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Abstract
In spite of continuous research efforts directed at 
early detection and treatment of pancreatic cancer, the 
outlook for patients affected by the disease remains 

dismal. With most cases still being diagnosed at ad-
vanced stages, no improvement in survival prognosis is 
achieved with current diagnostic imaging approaches. 
In the absence of a dominant precancerous condition, 
several risk factors have been identified including family 
history, chronic pancreatitis, smoking, diabetes mellitus, 
as well as certain genetic disorders such as hereditary 
pancreatitis, cystic fibrosis, familial atypical multiple 
mole melanoma, and Peutz–Jeghers and Lynch syn-
dromes. Most pancreatic carcinomas, however, remain 
sporadic. Current progress in experimental molecular 
techniques has enabled detailed understanding of the 
molecular processes of pancreatic cancer development. 
According to the latest information, malignant pancre-
atic transformation involves multiple oncogenes and 
tumor-suppressor genes that are involved in a variety of 
signaling pathways. The most characteristic aberrations 
(somatic point mutations and allelic losses) affect onco-
genes and tumor-suppressor genes within RAS, AKT and 
Wnt signaling, and have a key role in transcription and 
proliferation, as well as systems that regulate the cell 
cycle (SMAD/DPC, CDKN2A/p16) and apoptosis (TP53). 
Understanding of the underlying molecular mechanisms 
should promote development of new methodology for 
early diagnosis and facilitate improvement in current ap-
proaches for pancreatic cancer treatment.
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INTRODUCTION
Pancreatic cancer is a fatal illness that is characterized by 
late diagnosis in the absence of  early symptoms, which 
results in identification of  the illness at an advanced 
stage. Despite all therapeutic efforts, the mortality of  
pancreatic cancer remains high, with the number of  
newly diagnosed patients nearly equaling that of  de-
ceased patients[1].

The incidence of  pancreatic cancer is constantly on 
the rise, especially in regions of  North America, Europe 
and Japan. In the United States, pancreatic cancer repre-
sents the fourth most frequent cause of  death from can-
cer. In Europe it ranks fifth. In 2009, 42 470 new cases 
of  this disease were diagnosed, and in the same year, 
35 240 patients died of  this disease[2]. One of  the highest 
incidence and mortality rates among EU countries is ob-
served in the Czech Republic, which, according to GLO-
BOSCAN 2008 data, ranks second in incidence (Figure 
1A) and first in mortality (Figure 1B), followed by Hun-
gary and Finland. In the Czech Republic, pancreatic can-
cer is the 10th most frequent malignancy, and accounts 
for 2.6% of  all newly diagnosed neoplasms. In 2005, the 
absolute number of  newly diagnosed pancreatic cancer 
cases was 901 in men and 876 in women. In that same 
year, the absolute number of  deceased persons from the 
disease reached 1580 (819 men and 761 women)[3]. 

Five-year survival for pancreatic cancer is < 5%, 
mainly due to its late diagnosis, when it is already at an 
advanced stage[4]. At the time of  diagnosis, < 5% of  
tumors are resectable. Median survival following surgi-
cal resection ranges from 13 to 21 mo. Without surgery, 
median survival is a mere  2.5-8 mo[2]. 

RISK FACTORS
Due to the relative rarity of  pancreatic cancer, which is 
characterized by a complexity of  underlying carcinogen-
esis, it is likely that a combination of  multiple factors 
contributes to the initiation of  the disease. Some factors, 
such as smoking or alcohol intake, can be controlled, 
while others such as age or family history cannot. Al-
though most risk factors do not directly cause the dis-
ease, level of  exposure often influences cancer devel-
opment. As the treatment options are still limited and 
the survival prognosis remains poor, identification and 
evasion of  the controllable risk factors becomes particu-
larly important for individuals at high risk[5]. The most 
prominent pancreatic cancer risk factors are summarized 
in Table 1. 

Smoking and alcohol
Cigarette smoking represents one of  the most signifi-
cant and most widely studied risk factors for pancreatic 
cancer. The carcinogenic effect of  tobacco smoke on 
pancreatic tissue is explained as the direct action of  
N-nitrosamines or their secretion into bile and their sub-
sequent reflux into the pancreatic duct. Active smoking 
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Figure 1  Standardized incidence (A) and mortality (B) rates for the 20 
European countries with the highest occurrence of pancreatic cancer 
(Adapted from GLOBOCAN 2008).
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increases the relative risk of  pancreatic cancer 1.5-3-fold, 
depending on the number of  cigarettes smoked and the 
duration of  this habit. Passive smoking has not been 
shown to be a risk factor[6].

A number of  epidemiological studies have focused on 
the relationship between alcohol consumption and devel-
opment of  pancreatic cancer. An analysis of  14 prospec-
tive studies has not confirmed any association between 
alcohol consumption and a higher risk of  pancreatic 
cancer[3]. Only a very weak association has been demon-
strated in the case of  alcohol consumption at a dose of  
≥ 30 g/d, regardless of  the alcohol source of  beer, wine 
or spirits. There is also a significant association with body 
mass index (BMI), whereby a slight increase in cancer risk 
has been described in persons with an alcohol consump-
tion of  ≥ 30 g/d and a BMI of  ≤ 25 kg/m2. From the 
aforementioned, it is possible to infer that the association 
between alcohol consumption and development of  pan-
creatic cancer is only implied.

This association is apparently conditional on the 
development of  chronic pancreatitis, for which alcohol 
is a known inducer, and chronic pancreatitis is an inde-
pendent risk factor for this cancer. It thus appears that 
alcohol consumption at lower doses that do not damage 
pancreatic tissue does not carry a higher risk for devel-
oping pancreatic cancer. 

