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Preface
The European Pancreatic Cancer-Research
Cooperative (,EPC-RC*)

T.M. Gress

Pancreatic cancer is a devastating disease with an overall 5 year survival of less than
5%. The only means for cure represents surgical resection of small tumours confined to
the pancreas by an experienced pancreatic surgeon. The only significant advance regis-
tered during the last decade was the observation that postoperative survival of pancreat-
ic cancer patients can be modestly improved by adjuvant chemotherapy. Unfortunately
less than 10% of the patients present in a tumour stage that allows this type of curative
approach, and even most of these patients relapse within 12-18 months. Once in a locally
advanced or metastasized stage no effective treatment options are available. A large cata-
logue of single and combined radiotherapeutic or chemotherapeutic regimens have been
tested during the past decades, and at most achieve palliation and/or modest, if any pro-
longation of survival. Diagnosis of pancreatic cancer in early, operable stages or a diag-
nosis of preneoplastic lesions would thus appear the most promising approach to reduce
mortality from pancreatic cancer. Despite the technical improvements of imaging mo-
dalities such as multislice helical CT, PET-CT, MRI, ERCP and EUS this is still difficult,
if not impossible in particular for preneoplastic lesions.

Thus, at present conventional diagnostic and therapeutic modalities are disappointing
and even the ever continuing improvements do not appear to promise significant advanc-
es. In this desolate situation totally new diagnostic and therapeutic strategies have to be
developed, that are based on novel principles. Use of knowledge generated in the genome
project and by pancreatic cancer researchers concerning molecular and genetic changes
in pancreatic cancer appears thus to be the most promising approach. The genome project
has delivered tools, expertise and data allowing to analyse alterations of the genome, tran-
scriptome and proteome of pancreatic cacner in highthroughput approaches. These type
of analyses have been increasingly done in the past years for pancreatic cancer delivering
huge amounts of data. Major drawback of these approaches has so far been the interpreta-
tion and exploitation which in addition to so far involved clinical and basic oncology re-
searchers requires the participation of novel players such as bioinformaticians, epidemiol-
ogists, statisticians, radiologists and industry. It is thus obvious that we will only achieve
significant advances for this devastating disease by combining the expertise of different
disciplines in multicentric and multinational translational approaches.
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In this situation 8 European groups have formed a concerted action that was support-
ed and funded by the European Union in the framework programmes 3 and 5. This con-
certed action included groups from Germany, Italy, Spain and Great Britain and com-
prised genome researchers, basic oncological researchers, pathologists as well as medical
and surgical oncologists, all with a specific interest in improving the desolate situation for
pancreatic cancer patients. The concerted action was named “European Pancreatic Can-
cer-Research Cooperative (“EPC-RC”), and has now been active for more than 5 years.

In the first phase of the concerted action members of the EPC-RC have used hight-
hroughput and conventional molecular screening approaches to generate one of the larg-
est collections of genetic alteration in pancreatic cancer on the genome, transcriptome
and proteome level. In the second, still ongoing, phase of the project the EPC-RC has fo-
cused on the translation of these findings into preclinical and clinical applications. The
major aim was to use the vast collection of genetic alterations for the design, develop-
ment and testing of novel diagnostic and therapeutic approaches. The third phase of the
project that will begin end of 2005 will focus on the testing and evaluation of these nov-
el tools in large clinical trials.

The EPC-RC is thus one of the first European Cooperatives that has clearly focused
on the translational aspects of pancreatic cancer research and has always attempted to
bring researchers from different disciplines and countries together to allow a joint effort
to improve the situation for this devastating disease. The support of the European Union
allowing the formation of the EPC-RC was crucial in this respect, not only concerning
funding but as well in opening doors and establishing connections that would not have
been possible otherwise.

Since the second phase of the EPC-RC is due to end in October 2005 the group has
decided to prepare the present book. The aim of the book is to provide an overview on
the present state of translational approaches to pancreatic cancer. It thus contains chap-
ters describing the state of the art in epidemiology, histopathology, diagnostics and ther-
apy of pancreatic cancer together with chapters describing basic resources, molecular al-
terations in pancreatic cancer as well as highthroughput molecular screening approaches
that have been used for pancreatic cancer. In addition the first preclinical and clinical ap-
proaches that were developed on the basis of molecular findings by the EPC-RC and oth-
er groups are described.

This book is thus unique in its translational character and we hope that it will give the
reader a good overview on the present standards and new developments and will help to
identify areas that require the largest efforts and multinational cooperative approaches.

Ulm, October 2004
Thomas M.Gress
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1 | Environmental and genetic conditions
associated with increased risk for
pancreatic cancer




1.1 Epidemiology of Pancreatic Cancer

N. Malats and F.X. Real

The development of chronic diseases, such as pancreatic cancer generally implies the
participation of both environmental and genetic factors and their interactions, following
an iterative process leading to disease progression (1). Despite huge efforts devoted to dis-
entangle the main factors involved in many chronic diseases and their relationships dur-
ing the pathogenic process, the task remains formidable. This is clearly the case for pan-
creatic cancer, as we know relatively little about its aetiology. The identification of these
factors may allow us to design both preventive and therapeutical strategies that benefit
the at-risk and affected population, respectively.

Here, we review the literature on both exogenous and endogenous risk factors for the
disease. We also discuss the mechanisms through which they may produce DNA dam-
age and/or other biological effects leading to mutations in important genes. Different
patterns of genetic predisposition (susceptibility) may enhance or inhibit the pancreatic
carcinogenesis process, thus being another piece of the puzzle. We summarize the pub-
lished evidence on the polymorphic genes involved in the metabolism and transport of
pancreatic carcinogens, DNA repair, cell cycle control, and apoptosis.

Pancreatic cancer mortality rates vary among countries (males: 4.2 to 11.5 deaths per
100.000; females: 2.6 to 7.5 deaths per 100.000), are usually higher in men than women
(sex ratio ranges between 1.1 to 1.3), and increase with age (2-4). Recent reviews reveal
that there was indeed a worldwide increase of pancreatic cancer mortality rates between
1950 and 1980 in both sexes. Afterwards, mortality trends either levelled off (Sweden,
Norway, USA, Canada, New Zeeland, Australia), remained stable (Autria, Germany), or
continued to rise (Spain, Italy, and Japan). Sahmoun et al (4) have predicted that by 2005
pancreatic cancer burden will shift from Northern Europe and North America to South-
ern Europe and Asian countries. Although the ascertainment of pancreas cancer has
some limitations (5-8), mortality cancer rates from this disease are a good surrogate for
incidence rates because of the very short survival of patients suffering of this cancer.

Which factors are involved in the development of the pancreatic cancer and how can
they explain the variability of pancreatic cancer incidence/mortality rates in different
countries, over time, and according to sexes and age groups? Several behavioural (life-
style) factors, occupational and environmental exposures, previous medical conditions,
and genetic determinants have been either established or proposed as risk factors for this

cancer.
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Behavioural factors

Tobacco smoking

Cigarette smoking is the best established risk factor for pancreatic cancer. Compared
to non-smokers, the risk of smokers to develop pancreatic cancer is around 2 but some
studies have provided higher estimates (2). It has been proposed that there is a dose-re-
sponse relationship and that a 10 year-period of smoking cessation could lower the risk
of pancreatic cancer to the levels of nonsmokers. Overall, smoking accounts — at most —
for one third of the cases (9-10). A recent study suggests that heavy use of smokeless to-
bacco slightly increases the risk of pancreatic cancer among non-smokers of cigarettes
(11). Aromatic amines seem to be the main tobacco carcinogens involved in pancreat-
ic carcinogenesis (2,12). DNA adducts with aromatic amines have been detected in the
pancreas (13-15) indicating that these compounds reach the tissue and can damage the
DNA. The only study that has analyzed polycyclic aromatic hydrocarbon-DNA adducts
(BPDE-DNA) in pancreas tissue did not reveal detectable levels of these compounds (15),
supporting the notion that carcinogens other than PAH are responsible for this cancer. If
tobacco components are important pancreatic carcinogens, it is to be expected that they
will act upon some of the genes involved in tumor development, such as K-ras and Tp53.
It is surprising that very little epidemiological research has been conducted to determine
the association between tobacco consumption and such mutations in pancreatic tumor
tissue (16-18). Only Berger et al (17) found a statistically significant association between
smoking and mutations in K-ras.

Alcohol consumption

Although not well established, alcohol consumption may be involved in pancreatic
carcinogenesis. A few case-control studies have found that the association is present only
among alcohol abusers (2,19). Methodological aspects may account for this controversy:
heavy alcohol abusers are often low fruit and vegetable consumers, heavy smokers and
coffee drinkers, leading to residual confounding in the studies. The fact that this group
also commonly develops liver and pancreatic chronic benign diseases suggests that the
pro-carcinogenic effect of alcohol on the pancreas, if real, is likely to be indirect, ulti-
mately leading to an increase in the risk of cancer. Although this has not been elucidated
up to date, we have attempted to approach this hypothesis and have previously reported
an interaction between tobacco and alcohol in K-ras mutated pancreas cancers: a high
risk for mutations was detected in patients who only smoked and in patients who only
drank, but less so in patients who both smoked and drank (16). Further research is need-
ed to elucidate the role of alcohol in pancreatic carcinogenesis.
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Coffee and tea consumption

The role of coffee as a risk factor for pancreatic cancer has not yet been completely elu-
cidated. The first report of an association of coffee with pancreas cancer (20) was arti-
factual due to methodological pitfalls. Subsequently, several studies have failed to detect
an association between coffee and pancreatic cancer risk. It has been suggested that caf-
feine and other coffee compounds may modulate cellular processes such as DNA repair
(21,22). Our group found that K-ras mutations were more common among regular than
non-regular coffee drinkers (23).

