IntechOpen

Pancreatic Cancer
Molecular Mechanism and Targets

Edited by Sanjay K. Srivastava







PANCREATIC CANCER -
MOLECULAR MECHANISM
AND TARGETS

Edited by Sanjay K. Srivastava



Pancreatic Cancer - Molecular Mechanism and Targets
http://dx.doi.org/10.5772/1271
Edited by Sanjay K. Srivastava

Contributors

Andrada Seicean, Radu Seicean, Alok Bhushan, Kelly D. McCall, Fabian Benencia, Ramiro Malgor, Anthony L Schwartz,
Leonard Kohn, Frank Schwartz, Clara Natoli, Hiroki Sugita, Beverly Lyn-Cook, Ramzi Mohammad, Asfar Azmi, Masashi
Kanai, Sushovan Guha, Bharat B Aggarwal, Tai C Chen, Kun-Chun Chiang, Yongping Liu, Amir Abdollahi, Sara Chiblak,
Robert Joseph Sheaff, Steven Kennedy, Hannah Berrett, Qizhi Cathy Yao, Pilar Navarro, Neus Martinez-Bosch, Shigeo
Koido, Sadamu Homma, Akitaka Takahara, Yoshihisa Namiki, Hideo Komita, Kan Uchiyama, Toshifumi Ohkusa, Hisao
Tajiri, Jiaming Qian, Yinhua Yu, Hong Yang, Suzuki, Jackie Wilce, Nigus Dessalew Ambaye, Steve Silletti, Susanne
Sebens, Heiner Schafer, Felix Ruckert, Sanjay K Srivastava

© The Editor(s) and the Author(s) 2012

The moral rights of the and the author(s) have been asserted.

All rights to the book as a whole are reserved by INTECH. The book as a whole (compilation) cannot be reproduced,
distributed or used for commercial or non-commercial purposes without INTECH's written permission.

Enquiries concerning the use of the book should be directed to INTECH rights and permissions department
(permissions@intechopen.com).

Violations are liable to prosecution under the governing Copyright Law.

D)o

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided
the original author(s) and source publication are appropriately acknowledged. If so indicated, certain images may not
be included under the Creative Commons license. In such cases users will need to obtain permission from the license
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be
foundat http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the
use of any materials, instructions, methods or ideas contained in the book.

First published in Croatia, 2012 by INTECH d.o.o0.

eBook (PDF) Published by IN TECH d.o.o.

Place and year of publication of eBook (PDF): Rijeka, 2019.
IntechOpen is the global imprint of IN TECH d.o.o.

Printed in Croatia

Legal deposit, Croatia: National and University Library in Zagreb

Additional hard and PDF copies can be obtained from orders@intechopen.com

Pancreatic Cancer - Molecular Mechanism and Targets
Edited by Sanjay K. Srivastava

p.cm.
ISBN 978-953-51-0410-0
eBook (PDF) ISBN 978-953-51-6935-2



We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

4®®®+ 116,000+ 120M+

ailable International authors and editor: Downloads

Our authors are among the

151 Top 1% 12.2%

Countries deliv most cited s Contributors from top 500 un sities

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y






Meet the editor

Dr Sanjay K. Srivastava is a Professor of Biomedical
Sciences at Texas Tech University Health Sciences Cen-
ter (TTUHSC), Amarillo, Texas, specializing in cancer
biology, cell signaling and nutritional chemoprevention.
Dr. Srivastava served as an Assistant Professor in the
Department of Pharmacology, University of Pittsburgh
School of Medicine, and did his post-doc from Uni-
versity of Texas Medical Branch at Galveston, Texas. He received a M.S.

in Biochemistry from Lucknow University and a Ph.D. in Biochemical
Toxicology from Industrial Toxicology Research Center, India. Dr. Srivas-
tava is funded by grants from the National Cancer Institute, NIH. He has
authored/co-authored more than 100 research papers and book chapters
and is in the editorial board of several journals. Dr. Srivastava has been the
recipient of several awards including TTUHSC “President’s Excellence in
Research Award”. His research has been featured by news agencies includ-
ing BBC, MSNBC, CBS, ABC, Science News etc.







