and Gnepp 1994). The majority of these early-develop
ing carcinomas revealed lymphatic spread and lymph node mestastasis at the 
time of thyroidectomy suggesting aggressive growth behavior (Demidchik et 
al. 1996). In a comparison of a large series of thyroid cancers from Belarus 
with naturally occurring thyroid carcinomas from Italy and France, a lower 
female to male ratio, a higher proportion of papillary tumors, a more fre
quent extrathyroidal extension, and lymph node metastasis were observed in 
the tumors from Belarus (Pacini et al. 1997). A similar histology and cytol
ogy has been reported in childhood thyroid cancers in England and Wales 
(Harach and Williams 1995). 

Inadvertent simultaneous irradiation exposure of a large population to 
specific carcinogenic factors provides a unique possibility for molecular stud
ies. A large number of children were exposed to a high dose of internal 
ionizing radiation, particularly radioactive iodine, during a short period of 
time, as determined by the limited period of radioactive release from the 
reactor and by the short half-life of 1311. Papillary thyroid carcinomas devel
oped as a typical tumor after a very short latency period. The majority of 
tumors revealed the same biological behavior with aggressive growth and 
early metastatic spread. In this model-like system, molecular studies can be 
performed in order to reveal critical genomic aberrations that might be typi
cal for radiation-induced thyroid carcinomas in childhood. 

Molecular Genetics: RAS, p53, GSP 

Molecular genetic studies of sporadic thyroid carcinomas in adults with 
unknown carcinogen exposure revealed point mutations in genes of the RAS 
family, mostly in follicular carcinomas; p53 mutations, preferentially in ana
plastic types of thyroid carcinomas; mutations at the GTP-binding a-subunit 
of the adenylate cyclase stimulatory protein Gsa; mutations at the TSH recep
tor; overexpression of c-met; and rearrangements of genes coding for the 
receptor tyrosine kinases RET and TRK (for reviews, see Said et al. 1994; 
Santoro et al. 1995; Wynford-Thomas 1997). 
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Table 1. H-, K-, and N-RAS mutations (codons 12, 13, and 61) 
in adult papillary thyroid carcinomas 

Total investigated PTC (n) Tumors with mutant RAS 

(n) (%) 

173 29 16.8 

Data from Lemoine and Mayall 1988; Wright et al. 1989; 
Suarez et al. 1990; Namba et al. 1990; Karga et al. 1991; 
Shi et al. 1991; Hara et al. 1994 

Table 2. Results of studies on p53, RAS, and GSP mutations in childhood thyroid carcinomas after 
the reactor accident in Chernobyl 

p53 mutations RAS mutations GSP mutations Reference 
(exans 5-8) (H-, K-, and N·RAS, (exans 8, 9, 

codons 12, 13, and 61 codons 201, 227) 

6/26" Hillebrandt et al. (1996) 
2/33 b 0133 Nikiforov et al. (1996) 
5n4< Smida et al. (1997) 

0120 Waldmann and Rabes (1997) 
om d O/34e Suchy et al. (1998) 

The numbers after the slashes give the total number of investigated tumors in each group. 
a TGGE pattern, no sequencing. 
b One missense mutation (ATGmet-GTGval, codon 160); one silent mutation (TGCcys-TGTcys, codon 182). 
C Five silent mutations: neutral CGA/CGG dimorphism in exon 6, codon 213 (Bhatia et al. 1992). 
d Exons 5, 7, and 8. 
e One missense mutation in codon 15 (GGCgly-AGCser); one silent mutation in codon 14 (GTGval·GTAval). 

Table 3. p53 mutations in adult thyroid carcinomas 

With mutation 

(n) (%) 

Well differentiated 11 
Poorly or not differentiated 21 

11.1 
525 

Total (n) 

99 
40 

Data from Ito et al. 1992, 1993a; Nakamura et al. 1992; 
Fagin et al. 1993; Zou et al. 1993; Dobashi et al. 1994. 

While RAS mutations have been described in about 17% of thyroid car
cinomas in adults (Table 1), similar mutations at the critical co dons 12, 13, 
or 61 of H-, K-, or N-RAS were not observed in a large series of childhood 
carcinomas after Chernobyl in two independent studies (Nikoforov et al. 
1996; Suchy et al. 1998; Table 2). 

p53 mutations have been observed in undifferentiated thyroid carcinomas 
in adults (Table 3). As no tumors of this type have yet occurred in children, 
it is not surprising that p53 missense mutations have rarely been found in 
post-Chernobyl tumors (Table 2). A recent report on a cluster of silent muta-
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Table 4. GSP mutations in adult thyroid tumors 

Total tumors Tumors with wild-type Tumors with mutant GSP 
(n) GSP (n) 

(n) (%) 

257 215 42 16.3 

Data from Lyons et al. 1990; O'Sullivan et al. 1991; Suarez et al. 1991; 
Goretzki et al. 1992; Matsuo et al. 1993; Yoshimoto et al. 1993; Russo et al. 1995. 

tions in codon 213 (Smida et al. 1997) might reflect clonality or polymorph
ism rather than a carcinogenic effect. 

In about 16% of thyroid tumors, preferentially hyperfunctioning adeno
mas in adults, the Gsa gene shows missense mutations at codon 201 or 227 
(Table 4). In contrast, in a series of 20 childhood papillary thyroid carcino
mas after Chernobyl, mutations at these critical sites have never been found 
(Waldmann and Rabes 1997; Table 2). 

It is evident that these molecular changes which prevail in thyroid tumors 
in adults do not play a significant role in thyroid carcinogenesis in children 
exposed to irradiation. 

Molecular Genetics: RET 

Studies on papillary thyroid carcinomas in adults revealed that, in a minor
ity of cases (about 16%), an oncogenic rearrangement of the proto-oncogene 
c-RET occurs, with striking geographical variations (Ishizaka et al. 1991; 
Jhiang et al. 1992; Santoro et al. 1992, 1994, 1995; Wajjwalku et al. 1992; 
Wynford-Thomas 1993; Bongarzone et al. 1994; Said et al. 1994; Zou et al. 
1994; Sugg et al. 1996; Bounacer et al. 1997). 

c-RET (Takahashi et al. 1988) codes for a receptor tyrosine kinase. It is 
expressed in a developmental stage-specific pattern (Avantaggio et al. 1994; 
Tsuzuki et al. 1995). Recently, glial cell line-derived neurotrophic factor 
(GDNF) was found as its ligand. The RET receptor acts in a multicomponent 
complex with GDNFR-a (Durbec et al. 1996; Jing et al. 1996; Treanor et al. 
1996; Trupp et al. 1996). RET tyrosine kinase activity is essential for the de
velopment of the kidney and the cells of the enteric nervous system and the 
neural crest. In the normal thyroid, a strong expression is found in parafolli
cular C cells. c-RET mutations have been detected in medullary thyroid carci
nomas (see Marsh et al. 1997), but in papillary thyroid carcinomas the onco
genic activation involves chromosomal rearrangements. The chromosomal 
location of the c-RET proto-oncogene is lOq11.2 (Minoletti et al. 1994). 

Three different forms of rearrangements have been found: RET/PTC1, 
RET/PTC2, and RET/PTC3 (Grieco et al. 1990; Ishizaka et al. 1991; Bongar
zone et al. 1993, 1994; Jhiang et al. 1994). In all three, the tyrosine kinase do
main is fused at its 5' end to another gene, thereby losing the ligand binding 
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c-ret 
EC TM 11< 

I I II 
c-ret: chromosome 10 (I Oq 11 .2); 20 exons; receptor tyrosine kinase 

cadherin-related sequences in the extracellular domain 
GDNF-induced activation mediated by the novel receptor GDNF-a 
involved in signal transduction pathways critical to the development of the 
kidney. enteric nervous system and tissues derived from neural crest 
normal adult thyroid: expression in C-cells 

retJPTCl 
liS .. 360/402 I. 

II 
H-I RET 

84: chromosome I Oq21 ; function unknown 
rearrangemenl by paracentric inversion of the long arm of chr. 10 
(invIOqI1.2-q21) 

retIPTC2 
236 •• 360/402 II 

II 
RIa RET 

RJa: chromosome I7q23; 
regulatory subunit of cAMP-dependent protein kinase A 
rearrangement by reciprocal translocation between chr. 10 and 17 
t(IO;17Xqll.2;q23) 

retlPTO or ELE/RET 
23S .. 360/402 •• 

I I 
£L£I RET 

ELEI chromosome IOqII .2; function unknown 
rearrangement by paracentric inversion in locus I Oq 11 .2 

Fig. 1. Different forms of oncogenic activation of RET; ret proto-oncogence and rearranged forms. GONF, 
glial cell line-derived neurotrophic factor; EC extracellular domain; TM, transmembrane domain; TK, tyrosine 
kinase domain 

and transmembrane domain. Instead, the tyrosine kinase domain becomes 
dependent on the regulation by the 5' fused genes. In RET/PTC1, a fusion to 
the H4 gene is found (Grieco et al. 1990). H4 is located at lOq21. Rearrange
ment involves paracentric chromosomal inversion. RET/PTC1 represents the 
prevailing type of rearrangement in adult papillary thyroid carcinomas, but 
occurs in only about 16% of patients (see Table 6). RET/PTC2 involves fusion 
by interchromosomal translocation t (10;17) (Sozzi et al. 1994) to the regula
tory subunit RIa of cyclic adenosine monophosphate (cAMP)-dependent pro
tein kinase A and occurs in very rare cases of adult tumors (Bongarzone et 
al. 1993; Pierotti et al. 1996). In RET/PTC3, the RET carboxy terminus is 
fused to the amino terminus of the ELE1 gene (Bongarzone et al. 1994; 
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Jhiang et al. 1994; Santoro et al. 1994). As with RET/PTC1, an intrachromo
somal paracentric inversion is observed in RET/PTC3. A schematic summary 
of the different forms of oncogenic activation of RET is given in Fig. 1. 

RET Rearrangement in Childhood Thyroid Carcinomas 

Small frozen tissue samples of 59 papillary thyroid carcinomas from children 
(21 males and 38 females) living in Belarus at the time of the Chernobyl re
actor accident were made available to us for a molecular genetic study on the 
prevalence of RET rearrangement. Their age varied between 7 months and 18 
years at the time of the reactor accident. The latency period before thyroid
ectomy was between 7 and 10 years. Surgery was performed between May 
1993 and April 1996. Various TNM stages were included. 

Using an approach combining multiplex reverse-transcriptase polymerase 
chain reaction (RT-PCR), identification PCR with rearrangement-specific 
PCR primers, direct sequencing, and rapid amplification of 5' -cDNA ends 
(5' RACE) in those samples that did not reveal a known type of RET rearran
gement (for the description of methods, see Klugbauer et al. 1995, 1996, 
1998 a, b), a very high prevalence of RET rearrangements was detected. 
Among the 59 investigated tumors, 36 showed a RET rearrangement. RET/ 
PTC3 was the most prominent type and almost 64% of all RET rearrange
ment-positive tumors revealed this form of rearrangement. RET/PTC2 was 
not found at all. RET/PTC1, the prevailing type in adult papillary thyroid 
carcinomas, was observed in only eight tumors, i.e., in 22% of all RET rear
rangement-positive carcinomas (Table 5). An obvious dependence on age at 
exposure, gender or TNM stage has not been detected for the different types 
of RET rearrangement (to be published in detail). 

Table S. RET rearrangements in papillary thyroid carcinomas in children from Belarus thyroidecto
mized in Minsk during the first decade after the Chernobyl rector accident (n = 59) 

Type of rearrangement Patients Proportion of total (%) Proportion of RET rearrangement-
(n) positive cases (%) 

No RET rearrangement 23 39.0 
RET rearrangement 36 61.0 100 
(all types) 
RETIPTC7 (H4IRfT) 8 13.6 22.2 
RETIPTQ (Rlo/RfT) 0 0 0 
RETIPTC3 (fLElREn 23 39.0 63.9 

PTG rl 19 32.2 52.8 
PTG r2 3 5.1 8.3 
PTG r3 1 1.7 2.8 

RETIPTCS (RFGSIRfT) 1 1.7 2.7 
RETIPTOc {unidentified) 4 6.8 11 .1 

Data from Klugbauer et al. 1995, 1996, 1998a, b; Rabes and Klugbauer 1997. 
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ELE/RET or H4/RET rearrangements are most likely due to radiation
induced double strand breaks with subsequent illegitimate recombination. 
If this recombination proceeds via reciprocal chromosomal inversion 
(at 10ql1.2), reciprocal chromosomal transcripts might be expected. Using 
appropriate PCR primer combinations when amplifying cDNA from these 
tumors, fragments were obtained that represented the reciprocal transcripts 
(Klugbauer et al. 1996, 1998a). In the majority of RET/PTC3 tumors, both 
ELE/RET and RET /ELE transcripts were expressed. It has to be concluded 
that not only does the RET tyrosine kinase domain become irregularly de
pendent on regulation by the ELE gene, but, conversely, the carboxy termi
nus of the ELE gene is also regulated by the 5' RET fusion partner. This im
plies that, in these cases, the RET promoter, not known to be active in nor
mal thyrocytes, becomes activated in thyroid carcinomas, leading to expres
sion of the reciprocal fusion transcript. It is not known whether the simulta
neous expression of both fusion transcripts has an impact on the biology of 
transformed cells. An example of direct sequencing of ELE/RET and RET/ 
ELE transcripts at the fusion point is given in Fig. 2. 

Novel Forms of ELE/RET Rearrangement 

The importance of ELE/RET rearrangement in radiation-induced childhood 
carcinomas is further supported by the fact that, in addition to the common 
form of ELE/RET fusion, novel types of ELE/RET rearrangements are found 
in these tumors. Truncated forms were observed in four cases, and in three 
of these the downstream end of the fused ELE gene was shorter by a com
plete ELE exon (144 bp). This exon, which represents the 3' end of the fused 
ELE fragment in the regular ELE/RET rearrangement, is missing in this par
ticular truncated RET /PTC3 rearrangement. This observation is confirmed 
by the finding that the missing exon appears in the reciprocal transcript, 
thus extending its length by 144 bp. In another single case, a short trunca
tion by 18 bp was observed in the ELE/RET transcript (Klugbauer et al. 
1996, 1998a). 

Breakpoint IRecombination Sites and RET Activation 

The various types of ELE/RET rearrangements appear to be due to DNA 
strand breaks at different breakpoints in the genomic DNA. In order to eluci
date the site and structure of the DNA at the breakpoints, genomic DNA was 
sequenced. These analyses revealed a spread of breakpoints in introns 4 and 
5 and in exon 5 for the ELE gene (Klugbauer et al. 1996, 1998 a; Bongarzone 
et al. 1997). For RET genomic DNA, the breakpoints were clustered in intron 
11 (Smanik et al. 1995; Klugbauer et al. 1998a), except for one intraexonic 
breakpoint in RET exon 11, as reported by Pierotti's group (Fugazzola et al. 
1996). At the breakpoints, both contributing germline sequences show a 
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short nucleotide match, obviously a prerequisite for recombination (Smanik 
et al. 1995; Bongarzone et al. 1997; Klugbauer et al. 1998a). 

It can be concluded from the site of recombination that, in all forms of 
ELE/RET rearrangement leading to thyroid carcinomas, the inclusion of a 
well-preserved ELE part at least 5' prime of intron 4 is required. With this 
portion of the ELE gene present in the fusion product, the actual length at 
the 3' end of the ELE fusion part differs considerably and appears to be irre
levant to the oncogenic potential of the fused gene. ELE-1 apparently con
tains a potential coiled-coil region of amino acid sequences upstream from 
the fusion point. This sequence and the structure appear to be essential for 
oligomerization of the fusion protein and thus for ligand-independent consti
tutive activation of the RET tyrosine kinase. 

On the other hand, by the 5' fused ELE fragment, RET becomes devoid of 
its extracellular and transmembrane domains, leaving the cytoplasmic part, 
which exhibits tyrosine kinase activity, under the control of the ubiquitously 
expressed ELE1 gene. At the 5' part of the fused gene, at least exon 12 and 
the RET tyrosine kinase domain have to be preserved. Both, the 5' regulatory 
part of ELE and the 3' tyrosine kinase part of RET are obviously essential to 
trigger a thyrocyte in the transformed state. Ectopic, constitutive activation 
of an intracytoplasmic RET tyrosine kinase with putatively altered substrate 
specificity appears to be an essential prerequisite of radiation-induced papil
lary thyroid carcinomas in children after Chernobyl. 

Novel Types of RET Rearrangement 

In a few cases, we have found additional types of RET rearrangement in thy
roid carcinomas in the radiation-exposed children from Belarus. In one of 
these patients, the RET tyrosine kinase domain was fused at its 5' end to a 
gene which we designated RET fused gene 5 (RFG5). Part of this gene had 
previously been reported to be fused to the RET gene after transfection of 
NIH 3T3 cells with DNA from a human sigmoid colon cancer and was called 
RET-II (Ishizaka et al. 1989), but the RET-II gene has not been detected in 
the colon tumor itself or in any other human tumor, suggesting that the 
RET-II rearrangement was an NIH 3T3 transfection artifact. However, we 
found this fused gene in rare thyroid carcinomas in children exposed to 
radioactive fallout after Chernobyl (Klugbauer et al. 1998b). Analysis of the 
whole cDNA sequence revealed coiled-coil regions that appear to be responsi
ble for activation of the RET tyrosine kinase domain by dimerization of the 
upstream RFG5-fused gene. A hydrophobic domain is missing, indicating 
that the fusion protein could be cytoplasmic, as are the other oncogenic RET 
fusion proteins. 
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Conclusions 

The basic principle in oncogenic activation of the RET tyrosine kinase by re
placing the 5' end of RET by a cytoplasmic fusion protein exhibiting dimeri
zation potential is common to the majority of childhood papillary thyroid 
carcinomas that developed after Chernobyl. Under physiological conditions, 
RET tyrosine kinase is regulated by the unusually complex multi component 
interaction of GDNF, GDNFR-a, and RET at the cell surface membrane. If the 
essential part of RET, the tyrosine kinase domain, is activated by fusion to a 
protein that exhibits dimerization potential, the physiological safeguard is 
eliminated: RET becomes constitutively activated and thus oncogenic. Cyto
plasmic translocation adds to this release from physiological inhibition by 
providing the chance to interact with new critical substrates. 

Having found several rare RET-fused partners in RET activation among 
childhood papillary thyroid carcinomas after Chernobyl, it might be pre
dicted that the high probability of radiation-induced double strand breaks in 
the thyroid of the exposed population will give rise to even more new rare 
gene fusion products in these tumors in the future. However, the probability 
of an ELE/RET recombination is obviously significantly higher than any 
other type of fusion leading to oncogenic activation. The fact that both 
genes are located on chromosome 1 Oq 11.2 in immediate vicinity to one an
other might enhance the probability of chromosomal inversion. 

It is evident from the results of the present study and the data from the 
literature that RET rearrangement appears to be a critical molecular event in 
radiation-induced thyroid carcinogenesis in children. RET/PTC rearrange
ment exhibits a significantly higher prevalence in radiation-induced carcino
mas than in spontaneous papillary thyroid carcinomas (Table 6). This was 
confirmed by a recent comparative study on tumors that developed in France 
either spontaneously, i.e., without a proven history of radiation, or after 
childhood therapeutic irradiation. RET rearrangement was significantly more 
frequent in tumors in irradiated patients than in spontaneous thyroid carci
nomas (Bounacer et al. 1997). In this study, RET/PTCI (i.e., H4/RET rear
rangement) was 3.5 times more frequent than RET/PTC3 (i.e., ELE/RET 
fusions). This is in contrast to the high prevalence of the RET/PTC3 type of 
rearrangement found in our studies after Chernobyl (Klugbauer et al. 1995, 
1996, 1998a; Rabes and Klugbauer 1997). Almost identical results obtained 
by three other groups (Ito et al. 1994; Fugazzola et al. 1995; Nikiforov et al. 
1997) confirmed our findings. Compiling the available data on childhood 
thyroid carcinomas after Chernobyl, ELE/RET rearrangements are 3.5 times 
more frequent than H4/RET rearrangements (Table 6). 

In additon to radiation, young age at exposure could also be a critical de
terminant for the preference of ELE/RET rearrangements. However, the re
cent studies from France do not support this idea. In patients with a child
hood history of radiation, ELE/RET rearrangements were infrequent in 
thyroid carcinomas (Bounacer et al. 1997). The available data are sum
marized in Table 7. This is in agreement with results of a study on age-re-
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Table 6. RET/PTC rearrangements in spontaneous and radiation-induced papillary thyroid tumors 

Country Spontaneous Total Radiation-induced Total Reference 
(n) (n) 

(n) (%) (n) (%) 

Canada 3 S 60 Sugg et al. (1996) 
France 8 11 70 Santoro et al. (1992) 
France 2 10 19 Said et al. (1994) 
United Kingdom 2 6 30 Wynford -Thomas (1993) 
Italy 14 33 42 Santoro et al. (1994) 
Italy 18 3S S2 Bongarzone et al. (1994) 
Japan 1 9 9 Ishizaka et al. (1991) 
Japan 1 3 38 Wajjwalku et al. (1992) 
Saudi Arabia 1 3 40 Zou et al. (1994) 
USA 4 11 36 Jhiang et al. (1992) 
USA 11 17 65 Santoro et al. (1992) 
USA 11 65 17 Nikiforov et al. (1997) 
Belarus 4 56 7 Ito et al. (1994) 
Belarus 36 61 59 Klugbauer et al. (1995, 1996) 

Rabes and Klugbauer (1997) 
Belarus 4 66 6 Fugazzola et al. (1995) 
Belarus 29 76 38 Nikiforov et al. (1997) 
France 3 15 20 16 84 19 80unacer et al. (1997) 
Total 79 1S.8 500 89 69.0 129 

lated RET activation in thyroid carcinomas in Italy. Although Bongarzone et 
al. (1996) detected significantly more RET rearrangements in the age-group 
of 4-30 years than in older patients, RET rearrangements of the ELE/RET 
type were found in only one patient in children and adolescents up to the 
age of 19 years, in contrast to five patients with H4/RET or RIa/RET rearran
gements in this group. This suggests that young age per se does not favor 
the RET/PTC3 type of rearrangement. Radiation history was not taken into 
account in this study. 

It is possible that external irradiation leads to a type of RET rearrange
ment (RET/PTC1, i.e., H4/RET; in vitro: Ito et al. 1993b; in vivo: Bounacer et 
al. 1997) which is different from that induced by internal thyroid irradiation 
after the uptake of large amounts of radioactive iodine isotopes (RET /PTC3, 
i.e., ELE/RET, Klugbauer et al. 1995, 1996, 1998a; Fugazzola et aL 1995, Niko
fov et aL 1997; Rabes and Klugbauer 1997). The probability of double strand 
breaks and of recombination processes depends on the dose. At the present 
time, definite conclusions about the role of several parameters (e.g., dose of 
irradiation, age, physiological stage of the thyroid gland, or hyperplastic pro
cesses after radiation-induced cell loss) in the induction and progression of 
thyroid carcinomas in children after Chernobyl are difficult to draw. It also 
has to be considered that an ELE/RET rearrangement might endow an 
affected cell with a more effective growth advantage than other types of RET 
rearrangement, thus leading to the very rapid development of thyroid carci
nomas after ChernobyL 
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Table 7. Prevalence of ELE/RET (PTC3) and H4/RET (PTC1) rearrangements in papillary thyroid carcino
mas after the Chernobyl reactor accident (Belarus) and after external therapeutic radiation (France) 

Total PTC1 PTO tumors Reference 
RET rearranged tumors 
tumors (n) (n) (n) (%) 

Belarus after 9 2 7 77.8 Klugbauer et al. (1995, 1996) 
Chemobyl (age at accident, 
2- 10 years) 

Belarus after 4 0 3 75.0 Fugazzola et al. (1995) 
Chemobyl (age at accident, 
1-8 years) 

Belarus after 36 8 23 63.9 Rabes and K1ugbauer (1997) 
Chernobyl (age at 
acddent, 1-18 years) 

Belarus after 33 6 22 66.7 Nlkiforov et al. (1997) 
Chemobyl (age at 
surgery, 5- 18 years 

France 12 10 2 16.7 Bounacer et al. (1997) 
(age at radiation therapy, 
1- 20 years) 
(age at radiation therapy, 6 4 2 33.3 
oyer 20 years) 

The present data suggest that the RET paradigm is an important tool in 
elucidating mechanisms of irradiation-induced thyroid carcinogenesis in chil
dren. A straight line linking a specific class of carcinogenic factors, a specific 
type of molecular genetic alteration, and a specific group of cancers - the 
ultimate goal of molecular genetic epidemiology - can at least tentatively be 
drawn in this cohort of children. All of them suffer from papillary thyroid 
carcinomas that developed rapidly after high-dose internal thyroid irradia
tion by uptake of iodine radionuclides. The majority of the tumors exhibit 
RET rearrangements, and although the ELE/RET type of rearrangement IS 

not the only one, it appears to be a typical molecular alteration. 
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Abstract 

The RET/PTC oncogene, a rearranged form of the RET proto-oncogene, has 
been found to be associated with human papillary thyroid carcinomas. To in
vestigate whether RET /PTC causes papillary thyroid carcinoma, we generated 
a transgenic mouse model of papillary thyroid carcinoma with targeted 
expression of RET/PTCl in the thyroid gland. Thyroid tumors in these RET/ 
PTCl transgenic mice are characterized by a slow growth rate, thyroid-stimu
lating hormone (TSH)-responsive tumor progression, and loss of radioio
dide-concentrating activity despite continued expression of thyroglobulin 
(Tg). The time of tumor onset appears to be dependent on the expression 
level of RET/PTCI in these transgenic mice. In high-copy RET/PTCI trans
genic mice, cellular abnormalities, including a slightly increased proliferation 
rate, aberrant follicle formation, and loss of radioiodide-concentrating activ
ity, can be readily identified at embryological day 18. To identify which sig
naling pathway or pathways perturbed by RET/PTCl are essential for RET/ 
PTCl to induce tumor development, we generated transgenic mice carrying a 
thyroid-targeted RET/PTCl triple mutant, which contains tyrosine to pheny
lalanine mutations at tyrosine residues 294, 404, and 451. Initial characteriza
tion of the thyroid glands of these RET/PTCl triple-mutant transgenic mice 
showed no change in follicular morphology or radioiodide-concentrating 
activity. This finding suggests that signaling pathways mediated by one or 
more of these three phosphotyrosine binding sites are essential for RET/ 
PTCl to induce thyroid tumor development. Finally, in order to investigate 
whether tumors induced by RET /PTC3 are more aggressive than those 
tumors induced by RET/PTCl, we also generated thyroid-targeted RET/PTC3 
transgenic mice. 
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Introduction 

The RET proto-oncogene (c-RET) encodes a receptor tyrosine kinase with an 
extracellular domain, a transmembrane domain, and a cytoplasmic tyrosine 
kinase domain (!toh et al. 1989). The ligands of c-RET have been recently 
identified as glial cell line-derived neurotrophic factor and neuturin, for 
which c-RET serves as a signaling component for the corresponding receptor 
complex (Buj-Bello et al. 1997; Klein et al. 1997; Robertson and Mason 1997). 
The RET/PTC oncogenes, encoding chimeric oncoproteins with the cytoplas
mic domain of c-RET fused to the N terminus of other genes, are frequently 
detected in human papillary thyroid carcinomas Ohiang and Mazzaferri 
1994). While the RET/PTC1 oncogene is the major form of RET rearrange
ment found in spontaneous papillary thyroid carcinoma, the RET/PTC3 on
cogene is the most common form of RET rearrangement found in papillary 
thyroid carcinoma in children from areas contaminated by the Chernobyl 
accident (Klugbauer et al. 1995). 