Diet and obesity
Based on a number of  relevant studies, it is possible to 
observe an association with a diet rich in animal fats 
and higher consumption of  meat (roasted, grilled or 
fried). The results of  studies that focus on the effect of  
cholesterol, eggs, milk and dairy product consumption 
on increased risk of  pancreatic cancer are inconsis-
tent[7]. In contrast, a diet rich in fiber, fruit, vegetables 

and vitamins, especially vitamin C, is considered to be a 
protective factor[8]. Omega-3 unsaturated fatty acids that 
are contained mainly in fish oil also act protectively. A 
similar protective effect has been shown for substances 
that influence DNA methylation and synthesis, such as 
folates. As demonstrated in an analysis of  14 prospective 
studies, a positive association between alcohol consump-
tion and cancer has been discovered for alcoholics with 
a low daily folate intake. Similar results have also been 
observed in the case of  methionine. No association with 
coffee or tea consumption has been demonstrated[3].

 Obesity is a generally recognized risk factor for pan-
creatic cancer in men and women[9]. In cases in which 
prospective studies have evaluated BMI, men with BMI ≥  
30 kg/m2 had a higher relative risk compared to women 
with the same BMI[10]. One particularly interesting fact 
is that physical activity did not reduce the risk in persons 
with BMI < 25 kg/m2, but it was indirectly proportional 
to the risk in persons with BMI ≥ 25 kg/m2. Physical 
activity, which in its final effect leads to increased insulin 
resistance, decreases the degree of  risk in obese patients. 

Occupational hazards
The possible influence of  aromatic and heterocyclic 
amines as well as exposure to chlorinated solvents in the 
carcinogenesis of  pancreatic cancer remains unclear. The 
groups most at risk from this aspect include workers in 
the petrochemical and rubber industry, as well as barbers 
and hairdressers in whom exposure to these substances is 
higher compared to the general population[11]. In contrast, 
the influence of  heavy metals and especially cadmium, in 
view of  its accumulation in pancreatic tissue, has demon-
strated an accentuation of  neoplastic processes. Another 
element that is suspected of  a carcinogenic effect on 
pancreatic tissue is chromium. Nonetheless, occupational 
exposure leads only to an imperceptible increase in the 
relative risk, in view of  the minimal doses involved. 

Radiation
A study published in 1990 has stated that ionizing radia-
tion does not increase the risk of  pancreatic cancer[9]. 
These findings are based predominantly on research in 
people who survived an atomic bomb explosion. The 
notion that the pancreas is relatively non-sensitive to 
ionizing radiation has been partially revised by a study of  
the increased incidence of  pancreatic cancer among em-
ployees of  nuclear research centers in the United States 
and other countries[12]. Nonetheless, this report[9] has 
stressed the significance of  other concurrent risk factors 
such as smoking, diabetes, positive family history, or any 
other pancreatic disease.

Age and race
Age and race are the most prominent confounding factors 
of  pancreatic cancer risk. During the first three decades, 
pancreatic cancer is a rarity, but from the age of  30 years 
onwards, its incidence increases significantly, peaking in 
the seventh to eighth decades, when 80% of  adenocar-
cinomas are diagnosed. The mean age at diagnosis is 65 
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Table 1   Pancreatic cancer risk factors

Factor Type Group Maximum risk 
to average ratio

Smoking Exogenous Behavioral     3
Alcohol Exogenous Behavioral Non-significant
Diet/obesity Exogenous Behavioral           1.72
Occupational hazard Exogenous Environmental -
Radiation Exogenous Environmental Inconclusive
Age Endogenous Biological -
Race Endogenous Biological/

behavioral/
environmental

        1.4

Family history Endogenous Genetic   32
Peutz-Jeghers syndrome Endogenous Genetic 132
FAMMM syndrome Endogenous Genetic      13.1
HNPCC Endogenous Genetic     7
Hereditary pancreatitis Endogenous Genetic   60
Chronic pancreatitis Endogenous Behavioral       26.3
Diabetes mellitus Endogenous Biological/

environmental
        2.0

Hormonal Endogenous Biological Inconclusive
Allergy Endogenous Biological Non-significant

FAMMM: Familial atypical multiple mole melanoma; HNPCC: Hereditary 
non-polyposis colorectal carcinoma syndrome.
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years. Pancreatic cancer is diagnosed before the age of  50 
years only in 10% of  patients[13]. 

With regard to racial differences, pancreatic cancer 
demonstrates the highest incidence in Afro-Americans 
in the United States, inhabitants of  Northern Europe, in 
Polynesians in Hawaii, and Maoris in New Zealand. In the 
United States, the mortality of  the Afro-American popula-
tion is 1.4 times higher than that of  the Caucasian popula-
tion. This fact may be explained by a higher proportion of  
smokers and patients with diabetes, and at the same time, 
a positive family history of  pancreatic cancer[14].

Hormonal factors and allergy
Pancreatic cancer demonstrates a different incidence in 
men and women. The cumulative risk in men is 0.2% and 
0.1% in women. The lower incidence of  pancreatic cancer 
in women may point to a link between hormonal factors 
and the development of  cancer. The results of  studies 
dealing with the relationship between female hormones 
and the development of  cancer conducted to date have 
been inconclusive. As studies conducted to date confirm, 
this malignancy demonstrates minimal estrogen depen-
dency. Parity and duration of  hormonal exposure are 
negatively associated with the degree of  risk of  pancre-
atic cancer[15,16]. In the case of  postmenopausal women, 
this risk is not influenced by hormonal substitution. In a 
number of  studies, pancreatic cancer is associated with 
a higher number of  deliveries, with earlier menarche and 
late menopause, higher age during the first delivery, or 
hormonal contraception. On the other hand, there exist 
studies in which the aforementioned factors were associ-
ated with a decrease in the risk of  pancreatic cancer. An 
analysis of  10 case-control studies and five cohort studies 
did not demonstrate any link between hormonal factors 
and pancreatic cancer in women[17]. Indeed, additional fac-
tors, such as differences in life habits, may also contribute 
to the different cumulative risks between men and women. 