Contents

Preface Xl

Chapter 1 Risk Factors in Pancreatic Cancer 1
Andrada Seicean and Radu Seicean

Chapter 2 Epigenetics and Pancreatic Cancer:
The Role of Nutrigenomics 17
Beverly D. Lyn-Cook

Chapter 3  Characterization of the Molecular Genetic Mechanisms
that Contribute to Pancreatic Cancer Carcinogenesis 33
Jiaming Qian, Hong Yang, Jingnan Li and Jian Wang

Chapter 4  Pancreatic Cancer: Current Concepts
in Invasion and Metastasis 61
Sara Chiblak and Amir Abdollahi

Chapter 5  Nitric Oxide Regulates Growth Factor
Signaling in Pancreatic Cancer Cells 89
Hiroki Sugita, Satoshi Furuhashi and Hideo Baba

Chapter 6 Kinase Activity is Required for Growth Regulation
but not Invasion Suppression by Syk Kinase
in Pancreatic Adenocarcinoma Cells 103
Tracy Layton, Felizza Gunderson, Chia-Yao Lee,
Cristel Stalens and Steve Silletti

Chapter 7 New Targets for Therapy in Pancreatic Cancer 119
Nicola Tinari, Michele De Tursi,
Antonino Grassadonia, Marinella Zilli,
Stefano lacobelli and Clara Natoli

Chapter 8 Failure of Pancreatic Cancer Chemotherapy:
Consequences of Drug Resistance Mechanisms 143
Vikas Bhardwaj, Satya Murthy Tadinada,
James C.K. Lai and Alok Bhushan



X Contents

Chapter 9  Prevention of Pancreatic Cancer 161
Xia Jiang, Shigeru Sugaya, Qian Ren, Tetsuo Sato, Takeshi Tanaka,
Fujii Katsunori, Kazuko Kita and Nobuo Suzuki

Chapter 10 Vitamin D for the Prevention and
Treatment of Pancreatic Cancer 175
Kun-Chun Chiang and Tai C. Chen

Chapter 11 Molecular Targets of Benzyl
Isothiocyanates in Pancreatic Cancer 193
Srinivas Reddy Boreddy, Kartick C. Pramanik
and Sanjay K. Srivastava

Chapter 12 The Potential Role of Curcumin
for Treatment of Pancreatic Cancer 213
Masashi Kanai, Sushovan Guha and Bharat B. Aggarwal

Chapter 13 Immunotherapy for Pancreatic Cancer 225
Shigeo Koido, Sadamu Homma, Akitaka Takahara,
Yoshihisa Namiki, Hideo Komita, Kan Uchiyama,
Toshifumi Ohkusa and Hisao Tajiri

Chapter 14 The Role of Mesothelin in Pancreatic Cancer 251
Christian Marin-Muller, Changyi Chen and Qizhi Yao

Chapter 15  Establishment of Primary Cell
Lines in Pancreatic Cancer 259
Felix Ruckert, Christian Pilarsky and Robert Griitzmann

Chapter 16  Disruption of Cell Cycle Machinery in Pancreatic Cancer 275
Steven Kennedy, Hannah Berrett and Robert J. Sheaff

Chapter 17 Glycans and Galectins: Sweet New Approaches
in Pancreatic Cancer Diagnosis and Treatment 305
Neus Martinez-Bosch and Pilar Navarro

Chapter 18  The Adhesion Molecule L1CAM as a Novel Therapeutic
Target for Treatment of Pancreatic Cancer Patients? 329
Susanne Sebens and Heiner Schafer

Chapter 19  p53 Re-Activating Small Molecule Inhibitors
for the Treatment of Pancreatic Cancer 345
Asfar S. Azmi, Minsig Choi and Ramzi M. Mohammad

Chapter 20  Toll-Like Receptors as Novel Therapeutic Targets
for the Treatment of Pancreatic Cancer 361
Kelly D. McCall, Fabian Benencia, Leonard D. Kohn,
Ramiro Malgor, Anthony Schwartz and Frank L. Schwartz



Chapter 21

Chapter 22

Contents

Grb7 - A Newly Emerging Target in Pancreatic Cancer 399
Nigus D. Ambaye and Jacqueline A. Wilce

Human Telomerase Reverse Transcriptase Gene
Antisense Oligonucleotide Increases the Sensitivity

of Pancreatic Cancer Cells to Gemcitabine In Vitro 419
Yong-ping Liu, Yang Ling, Yue-di Hu,

Ying-ze Kong, Feng Wang and Peng Li

X



Dedicated to my mother Vidya Srivastava and father Dr. Balramji Srivastava,
who provided me constant love and support.