Tg-PTCl Transgenic Mice 

To investigate whether RET /PTC is a genetic lesion that leads to the develop
ment of papillary thyroid carcinoma, we generated a transgenic mouse mod
el of papillary thyroid carcinoma with targeted expression of RET/PTC1 in 
the thyroid gland using the bovine thyroglobulin (Tg) promoter. Three trans
genic founders were identified. However, due to reproductive problems with 
one of the three lines, most of our studies were focused on the other two 
transgenic lines, Tg-PTC1#1 (low-copy transgenic mice) and Tg-PTC1#42 
(high-copy transgenic mice). All transgenic offspring from these two trans
genic lines developed bilateral thyroid tumors with biological features re
markably similar to human papillary thyroid carcinomas. Our study indi
cates that RET/PTC is not only a biomarker associated with papillary thyroid 
carcinoma, but is also a specific genetic lesion that leads to the development 
of papillary thyroid carcinoma Ohiang et al. 1996). 

Histological and Cytological Features 

All transgenic offspring from Tg-PTC1#42 and Tg-PTC1#1 transgenic lines 
developed bilateral thyroid carcinomas which were invasive into surrounding 
tissues and elicited a modest amount of fibrous stroma. These thyroid tu
mors contained a mixture of solid, cribriform, and follicular architecture, 
with a minor degree of papillary formation. Colloid formation was poor or 
absent. The nuclei were variable in size and irregularly shaped. Some of the 
nuclei were vesicular and occasionally formed nuclear grooves and pseudo
inclusions, which are distinctive cytological characteristics observed in hu
man papillary thyroid carcinomas Ohiang et al. 1996). 
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Thyroglobulin Expression, Radioiodide Uptake, and Thyroxine Suppression 

In human thyroid tumors, continued expression of Tg enables physicians to 
measure patients' serum Tg levels to monitor for the presence of residual 
and/or recurrent thyroid cancers in patients who have undergone total thyr
oidectomy. Similarly, in Tg-PTC1 transgenic mice, Tg expression has been 
detected throughout tumor progression, from early stages to advanced 
tumors containing spindle cell populations (Cho et al., submitted). In agree
ment with the observation that most human thyroid tumors are presented as 
"cold nodules:' radioiodide-trapping activity was lost in RET/PTC1-induced 
thyroid tumors (Cho et al., submitted). Thyroxine (T4) supplementation is 
often prescribed to patients who have unresectable or metastatic thyroid 
tumors in order to suppress the growth of residual neoplastic tissues. Like
wise, thyroid tumor development and progression is markedly delayed in Tg
PTC1 transgenic mice by administration of exogenous T4 (Sagartz et al., sub
mitted). Thyroid tumors from T4-treated transgenic mice had remarkably 
less cellularity and showed mostly distended follicles filled with colloid. 

Tumor Onset 

To investigate whether RET/PTCl requires additional genetic lesions to in
duce thyroid tumor development in Tg-PTCl transgenic mice, the time of tu
mor onset was determined in both Tg-PTC1#42 and Tg-PTCl#l transgenic 
mice (Cho et al., submitted). Tg-PTC1#42 transgenic mice developed bilateral 
thyroid carcinomas, originating from the central portion of each lobe of the 
thyroid glands by as early as 4 days of age. However, Tg-PTC1#1 transgenic 
mice had bilateral thyroid carcinomas at 21 days of age. Taken together, the 
time of tumor onset appears to be dependent on the expression level of RET / 
PTC1 in Tg-PTC1 transgenic mice. In the case of Tg-PTCl#42 transgenic 
mice, where RET/PTC1 was expressed at a very high level in thyroid follicu
lar cells with a high intrinsic proliferation rate, additional genetic lesions ap
pear to be less essential for RET/PTCl to induce thyroid tumor development. 

Cellular Abnormalities Preceding Tumor Development 

To understand the molecular and cellular mechanisms underlying thyroid tu
mor development in Tg-PTCl transgenic mice, cellular abnormalities preced
ing tumor development were investigated (Cho et al., submitted). A slightly 
increased proliferation rate, distorted morphology of thyroid follicles, and 
loss of radioiodide-trapping activity can be readily identified in Tg-PTCl#42 
transgenic mice at embryological day 18. The early onset of these distinctive 
cellular changes most likely results from the signaling pathways activated by 
RET/PTCl and not from secondary abnormalities associated with cellular 
transformation. 
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Tg-PTCl (Y294F, Y404F, Y4S4F) Transgenic Mice 

We and others have shown that RET /PTC on cop rote ins form constitutive 
dimers and that constitutive activation of the RET /PTC tyrosine kinase is 
essential for RET/PTC transforming activity (Tong et ai. 1997). It is generally 
believed that tyrosine kinase activation leads to phosphorylation of its own 
tyrosine residues and that the resulting phosphotyrosine residues serve as 
docking sites to recruit signaling proteins to pass on the signaling cascades. 
The cytoplasmic domain of c-RET in RET/PTC oncoproteins have 16 tyro
sine residues, and the long isoform of c-RET has two extra tyrosine residues 
at the C terminus (Itoh et ai. 1989). Among these tyrosine residues, pY294, 
pY404, and pY45l of RET/PTCI were identified as the docking sites for 
Grb7/GrblO, phospholipase C (PLC)-y, and Shc/Enigma, respectively (Arighi 
et al. 1997; Borrello et ai. 1994, 1996; Durick et ai. 1996; Pandey et ai. 1996). 
To investigate whether signaling pathways mediated by these three phospho
tyrosine residues are essential for RET/PTCI to induce thyroid tumor devel
opment in vivo, we generated transgenic mice with thyroid-targeted expres
sion of a RET/PTCI triple mutant, carrying tyrosine to phenylalanine muta
tions at tyrosine residues 294, 404, and 451. 

Initial characterization of the thyroid glands of these RET/PTCI triple
mutant transgenic mice showed no change in thyroid follicle morphology or 
radioiodide-concentrating activity, compared to nontransgenic littermates 
(Furminger et aI., manuscript in preparation). The RET/PTCI triple mutant 
is expressed in the thyroid glands of the corresponding transgenic mice as 
demonstrated by reverse-transcription polymerase chain reaction (RT-PCR). 
This finding suggests that signaling pathways mediated by one or a combina
tion of pY294, pY404, and/or pY45l are essential for RET/PTCI to induce 
thyroid tumor development. 

Tg-PTC3 Transgenic Mice 

A dramatic increase in thyroid cancer has been reported in children who 
were exposed to radiation from the Chernobyl nuclear reactor explosion. It 
has been reported that these thyroid tumors are more aggressive than those 
thyroid tumors occurring in the general population. About 60% of these 
Chernobyl-related thyroid tumors contain RET rearrangements, with the pre
dominant form of RET /PTC oncogene being RET /PTC3 (Klugbauer et ai. 
1995). To investigate whether tumors induced by RET/PTC3 are more aggres
sive than those tumors induced by RET/PTC1, we also generated transgenic 
mice with thyroid-targeted expression of RET/PTC3. 

The thyroid glands of the RET /PTC3 transgenic mice showed only subtle 
morphological changes, such as coalescing follicles at 3 weeks of age. How
ever, the radioiodide-trapping activity was significantly reduced in the thy
roid glands of l-month-old RET/PTC3 transgenic mice that showed no thy
roid tumor formation. RET /PTC3 is expressed in the thyroid glands of these 
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transgenic mice, as demonstrated by RT -PCR. However, the expression level 
of RET /PTC3 in the corresponding transgenic mice is much lower than that 
of RET/PTCl in Tg-PTCl#42 transgenic mice, as demonstrated by western 
blot analysis. Therefore, the temptation to conclude that RET /PTC3 is a 
weaker tumor inducer than RET/PTCl awaits proof that the expression level 
of RET/PTC3 in these transgenic mice is comparable to that of RET/PTCl in 
Tg-PTCl#l low-copy transgenic mice. 

Concluding Remarks 

We developed a transgenic mouse model of papillary thyroid carcinoma with 
targeted expression of RET/PTCl in the thyroid gland. Despite differences 
between tumors in transgenic mice and human papillary thyroid carcinomas 
in terms of temporal expression profiles and the mechanisms regulating 
RET/PTCl expression, thyroid tumors in these transgenic mice show remark
able similarities to human papillary thyroid carcinomas in many aspects. 
Based on our studies, it appears that thyroid tumor development and pro
gression in Tg-PTC transgenic mice is primarily determined by the expres
sion levels of RET/PTC. Signaling pathways perturbed by RET/PTC in thy
roid follicular cells could conceivably be interrupted by other factors if RET / 
PTC expression occurs at a low level. Therefore, we hypothesize that both the 
intensity and duration of RET/PTC activation in proliferating thyroid follicu
lar cells are essential to confer thyroid tumor development both in transgenic 
mice and in humans. 
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Abstract 

Ret is the receptor for glial cell line-derived neurotrophic factor (GDNF) and 
neurturin (NTN). Defects in this receptor underlie several genetic syn
dromes. The receptor is a transmembrane tyrosine kinase which transduces 
Ret-mediated signaling to a variety of signaling pathways, most notably the 
Ras signlaing pathway and the phosphatidylinositol-3 kinase pathway. These 
pathways are activated through the interaction of adaptor proteins to tyro
sine phosphorylated receptor. The ultimate biological effects, depending on 
the cell type, include morphological changes in the cytoskeleton, cell scatter
ing, proliferation, and differentiation. 

Introduction 

Receptor tyrosine kinases are transmembrane proteins which are present in 
the plasma membrane. They consist of an extracellular ligand-binding do
main and an intracellular tyrosine kinase domain and are activated by bind
ing to their specific ligands. Ligands can induce receptor dimerization, be
cause they are either dimers or monomers containing two different domains 
for binding of two receptor molecules at the same time (Lemmon and Schles
singer 1994). Dimerization of these receptors leads to activation of the tyro
sine kinase and receptor autophosphorylation (Ullrich and Schlessinger 1990; 
Heldin 1995). After receptor activation, several cytoplasmic proteins become 
activated due to tyrosine phosphorylation, translocation, or allosteric activa
tion. This activation subsequently results in the activation of elements 
further downstream. Since various proteins interact with the active receptor, 
a variety of signaling pathways is also activated. Figure 1 shows the most im
portant players of three signaling pathways induced by activated receptor tyr
osine kinases, namely the Ras pathway, the phosphatidyl inositol-3 kinase 
(PI3K)-actin cytoskeleton pathway, and the PI3K-protein kinase B (PKB) 
pathway. For the sake of clarity, this scheme is by no means complete with 
respect to all possible interactions and involved proteins. The Ras-extracellu-
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Fig. 1. Three main signal transduction pathways activated by most receptor tyrosine kinases 

lar signal-regulated kinase 2 (ERK2) pathway is involved in changes in gene 
transcription, resulting in cellular proliferation or differentiation. The actin 
cytoskeleton is involved in diverse cellular processes, e.g. cell division, cellu
lar shape change, cellular migration, and axon outgrowth. A key role in the 
rearrangement of the actin cytoskeleton is played by PI3K and members of 
the Rho family of GTPases, including Cdc42, Rac, and Rho. The PI3K-PKB 
pathway is also involved in regulation of gene expression via S6K, but also in 
regulation of other signaling pathways involving glycogen, synthase kinase 3 
(GSK3) or fJ-catenin (Avruch et al. 1994; Bos 1995; Symons 1996). Recently, a 
novel signaling pathway downstream from Ras has been identified which in
volves Ral guanine nucleotide exchange factors and the small GTPase Ral 
(Feig et al. 1996). 

Ret is a member of the family of receptor tyrosine kinases. In order to un
derstand the function of Ret not only in normal development, but also in 
diseases such as multiple endocrine neoplasia type 2 (MEN2) and Hirsch
sprung's disease, it is important to know which signaling pathways are acti
vated by Ret. To study Ret signal transduction, different approaches have 
been used with respect to stimulation of the tyrosine kinase activity of Ret. 
Because the ligands of Ret, glial cell line-derived neurotrophic factor 
(GDNF), and neurturin (NTN) have only recently been identified, very few 
papers have appeared in which GDNF was used to study Ret signal transduc-
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tion. For most studies, constitutively active Ret mutants such as the Ret/PTC 
oncogenes or full-length Ret harboring the activating MEN2A and MEN2B 
point mutations were used. Alternatively, a chimeric receptor consisting of 
the human epithelial growth factor (EGF) receptor ligand binding domain 
fused to the intracellular domain of Ret (HERRet) was introduced into cells. 
Stimulation of this chimeric receptor with EGF results in Ret tyrosine kinase 
activity, which can therefore be used to study Ret signal transduction. 

First, Ret-binding proteins will be discussed, followed by an overview of 
the role of tyrosine residues in protein binding to Ret. Next, signal transduc
tion by constitutively active mutants of Ret will be addressed, followed by 
results from studies with the HERRet chimeric receptor. Finally, we will con
sider GDNF signaling. 

Ret-Binding Proteins 

In order to understand more about the signal transduction events involved 
in the effects of Ret tyrosine kinase activation in the cell, several groups have 
investigated which signaling molecules bind to constitutively active Ret and 
to EGF-stimulated HERRet. The results of these studies are summarized in 
Table l. 

Grb2 is an adaptor protein consisting of SH2 and SH3 domains. Grb2 
binding to active Ret could only be shown in vitro for the pSI isoform of 
Ret, which contains a Grb2-SH2 binding consensus sequence (Y*XNX). No 
association was observed with the p9 or p43 isoforms, which lack this se
quence (Pandey et al. 1995; Durick et al. 1990). Another adaptor molecule is 
She. Shc-binding to Ret has been shown using constitutively active mutants 
of Ret [Borrello et al. 1994; Asai et al. 1996). Shc binding to receptor tyro
sine kinases is mediated by the PTB domain in Shc, which recognizes the 
consensus sequence (L)xNPxY* (Bork and Margolis 1995; van der Geer et al. 
1995). Although no sequence exactly matching the consensus is present in 
Ret, it has recently been shown that Shc proteins bind to tyrosine residue 
1062 (IeNkIY*) in active Ret (Asai et al. 1996). A third adaptor molecule, 
Grbl0, which also binds to active Ret, is a member of the Grb7 family of 
SH2 domain-containing adaptor proteins. The central domain of the adaptor 
molecule is similar to a Caenorhabditis gene that contains a pleckstrin 
homology (PH) domain and may be crucial for migration of a subset of C. 
elegans neuronal cells. Although Grbl0 was originally identified in a screen 
for SH2-containing proteins using the C terminus of the EGF receptor, it 
binds with much higher affinity to activated Ret. The role of Grbl0 in Ret 
signaling is currently unknown (Pandey et al. 1995; Durick et al. 1996; Doi et 
al. 1995). 

Enigma is a recently identified protein with unknown function. It interacts 
with Ret via a LIM domain. Cysteine-rich LIM domains recognize tyrosine
containing tight-turn structures in proteins, but do not require phosphoryla
tion of the tyrosine residue for binding (Wu and Gill 1994). Indeed, Enigma 
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Table 1. Ret-binding proteins as determined by in vitro and in vivo studies 

Protein Ret-PTC (pSl fonn) HERRet (p9 form) 

In vitro binding ' 
GST -Grb2-SH2 +' 
GST -Shc-SH2 +' 
Grb 10 (yeast-Hybrid) + d 

GST -Grb 10 NO 
Enigma (yeast-2-hybrid) + d 

~-Enigma-lIM NO 
PlC), (yeast-Hybrid) + d 

GST-PlCy-SH2 NO 
GST-Src-SH2 NO 

In vivo bindingb 

Grb2 +/- ' 
She 
Grbl0 
RasGAP 
PI3K 
PlCy 

+' 
NO 
NO 
NO 
+" 

d 

PLC, phospholipase C; ND, not determined; GST, glutathione-S transferase. 
a Assayed by binding of the GST fusion proteins to active Ret in cell Iysates. 
b Assayed by co-immunoprecipitation of endogenous or transfected proteins 

together with active Ret from cell Iysates. 
( Borrello et al. 1994. 
d Durrick et al. 1996. 
e Borrello et al. 1996. 
f van Weering et al. 1995. 
9 Pandey et al. 1995. 
h Santoro et al. 1994. 

binds to both the inactive and the active Ret tyrosine kinase domain (Durick 
et al. 1996). The importance of Enigma binding to Ret remains to be estab
lished, since in the initial report mutation of tyrosine residue 1062 abrogated 
Enigma binding and also the transforming activity of Ret. Now that is 
known that tyrosine 1062 is also the binding site for She, the importance of 
the interaction between Enigma and Ret may be questioned. Finally, phospo
lipase C (PLC)y can bind to the tyrosine kinase domain of active Ret. PLCy 
is involved in the activation of protein kinase C (PKC) and in the release of 
calcium from intracellular stores. 

Binding of most of the above-mentioned proteins to the activated Ret tyro
sine kinase domain requires phosphorylation of tyrosine residues in the re
ceptor to function as docking sites for SH2 or PTB domains in the associat
ing molecules. The first column of Table 2, shows which tyrosines are phos
phorylated in constitutively active Ret. To determine which tyrosines are ne
cessary for binding to certain proteins, specific tyrosine residues have been 
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Table 2. Tyrosine residues in the intracellular domain of Ret with details on thyrosine phosphorylation, 
mutational analysis, and binding proteins 

Tyrosine Y-F mutant; Y·F mutant; effect Binding 
phosphorylation effect on on transforming protein 

BRDU inc. activity 
MEN2A MEN2B mlPTQ 

MEN2A MEN2B 

TM 
-Y660 NO NO NO NO 

- Y687 + +/- NO NO NO NO 

-Y7S2 NO NO NO NO NO NO 

TK1 
-Y791 NO NO NO NO NO NO 

.../Y806 NO NO NO NO NO NO 
"\Y809 NO NO NO NO NO NO 

- Y826 + + ! NO NO NO 
KI 

- Y864 NO NO NO ! NO 

.../Y900 NO 1 NO 
"\Y90S NO NO !U Grbl0 

TK2 

-Y928 NO NO NO NO 

-Y9S2 NO NO 1 NMO 

-Y981 Nd NO 111 NO NO NO 

-Yl015 + + NO NO NO PlCy 
-Yl029 + + NO NO NO NO 

-Yl062 + + 111 
Enigma! 

NO NO She 

.../Yl090 NO NO NO NO 
"\Yl096 + +1- NO NO Grb2 

pS1 

ND, not determined; MEN, multiple endocrine neoplasia; BrdU, bromodeoxyurdiine; PLC, phospholipase C; 
TM, transmembrane region; TK, fyrosine kinase domain; KI, kinase insert domain. 
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Fig. 2 A, B. Position of tyrosine residues in A the amino acid sequence, and B in a three dimensional com
puter model of a part of the Ret tyrosine kinase domain 

mutated to phenylalanine residues, which are resistant to phosphorylation. 
This method helps to determine which receptor-binding proteins are in
volved in the cellular responses after activation of Ret. Thus far, the binding 
sites for GrblO, PLCy, Enigma, Shc, and Grb2 have been identified (Table 2). 
In order to select other tyrosine residues that are potentially interesting for 
mutational analysis, a model of the tyrosine kinase domain of Ret was made. 
The model is based on the three-dimensional structure of the kinase domain 
of the human insulin receptor. In this model, the three dimensional structure 
of the insulin receptor is retained, but the relative positions of the Ret amino 
acid residues have been calculated by computer after alignment of the two se
quences. In Fig. 2, the position of all tyrosine residues exposed at the surface 
of the model are indicated. It is striking that all the exposed tyrosine resi
dues are exposed on one side of the molecule. In agreement with this com
puter model, the binding sites for Grbl0 (Y905) and PLCy (YI015) are well 
exposed at the surface of the molecule. Other known binding sites for signal
ing molecules are not included in this model since they are present outside 
the kinase domain of Ret. 

Signaling by Constitutively Active Mutants of Ret 

The first results on Ret signal transduction were obtained using cells trans
fected with constitutively active Ret mutants. Transfection of NIH3T3 fibro
blasts with constitutively active mutants of Ret results in oncogenic transfor
mation of the cells, as judged by focus formation in confluent monolayers, 
tumor formation in nude mice, and anchorage-independent growth in soft 
agar (Durick et al. 1995, 1996; Borrello et al. 1996; Iwashita et al. 1996; Liu et 
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al 1996). Transforming activity of the Ret tyrosine kinase domain in the con
text of a fusion protein is comparable with that of the erbB2 kinase domain 
in the same context, but is approximately 100-fold higher than the transform
ing activity of the EGF receptor kinase domain (Romano et al. 1994). The 
transforming activity of Ret is cell type specific. Expression of the active Ret/ 
PTC mutants in the neuronal cell line PC12 results in expression of immedi
ate early and late genes implicated in neuronal differentiation of the cells, 
showing that active Ret induces neuronal differentiation of PC12 cells (Cali
fano et al. 1995). In addition, Ret/PTC expression in Xenopus oocytes results 
in germinal vesicle breakdown (GVBD), a phenomenon involved in matura
tion of the oocyte (Grieco et al. 1995). These effects are mediated by endo
genous Ras since inhibition of Ras, with a dominant negative mutant or with 
neutralizing antibodies blocked these differentiation events (Califano et al. 
1995; Grieco et al. 1995). 

Figure 2 shows the role of the individual tyrosine residues in Ret with re
spect to the transforming activity of Ret/PTC mutants. Mutation of both tyro
sine 826 and tyrosine 900 to phenylalanine reduces the mitogenic activity of 
Ret/PTC2, and tyrosine 981 or 1062 is essential for the mitogenic activity of 
Ret/PTC2 (Durick et al. 1995, 1996). The role of PLCy in the transforming 
activity by Ret/PTC is not clear. According to Durick et al. (1996), mutation 
of the binding site of PLCy (Y1015) does not reduce transforming activity, 
while Borrello et al. (1996) claim that PLCy binding and activation is essen
tial for transforming activity. 

A major drawback of the use of constitutively active mutants for studying 
signal transduction is that early signaling events cannot be investigated. 
Moreover, feedback mechanisms may have downregulated certain responses, 
which therefore remain unobserved. Thus an inducible system is more infor
mative with respect to early events in Ret signal transduction. 

HERRet-lnduced Signal Transduction 

In order to study early Ret signal transduction in the absence of a known li
gand, Santoro et al. (1994) used a chimeric receptor consisting of the extra
cellular and transmembrane domain of the human EGF receptor fused to the 
tyrosine kinase domain of Ret (HERRet), stably transfected into NR6 fibro
blasts which lack endogenous EGF receptors. EGF-induced stimulation of Ret 
tyrosine kinase activity in these cells results in HERRet tyrosine phosphory
lation and in weak activation of PLCy, as measured by PLCy tyrosine phos
phorylation and the production of inositol phosphates. PI3K activation was 
not detected in either co-immunoprecipitations or in vitro kinase assays. In 
these cells, HERRet stimulation also leads to activation of Ras. However, this 
Ras activity is not followed by ERK2 activation as would be expected (San
toro et al. 1994). 

Since Ret is normally not expressed in fibroblasts, the unexpected signal
ing events observed in these cells might be due to the cell type rather than 



278 D. H.J. van Weering and H. Bos 

to the receptor. In order to test this, we stably transfected the EGF receptor
negative neuroepithelioma cell line SK-N-MC with the same HERRet chi
meric receptor (yielding the SKF5 cells). Stimulation of HERRet in these cells 
resulted in Shc phosphorylation, Shc-Grb2-mSos complex formation, and 
activation of Ras. In contrast to fibroblasts, HERRet-induced activation of 
Ras in SKF5 cells was followed by ERK2 activation. ERK2 activation is de
pendent on Ras, sinc:e expression of a dominant negative mutant of Ras com
pletely blocked ERK2 activation (van Weering et aI. 1995). A possible expla
nation for the discrepancy between these two cell systems might be found at 
the level of Raf-I. In the fibroblast cell line, no MEK-1-phosphorylating activ
ity is stimulated in response to Ret activity, while in SKF5 cells both Raf-1 
and B-Raf are activated (D. H. J. van Weering and J. L. Bos, unpublished re
sults). 

Ret activation also leads to signal transduction towards PI3K-mediated 
events. First, Ret activation leads to the activation of PKB. Second, stimula
tion of SKF5 cells results in rapid formation of lamellipodia at the plasma 
membrane (van Weering and Bos 1997). Activation of PKB and formation of 
lamellipodia is mediated by PI3K, since the specific inhibitors wortmannin 
and LY294002 completely block Ret-induced PKB activation and lamellipodia 
formation. Ret-induced lamellipodia formation, but not PKB activation, is 
mediated by Rac, as determined by transient transfection assays using 
constitutively active and dominant negative mutants of this GTPase. The 
GTPases Rho and Cdc42 are not involved in lamellipodia formation. Ras is 
not necessary for Ret-induced signaling events, since in SKF5 cells express
ing dominant negative RasaSn17, Ret activation still leads to PKB activation 
and lamellipodia formation. However, transfection of constitutively active 
Ras into these cells does induce PKB activation and lamellipodia formation, 
and these signaling events are also mediated by PI3K (van Wee ring et aI., 
submitted). Induction of PI3K-mediated events by constitutively active Ras 
has also been observed in fibroblasts, where constitutively active Ras acti
vates PI3K via a direct interaction between Ras and the 110-kDa subunit of 
PI3K (Rodgriguez-Viciana et aI. 1994, 1996). However, stimulation of SKF5 
cells with basis fibroblast growth factor (bFGF) only weakly induced PI3K 
and PKB activation and did not induce lamellipodia formation, while bFGF 
strongly induces endogenous Ras activation (van Weering et aI., submitted 
for publication). 