Tea has not been explored as broadly as coftee as a risk factor for pancreas cancer and
no concluding results can be drawn from the few studies published on this issue.

Food, caloric intake, and cooking techniques

The hypothesis that genotoxic carcinogens form DNA adducts and lead to the forma-
tion of hydroxy radicals and inappropriate peroxidation reactions and that the antioxi-
dants present in vegetables and fruits can effectively decrease adduct generation has led
to efforts to disentangle the association of both food and micronutrients with pancreat-
ic cancer, using epidemiological designs. An overall protective effect of vegetables, fruit,
fiber, and vitamin C seems to be quite consistent among the studies (24). Unfortunate-
ly, the interaction between tobacco and these dietary factors has not been sufficiently in-
vestigated. As for other food groups, the results suggest that meat, fat, cholesterol, and
protein intake would increase the risk of pancreatic cancer (2,19). However, the evidence
for a relationship between pancreatic cancer and food consumption warrants addition-
al investigation.

The SEARCH study, a pooled case-control study of 802 cases and 1669 controls, re-
ported an increased risk at high levels of total energy intake (25,26). Nevertheless, other
authors have observed that energy intake and energy-adjusted carbohydrate intake were
inversely associated with the disease (27).

Several cooking techniques may enhance the production of heterocyclic amines and
PAHs during the preparation of meat and fish, leading to an increase in the risk of pan-
creatic cancer. It has been reported that intake of grilled red meat intake is associated
with an increased risk (28). In vivo mechanistic studies in rats have provided some clues
on how heterocyclic amines reach the pancreas and form DNA adducts (29,30). Never-
theless, epidemiologic studies on diet and pancreatic cancer have not considered such bi-

omarkers in their designs.

Pharmaceutical drugs use

Although there is well documented evidence that aspirin and other NSAIDs may be
protective agents against gastrointestinal tract cancer, there are only relatively limited
data available regarding the effect of NSAIDs on the development of pancreatic cancer
(31). Two recently published cohort studies have not shed light on this issue since the
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Nurses Health Study reported an increase risk of pancreatic cancer associated with ex-
tended periods of regular aspirin use (32) while the Cancer Prevention Study II did not
observe an effect of aspirin use on pancreatic cancer mortality (33).

Occupational exposures

The fact that there is no clear association between socioeconomic status and the risk
of pancreatic cancer and that the incidence rates are relatively stable over time in differ-
ent populations have led Elkbom&Hunter to state that occupational exposures do not
play a major role in pancreas cancer aetiology (2). In reality, very few of these exposures
have been consistently associated with this disease, with the exception of chlorinated hy-
drocarbon solvents (34). However, as with dietary factors, measuring occupational ex-
posures is a hard task and methodological difficulties may account for inconsistencies
in the results. In a preliminary study, we found that the tumours from patients exposed
to dyes and organic pigments were significantly more likely to harbour K-ras mutations
than those of non-exposed individuals. Nevertheless, this study lacked statistical power

and requires replication (35).

Environmental exposures

Passive smoking

In contrast to the extensive evidence on the role of active smoking, passive smoking
has barely been investigated as a risk factor for pancreatic cancer. Recently, Villeneuve
et al suggested a weak association between pancreatic cancer and passive smoking (36).
Methodological limitations in exposure assessment hamper the investigation of the role
of environmental tobacco smoke as a risk factor. Tobacco biomarkers in pancreatic tis-
sue, such as DNA adducts of both PAH and aromatic amine compounds, may provide

some clues about the role of passive smoking.

Infections

Very few data are available on the role of infectious risk factors in this disease. Among
them, are typhoid and paratyphoid (37) and Helicobacter pylori (27,38) chronic infec-
tions. Subjects with H. pylori serum antigens were almost twice as likely as those without
them to develop a pancreatic cancer. Since there is no evidence for the colonization of the
pancreas by this microorganism, it has been proposed that the chronic extra gastric and
duodenal acidity resulting from H. pylori gastric antrum infection, along with exposure
to N-nitroso compounds and genetic factors influencing the host inflammatory cytokine

response may participate in pancreatic carcinogenesis (39,40).
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Ionizing Radiation
The studies that have analyzed the association of ionizing radiation with pancreatic
cancer risk have not reached a consensus (2).

Pesticides

A recently published meta-analysis on occupational exposures (34) found a slight ex-
cess of risk in pancreatic cancer among subjects exposed to organochlorine insecticides.
We found that cases with K-ras mutated tumours had higher levels of serum organochlo-
rinated compounds than those with wild-type tumours (41), suggesting a potential mech-
anism by which these compounds can contribute to pancreatic cancer. A study by Slebos
et al failed to replicate this observation (18); however, case selection bias could explain
these negative results.

Drinking water

Drinking water can be a source of carcinogens. However little information is availa-
ble on its role as a risk factor for pancreatic cancer. Chlorinated municipal water (42,43),
exposure to N-Nitroso compounds through drinking water (44), and total hardness lev-
els of drinking water (45) have been associated with pancreatic cancer risk.

Cadmium

Since cadmium accumulates in the pancreas and the major risk factors for pancreatic
cancer (increasing age, cigarette smoking, and occupations involving exposure to metal-
working and pesticides) are associated with increased exposure to cadmium, Schwartz
et al (46) conducted a meta-analysis and observed an increased risk of pancreatic can-
cer among subjects exposed to high cadmium levels. Risch (39) suggested an underly-
ing pancreatic carcinogenesis mechanism involving the effect of a potentiated acidic gas-
tric secretion.

Previous medical conditions

Diabetes Mellitus

Overall, diabetes mellitus is associated with pancreatic cancer. This association has
been supported by all cohort studies that found an increased risk of developing this can-
cer in the first 5 years after the diagnosis of diabetes mellitus, and by most - but not all -
of the case-control studies. However, some of the latter studies did not consider the pe-
riod of onset of diabetes. When the type of diabetes is taken into account, the increased
risk of pancreatic cancer is only observed for non-insulin-dependent (Type 2) diabetes.
Surprisingly, insulin-dependent diabetes is inversely associated with pancreatic cancer
(2,47). The explanations underlying these associations are that: 1) diabetes is a conse-
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quence rather than a cause of the cancer because of the invasion of the endocrine pan-
creas by the tumor; 2) both pathological conditions share a common risk factor, such as
tobacco smoking; 3) insulin plays a role in pancreatic carcinogenesis. As of the first ex-
planation, the most recent epidemiological studies exclude it since they restrict the anal-
yses to cases with a diagnosis of diabetes made at least 1 year before the diagnosis of can-
cer. Adjustment for tobacco when conducting association analysis allows to rule out the
second explanation. Therefore, the biological hypothesis seems most plausible.

Chronic pancreatitis

The duration and extent of pancreatic inflammation may be a major factor involved
in the development of pancreatic cancer and smoking appears to accelerate this process
(48,49) . Several types of chronic pancreatitis have been described and their risk of pan-
creatic cancer is variable . There is a clear association between tropical pancreatitis and
pancreatic cancer (48-50). Hereditary pancreatitis increases the risk for this cancer by
62 [95%CI 38-101]; this risk is twice in men that smoke and, among this group, the diag-
nosis is made 20 years before than among non-smokers (48,51-52). Alcoholic pancreati-
tis also increases the risk of pancreatic cancer (52); it is still controversial whether idio-
pathic and metabolic chronic pancreatitis are associated with an increase of pancreatic
cancer risk (2). Other authors find that the higher risk for pancreatic cancer is independ-
ent of the aetiology of pancreatitis (53). It seems that the association between pancreat-
ic cancer and pancreatitis is causal and that pancreatic inflammation is not only a conse-
quence of pancreatic carcinogenesis.

Cholecystitis and cholecystectomy

Although not well established, these conditions have been reported as associated with
pancreatic cancer. Elkbom et al suggested three possible biological mechanisms to ac-
count for this association: increased levels of cholecystokinin (CCK), increased levels of
secondary bile acids, and reflux of bile or duodenal juice into the pancreatic duct. How-
ever, the possibility that cholecystitis may be an early symptom of pancreatic cancer has
not been fully ruled out (2).

Allergy

A self-reported history of allergies has been inversely associated with pancreatic can-
cer risk (2,19,47). Although the studies did not stratify by the type of allergy, it has been
postulated that the underlying biological mechanism could involve IgE (54). A recent
study conducted with 532 cases and 1701 controls confirmed that prior history of any al-
lergy is a protective factor for pancreatic cancer. The study extended the analysis of aller-
gens to house dust, cats, mould, and plants, and observed an inverse trend with increas-
ing number of allergies and severity of allergic symptoms (55).
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Peptic ulcer and gastrectomy

Both conditions have been reported to be associated with an increased risk of pancre-
atic cancer, although the results are not conclusive (4,19,47). However, Helicobacter pylori
chronic infection, N-nitroso compounds, and tobacco could confound this association.