Preface

Pancreatic cancer is one of the most fatal human malignancies with extremely poor
prognosis making it the fourth leading cause of cancer-related deaths in the United
States. The molecular mechanisms of pancreatic carcinogenesis are not well
understood. The major focus of these two books is towards the understanding of the
basic biology of pancreatic carcinogenesis, identification of newer molecular targets
and the development of adjuvant and neoadjuvant therapies.

Book 1 on pancreatic cancer provides the reader with an overall understanding of the
biology of pancreatic cancer, hereditary, complex signaling pathways and alternative
therapies. The book explains nutrigenomics and epigenetics mechanisms such as
DNA methylation, which may explain the etiology or progression of pancreatic cancer.
Apart from epigenetics, book summarizes the molecular control of oncogenic
pathways such as K-Ras and KLF4. Since pancreatic cancer metastasizes to vital organs
resulting in poor prognosis, special emphasis is given to the mechanism of tumor cell
invasion and metastasis. Role of nitric oxide and Syk kinase in tumor metastasis is
discussed in detail. Prevention strategies for pancreatic cancer are also described. The
molecular mechanisms of the anti-cancer effects of curcumin, benzyl isothiocyante and
vitamin D are discussed in detail. Furthermore, this book covers the basic mechanisms
of resistance of pancreatic cancer to chemotherapy drugs such as gemcitabine and 5-
flourouracil. The involvement of various survival pathways in chemo-drug resistance
is discussed in depth. Major emphasis is given to the identification of newer
therapeutic targets such as mesothalin, glycosylphosphatidylinositol, cell cycle
regulatory proteins, glycans, galectins, p53, toll-like receptors, Grb7 and telomerase in
pancreatic cancer for drug development.

Book 2 covers pancreatic cancer risk factors, treatment and clinical procedures. It
provides an outline of pancreatic cancer genetic risk factors, signaling mechanisms,
biomarkers and disorders and systems biology for the better understanding of disease.
As pancreatic cancer suffers from lack of early diagnosis or prognosis markers, this
book encompasses stem cell and genetic makers to identify the disease in early stages.
The book uncovers the rationale and effectiveness of monotherapy and combination
therapy in combating the devastating disease. As immunotherapy is emerging as an
attractive approach to cease pancreatic cancer progression, the present book covers
various aspects of immunotherapy including innate, adaptive, active, passive and



X

Preface

bacterial approaches. The book also focuses on the disease management and clinical
procedures. Book explains the role of pre-existing conditions such as diabetes and
smoking in pancreatic cancer. Management of anesthesia during surgery and pain
after surgery has been discussed. Book also takes the reader through the role of
endoscopy and fine needle guided biopsies in diagnosing and observing the disease
progression. As pancreatic cancer is recognized as a major risk factor for vein
thromboembolism, this book reviews the basics of coagulation disorders and
implication of expandable metallic stents in the management of portal vein stenosis of
recurrent and resected pancreatic cancer. Emphasis is given to neuronal invasion of
pancreatic tumors along with management of pancreatic neuroendocrine tumors.

We hope that this book will be helpful to the researchers, scientists and patients
providing invaluable information of the basic, translational and clinical aspects of
pancreatic cancer.

Sanjay K. Srivastava, Ph.D.

Department of Biomedical Sciences

Texas Tech University Health Sciences Center
Amarillo, Texas,

USA









Risk Factors in Pancreatic Cancer

Andrada Seicean! and Radu Seicean?
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2University of Medicine and Pharmacy “Iuliu Hatieganu” Cluj-Napoca,
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Romania

1. Introduction

Pancreatic cancer is one of the most lethal malignant diseases with the worst prognosis. It is
ranked as the fourth leading cause of cancer-related deaths in the United States. An
unknown but important proportion of cancers develop in people who carry mutation in a
cancer-predisposing gene. Identification of cancer-predisposing genetic mutations in
susceptible individuals affords the opportunity to practise preventive medicine. Pancreatic
cancer is an aetiologically complex disease whose development is contingent on the
independent and joint effects of genes and environment. (Greer &Whitcomb, 2007). Recent
analysis of human pancreas genomes showed that 12 common signaling pathways involved
in cellular repair mechanisms, metabolism, cell-cycle regulation, genomic repair, and
metastasis are affected in over two thirds of the pancreatic cancer genome, including mainly
point mutations(Jones et al., 2008).