Studies published to date have demonstrated a de-
crease in the risk of  pancreatic cancer in individuals with 
allergies, especially respiratory allergy[18]. Longer survival 
has been described in allergic patients who have under-
gone resection procedures compared to resected patients 
with no allergies. The decrease in risk is most often as-
sociated with respiratory forms of  allergy such as hay fe-
ver, and allergy to pollen and grass. The mechanisms of  
the possible protective effect of  allergy in patients with a 
tumor is not exactly known[19].

CHRONIC PANCREATITIS
At present, acute and chronic pancreatitis are considered 
two pathogenically different disease entities; their rela-
tion to the genesis of  pancreatic cancer is likewise quite 
different. Although acute pancreatitis is not considered 
a risk factor in terms of  the index diagnosis, the concept 
of  a causal association between alcoholic, hypercalcemic, 
trophic and hereditary forms of  chronic pancreatitis and 
increased predisposition to developing pancreatic cancer 
is generally recognized. The obstructive type of  chronic 

pancreatitis has been questioned as a risk factor by some 
authors[20].

Although no more than 5% of  diagnosed cases of  
pancreatic cancer can be explained by recurrent attacks of  
chronic pancreatitis, the same genetic changes have been 
detected in individuals with chronic inflammation of  the 
pancreas and pancreatic cancer. Chronic inflammation is 
thought to induce genetic alterations in tissue, while the 
ongoing healing process exposes defective cells to growth 
factors; the result is a pathological microenvironment in 
which stromal elements facilitate the neoplastic process in 
epithelial cells (the so-called feeder theory)[21]. According to 
this theory, the effector cells of  the inflammatory response 
include active macrophages whose products, particularly 
the cytokines tumor-necrosis factor (TNF)-α, interleukin 
(IL)-1, IL-6, IL-8, epidermal growth factor (EGF), platelet-
derived growth factor (PDGF), and transforming growth 
factor (TGF) α and β induce cell proliferation, angiogen-
esis and desmoplastic reaction, that is, processes that form 
part of  the pathogenesis of  chronic pancreatitis and pan-
creatic cancer. IL-6 promotes the maturation of  myeloid 
precursors into macrophages, and TGF-α inhibits process-
es leading to apoptosis and stimulates progressive fibrosis. 
Additionally, the same cytokine activates the transcription 
factor nuclear factor (NF)-κB, a mediator of  inhibition of  
programmed cell death. Its expression has been reported 
in cases of  chronic inflammation of  the pancreas and pan-
creatic cancer. In addition, NF-κB upregulation promotes 
the production of  reactive nitrogen oxide and cyclooxy-
genase (COX)-2 and induces IL-8 expression. There have 
been reports of  an autocrine growth promoting effect of  
IL-8, which is produced at increased rates in response to 
hypoxia; particularly in the center of  tumor foci, thus hav-
ing a pro-carcinogenic and pro-metastatic effect. COX-2 
responds to increased prostaglandin production in cases 
of  inflammation and cancer, facilitates cell proliferation 
and angiogenesis, and is a potent inhibitor of  apoptosis. 
Additionally, COX-2 is involved in the transformation of  
chemical carcinogens into their mutagenic derivatives. This 
particular ability of  COX-2 increases the risk of  pancreatic 
cancer in smokers. Immunohistochemical investigations 
have shown that COX-2 expression is bound to pancreatic 
islet Langerhan’s cells; as a result, increased expression of  
the enzyme heralds islet inflammation. 

One of  the hypotheses of  pancreatic cancer develop-
ment is based on the key relations between islet of  Lang-
erhan’s inflammation, insulin resistance, growth pro-
motion, and diabetes. Additional products of  activated 
macrophages and neutrophil granulocytes in pancreatitis 
and pancreatic cancer include reactive forms of  oxygen 
and nitric oxide, whose presence is causally related to 
DNA structural defects[22]. The risk for developing a 
malignancy in individuals with chronic pancreatitis is 16 
times that of  the healthy population. One study has re-
ported in patients with chronic pancreatitis, an increased 
incidence of  both extrapancreatic tumors (relative risk, 
1.5) and pancreatic malignancy (relative risk, 18.5). When 
one considers relevant only conditions that develop dur-
ing 4 years of  chronic inflammation, then the relative 
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risk increased by a factor of  15.6 for smokers, whereas 
there was no increase in non-smokers[23]. A prospective 
study of  the French Cancer Registry, including 85% of  
cases of  chronic pancreatitis of  alcoholic etiology, has 
reported a relative risk of  19.0[24]. In a Czech study of  
213 patients, 11 of  whom had cancer, the prevalence of  
pancreatic cancer was 5.1%. The interval from establish-
ing the diagnoses of  chronic pancreatitis and pancreatic 
cancer was 6-13 years. The cumulative risk for malig-
nancy in patients with chronic pancreatitis was shown to 
increase in a linear manner, and was 1.8 and as high as 4.0 
after 10 and 20 years, respectively[25]. The priority of  cur-
rent clinical research is to identify patients with sporadic 
chronic pancreatitis who are at increased risk of  devel-
oping pancreatic cancer.