The function of the Ret-induced lamellipodia is not exactly known, but 
since lamellipodia are involved in neurite outgrowth, which is also depen
dent on PI3K and GTPases of the Rho family, these lamellipodia might possi
bly represent early events in neuritogenesis. However, long-term stimulation 
of SKF5 cells does not result in neurite formation. Instead, over a time peri
od of 4-6 h, the cells lose their intracellular contact and start to migrate 
away from each other (scattering) (van Puijenbroek et aI. 1997). A process 
similar to scattering also occurs when immature neuroblasts in a developing 
embryo leave the neural tube to become neural crest cells (Newgreen and 
Gibbins 1982). Scattering of SKF5 cells may therefore be regarded as a form 
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of differentiation of the cells. That lamellipodia formation is not required for 
scattering can be concluded from the fact that stimulation of SKF5 cells with 
bFGF does not result in lamellipodia formation, but does result in cell scat
tering. Platelet-derived growth factor (PDGF) stimulation has the opposite 
effect. This growth factor induces lamellipodia formation but not scattering 
(van Puijenbroek et al. 1997). It is therefore likely that lamellipodia forma
tion and scattering are two independent processes that are both induced by 
Ret tyrosine kinase activity. Signaling events responsible for the scattering 
response most likely involve a prolonged activation of ERK2. Both bFGF and 
Ret induce prolonged ERK2 activation and scattering, while PDGF induces 
only transient ERK2 activation and no scattering (van Puijenbroek et al. 
1997). If scattering is regarded as cellular differentiation, this system is ana
logous to the PC12 system in which EGF induces transient ERK2 activation 
followed by proliferation of the cells, while nerve growth factor (NGF) in
duces prolonged ERK2 activation and differentiation of the cells (Marshall 
1995). 

GDNF and NTN-Induced Signal Transduction 

Because GDNF and NTN have only recently been identified as the ligands for 
Ret (Jing et al. 1996; Kotzbauer et al. 1996; Treanor et al. 1996), relatively little 
is known about GDNF- or NTN-induced Ret signal transduction. Both GDNF 
and NTN stimulate Ret tyrosine kinase activity via the (glycophosphatidyl 
inositol (GPI)-linked proteins GDNFR-a and NTNR-a Oing et al. 1996; Treanor 
et al. 1996; Kotzbauer et al. 1996; Klein et al. 1997; Buj-Bello et al. 1997). With 
respect to signal transduction, GDNF induces Ret-dependent mesoderm induc
tion in Xenopus embryos, which is thought to be mediated by ERK2 (Durbec et 
al. 1996; Umbhauer et al. 1995). Indeed, stimulation of SK-N-MC cells stably 
expressing full-length Ret (SKP2) with GDNF results in ERK2 activation. 
Although there is only a small increase in guanosine triphosphate (GTP)
bound Ras in the cells in response to GDNF stimulation, ERK2 activation is 
completely inhibited in the presence of a dominant negative mutant of Ras 
(van Weering and Bos 1997). These results are in agreement with the data we 
obtained with HERRet in the SKF5 cell line, which also show that Ret-induced 
ERK2 activation is mediated by Ras (van Weering et al. 1995). Another impor
tant effect of GDNF is that Ret-expressing neuroblasts, but not neuroblasts 
from Ret knockout mice, show axon outgrowth in response to GDNF stimula
tion (Durbec et al. 1996). Essential during axonogenesis is the formation of la
mellipodia at the growth cone of the axon. Axon elongation is inhibited by cy
tochalasin D, which prevents actin polymerization, and by wortmannin, which 
inhibits PI3K activity (Kimura et al. 1994; Forscher and Smith 1988; Bentley 
and Toroian-Raymond 1986). In SKP2 cells, GDNF induces lamellipodia forma
tion, and these lamellipodia are also dependent on PI3K activity. These results 
suggest that GDNF induces early events in neuritogenesis in this cell line (van 
Weering and Bos 1997). 
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Abstract 

The lod score method for localizing mendelian disease genes in human ge
netics is reviewed. Current ways of applying this technique to hypothesized 
genes underlying complex traits are discussed. In contrast to these para
metric methods, allele-sharing methods using affected sib pairs are reviewed. 
Based on such allele-sharing data, a particular type of analysis is outlined 
which can identify sets of disease loci. This method makes use of pattern
recognition techniques as implemented in artificial neural networks (ANNs). 

Introduction 

Mendelian diseases, i.e., traits with a known, simple mode of inheritance 
(single recessive or dominant gene), are rather infrequent. One of the most 
frequent mendelian traits is cystic fibrosis. Among Caucasians, it has an inci
dence of 1:2000. In contrast, common heritable diseases generally follow un
known modes of inheritance. For example, schizophrenia has a population 
frequency of 1% and clearly has a genetic component; heritability (propor
tion of phenotypic variance due to genetic causes) accounts for at least 74%, 
yet the mode of inheritance is unclear. Presumably, multiple (perhaps inter
acting) loci are responsible for susceptibility to schizophrenia. Such diseases 
are called complex traits, and many cancers also fall into this category. 

To determine the degree by which genetic factors playa role in the etiol
ogy of a complex trait, a common approach is to compare the recurrence 
risk for a monozygotic (MZ) twin KMZ with that for a dizygotic (DZ) twin 
KDZ' If KMZ is much larger than KDZ, this indicates the presence of underly
ing genes. How many such genes are involved has been investigated as fol
lows (Risch 1990): The strength or effect size of a gene may be measured in 
terms of the degree by which it raises the recurrence risk for an offspring, 
Ko or a sibling Ks over that for a random person, which is the population 
prevalence K. The corresponding ratios Ao=KoIK or AS = KslK are then taken 
as measures for the genetic influence of a gene. With decreasing degree of 
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relationship, the corresponding A values tend to decrease as well. The rate of 
drop-off is indicative of the number of genes involved in a trait (Risch 1990). 
While this is an appealing method, results of this and other segregation anal
ysis techniques tend to be very approximate. Another, possibly more reliable 
approach, if feasible, is to look at animal models. As an example, results of 
planned crosses involving the nonobese diabetic (NOD) mouse have shown a 
minimum of nine loci to be responsible for diabetes in these animals (Risch 
et al. 1993). These diabetes genes tend to interact epistatically to produce 
disease susceptibility, and some of them act in a protective manner. These 
results lead to the conclusion that a similar number of genes are responsible 
for diabetes in humans. 

To elucidate the mode of action of such genes, the current "genetic" 
approach (positional cloning) is to first localize a disease gene on the human 
gene map by genetic linkage analysis (Ott 1991; Weeks and Lathrop 1995). 
The next step is to characterize (clone) the gene by molecular genetics tech
niques. Further research is then directed toward functional analysis of the 
gene. This chapter is concerned with the first step of localizing disease genes 
on the human gene map. Brief introductions for parametric and nonpara
metric linkage analysis are given, followed by an outline on recent novel 
developments for the search of disease genes by pattern recognition techni
ques. 

Lod Score Method for Mendelian Diseases 

Genetic linkage analysis is based on the biological phenomenon of crossing
over. In meiosis, every two homologous chromosomes pair up. One arm of 
one homologue crosses over one arm of the other homologue, and a recipro
cal exchange takes place (Fig. O. Of the four gametic products of meiosis, 
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Fig. 1. Crossover in one pair of homologous chromosomes during meiosis (right) and corresponding interpre
tation of marker genotypes observed in family (left). R, recombination; N, non recombination 
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two show the effect of the crossover, while the other two are unaffected by it. 
In suitable families, for two genes on either side of the crossover point, a ga
mete containing the crossover point will appear as a so-called recombinant 
offspring, while a gamete lacking a crossover point will be seen as a nonre
combinant offspring. The proportion of recombinant offspring is referred to 
as the recombination fraction B. The salient feature in all this is that cross
overs take place randomly along a chromosome. For pairs of gene loci close 
together, crossovers rarely occur between them. Thus a small recombination 
fraction is indicative of close proximity of two loci. On the other hand, for 
loci far apart on a chromosome or located on different chromosomes, the 
recombination fraction is B = 0.50. Loci with a B value significantly smaller 
than 0.50 are said to be genetically linked. 

It is only in very special situations such as that shown in Fig. 1 that re
combinant and nonrecombinant offspring can unambiguously be identified. 
Generally, missing observations, incomplete penetrance, and other complicat
ing factors cloud our view of underlying genotypes. For example, for women 
susceptible to breast cancer (BRCA1 gene), the trait is not expressed at birth 
but only later in life (Claus et al. 1991; Hall et al. 1990), and there is also a 
difference of roughly 10 years in mean onset ages between genetic and non
genetic cases (Merette and King 1992). Thus the recombination fraction must 
generally be estimated by the maximum likelihood method. The likelihood 
L(B) is the probability of occurrence of the data (in our case, observations on 
family members) and depends on various parameters such as gene frequen
cies and the recombination fraction between a hypothesized disease locus 
and a genetic marker locus. L(B) assumes different values depending on 
given values of B. The likelihood by itself is less interesting than the likeli
hood ratio L(B)/L(1j2), whose logarithm Z(B) = loglO[L(B)L(1j2) 1 is the so
called lod score (Morton 1955). The value of B that maximizes the lod score 
is taken as the best estimate of the recombination fraction. With a given 
disease inheritance model and assumed parameter values, the lod score is 
generally computed for some set of family data with the aid of a computer 
program. Well-known linkage programs are LINKAGE (Lathrop et al. 1984), 
Mendel (Lange et al. 1988), and Genehunter (Kruglyak et al. 1996; Kong and 
Cox 1997). 

Localizing a hypothetical disease gene on the human gene map amounts 
to estimating recombination fractions between disease locus and each of the 
markers on the map and testing whether an estimated value of B is signifi
cantly smaller than 0.50, which represents absence of linkage. Traditionally, 
significance is said to be established when the maximum lod score over all 
families attains a value of at least 3 (Morton 1955). In a genome-wide search, 
as often carried out today, somewhat higher critical limits are called for 
(Lander and Kruglyak 1995). 
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Lod scores and Complex Traits 

As the mode of inheritance of complex traits is unknown, it is not obvious 
how the lod score method should be applied to such traits, i.e., what inheri
tance model should be specified for analysis purposes. Often, researchers es
timate a mendelian model that is as dose to "reality" as possible by setting 
disease allele frequency and penetrances in such a way that the inheritance 
model predicts appropriate population prevalence and sib recurrence risk of 
the disease. More frequently, multiple inheritance models are tried in the 
analysis (Weeks et al. 1990; Curtis and Sham 1995), which necessitates some 
form of correction for multiple testing (Ott 1991). 

Because of these difficulties, the lod score method is often abandoned for 
complex traits. Instead, nonparametric methods are employed that do not re
quire specification of disease inheritance models. Below, a very common type 
of such methods is described. 

Complex Traits - Allele-Sharing Methods 

In so-called affected sib pair (ASP) methods, all calculations are done for 
marker genotypes and no assumptions are made regarding disease inheri
tance. The only connection with disease is that attention is focused on sib
lings affected with the trait under study. 

Assume a marker locus with consecutively numbered alleles, two parents 
with genotypes 1/2 and 3/4, and two affected offspring. If marker inheritance 
is random (no connection with disease), parent 1 transmits alleles 1 and 2 
with equal frequencies to each of the two offspring. In other words, the two 
offspring either do or do not share an allele received from this parent, where 
these two cases occur with equal frequencies. However, if parent 1 carries a 
disease susceptibility allele at a locus tightly linked with the marker under 
study, then the disease allele is in coupling with one or the other of the two 
marker alleles. In that case, two affected offspring tend to share an allele 
from parent 1 more often than expected by chance. In other words, for a giv
en parent, the average number of alleles shared by the two sibs is equal to 
0.50 without linkage and tends to exceed 0.50 with linkage. For both parents 
considered jointly, the two offspring either share 0, one, or two alleles with 
an average of one under no linkage. Testing for linkage amounts to determin
ing whether the observed number of alleles shared over many ASPs is signifi
cantly higher than expected by chance. Well-known applications of such ASP 
methods include genome screens carried out to localize diabetes susceptibili
ty genes (Davies et al. 1994; Hashimoto et al. 1994). 

While it is in principle possible to carry out ASP analyses by hand for one 
marker at a time, more efficient methods consider all markers on a chromo
some jointly. Powerful approaches for such analyses have been developed and 
implemented in computer programs (Kruglyak et al. 1996; information on 
the ASPEX program is available at URL ftp:!!1ahmed.stanford.edu/pub/aspex/ 
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index.html). A successful application of such a method to inflammatory bow
el disease has recently been described (Hugot et al. 1996), with a commen
tary carrying the same title as this chapter (Ott 1996). 

Multilocus Allele-Sharing Methods with Neural Networks 

Essentially all currently available methods, including the multipoint ASP 
methods, either implicitly or explicitly work under the assumption of a 
single disease locus. However, for complex traits, it is generally believed that 
multiple, possibly interacting loci confer susceptibility rather than a single 
disease locus. We have therefore begun to develop pattern recognition techni
ques with the aim of identifying sets of marker loci that jointly show devia
tions from random allele sharing. Some of the markers may act only as 
modifiers for others. For example, allele sharing may be increased at marker 
17 only when allele sharing is elevated at marker 99. If there are interactions 
among disease loci, pattern recognition techniques will be able to recognize 
these interactions and will therefore be more powerful than conventional 
ASP methods. 

Pattern recognition techniques are often used to predict an outcome (e.g., 
disease diagnosis) on the basis of observed predictor variables. This is 
achieved by monitoring observations with known predictor variables and 
outcomes. Linear discriminant analysis may then be applied to determine the 
set of predictor variables that best predict outcome. For allele-sharing data in 
ASPs, we have turned to a particular type of pattern recognition technique 
called artificial neural network (ANN), which can be shown to be able to car
ry out nonlinear discriminant analysis (Bishop 1995). The network architec
ture we are using is a feed-forward ANN with three neuronal layers (input, 
hidden, and output). 

Here, only a brief nontechnical description can be given; a more detailed 
account has been provided elsewhere (P. Lucek et al., manuscript submitted). 
ANN s were originally developed as simple models for the way nerve cells 
transmit impulses in the brain. In ANNs, neurons are modeled as nodes that 
are arranged in layers. A given node potentially receives impulses from all 
nodes in the layer preceding it and potentially sends an impulse ("fires") to 
each node in the layer following it. Whether a node fires is determined by 
the sum of all impulses received and some threshold function. Based on mul
tiple observations at the input nodes and predetermined values of the output 
nodes, ANNs "learn" how best to connect input and output nodes via path
ways through hidden nodes. The "strengths" of connections among pairs of 
nodes in adjacent layers are called weights, and iteratively estimating these 
weights is referred to as training a network. A common training (learning) 
algorithm is the back-propagation method. Initially, weights have some as
sumed starting values, which are modified and optimized in the course of 
learning. These weights are analogous to the coefficients associated with pre
dictor variables in discriminant or multiple regression analysis. ANNs may 
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be seen to carry out simple calculations in a highly parallel manner, which 
enables them to do tasks for which other methods are unsatisfactory. 

Our allele-sharing observations have a very simple structure: For each par
ent, at any marker, an ASP shows sharing (x = 1) or no sharing (x = -1) or 
provides no information (x = 0). Thus, for all markers studied on the 
genome, observations form an array (a matrix) of x values with m rows 
(markers) and n columns (parents). The ANN has m input nodes, a hidden 
layer with a smaller number of nodes, and an output layer with two nodes 
0 1 and O2, We "train" the network (estimate the weights) with both observed 
allele-sharing data and data randomly generated on the computer. The ratio
nale is that ASP data contain "signal" (disease loci) and "noise" (random al
lele sharing at markers not linked with disease loci), while randomly gener
ated data only contain "noise:' Correspondingly, training of the ASP data is 
done with output nodes set to 0 1 = O2 = 1, while for randomly generated data 
we have 0 1 = 0 and O2 = 1. We then differentiate between weights to the two 
output nodes, 0 1-02 ("signal + noise" - "noise" = "signal"), and compute a 
compound contribution value, Ci , i = 1.. . m, for each marker locus. 

Application of our methods to published allele-sharing data for a genome 
screen of diabetes genes (Davies et al. 1994) showed that the ANN recognizes 
all markers found by conventional methods. In addition, it points to markers 
not implicated in the original study. In particular, one of the genes (IDDM4) 
implicated in diabetes was seen in the original genome screen only after sib 
pairs were subdivided into two groups, those that showed allele sharing at 
HLA for both parents and those that did not, which indicates an interaction 
between IDDM4 and a diabetes gene (IDDM1) at the HLA region. In con
trast, the neural network recognized IDDM4 without subdividing data. 

Our neural network approach to gene mapping appears promising for var
ious complex traits, including cancer genes. Data types other than affected 
sib pairs, where recognizing patterns among observations is important, may 
also be suitable for analysis by neural nets. For example, many cancers are 
homozygous for a marker, while the individual is heterozygous. This loss of 
heterozygosity (LOH) is a well-known method for identifying cancer genes. 
In a genomic survey for LOH, neural nets may be able to pick out patterns 
of interactions among cancer-causing genes that would otherwise be difficult 
to recognize. 
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Abstract 

Genetic linkage experiments using crosses between mouse inbred strains 
with an inherited predisposition and resistance to lung cancer make it possi
ble to investigate the genetics of the complex inheritance of susceptibility 
and resistance to lung cancer. We have previously mapped a major locus 
(pulmonary adenoma susceptibility 1, Pasl) affecting inherited predisposi
tion to lung cancer in mice onto chromosome 6, near Kras2. Appropriate 
crosses that include Pasl/+ mice provide a model system for identifying loci 
that can modify the lung cancer predisposition phenotype caused by Pasl. 
Using this approach, we mapped the pulmonary adenoma resistance 1 (Pari) 
locus on to mouse chromosome 11; this locus selectively inhibits lung tumor 
development in Pasl/+ animals and therefore behaves like a modulator gene 
of Pasl. More recently, we have mapped lung tumor modifier loci specifically 
affecting the initiation and progression of lung cancer. Thus experimental 
models provide an essential tool for the mapping of lung cancer susceptibili
ty/resistance genes and for the subsequent cloning of candidate genes. 

Background 

Exposure to environmental carcinogens, in particular to cigarette smoke, re
presents a major risk factor for lung cancer (Loeb et al. 1984; IARe 1986). 
However, genetic factors may also playa role in lung cancer risk, as evi
denced by the fact that not all heavy smokers develop lung cancer, and neo
plasms may also occur in the lungs of nonsmokers. Several studies have indi
cated an excess risk of lung cancer in relatives of lung cancer patients and 
suggested that inheritance of an autosomal locus influences the risk and age 
of onset of this disease (Sellers et al. 1992). However, lung cancer pedigrees 
are rare, indicating a possible polygenic nature of inherited predisposition 
(Law 1990; Amos et al. 1992; Dragani et al. 1995). 
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Mouse inbred strains with an inherited predisposition or resistance to 
lung cancer provide an important tool for investigating the genetics of this 
complex disease (Malkinson 1989; Dragani et ai. 1995). Analysis of the genet
ics of lung tumors started at the turn of the century, when inbred strains of 
mice with different incidences of lung tumor were first produced. As early as 
1926, Lynch suggested that dominant factors might be involved in the inheri
tance of susceptibility to lung tumors in mice. Later, different studies indi
cated that mouse strains genetically susceptible to the development of spon
taneous lung tumors are also particularly susceptible to lung tumorigenesis 
induced by chemical carcinogens. However, susceptibility to pulmonary tu
morigenesis is not a discrete genetic trait, but rather is expressed in various 
degrees (Andervont 1939; Heston 1940; Lynch 1940; Shimkin 1940). Heston 
(1942) stated that a variable number of genetic factors are present among 
both susceptible strains and resistant ones. More recently, genetic linkage 
studies have confirmed a polygenic model for lung tumor susceptibility. 

The Pas1 Locus in Mice and Humans 

In an (AlJxC3H/He)F2 cross, we have previously mapped the major locus 
affecting inherited predisposition to lung cancer in mice (pulmonary adeno. 
rna susceptibility 1, Pas!) onto the mouse chromosome 6, near Kras2. A/J 
mice are susceptible to lung tumors and carry a Pasl/+ allele (Gariboldi et 
aI., 1993). Two subsequent reports in laboratory mice (Mus musculus muscu
lus) and one other study from our laboratory in interspecific mice confirmed 
both the chromosomal location and the strong contribution of Pas1 to lung 
tumor development and identified additional minor loci (Devereux et al. 
1994; Festing et al. 1994; Manenti et ai. 1995). Recently, we have found that, 
in addition to the AIJ strain, the SWR/J and the BALB/c strains also carry 
the Pas1l+ allele (Manenti et ai. 1997 b). 

The Pas1 location around Kras2 is intriguing and may indicate that the 
AIJ -derived allele of Kras2 is the factor conferring predisposition to lung 
cancer. Indeed, somatic mutations frequently occur at the Kras2 gene in both 
spontaneous and chemically induced lung tumors (for a review, see Dragani 
et ai. 1995). Furthermore, several studies have reported a very good associa
tion between polymorphisms (a 37-bp duplication and several specific base 
changes) in the second intron of the Kras2 gene and the susceptibility to 
develop lung tumors in different inbred or recombinant inbred (RI) strains 
(Ryan et ai. 1987; Malkinson 1991; Chen et ai. 1994). We found that, based 
on these polymorphisms, M. spretus should be classified as a susceptible 
strain. In fact, the M. spretus Kras2 has only one copy of the 37-bp sequence 
and shows those polymorphisms at nucleotides 288 and 296 that have been 
suggested to be typical features of susceptible or high-intermediate strains. 
However, the M. spretus strain shares Kras2 polymorphisms specific to sus
ceptible strains but not the Pas1 locus, as excluded by linkage analysis. The 
close association between the Kras2 polymorphisms and Pas1 in M. musculus 
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mice, together with the lack of this association in M. spretus, may be ex
plained in terms of evolutionary distance. Indeed, Kras2 and Pasl may be 
closely associated but distinct, and the phylogenetic distance between 
M. spretus and M. musculus mice may account for the rare recombination 
between the genomic structure of Kras2 intron 2 and Pasl (Manenti et al. 
1995). 

Genetic linkage studies in lung cancer pedigrees and in affected sib pairs 
would allow unambiguous mapping of the human lung cancer susceptibility 
gene or genes, but familial clusters of lung cancer are rare, and the poor 
prognosis of the disease prevents the collection of blood samples in eligible 
families. The mapping near Kras2 of a major locus affecting inherited predis
position to lung cancer in mice (Pasl; Gariboldi et al. 1993) prompted us to 
test the possible association of KRAS2 polymorphisms with risk and prog
nosis of lung adenocarcinoma in humans. 

In the Italian population, we carried out a linkage disequilibrium study by 
genotyping lung adenocarcinoma patients and healthy blood donor subjects 
for three genetic markers located in the putative region of interest: PTHLH 
(l2pl1.2), KRAS2 (l2pI2.1), and CDKNIB (12p13). Homozygosity of the A2 
allele at a RsaI polymorphism of KRAS2 proto-oncogene and the presence of 
allele 2 at a VNTR polymorphism in the PTHLH gene, respectively, showed 
borderline statistically significant associations with low and high lung cancer 
risk. Furthermore, the same alleles were significantly associated with a better 
and poorer tumor prognosis, respectively. In contrast, no assoClatlOn was 
found for the most telomeric marker, the CDKNIB gene (Manenti et al. 
1997 a). 

Linkage disequilibrium studies with genetic markers located close to a dis
ease gene have been successful in high-resolution mapping of genes respon
sible for rare diseases in isolated populations, with the disease gene most 
probably originating from a few founders. However, the power of this 
approach is expected to be much lower for common diseases and for studies 
in heterogeneous populations. Indeed, lung cancer is a common rather than 
a rare disease, and the Italian population is not an isolated population. 
Therefore, our results, although preliminary and deserving confirmation in 
other populations, may provide evidence for the existence of the human 
PASI gene on chromosome 12pl1.2-12.1. Similarly, the results also suggest 
that the mouse model of inherited predisposition to lung tumorigenesis IS 

predictive of a human genetic mechanism of susceptibility to lung cancer. 

The Par1 Locus 

Appropriate crosses that include Paslr mice provide a model system for 
identifying loci that can modify the lung cancer predisposition phenotype 
caused by Pasl. In an interspecific cross between the A/J and the M. spretus 
strains (termed ASB), approximately 50% of the ASB mice developed lung 
tumors (Manenti et al. 1995). This is compatible with the presence of one 
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highly penetrant major susceptibility gene deriving from the AIJ strain 
(Pasl). However, lung tumor susceptibility was as much as 14 -fold lower in 
the ASB population than in susceptible control (A/JxC57BL/6J)Fl mice 
(Manenti et al. 1995). This result suggested the existence of one or more M. 
spretus-derived loci that strongly reduced the expressivity of Pasi in ASB 
mice. Indeed, linkage analysis in male and female groups indicated that a 
genomic region of chromosome 11 was significantly associated with the ex
pressivity of lung tumor susceptibility. Interval mapping analysis showed that 
the highest lod score occurred at the Ram locus. We named the lung tumor 
resistance locus Pari (pulmonary adenoma resistance 1). Pari selectively in
hibits lung tumor development in Pasl/+ animals and therefore behaves, like 
a modulator gene of Pasi (Manenti et al. 1996). 

The lod score peak was located on the region of chromosome 11 that con
tains the retinoic acid receptor (Ram) gene (Manenti et al. 1996). Retinoids 
and retinoid receptors are known to regulate the proliferative and differen
tiating capacities of various mammalian cell types, including lung epithelial 
cells (Ahn et al. 1995; Seewaldt et al. 1995; Chytil 1996). Retinoids are also 
used in a variety of chemopreventive and chemotherapeutic settings. Indeed, 
chemoprevention of oral, skin, and head and neck cancers has been re
ported, as well as the therapy of acute promyelocytic leukemia or of squa
mous cell carcinoma of the cervix and the skin (for reviews, see Benner et 
al. 1995; Lotan 1996). The Ram gene could therefore be considered, an ob
vious candidate gene for Pari. We analyzed the loss of heterozygosity, nu
cleotide sequence comparison, gene expression, and biochemical activity of 
the Ram gene from the M. spretus (Parll+) and A/J (Parir) mouse strains. 
The two Rara alleles were distinguished by two amino acid variations, but 
showed similar biochemical activity and expression levels, leading to Ram 
gene being ruled out as a candidate Pari gene (Gariboldi et al. 1998). 