Many risk factors have been associated with PC such as genetic factors and premalignant
lesions, predisposing diseases and exogen factors. Genetic susceptibility, observed in 10% of
cases includes inherited pancreatic cancer syndromes and familial cancers. However, the
rest of 90% of pancreatic cancer recognise as risk factors a mix between genetic factors and
environmental factors, too, but the exact etiopathogenesis remains unknown.

2. Hereditary pancreatic cancer syndromes
2.1 Hereditary breast ovarian cancer syndrome

Hereditary breast ovarian cancer syndrome is associated with germ line mutation in the
BRCA 2 and BRCA 1 gene and it is associated with a 7% lifetime risk in pancreatic cancer at
70 years old. BRCA1 and 2 are tumour suppressor genes that are inherited in an autosomal
dominant fashion with incomplete penetrance. They controls cell growth and differentiation
and their loss drives tumorigenesis by involving in transcriptional regulation of gene
expression and reairing of damaged DNA. The 6174delT mutation of BRCA2, occur ten
times more frequently in Ashkenazi Jewish population and it is responsible for breast and
ovarian familial cancer. BRCA2 mutations are found in as many as 12 to 17 percent of
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patients with familial pancreatic cancer. Single nucleotide polymorphism of BRCA 1 and 2
does not influence the risk for pancreatic cancer in sporadic pancreatic adenocarcinoma
(McWilliams et al., 2009). For BRCA1 carriers, this relative risk is estimated to be 2-fold
higher (Thomson et al., 2002) and for BRCAZ2 carriers, this relative risk is approximately 3-to
4-fold higher (The Breast Cancer Linkage Consortium, 1999). Within 24/219 BRCA1 and
17/156 BRCAZ2 families (representing 11% of overall individuals included in the study) there
was at least 1 individual with pancreatic cancer. The onset of cancer was earlier than in
general population : 59 in males and 69 in females in BRCAlfamilies and 67 in males and 59
in females in BRCA2 families (Kim et al., 2009). Compared to SEER data which showed a
0.96:1 male:female ratio occurence of pancreatic cancer in general population, in BRCA1
families, showed a 2:1 male: female ratio, possible linked to the competing mortality for
breast and ovarian cancer in their female relatives (Kim et al., 2009). For these reasons, males
under 65 years old in families with a strong history of breast, ovarian, and pancreatic cancer
be considered for BRCA1/2 testing along with their female relatives. Cigarette smoking and
exposure to oestrogen influences pancreatic cancer risk, but in a direction opposite to that of
breast cancer risk in BRCA1/2 mutation carriers (Greer & Whitcomb, 2007).

2.2 The Peutz-Jeghers syndrome

The Peutz-Jeghers syndrome is an autosomally dominant hereditary disease with
characteristic of hamartoma polyps of the gastrointestinal tract, and mucocutaneous
melanin pigmentation. Almost half of these patients are carriers of a germinal serine-
treonine kinase 11STK11/LKB1 gene mutation (Giardiello et al, 2000). Wild-type
STK11/LKB1 activates adenine monophosphate-activated protein kinase, which is a
regulator of cellular energy metabolism. Activation of adenine monophosphate-activated
protein kinase leads to inhibition of the mammalian target of rapamycin 1 (mTOR1), a
serine/threonine kinase with a key position in the regulation of cell growth. The risk of PC
is 132 times higher than for the general population (lifetime risk for cancer is 11-36%).

2.3 Familial atypical multiple mole melanoma syndrome (FAMMM)

Familial atypical multiple mole melanoma syndrome (FAMMM) is an autosomal dominant
syndrome caused by a germline mutation in CDKN2A (or p16) gene on chromosome 9p21
or in a minority of cases in the CDK4 gene on chromosome 12 (Goldstein et al., 2000;
Wheelan et al., 1995). This syndrome is characterized by multiple nevi, multiple atypical
nevi, and an increased risk of melanoma. The relative risk of developing pancreatic cancer is
20 to 47 and the lifetime risk for pancreatic cancer is 16%(Vasen et al., 2000, De Snoo et al.,
2008). Among cases who reported having a first-degree relative with pancreatic cancer or
melanoma, the carrier proportions were 3.3 and 5.3%, respectively. Penetrance for mutation
carriers by age 80 was calculated to be 58% for pancreatic cancer and the risk of pancreatic
cancer in smokers was 25 compared to non-carriers (McWilliams et al., 2011). The onset of
pancreatis cancer in a historical cohort of 36 patients from 26 families with FAMM was 65
years old. In a follow-up study group of 77 carriers of plé mutation, 7 individuals
developed a pancreatic cancer within 4 years and only 5 had curative resection, confirming
rapidly growing tumor that could originate from small PanIN lesions in pl6 mutation
carriers(Vasen et al., 2010).
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2.4 Lynch syndrome