GENETIC SUSCEPTIBILITY
Family history of pancreatic cancer
Familial pancreatic cancer (FPC) is defined as two or more 
first-degree relatives with pancreatic cancer. As an inde-
pendent nosological unit, FPC represents only 3%-10% 
of  the total number of  pancreatic cancers. Nonetheless, 
the relative risk in such cases is 4.6-32 times higher, de-
pending on the number of  afflicted persons within the 
family[26]. Only 20% of  FPC patients demonstrate a ge-
netic abnormality. Nonetheless, individuals from families 
with FPC should undergo genetic testing for the pres-
ence of  hereditary breast and ovarian syndrome (BRCA1, 
BRCA2). These mutations are most often identified in 
FPC. The relative risk of  pancreatic cancer in carriers of  
the BRCA1 mutation increases to 2.26 and in the case of  
the BRCA2 mutation to 3.5-8[27].

Pancreatic cancer forms a component of  a whole 
range of  hereditary diseases and syndromes.

Cystic fibrosis is an autosomal recessive disease that 
is caused by mutations in the CFTR gene, and is charac-
terized by the production of  viscous mucus, which apart 
from blocking the airways, also leads to obstruction of  
the pancreatic duct, which increases the risk of  inflam-
mation. Patients with CF are at increased risk of  chronic 
pancreatitis and of  pancreatic tumors[28].

Familial atypical multiple mole melanoma (FAMMM) 
is an autosomal dominant disease that is characterized 
by the occurrence of  > 50 atypical nevi and malignant 
melanoma in two or more first or second-degree rela-
tives. Approximately 10% of  melanomas have a familial 
incidence and the mutation of  the CDKN2A gene is 
identified in -40% of  these families[29].

Peutz-Jeghers syndrome is an autosomally dominant 
hereditary disease with characteristic hamartoma polyps 
of  the gastrointestinal tract, and mucocutaneous melanin 
pigmentation. Almost half  of  these patients are carriers 
of  a germinal STK11/LKB1 gene mutation. Thus, af-
flicted individuals have a 36% risk (cumulative lifetime 
risk) of  developing pancreatic cancer[30].

Hereditary non-polyposis colorectal carcinoma syn-
drome (HNPCC) is another hereditary cancer syndrome, 
for which the incidence of  pancreatic cancer is typical. 

This syndrome is caused by mutations in mismatch re-
pair (MMR) genes MSH2, MLH1, MSH6 and PMS2. 
The average risk in carriers of  MMR gene mutations is 
5%-10%. Pancreatic cancer is approximately seven times 
more frequent in carriers of  MMR gene mutations, and 
in these individuals, it is 15 times more often diagnosed 
before the age of  60 years[31]. Apart from the aforemen-
tioned, pancreatic cancer can occur in association with 
other diseases such as Li-Fraumeni syndrome, ataxia-
teleangiectasia syndrome, multiple endocrine neoplasia 
type I syndrome (MENI) or Von Hippel-Lindau syn-
drome.

Hereditary pancreatitis 
Hereditary pancreatitis is currently considered to be an 
independent nosological unit. This is an autosomally 
dominant disease with 80% penetrance. In patients 
with hereditary pancreatitis, trypsin becomes activated 
while still in the pancreas. This accounts for partial di-
gestion of  the pancreatic tissue, which causes irritation 
and inflammation. A strong genetic association exists 
with mutations found in the PRSS1, SPINK1 and CFTR 
genes[32]. Patients with this hereditary pancreatitis have a 
40-60-fold higher risk of  developing pancreatic cancer. 
If  such predisposed individuals are smokers, then the 
development of  pancreatic cancer, or rather its diagno-
sis, shifts to younger age categories, in which it occurs 
up to two decades earlier than in non-smokers. Similarly, 
alcohol consumption also leads to earlier diagnosis of  
cancer, also 20 years earlier[2].

DIABETES MELLITUS
A mutual association between pancreatic cancer and dia-
betes mellitus has long been monitored. However, the 
issue of  mutual linkage is complicated by the fact that, 
while long-term diabetes is considered to be an etiological 
factor of  the cancer, newly developed diabetes is an early 
manifestation of  the cancer[33].

The pathogenesis of  diabetes associated with cancer 
and the biochemical mediators involved have not been 
completely elucidated. Its development due to the mere 
destruction of  pancreatic tissue by the tumor or as a 
consequence of  chronic pancreatitis is less probable. The 
high prevalence of  diabetes and disorders of  glucose tol-
erance in small, early carcinomas (< 20 mm), and primary 
detection of  diabetes nearly 2 years before the diagnosis 
of  carcinoma, points to the influence of  humoral markers 
rather than to local effects of  the tumor. Further research 
is necessary to clarify the pathogenesis of  carcinoma-
associated diabetes, and to uncover new markers that can 
differentiate it from type 2 diabetes[33]. Newly developed 
diabetes during a period of  < 2 years prior to the diagno-
sis of  carcinoma is a promising sign of  the presence of  a 
completely asymptomatic carcinoma. This is why screen-
ing of  sporadic, early pancreatic cancer in persons with 
newly diagnosed diabetes is being considered. The interval 
between primary detection of  diabetes and the diagnosis 
of  carcinoma ranges between 5 and 29 mo[34].

2901 June 28, 2011|Volume 17|Issue 24|WJG|www.wjgnet.com

Zavoral M et al . Biology of pancreatic cancer



Primary detection of  hyperglycemia and diabetes 
represent a reference point for the timely diagnosis of  
sporadic pancreatic carcinoma before symptoms develop. 
It is well known that the symptoms of  pancreatic cancer 
occur only weeks or months before diagnosis, which usu-
ally means that an advanced, non-resectable tumor is pres-
ent and expected survival is only 4-6 mo. If  we monitor 
glycemia in patients with small, resectable carcinomas (< 
20 mm), then most suffer from disorders of  glucose toler-
ance. Studies have demonstrated in 55%-65% of  patients 
with resectable carcinoma, a disorder of  glucose tolerance 
or newly developed diabetes during a period of  < 2 years 
prior to the diagnosis of  carcinoma[34,35]. Approximately 
half  of  patients with sporadic carcinoma suffer from 
diabetes, and in almost 50%, diabetes is diagnosed at the 
time of  carcinoma diagnosis. It is highly probable that dia-
betes precedes the diagnosis of  the malignancy by several 
months or even years. The aforementioned facts indicate 
the application of  pancreatic cancer screening in asymp-
tomatic individuals with newly diagnosed diabetes[33].