The mapping of a genetic locus conferring dominant resistance to lung 
cancer opens important perspectives for the near future. The tumor resis
tance loci may represent a new special category of genetic modifiers of can
cer. Once the relative genes are cloned, it will be possible to study the bio
chemical mechanisms of inherited resistance to cancer. Eventually, it could 
be possible to devise new therapeutic strategies for cancer, based on the bio
chemistry of these genes, that would imply the use of our own natural mole
cules. Thus the putative anticancer effects of tumor resistance loci would in 
principle not be conditioned by adverse side effects, as in the case of the 
therapeutic drugs now available for cancer patients. 
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Abstract 

Migrant studies have taken advantage of the wide geographical variation in 
cancer risk. Cancer rates in migrants, obtained from routinely collected inci
dence or mortality statistics, are compared with those in the host country 
and in the country of origin; the rate of change with time since migration 
(or age at migration) and in subsequent generations is assessed; and the 
results are interpreted in the light of differences in socio-economic status 
and the degree of cultural assimilation. Rapid changes in cancer risk follow
ing migration imply that life-style or evvironmental factors are of overriding 
importance in aetiology. The susceptibility of fair-skinned races to ultraviolet 
(UV)-associated skin cancers is an example of racial differences based on in
herited factors, but the long-term excess or deficit of other cancers in mi
grants has not yet been atributed definitively to genetic rather than persist
ing life-style factors. Are there racial differences in metabolism, DNA repair 
mechanisms or altered expression of oncogenes or tumour suppressor genes? 
Several genetic polymorphisms affecting the metabolism of known occupa
tional carcinogens or hormonal factors do vary by race. While classical 
epidemiology has shown that the environment predominates in determining 
cancer incidence, molecular epidemiology has identified several examples of 
genetically determined differences between races. 

Introduction 

Migrant studies have taken advantage of the large geographical variation in 
cancer risk (Parkin et al. 1977), the term 'geographical' covering a variety of 
circumstances including racial, cultural and economic as well as physical 
(Muir 1973). Differences in environmental exposures and host susceptibility 
are possible explanations for these disparate cancer rates, while the influence 
of social class and of the health system in the relevant country (upon which 
the diagnosis and reporting of cancers depend) also has to be kept in mind. 
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Investigations of migrant populations may be used to assess the relative im
portance of environmental and genetic influences in cancer aetiology and to 
gain insight into the time relationships between environmental exposures 
and appearance of cancer. Cancer risks may be compared between popula
tions of similar genetic background but living in different physical, social 
and cultural environments and between populations of different genetic back
grounds living in the same geographical environment (Parkin and Khlat 
1996; Thomas and Karagas 1996). 

Cancer rates in migrants, obtained from routinely collected incidence or 
mortality statistics, are compared with those in the host country and in the 
country of origin, the rate of change with time since migration (or age at mi
gration) and between different generations of migrants (Parkin and Iscovich 
1997) is assessed; and the results are interpreted in the light of possible dif
ferences in socio-economic status and the degree of cultural assimilation. 
The major contribution of the earliest formal migrant studies, which were of 
Japanese (Locke and King 1980) and Chinese (King and Haenszel 1977) 
migrants to the United States, was to demonstrate that for most cancer sites 
the risk changed towards that of the host country over time and from one 
generation to the next. This was irrespective of whether a particular cancer 
was common or rare in the country of origin. 

Migrant studies must be interpreted with caution, as migrants are self
selected and not representative of the population in their country of birth. 
They may come from particular regions within that country or from specific 
social or religious groups with distinctive cancer patterns and are likely to 
be healthier in order to undertake the journey and to pass the medical exam
ination often required by the host country. Migrants generally travel from a 
poorer to a more industrialized country. 

Rapid changes in cancer risk following migration imply that life-style or 
environmental factors are important in aetiology and that either the relevant 
agents act late in carcinogenesis (e.g. aspects of diet in respect of large bowel 
cancer; McMichael et al. 1980) or the introduction of preventive strategies at 
this stage is effective (e.g. for cancer of cervix; Parkin et al. 1990). However, 
if the change was slow so that the rate in the migrants remained closer to 
that in the country of birth, either the migrants retained in their environ
ment factors which modify cancer progression (e.g. southern European mi
grants with respect to large bowel cancer; McMichael and Giles 1988) or ex
posures early in life (i.e. at an early stage in carcinogenesis) were more rele
vant. Epidemiology alone cannot distinguish between the effects of genetic 
susceptibility from those of persisting cultural influences. 

Cancers classified by Thomas and Karagas (1996) as being partly related 
to a diet rich in animal products (e.g. colon, breast, ovary, prostate, testis) 
are more common in industrialised countries, being generally linked with a 
higher standard of living. For these, migrant rates generally increase, except 
when it is predominantly those of high social class who emigrate. Smoking
related cancers (e.g. lung, larynx, bladder, pancreas) also tend to be more 
common in migrants than in their country of origin, but here comparisons 
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are less informative, partly because the findings reinforce what is already 
known about smoking habits. They may, however, be used to identify possi
ble protective factors, e.g. in male Greek migrants to Australia, whose lung 
cancer rate is lower than expected (McCredie et al. 1990 a) from their preva
lence of smoking (McMichael and Giles 1988). Cancers related to contamina
tion of food by carcinogens (e.g. liver, stomach) and those with a probable 
infectious aetiology (e.g. cervix, liver, nasopharynx), tend to become less 
common in migrants than in their countries of origin (Thomas and Karagas 
1996). 

Examples from Routinely Collected Incidence or Mortality Data 

The United States, Israel, Australia and Britain, each with large immigrant 
populations, have been fruitful sources of investigation. Breast cancer rates 
are somewhat higher in migrants to the United States from Mexico, Puerto 
Rico, China and Japan than in the country of origin. However, even in their 
US-born descendants, rates are only half that in the US-born white popula
tion (Thomas and Karagas 1996). This is in contrast to the pattern seen in 
migrants from European countries, whose breast cancer rates generally 
approach that of US-born white women. In Australia, where information on 
time since migration is available, breast cancer mortality rates in European 
migrants increase with the number of years spent in Australia, until after 17 
years they are generally at least as high as those in the Australia-born popu
lation (Armstrong et al. 1983). 

Rates of colon cancer, as for breast cancer, are low in the countries of ori
gin and somewhat higher in migrants from Latin America, China or Japan. 
However, rates for their US-born descendants more closely approached those 
of the US-born whites than did rates of breast cancer (Thomas and Karagas 
1996). Rates for male European migrants are slightly greater than the rate for 
US-born whites, while those for female European migrants are more variable 
but generally similar to that for US-born white women (Thomas and Karagas 
1996). Male southern European migrants to Australia had almost the same 
rates as the Australian-born after 17 years, but rates for female European mi
grants tended to remain somewhat lower than that for the Australia-born 
population (Armstrong et al. 1983). This implies that the life-style of the fe
male migrants (probably aspects of diet; McMichael and Giles 1988) changed 
more slowly than that of their male counterparts. In Israel, there was a 
marked increase in rates of colon cancer over time both in the migrants and 
in the Israel-born population (Parkin et al. 1990). When this was taken into 
account, there was no change in risk of colon cancer, relative to that in the 
Israel-born population, with increasing duration of residence in Israel for mi
grants from Europe or America, Western Asia or North Africa, the risk re
maining significantly low in the latter. 

For stomach cancer, mortality rates were lower in migrants to the United 
States than in their countries of origin but consistently higher than the rates 
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for US-born whites (Thomas and Karagas 1996). The residual excess in rates 
was not related to the level of risk in the country of origin. In the offspring 
of Asian migrants rates fell further but, except in the Chinese, some residual 
excess risk persisted. Among migrants to Australia, stomach cancer rates de
clined with the passage of time in Australia, but a small residual excess re
mained 17 years after migration (Armstrong et al. 1983). A similar excess 
persisted among migrants to Israel 30 years after migration (Parkin et al. 
1990). Dietary factors (smoked, cured, salted or pickled products) have been 
implicated in the aetiology of stomach cancer, and constituents of fresh fruits 
and vegetables may be protective (Nomura 1996). The decline in rates of sto
mach cancer in first-generation migrants provides evidence that exposures in 
adult life are of aetiological importance. 

With Australia's majority of fair-skinned people, high levels of ultraviolet 
(UV) radiation and past propensity for sunbathing, it is not surprising that 
its rates of skin cancer, including melanoma, are the highest in the world. 
Compared with the Australia-born population, migrants from all countries 
except New Zealand have significantly lower incidence rates of melanoma 
(McCredie et al. 1990b). Moreover, the risk of dying from melanoma among 
migrants to Australia from the British Isles and from Central and Eastern 
Europe was substantially higher if migration had occurred at an early age 
(Khlat et al. 1992). In the olive-skinned southern Europeans, this effect was 
not seen. In Israel, the darker-skinned migrants from North Africa and 
Western Asia have markedly lower rates of melanoma than the Israel-born 
population even 30 years after migration (Parkin et al. 1990). Although there 
was an increasing trend in melanoma rates in European and American 
migrants with time since migration, rates remained 40% below those of the 
Israel-born population 30 years after migration. The evidence suggests that it 
is exposure early in life that contributes most to the genesis of melanoma in 
fair-skinned people. 

Examples from Case-Control Studies 

Additional information obtained from individuals can enhance knowledge 
gained from data at the population level. In a case-control study of breast 
cancer risk in Asian Americans, women who had a single move from East 
Asia to the United States had a risk of breast cancer which was the same in 
those who migrated during childhood or early adolescence «16 years), early 
reproductive life (16-25 years) or at a later age (26-35 years) (Ziegler et al. 
1993). However, the risk was lower among women who migrated after the 
age of 35. A similar (and interrelated) pattern was seen for duration of resi
dence in the United States. The risk of breast cancer rose during the period 
8-14 years of residence but not thereafter. Among Asian American women 
born in the United States, there was a steadily increasing risk according to 
whether the mother and one or both grandmothers had been born in the 
United States. The place of birth of fathers or grandfathers did not influence 
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the risk. Whether the migrants came from an urban or rural environment in 
Asia also contributed to the picture, with those migrating from urban centres 
in East Asia having a 40% lower risk of breast cancer than Asian American 
women born in the United States, while those from rural regions had an 
even lower risk. These observations point to cultural influences having a 
much stronger effect than genetic factors in the aetiology of breast cancer. 

By contrast, in a case-control study of squamous cell carcinoma of the 
oesophagus, the risk was higher in African Americans than in US-born 
whites in each category of alcohol and tobacco consumption (Brown et al. 
1994). As the excess of oesophageal cancer in African Americans could not 
be explained simply by exposure to these known risk factors, a strong genet
ic influence or some unidentified risk factor is postulated. 

Genetic Factors Varying by Race 

The susceptibility of fair-skinned races to UV-associated skin cancers is an 
obvious example of racial differences based on inherited factors. Can the per
sisting excess or deficit of other cancers in migrants many years after migra
tion be explained by genetic factors rather than by life-style? Are there racial 
differences in metabolism, or DNA repair mechanisms or altered expression 
of oncogenes or tumour suppressor genes? Certainly several genetic poly
morphisms affecting the metabolism of known occupational carcinogens do 
vary by race, e.g. CYPIAI and CYP2D6; for polycyclic aromatic hydrocar
bons (Zahm and Fraumeni 1995). 

An example of the interaction of environmental and genetic factors is pro
vided by bladder cancer, generally caused by environmental exposure to aro
matic amines which are activated by N-hydroxylation and detoxified by N
acetylation or conjugation with glutathione. N-Acetyltransferase is coded by 
a single gene with two major alleles. Individuals homozygous for the slow 
acetylator allele display the slow acetylator phenotype, inactivating carcino
genic (and other) aromatic amines more slowly than rapid acetylators. This 
implies a higher risk of bladder cancer among slow metabolizers. Glu
tathione S-transferase Ml (GSTMl) is part of a family of enzymes that detox
ify reactive chemical entities by promoting their conjugation to glutathione. 
GSTMI is polymorphic in humans with inherited homozygous deficiency 
being associated with no GSTMI enzymic activity. 3- and 4-amino-biphenyl 
(3-ABP, 4-ABP) are aromatic amines present in tobacco smoke. Adducts of 
these compounds with haemoglobin can be used as biomarkers of the inter
nal dosage of the N-hydroxylated metabolites of 3- and 4-ABP. 

Male bladder cancer rates are higher in US-born whites, intermediate in 
African Americans and lower in Asian Americans (Parkin et al. 1997), 
although their smoking habits are known to be comparable (Yu et al. 1994). 
Acetylator status was assessed and the levels of 3- and 4-ABP-haemoglobin 
adducts measured in 133 Los Angeles men who were either lifetime non
smokers or current smokers; among the latter, there was a reasonably wide 
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range of number of cigarettes smoked per day (Yu et all. 1994). The proportion 
of slow acetylators was highest in the US-born whites, intermediate in the Afri
can Americans and lowest in the Asian Americans. The geometric mean level of 
3- and 4-ABP-haemoglobin adducts followed the same pattern, indicating that 
slow acetylators were exposed to higher levels of activated 3- and 4-ABP in vivo 
compared with rapid acetylators. There were higher mean levels of adducts in 
cigarette smokers compared with non-smokers, the levels increasing with the 
number of cigarettes smoked per day. There were also higher mean levels of 
adducts in slow acetylators independent of race or of level of smoking. When 
the GSTMl genotype (null versus non-null) was considered together with acet
ylation phenotype, whites had less than one half the prevalence of the 'protec
tive' profile (rapid acetylator, GSTMl non-null) relative to African and Asian 
Americans (Yu et al. 1995). Thus we have an example in which genetically 
determined levels of activity of two enzymes appear to contribute substantially 
to racial susceptibility to one important cancer. 

An example of another aspect of metabolism known to vary between races 
is seen within the prostate, where the conversion of testosterone to dihy
droxytestosterone by the enzyme 5-a-reductase controls cell division. Since 
cell proliferation is an important influence in human carcinogenesis, racial 
variation in the secretion or metabolism of testosterone may be responsible 
for the worldwide variation in prostate cancer risk. A series of studies has 
measured two serum markers of 5-a-reductase activity (3a,17,B-androstane
diol glucuronide and androsterone glucuronide; Ross et al. 1992), a poly
morphic marker in the SRD5A2 gene (Reichardt et al. 1995), which encodes 
the type II steroid 5-a-reductase, and the highly polymorphic androgen 
receptor (AR) (Coetzee and Ross 1994), which is required to translate the 
androgen response. 

Incidence rates of prostate cancer vary widely in African Americans, US
born whites and Japanese (Parkin et al. 1997). Measures of circulating testos
terone, sex hormone-binding globulin, two serum markers of 5-a-reductase 
activity (Ross et al. 1992), the CAG repeat in the AR gene (Coetzee and Ross 
1994) and the V89L missense substitution in the SRD5A2 gene (Reichardt et 
al. 1995) all parallel the pattern seen for prostate cancer; in addition the TA 
repeat in the SRD5A2 gene was found only in African Americans (Reichardt 
et al. 1995). On this evidence, it is not unreasonable to postulate that the 
racial differences in prostate cancer are largely accounted for by inherited 
metabolic factors. 

It is not yet known to what extent similar mechanisms might operate for 
other cancers. Polymorphic metabolism may help to explain the residual low 
risk of breast cancer in the offspring of Japanese migrants, the higher rates 
of myeloma and cancers of the oesophagus and pancreas in African Ameri
cans, and the high rate of lung cancer (especially adenocarcinoma) in 
Chinese women (Parkin et al. 1997; McCredie et al. 199Gb), who have a low 
prevalence of smoking (Maclennan et al. 1977). 

With regard to inherited mutations in 'single' genes (e.g. BRCAl), there 
are as yet few data on population prevalence and penetrance, and we do not 
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know whether there are significant racial differences. However, 'single' genes 
are likely to account for only a small minority of cancers (Caporaso and 
Goldstein 1995). 

The Earliest Migrants to Australasia 

There appears to be a contrasting pattern of cancer incidence in the people 
who first migrated to Australia, the Aborigines, and the Maori who ante
dated European settlement in New Zealand. The Aborigines, who now com
prise only 1%-2% of the Australian population, were separated from the rest 
of the world from the time of their arrival perhaps 40,000 years ago and 
lived as hunters and gatherers until white colonisation 200 years ago. How
ever, there appear to be no differences in cancer incidence between aborigi
nal and white Australians, which cannot be explained purely by socio-eco
nomic or life-style factors. Maori people, who came to New Zealand only 
about 1000 years ago and were followed by Europeans some 150 years ago, 
now comprise 13% of the population. As well as showing an excess of can
cers associated with a lower standard of living, Maori show some clear-cut 
differences (Smith et al. 1985). For example, women who have at least half 
Maori ancestry have a moderate excess risk of breast cancer, despite their 
reproductive risk factor profile generally being more favourable than that of 
white New Zealanders (M. McCredie et al., manuscript in preparation). As 
Maori are on the whole well integrated into New Zealand life, genetic factors 
may be responsible. 

While classical epidemiology has shown that the environment is the pre
dominant factor in determining cancer incidence, molecular epidemiology 
has identified several examples of genetically determined differences between 
races and there are likely to be more. 
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Abstract 

The population frequency of germline mutations predisposing to hereditary 
nonpolyposis colorectal cancer (HNPCC) is unknown. Several epidemiologi
cal studies have addressed the problem, and estimates on the proportion of 
the total color ectal cancer burden accounted for by HNPCC have varied be
tween 0.5% and 13%. In the absence of any clinical diagnostic hallmarks, the 
definition of HNPCC is based on family history. The problem in defining the 
syndrome is reflected in the wide range of frequency estimates. The molecu
lar background of HNPCC has recently been clarified. Defects in a total of 
five different mismatch repair genes have been associated with the syndrome. 
Tumors associated with HNPCC display micro satellite instability (or replica
tion error, RER). RER analysis followed by germline mutation analysis in the 
mismatch repair genes allows molecular diagnosis in a proportion of HNPCC 
patients. These diagnostic methods are likely to contribute to our under
standing of the epidemiology of HNPCC. In Finland, the centralized health 
care system, population history, and recent advances in molecular genetic 
research have together created tools to evaluate the molecular epidemiology 
of HNPCC in the country. 

Introduction 

The epidemiology of HNPCC has been studied extensively. Many efforts have 
been made to define the proportion of the total color ectal cancer burden 
accounted for by HPNCC. Unlike the hereditary intestinal polyposis syn
dromes, HNPCC lacks clinical diagnostic hallmarks, and the diagnosis is 
thus based on family history. The so-called Amsterdam criteria for HNPCC 
include the following: 
l. At least three relatives should have histologically verified colorectal cancer; 

one of them should be a first-degree relative of the other two. 
2. At least two successive generations should be affected. 
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3. In one of the relatives colorectal cancer should be diagnosed under 
50 years of age. In addition, the different polyposis syndromes have to be 
excluded (Vasen et al. 1991). 

While these criteria have been very useful in defining the syndrome for re
search purposes, the lack of specific clinical features and laboratory analyses 
have hampered epidemiological studies on HNPCC. 

Studies to estimate the frequency of HNPCC have typically included a set 
of unselected colorectal cancer patients, whose family histories have then 
been scrutinized. Such studies have failed to give consistent results on the 
frequency of the syndrome, and the results vary from 0.5% to 13% (Aaltonen 
et al. 1994; Houlston et al. 1992). Recently, the molecular background of the 
disease has in part been revealed. Germline mutations of five DNA mismatch 
repair gene - MSH2, MLH I, PMS1, PMS2, and MSH6 (GTBP) - have been 
associated with HNPCC (Bronner et al. 1994; Fishel et al. 1993; Leach et al. 
1993; Miyaki et al. 1997; Nicolaides et al. 1994; Papadopoulos et al. 1994). 
Furthermore , it has been shown that tumors derived from HNPCC patients 
display microsatellite instability, also referred to as the replication error 
(RER) phenomenon. This can be easily demonstrated by genotyping tumor 
tissue DNA with microsatellite markers. Tumor tissue DNA displays alleles 
that are not present in normal tissue DNA. This phenomenon is present in 
approximately 10%-15% of all colorectal cancers (Aaltonen et al. 1993; Ionov 
et al. 1993; Thibodeau et al. 1993), but only a subset of the patients have 
HNPCC. The usefulness of RER testing in the detection of HNPCC is thus 
still to be clarified. 

Tools for Molecular Genetic Research 

Many successful studies on hereditary diseases have been conducted in 
Finland. The success of this kind of research work has been due to several 
factors. First, Finland has a centralized health care system. People from one 
geographical area usually attend their local health centers and hospitals, and 
patient records can be obtained for research purposes from the units of the 
public health care provided that the authorization of the appropriate officials 
has been obtained. Second, Finland has a long history of population registra
tion. The Finnish Population Register Center is a computerized unit which 
holds information on all individuals living in Finland. Every individual has a 
unique social security number, and the register can identify the first-degree 
relatives of an individual. Constructing pedigrees with the Population Regis
ter information can thus be performed automatically. Pedigrees can often be 
traced back for centuries with the help of church records, which have the sta
tus of an official population registry and have turned out to be very accu
rate. Third, the data of the Finnish Cancer Registry is an important tool for 
cancer research. The registry is population based, has a legal status, and has 
been functioning since 1953. All cancer cases that come to the attention of 
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physicians are reported to the registry. The data set is almost complete and 
includes information on tumor site, histology, stage and age of the patient at 
diagnosis. The registry is based on social security numers (Kyllonen et al. 
1987; Teppo et al. 1994). Thus pedigrees constructed in the Population Regis
try can be automatically linked to the Cancer Registry files, and pedigrees 
depicting family history of cancer can be drawn. Cross-linking two registries, 
as described above, is a very potential tool, and discussion about the ethical 
implications of such procedures should be conducted. In the case of cross
linking the Cancer Registry data with the Population Registry data, the con
clusion has been that such a procedure can be performed for research pur
poses and after authorization by the appropriate officials. Fourth, the unique 
population history of the Finns has laid the foundation for effective identifi
cation of genes underlying hereditary diseases. Although Finland has been 
inhabited for thousands of years, the population is hypothesized to have 
expanded from a small number to the present 5 million within the last 
2000 years. During this time, there has been little immigration. Thus same 
hereditary diseases are rarer in Finns than in other European populations, 
and some are more frequent. Examples of the former are cystic fibrosis and 
phenylketonuria. The more frequent diseases comprise many rare recessive 
disorders as well as some dominant traits. The genetic homogeneity of the 
population greatly facilitates disease gene identification studies. The back
ground of a hereditary disease is likely to be more homogenous in this popu
lation, whereas similar studies in more mixed populations could be ham
pered by a mixed molecular background, genetic heterogeneity, and different 
mutations in a homogenous disease (de la Chapelle 1993). The use of linkage 
disequilibrium in mapping disease genes in Finns is a good example of the 
advantages of the population structure for the molecular studies (Hastbacka 
et al. 1992). Homogenous populations greatly facilitate not only studies on 
mendelian disease genes, but also identification of genes underlying multifac
torial diseases. 

HNP(( Mutations in the Finnish Population 

After the MSH2 (chromosome 2p) and MLHI (chromosome 3p) gene loci 
had been identified (Lindblom et al. 1993; Peltomaki et al. 1993), linkage 
studies were performed in Finnish HNPCC families. While little evidence of 
linkage to 2p was obtained, multiple families displayed close linkage to 3p 
markers. Interestingly, many of the families (11 out of 18 studied) turned out 
to have a shared ancestry and/or shared 3p marker haplotype (Nystrom
Lahti et al. 1994). This indicated that a single ancestral founder mutation 
might underlie a large proportion of the Finnish HNPCC cases. Sequence 
analysis of the newly identified MLHI gene revealed a deletion of exon 16 at 
the cDNA level, which turned out to be due to a 3.5-kb genomic deletion 
comprising both this exon and the intronic sequence (referred as mutation 
I). This deletion was perhaps promoted by an Alu-mediated recombination 
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(Nystrom-Lahti et al. 1995). Most families segregating this mutation ongI
nated from Eastern Finland. Another relatively frequent MLH1 mutation, 
destroying the splice acceptor site of exon 6 (referred as mutation II) , was 
also detected. At present, more than 50 families with either MSH2 or MLH1 
mutations have been identified, and the majority of these segregate mutation 
I or mutation II. 

The age of the two founder mutations was subsequently studied by analyz
ing the extent of the conserved haplotype, and it was concluded that muta
tion I was introduced to the Finnish population 16-43 generations (400-1075 
years) ago. Mutation II was estimated to be five to 21 generations (125-525 
years) old. These estimates were in agreement with genealogical data, sug
gesting a common ancestor born 500 and 300 years ago, respectively (Moisio 
et al. 1996). 

To determine the population frequency of MSH2 and MLH1 mutations, a 
prospective multicenter study was launched. In this work, normal and tumor 
tissue is prospectively collected, after informed consent, from hundreds of 
colorectal cancer patients. Nine central hospitals covering South-Eastern Fin
land are participating in the study. The tumors are analyzed for RER using 
multiple micro satellite markers. The RER-positive cases are then scrutinized 
for mutations in the MLH 1 and MSH2 mismatch repair genes by genomic se
quencing. However, regardless of their RER status, all samples are analyzed 
for the founder mutation 1 (easy to test, cannot be detected by sequencing). 
Preliminary results indicate that the proportion of all colorectal cancers ac
counted for by HNPCC (as defined by germline mutations in the MSH2 and 
MLH1 genes) is smaller than estimated in many previous epidemiological 
studies. The results of the study suggest that routine molecular screening of 
colorectal cancer patients for HNPCC is not warranted with the present 
methods. The family histories of all patients are scrutinized with the help of 
the Population Registry and Cancer Registry. Patients frequently have a first
degree relative with colorectal or endometrial cancer. It is likely that MLH1 
and MSH2 are not the only major genes predisposing to familial nonpolypo
sis colorectal cancer. In the Jewish population, a mutation in the APC gene 
that confers an increased risk for colorectal cancer without polyposis has 
been identified (Laken et al. 1997). It is likely that examples of other colorec
tal cancer susceptibility genes will be identified in the future. Thus the ab
sence of MSH2 and MLH1 mutations should not affect clinical screening of a 
family with colon cancer if the family history indicates that such screening is 
necessary. 