Lynch syndrome is an autosomal dominant condition caused by defects in mismatch repair
genes (MLH1, MSH2, MSH6 or PMS2). It has recently been shown that in addition to
colorectal and endometrial cancers these individuals have a 9-fold increased risk of
developing pancreatic cancer compared with general population(Kastrinos et al., 2009).

2.5 Hereditary pancreatitis

Hereditary pancreatitis is a rare autosomal dominant disorder, in more than two-thirds of
cases caused by a mutation in the SPINK1 and PRSS1 genes, with a high risk of pancreatic
cancer. For this population, the cumulative risks of pancreatic cancer at the age of 50 and 75
years are 11% and 49% for men and 8% and 55% for women, respectively(Rebours et al.,
2008). The risk was higher for smokers and for those with diabetes mellitus.

2.6 Ataxia-teleangiectasia

Ataxia-teleangiectasia with mutation of ATM gene on chromosome 17p is associated with
pancreatic cancer , but the relative risk is unknown yet.

3. Familial pancreatic cancer

It may be considered in families with at least two first-degree relatives suffering from the
disease, thus suggesting an autosomal dominant penetrance (Greenhalf et al., 2009).
Families with only one relative with pancreatic cancer or with multiple pancreatic cancers in
more distant relatives are considered as sporadic PC. The lifetime risk increases with the
number of relatives involved. Individuals with two first-degree relatives with pancreatic
cancer have a 6-fold increased risk of developing pancreatic cancer, and individuals with
three or more first-degree relatives with pancreatic cancer have a 14 to 32-fold increased risk
(Klein et al., 2004) . The risk of pancreatic cancer was similar in familial PC kindred
compared to sporadic pancreatic cancer kindred members. Analysing more than 9000
subjects, the presence of a young-onset pancreatic cancer patient, under 50 years old did not
influence the risk of having pancreatic cancer inside familial PC kindred, but it added risk
compared to sporadic pancreatic cancer (Brune et al., 2010). Smoking is a strong risk factor
in familial pancreatic cancer kindred, particularly in males and people younger than 50
years of age, as it increases the risk of pancreatic cancer by 2 to 3.7 times over the inherited
predisposition and lowers the age of onset by 10 years (Rulyak et al., 2003).

The genetic basis is not known, the BRCA2, palladin gene and PALB2 could play some role
(Murphy et al., 2002; Couch et al., 2007; Pogue-Geile et al.,2006; Jones et al.,2009). The PALB2
gene codes for a protein that binds to the BRCA2 protein and helps to localize BRCA2.
(Tischkowitz et al.,2009, Jones et al.,2009). Palladin is a cytoskeleton-associated scaffold
protein, with role in the formation of a desmoplastic tumor microenvironment (Giocoechea
et al., 2010), but recent studies denied its involvement in carcinogenesis (Klein et al.,2009,
Slater et al.,2007)

There has been developed and validated a risk prediction model PancPRO based on age,
pancreatic cancer status, age of onset, and relationship for all biological relatives (Wang et
al., 2007).
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Even genetic testing may be of benefit to many families, more than 80% of the clustering of
pancreatic cancer in families remains unknown or the known mutation are not found.
Mutations in the BRCA2gene account about 11% of families, PALB2 1-3% and the remaining
genes account for <1% of familial pancreatic cancer. Genetic susceptibility for developing
pancreatic cancer has been recently atributed to a single nucleotide polymorphism of gene
located on 13q22.1 chromosome, considered as specific for pancreatic cancer, or of a gene
located on 1p32.1 chromosome, which interact with betacatenin pathway(Petersen et al.,
2010).