Studies conducted to date have shown that the preva-
lence of  diabetes (determined on the basis of  the oral 
glucose test, fasting blood glucose, and meeting American 
Diabetes Association criteria) in patients with pancreatic 
cancer is 45%-65%. In the original study, diabetes was 
newly diagnosed concurrently with carcinoma in 40% of  
cases[34]. In other studies, the percentage of  newly diag-
nosed diabetes was as high as 74%-88%. In summary, it 
could be concluded that the majority of  diabetes associ-
ated with pancreatic cancer represents de novo diabetes, 
that is, diagnosed during a period of  2 years preceding 
pancreatic cancer, and almost half  of  patients with early 
carcinoma have diabetes. Moreover, diabetes that develops 
in this way usually improves following pancreatic resection. 

MOLECULAR MECHANISMS
Model of pancreatic neoplasia
Molecular mechanisms of  solid cancer are very complex 
with different mechanisms taking place and affecting 
the tissue at different stages of  the disease. Detailed 
molecular mechanisms of  initiation, development and 
progression of  pancreatic cancer have been thoroughly 
studied since the basic principles of  the disease were re-
vealed in the 1970s and 1980s[36-40]. The classic model of  
pancreatic cancer development describes morphological 
as well as molecular transformation from precursor le-
sions into invasive carcinoma[41]. The standard nomen-
clature and diagnostic criteria for classification of  duct 
lesions has primarily been based on grades of  pancreatic 
intraepithelial neoplasia (PanIN)[42]. The grades 1A, 1B, 2 
and 3 represent growing cytological atypia characterized 
by loss of  polarity, nuclear crowding, enlarged nuclei, 
pseudo-stratification and hyperchromatism. Each PanIN 
stage is characterized by a distinct pattern of  molecular 
processes that are characterized by genetic irregularities 
that affect specific genes and genetic pathways.

Proto-oncogenes and tumor suppressors
In the PanIN model, genetic alterations have a fundamen-

tal role affecting key guardians of  cellular signaling, which 
induces instability of  entire molecular systems such as cell 
growth, division, apoptosis and migration. Proto-onco-
genes code for proteins that act as positive regulators for 
these systems, such as growth factors, signal transducers, 
transcription factors or apoptotic inhibitors. Their mutated 
forms, oncogenes, are often present in cancer cells. The 
mutation causes the protein products of  oncogenes to be 
permanently activated, which results in uncontrolled cell 
proliferation. Oncogenic mutations have a dominant char-
acter; therefore, deficiency of  one allele (i.e. heterozygous 
mutation) is sufficient for a fatal outcome. There are several 
key proto-oncogenes involved in pancreatic cancerogenesis, 
including KRAS, CTNNB1 (β-catenin), PIK3CA or AKT1. 
The most common oncogenic mutation types are point 
mutation, deletion, gene amplification, and gene rearrange-
ment.

Tumor suppressor genes code for proteins that act 
against cell proliferation, such as signaling inhibitors, nega-
tive transcription factors, activators of  apoptosis, or mem-
bers of  DNA repair systems. As a result of  genetic altera-
tion, their normal function may be reduced or eliminated 
completely. Mutations in tumor suppressor genes have a 
recessive character; hence, the cell looses their function 
only when both alleles are affected. In the most common 
case, described as a double hit model, one allele is initially 
mutated while the other is subsequently mutated or lost 
completely[43]. A separate mechanism of  tumor suppressor 
deactivation is by hypermethylation[44]. In pancreatic cancer, 
the frequently affected tumor suppressors include TP53, 
APC, SMAD4 and TP16. The genes most frequently mu-
tated in pancreatic cancer are listed in Table 2[45,46].

Signaling pathways in pancreatic cancer c-MET/HGF 
signaling pathway
The c-MET/HGF (hepatocyte growth factor) signaling 
pathway is a key factor in early progression of  pancreatic 
cancer. The pathway is responsible for invasive growth 
through activation of  key oncogenes, angiogenesis and 
scattering (cell dissociation and metastasis). c-MET is 
a proto-oncogene that encodes an HGF receptor that 
has a primary function in embryonic development and 
wound healing[47]. Although c-MET mRNA is present at 
very low levels in normal human exocrine pancreas, it is 
upregulated in a majority of  pancreatic cancers[48-50], as 
well as in pancreatitis-affected epithelial cells[51]. Over-
expression of  c-MET is also observed in regenerating 
tissue affected by acute pancreatitis[52], and it is seen as 
an early event in pancreatic cancerogenesis[51]. HGF is a 
primary ligand of  c-MET. Upon c-MET/HGF interac-
tion, several different signaling pathways are activated, 
including the Ras, phosphoinositide 3-kinase (PI3K), 
Janus kinase (JAK)/signal transducer and activator of  
transcription (STAT) and β-catenin (Wnt) pathways.