It is important to diagnose HNPCC families. A recent 10-year study con
ducted in Finland showed that clinical screening programs could significantly 
reduce the incidence of colorectal cancer in the screening group as compared 
with the control group and completely prevented colorectal cancer-related 
deaths (Jarvinen et al. 1995). The psychosocial effects of the molecular diag
nosis of HNPCC must be carefully monitored, and genetic testing must al
ways be accompanied by appropriate counseling. However, the rationale of 
such testing in HNPCC is clear, and if patients wish to participate in the clin-
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ical cancer screening programs offered, they are likely to benefit in view of 
reduced cancer morbidity and mortality. It should be emphasized that clini
cal screening must be made available to patients regardless of their willing
ness to take predictive genetic testing. 
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Abstract 

In addition to causing acute and chronic hepatitis, hepatitis B virus (HBV) 
is considered to be a major diological factor in the development of human 
hepatocellular carcinoma (HCC). Epidemiological studies have demonstrated 
an approximately 10-fold increase in the relative risk of HCC among HBV 
carried compared to noncarriers. Almost all HBV-associated HCCs studied 
so far harbor chromosomally integrated HBV DNA. Integrated viral DNA can 
encode two types of transcriptional activators, the HBx protein and the 
PreS2 activators [the large surface proteins (LHBs) and truncated middle 
surface proteins (MHBs)]. The activator function of the PreS2 activators is 
based on the cytoplasmic orientation of the PreS2 domain. The PreS2 do
main is PKC-dependent phosphorylated. Moreover, the PreS2 domain binds 
of PKCa/jJ and triggers a PKC-dependent activation of the c-Raf-l/MAP2-
kinase signal transduction cascade, resulting in an activation of transcription 
factors such as AP-1 and NF-kB. Furthermore, by activation of this signaling 
cascade, the PreS2 activators cause an increased proliferation rate of hepato
cytes. According to the two-step model of carcinogenesis (initiation/promo
tion), the PreS2 activators could exert a tumour-promoter-like function by 
activation of the PKC/c-Raf-l/MAP2-kinase signaling cascade: cells harboring 
critical mutations (initiation) may be positively selected (promotion). Such a 
multistep process may account for the long latency period in HCC develop
ment, but it also leads to the hypothesis that each tumor reflects an indivi
dual case. 

Introduction 

About 15% of all tumours in humans worldwide are associated with viruses 
(Parkin et al. 1984). Viruses can therefore be considered to be the most 
oncogenic agents. In addition to causing acute and chronic hepatitis, the 
human hepatitis B virus (HBV) is considered to be a major etiological factor 
in the development of human hepatocellular carcinoma (HCC) (for a review, 
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see Buendia 1992). HBV is considered to be causative in the development of 
tumours in about 30% of all virus-associated tumours. At present, more than 
200 million people are chronically infected, and every year 2 million die as a 
result of the infection, 700000 of whom die of HBV-associated HCC (Szmu
ness 1978). Epidemiological studies demonstrated an approximately lOO-fold 
increase in the relative risk of HCC among HBV carriers compared to non
carriers (Beasley et al. 1981; Beasley 1988). Almost all HBV-associated HCCs 
studied so far harbour chromosomally integrated HBV DNA. The long la
tency period between infection and the development of HCC cannot be ex
plained by common mechanisms of viral oncogenesis; accordingly, HBV har
bours no classical oncogene. HBV DNA does not integrate at specific sites of 
the host genome. Thus a common cis-effect onto flanking cellular genes can 
be ruled out as a general mechanism of HBV-associated carcinogenesis. 

Integrated HBV DNA can encode for two types of transcriptional activa
tors: the HBx (Twu and Schloemer 1987; Wollersheim et al. 1988; Zahm et al. 
1988) and the PreS2 activators LHBs (large hepatitis B virus surface protein) 
and MHBst (C-terminally truncated middle surface proteins) (Caselmann et 
al. 1990; Kekule et al. 1990; Hildt et al. 1996b). The HBx activators have been 
extensively described (for reviews, see Kekule 1994; Caselmann 1996; Hildt et 
al. 1996c), whereas the structure and the transcriptional activator mecha
nism of the family of the PreS2 activators has not yet been very well charac
terized. Since new results on the PreS2 activators have recently been ob
tained, we will focus on a putative role of the PreS2 activators in the process 
of HBV-associated hepatocarcinogenesis. 

Genomic Organization of the Hepadnaviridae 

Hepadnaviridae are subdivided into mammalian and avian-hepadnaviruses. 
The mammalian hepadnaviruses include HBV, which can also infect chim
panzees, woodchuck hepatitis virus (WHV) and the ground squirrel hepati
tis B virus (GSHV). The duck hepatitis B virus (DHBV) and the heron hepa
titis B virus belong to the avian-hepadnaviruses. The hepadnaviridae share 
the following features: 
- An only partially double-stranded genomic DNA comprising a complete 

coding strand (negative strand) and an incomplete non-coding strand 
(positive strand). 

- An RNA-dependent DNA polymerase contained in the nucleocapsid of the 
virion. 

- Replication through a pre-genomic RNA template, which relates the hepad-
naviruses to the retroviruses. 

- A high degree of species and organ specificity. 

The hepadnadiruses are the smallest known DNA viruses. The partially dou
ble-stranded DNA genome is about 3 kb in size, and in the case of HBV it is 
3.2 kb. The viral genome uses all three reading frames and contains at least 
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four different open reading frames coding for the viral polymerase, the Hbc 
and HBe antigen, the HBx activator and the preS/S gene encoding the three 
surface antigens (for details, see Ganem 1991; Caselmann, 1996). The preS/S 
gene consists of a single open reading frame, which is divided into the 
preSl, the preS2 and the S region by three in-frame ATG codons. By alter
nate translational initiation at each of the three AUG codons, the large 
(LHBs; PreSl+PreS2+S), the middle (MHBs; PreS2+S) or the small (SHBs; S) 
surface protein can be synthesized, all of which can be glycosylated at amino 
acid 146 of the S region. MHBs can also be glycosylated at amino acid 4 of 
the PreS2 region and can therefore be detected in three forms: p30 (repre
senting the unglycosylated protein), gp33 (representing the monoglycosylated 
form) and gp36 (representing the biglycosylated protein) (Stibbe and Gerlich 
1983). MHBs harbours three hydrophobic regions serving as transmembrane 
regions. MHBs is therefore synthesized as an integral membrane protein, 
which is secreted after modifications in the endothelial reticulum (ER) and 
Golgi complex. MHBs is not directly essential for the assembly of the viral 
particle. Surprisingly, LHBs is not glycosylated in the PreS2 region. Recent 
reports demonstrated that, in the case of LHBs, the PreSlfPreS2 domains are 
not co-translationally translocated across the ER membrane, resulting in a 
cytoplasmic orientation, since the transmembrane region I (according to the 
structure of SHBs and MHBs) is not used (Bruss et al. 1994; Ostapchuk et al. 
1994). The transmembrane region II, however, is translocated. During viral 
assembly, a fraction of the PreSlfPreS2 domain is post-translationally trans
located across the membrane, resulting in a localization on the viral surface 
of the PreSl/PreS2 domain. In contrast to MHBs, the LHBs protein expressed 
in the absence of MHBs and SHBs is not secreted (Chisari et al. 1986, 1989) 
and becomes intracellularly enriched. In the case of strong overexpression, 
intracellular accumulation of LHBs can result in the development of ground 
glass hepatocytes. 

In chronic infection, single or multiple copies of the HBV DNA can be in
tegrated into the host genome. This apparently occurs before the later devel
opment of HCC. Almost all HBV-associated HCCs harbour integrated HBV 
DNA. The integrated HBV DNA in the tumours is usually rearranged and 
partially deleted. Each tumour is monoclonal with respect to the HBV inte
grate, and the tumours have individual integration patterns. As a common 
feature of many HBV integrates isolated from HCCs, destruction of the open 
reading frames coding for the viral polymerase and the Hbc antigen can be 
observed, resulting in a replication-incompetent HBV genome. The open 
reading frame of the S region and, in about 60% of cases the open reading 
frame of the HBx activator remain intact; in the case of the S open reading 
frame, however, truncation of the 3' end can frequently be observed (Yama
moto et al. 1993; Schluter et al. 1994). From these 3' end truncated preS/S 
genes, C-terminally truncated MHBs (MHBst) can be expressed. 

The presence and functionality of the MHBst activator was first observed 
by analysis of the subcloned unique S.6-kb integrate of the human hepatoma 
cell line huH4 (Kekule et al. 1990) and then in HCC tissue comprising a 
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2.0 kb integrate (Caselmann et al. 1990). Deletions of 3'-terminal sequences 
of the sequences coding for the surface antigen which could result in expres
sion of the MHBst activators can be observed in one third of the integrates 
derived from HBV-associated HCCs (Yamamoto et al. 1993; Schluter et al. 
1994). 

Structural Characterization of the PreS2 Activators MHBst and LHBs 

Initial detailed analysis of subcloned viral HBV DNA revealed that the tran
scriptional activator function of MHBst is generated by 3' truncations within 
a considerably extended area of the preS2/S gene (Lauer et al. 1992, Natoli et 
al. 1992). It was shown that generation of the transcriptional activator func
tion requires deletion of the sequences encoding the hydrophobic region III, 
corresponding to the 70 C-terminal amino acids of full-length MHBs 
(Fig. 1b). The transcriptional activator function of MHBst does not require 
the PreS1 region (Kekule et al. 1990). In co-transfection experiments, step
wise deletions and mutagenesis demonstrated that a frameshift at ntHBv129, 
corresponding to amino acid 47, abolishes the activator function, whereas 
truncation at ntHBv221, corresponding to amino acid 76, generates a func
tional MHBst activator (Lauer et al. 1992). This fragment corresponds to the 
truncated preS2/St originally isolated from the human hepatoma cell line 

ATG 

preSl 
ATG 

I 
ATG 

preS2 S 

ntHBV 2850 3174 155 834 

II S III 

PreS2 S 

MHBs 

PreS2 

MHBst55,76, 176 ••• ~~~~~~~~~~ 

S 

SHBs 

Fig. 1. Genomic organization of the surface antigen. Structure of the preS/S gene (subtype aywJ and repre
sentation of the large, middle and small three surface proteins LHBs, MHBs and SHBs, respectively. The struc
ture of the functional MHBst activators is given. The hatched box indicates the range which can be deleted 
for generation of functional MHBst activators. I, /I and 11/ mark the position of the transmembrane regions. 
HBV, hepatitis B virus 
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huH4. Based on these data, MHBst76 was considered to be a minimal tran
scriptional activator, and a TAO region (trans-activity on) was defined as en
compassing deletions within ntHBv573-221, corresponding to MHBstl94-76 
(Lauer et al. 1992). 

In order to gain better insight into the mechanism of MHBst-dependent 
transcriptional activation, a preliminary analysis of the subcellular localiza
tion of MHBst was performed using the MHBstl67 activator (Meyer et al. 
1992a). An ER localization was suggested in this study. A more detailed ana
lysis based on immunofluorescence and various cell fractionation experi
ments revealed that MHBst76 is indeed an ER-localized activator (Hildt et al. 
1993). Moreover, this study demonstrated that, in contrast to full-length 
MHBs, MHBst76, is retained at the ER and does not enter the Golgi complex 
and therefore is not secreted. 

On the basis of these observations, it was speculated that intracellular re
tention per se causes the functional difference between the structure protein 
MHBs and the transcriptional activator MHBst (Meyer et al. 1992a). It was 
hypothesized that the intracellular retention causes ER overloading and sub
sequent generation of radicals. At first glance, this appears to be a possible 
mechanism, especially for the observed MHBst -dependent activation of nu
clear factor (NF)-KB (Meyer et al. 1992; Lauer et al. 1994; Pahl and Bauerle 
1994). However, in a comparative study, it was shown that retention of full
length MHBs in the ER by fusion of the ER retention signal KDEL to its C 
terminus is not sufficient for the activation of NF-KB or the generation of 
any transcriptional activator function (Hildt et al. 1995). 

The real reason for the functional difference between the full-length struc
tural protein MHBs and the activator protein MHBst was revealed by the obser
vation that MHBst76 derived from Sf9 cells (Hildt et al. 1993) or HepG2 cells 
(Hildt et al. 1995, 1996a) is unglycosylated, although the glycosylation site at 
Asn-4 is still present. Based on this finding, it was speculated that, in all func
tional MHBst activators, the glycosylation site at amino acid 4 of the PreS2 do
main is inaccessible to the glycosyltransferases, which are located in the lumen 
of the ER-Golgi network. Proteolytic digestion of microsomal vesicles derived 
from MHBs or MHBst76 producing Sf9 cells revealed that the PreS2 domain is 
only accessible for the proteases in the case of MHBst76. This shows that, in the 
case of MHBst76, the PreS2 domain faces the cytoplasm (corresponding to the 
outside of the microsomal vesicles), whereas in the case offull-Iength MHBs the 
PreS2 domain leads into the lumen of the ER (Hildt et al. 1995). This topologi
cal difference not only causes the functional difference between MHBs and 
MHBst, but it also seems to explain the intracellular retention. It has been 
shown that only properly folded proteins are secreted (Hurtley and Helenius 
1989). The inverted membrane topology (Fig. 2) of the PreS2 domain at MHBst 
with respect to MHBs represents an obvious misfolding and can therefore be 
considered to cause the intracellular retention. 

The cytoplasmic orientation of the PreS2 domain was found to be a pre
requisite for transcriptional activation; on the other hand, in the case of 
MHBst76, which was thus far considered to be a minimal transcriptional acti-
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Fig. 2. Transmembrane topology of LHBs, MHBs and MHBst. The luminal and cytoplasmic sides of the endo
plasmic reticulum (ER) membrane are indicated. In MHBs, the PreS2 region faces the lumen of the ER; in 
MHBst and LHBs, the PreS2 region projects into the cytoplasm 

vator, the hydrophobic transmembrane region encompassing amino acids 
63-76 is buried in the ER membrane, and interaction with cytosolic binding 
partners can thus be ruled out. It was therefore investigated whether the in
sertion of MHBst proteins into the ER membrane is essential for their func
tionality. MHBst proteins lacking all three transmembrane regions were 
found to be functional transcriptional activators as well (Hildt et al. 1995). 
As demonstrated by immunofluorescence and cell fractionation, they are not 
associated with the ER membrane and therefore homogeneously distributed 
all over the cytoplasm and the nucleus (Hildt et al. 1995). Based on these ob
servations, two subtypes of MHBst activators can be distinguished: (1) the 
ER-Iocalized subtype (i.e. MHBst76) and (2) the non-ER-Iocalized subtype 
(i.e. MHBst63). Both subtypes have in common the fact that, in contrast to 
full-length MHBs, the PreS2 domain is exposed to the cytoplasm. In co
trans feet ion experiments stepwise deletion revealed that the minimal tran
scriptional activator unit is located between amino acids 6 and 52 of the 
PreS2 domain (Hildt et al. 1995). This is in accordance with the previously 
described data, which demonstrated that a frame shift mutation at ntHBv 129, 
corresponding to amino acid 47, abolishes the transcriptional activator func
tion (Lauer et al. 1992). 

Since functional MHBst activators were found to be unglycosylated, highly 
purified MHBst activators could be isolated not only from eukaryotic expres
sion systems (Sf9 cells, HepG2, CC113 cells; Hildt et al. 1993, 1995, 1996a), 
but also from an Escherichia coli system (Hildt et al. 1993, 1995). The func
tionality of these MHBst proteins isolated from different sources was shown 
by electric field-mediated transfer into reporter cell lines (Hildt et al. 1993, 
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1995, 1996a). Various deletion and point mutants isolated from the bacterial 
expression system were used for physicochemical analysis by circular di
chroism (CD) spectroscopy and gel filtration. The gel filtration experiments 
demonstrated that MHBst proteins form stable dimers. By mutagenesis and 
subsequent CD spectroscopic analysis of the mutated fragments, it was 
found that dimerization is mediated by an amphipathic a-helix within the 
PreS2 domain (aa41-52). The integrity of the a-helix is a prerequisite for 
both the transcriptional activator function and the dimerization. 

A detailed analysis of highly purified MHBst76 derived from eukaryotic 
expression systems by two-dimensional gel electrophoresis, electro spray mass 
spectrometry and metabolic labelling using 32p-ortho-phosphate revealed 
that, in contrast to full-length MHBs, both subtypes of the MHBst proteins 
are phosphoproteins (Hildt et al. 1996a, 1998; Urban et al. 1997). For both 
subtypes, the phosphorylation site was mapped to a Ser/Thr cluster at amino 
acids 27-31. Destruction of the phosphorylation site abolished the transcrip
tional activator function. 

Identification of LHBs as a Transcriptional Activator 

The cytoplasmic orientation of the PreS2 domain was shown to cause the 
transcriptional activator function of MHBst. Recent reports demonstrated 
that, during protein biosynthesis of LHBs, a fraction of the PreSl/PreS2 do
main faces the cytoplasm (Bruss et al. 1994; Ostapchuk et al. 1994). An anal
ysis of the transcriptional activator potential of LHBs revealed that, like 
MHBst proteins, it is indeed a transcriptional activator (Hildt et al. 1996b). 
The activator function of LHBs is not affected by the co-expression of SHBs 
and MHBs. An analysis of the mechanism of LHBs-dependent transcriptional 
activation revealed that MHBst and LHBs share the same mechanism for 
transcriptional activation (Hildt et al. 1996b; also see below), since in both 
cases the cytoplasmic orientation of the PreS2 domain is a prerequisite for 
the transcriptional activator function. On the basis of these observations, 
LHBs and the MHBst activators have been included in the family of PreS2 ac
tivators. Most importantly, however, in contrast to the coding sequences for 
MHBs\ which are only generated during the integration process, the se
quence encoding LHBs is constitutively present in the viral genome. It is 
therefore tempting to speculate on the role of the activator function of LHBs 
during viral replication, i.e. LHBs could trigger activation of the other viral 
promoters. An elevated LHBs to SHBs ratio causes intracellular retention of 
LHBs. This intracellularly retained LHBs could exert a transcriptional activa
tor effect, resulting in enhanced SHBs synthesis and ensuring the proper 
ratio of LHBs to SHBs for the assembly of the viral particle. This hypothesis 
is supported by the recent observation that, in the case of DHBV, which lacks 
an HBx homologous protein, the PreS/S protein also shows transcriptional 
activator function (Rothmann et al. submitted). 
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Mechanism of PreS2 Activator-Dependent Transcriptional Activation 

Since LHBs- and MHBst-dependent transcriptional activation is based on the 
cytoplasmic orientation of the PreS2 domain, and since in a recent report it 
was shown that LHBs- and MHBst-dependent transcriptional activation is 
mediated by the same pathways (Hildt et al. 1996b, 1998), the MHBst-depen
dent transcriptional activation here is considered to be paradigmatic for all 
PreS2 activators. The PreS2-dependent activation is pleiotropic and shows no 
tissue specificity. A wide variety of different target sequences was found to 
be activated by the MHBst proteins (Table 1). MHBst binds directly neither 
to DNA nor to DNA-binding proteins. MHBst activators exert their effects 
through the activation of various non-related transcription factors such as 
AP-l, AP-2 and NF-KB (see Table 1). From this it can be concluded that 
MHBst interferes with one or more early steps of signal transduction. 

By various experimental approaches protein kinase C (PKC)-a and PKC-fJ 
were identified as cellular binding partners of the PreS2 domain (Hildt et al. 
1998). Moreover, MHBst was found to be a novel activator of PKC-a/fJ. The 
MHBst-dependent activation of PKC is independent of diacylglycerol (DAG), 
but requires the presence of Ca2+. MHBst therefore represents a novel type of 
PKC activator. Inhibition of PKC or its depletion demonstrated that its acti-

Table 1. Overview of the promoters and minimal promoter elements activated by MHBst 

, Target sequences Transcription factor 

Cellular promoters 
c-mycJP2 AP-1 
c-Ha-ras SP-1 
c-fos SRF 
aI-AntItrypsin 
InterleukiH MRF 

Viral Promoter/enhancer 
HBV enhancer I 
RSV-lTR 
SV40 early 
promoter/enhancer 
HSV TK-promoter 
HlVl-LTR NFd 
HTLVl-LTR 

Synthetic minimal promoters 
AP-1 AP-1 
AP-2 AP-2 
NF-d NFd 
SP-1 SP-1 
SRE SRF 
TRE 

References 

Kekule et aI. 1990; Lauer et al. 1994; Natoli et aI. 1992 
Meyer et al. 1992b 
Natoli et al. 1992; Lauer et al. 1994 
Meyer et al. 1992b 
Meyer et al. 1992b 

Meyer 1992b 
Lauer et al. 1994 
Kekule et al. 1990; Caselmann et al. 1990 

Meyer et al. 1992b 
Meyer et al. 1992a 
Meyer et al. 1992a 

Hildt et al. 1993 
Lauer et al. 1994 
Natoli et al. 1992; Meyer et al. 1992 
Meyer et al. 1992b 
Natoli et al. 1992 

HBV, hepatitis B virus; HSV, herpes simplex virus; HIV, human immunodeficiency virus; HTLC, human T
Iymphotrophic virus; NF, nuclear factor; RSV, Rous sarcoma virus; LTR, long terminal repeat; SRE, serum 
response element; SRF, serum response factor; TRE, TPA responsive element. 
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Fig. 3. Signaling pathways triggered by the PreS2 activators. The figure summarizes the work of different 
groups described in the text and is based on the results obtained from transient or stable cell culture 
expression systems and from the analysis of transgenic mice producing LHBs or MHBst76 PK(, protein kinase 
C; NF, nuclear factor; TPA, tetradecanoyl phorbol myristate 

vation is a prereqUIsIte for MHBst-dependent induction of AP-l or NF-KB. 
The MHBst-dependent activation of PKC is transduced into the nucleus by 
the c-Raf-l/MAP2 kinase signal transduction pathway. Co-expression of a 
transdominant negative mutant of c-Raf-l kinase demonstrated that the func
tionality of c-Raf-l kinase is essential for both the MHBst activation of AP-l 
and the activation of NF-KB (Hildt et al. 1998). In contrast to HBx (Benn and 
Schneider 1994, 1995), the activation of c-Raf-l kinase in MHBst-producing 
cells does not require the functionality of Ras. 

The following model is suggested to describe PreS2-dependent transcrip
tional activation: the PreS2 domain is a binding partner of PKC; interaction 
between PreS2 and PKC causes DAG-independent activation of PKC and 
phosphorylation of the PreS2 domain. The activation of PKC is independent 
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of Ras via the c-Raf-1/MAP2 kinase signal transduction pathway transduced 
into the nucleus (Fig. 3). 

These data are in conflict with a previous model of MHBst-dependent 
transcriptional activation. Based on the ER localization of MHBst167, it was 
speculated that the intracellular retention of MHBst167 could generate reactive 
oxygen intermediate (ROI), which subsequently trigger the activation of NF
KB. This concept seemed to be supported by the observation that radical 
scavengers such as N-acetyl-L-cysteine (NAC) or pyrolidine dithiocarbamate 
(PDTC) reduce the MHBst167 -dependent activation of NF-KB (Meyer et al. 
1992a). This model, however, is in conflict with several new sets of data. The 
intracellular retention of full-length MHBs (see above) does not cause an in
duction of NF-KB (Hildt et al. 1995). Non-membrane-associated MHBst pro
teins such as MHBst55 show no difference compared to the membrane-asso
ciated MHBst proteins with respect to their NF-KB-inducing potential. The 
activation of NF-KB by MHBst76 or MHBst55 is not reduced by the presence 
of NAC in the culture fluid. The MHBst76-dependent activation of c-Raf-1 
kinase or of MAP2 kinase, which in principle can both be activated by ROI 
(Stevenson et al. 1994), is not affected by the presence of NAC. Finally, in 
stable cell lines or in the livers of transgenic mice producing MHBst76, no in
crease in the level of dityrosine (a marker for the presence of radicals) was 
observed. 

The conflicting results with respect to the different effects of NAC in the 
case of MHBstl67 and of MHBst76 can be attributed to a significant difference 
in the amino acid composition of MHBst76 and MHBst167. MHBstl67 harbours 
several Cys residues, whereas MHBst76 has none. These Cys residues allow 
co-translational and post-translational interference with NAC (Weiss et al. 
1996). It can therefore, be assumed that the observed effects of NAC on the 
activator function in the case of MHBstl67 models are caused by NAC-protein 
interactions and not by a reduction of the ROI level. 

Transgenic Mouse Models 

A variety of transgenic mice producing the HBV surface proteins dependent 
on different promoters were generated (for an overview, see Chisari 1995, 
1996). Transgenic mice which strongly overproduce LHBs in the liver were 
produced (Chisari et al. 1986, 1989). In these mice, the expression of the 
transgene was driven under the control of a strong, liver-specific albumin 
promoter. Due to its overproduction, LHBs is not secreted and accumulates 
in the cell, resulting in ground glass' hepatocytes. This overloading causes a 
situation analogous to a storage disease and results in permanent inflamma
tion and radical formation with subsequent DNA damage and cellular stress. 
Until recently, the development of tumours in these mice was considered to 
be a consequence of overloading and of the resulting stress and inflamma
tion. In the light of recent data showing that LHBs has a transcriptional acti-
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vator function, the relevance of the transcriptional activation for the develop
ment of tumours under these conditions needs to be re-examined. 

In a recent report, a synergy between tumor growth factor (TGF)-a and 
hepatitis B surface antigen (HBsAg) in hepatocellular proliferation and carci
nogenesis was observed (Jakubczak et ai. 1997). The double transgenic mice 
(TGF-a and HBsAg) developed HCCs within 8 months. 

In contrast to LHBs, the MHBst activators are only produced in very small 
amounts. Transgenic mice which only overproduce MHBst76 in the liver were 
therefore generated to allow an investigation of the effects caused by the acti
vator function in the absence of nonspecific effects due to overproduction 
(E. Hildt et ai. manuscript in preparation). The transgene which encodes 
MHBst76 was fused to the sequence coding for an amino-terminal hexa-his
tag to allow affinity purification under denaturing conditions. The transgene 
was expressed under the control of the liver- specific albumin promoter and 
the jJ-globin intron. The ploy A site was taken from SV 40. The expression of 
the transgene in these mice was shown by immunofluoresence and by wes
tern blotting after enrichment by affinity chromatography. Determination of 
JNK2 (stress-activated protein kinase, SAP kinase) activity and of the level of 
various heat shock proteins demonstrated the absence of stress conditions in 
these animals in contrast to the LHBs animals. Transgenic mice producing 
MHBst76 are therefore a good tool for analysing the effects of PreS2-depen
dent activation in the absence of stress factors. In the livers of these mice, a 
significant induction of c-Raf-l/MAP2 kinase activity was observed (Hildt et 
aI., manuscript in preparation). The activation of this growth-controlling sig
nalling cascade is reflected in an increased expression level of various key 
enzymes of proliferation control epidermal growth factor receptor, EGF re
ceptor; Shc; SH-PTP2ase; AP2) as compared to the wild type. By determin
ing, the proliferating cell nuclear antigen (PCNA) content and bromodeoxy
uridine (BrdU) incorporation, an increased. proliferation rate of the liver was 
found as compared to the wild type. In accordance with this, stable cell lines 
producing the MHBst76 activator also show an increased proliferation rate 
(Saher et aI., submitted). On the other site it has to be considered that ex
pression of the MHBst activator causes an increased sensitivity for TNF-a-de
pendent induction of apoptosis (E. Hildt, unpublished results). Moreover, a 
significantly elevated level of eps15 and eps8 was observed in the livers of 
the transgenic animals. Overexpression of eps1'5 was recently shown to cause 
transformation of NIH3T3 cells (Fazioli et ai. 1M3). 