3.1 Genetic predisposition: ABO blood group

Compared with blood group O, individuals with non-O blood group (type A, AB, or B)
were significantly more likely to develop pancreatic cancer (adjusted hazard ratio for
incident pancreatic cancer 1.32, 1.51. and 1.72, respectively)(Wolpin et al., 2009, Risch et al.,
2010), probably based on genetic variants in ABO locus 9934 (Amundadottir et al, 2009).
Another extended study identified susceptibility loci on 3 chromosomes- 13q22.1, 1g32.1
and 5q15.33, the most specific being considered 13q22.1(Petersen et al., 2010). The incidence
rates for pancreatic cancer (cases per 100,000 persons at risk) among White participants with
blood types O, A, AB, and B were 28.9, 39.9, 41.8, and 44.5, respectively. In combination with
smoking, overweight or diabetes, the non-O blood type was associated with ORs of 2.68,
1.66, and 2.29, respectively, compared to subjects who had O blood type and lacked the
exposure(Wolpin et al., 2010). The mechanism of influence of blood group antigens on risk
for pancreatic cancer might be the alteration of the systemic inflammatory state (Wolpin et
al., 2010).

4. Premalignant lesions

There are three known precursor lesions to pancreatic cancer: intraductal papillary
mucinous neoplasm (IPMN), mucinous cystic neoplasia (MCN) and pancreatic intra-
epithelial neoplasia (PanIN). PanIN is by far the most common lesion and three grades of
PanIN have been described as cellular atypia progresses from low grade dysplasia (PanIN 1)
to high grade dysplasia (PanIN3), similar to colorectal cancer carcinogenesis. The 5-year-risk
of PC is about 50% for MCN, 50% for main ductal IPMN while only 15% for branch IPMN.

5. Predisposing diseases
5.1 Chronic pancreatitis

The risk of developing pancreatic cancer is about 5% (Raimondi et al., 2010), probably due to
PanlIN lesions or chronic inflammation. In a large multicentric study, the total risk reached
1.8 percent at 10 years and 4 percent at 20 years, independently of the type of
pancreatitis(Lowenfels et al., 1993, Howes et al., 2004). There is no need for systematic
screening in patients with chronic pancreatitis, but acute onset of pain after long free-pain
interval, a non-equilibrated diabetes without explanation, the onset of jaundice or weight
loss require looking for pancreatic cancer. The risk is higher for non-alcoholic pancreatitis,
as hereditary pancreatitis linked to PRSS1 mutations (40% at 70 years old) or tropical
pancreatitis, form of hereditary pancreatitis linked to SPINK1 mutation (a 100 times higher
risk than for the general population)(Lowenfels et al., 1993).
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5.2 Diabetes mellitus

Diabetes is associated with pancreatic cancer in about 40 to 60% of patients at the onset of
symptoms, being a consequence or the cause of the disease. A meta-analysis of 20 studies
(predominantly of patients with type 2 diabetes) estimated that the pooled relative risk for
pancreatic compared to patients without diabetes was 2.1, especially among patients with
long-standing diabetes(Everhart&Wright, 1995; Huxley et al., 2005).Diabetes associated with
pancreatic cancer is often new-onset (<2-year duration), it resolves following cancer
resection and appears to be associated with conventional risk factors for diabetes such as
age, obesity and familial history (Pannala et al., 2008; Gupta et al., 2006). Even in the absence
of frank diabetes mellitus, abnormal glucose metabolism and insulin resistance have been
associated with pancreatic cancer(Stolzenberg-Solomon et al., 2005; Gapstur et al.,2000), and
the insulin-growth factor(IGF) involvement might be the pathway in the pathogenesis.
Although not all studies found an association between the risk of pancreatic cancer and the
level of IGF, it seems that the polymorphism of IGF is associated with lower susceptibility to
pancreatic cancer(Lin et al., 2004; Wolpin et al., 2007; Suzuki et al., 2008).The risk is higher in
insulin ever users compared with nonusers (OR = 2.2, 95% CI = 1.6-3.7) and was restricted to
insulin use of <3 years (OR = 2.4), but decreases after ten years of insulin use(Li et al., 2011).
The explanation might be that the two diseases could share genetic risk factors in common.
The CT screening is recommended for older patients with new-onset diabetes, especially
those with family history or symptoms, as shown in a recent description of French families.

5.3 Postgastrectomy or postcolecystectomy status

Postgastrectomy or postcolecystectomy status were associated with an increased risk of
pancreatic cancer, probably due to high level of circulating colecystokinin(Smith et al., 1990).