Endogenous conditions

Obesity

Few studies have explored the association between obesity and pancreatic cancer and
most of them have not confirmed such association (Weiderpass 1998). Since caloric in-
take and diabetes have been reported as risk factors for this disease, obesity could act as
a confounder.

Hormones and reproductive factors

Although there is evidence for a role of steroid and digestive hormones, such as secre-
tin and CCK (19,24), in the promotion of this neoplasm, these factors have not been con-
sidered in previous case-control studies. Reproductive and gynaecological factors that
have been associated with an increase of pancreatic cancer are early age of first pregnan-
cy, high parity, endometriosis and ovarian hyperplasia (2,19,24,55). Estrogen receptors
are present in the normal pancreas (56), hence it is conceivable that steroid hormones in-
fluence pancreatic physiology.

Oxidative stress

DNA adducts associated with endogenous oxidative stress or lipid peroxidation have
been detected in pancreatic tissue (57,58). However, they have not been determined and
used as biomarkers in epidemiological studies. While oxidative stress may result from
several exogenous and endogenous sources, tobacco consumption and chronic pancre-
atitis may confound its association with pancreatic cancer since both processes involve
the formation of reactive endogenous species. Furthermore, antioxidant compounds block
free radicals and decrease their harmful effects. Large studies measuring pancreatic ox-
idative stress status taking into account potential confounders and genetic susceptibility
would shed light on this promising but complex issue.

Genetic determinants

Familial aggregation of pancreas cancer has been extensively reported in the litera-
ture (59-63) suggesting that genetic factors are involved in the pathogenesis of this tu-
mor. Having a family history of pancreatic cancer yields risks of 2 to 3 and the highest
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computed attributable risk is 10% (10). However, the way this figure has been estimated
probably only takes into account high penetrance genes involved in familial cancer syn-
dromes. A study of 45,000 pairs of twins modeled the contribution of heritable, shared
environmental, and non-shared environmental factors to the major tumor types tak-
ing into account history of cancer and whether twins were mono or dizygotic (64). This
study estimated that 36% of cases with pancreatic cancer (95%IC 0 - 0.53) can be attrib-
uted to heritable factors. The magnitude of figure suggests that low penetrance genes that
are more prevalent in the general population could play an important role in pancreas
cancer. Hence, a large proportion of heritable factors may not have been fully considered

by epidemiologic studies.

Hereditary cancer syndromes

High penetrance germline mutations in BRCA2, CDKN2A, STK11, p53, APC, HNPCC,
AT, FANCC, and FANCG play a role in some cases of familial pancreatic cancer (61,65-70).
While the effect of these genes may not be substantially modified by environmental fac-
tors, it has been reported that the effects of BRCA2 in pancreatic cancer could vary in
different populations (65,69,71-73), probably due to both genetic and environmental fac-
tors affecting its penetrance.

Other genes involved in tissue-specific functions also play a role in familial forms of
pancreatic cancer in a way that has not often been reported for other tumor types. Such
is the case of genes involved in hereditary pancreatitis (51) or cystic fibrosis (74), two non-
neoplastic diseases that may represent intermediate steps in the etiopathogenesis of pan-
creas cancer. The effects of these genes is likely to be subject to modification by environ-
mental influences (75,76).

Familial pancreatic cancer

In addition of the cases affected with the above mentioned hereditary cancer syn-
dromes, a subgroup of hereditary pancreatic cancer with multiple first-degree relatives
affected of this tumor have been identified following an autosomal dominantly inherit-
ed pattern and have been linked (LOD score=4.56) to a region located in chromosome
4q32.34 (77). Up to date, the gene involved in familial pancreatic cancer is unknown. It
has been reported that smoking and the number of first-degree relatives affected may in-
crease the risk of the members of the family (63,78); also, genetic anticipation has been
proposed to occur (79), although it deserves further investigation.

Polymorphisms in low penetrance genes

This group includes genes that modify susceptibility to cancer only in the presence
of additional environmental/genetic risk factors, either increasing or decreasing their
effect. These genes are involved in a wide variety of physiological processes including
carcinogen metabolism, DNA repair, xenobiotic transport, inflammation and oxidative
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stress, signal transduction, cell growth and cell cycle regulation. However, there is scarce
evidence of these kind of interactions in pancreatic cancer pathogenesis as of now (80).

Among the studied genes and polymorphisms/alleles — in parenthesis — are phase I
enzymes such as CYPIA1I (Val/Val and m1/m2/m4), CYP2EI (c2) and extensive CYP2D6
metabolizers; phase Il enzymes such as GSTMI (null), GSTTI (null and AB), NAT2 (slow),
NATI (slow), NQOI (R139W) and UGTIA7 (*3); and DNA repair enzyme such as XRCCI
(Arg399GlIn) (81-86). It has been reported that subjects harbouring the alleles UGT1A7*3,
GSTMIB, and NAT1slow had a higher risk of pancreatic cancer but these results need to
be replicated in independent series. Methodological limitations hamper the assessment
of gene-gene and gene-environmental interactions in these studies. The fact that some
authors demonstrated the ability of the pancreas to metabolize aromatic amines by as-
sessing the levels of ABP-adducts according to both genotypes or phenotypes of sever-
al enzymes (13,58), and that a cooperation between different subunits of GST enzymes
in human pancreas tissue has been reported (87), suggests that low penetrance genes
play an important role in the etiology of pancreatic cancer and that this is complex issue
should be definitively addressed by epidemiologic studies. In summary, genetics seem to
account for an important proportion of pancreatic cancer etiology; the effect of most of
the genes involved could be modified by external/internal factors; and data on such in-
teractions are very scarce at present.

Why have studies not been successful in identifying the causes of exocrine pancreas
cancer? Several scenarios could account for this. First, pancreatic cancer may not be a
single molecular entity. Tumors can be subclassified considering the genes and epigenet-
ic alterations involved in their development (i.e., K-ras, Tp53, p16,...). Second, endogenous
factors such as hormonal status, oxidative damage, and lipid peroxidation may contrib-
ute to the development and/or progression of the tumour. These factors are seldom taken
into account in epidemiologic studies. Third, there is probably an intricate relationship
between the endocrine and exocrine components (i.e., paracrine effects) that is difficult
to analyze. And fourth, genetic polymorphisms, epistasis phenomena, and interactions
between lifestyle factors involved in pancreas carcinogenesis may also account for a pro-
portion of the attributable risk of this cancer.

How could we make progress on the study of the role of low penetrance genes in
this tumor? New, large, hospital-based case-control studies, of both pancreas cancer and
chronic pancreatitis are advisable. Cases with newly diagnosed exocrine pancreatic can-
cer or chronic pancreatitis should be included; controls should be subjects with selected
diseases, matched to cases by sex, age and hospital. Sample size should be large enough
to allow the assessment of gene-gene and gene-environment interactions. The study of
cases with pancreas cancer recruited to several cohort studies could also be of relevance.
Thus, collaborative studies are needed. There is a need for high quality exposure assess-
ment obtained through validated interviews asking for information on tobacco smok-
ing, diet, coffee, and alcohol consumption, occupation, family history of cancer, medical

24

1.1 | Epidemiology of Pancreatic Cancer

history, and exposure to other potential carcinogens such as organochlorinated com-
pounds, hair dyes, air pollution. To determine genotype, environmental & endogenous
exposure markers, early disease & tumor markers, exhaustive biological sample collec-
tion (blood leukocytes, lymphocytes, plasma, erythrocytes -, buccal scraping, hair and
nails, tissue & cytology - paraffin-embedded and fresh-) should be obtained before treat-
ment. SNP genotyping and molecular analysis should consider carcinogen-specific path-
ways (i.e. metabolism, DNA repair, mutations)rather than mixing them. The use of statis-
tical models allowing the analysis of external and internal risk factors, as well as genetic
factors, are suggested. These models should also consider multiple testing and false pos-
itive results, as well as additive & multiplicative relative risk models.

Several pieces of the etiological puzzle of pancreatic cancer have been identified.
There are still missing pieces that should provide crucial information on how to link all
of them in order to obtain a complete picture. As usual, the lacking information is the
one most difficult to achieve and bigger efforts have to be done to disentangle the true
risk factors from background noise. Such efforts should be driven through collaborative
studies with appropriate methodology and analytical methods.
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1.2 Pancreatitis and exogenous
risk factors for pancreatic cancer

J. Mayerle, P. Simon and M.M. Lerch

Introduction

Pancreatic cancer is a highly lethal disease, with an estimated 29,200 new cases a
year in the United States and more than 30,000 in Europe. Its incidence virtually equals
its mortality (1,2). The overall five-year survival is about 0.4%, making pancreatic can-
cer the fourth leading cause of cancer-related death in Western countries (3, 4). One of
the reasons for the poor prognosis of pancreatic adenocarcinoma is its tendency to form
micrometastases before clinical symptoms arise and before the tumor is detectable by
diagnostic imaging techniques. The mechanisms that determine the highly malignant
growth and dissemination pattern of pancreatic cancer are poorly understood. Much of
the grim prognosis of pancreatic cancer can be attributed to our ignorance of clear risk
factors, of premalignant states, and of its tumor biology. The fact that most pancreatic
neoplasm are diagnosed at an incurable stage of the disease highlights the need to deter-
mine risk factors and to understand their contribution to carcinogenesis.