Ras/Raf/MAPK pathway
The Ras/Raf/mitogen-activated protein kinase (MAPK) 
pathway is one of  the most studied and best described 
signaling pathways in cancer[53]. The role of  Ras/Raf/
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MAPK signaling is critical for many cancerogenic pro-
cesses, including cell growth and division, cell differ-
entiation and migration, tissue healing and repair, and 
angiogenesis. The central regulator of  the signal trans-
duction from extracellular to intracellular environment 
is Ras protein, which is localized at the inner wall of  the 
cellular membrane. Under normal physiological condi-
tions, the hydrophobic Ras protein is inactive and bound 
to GDP. An extracellular signal coming through growth 
factor transmembrane receptors (such as growth factor 
receptors or cytokine receptors) promotes release of  a 
guanidine exchange factor SOS, which initiates removal 
of  GDP from Ras protein and its subsequent activa-
tion upon binding to GTP. Activated GTP-Ras complex 
triggers a kinase activity of  Raf  kinase, which ultimately 
results in activation of  an MAPK, an important regulator 
of  DNA transcription and mRNA translation. Mutations 
that affect any of  the Ras/Raf/MAPK members produce 
an increase in tumorigenicity. Aside from Raf  and MAPK, 
there are other downstream effectors of  Ras protein, in-
cluding PI3K, thus providing crosstalk between multiple 
pathways (Figure 2).

PTEN/PI3K/AKT pathway
PTEN/PI3K/AKT is a significant signaling pathway 
that is fundamentally based on regulated activation of  
AKT oncogene through its localization at the cell mem-
brane[54]. The two important protein families involved in 
the membrane localization of  AKT are PI3K and PTEN 
phosphatases.

PI3K is able to phosphorylate certain membrane-bound 
lipids known as phosphoinositides. The PI3K-mediated 
phosphorylation may progress in three stages, which pro-
duces phosphatidylinositol 3-phosphate (PIP), phosphati-
dylinositol (3,4)-bisphosphate (PIP2), and phosphatidylino-
sitol (3,4,5)-trisphosphate (PIP3). The phosphorylated 
forms, PIP3 and, to a lesser extent, PIP2, attract important 
protein kinases to the cell membrane. The most prominent 
is AKT, a family of  serine/threonine protein kinases that 
trigger a number of  key cellular processes, including glu-
cose metabolism, cell proliferation, apoptosis, transcription, 
and cell migration. AKT activity is strongly dependent on 
its proper localization on the cell membrane. The position-
ing of  AKT at the membrane is achieved through its strong 
binding to PIP3. In pancreatic carcinogenesis, AKT1 acts 
as an oncogene that upholds cell survival by overcoming 
cell cycle arrest[55-57], blocking apoptosis[58-60], and promoting 
angiogenesis[61]. PTEN is a phosphatase that acts in opposi-
tion to PI3K. It has tumor suppression ability by converting 
PIP3 back to PIP2 and to PIP, hence disrupting membrane 
localization and reducing activity of  AKT[62]. In most can-
cers, expression levels of  PI3Ks and AKT are high, while 
PTEN is often deactivated by mutation, or deleted com-
pletely. Through its key role in pancreatic carcinogenesis, 
PI3K/AKT/PTEN signaling is an important target for 
anticancer therapy.

JAK/STAT pathway
The JAK/STAT signaling pathway has an important role 
in regulation of  DNA transcription by transmission of  
chemical signals from cytokine receptors into the cell 
nucleus. The signal is passed upon phosphorylation of  
receptor tyrosine residues by JAK prompting activation 
and dimerization in a family of  STAT proteins. Activated 
STAT dimers initiate DNA transcription inside the nu-
cleus. It is known that inhibition of  JAK/STAT signaling 
induces apoptosis in various human cancers, and is there-
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Table 2 Genes most frequently mutated in pancreatic cancer[45,46]

Gene symbols Protein name Mutation frequency (%) Type Main signaling or system

KRAS K-ras 58 Proto-oncogene Ras/Raf/MAPK
TP53 Tumor protein p53 37 Tumor suppressor Apoptosis Cell cycle control
CDKN2A Tumor protein p16 (INK4A) 29 Tumor suppressor Cell cycle control
CTNNB1 β-catenin 24 Proto-oncogene Wnt
SMAD4 DPC4 Smad Dpc4 22 Tumor suppressor TNFbeta/SMAD
APC Apc 16 Tumor suppressor Wnt
PIK3CA Phosphoinositide 3-kinase   5 Proto-oncogene PTEN/PI3K/AKT
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Figure 2  Ras/Raf/mitogen-activated protein kinase pathway.

DPC: Deleted in pancreatic cancer; APC: Adenomatous polyposis coli; MAPK: Mitogen-activated protein kinase.
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fore, a primary focus for potential new drug candidates[63]. 
A recent study has reported reduced growth of  pancreatic 
cancer cells in vitro when exposed to benzyl isothiocyanate 
(BITC), due to its suppression of  STAT3 signaling and 
subsequent induction of  apoptosis. This is suggested as a 
possible explanation of  the anticarcinogenic effect of  cru-
ciferous vegetables (such as broccoli, cauliflower, cabbage 
or horseradish) that are rich in BITC[64].

TGF-β/SMAD signaling
TGF-β is a ligand that binds to type Ⅱ cytokine recep-
tor dimer, which then binds and activates type Ⅰ cytokine 
receptor dimer, which triggers phosphorylation of  
receptor-regulated SMADs (R-SMADs), mainly SMAD2 
and SMAD3. In phosphorylated form, the R-SMADs 
form a complex with SMAD4, which accumulates in the 
nucleus and interacts with other factors to stimulate tran-
scription of  genes that are important for cell cycle arrest 
and migration. SMAD4 is therefore a key mediator for 
TGF-β signals. Due to its frequent absence in proliferat-
ing pancreatic cancer tissue, it is also known as DPC or 
“deleted in pancreatic cancer”[65]. Relatively high frequency 
of  SMAD4 mutations and loss of  heterozygosity at the 
DPC4 locus (18q21.1) strongly suggest that the protein is 
a primary tumor suppressor that is involved in pancreatic 
cancerogenesis. However, reinstating SMAD4 expression 
results in tumor growth suppression only in vivo and not 
in vitro. It has also been found that SMAD4-independent 
pathways may be responsible for tumorigenic effect of  
TGF-β signaling[66].