Both, in the transgenic animals and in stable cell lines producing MHBst76 
(Saher et aI., submitted), a sequestration of p53 to the ER was observed. The 
interaction between p53 and PreS2 was confirmed in in vitro experiments. 
The sequestration of p53· to the ER result in an inactivation of p53, since it 
prevents p53 from reaching its site of activity, the nucleus. However, the 
stochiometric ratio between the amount of PreS2 activators and of p53 in the 
human liver is unclear, and the pathogenic significance of this observation 
therefore needs to be carefully consideredt In this context, it should be men
tioned that, in the livers of MHBst76 transgenic mice, a significantly elevated 
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level of mdm2 was observed. In accordance with this, activation of the 
mdm2 promoter by LHBs was found in a transient expression system (M. 
Wollersheim, personal communication). The mdm2 regulator binds to the 
transactivator domain of p53, thereby down-modulating p53 activity. The ele
vation of the mdm2 level due to the presence of PreS2 activators might repre
sent an additional mechanism of p53 inactivation. In this system, even small 
amounts of PreS2 activator could result in inactivation of larger amounts of 
p53 by induction of mdm2 expression. 

Relevance of PreS2 Activators for the Development 
of Human Hepatocellular Carcinoma 

Based on epidemiological data in humans, it is generally accepted that HBV 
plays a causative role in the development of HCC. 

At the molecular level, however, no classical transforming oncogene has 
been detected in the HBV genome. The long latency period of up to 30 years 
between acute infection and the development of HCC strongly suggests that a 
multi-step process causes the development of HCC. An analysis of integrates 
of tumours and tumour-derived cell lines (Yamamoto et ai. 1993; Schluter et 
al. 1994) demonstrated that, of 26 tumours and cell lines analyzed 80% har
boured integrates coding for HBx or MHBst and 69% carried the preS/S 
open reading frame and could therefore code for LHBs (SchlUter et ai. 1994). 
These epidemiological data do indeed suggest a causative role of these open 
reading frames in the development of HCC. Transgenic mice, which strongly 
overproduce LHBs in the liver, develop liver tumours. In these hepatomas, 
however, the synthesis of LHBs has not been observed so far. This observa
tion permits several conclusions: (a) the expression level in the tumour is so 
low that it is indetectable, (b) the activator function is only essential for the 
initial steps of the transformation process, or (c) in later steps, the function 
is taken over by MHBst or HBx. 

Based on data on the transcriptional activator function of HBx and the 
PreS2 activators, we propose the following model for the role of these HBV 
activators in the development of an HBV-associated HCC. Both the Hbx acti
vator (Kekule et ai. 1993) and the PreS2 activators exert their effects by acti
vation of signalling pathways which can also be activated by chemical 
tumour promoters such as phorbol myristate acetate (PMA). In the case of 
stable cell lines producing the MHBst76 activator, an increased proliferation 
rate was indeed observed (Saher et aI., submitted). According to the classical 
model of carcinogenesis (initiation and promotion), the PreS2 activators 
MHBst and LHBs might act as tumour promoters through the activation of 
key enzymes of proliferation control (promotion). In addition, the perma
nent activation of NF-KB might give these cells increased apoptotic resis
tance. Cells harbouring critical mutations (initiation) can therefore then be 
positively selected by expression of the PreS2 activators (promotion). In the 
case of the transgenic mice overproducing the LHBs, activator, this could 
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mean that critical mutations can be generated by the continuous inflamma
tory process and that, in a second step, these cells then show an increased 
proliferation rate due to the activator function of LHBs. The presence of a 
stronger activator such as TGF-a might shorten the time period up to the 
development of a tumour. 

It has to be considered, however, that the HBV activators are only pro
duced in very small amounts. This could explain the long latency period be
tween infection and HCC development. 

Recent data from Taiwan show that, as a result of a nationwide HBV vacci
nation programme in 1984, the average annual incidence of HCC among chil
dren was decreased from 0.7 per 100000 children between 1981 and 1986 to 
0.36 between 1990 and 1996 (Chang et al. 1997). The most powerful tool is 
thus prevention of infection by vaccination of the complete population at 
risk. 

However, cautious estimates demonstrate that, in the year 2000, approxi
mately 400 million people worldwide will be chronically infected with HBV. 
Even if vaccination programmes were to be implemented consistently, which 
they are not at present, chronic infection with HBV will therefore continue to 
be a severe health problem in the next century. 

The different integration patterns and chromosomal rearrangements ob
served in the tumours analysed so far demonstrate that each HBV-associated 
HCC is an "individual tumour". However, transcriptional activation is an 
early critical event for the transformation process, the development of very 
specific inhibitors that interfere with the transcriptional activator function 
would be of great medical significance in reducing the risk of developing an 
HBV-associated HCC. 

References 

Beasley RP (1988) Hepatitis B virus: the major etiology of hepatocellular carcinoma. Cancer 
61:1942-1956 

Beasley RP, Hwang LY, Lin CC, Chien CS (1981) Hepatocellular carcinoma and hepatitis B 
virus. A prospective study of 22 707 men in Taiwan. Lancet 2:1129-1133 

Benn J, Schneider RJ (1994) Hepatitis B virus pX protein activates Ras-GTP complex forma
tion and establishes a Ras, Raf, MAP kinase signaling cascade. Proc Nat! Acad Sci USA 
91:10350-10354 

Benn J, Schneider RJ (1995) Hepatitis B virus HBx protein deregulates cell cycle checkpoint 
controls. Proc Nat! Acad Sci USA 92:11215-11219 

Bruss V, Lu R, Thomssen R, Gerlich W (1994) Post translational alterations in the trans
membrane topology of the hepatitis B virus large envelope protein. EMBO J 13:2273-
2279 

Buendia MA (1992) Mammalian hepatitis B viruses and primary liver cancer. Semin Cancer 
BioI 3:309-320 

Caselmann WH (1996) Trans-activation of cellular genes by hepatitis B virus proteins: a 
possible mechanism of hepatocarcinogenesis. Adv Virus Res 47:253-302 

Caselmann WH, Meyer M, Kekule AS, Lauer U, Hofschneider PH, Koshy R (1990) A trans
activator function is generated by integration of hepatitis B virus preS/S sequences in 
human hepatocellular carcinoma DNA. Proc Nat! Acad Sci USA 87:2970-2974 



328 E. Hildt and P. H. Hofschneider 

Chang MH, Chen C, Lai M, Hsu H, Wu T, Kong M, Liang D, Shau W, Chen D (1997) Uni
versal HBNV vaccination in Taiwan and the incidence of HCC in children. N Engl J Med 
336 (26):1855-1859 

Chisari FV (1995) Hepatitis B virus transgenic mice: insights into the virus and the disease. 
Hepatology 22: 1316-1325 

Chisari FV (1996) Hepatitis B virus transgenic mice: Models of viral immunobiology and 
pathogenesis. Curr Top MicrobioI186:149-173 

Chisari FV, Pinkert CA, Milich DR, Filippi P, McLachlan A, Palmiter RD, Brinster RL (1985) 
A transgenic mouse model of the chronic hepatitis B virus surface antigen carrier state. 
Science 230: 115 7-1160 

Chisari FV, Filippi P, McLachlan A, Milich D, Riggs M, Lee S, Palmiter RD, Brinster RL 
(1986) Expression of hepatitis B virus large envelope protein inhibits hepatitis B surface 
antigen secretion in transgenic mice. J Virol 60:6909-6913 

Chisari FV, Klopching K, Moryiama T, Pasquinelli C, Dunsford HA, Sell S, Pinkert CA, 
Brinster RL, Palmiter RD (1989) Molecular pathogenesis of hepatocellular carcinoma in 
hepatitis B virus transgenic mice. Cell 59:1145-1156 

Fazioli F, Minichiello L, Matoskova B, Wong WT, Difiore PP (1993) Eps15 a novel tyrosine 
kinase substrate exhibits transforming activity. Mol Cell Bioi 13:5814-5828 

Ganem D (1991) Assembly of hepadnaviral virions and subviral particles. Curr Top Micro
bioi ImmunoI168:61-83 

Hildt E, Urban S, Lauer U, Hofschneider PH, Kekule AS (1993) ER-Iocalization and func
tional expression of the HBV transactivator MHBs'. Oncogene 8:3359-3367 

Hildt E, Urban S, Hofschneider PH (1995) Characterization of essential domains for the 
functionality of the MHBs' transcriptional activator and identification of a minimal 
MHBs' activator. Oncogene 11:2055-2066 

Hildt E, Urban S, Eckerskorn C, Hofschneider PH (1996a) Isolation of highly purified, func
tional carboxy-terminally truncated hepitatis B virus middle surface protein activators 
from eucaryotic expression systems. Hepatology 24:502-507 

Hildt E, Saher G, Bruss V, Hofschneider PH (1996b) The hepatitis B virus large surface pro
tein (LHBs) is a transcriptional transactivator. Virology 225:235-239 

Hildt E, Hofschneider PH, Urban S (1996c) The role of hepatitis B virus in the development 
of hepatocellular carcinoma. Semin Virol 7:333-347 

Hildt E, Saher G, Munz B, Hofschneider PH (1998) The hepatitis B virus transcriptional 
activator MHBs' binds to PKC and induces PKC-dependent transcriptional activation of 
the Raf/MAP-kinase signal transduction pathway (submitted) 

Hildt E, Reifenberg K, Hoschneider PH (1998) Activation of cRaf-l/MAP2-kinase signal 
transduction pathway in transgenic mice producing the preS2 activatis LHBs or MHBs' 
(manuscript in preparation) 

Hurtley S, Helenius A (1989) Protein oligomerization in the endoplasmic reticulum. Annu 
Rev Cell Bioi: 5:277-307 

Jakubczak JL, Chisari FV, Merlino G (1997) Synergy between TGFa and hepatitis B virus 
surface antigen in hepatocellular proliferation and carcinogenesis. Cancer Res 57(16): 
3606-3611 

Kekule AS (1994) Hepatitis B virus transactivator proteins: the 'trans' hypothesis of liver 
carcinogenesis. In: Brechot C (ed) Human primary liver cancer: etiological and progres
sion factors. CRG Press, Boca Raton, pp 191-210 

Kekule AS, Lauer U, Meyer M, Caselmann WH, Hofschneider PH, Koshy R (1990) The 
preS2/S region of integrated hepatitis B virus DNA encodes a transcriptional transactiva
tor. Nature 343:457-461 

Kekule AS, Lauer U, Weiss L, Luber B, Hofschneider PH (1993) Hepatitis B virus transacti
vator HBx uses a tumour promoter signalling pathway. Nature 361:742-745 

Lauer U, Weiss L, Hofschneider PH, Kekule AS (1992) The hepatitis B virus preS2/St trans
activator is generated by 3' truncations within a defined region of the S gene. J Virol 
66:5284-5289 



The PreS2 Activators of the Hepatitis B Virus: Activators of Tumour Promoter Pathways 329 

Lauer U, Weiss L, Lipp M, Hofschneider PH, Kekule AS (1994) The hepatitis B virus preS21 
St transactivator utilizes AP-1 and other transcription factors for transactivation. Hepa
tology 19:23-31 

Meyer M, Caselmann WH, Schluter V, Schreck R, Hofschneider PH, Baeuerle PA (1992a) 
Hepatitis B virus transactivator MHBst: activation of NF-XB, selective inhibition by anti
oxidants and integral membrane localization. EMBO J 11:2991-3001 

Meyer M, Wiedorn KH, Hofschneider PH, Koshy R, Caselmann WH (1992b) A chromosome 
17:7 translocation is associated with a hepatitis B virus DNA integration in human hepa
tocellular carcinoma DNA. Hepatology 15:665-671 

Natoli G, Avantaggiati M, Balsano C, de Marzio E, Collepadro D, Elfassi E, Levrero M (1992) 
Characterization of the hepatitis B virus preS/S region encoded transcriptional transacti
vator. Virology 187:663-670 

Natoli G, Avantaggiati ML, Chirillo P, Puri PL, Lanni A, Balsano C, Levrero M (1994) Ras
and Raf dependent activation of c-jun transcriptional activity by hepatitis B virus trans
activator pX. Oncogene 9:2837-2843 

Ostapchuk P, Hearing P, Ganem D (1994) A dramatic shift in the transmembrane topology 
of a viral envelope glycoprotein accompanies hepatitis B viral morphogenesis. EMBO J 
13:1048-1057 

Pahl HL, Bauerle PA (1994) Oxygen and the control of gene-expression. Bioessays 19:497-
502 

Parkin DM, Stjernswaerd J, Muir CS (1984) Estimates of the worldwide frequency of twelve 
major cancers. Bull World Health Org 62:163-182 

RogIer CE, Chisari FV (1992) Cellular and molecular mechanisms of hepatocarcinogenesis. 
Semin Liver Dis 12:265-278 

Rothmann K, Schnoelzer M, Radziwill G, Hildt E, Moelling K, Schaller H (1998) Host cell
virus cross talk: phosphorylation of a hepatitis B virus envelope protein mediates intra
cellular signaling. EMBO J (submitted) 

Saher G, Hofschneider PH, Hildt E (1998) Increased proliferation of cells stably producing 
the hepatitis B virus activator MHBst76. Hepatology (submitted) 

Schluter V, Meyer M, Hofschneider PH, Koshy R, Caselmann WH (1994) Integrated hepati
tis B virus X and 3' truncated preS/S sequences derived from human hepatomas encode 
functionally active transactivators. Oncogene 9:3335-3344 

Stevenson MA, Pllock S, Coleman S, Calderwood K (1994) X-irradiation, phorbo esters and 
HzOz stimulate mitogen activated protein kinase activity in MIH3T3 cells through the 
formation of reactive oxygen intermediates. Cancer Res 54:12-15 

Stibbe W, Gerlich WH (1983) Structural relationship between minor and major proteins of 
hepatitis B surface antigen. J Virol 46:626-628 

Szmuness W (1978) Hepatocellular carcinoma and the hepatitis B virus: evidence for a cau
sal association. Progr Med Vir 24:40-69 

Twu JS, Schloemer RH (1987) Transcriptional trans-activating function of hepatitis B virus. 
J Virol 61:3448-3453 

Urban S, Hildt E, Eckerskorn C, Kekule AS, Hofschneider PH (1996) One-step purification 
of hepatitis B virus X protein from a baculovirus expression system and its characteriza
tion by mass spectrometry. Heptatology 26:1045-1053 

Weiss L, Hildt E, Hofschneider PH (1996) Anti HBV activity of N-acetyl-L-cysteine (NAC): 
new aspects of a well established drug. J Antivir Res 32:43-53 

Wollersheim M, Delbelka U, Hofschneider PH (1988) A transactivating function encoded in 
the hepatitis B virus X gene is conserved in the integrated state. Oncogene 3:545-552 

Yamamoto S, Nakatake H, Kawamoto M, Koshy R, Matsubara K (1993) Transactivation of 
cellular promotors by an integrated hepatitis B virus DNA. Biochem Biophys Res Com
mun 192:111-118 

Zahm P, Hofschneider PH, Koshy R (1988) The HBV X-ORF encodes a transactivator: a po
tential factor in viral hepatocarcinogenesis. Oncogene 3:169-177 



Antiviral Cell-Mediated Immune Responses During 
Hepatitis B and Hepatitis C Virus Infections 

C. Ferrari 1,2, A. Penna 1, A. Bertoletti 1, A. Cavalli 1, G. Missale 1, 

V. Lamonaca1, C. Boni 1, A. Valli 1, R. Bertoni 1, S. Urbani 1, 

P. Scognamiglio 1, and F. Fiaccadori 1,2 

1 Laboratorio di Immunopatologia Virale, Azienda Ospedaliera di Parma, 
Via A. Gramsci 14, 43100 Parma, Italy 

2 Cattedra Malattie Infettive, Universita di Parma, Via A. Gramsci 14, 
43100 Parma, Italy 

Abstract 

Cell-mediated immune responses to hepatitis B (HBV) and hepatitis C virus 
(HCV) antigens are vigorous and multispecific in acute, self-limited infec
tions. Moreover, the prevalent cytokine pattern of circulating virus-specific T 
cells from patients who recover spontaneously from acute hepatitis is Thl
like. Longitudinal analysis of the T cell response to HCV antigens from the 
early stages of HCV infection in patients who recover from hepatitis and 
those who do not indicates that weaker responses and a prevalent Th2 pat
tern of cytokine production is associated with viral persistence and chronic 
evolution of disease. Although similar sequential studies are missing in hepa
titis B, the observation that HBV-specific T cell responses are very weak or 
totally undetectable in the peripheral blood of patients with long-lasting 
chronic hepatitis B suggests that strength and quality of virus-specific T cell 
responses at the early stages of infection may influence the final outcome of 
both hepatitis Band C. While T cell hyporesponsiveness seems to be an im
portant determinant for HBV persistence once chronic hepatitis has devel
oped, this mechanism appears to be less critical in chronic HCV infection, 
because the vigor and quality of HCV-specific T cell responses seem to im
prove as a function of the duration of infection. This is shown by the finding 
that HCV-specific CD4- and CD8-mediated responses are easily detectable in 
the peripheral blood of patients with long-lasting chronic hepatitis C and 
that production of Thl cytokines predominates within their livers. HCV 
therefore seems to be able to persist even in the face of an active T cell 
response and to acquire the capacity to survive within a host environment 
apparently unfavorable to its persistence. The high variability of HCV may 
explain its efficiency in escaping immune surveillance. 
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Role of the Specific Immune Response in the Defense Against Viruses 

The final outcome of infections by viruses able to produce chronic diseases 
mostly depends upon the balance between the rate of replication of the in
fecting virus and the capacity of the immune system to prevent viral spread 
above critical threshold levels beyond which the infection cannot be effi
ciently controlled and becomes chronic (Doherty and Ahmed 1997). Since 
viruses are intracellular parasites, their recognition and neutralization once 
they are within a cell become a selective task of T cells. Indeed, antibodies 
produced by B cells are crucial for the neutralization of circulating viral par
ticles, whereas cytotoxic T lymphocytes (CTLs) are responsible for the elimi
nation of intracellular viruses by virtue of both their cytolytic potential, lead
ing to destruction of infected cells, and their capacity to produce antiviral 
cytokines at the site of viral replication, which may be responsible for down
regulation of viral gene expression (Guidotti et al. 1994, 1996). This may re
present a curative noncytolytic mechanism that is even more efficient than 
the killing of infected cells with respect to viral clearance. Both B cell and 
CTL functions are more or less tightly controlled by HLA class II-restricted 
T cells, which mostly express a regulatory function through the production 
of different sets of cytokines. 

Cell-Mediated Immune Response in the Pathogenesis 
of Hepatitis B Virus Infection 

During acute, self-limited hepatitis B, both CD4-mediated, HLA class II-re
stricted and CD8-mediated, HLA class I-restricted T cell responses are vigor
ous and efficient, whereas the same responses are much weaker in the pe
ripheral blood of patients with chronic persistent infection (Chisari and Fer
rari 1995; Ferrari et al. 1990; Tung et al. 1991; Marinos et al. 1995). The vigor 
of these T cell responses may increase during the reactivation phases of 
chronic hepatitis B (Tsai et al. 1992). Frequencies of circulating hepatitis B 
virus (HBV)-specific T cells in acute hepatitis may even be close to the fre
quencies induced by superantigens, whereas frequencies are not measurable 
in most chronic patients (Penna et al. 1996). 

In the acute phase of hepatitis B, the T cell response is polyclonal and 
multispecific, as shown by analysis of the fine specificity of the CD4-
mediated T cell response to HBcAg, which is the most potent immunogen for 
HLA class II-restricted T cells during acute HBV infection (Chisari and Fer
rari 1995; Ferrari et al. 1990; Jung et al. 1991). Moreover, B cell responses to 
hepatitis B core antigen (HBcAg) can be either T cell dependent and inde
pendent (Milich and McLachlan 1986). Several HLA class II restricted T cell 
epitopes have been identified within the core molecule, and the sequence 50-
69 appears to be highly immunodominant and promiscuous because it is rec
ognized by virtually all patients with acute infection irrespective of their 
HLA haplotypes (Ferrari et al. 1991). The high immunogenicity and the 
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capacity of the sequence 50-69 to associate with different HLA class II mole
cules makes the epitope contained within this region a good candidate for 
the design of a synthetic peptide-based vaccine. 

While HBcAg is the most powerful immunogen for HLA class II-restricted 
T cells, analysis of the HLA class I-restricted CTL response to HBV indicates 
that this response is directed against several epitopes located within all dif
ferent HBV structural and nonstructural proteins (Penna et al. 1991; Nayer
sina et al. 1993; Rehermann et al. 1995). 

A prevalent Thl cytokine pattern with production of high levels of inter
feron (IFN)-y is associated with recovery from HBV infection, as indicated 
by the functional study of HBcAg-specific T cell lines and clones derived 
from the peripheral blood of patients with acute hepatitis B (Penna et al. 
1997). This pattern may contribute not only to liver cell injury, but probably 
also to recovery from disease and successful control of infection. 

Efficient peripheral blood T cell responses to HBV nucleocapsid proteins 
can be maintained for decades following clinical recovery from acute hepati
tis B, without apparent reexposure to the virus. These responses are gener
ally sustained by activated T cells, and in most subjects the frequencies of 
circulating HBcAg-specific T cells are similar to those observed in the acute 
phase of infection. Moreover, traces of virus are detectable by nested poly
merase chain reaction (PCR) in approximately 50% individuals who have re
covered from infection (Penna et al. 1996). These data therefore suggest that 
these long-lasting T cell responses may actually represent effector rather than 
real memory responses and that they may be crucial to keep a persisting 
virus under tight control. This observation raises the concept that clinical re
solution does not necessarily correspond to eradication of HBV and suggests 
the possibility that long-lasting T cell memory following hepatitis B can be 
maintained by the chronic production of minute (and serologically undetect
able) amounts of antigen. 

Pathogenetic Role of the Cell-Mediated Immune Response 
in Hepatitis ( Virus Infection 

Although the available results suggest that a weaker T cell response to HBV anti
gens may represent an important determinant of viral persistence, no informa
tion is available at present about the features of the cell-mediated immune re
sponse at the early stages of acute HBV infection in patients who subsequently 
develop chronic hepatitis. Unfortunately, this type of analysis is very difficult in 
hepatitis B because clinically overt, acute HBV infections are generally self-lim
ited and chronic evolution more commonly follows anicteric, subclinical infec
tions. In contrast, the high rate of chronic evolution of acute hepatitis C virus 
(HCV) infection makes acute hepatitis C an ideal model to study the peculiar 
features of the T cell response which are specifically associated with recovery or 
chronic viral persistence and to characterize the immune events which precede 
and perhaps determine the final outcome of the disease. 
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To address this issue, the T cell response to HCV antigens has been sequen
tially studied from the early stages of infection in wide groups of patients 
with acute hepatitis C showing that the T cell reactivity to HCV is signifi
cantly more efficient in patients who succeed in normalizing alanine amino
transferase (ALT) than in those who develop a chronic infection (Diepolder 
et al. 1995; Missale et al. 1996). As described in hepatitis B, the CD4-
mediated response is also multispecific in acute hepatitis C and immunodo
min ant epitopes have recently been identified by the study of the fine specifi
city of HCV-reactive polyclonal T cell lines derived from peripheral blood 
mononuclear cell (PBMC) stimulated with recombinant HCV proteins. Of 
particular interest with respect to the design of preventive or immunothera
peutic vaccines is the NS3 sequence 1248-1261, which is highly promiscuous 
and is located within a highly conserved HCV region (Diepolder et al. 1997; 
C. Ferrari et al., unpublished observations). 

Not only the strength but also the quality of the T cell response is differ
ent between patients who recover and those who develop a chronic HCV in
fection, because recovery is associated with a prevalent Thl profile of periph
eral blood HCV-specific T cells, whereas Th2 and ThO patterns are prevalent 
among circulating HCV-specific T cells of patients with chronic evolution 
(Tsai et al. 1997). 

The HLA class II-restricted T cell response at the early stages of infection 
is therefore vigorous, polyclonal, and multispecific in patients who sponta
neously recover from acute HCV infection, but the same response is weak or 
totally undetectable in the peripheral blood of patients who subsequently de
velop a chronic infection. Similarly to what has been described for hepatitis 
B, this response remains vigorous for several years following resolution of 
hepatitis C (Ferrari et al. 1994). Moreover, the HLA class II-restricted T cell 
responses appear to be stronger in patients with a long-lasting chronic HCV 
infection than in the acute stage of infection in patients who subsequently 
develop chronic hepatitis (Bottarelli et al. 1993; Ferrari et al. 1994). In pa
tients who develop a chronic infection, the peripheral blood response there
fore seems to progressively increase as a function of the duration of infec
tion, because it is very weak at the very early stages of infection but stronger 
in long-lasting chronic HCV infections. 

In patients with chronic HCV infection, HCV-specific helper cells and 
CTLs able to recognize structural and nonstructural HCV proteins have also 
been detected within the liver (Koziel et al. 1992, 1993; Minutello et al. 1993). 
All these results suggest that the virus can persist, at least in some patients, 
even in the presence of an active T cell response. 

The same conclusion seems to be suggested by the study of the cytokine 
pattern within the liver of patients chronically infected by HCV. While most 
intrahepatic T cells are Thl-like and secrete large amounts of IFN-y, in 
chronic hepatitis B the majority of liver-infiltrating T lymphocytes are ThO 
cells able to produce both Th2 cytokines and lower levels of IFN -y (Bertoletti 
et al. 1997; Napoli et al. 1996). The liver environment in chronic hepatitis C 
therefore appears to be dominated by antiviral Thl cytokines and should be 
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favorable to viral clearance. Instead, HCV persists in the infected host highly 
efficiently. In contrast, the liver cytokine environment in chronic hepatitis 
B is more strongly influenced by Th2 cytokines which may contribute to 
viral persistence. 

Conclusion 

In conclusion, it is tempting to speculate that, once a chronic infection has 
been established, a critical factor that may influence the mechanisms of viral 
persistence in HCVand HBV infections is the relative antigen load, which is 
very high in HBV infection and lower in hepatitis C. While a high viral and 
antigen load may be responsible for T cell hyporesponsiveness in HBV infec
tion as a possible result of T cell exhaustion and preferential expansion of T 
cells able to produce suppressive Th2 cytokines, this pathway probably does 
not apply to chronic hepatitis C, in which viral persistence may occur even 
in the face of an apparently efficient antiviral T cell response. 

In HCV infection, escape from antibody and CTL responses or interfer
ence with other host immune functions may play a more important role in 
view of the extremely high mutation rate of this virus, which seems to have 
acquired the capacity to adapt itself in order to survive in an apparently ad
verse environment. 