Environmental risk factors of pancreatic cancer

Smoking is the strongest exogenous risk factor known to be associated with pancre-
atic cancer. Carcinogens derived from tobacco smoke probably reach the pancreas via
the blood stream after being absorbed from the lungs or the upper aero-digestive tract.
Nearly all published reports show that exposure to tobacco products increases the risk
of pancreatic cancer 2-fold compared to non-smokers. In 1994 Doll et al. reported in
the UK the annual male mortality rates for pancreatic cancer in non-smokers, ex-smok-
ers and current smokers with 16, 23 and 35 per 100 000 man years respectively (5). In a
Japanese population two cohort studies were able to show a linear dose response curve
for tobacco use and pancreatic cancer (6,7). The question what proportion of pancreat-
ic cancer is attributable to smoking habits is of general interest to physicians. The risk
of pancreatic cancer in smokers can be estimated by the following formula: attributable
risk = P (RR-1)/[(P(RR-1)+1], in which P is the proportion of the population who smoke,
and RR the relative risk of pancreatic cancer in smokers compared to non smokers. If P,
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the prevalence of smoking, is app. 30%-35%, and RR=2, then the estimated attributable
risk is 25% (8).

Different dietary regimes have long been suspected to be associated with an increased
risk of cancer of the gastrointestinal tract. A large proportion of adults have a daily in-
take of vitamin pills or dietary supplements some in an attempt to fend off cancer. Nev-
ertheless so far the only substances which were investigated for a potential reduction in
pancreatic cancer are the antioxidants alpha-tocopherol and beta-carotene. They have
been evaluated in a prospective study in male smokers and did not reduce the frequency
of pancreatic cancer over an eight year follow up period (9). Of the various dietary com-
ponents that have been studied in relation to pancreatic cancer, a high fat content of the
diet seems to be the component that has most consistently been found to be associated
with pancreatic cancer (10).

Diabetes afflicts approximately 5% of the adult population, but whether this common
disorder of the endocrine pancreas is associated with an increased risk of pancreatic can-
cer is still a matter of debate since diabetes can be one of the early manifestations of the
disease. A meta-analysis published in 1995 suggested that diabetics have an about two
fold increased risk of pancreatic cancer which could be expressed as the same attributa-
ble risk as smoking (11). Subsequent studies disputed this finding.

Alcohol is a major risk factor for pancreatitis which could suggest that it also contrib-
utes to pancreatic cancer. Nearly all studies so far have failed to support this notion, in-
cluding a recent large retrospective cohort study from Sweden (12).

Recent interest has focused on possible genetic links with pancreatic cancers (13).
While a number of familial syndromes is associated with pancreatic cancer only a minor-
ity of patients with pancreatic cancer have a strong family history of the disease (<4%).
Several germline mutations associated with pancreatic cancer have been identified so far
(14) and their relevance is reviewed in the chapter by S. Hahn in this volume.

Pancreatic cancer and different varieties of chronic pancreatitis

The association between chronic inflammation and the development of malignancies
has been recognized for many years. As early as the year 1863 the German pathologist
Rudolf Virchow noted leukoytes in neoplastic tissues and made a connection between in-
flammation and cancer (15). Nowadays a clear association can be drawn between chronic
inflammatory diseases of the gastrointestinal tract like Crohn’s disease or ulcerative col-
itis and an increased cancer risk. For pancreatic cancer this association was only recent-
ly confirmed and a consensus conference agreed upon a new classification for pancreatic
intraepithelial neoplasia as noninvasive precursor lesions (16). It is therefore not surpris-
ing that the one consistent risk factor for pancreatic cancer is chronic pancreatitis. In this
chapter we will outline the links between chronic pancreatitis and pancreatic cancer.
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Chronic pancreatitis is defined as recurrent bouts of a sterile inflammatory disease
characterized by often progressive and irreversible morphological changes, typically caus-
ing pain and permanent impairment of pancreatic function. Chronic pancreatitis is histo-
logically closely connected to the transformation of focal necrosis into perilobular and in-
tralobular fibrosis of the parenchyma, pancreatic duct obstruction by pancreatic stones
and the development of pseudocysts. In the course of the disease progressive loss of en-
docrine and exocrine function is common (17, 18). With an incidence of 8.2, a prevalence
of 27.4 per 100 000 population and a 0.04% to 5% frequency in unselected autopsy spec-
imens chronic pancreatitis represents a frequent disorder of the gastrointestinal tract.
Chronic pancreatitis accounts for a substantial morbidity and health care costs. Annual
treatment costs per patient are estimated to approach 17.000 $ and approximately 20.000
Americans are admitted to hospital with the leading diagnosis of chronic pancreatitis.
About three times as many are discharged with the diagnosis chronic pancreatitis (19).
The 10 year survival rate of patients suffering from alcohol induced chronic pancreatitis
is 70%, while 20 year survival rate is only 45%. Mortality is 3.6 fold increased compared
to a cohort without chronic pancreatitis (20). Various etiologies are responsible for the
development of chronic pancreatitis. In Western countries alcohol consumption is clearly
the leading cause (70-90%) of chronic pancreatitis (21). The second most common form
of chronic pancreatitis, as of today, is so called idiopathic pancreatitis (25%) (22-23). Pa-
tients without identifiable risk factors for chronic pancreatitis are collectively referred
to as having idiopathic pancreatitis. This group is constantly decreasing in proportion
since Comfort and Steinberg reported in 1952 an inherited form of chronic pancreati-
tis that follows an autosomal dominant inheritance pattern (24-25). Hereditary pancre-
atitis represents a genetic disorder closely associated with mutations in the trypsinogen
gene and presents with a phenotypic disease penetrance of around 80% for the most com-
mon mutations. Shortly after the identification of the first mutations in the trypsinogen
gene in association with chronic pancreatitis by Whitcomb et al. another important ge-
netic alteration was reported by Witt et al. (26). This group showed that mutations in the
SPINK-1 gene (encoding the pancreatic secretory trypsin inhibitor, PSTI) are associated
with idiopathic chronic pancreatitis in children.

Cystic fibrosis is an autosomal-recessive disorder with an estimated incidence of
1:2500 characterized by chronic pancreatic and chronic pulmonary disease. The involve-
ment of the pancreas varies from a complete loss of exocrine and endocrine function to
nearly unaffected pancreatic function. Recurrent episodes of pancreatitis can be detect-
ed in 1-2% of patients with cystic fibrosis who have normal exocrine function and are
rarely seen in patients with exocrine insufficiency (27-28).

Considerable attention, especially in Japan, is nowadays paid to a recently character-
ized type of steroid responsive chronic pancreatitis, termed autoimmune pancreatitis.
This type of chronic pancreatitis mainly presents with a diffuse enlargement of the pan-
creas, elevated serum lipase levels and, in 70-80% of patients, with obstructive jaundice
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(29). Characteristic serum antibodies and a diffuse narrowing of the pancreatic ducts
help in establishing the diagnosis.

Several metabolic disorders which are closely linked to hypertriglyceridemia above
1000 mg/dl can be responsible for the development of recurrent bouts of pancreatitis (30).
In rare cases chronic calcifying pancreatitis has been reported due to hypercalcemia in
long-standing untreated hyperparathyroidism. The latter appears to be exceedingly rare
today because serum calcium levels are routinely checked and part of most automated
clinical chemistry panels. The pathophysiology of hypercalcemia-induced pancreatitis is
still unclear but may be related to an increase in either intracellular calcium concentra-
tions or an excess of calcium in pancreatic juice which could cause precipitation of cal-
cium carbonate in the ducts.

Chronic pancreatitis and the risk of pancreatic cancer

The question of whether or not chronic pancreatitis is a cause of pancreatic cancer
arises from the observation that pancreatic cancer itself causes a desmoplastic extracel-
lular matrix reaction that resembles chronic pancreatitis (31). Already in 1913 John B
Deaver noted that “It may not be out of place to record my belief that carcinoma of the
pancreas is in many instances brought into existence by previous pancreatitis. This is in
line with the known fact that chronic irritation predisposes to cancer as is seen in chim-
ney sweep cancer, pipe cancer of the lip, ulcus carcinomatosum of the stomach, cancer
of the gallbladder with gallstones and many other forms of the disease elsewhere” (32).
To establish an association between chronic alcoholic pancreatitis and an increased risk
of pancreatic cancer was especially difficult because many patients survive 20-30 years
of chronic pancreatitis and the main portion dies from various complications associated
with chronic alcohol abuse such as violent accidents. Therefore early studies on pancre-
atic cancer were unable to prove chronic pancreatitis as a significant risk factor (33, 34).
This was finally achieved in an international cooperative investigation which was con-
ducted by AB Lowenfels and coworkers as a multicenter historical cohort study of 2015
patients with chronic pancreatitis recruited from clinical centers in 6 countries in 1993.
This study found a cumulative risk of pancreatic cancer in patients with chronic pancre-
atitis of 1.8% after 10 years and of 4% after 20 years with a standardized incidence ratio
of 14.4. For patients with a minimum of two years follow up the risk of pancreatic can-
cer was 16.5 fold higher than that of the general population. The risk seemed to be inde-
pendent of sex, country and the etiology of pancreatitis (35).
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Hereditary pancreatitis as a risk factor for pancreatic cancer