Wnt signaling
Wnt signaling is crucial to formation and maintenance 
of  endocrine pancreas[67]. During pancreatic carcinogene-
sis, Wnt triggers transcription of  a number of  genes that 
have a direct impact on cell proliferation, differentiation 
and migration[68]. Activation of  Wnt signaling is by inter-
action of  a family of  membrane-bound receptors known 
as Frizzleds with Wnt ligands. Once activated, the down-
stream signals may proceed through separate pathways. 
In a canonical pathway, signal transduction is mediated 
by stabilization and translocation of  β-catenin from the 
cytosol into the nucleus followed by its interaction with 
T-cell factor (HMG box) which activates transcription 
of  target genes. The localization of  high expression lev-
els of  β-catenin at the nucleus has been experimentally 
confirmed for various high grade PanIN lesions, as well 
as in advanced pancreatic cancer[69]. In a non-canonical, 
β-catenin-independent pathway, other signal mediators 
are involved, which block the β-catenin-assisted tran-
scription. The nuclear localization of  β-catenin and high 
expression levels of  WNT5a, a gene involved in non-
canonical Wnt pathways, suggests involvement of  both 
pathways in pancreatic cancer progression[68].

CDKN2A and cell cycle control
The cell cycle control genes have profound importance in 
cancer and CDKN2A is one of  key factors in its negative 
control. The CDKN2A has two promoters and alterna-

tive splicing sites that result in two alternative protein 
products: cyclin-dependent kinase inhibitor p16INK4a 
and p53-activator p14ARF. Although both proteins are 
active in negative control of  the cell cycle, only the func-
tion of  p16INK4a is frequently lost in pancreatic tumors 
due to point mutations, deletions or hypermethylation[70]. 
p16INK4a protein (also known as p16) inhibits key ele-
ments of  cell cycle progression at the G1 checkpoint. p16 
inactivation is an early event in pancreatic carcinogenesis, 
and low levels of  p16 expression are associated with larger 
tumors, risk of  early metastases and poor survival[71].

MOLECULAR DIAGNOSTICS
A whole range of  findings regarding the molecular biologi-
cal basis of  malignant transformation in pancreatic cancer 
has been published in recent years, and certain progress 
has been achieved also in the diagnosis, staging and treat-
ment of  localized tumors. In the fields of  prevention, early 
diagnosis, screening and treatment of  advanced tumors, 
which represent the majority of  newly diagnosed cases, 
research has failed to provide any fundamental discover-
ies that would significantly affect the prognosis of  pa-
tients with pancreatic cancer. Better understanding of  the 
mechanisms of  molecular genetics involved in pancreatic 
carcinogenesis has enabled the identification of  a number 
of  hereditary syndromes that in probands represent an in-
creased risk of  cancer. An overview is shown in Table 3[72].

Carbohydrate antigen (Ca) 19-9 retains its dominant 
role among tumor markers. It is the only marker to have 
been applied in clinical practice, where it is used to de-
tect early recurrence in patients with an already known 
diagnosis and those undergoing treatment[73]. Use of  Ca 
19-9 as a screening test has yielded unsatisfactory results. 
This marker is not specific for pancreatic cancer and 
may be elevated in various cholestatic syndromes, and 
not necessarily a tumor. Moreover, the levels of  secreted 
Ca 19-9 are affected by positivity of  the Lewis antigen a 
and b[74]. Table 4 presents an overview of  other biomark-
ers being studied as potentially useful in the diagnosis of  
pancreatic cancer[75].

Currently, none of  the listed biomarkers meets the 
criteria of  utility for the detection of  early carcinoma. 
Even the promising marker PAM4 has demonstrated a 
sensitivity of  54% in early stage 1a carcinoma and 75% in 
stage 1b carcinoma[75]. The common denominator of  the 
failure of  all biomarkers in early detection lies in their low 
sensitivity; in some cases, associated with difficult or an 
invasive collection of  biological material. 

Detection of  early pancreatic cancer in the general 
population using currently available means is impossible. 
Interest is now focusing on at-risk groups; especially 
those in whom the risk of  developing this cancer is at 
least 10-fold higher compared to the general population. 
This risk may be stratified into low, intermediate and 
high[76]. Table 5 summarizes this risk stratification.

Several studies published recently have attempted to 
detect early and resectable carcinoma in high-risk groups 
with the aid of  imaging methods[72,76]. Screening exami-
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nations usually include some type of  imaging method, 
such as endoscopic ultrasound, magnetic resonance im-
aging, computer tomography, or genetic tests. Successful 
identification of  small tumors or precursor lesions, cystic 
tumors and intraductal papillary mucinous neoplasia is 
now possible in the at-risk population to a higher degree 
than in the general population. In cases in which solid 
ductal adenocarcinoma is uncovered, these lesions are 
usually resectable. Nonetheless, according to the avail-
able literature, recurrence has been demonstrated in all 
such patients over a period of  several months. 

In recent years, clinical research has focused on iden-
tifying patients with chronic pancreatitis with a high risk 
of  developing pancreatic cancer. As discussed above, 
the following risk factors have been identified to date: 
smoking[23], duration of  chronic pancreatitis[25], status 
after surgery for chronic pancreatitis in symptomatic 
individuals (recurrent pain, jaundice, weight loss, loss of  
appetite)[77], presence of  a mutated form of  the K-ras 
oncogene in a sample obtained using fine-needle aspira-
tion biopsy or pancreatic duct brush cytology[78], loss of  
suppressor gene p16 expression[79], and polymorphism 
of  the uridine diphosphate glucuronyltransferase gene 
(presence of  the UGT1A7 allele causing low detoxifica-
tion activity of  the enzyme)[80].