Although the high mutation rate of HCV (Simmonds 1995) suggests that 
escape from CTL surveillance through mutations within immunodominant 
epitopes may theoretically represent an efficient strategy for the virus to per
sist and to adapt itself in order to survive, no definitive data are available at 
present to confirm that this mechanism is actually operative in human HCV 
infection. Instead, the possibility of viral escape from CTL surveillance has 
been suggested by recent studies in patients with chronic HBV infection 
(Bertoletti et al. 1994). Even if these results establish the principle that 
escape is a possible event when the CTL response is narrowly focused on a 
single or a few immunodominant epitopes, they also suggest that this mecha
nism is probably uncommon during acute HBV infection as a primary cause 
of persistence, because the multispecificity of the CTL response at this stage 
of infection likely reduces the chances that CTL escape mutants can emerge. 
The requirements for viral escape to occur seem to be met in a limited sub
group of patients with chronic HBV infection who show a weak and oligo
specific CTL response focused on a few dominant epitopes (Bertoletti et al. 
1994a,b). In this situation, variant viruses carrying mutations within critical 
epitopes would be protected from CTL lysis, whereas "wild-type" viruses 
would be cleared by the immune system, leading to selection of the mutant 
strains. Escape from CTL responses may occur in these patients not only by 
mutational inactivation of CTL epitopes, but also by inhibition of the CTL re
sponse by T cell receptor antagonism, causing active suppression of wild-type 
virus recognition by specific CTL (Bertoletti et al. 1994b). This effect could 
be important immediately after the generation of a mutant DNA, when a 
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single cell is infected by a mixed population of mutated and nonmutated 
viruses. In this setting, the simultaneous presentation of mutated and non
mutated epitopes on the surface of infected hepatocytes might inhibit the 
specific CTL response and protect the cell from lysis, facilitating the selection 
of the variant virus (Meier et al. 1995). Since these results do not demon
strate that selection of HBV variants by the CTL response represents a pri
mary cause of viral persistence, additional studies are needed to better define 
the relevance of this mechanism in HBVand HCV pathogenesis. 
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Abstract 

The sequential development of cirrhosis and hepatocellular carcinoma (HCC) 
in patients with post-transfusion hepatitis was a clue that led to the identifi
cation of hepatitis C virus (HCV) as a risk factor for HCC. The average time 
lag between transfusion-associated infection and cancer development was 
30 years, with a range of 15-45 years. Using the polymerase chain reaction 
(PCR) technique, HCV-RNA has been almost invariably detected in serum 
and tumor tissue of anti-HCV-seropositive patients with HCC In many 
patients, HCV-RNA was found to belong to the more pathogenic type lb. 
However, it is unlikely that HCV plays a direct role in liver tumorigenesis, 
since no reverse transcriptase activity has been found in infected livers. One 
current opinion is that HCV may promote cancer through cirrhosis, which is 
per se an important risk factor for this tumor: almost all patients with HCC 
have cirrhosis and up to 30% of them have coexisting serological evidence of 
hepatitis B virus (HBV) or alcohol abuse, further supporting the idea that 
both HCC and cirrhosis might result from the interplay of several risk fac
tors. However, there are also data suggesting that HCV may interact with cel
lular genes regulating cell growth and differentiation independently of the 
onset of cirrhosis. 

Introduction 

Hepatocellular carcinoma (HCC) is a multistage disease whose occurrence is 
linked to environmental and life-style factors. The great variations in levels 
of carcinogenic factors in the environment account for the different inci
dences of the tumor (Bosch and Munoz 1991). Recent advances made in mo
lecular biology and genetics have initiated a whole new field, i.e., molecular 
epidemiology of HCC. The identification of risk factors for HCC has 
provided insights into the etiology and natural history of this tumor and has 
made it possible to implement screening campaigns aimed at early detection 
of the tumor. Worldwide, chronic infection with HCV is a leading cause of 
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morbidity and mortality, and a link seems to exist' between HCV and HCC 
(Okuda 1997). However, the mechanisms by which HCV is oncogenic to the 
liver have not yet been determined. 

Epidemiological Studies 

In many parts of the world, including most European countries, the role of 
HBV in human HCC is steadily declining. Between 1961 and 1982, the abso
lute numbers of fatal liver cancers in Osaka (Japan) dramatically increased 
(Okuda 1997). During the same period, HBV-independent HCC increased by 
50%. In a study of 54119 autopsies in Venice, HCC incidence rose from 0.6% 
in the years 1906-1929 up to 1.6% in the years between 1947 and 1988 
(Martelli et al. 1991). While the proportion of HCC cases developing in nor
mal livers did not change over time (0.3%), the proportion of HCC cases re
lated to cirrhosis rose from 0.3% to 1.6%, indicating that the observed in
crease in HCC incidence was due to increased numbers of patients with cir
rhosis. Many data suggest that most cases of cirrhosis associated with HCC 
were caused by infection with HBV and HCY. In Italy and Japan, the iatro
genic spread of HCV with infected needles and blood transfusions also in
creased the background incidence of HCV infection in the older population 
(Guadagnino et al. 1997; Okuda 1997). 

Case Reports 

Early evidence connecting HCC with HCV was the sequential development of 
chronic liver disease and liver cancer that has been observed in many 
patients with either community-acquired or transfusion-related hepatitis C 
(Table 1) (Ayoola et al. 1982; Resnick et al. 1983; Gilliam et al. 1984; Kiyosa
wa et al. 1984; Cohen et al. 1987; Tremolada et al. 1990). The time lag be
tween exposure to HCVand development of HCC varied greatly from patient 
to patient, and in all cases HCC was a long-term sequela of HCV-related 

Table 1. Reports of progression from non-A, non-B hepatitis to hepatocellular carcinoma (HCC) 

Author Modality HlstoIogk TIme lag between 
of Infection follow-up infection and IKC (Years) 

AyooIa et aI. (1982) Sporadic CAM -IKC 3 
Resnick et at. (1983) Transfusion HCC 17 
Gilliam et aI. (1984) Transfusion CAM - CIRRH - HCC 9 
Kiyosawa et aI. (1984) Transfusion CPH - CAM - ORRH - HCC 13 
Cohen et aI. (1987) Sporadk CAM - ORRH - HCC 8 
Tremolada et aI. (1990) Transfusion CAH - ORRH - HCC 12 

(AH, chronic active hepatitis; (PH, chronic persistent hepatitis; (IRRH, cirrhosis. 
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chronic liver disease, with cirrhosis almost invariably preceding the develop
ment of cancer. In a study of Japanese patients with transfusion-associated 
HCV infection (Kiyosawa et al. 1990), HCC developed with an average incu
bation period of 19 years. The time lag between exposure to HCVand HCC 
development was similar in hemophilic patients among whom HCC patients 
were identified by a questionnaire-based multicenter international survey 
(Colombo et al. 1991). Further studies provided additional evidence of the 
existence of a close association between HCY, cirrhosis, and HCC (Tradati et 
al. 1998). 

Serologic Studies 

With the advent of a serum assay for antibody to HCV (anti-HCV), it be
came possible to measure the magnitude of the role of HCV in HCC. Many 
patients with HCC throughout the world had anti-HCY, a serum marker of 
past or ongoing infection with HCV, with a wide range (6%-75%) of sero
positive rates (Table 2) (Bruix et al. 1989; Colombo et al. 1989; Bottelli et al. 
1991; Chen et al. 1991; Chiaramonte et al. 1990; Dazza et al. 1990; Ducreux et 
al. 1990; Hasan et al. 1990; Kaklamani et al. 1991; Kew et al. 1990; Levrero et 
al. 1991; Nalpas et al. 1991, Nishioka et al. 1991; Poynard et al. 1991; Saito et 
al. 1990; Santantonio et al. 1990; Sbolli et al. 1990; Simonetti et al. 1989; 
Srivantanakul et al. 1991; Vargas et al. 1990; Velosa et al. 1990; Watanabe et 
al. 1991; Yu et al. 1990). Studies of HCV RNA in serum and liver using dif
ferent probes demonstrated that many HCC patients were actually harboring 
HCVat the time of sampling, with preference for the genotype Ib (Ohkashi 
et al. 1990; Ruiz et al. 1991; Shibata et al. 1991; Zala et al. 1991; Gerber et al. 
1992; Tang et al. 1995). Early serological studies with anti-HCV provided 
some important preliminary information about the distinctive features of 
HCV -related and non-HCV-related liver cancer. Patients with HCV-related 
tumors were likely to be 10 years older than patients with HBV-related tu
mors and almost invariably had associated liver cirrhosis (97%). Not surpris-

Table 2. Prevalence of anti-HCV in 2293 patients with hepatocellular carcinoma and in blood donors 
(23 studies) 

Europe 
USA 
Far East 
Africa 
Blood donors 

Anti-HCV (%) 

28-75 
29--41 
6-55 

29-58 
05- 21 

Autllors: Bottelli et al. 1991; Bruix et al. 1989; Chen et al. 1991; Chiaramonte et al. 1990; Colombo et 
al. 1989; Dazza et al. 1990, Ducreux et al. 1990; Hasan et al. 1990; Kaklamani et al. 1991; Kew et al. 
1990; Levrero et al. 1991; Nelpas et al. 1991; Nishioka et al. 1991; Poynard et al. 1991; Saito et al. 
1990; Santantonio et al. 1990; Sbolli et al. 1990; Simonetti et al. 1989; Srivantanakul et al. 1991; 
Vargas et al. 1990; Velosa et al. 1990; Watanabe et al. 1991; Yu et al. 1990. 
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ingly, many anti-HCV-seropositive patients had additional risk factors for 
HCC, particularly alcohol abuse, suggesting that more than one factor may 
have operated to cause HCC in the patients. In Spanish and French alco
holics with chronic liver disease, infection with HCV was shown to a aggra
vate the risk of HCC development (Bruix et al. 1989; Vargas et al. 1990; 
Zarski et al. 1991). The same is true for patients with chronic hepatitis B 
who became infected with HCV. In these patients the severity of the disease 
correlated positively with the prevalence of serum anti-HCV, and the highest 
rates of HCV infection were indeed found in patients with HCC (Chen et al. 
1991). In one study, patients infected simultaneously with HCV and HBV had 
a relative risk of developing HCC of 40, compared to 14 for patients infected 
with HBV only (Chuang et al. 1992). There are, however, exceptions. In 
Japan, anti-HCV was detected only rarely in hepatitis B surface antigen 
(HBsAg)-positive patients with HCC, as were the HBV markers in the anti
HCV-positive patients with liver cancer (Okuda 1997). This indicates that, in 
some areas, there are distinct populations of cancer patients, probably re
flecting different epidemiologies and infection modalities. In Japan, chronic 
HBsAg carriers often originated from transmission of HBV within families, 
while HCV was likely to be transmitted later in life by iatrogenic modalities. 
In South Africa, HBV-related tumors were more common than HCV-related 
tumors among young men living in the countryside (Kew et al. 1990). HCV
dependent tumors were more often detected in elderly women living in 
urban communities. 

Prospective Studies 

The molecular epidemiology analysis of a cohort of patients with well-com
pensated cirrhosis who were enrolled in 1986 in a surveillance programme 
for HCC offered us the opportunity to prospectively investigate the relation
ships between HCVand HCC. A total of 417 HCC-free patients were studied 
for 10 years to assess the risk of de-novo appearance of HCC, with annual 
measurements of serum a-fetoprotein (AFP) and abdominal ultrasound. A to
tal of 280 patients were retrospectively found to be anti-HCV seropositive 
with a third-generation enzyme-linked immunosorbent assay (ELISA). Serum 
HCV-RNA was detected in 246 patients by PCR and typed with a hybridiza
tion assay based on PCR. Of these patients, 138 (52%) had genotype 1b, 67 
(25%) had 2a/c, 20 (8%) had la, and 39 (15%) had other genotypes. During 
a 10-year follow-up period, 56 patients with HCV-related cirrhosis developed 
HCC, with an annual incidence of 2.2%. Stratifying the prevalence of each 
genotype according to the outcome of follow-up, the Ib to 2a/c genotype ra
tio of 2: 1 observed in the cohort at enrollment remained unchanged during 
follow-up in the patients who developed HCC or not, who were alive or 
dead, and who subsequently were lost to follow-up. On multivariate analysis, 
age over 55 years, male sex, and high baseline AFP were the only variables 
independently correlated with the risk of developing HCC. To study the risk 
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of HCC in patients with serologic markers of chronic infection and elevated 
alanine aminotransferase (ALT) levels, we followed up 385 hemophiliacs with 
these characteristics who had undergone multiple transfusions for a period 
of 4 years annual HCC incidence was lower than that observed in nonhemo
philic patients with HCV-related cirrhosis (0.4% vs. 2.2%) (Tradati et al. 
1998). The HCC risk in hemophiliacs was found to correlate with clinical 
signs of cirrhosis, baseline levels of AFP greater than 11 ng, and age over 45 
years, but not with HCV genotype. Interestingly, HCC developed in patients 
who became infected late during life more often than in those infected ear
lier. Thus, in two studies, we found no evidence that HCV genotypes corre
lated with the risk of HCC in patients with chronic hepatitis C. Our data con
trast with the results of a prospective study of 163 Italian patients with HCV
related cirrhosis (Bruno et al. 1997), which demonstrated a strict association 
between HCC and HCV type lb. After a 68-month follow-up period, HCC de
veloped in 22 of the patients, mostly infected by HCV type 1b, and multivari
ate analysis showed that HCV type 1b was the most important risk factor for 
HCC (odds ratio, 6.14). Older age of patients and male sex were less impor
tant independent risk factors for HCC. Thus whether severity of HCV-related 
hepatitis is influenced by selected virus strains is uncertain. A study in 
France and Italy (Nousbaum et al. 1995) showed reduced incidence of geno
type 1 b in young patients and in more recently infected individuals with cir
rhosis, suggesting that the prevalence of this HCV strain is declining among 
the general population. Since the pattern of molecular epidemiology of HCV 
in Italy is changing as a consequence of increasing infection with genotype 
1a and 3a due to needle-sharing among young drug users (Silini et al. 1995), 
more cases of cirrhosis and HCC can be expected in the near future with the 
increasing contribution of genotypes other than lb. 

Hev RNA Studies 

Cross-sectional and prospective studies in patients with chronic hepatitis C 
indicate that cirrhosis per se might be the relevant pathogenic factor for 
HCC during chronic HCV infection. However, experimental studies also sug
gest that HCV might be more directly implicated in liver cell cancer. HCV 
might activate cellular genes via nuclear localization of core proteins or non
structural regions of its genome. The nucleotide sequences of the core region 
of HCV extracted from a HCC revealed deletions and mutuations resulting in 
truncated core proteins. Interestingly, mutated HCV sequences were not 
found in the peritumoral liver and serum (Ruster et al. 1996). The putative 
core proteins of HCV may have an important role in regulating cell growth, 
Le., by inhibiting apoptotic cell death, transforming primary rat embrio 
fibroblast cells with a cooperative oncogene, and promoting cell growth by 
repressing p53 transcription (Ray et al. 1997). Finally, the HCV genome seg
ment encoding NS3 was shown to transform NIH 3T3mouse cells, forming 
tumors in nude mice (Takegami et al. 1995). 
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Conclusions 

Worldwide epidemiological and clinical investigations have clearly demon
strated a link between HCV and HCC. HCV, alone or in conjunction with 
other environmental risk factors such as alcohol or hepatitis B, is the most 
important pathogenic factor in the development of HCC in many countries. 
The proportion of HCC attributable to HCV alone is 25% in Italy. HCV-re
lated tumors arise in older patients, are almost invariably associated with cir
rhosis, and often have a less aggressive course than HCC related to other 
risk factors. HCV is unlikely to be directly responsible for hepatic carcino
genesis, since there is no reverse transcriptase activity in the infected livers. 
However, the constant finding of viral RNA in the tumor tissue suggests that 
viral persistence is important in hepatic carcinogenesis. It is unclear whether 
HCC develops as a consequence of persistent liver cell mytoses during hepa
titis C or due to virus-mediated dysregulation of cell genes controlling liver 
cell growth. 
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Abstract 

Cancer is a consequence of malfunction of the replicative cell cycle caused 
by acquisition of independence from proliferative and restrictive controls in 
the process. Such alteration may be driven by unrepaired mutations in proto
oncogenes and anti-oncogenes or by genetic insults of environmental, infec
tious, or spontaneous origin. The consequence of mutations may be reflected 
at any of a number of locations in the transductive pathways from receptor 
to nucleus which upset normal homeostatic balance between the opposing 
forces for promotion or restraint of cell proliferation. 

About 15% of human cancers are caused primarily by viruses that bring 
about aberrations in gene structure and function or that express proteins 
that bind to cell regulatory proteins. The means for achieving immunopro
phylaxis of viral cancers, such as hepatitis B or Marek's disease, are based on 
prior specific perturbation of the immune system, causing it to respond rap
idly and effectively in preventing infection on subsequent contact with the 
corresponding agent. Existing cancers of viral origin and those of nonviral 
causation come together in attempted immunotherapy. Cure is far more diffi
cult to achieve than prevention and relies on the principle that tumor cells 
can display abnormal markers on the cell surface that are capable of being 
detected and engaged by an effective immune response. 

Efforts to prevent and cure cancer of viral, spontaneous, or environmental 
origin are a worthy pursuit and must take account of the most advanced 
information relating to the chemistry of the cell cycle and to the function of 
the immune system. 

Cell Cycle and Cancer 

In the simple sense, cancer (Clurman and Roberts 1995; Draetta and Pagano 
1996; Hartwell and Kastan 1994; Hunter 1997; Jacks and Weinberg 1996; 
Pines 1994; Sherbet and Lakshmi 1997a) is malignant cell growth generated 
by malfunction of the replicative cell cycle (Fig. 1). Malignancy arises 
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Fig. 1. Mammalian cell cycle. CDK, Cholecystokinin 

through acquisition of independence from proliferative and restnctIve 
controls that normally guide the orderly procession through the four phases 
(G1, S, G2, and M) involved in cell replication. 

In most instances, cell mitosis is initiated by binding of extracellular pro
liferative signaling ligands to complementary tyrosine kinase receptors on 
the cell surface. The receptors act as signal transducers which initiate a cas
cade of cell cycle events driven by sequential phosphorylation of cyclin-de
pendent kinases. The kinases may be restricted by cyclin-dependent kinase 
inhibitors (Clurman and Roberts 1995). 

There are at least 60 different cell proliferative proteins (such as myc, ras, fos, 
src) that are encoded by cell proto-oncogenes and may be present at any of a 
number of locations in the transductive pathway from receptor to nucleus. Pro
to-oncogenes that have been altered by mutation or other mechanisms to en
code abnormally active proteins at any point along the signal cascade are 
called oncogenes (Sherbet and Lakshmi 1997a, b) and may induce cancer by 
causing cells to proliferate in the absence of external signals for proliferation. 

The Gap 1, or G1 phase of the cell cycle is one of restoration of cell size 
following mitosis and may also be one of resting, referred to as Gap o. Dif
ferentiation may take the cell out of the replicative cycle completely. The G1 

phase is followed by DNA synthesis (S phase), preparation for mitosis (G2 

phase), and finally by cell division itself in the M phase. The entire cell cycle 
is closely monitored, and there are periods of great activity during which 
there is arrest and repair of newly formed but miscoded DNA, especially as 
detected at critical checkpoint sites. The regulatory rb (Herwig and Strauss 
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1997; Wang et al. 1994) and p53 (Guinn and Mills 1997; Levine 1997; Sherbet 
and Lakshmi 1997c) tumor-suppressive anti-oncogenes are the best known of 
a large number of defined and as yet undefined proteins that are gatekeepers 
for the cell cycle. They detect and arrest the cycle in cells bearing miscoded 
DNA and other errors. There is ample time for DNA repair (Hanawalt 1995; 
Culotta and Koshland 1994) but irreparable errors may trigger cell destruc
tion by apoptosis. The recently described (Haines 1997; Piette et al. 1997) 
mdm2 proto-oncogene may become oncogenic by overexpression with resul
tant binding to the p53 and rb tumor-suppressive proteins. 

Most somatic cell alterations responsible for the induction of cancer include 
mutations that activate oncogenes or, equally importantly mutations that bring 
about loss or inactivation of tumor-suppressing anti-oncogenes. These muta
tions may arise from errors in DNA replication of spontaneous origin, from 
inherited genetic predispositions, or from factors encountered in the environ
ment such as irradiation or carcinogens in foods or cigarette smoke. Physical 
factors include exposure to ionizing or ultraviolet radiation. Chemical sub
stances may cause mutations involving alteration or deletion of genetic infor
mation, chromosomal breaks, or frameshift changes in cell DNA. Neoplasia 
of hormone-responsive tissues may arise from facilitation of mutation, en
hanced fixation, or defects in DNA that arise during mitosis. Another compli
cation may occur when cells that have exceeded their normal replicative life 
span undergo oncogenic transformation that is associated with the activation 
of telomerase. RNA telomeres are present on the two strands of DNA at the 
ends of chromosomes and are needed to prevent unraveling of these strands 
(Wynford-Thomas 1996; Holt et al. 1996). Progressive shortening of the telo
meres on cell replication leads to cell senescence and ultimately provides a sig
nal for cell death. Inappropriate activation of telomerase lengthens the telo
meres and is associated with rescue and induction of immortality in senescent 
cells that may become malignant. With regard to human cancer, the telomere 
hypothesis, has not yet been proved. At least 15% of all cancers are primarily 
of viral cause. Another suspected possibility is rare bacterial carcinogenesis, 
such as that associated with Helicobacter infection (O'Connor et al. 1996; Gen
ta et al. 1997); however, this has also not yet been proved. 

Homeostasis in cell function clearly depends on the appropriate balance 
between a myriad of mostly undefined opposing forces such as those of on
cogenes and anti-oncogenes that promote or restrain mitosis, much as in a 
tug-of-war. Genetic mutation results in altered protein folding, which changes 
the three-dimensional fit and charge patterns of the proteins involved so that 
they are no longer complementary to each other. 

Selected Examples of Viruses in Human and Animal Cancer 

Examples of viruses (Darcel 1994; Hilleman 1993; Hoppe-Seyler and Butz 
1995; Vousden and Farrell 1994; zur Hausen 1991, 1996a) known to cause or 
to be associated with carcinogenesis are listed in Table 1 and will not be dis-



Ta
bl

e 
1.

 S
ele

cte
d 

ex
am

ple
s 

of
 v

iru
se

s 
th

at
 m

ay
 c

au
se

 c
an

ce
r 

[~
 

Fa
m

ily
 

Nu
cle

ic 
ad

d 
G

ro
up

 
Ag

en
t 

Sp
ec

ies
 

Co
m

m
en

ts
 

of
 o

rig
in

 
H

ig
hl

ig
ht

s 
$

: 
Re

tro
vir

id
ae

 
RN

A 
?"

 
O

nc
ov

iru
s 

HT
LV

-' 
an

d-
2 

Hu
m

an
 

Ad
ul

t T
 ce

ll 
an

d 
po

ss
ib

ly 
ha

iry
 c

ell
 le

uk
em

ia
s 

in
 h

um
an

s 
~
 

Le
uk

em
ia

-
An

im
al

s 
Le

uk
em

ias
 a

nd
 s

ar
co

m
as

, 
m

an
y 

sp
ec

ies
 

ro
 

3 
sa

rc
om

a 
Vi

ru
se

s 
'" ::l 

Le
nt

ivi
ru

s 
HI

V 
(A

ID
S)

 
Hu

m
an

 
M

ul
tip

le
 n

eo
pl

as
ia

 in
 h

um
an

s 
as

so
cia

te
d 

w
ith

 i
m

m
un

od
ef

ici
en

cy
 

SI
V 

(S
AI

DS
) 

M
on

ke
y 

Ne
op

las
ia 

in
 m

on
ke

ys
 

Fl
av

ivi
rid

ae
 

RN
A 

H
ep

at
itis

 C
 

Hu
m

an
 

Ci
rrh

os
is 

an
d 

he
pa

to
ce

llu
la

r 
ca

rc
in

om
a 

in
 h

um
an

s 
He

pa
dn

av
irid

ae
 

DN
A 

H
ep

at
itis

 B
 

Hu
m

an
 

Li
ve

r 
dr

rh
os

is 
an

d 
he

pa
to

ca
rc

in
om

a 
in

 h
um

an
s 

W
oo

dc
hu

ck
 

An
im

al
 

He
pa

to
ca

rc
in

om
a 

Pa
po

va
vir

id
ae

 
DN

A 
Pa

pi
llo

rn
av

iru
s 

Hu
m

an
 

An
og

en
ita

l 
ca

nc
er

, e
sp

ec
ia

lly
 c

er
vic

al
 c

ar
cin

om
a,

 a
nd

 s
kin

 c
an

ce
r 

Po
lyo

m
av

iru
s 

JC
,8

K
 

Hu
m

an
 

Tu
m

or
og

en
ic 

in
 a

ni
m

al
s;

 p
os

sib
le

 r
ar

e 
ne

op
la

sia
 in

 h
um

an
s 

SV
40

 
M

on
ke

y 
Di

ve
rs

e 
tu

m
or

s 
in

 r
od

en
ts

 
Po

lyo
m

a 
(m

ou
se

) 
M

ou
se

 
Tu

m
or

s 
in

 r
od

en
ts

 
He

rp
es

vir
id

ae
 

DN
A 

Ep
st

ei
n-

Ba
rr 

vir
us

 
Hu

m
an

 
Bu

rk
itt

 a
nd

 o
th

er
 ly

m
ph

om
as

, 
na

so
ph

ar
yn

ge
al

 c
ar

cin
om

a 
in 

hu
m

an
s 

He
rp

es
 s

im
pl

ex
 

Hu
m

an
 

Po
ss

ibl
y 

as
so

cia
te

d 
w

ith
 p

ap
illo

m
av

iru
s 

ce
rv

ica
l c

an
ce

r 
in

 h
um

an
s 

Hu
m

an
 h

er
pe

s-
vir

us
-

Hu
m

an
 

Sa
rc

om
a 

as
so

cia
te

d 
w

ith
 H

IV
 in

 h
um

an
s 

8 M
ar

ek
's 

dis
ea

se
 

Ch
ick

en
 

Ne
ur

al
 a

nd
 g

en
er

al
ize

d 
lym

ph
om

at
os

is 
in

 c
hic

ke
ns

 
Ad

en
ov

irid
ae

 
DN

A 
Hu

m
an

 
Tu

m
or

s 
In

 r
od

en
ts

 b
y 

ce
rta

in
 t

yp
es

; 
no

ne
 in

 h
um

an
s 

An
im

al
 

Tu
m

or
s 

in
 r

od
en

ts
 b

y 
ce

rta
in

 t
yp

es
 

HT
LV

, h
um

an
 T

 ce
ll 

le
uk

em
ia

 v
iru

s;
 H

IV
, 

hu
m

an
 i

m
m

m
un

od
ef

ici
en

cy
 v

iru
s;

 A
ID

S,
 a

cq
ui

re
d 

im
m

un
od

ef
ici

en
cy

; 
SIV

, s
im

ia
n 

im
m

un
od

ef
ici

en
cy

; 
SA

 ID
S,

 s
im

ia
n 

AI
DS

. 