The search for an association between chronic pancreatitis and pancreatic cancer in-
tensified when in 1996 a single point mutation in the third exon of the cationic trypsino-
gen gene on chromosome 7 (7q35) was found to be associated with hereditary pancreatitis
and multiple kindreds were subsequently identified and reported. The G-to-A transition
results in an arginine-(R)-(CGC)-to histidine-(H)-(CAC) substitution, numbered R122H,
and was predicted to eliminate a fail-safe trypsin hydrolysis site that is necessary to initi-
ate trypsin’s self destruction. Since the initial report several other mutations (16 until to-
day) in the trypsinogen gene have been reported, but the R122H mutation is still the most
common (36-39). During the last years several attempts have been made to elucidate the
role of trypsinogen in the onset of chronic and acute pancreatitis but the question why
structural changes in the cationic trypsinogen gene lead to the onset of hereditary pan-
creatitis has remained a matter of debate. Since pancreatitis has long been regarded as a
disease that is caused by proteolytic autodigestion of the organ (40) and because trypsin
is known to be a potent activator of other pancreatic zymogens in the gut (41) it has been
suggested that the trypsinogen mutations that were found in association with hereditary
pancreatitis confer a gain of enzymatic function (24, 42). In vitro studies have analyzed
the biochemistry of recombinant human trypsinogens, into which pancreatitis-associat-
ed mutations were introduced and found that - under defined experimental conditions

— either a facilitated trypsinogen autoactivation or an extended trypsin activity can re-
sult (43-46). Whether these experimental conditions reflect the highly compartmental-
ized situation under which protease activation begins intracellularly and in vivo (47-48)
is presently unknown but the above studies would strongly suggest that either a more ef-
fective autoactivation of trypsinogen or an impaired inactivation of trypsin (by degrada-
tion or autolysis) would be involved in the onset of hereditary pancreatitis. A number of
arguments, however, have been raised against the gain of trypsin function hypothesis of
hereditary pancreatitis. Statistically, most hereditary disorders are associated with loss
of function mutations that render a specific protein either defective or impair its intrac-
ellular processing and targeting (49). Moreover, at least five mutations, A16V (50). D22G
(43), K23R (51), N29I (52), R122H (24) that have been found in association with hered-
itary pancreatitis, are located in different regions of the PRSS1 gene, and would thus be
expected to have different structural effects on the trypsinogen molecule. It would there-
fore be easier to explain their common pathophysiology in terms of a loss of enzymatic
function rather than through a gain of enzymatic function. Especially one of these mu-
tations (A16V) also affects the signal peptide cleavage site that is assumed to be involved
in the correct processing of trypsinogen (50). Experiments in isolated pancreatic acini
and lobules which studied the in vivo mechanisms of intracellular zymogen activation
have shown that trypsin activity is neither required nor involved in the activation of oth-
er digestive proteases and that its most prominent role is in autodegradation (53). This,
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in turn, would suggest that intracellular trypsin activity has a role in the defense against
other, potentially more harmful, digestive proteases and that structural alterations that
impair the function of trypsin would eliminate a protective mechanism rather than gen-
erate a triggering event for pancreatitis. Whether these experimental observations ob-
tained on rodent pancreatic acini and lobules have any relevance to human hereditary
pancreatitis is presently unknown and cannot be readily assumed without further ev-
idence because human cationic trypsinogen has distinct characteristics in terms of its
ability to autoactivate and to autodegrade. A recently reported kindred with hereditary
pancreatitis which carries a R122C mutation is very interesting in this context. The sin-
gle nucleotide exchange in this family is only one position upstream of the one found in
the most common variety of hereditary pancreatitis and leads to an amino acid exchange
at the same codon (R122C versus R122H). When equal amounts of recombinant protein
are used for biochemical studies the enterokinase-induced activation and the autoac-
tivation of Cys-122 trypsinogen are found to be significantly reduced by 60-70% com-
pared to the wild-type enzyme. A possible interpretation of these results would be that
Cys-122 trypsinogen misfolds or forms mismatched disulfide bridges under intracellu-
lar in vivo conditions and therefore confers a dramatic loss of trypsin function that can-
not be compensated for by facilitated autoactivation. If this scenario should reflect the
in vivo conditions within the pancreas it would represent the first direct evidence from
a human study for a potential protective role of trypsin activity in pancreatitis. Short of
direct access to living human acini from carriers of PRSS1 mutations or a transgenic an-
imal model into which the human PRSSI mutations have been introduced the question
of whether the gain of function hypothesis or the loss of function hypothesis correct-
ly predicts the pathophysiology of hereditary pancreatitis can presently not be resolved.
The studies on rodent pancreatic acini and lobules, however, would infer that the role of
trypsin in the onset of acute or chronic pancreatitis might be rather different than pre-
viously assumed.

Figure 1:

Hereditary pancreatitis is clinically indistinguishable from other forms and varities of pancreatitis.:
a) 14 year old girl with chronic pancreatitis and R122H-mutation
b) 48 year old women with chronic pancreatitis and R122H-mutation
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Only very recently the EUROPAC study group presented their work on clinical and
genetic characteristics in hereditary pancreatitis. In a multilevel proportional hazard
model employing data obtained from the European Registry of Hereditary Pancreati-
tis this group presented 112 families in 14 countries (418 affected individuals) (54): 58
(52%) families carried the R122H, 24 (21%) the N29I, and 5 (4%) the A16V mutation, 2
had rare mutations, and 21 (19%) had no known PRSS1 mutation. The median (95% con-
fidence interval) time to the start of symptoms for R122H was 10 (8 to 12) years of age,
14 (11 to 18) years for N29I, and 14.5 (10 to 21) years for mutation negative patients (P
= 0.032). The cumulative risk (95% CI) at 50 years of age for exocrine failure was 37.2%
(28.5% - 45.8%), 47.6% (37.1% - 58.1%) for endocrine failure, and 17.5%, (12.2% - 22.7%)
for pancreatic resection for pain. Time to resection was significantly reduced for females
(P <0.001) and those with the N29I mutation (P = 0.014). Pancreatic cancer was diag-
nosed in 26 (6%) of all 418 affected patients. Fifteen patients had histological confirmed
pancreatic ductal adenocarcinoma. The cumulative risk (95% CI) of pancreatic cancer
was 44.0% (8.0% - 80.0%) at 70 years from symptom onset with a standardized incidence
ratio of 67% (50% - 82%). Time to cancer did not significantly differ between men and
women and the time to the diagnosis of cancer was not significantly influenced by muta-
tion status. This study showed that the risk of pancreatic cancer is negligible up to the age
of around 50 years, but thereafter increases markedly in both sexes. A previous study had
also shown an estimated lifetime risk of pancreatic cancer of 40% (55). Pancreatic calci-
fication and diabetes were found more frequently in patients who developed pancreatic
cancer, compared with age and sex-matched individuals without cancer, suggesting that
the risk of pancreatic cancer was directly related to the severity and duration of the in-
flammatory process. In the 26 patients with pancreatic cancer the study reported a me-
dian age of 57 years at diagnosis of cancer in smokers and of 71 years in nonsmokers. In
2001 Lowenfels and coworkers had also shown that in 497 patients with hereditary pan-
creatitis pancreatic cancer occurred 2 decades earlier in smokers than in non-smokers
(56). On the other hand, Hengstler et al. did not find an increased incidence of trypsino-
gen mutations in patients with sporadic pancreatic adenocarcinoma (57).

Recent genetic studies also revealed an associaton between hereditary or idiopathic
pancreatitis and mutations in the serine protease inhibitor Kazal type 1 gene (SPINKI,
also known as the pancreatic secretory trypsin inhibitor, PSTI) (26). SPINK-1 mutations
are commonly detected in patients who don’t present with a family history of pancrea-
titis and also have no classical risk factors for chronic pancreatitis (58, 59). SPINK-1 is
believed to form the first line of defense by inhibiting prematurely activated trypsino-
gen in the pancreas. The discovery of SPINK-1 mutations therefore provided addition-
al evidence for a role of active trypsin in the development of pancreatitis. Furthermore,
tropical pancreatitis, a common form of pancreatitis in Africa and Asia characterized
by abdominal pain, intraductal pancreatic calculi and diabetes mellitus in young non-
alcoholic subjects, is associated with a high frequency of N34S mutations in the SPINK1

36

1.2 | Pancreatitis and exogenous risk factors for pancreatic cancer

gene (60). In tropical pancreatitis Augustine and Ramesh reported 22 pancreatic cancer
cases among 266 patients with tropical pancreatitis over an eight year observation peri-
od (8.3%). In this cohort the risk reached its climax after the age of 40 and patients with
tropical pancreatitis often displayed features of PanIns (Intraductal Neoplasias) as well
as cancer in pancreatic resection specimens (61).

Figure 2:
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Left panel: Time from onset of symptoms to pancreatic cancer in hereditary pancreatitis: The figure shows a
significant increase in pancreatic adenocarcinoma after the fourth decade of life [54].