In view of  the completely different pathogenesis 
of  acute and chronic pancreatitis and thus the different 

relationship to the development of  pancreatic cancer, 
acute pancreatitis currently is not considered to be a risk 
factor for the development of  pancreatic cancer. On the 
contrary, the association between alcoholic, hypercal-
cemic, tropical and hereditary chronic pancreatitis and 
the increased risk of  pancreatic cancer is generally valid. 
The risk of  developing pancreatic cancer in patients with 
chronic pancreatitis is up to 16-fold higher compared to 
the healthy population. K-ras mutations are detectable 
in nearly 80% of  patients with carcinoma. Detection of  
K-ras mutations in patients with chronic pancreatitis may 
thus be used in combination with other methods as a 
screening test for the detection of  early carcinoma[81]. 

As described above, much attention is also being paid 
currently to the relationship between newly diagnosed 
type 2 diabetes mellitus and pancreatic cancer, whereby 
diabetes is considered to be an early manifestation of  
pancreatic cancer, preceding the usual clinical manifesta-
tions of  this malignancy. Patients with newly diagnosed 
diabetes will probably be considered to be at higher risk 
than they are today and will be screened. However, pa-
tients with diabetes who are suitable for screening will 
need to undergo multilevel selection, and the diagnosis 
of  diabetes itself  will represent the first filter of  such a 
process. The second level should be the presence of  one 
of  the current biomarkers, or preferably the identifica-
tion of  a new marker with a higher predictive value. No 
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Table 3  Overview of hereditary syndromes predisposing to 
pancreatic cancer

Syndrome Gene Life-time risk Relative risk

FAMMM CDKN2A 10%-15% 20-34
HBOC BRCA2   5% 10
HBOC BRCA1 Not known   2
Hereditary pancreatitis PRSS1/TRY1 30%-50% 50
Lynch syndrome MLH1/MSH2 Not known Not known
Peutz–Jeghers syndrome STK11/LKB1 36% 136
FAP APC Not known     4
Li–Faumeni syndrome p53 Not known Not known
FPC Not known Up to 50% 18-57

APC: Adenomatous polyposis coli; FAMMM: Familial atypical multiple 
mole melanoma; FAP: Familial adenomatous polyposis; FPC: Familial pan-
creatic cancer; HBOC: Hereditary breast and ovarian syndrome. Adapted 
from[72].

Table 4   Overview of biomarkers in pancreatic cancer

Biomarker Sensitivity (%) Specificity (%)

CEA 45 75
Carcinoembryonic antigen-related cell 
adhesion molecule-1

85 98

Ca 19-9 80 73
SPan-1 81-94 75
DUPAN-2 48-80 75-85
Macrophage inhibitory cytokine 1 90 62
Alpha4GnT 76 83
PAM4 77 95
Pancreatic juice DNA methylation 82 100
Fecal K-ras 77 81

Table 5  Level of risk according to cumulative risk factors

Factors Risk level

Race/sex: Male; black; Ashkenazi Jewish descent. Exposures: obesity; smoking; diabetes mellitus; Helicobacter pylori infection.
Family history: Cancer history in a first-degree relative; history of pancreatic cancer in one first-degree relative. Inherited condi-
tions: Hereditary non-polyposis colorectal cancer; familial adenomatous polyposis; BRCA1 mutation carrier

Low 
(less than 5-fold)

Family history: History of pancreatic cancer in two first-degree relatives. Inherited conditions: cystic fibrosis; BRCA2 mutation 
carrier. Comorbidity: Chronic pancreatitis

Moderate 
(5- to 10-fold)

Inherited conditions: FAMMM kindreds with p16 germline mutation and at least one case of pancreatic cancer in a first-degree 
or second-degree relative; hereditary pancreatitis; Peutz–Jeghers syndrome; BRCA2 or BRCA1 mutation carrier with at least one 
case of pancreatic cancer in a first-degree or second-degree relative. Family history: Three or more first-degree; second-degree or 
third-degree relatives with pancreatic cancer

High 
(greater than 10-fold)

CEA: Carcinoembryonic antigen; CA19-9: Carbohydrate antigen 19-9; 
DUPAN-2: Pancreatic cancer-associated antigen 2; PAM4: Peptidylglycine 
alpha-amidating monooxygenase 4.

FAMMM: Familial atypical multiple mole melanoma.
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such marker is currently available, therefore, predictive 
computer models are also being envisaged. 

Recent studies have demonstrated in pancreatogenic 
diabetes mellitus a protective effect of  metformin for 
decreasing the risk of  developing pancreatic cancer in 
patients with chronic pancreatitis. In contrast, treatment 
with insulin or its secretagogues increases the risk of  
carcinoma in these patients[82]. 

CONCLUSION
Uncovering the importance of  basic risk factors such as 
chronic pancreatitis and diabetes mellitus, along with a 
detailed knowledge of  fundamental molecular processes 
is expected to assist in reducing mortality of  pancreatic 
cancer through development of  new approaches for de-
tection of  early stages of  the disease. This will mainly be 
applied to evaluation of  the survival prognosis and ratio-
nal selection of  therapy; most importantly, with respect 
to options for radical surgical treatment. In addition, 
identification of  specific genetic aberrations may serve 
as key molecular markers as predictors of  response for 
targeted therapies. The response prediction should not 
only prolong survival, but also improve the quality of  
life for most advanced stages of  the disease.
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