Overview of Viruses, Cancer, and Vaccines in Concept and in Reality 349 

cussed individually in this brief overview. These viruses belong to six differ
ent phylogenetic groups, the first two of which are RNA viruses and the re
maining four of which are DNA agents. The organisms disrupt the normal 
cell cycle. The oncovirus subgroup of the retroviruses cause T cell leukemias 
in humans (Gallo 1995; Kaplan 1993). The lentivirus subgroup, or "slow 
viruses", exemplified by the human immunodeficiency virus (HIV), may be 
oncogenic in some instances, but the associated neoplasia probably usuallly 
arises through association with another agent or through loss of immunolo
gic control of neoplasia caused by severe immunodeficiency. Hepatitis C 
(Kew 1994) flavivirus commonly causes cancer, but there is no defined direct 
role. In most cases, hepatocarcinoma may result from the increased likeli
hood of mutational errors occuring during extensive hepatocyte replacement. 
Hepatitis B hepadnavirus hepatocarcinoma (Hildt et al. 1996) occurs as a 
sequel to a long-term viral carrier state and may be promoted by aflatoxin. 

Certain papillomavirus (Laimins 1996; Zur Hausen 1996b) serotypes of 
the Papoviridae cause squamous carcinoma and cancers of the anogenital re
gion, especially cervical carcinoma. Human polyomaviruses, e.g., JC and KB 
(Carallini et al. 1987; Arthur et al. 1994), may cause fatal degenerative dis
ease of the central nervous system in the face of immunodeficiency. Possible 
oncogenicity is infrequent and is not firmly established (Carallini et al. 1987; 
Arthur et al. 1994). Simian and mouse polyomaviruses (Girardi et al. 1962; 
Levine 1994) are oncogenic for rodents. At least three viruses of the Herpes
viridae may cause or be associated with cancer in humans. These include the 
Epstein-Barr (E-B) virus (EBV) (Raab-Traub 1996) which causes both carci
nomas and lymphomas in humans. The recently discovered human herpes
virus-8 has an apparent causal role in most Kaposi's sarcomas, especially in 
HIV-infected individuals (Kempf and Adams 1996; Ambroziak et al. 1995). 
Herpes simplex viruses, which are commonly found in association with cer
vical carcinomas, are an unlikely primary cause for cancer, but might play a 
secondary role in cervical carcinoma caused by papillomavirus (Jones 1995). 
All human adenoviruses transform rodent cells in culture, but only a few in
duce tumors in rodents. These include types 12 and 18 (Shenk 1996), which 
are highly oncogenic, and types 3 and 7 (Girardi et al. 1964), which are 
weakly oncogenic. None has been found to cause cancer in humans, and evi
dence for oncogenicity in humans is lacking. 

Mechanisms of Viral Oncogenesis 

The mechanisms whereby individual viruses of each of the six different fami
lies initiate cancer (Table 2) are complex, diverse, and poorly or incompletely 
understood. As with nonviral cancers, most virus-caused cancers require cu
mulative secondary cell mutations and cofactors that deliver spurious signals 
and misdirect normal cell function as a necessary prerequisite for progres
sion to full neoplasia. Demonstration of tumorigenesis in animals by infec
tion with human viruses may not be predictive for humans. 
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Table 2. Diverse, defined or obscure mechanisms in selected examples of viral oncogenesis 

Virus 

Retroviridae 
Oncovirus HTlV-1 
Lentivirus HIV 

Flaviviridae 
Hepatitis C 

Hepadnaviridae 
Hepatitis B 

Papovaviridae 
Papi"omavirus 

Polyomavirus 
SV40 

Herpesviridae 
Epstein-Barr virus 

HHV-8 

Adenoviridae 

Probable or proven mechanisms 

Genomic integration, insertional mutation, as- and trans-activation 
Rarely oncogenic. possible herpesvirus promotion, host immune collapse 

Nononcogenic; high risk for mutation on hepatocyte replacement 
High risk for mutation on hepatocyte turnover; integration, with possible cis
and trans-activation, X regulatory protein promotion, and possible binding to 
p53 
Best defined are HPV types 16 and 18, causing cervical neoplasia 
Viral E6 oncoprotein binds to and degrades p53 regulatory protein (anti-onco
gene) and activates cell promoters and telomerase 
Viral E7 oncoprotein binds to rb regulatory and other proteins, releasing 
genes for cell cycle progression 
Both E6 and E7 oncoproteins plus added mutations and cofactors are needed 
for neoplasia 
Large T antigen oncoprotein shares a sequence with HPV E7 oncoprotein 
Binding to p53 and rb regulatory proteins is essential in rodent neoplasia 
Complex virus-induced B lymphocyte proliferation leads to Iymphoproliferative 
disease with predisposition to c -myc oncogene translocation and emergence 
of malignant dones; enhanced by immunosuppression, malaria cofactor 
Recently discovered HHV-8 infection appears to be central to spindle cell for
mation in Kaposi's sarcoma; HIV-infected cells may release cell cytoldnes and 
tat protein, enonnously promoting spindle cell formation 
E1A and E1B oncoproteins of oncogenic adenovirus types, like those for papil
lomaviruses and polyomaviruses, bind to rb and p53 cellular regulatory pr0-
teins, respectively, and are essential for induction of neoplasia in animals 

HTLV, human T cell leukemia virus; HIV, human immunodeficiency virus; HHV, human herpesvirus-S; 
HPV, human papillomavirus. 

Rather than reviewing the details for each virus or virus family, it may be 
instructive (Ambroziak et al. 1995; Arthur et al. 1994; Carallini et al. 1987; 
Darcel 1994; Gallo 1995; Girardi et al. 1962, 1964; Hall 1996; Hildt e al. 1996; 
Hilleman 1993; Hoppe-Seyler and Butz 1995; Jansen-Durr 1996; Jones 1995; 
Kaplan 1993; Kempf and Adams 1996; Kew 1994; Laimins 1996; Levine 1994; 
Raab-Traub 1996; Shenk 1996; Vousden 1994; Zur Hausen 1991, 1996a, b) to 
define the general mechanisms whereby viruses may be involved in the neo
plastic process. Several such mechanisms are highlighted in Table 3. These 
mechanisms are essentially the following: 
a) Viral genetic material that is integrated into the cell genome in whole or 

in part may bring about insertional mutations and cis- or trans-activation 
of host mitogenic genes. 

b) Nononcogenic viruses associated with tumor may bring about a need for 
host cell replacement and an increased likelihood of mutations, with ran
dom and spontaneous tumor cell appearance. 

c) Viruses encoding oncoproteins that bind to or destroy the regulatory anti
oncogene products such as rb or p53 may be prominently oncogenic and 
may enhance the likelihood of nonrestricted cell replication. 



Overview of Viruses, Cancer, and Vaccines in Concept and in Reality 351 

Table 3. Collective summary of mechanisms in viral neoplasia 

Genomic integration with insertional mutation and cell mitogenic activation 
Enhanced spontaneous neoplasia from errors arising in increased cell replication 
Binding of cell regulatory antioncogene proteins by viral oncoproteins 
Chromosomal breaks and translocations leading to abnormal cell signaling 
Viral-encoded mitogenic promoters together with cellular cytokines 
loss of immunosuppression of tumor by depression of host immunity 
Collectively, mechanisms are highly complex: increasing recognition of a central role for disruption 

of pS3, rb antioncogenes, and similar substances in most viral oncogenesis 

d) Certain viruses may bring about host chromosomal breaks and transloca
tions leading to abnormal cell replication. 

e) Vir ally encoded mitogenic promoters, together with cell released cyto
kines, may playa substantive role in certain neoplastic processes. 

f) Viruses that bring about a state of immunodeficiency may facilitate the 
appearance of clinical neoplasia that might otherwise be detected and re
pressed by the host immune system. 

It is clear that the mechanisms for viral carcinogenesis are highly complex 
and poorly understood, though their role in overriding control mechanisms 
in the cell cycle is well established. In addition, the importance of disruption 
of p53 and rb tumor suppressor proteins by oncoproteins of viruses that may 
now include certain of the herpesviruses is increasingly being recognized. 

Vaccinology and Immunology 

The science of vaccinology involves microbiology, virology, molecular biol
ogy, and immunology in an attempt to prevent disease in practice by immu
noprophylaxis. Modern vaccinology is largely a branch of applied immunol
ogy on which it has come to rely for enlightenment and guidance in under
standing mechanisms and development of approaches to immunoprophylaxis 
and immunotherapy. Prophylactic vaccines against viruses that cause acute 
infectious diseases or a chronic disease state or that are the primary initia
tors of neoplasia have been notably effective. In contrast, immunotherapeutic 
vaccines against chronic infections and neoplasia have brought little more 
than an unrealized promise. 

The science of immunology has grown over the past two decades from 
black box empiricism to become the heart of all endeavors seeking to 
achieve active intervention through immunization. The mechanisms of the 
immune response are highly complex, and understanding them is critical to 
the successful pursuit of vaccines. 

In the simplest sense, the immune system recognizes what is not self and 
also those parts of self that are usually covert or poorly expressed and are 
not usually seen by the mature immune system. The mechanisms for engage
ment of the adoptive immune processes are shown in Fig. 2. The effectors of 
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Destroys Virus by: 
Destruction of Infected Cells 
Suppression of Viral Transcription & Translation 
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(Soluble) (Humoral, 

IgG1) 

Fig. 2. Immune response (simplified, conjectural); APe, antigen-presenting cells; IL, interleukin; IF, interferon; 
TNF, tumor necrosis factor 

humoral responses are B cells that produce antibodies. T cell effectors are of 
two kinds, each having different functions: cytotoxic T cells detect and de
stroy abnormal cells and form the basis of cell-mediated immunity, while ac
tivated T helper cells aid and assist in the differentiation and expansion of 
specific B cells and cytotoxic T cells. The Thl subset of T helper cells elabo
rates cytokines that favor a cytotoxic T cell response, while the Th2 subset 
favors antibody responses. The cytokines elaborated in the type 1 and 2 re
sponses are antagonistic to and suppressive of each other, respectively. Im
mune recognition of nonself proteins by T cells is aided through antigen pre
sentation by professional antigen-presenting cells (dendritic cells, macro
phages, B cell). In this process, immunologic determinants that are present 
in short linear fragments of proteins are displayed on the cell surface bound 
to class I or II major histocompatibility complex (MHC) receptors in a con
text in which they are seen and recognized. Understanding immune mecha
nisms permits the development of rational approaches to vaccine design and 
to elicitation of chosen and appropriate responses. 

Prevention Versus Cure 

Vaccinology and immunology (Table 4) have progressed over a period of two 
centuries following the first scientific investigations by Edward Jenner into 
immunization of humans against smallpox by prior inoculation of the atten
uated but antigenically related cowpox virus. Immunoprophylaxis against 
viral and other infective agents is relatively simple in that these entities pre
sent novel antigenic determinants, against which specific adaptive immune 
responses can be directed that are destructive to the invaders. Many prophy
lactic vaccines are highly effective and are routinely used, and infective 
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Table 4. Prevention versus cure 

Vacdnology and immunology began with Edward Jenner in 1796 
Prophylaxis of infections by vacdne is relatively simple, since it erects a barrier prior to exposure to 

the infectious agent 
Therapy of persistent infections and of cancer by vaccine is difficult and needs to achieve detection 

and elimination of already infected or otherwise altered cells; this may be complicated by existent 
damage to the immune system 

In immunotherapy, persistent viral infections and chronk proliferative and degenerative 
diseases find a common pursuit 

agents such as poliovirus and measles virus are targeted for worldwide eradi
cation by the same mass immunization strategy as that used against small
pox virus. Vaccines that attempt immunologic recognition and immunothera
peutic intervention in already existing conditions, such as cancer or chronic 
and persistent viral infections, are immensely difficult to develop and suffer 
from a lack of knowledge in this area. However, it is important, conceptually, 
to note that transformed neoplastic cells and cells which are persistently in
fected with viruses come together in the common pursuit of immunotherapy. 
They both pose the difficult problems of specific immune recognition and 
the stimulation of effectors that will bring about selective identification and 
removal of abnormal cells without destroying normal cells. The problems 
may be magnified by existing damage to the immune system, e.g., by anergy, 
by evasion and escape from immune recognition, by the overwhelming pres
ence of abnormal cells, and by reduction of immune responses as a result of 
a decrease in the number and function of relevant effector cells. It is here 
that infections and chronic proliferative and degenerative diseases have a 
common cause. 

Prophylactic Vaccines Against Oncolytic Viruses 

Numerous and highly effective live and killed viral and bacterial vaccines 
against infectious diseases, most of which were developed in the last 50 
years, are now being used routinely. Viral infections, whether they cause 
acute illness or cancer, are alike in that prevention of infection prevents both 
kinds of outcome. 

My own career in basic and applied research has included pioneering dis
coveries of viruses that cause cancer and in the development of vaccines that 
prevent cancer (Table 5). I can use these to illustrate the principles for pre
vention of virus-caused cancer. Discovery of the adenoviruses (Hilleman and 
Werner 1954; Rowe et al. 1953), some of which cause cancer (Shenk 1996; 
Girardi et al. 1964), led to highly effective vaccines (Hillemann et al. 1953). 
Our discoveries of the simian SV40 polyomavirus (Sweet and Hilleman 
1960a,b) in 1960 and of its oncogenicity (Girardi et al. 1962) in 1962 were 
followed by studies showing abortive prevention of viral cancer by irradiated 
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Table S. Pioneering events in cancer virus and vaccine discovery 

Virus Source 

Adenovirus Human 

SV40 Macaque 

Marek's Chickens 
herpesvirus 

Hepatitis B Human 

Highlights 

Year Event 

1953 Codiscoveries by Hilleman and Werner (1954) and by Rowe et 
al. (1953) 

1956 Highly effective killed vaccine 
Oncogenidty for rodents of type 7 virus demonstrated 

1960 Discovery of virus 
1962 Discovery of oncogenicity 
1964 Irradiated whole tumor cell vaccine prevents cancer in adult 

hamsters infected with virus when newbom 
1967 Passive maternal antibody prevents tumor in animals chal

lenged neonatally 
1971 licensure; first live whole cell vaccine against Marek's disease 

(Hilleman 1974a, b) 
1974 Arst live cell-free dried vacdne against Marek's disease (Witter 

1971) 
These vacdnes for use in chickens were the first licensed vac
cines against any viral cancer in any species 

1968 Basic vaccine initiative began 
1975 Proof of safety and efficacy in chimpanzees; proof of safety 

and immunogenidty for humans 
1981 Licensure of the first killed subunit vaccine against viral infec

tion 
1986 Licensure of the first recombinant vaccine; hepatitis B vacdne 

was the first vacdne against human cancer, the first subunit 
virus vaccine, and the first recombinant-expressed vaccine 

SV 40 and adenovirus discoveries were seminal to: 
carcinogenesis by DNA viruses and the basic model for virus in cancer; prevention of oncogenesis by 
vaccines; discovery of p53 anti-oncogene (Levine 1994); and evolvement of modern viral genetics and 
molecular biology. 

whole cell vaccine (Goldner et al. 1964; Coggin et al. 1967) and by demon
strating the prevention of viral infection by maternal antibodies (Larson et 
al. 1967). The SV40 and adenovirus discoveries provided seminal data relative 
to carcinogenesis and tumor vaccine immunogenesis, and, in addition, were 
of critical significance to the evolution of modern viral genetics and molecu
lar biology, including the discovery of the p53 anti-oncogene (Levine 1994). 

Whole cell (Hilleman 1972, 1974a) and killed dried (Hilleman 1974b) vac
cines against neural lymphomatosis in chickens, employing the Witter-Bur
mester turkey herpesvirus (Witter 1971), were the first licensed vaccines of 
any kind against any viral cancer. Their effectiveness on application revolu
tionized the economics of the poultry industry. The plasma-derived vaccine 
against hepatitis B (Buynak et al. 1976; Hilleman et al. 1978, 1982; Hilleman 
1984, 1992a, 1996a, b), which was introduced in 1981 after 13 years of re
search, was the first licensed subunit viral vaccine and the first licensed vac
cine against a human cancer. The new yeast recombinant hepatitis B vaccine 
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(Hilleman 1996a, b; McAleer et la. 1984a) was developed and licensed by 
1986. This was the first and is still the only licensed recombinant vaccine. A 
vaccine that employed purified hepatitis B surface antigen secreted from car
rier Alexander hepatocarcinoma cells (McAleer 1984b) in culture was devel
oped in our laboratories. It was not pursued to licensure, however, because 
of the success with the yeast recombinant program. Present worldwide selec
tive and universal immunization against hepatitis B will eliminate hepatitis B 
regionally and may eventually lead to worldwide eradication within a few 
generations (Hilleman 1996a, b). The significance of preventing hepatitis B 
infection is illustrated by the present world census of 350 million viral car
riers and the inevitable death by necroinflammatory disease, cirrhosis, and 
hepatocarcinoma of about 75 million of these carriers (Hilleman 1996a, b). 

The known universe of oncogenic viruses is small, as is the number of tar
get vaccines worthy of pursuit. It is notable, however, that research to devel
op vaccines against papillomaviruses (Hines et al. 1995; Schiller and Lowy 
1996; Tindle 1996), including DNA vaccine (Donnellyet al. 1996) and against 
(EBV (Gu et al. 1993; Morgan 1992; Rickinson et al. 1996), is currently being 
actively pursued. Early findings in human trials in China of EBV gp350 re
combinant vaccine by Wolfe have shown protection against natural infection 
in a majority of vaccinees in a small study (Rickinson et al. 1996). Vaccines 
against hepatitis C will be very difficult to develop because of the multiple 
subtypes, antigenic hypervariability, and non-neutralizability (Prince 1994) 
of the agent. Vaccines against leukemia of cats (retrovirus) have been li
censed in the United States for commercial distribution since 1985. Findings 
have been presented which indicate that certain vaccines may afford protec
tion in some cats against natural challenge, as evidenced by a reduction in 
viremia, latency, transmissibility, and clinical disease (Legendre et al. 1991). 

Therapeutic Vaccines Against Cancer 
and Against Persistent Viral Infections 

Although immunotherapy of cancer has been pursued for more than a cen
tury (Table 6), and promise has been shown in experimental animal models, 
no vaccines have been developed that have been significantly beneficial clini
cally in humans. All this might change as a result of the application of the 
latest concepts and technologies in molecular biology and specific immune 
responses. Present information relating to cancer vaccines and to clinical 
trials is overwhelming in volume and complexity, reflecting the ingenuity 
and energy of those who are pursuing them (Baltz 1995; Boon and van der 
Bruggen 1996; Celis et al. 1995; Disis and Cheever 1996; Durrant and Spend
love 1996; Hilleman 1992b, 1993; Irvine and Restifo 1995; Kabrin and Kwak 
1994; Lewis and Houghton 1995; Linehan et al. 1996; Ragupathi 1996; Schlag 
et al. 1994; Slingluff 1996; Tuttle 1996). 

It is important that specific tumor-associated antigens exist in individual 
patients and sometimes between patients, as exemplified by antigens in mela-
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Table 6. Therapeutic vaccines against cancer and persistent viral infections 

No licensed therapeutic vaccine in spite of decades of research 
The venture is worthy of pursuit since: 
Specific tumor cell antigens do exist (e.g.. melanoma) 

Specific viral antigens are present in virus-induced tumors (e.g .• hepatitis B) 
Success in developing therapeutic cancer vacdnes relies mainly on: 

Identification of truly unique antigens 
Presentation of antigen fragments by professional ant!gen-presenting cells 
Induction of a cell-mediated immune response (cytotoxic T cells) 

noma (Dalgleish 1996; Kuhn and Hanke 1997; Robins and Kawakami 1996). 
Tumor target antigens may be mutant proteins, over-expressed normal anti
gens, antigens ordinarily expressed only in embryonic or neonatal life, or 
antigens in virus-induced cancer. The key to success for therapeutic vaccines 
is first, to identify those antigens that are truly unique and second, to pre
sent them to the immune system in a way in which they can be recognized 
and will elicit an effective cell-mediated immune response. Antigens carry 
immunologic determinants called epitopes, and it is hoped that simplified 
antigens bearing them can be made highly immunogenic or can be incorpo
rated into recombinant vectors that will gain ready access to the cytoplasm 
of professional antigen-presenting cells. 

Central to the elicitation of relevant cell-mediated immune responses is 
the presentation of appropriate antigen fragments in MHC receptors on the 
cell surface of professional antigen-presenting cells. The MHC receptors 
themselves are highly variable and conformationally selective for any of per
haps 100 different alleles. The HLA-A2 receptor is the most common of all 
the shared MHC alleles, and it is important, when possible, to engage this re
ceptor to achieve broadest generic clinical application. The complex and con
voluted processes for immunologic recognition and response are presented in 
simplified form in Figs. 3-5. 

Somatic cells of the body, including cancer cells, conduct continuous sam
pling, fragmentation, and display of their internal substances in MHC class I 
receptors on the cell surface (Fig. 3). This presentation provides a signal for 
recognition and destruction, by complementary cytotoxic T lymphocytes, of 
cells that are seen as immunologically abnormal. Importantly, such somatic 
cell presentation does not activate naive T cells, because the former cells do 
not present the second signal needed for T cell activation. In fact, occupancy 
by antigen alone may suffice to render naive T cells of complementary immu
nologic specificity anergic. 

Immune activation of T cells is achieved (Fig. 4) when professional anti
gen-presenting cells, such as bone marrow-derived mononuclear and dendri
tic cells, fragment exogenous and endogenous proteins and present them on 
their cell surface in MHC class I or II receptors. Most importantly, these pro
fessional cells also provide a necessary second or costimulatory signal ligand, 
such as B7-l or B7-2, that engages the CD28 receptor on T cells needed to ac-
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Fig. 3. Antigen presentation 
without costimulation 
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Fig. 4. Activation of CD4+ and CD8+ T cells by professional bone marrow-derived antigen-presenting cells. 
MHC, major histocompatibility complex 

tivate them. Professional antigen-presenting cells present by two pathways: 
class I presentation activates CDS+ cytotoxic T cells, while class II presenta
tion activates CD4 + T helper cells of subset 1 or 2, which in turn secrete 
cytokines that favor and facilitate either a type 1 cytotoxic T cell or a type 2 
humoral antibody response. The respective collections of cytokines respon
sible for the two kinds of responses are antagonistic to each other. 

Naive cytotoxic T cells are specifically activated by combined antigen and 
coreceptor presentations. Further differentiation and clonal expansion is 
aided by the elaboration of cytokines from the T helper cells of subgroup 1. 
Appropriately activated cytotoxic T lymphocytes (Fig. 5) seek out and de
stroy tumor cells and other cells displaying complementary abnormal anti
gens. They do this by means of cytolytic or apoptotic processes. Viral sup
pression in persistent viral infection can also be achieved by noncytolytic 
mechanisms. Chisari (1996, 1997) demonstrated that gamma interferon and 
tumor necrosis factor alpha may prevent transcription and translation of 
viral messenger and may even be curative in transgenic mice bearing the 
hepatitis B virus genome. 
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Na/lleTCells 

Lack of costimulatory signal : 
Failure of T cell activation 
Induction of Anergy 

Fig. 5. Destructive damage of abnormal target cells by activated cytotoxic T cells. MHC, major histocom
patibility; TNF, tumor necrosis factor; IFN, interferon 

Table 7. Priming and facilitation of specific cancer immunotherapy. Priming: Identification and acquisi
tion of tumor specific antigens. Autogenous vaccine - perhaps by cell culture. Sequenced common 
antigens that are recombinant expressed 

Formulation/Facilitation 

Adjuvants and immune potentiators 
Aluminum compounds (for antibody) 
Water-oil emulsions 
PhospholipidlcholesteroVwater complexes 
Saponin 
Immunostimulants 

Presentation systems 
ISCOM5 
Particulates 
Protein conjugation 
Multiple antigen peptides 
Targeted delivery and release 
Microencapsulation 
Mucosal immunization 
Ugand-linked antigens 
Cytokines 

Types 1 and 2 
MHC combined with antigens 
Recombinant vectors 

Nonreplicating viruses 
DNA vaccines 

Examples 

Aluminum hydroxide, phosphate 
MFS9, SAF-1, oil with nonionk block copolymers 
Uposomes, cationic liposomes, cochleates 
Q521 
Muramyl peptides, detoxified lipid A 

Quil A with antigen and cholesterol 
Virus-like partides, virosomes 
With haptens or polysaccharides 
Organic scaffolds for peptides, virosomes 

Polylactide/glycolide polymers, glucans 
Cationic liposomes, cochleates, microencapsulation 
Cholera toxin 8 subunit, Fc receptor: antigen linked 

IFN-y, TNF-a, Il-2, -4, -5, -6, -10, -12 
Dendritic cells pulsed with antigen fragments 

Canarypox; prime and boost 
Mixtures of diversely encoded plasmid vectors 

MHC, major histocompatibility complex; IL, interleukin; IFN, interferon; TNF, tumor necrosis factor. 

As stated above, the requirements for specific immunotherapy of cancer 
(Table 7) by vaccination consist in the identification, acquisition, and presenta
tion of appropriate tumor antigens. Such antigens may be formulated to stim
ulate recognition and to evoke an appropriate cytotoxic T cell response. Numer
ous technologies for facilitating immune responses already exist and consist of 
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adjuvants and immune potentiators, presentation systems, targeted delivery 
and timed release mechanisms, cytokines, or pulsed or recombinant dendritic 
cells. Most promising are the recombinant viral vectors that express foreign 
proteins when delivered to the cytosol of target cells and, in particular, the re
combinant DNA plasmid vaccines that may actively express reporter proteins 
for sustained periods of time. DNA vaccines do not need an envelope, which 
might be immunogenic, and may thus be repeatedly reused and may be given 
in diverse mixtures of plasmids that express antigens, receptors, coreceptors, 
cytokines, ligands, and the like. It is important that recombinant vector vac
cines reside in a universe of potential diversity through selective mixing and 
can be made to transfect antigen-presenting cells, thereby gaining direct ac
cess to both the MHC I and MHC II pathways essential to cytotoxic T cell 
and T helper activation. Responses raised by vectors may be increased by 
boosting with the corresponding expressed proteins following vector priming. 

Conclusion 

In conclusion, efforts to prevent and cure spontaneously, environmentally, 
and virally-induced cancers are a worthy pursuit. In this endeavor, the two 
most important disciplines to follow are those that relate to the chemistry of 
the cell cycle and to basic immunology. Vaccinology is an applied discipline 
in immunology and will be guided by the latest concepts in immunology as 
they evolve. 
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