Right panel: smoking is an independent risk factor for the development of pancreatic cancer in patients with
hereditary pancreatitis [56].

Chari et al. reported that over a 4.5 year period 6 out of 185 patients with tropical pan-
creatitis died of pancreatic cancer (62). As both studies were conducted before the year
2000 they did not take into account the incidence of SPINK1 mutations. So far only one
family was reported with an association between pancreatic cancer and a homozygous
N34S mutation as well as symptoms of chronic calcifying pancreatitis (63).

Mutations in the CFTR gene convey is another form of chronic pancreatitis with an
underlying genetic cause and early onset of the disease. Cystic fibrosis is an utosomal-re-
cessive disorder with an estimated incidence of 1:2500, characterized by pancreatic exo-
crine insufficiency and chronic pulmonary disease. The extent of pancreatic involvement
varies between a complete loss of exocrine and endocrine function and a nearly unaffect-
ed pancreatic function. Recurrent episodes of pancreatitis can be detected in 1-2% of all
patients with cystic fibrosis and normal exocrine function and is seen only rarely in pa-
tients with exocrine insufficiency. Compared to an unaffected population patients who
suffer from idiopathic pancreatitis carry in 17-26 % mutations in the cystic fibrosis con-
ductance regulator (CFTR) gene. Chronic pancreatitis thus represents a third disease
entity associated with mutations in the CFTR gene besides cystic fibrosis and infertility
due to vas deferens aplasia. It is important to note that pancreatic exocrine insufficien-
cy in patients with cystic fibrosis is a completely different disease entity and not identical
to chronic pancreatitis in the presence of CFTR-mutations (27, 28). Several groups have
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evaluated the risk of cancer in adults suffering from cystic fibrosis. In 1993 Sheldon et al.
reported a cohort of 412 subjects with cystic fibrosis and detected two cases of pancreat-
ic cancer [0.008 expected, p = 0.001, odds ratio 61] (64). The increased incidence of diges-
tive tract cancer, but not cancer in general was confirmed by Neglia et al. among 28,511
cystic fibrosis patients in the United States and Canada (risk ratio 6.5) and Europe (risk
ratio 6.4). Only two cases of pancreatic cancer were reported in this group but this ex-
ceeded the calculated incidence in the third decade of life highly significantly, resulting
in an odds ratio of 31.5 compared to an age matched control cohort (65).

Summary:

The association between long-standing chronic pancreatitis and adenocarcinoma of
the pancreas has been clearly established. Pancreatic cancer can develop in all known
etiologies of pancreatitis but appears to require 30 to 40 years of inflammation before a
statistically significant percentage of patients with chronic pancreatitis develop a malig-
nancy. The only independent risk factor besides a long lasting inflammation that has so
far been identified is tobacco use. Therefore all patients with chronic pancreatitis should
be advised to refrain from or cease smoking. The second goal to prevent pancreatic can-
cer is to reduce the extent of pancreatic inflammation. Joan Braganza and her group re-
ported on the toxic effect of oxygen-derived free radicals on the pancreas as a possible
pathomechanism for the development of chronic pancreatitis. Oxidative stress caused
by agents like nicotine or ethanol can lead to the peroxidation of the lipid bilayer in the
cell membrane which consecutively damages the membrane. An excess of oxygen free
radicals may overwhelm the protective antioxidant mechanism as shown for some cy-
tochrome -P450 dependent pathways in the liver. This hypothesis initiated a couple of
clinical studies which employed antioxidants for the treatment of chronic pancreatitis
and which have shown some promising initial results [66-68]. A large European mul-
ticenter study (EUROPAC -2) making use of the concept of antioxidant treatment for
idiopathic chronic pancreatitis and hereditary pancreatitis will be launched soon. As
the risk of pancreatic cancer increases exponentially with the duration of pancreatitis it
may be essential to diagnose this lethal disease at a stage before clinical symptoms arise
and when surgery may still improve the presently poor prognosis of pancreatic cancer.
Which screening strategy might be most effective for the early detection of pancreatic
cancer - particularly in the context of chronic pancreatitis - is presently unknown.
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1.3  Familial Pancreatic Cancer Syndromes

S.A. Hahn, L. Vitone, W. Greenhalf, D. Bartsch and J.P. Neoptolemos

Synopsis

Today a number of tumour syndromes are known to have an increased incidence of
pancreatic cancer. Unfortunately, the incidence of pancreatic cancer almost equals its
mortality. Due to intense research activities in the past decade a number of genetic al-
terations have been identified that are responsible for the so-called “sporadic” pancreat-
ic cancer development. Only recently, national and international research activities are
focusing on the molecular pathogenesis of hereditary risk factors for pancreatic cancer.
It is hoped that these genetic studies will aid the development of clinical management
strategies for pancreatic cancer prevention.

Introduction

The elucidation of hereditary factors in the aetiology of human cancer is of great sci-
entific and clinical importance. The definition of many tumour syndromes based on clin-
ical phenotypes and the collection of families fulfilling these criteria has been instrumen-
tal in advancing this field. This, together with many technological advances has led in the
past ten years to the discovery of alterations in distinct genes at the germline level, help-
ing to define some syndromes by their genetic alterations. This knowledge has already
been transformed for some of the syndromes into the clinical management of patients
with a hereditary cancer risk. We are now able to identify for a number of hereditary tu-
mour syndromes family members at risk using predictive genetic testing. This allows for
the first time the application of preventative screening technology such as colonoscopy or
mammography specifically for patients at risk due to a positive germline mutation anal-
ysis and selectively exclude members from screening if they do not carry the mutation
identified in a given family.

There are a number of tumour syndromes, which include an increased incidence of
pancreatic cancer, which is incurable unless detected at a very early stage. Pancreatic
cancer represents 2% of all new cancer cases but leads to 5% of all cancer deaths (1). Due
to intense research activities in the past decade a number of genetic alterations have been
identified that are responsible for the development of pancreatic ductal adenocarcinoma.
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This progress together with the identification of several hereditary pancreatic tumour
syndromes has more recently led to the formation of national and international research
activities focusing on the molecular pathogenesis of hereditary risk factors for pancre-
atic cancer. The following review is intended to summarise the current knowledge about
the underlying genetic causes of the various settings of hereditary pancreatic cancer.

Classification of hereditary pancreatic cancer syndromes

To date there is much confusion in the literature about the use of the term familial
or hereditary pancreatic cancer. The classification used herein is mostly syndrome-spe-
cific as this is a useful means of classification for the different forms of hereditary pan-
creatic cancer. There are a number of syndromes, which are not primarily defined by
pancreatic cancer risk, but nevertheless the risk is increased as part of the clinical phe-
notype. These syndromes include familial atypical multiple mole melanoma (FAMMM)
(2), Peutz-Jeghers syndrome (PJS) (3, 4), hereditary pancreatitis (HP) (5, 6), hereditary
non-polyposis colorectal carcinoma (HNPCC) (7), familial breast and ovarian cancer
(FOBC) (8), cystic fibrosis (CF) (9), ataxia-telangiectasia (AT) (10) and familial adenom-
atous polyposis (FAP) (11). In contrast, the term familial pancreatic cancer (FPC) is cur-
rently restricted by many researchers in the field to families with at least two first-degree
relatives with pancreatic ductal adenocarcinoma in the absence of an accumulation of
other cancers or diseases that are known to be familial (12).

Syndromes Associated With A Greatly Increased Risk For Pancreatic Cancer

Familial Atypical Multiple Mole Melanoma (FAMMM)

An association between familial atypical multiple mole melanoma (FAMMM) and
pancreatic cancer (PC) was first made in 1983 by Lynch et al (13). Both Whelan et al
and Goldstein et al reported germline mutations in the cyclin-dependent kinase inhibi-
tor 2A (CDKN2A; also called p16INK4a) gene in families with both an increased risk for
melanoma and pancreatic cancer (14, 15). For the first time this defined families based
not only on their clinical phenotype but also based on their CDKN2A-mutation status.
Subsequent analyzes by Goldstein et al and Borg et al in melanoma prone families for
CDKN2A germline mutations supported the notion that the occurrence of FAMMM or
familial melanoma and pancreatic cancer is generally associated with a CDKN2A germ-
line mutations (16, 17). Vasen et al performed mutation analysis on twenty-seven sus-
pected FAMMM families and found a specific CDKN2A 19 bp deletion mutation in exon
2 (pl6-Leiden) in nineteen families (18). In seven of the nineteen families they observed
not only melanoma but also pancreatic cancers. These studies also reported families in
which no pancreatic cancers were observed, despite carrying the same CDKN2A-mu-
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tation found in families with pancreatic cancer. Importantly, in all p16-Leiden negative
families, pancreatic cancer was not observed. Carriers of the pl6-Leiden mutation had
an estimated cumulative risk of 17% for developing pancreatic cancer by 75 years of age
(19). Recently, the National German Familial Pancreatic Cancer (FaPaCa) study group
published a CDKN2A germline mutation analyzes of eighteen families with familial pan-
creatic cancer and five families with at least one individual with pancreatic cancer and
another first-degree relative with malignant melanoma. None of the eighteen FPC fami-
lies without malignant melanoma revealed CDKN2A mutations, but two of five families
with pancreatic cancer and melanoma harboured truncating germline mutations (19).
This was in agreement with a previous study from Moskaluk et al who found with the
exception of one family there were no CDKN2A germline mutation in twenty-one kin-
dreds with FPC*. Notably, in this FPC family one CDKN2A mutations carrier also had
amelanoma (20). There is one report of a suspected FPC case with a CDKN2A germ line
mutation without the occurrence of melanoma, but the pedigree information on this fam-
ily is very limited (21). Taken together, current data suggests that CDKN2A mutations are
very rare if not absent in pure FPC families. Most, if not all families with familial melano-
ma or FAMMM syndrome and one or more pancreatic cancers are likely to harbour a
CDKN2A germline mutation. Lastly, patients with germline mutations of CDKN2A not
only have a substantial risk for melanoma but also for pancreatic cancer (Table 1) and
may be regarded as a new hereditary cancer syndrome which has been termed pancreatic
carcinoma melanoma syndrome (PCMS) (19) or familial atypical multiple mole melano-
ma-pancreatic carcinoma (FAMMMS-PC) by others (22).

Table 1: Cumulative lifetime risk for pancreatic cancer among hereditary syndromes.

Syndrome Gene Risk
AT ATM ?

CF CFTR ?
HNPCC MLHI1 (MSH2) 4
FAP APC ?
FOBC BRCA1, BRCA2 ?
FPC BRCA2,? ?

HP PRSSI, ? 40%°
PJS STK11/LKB1 36%*
FAMMM-PC CDKN2 17%'
44
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Clearly, these studies also show that variable expressivity of the phenotype in CDKN2A
mutation carriers is the rule which implies that other factors besides the CDKN2A muta-
tion are influencing the development of pancreatic cancer in PCMS kindreds. Examples
include environmental exposure, the type of CDKN2A mutation and/or the influence of
modifier genes, such that pancreatic cancer and/or malignant melanoma (or only atypi-
cal naevi) is the predominant phenotype in the family. In order to select families which
could be tested for CDKN2A mutations the clinical definition of FAMMM-PC as sug-
gested by Lynch et al (22) could be modified. Three classes of family would be included:
(1) families defined by two or more first or second degree relatives with pancreatic carci-
noma if there is also at least one case of melanoma in the family (rare); (2) families with
multiple individuals with melanocytic naevi (with or without melanoma), if there is at
least one case of pancreatic carcinoma; or (3) families with multiple melanoma (without
dysplastic naevi, as defined for the FAMMM syndrome) if they have at least one case of
pancreatic carcinoma.

Despite the current lack of effective surveillance strategies for pancreatic cancer, it is
important to identify families at risk for inclusion in clinical research programmes aimed
at optimizing counselling and surveillance strategies; this will prove crucial in the ad-
vancement of the clinical management of such families.

Peutz-Jeghers Syndrome (PJS)

The Peutz-Jegers-Syndrome (PJS) is an autosomal dominant disease with variable pen-
etrance characterised by muco-cutaneous melanin pigmentation of the lips, buccal mu-
cosa, axillae and digits together with the occurrence of multiple hamartomatous polyps
in the gastrointestinal tract. It is a rare disease with an estimated incidence of 1:25,000.
The relative risk of developing pancreatic cancer is estimated to be 132-fold (3). The life-
time risk of developing pancreatic cancer in PJS is approximately 36% (3). In 50% of fam-
ilies the pathogenesis is caused by germline mutations occuring in the STK11/LKB1 gene.
This implies the existence of another unidentified. PJS-gene (23, 25). STK11 codes for a
serine-threonine protein kinase; it has been suggested that it exerts a tumour suppressor
function perhaps by controlling cell polarity (26). One case of a PJS-associated cancer
with loss of the wild type STK11/LKBI allele together with a germline mutation in the
other allele has been described (27). In addition, a minority of sporadic (non-hereditary)
pancreatic cancers exhibit somatic mutations of LKB11 supporting its role in the patho-
genesis of this tumour type (27).

Hereditary Pancreatitis (HP)

Hereditary pancreatitis is an autosomal dominant disease, with a variable expression
and an estimated penetrance of 80%. In approximately, 70% of cases the mutation is in
the cationic trypsinogen gene Protease Serine 1 (PRSSI) located on chromosome 7q35,
and is unknown in the remaining 30% (6, “8, 29).

45



Acute attacks of abdominal pain together with acute pancreatitis begin often during
childhood and a progression to chronic pancreatitis is frequently observed. Other genes
such as the cystic fibrosis transmembrane conductance regulator (CFTR) gene and the
pancreatic secretory trypsin inhibitor (PSTI or SPINK1) gene, have been found to be as-
sociated with chronic pancreatitis but may only be regarded as modifier genes 29-33. The
lifetime risk for pancreatic cancer is among the highest currently known and is estimat-
ed to be 40% and tobacco smoking seems to further increase this risk (5, 6, 34).

Syndromes Associated With A Small Increased Risk For Pancreatic Cancer

A number of tumour syndromes in which pancreatic cancers have been identified at a
somewhat increased frequency compared to the expected frequency in the general pop-
ulation are summarised below. Dedicated studies to estimate cumulative risk for pancre-
atic cancer are lacking for these syndromes although, in contrast to the syndromes de-
scribed above, the lifetime risk for pancreatic cancer is likely to be low (<5%).

Hereditary Non-Polyposis Colorectal Carcinoma (HNPCC)

HNPCC is caused by a germline mutation in one of several mismatch repair genes,
including hMSH2and hMLH1 (35). Lynch et al reported the development of pancreatic
cancer in several HNPCC kindreds (36). A Finnish study found three cases of pancreatic
cancer from three hundred sixty mismatch repair gene mutation carriers, and conclud-
ed that pancreas cancer incidence is not increased by more than 4.7 fold compared to
the general population (38). In addition, studies on microsatellite instability in sporad-
ic pancreatic cancers showed the MSI phenotype in 3.7% of cancers analyzed (38). Thus,
HNPCC can predispose in some rare families to the development of pancreatic cancer,
but its overall contribution to hereditary pancreatic cancer is low.

Familial Ovarian and Breast Cancer (FOBC)

FOBC is mainly caused by germline mutations in the BRCA1 or BRCA2 genes. A
number of reports have found evidence for an increased frequency of pancreatic can-
cer among BRCA1 and BRCA2 families (8, 39, 41). Recently, Thompson et al analyzed
almost twelve thousand individuals from almost seven hundred families segregating a
BRCA1 mutation that were ascertained in thirty centres across Europe and North Amer-
ica. The observed cancer incidence was compared with the expected cancer incidence
based on population cancer rates. In this study the relative risks for pancreatic cancer
in BRCA1 carriers was statistically significantly increased by 2.26 fold (42). The authors
concluded from their study that overall risk of cancer at sites other than breast and ovary
is small in carriers of BRCA1. Similar large studies are currently not available for BRCA2
families. In a smaller study from Rich et al the relative risk for pancreatic cancer among
BRCA2 carriers was estimated to be 2.2 (43). The same study suggested that the elevated
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risk for pancreatic cancer as well as for colorectal, stomach and prostate cancer was asso-
ciated with mutations within the ovarian cancer-cluster region (OCCR) of exon 11. Clear-
ly, these results await confirmation by larger studies but provide a first hint towards a pos-
sible genotype-phenotype correlation.

Taken together, although the accumulated data suggests that there is a somewhat
higher risk for pancreatic cancer amongst BRCA1 and BRCA2 carriers, the overall life-
time risk for pancreatic cancer is likely to be low.

Familial Adenomatous Polyposis (FAP)

FAP is an autosomal dominant inherited disease in which affected individuals devel-
op thousands of adenomatous polyps appearing from an early age, most frequently dur-
ing the second and third decades of life. This tumour syndrome is caused by germline
mutations of the adenomatous polyposis coli (APC) gene leading to accelerated tumour
initiation. There have been occasional observations of an increased incidence of pancre-
atic cancer amongst FAP families (11, 44), but the number of cases described in the liter-
ature is too small to establish a definitive link between FAP and pancreatic cancer risk .

Ataxia-telangiectasia (AT)

AT is an autosomal recessive inherited disease, which is characterised by cerebellar
ataxia, oculocutaneous telangiectasias, and cellular and humoral immune deficiencies.
The mutations in the ataxia telangiectasia mutated (ATM) gene located on 11q22.3 were
shown to be responsible for this disease and an increased risk for pancreatic cancer, al-
beit relatively low, seems to be associated with this syndrome.

Li-Fraumeni Syndrome

Germline mutations of the tumour suppressor gene p53 are known to be the under-
lying genetic defect in Li-Fraumeni syndrome. The only common adult cancer that has
been proven to be associated with the syndrome is pancreatic ductal adenocarcinoma
(45), however, these are rare and the exact risk is unknown on account of limited data.

Cystic Fibrosis (CF)

CF is one of the most common life-shortening inherited disorders. Mutations in the
cystic fibrosis transmembrane regulator (CFTR) gene disrupt the localisation and func-
tion of this cAMP-mediated chloride channel. The cystic fibrosis transmembrane conduct-
ance regulator is a cAMP-activated Cl- channel expressed in tracheo-bronchial epitheli-
al cells, pancreas, intestine and other fluid-transporting tissues. The main pathology of
cystic fibrosis results from obstruction of ducts in several organs, including the pancre-
as by mucous secretions. There have been a number of reports showing an increased risk
for pancreatic cancer in CF patients (46, 50). Due to the overall low frequency of pancre-
atic cancer reported to date in CF families, it is difficult to estimate the actual contribu-
tion of CFTR mutations to pancreatic cancer risk.
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Familial Pancreatic Cancer

The previous paragraphs summarised hereditary syndromes, which show a more or
less unequivocal association with an increased risk for pancreatic cancer. In the follow-
ing discussion we will deal with what is probably a genetically heterogeneous group of
families. These are all characterised by at least two first-degree relatives with pancreat-
ic ductal adenocarcinoma in the absence of a high incidence of other cancers or diseas-
es that are known to be familial. These families are currently unified under the term fa-
milial pancreatic cancer (FPC). Familial pancreatic cancer was first described in 1987
by Ehrenthal et al (50), but it was not until 1989 that the first systematic cohort of FPC
families was presented by Lynch et a (52). Following this, several FPC registries were es-
tablished in North America and Europe aimed at collating and analyzing data on these
families (53-57). Hruban et al(54) proposed a definition of FPC used by most research-
ers in the field, although is must be regarded as only an operational definition. Clearly,
it would be desirable to define FPC by distinct genetic alterations responsible for the in-
creased pancreatic cancer risk in these families.

To date, one international and two national tumour registries are collecting families
aiming to identify the genetic cause(s) of FPC: one is the North American National Fa-
milial Pancreatic Tumour Registry (NFPTR); another is the National German Familial
Pancreatic Cancer (FaPaCa) study group; and finally, the European Registry of Hered-
itary Pancreatitis and Familial Pancreatic Cancer (EUROPAC) (57, 58). Unfortunately,
and in sharp contrast to studies in other hereditary tumour syndromes, such as HNPCC
and FAP (which were rewarded by identifying major tumour genes), a similar success
has not yet been granted to the ongoing research into identifying the ‘major’ familial
pancreatic cancer gene(s). One reason might be that FPC genetically comprises a rath-
er heterogeneous group and large numbers of families with many affected family mem-
bers over several generations are needed in order to identify chromosomal loci, which
may be linked to the disease using classical approaches such as linkage analysis. Unfor-
tunately, the number of individuals and families are small and information about previ-
ous generations is limited.

There has been one segregation analysis suggesting that there is a rare major gene in-
fluencing the age of onset of pancreatic cancer (59). This study could neither distinguish
between the traits of inheritance (dominant, recessive and co-dominant), nor could it pro-
vide evidence for a major gene influencing susceptibility to pancreatic cancer. The limited
sample size and the rarity of the disease were reasons why a definitive answer could not
be found. Other studies claim an autosomal dominant transmission®*°>¢'. Such families
might be characterised by an early age of onset of the disease and the phenomenon of
anticipation, but the available data is inconclusive (12, 60). Interestingly, there has been
a recent report of linkage to chromosome 4q32-34 of a younger-onset pancreatic can-
cer and a pancreatic insufficiency phenotype in a single kindred (62). It is currently not
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known whether this locus may also apply for other FPC families or whether it is restrict-
ed to this family. Not least due to the large size of the chromosomal region linked to the
disease, the isolation and sequence analysis of candidate genes from the region will cost
significant effort.

It is estimated that there may be an inherited component in up to 10% of patients with
pancreatic cancer (63, 64). The risk of developing pancreatic cancer among first-degree
relatives of an affected individual is estimated to be 18-fold in kindreds with two, and as
high as 57-fold in kindreds with three or more affected family members (63). However,
only a small proportion of inheritance is FPC. Two recent studies, one from Sweden and
one from Germany, found that the proportion of FPC among all cases of ductal pancre-
atic adenocarcinoma might be as low as 1.0-3.5% (65, 66).

The principal environmental factor in pancreatic cancer is tobacco smoking. Several
studies have so far failed to find a significant link between smoking and a family history
of pancreatic cancer (63, 67, 68). However, Rulyak et al observed that smokers developed
pancreatic cancer one decade earlier than non-smokers (60), suggesting that smoking
can increase the pancreatic cancer risk in carriers with a known genetic predisposition
for this disease. Further studies will be needed to better define the role of smoking in the
manifestation of the pancreatic cancer phenotype within families with a pancreatic can-
cer aggregation.

Three major tumour suppressor genes TP53, CDKN2A (p16'™%*?) and MADH4/DPC4,
are known to be inactivated in 50-100% of sporadic pancreatic ductal adenocarcinomas
(69). In recent years, several ‘minor’ genes have been identified as being mutated in a
subset (<10%) of sporadic ductal pancreatic cancers, including the BRCA2, MAP2K4,
ACVRI1B/ALK4, ACVR2, BRAF, FBXW7 and STK11/LKBI genes (27, 70-74).

Studies testing the hypothesis that the observed familial aggregation of pancreat-
ic cancers may be caused by germline mutations in one of the major sporadic pancreat-
ic cancer tumour suppressor genes have so far failed to detect inactivating mutations in
FPC patients (58, 75). Similarly, the published mutation analyzes of the so called ‘minor’
genes were negative for the tested genes MAP2K4, ACVR1B/ALK4 and ACVR2 (73, 75).

To date, the only exception to the rather disappointing outcome of these numerous
mutation analyzes is BRCA2. Loss of BRCA2 function is believed to lead to chromosom-
al instability, and carriers of the defective gene have a 26-86% increased risk of develop-
ing breast cancer (76, 77). BRCA2 was initially considered to be a candidate pancreas tu-
mour suppressor gene because prior to its discovery a homozygous deletion at 13q12.3
was reported in a pancreatic cancer by Schutte et al (72), which aided the cloning of the
BRCA2 gene. An extended mutation analysis failed to detect somatic genetic alterations
in sporadic pancreatic cancer, with the exception of the aforementioned homozygous de-
letion. However, Goggins et al found two different germ line BRCA2 mutations in two
out of thirty tumour samples, both from Ashkenazi Jews (78). Subsequently, Ozcelik et
al reported germline BRCA2 mutations in 4.9% (2/41) of patients with pancreatic cancer,
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including a 6174delT mutation in an Ashkenazi Jewish patient and then found 6174delT
mutations in 10% (4/39) of Ashkenazi Jewish patients with pancreatic cancer (79). In both
studies, the patients harbouring a BRCA2 germline mutation did not have a family his-
tory of pancreatic cancer. The vast majority of BRCA2 germline mutations in ‘sporadic’
pancreatic cancer have been found in patients of Ashkenazi Jewish descent and typical-
ly this is the 6174delT mutation that occurs in approximately 1% of all Ashkenazi Jews
(89). These studies also suggest that BRCA2 germline mutations are likely to contribute
in rare cases to an increased risk for pancreatic cancer, even without a family history for
pancreatic cancer (79).

With the establishment of several large familial pancreatic cancer registries, the search
for BRCA germline mutations in pancreatic cancer from ‘pure’ FPC individuals fulfill-
ing the aforementioned operational FPC definition became possible. There are now two
studies (collectively fifty-five families) available reporting BRCA2 germline mutations in
the setting of FPC (75, 81, 82). In a study by Murphy et al, BRCA2 germ line mutations
were identified in 17.2% (5/29) of families (six families were of Ashkenazi Jewish descent)
with three or more relatives with pancreatic cancer (75). Of note, three of the five fami-
lies reported with BRCA2 germ line mutations were of Ashkenazi Jewish descent and har-
boured the common 6174delT frameshift mutation previously found in ‘sporadic’ pancre-
atic cancer cases (78, 79). The study from Hahn et al included families with two or more
first-degree relatives with histologically confirmed pancreatic cancer (82). This led to the
discovery of a BRCA2 germline mutation in 15% (4/26) of European families of non-Jew-
ish descent, including one BRCA2 mutation positive family with only two first-degree rel-
atives with pancreatic cancer. Clearly, the family size strongly influences the chance to
identify more than two pancreatic cancers cases in FPC families. Unfortunately, in many
cases the information on family members over several generations is not available with
the necessary reliability.

Another interesting observation of the published studies was that the majority of FPC
families did not fulfill the criteria for FOBC or for any other known tumour syndrome.
Thus, BRCA2 germline mutation carriers may exhibit at least three phenotypic variants.
The first phenotypic variant, families with BRCA2 mutations that have a preponderance
of breast and ovarian cancer, can be further classified according to their incidence of
pancreatic cancer. The second phenotypic variant is represented by a single patient with
pancreatic cancer that has germline BRCA2 mutations but no history of familial pancre-
atic cancer or breast cancer (these cases are therefore called sporadic). The third pheno-
type is represented by a proportion of familial pancreatic cancers likely to be caused by
BRCA?2 germline mutations.

We currently do not understand what might be the cause for these phenotypic var-
iations observed in BRCA2 germline mutation carriers. One explanation might be that
one or several modifier genes suppress or induce the pancreatic cancer or breast cancer
phenotype to a varying degree in BRCA2 mutation carriers. Furthermore, inactivation
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of the second BRCA2 allele appears to occur relatively late during the molecular evolu-
tion of the ‘spo