5.4 Helicobacter pylori and hepatitis B

Helicobacter pylori and hepatitis B have been found as associated factors to pancreatic
cancer. The pathway may be represented by the polymorphism of genes involved in the
inflammatory response, but further studies are needed for confirmation.

6. Environmental factors
6.1 Smoking

The risk for pancreatic cancer is 1.5-2.5, higher with the numbers of cigarettes and in
glutathione-S-transferase deficient persons and decreases 10 years after the smoking
cessation. (lodice et al, 2008). It increases the risk in hereditary chronic pancreatitis.
Mutations in carcinogen-metabolizing genes, such as glutathione-S-transferase, N-acetyl-
transferase, cytochrome P450 and DNA-repair genes in oxidative metabolism(XRCC1,
OGG1) with multiple sequence variants may be genetic modifiers for smoking-related
pancreatic cancer (Duell et al., 2002; Li et al., 2006). In a recent case-control publication, the
risk more than 15 years after smoking cessation was similar to that for never smokers. Also,
there was a more significant risk for total exposure delivered at lower intensity for longer
duration than for higher intensityfor shorter duration. These findings and the decline in risk
after smoking cessation suggested that smoking has a latestage role in carcinogenesis.
(Lynch et al., 2009). There is a synergistic interaction with diabetes mellitus and family
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history of pancreatic cancer (Hassan et al.,2007). Smoking can be reponsible for familial
agregation of pancreatic cancer individuals with lung and larynx cancer (Hiripi et al., 2009).

6.2 Obesity

A body mass index of at least 30 kg/m2 was associated with a significantly increased risk of
pancreatic cancer compared with a BMI of less than 23 kg/m?2 (relative risk 1.72), but an
inverse relationship was observed for moderate physical activity when comparing the
highest versus the lowest categories (relative risk 0.45) (Michaud et al., 2001). Centralized fat
distribution may increase pancreatic cancer risk,especially in women, (Arslan et al., 2010).

There have recently been discovered genetic factors which can reduce the risk of PC (PPARy
P12A GG genotype, NR5A2 variants) or which can enhance th risk in overweight patients
(FTO, ADIPOQ) (Tang et al., 2011). Others have suggested that overweight and obese
individuals develop pancreatic cancer at a younger age than do patients with a normal
weight, and that they also have lower rates and duration of survival once pancreatic cancer
is diagnosed (Li et al., 2009). Obesity in early adulthood was a risk factor for pancreatic
cancer (Genkinger et al., 2010).

6.3 The diet

The diet based on fat and meat has been linked to the development of pancreatic cancer in
many (Nothlings et al., 2005; Thiebaut et al., 2009), but not all studies (Michaud et al,2003,
2005). The consumption of fresh fruits and vegetables were not associated with pancreatic
cancer risk (Coughlin et al.,2000). Lower serum levels of lycopene and selenium have been
found in subjects who subsequently developed pancreatic cancer (Burney et al.1989).
Although the majority of prospective cohort studies found no significant increase in the risk
of pancreatic cancer with moderate to high levels of alcohol intake in a general population.,
a recent study has shown that a certain polymorphism of genes involved in the production
and/or oxidation of acetaldehyde is associated with an increasing risk in developping
pancreatic cancer (Michaud, 2004;Kanda et al., 2008). Folate deficiency, involved in DNA
mutations and DNA methylation, may increase the risk of cancer. Although at least two
variants of genes involved in folate metabolism were found to be associated to pancreatic
cancer and smoking, these findings were not confirmed in all studies. Because the sample
size was considered to be insufficient and the criteria for control selection of patients were
different,these evidence were considered inadequately powered for drawing a conclusion.
(Wang et al., 2005; Matsubayashi et al., 2005; Suzuki et al., 2008; Ohnami et al., 2008). No
epidemiologic study has provided evidence to support the hypothesis that high glycemic
index or glycemic load increases the risk of pancreatic cancer (Jiao L et al., 2009).

Also, the role of TGF-beta pathway, proved to be linked to pancreatic cancer, and its genetic
variants, but it still remains unclear.

6.4 Exposure to sunlight

Exposure to sunlight with increase of vitamin D synthesis might decrease the cancer risk and
polymorphic variants in genes encoding the for synthesis enzyme is an important task for
future research, as the role of melatonin receptor and genetic variants in clock genes. Based
on different sun exposure in different geographic latitude, several studies sustained the
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protective role of vitamin D against pancreatic cancer, in association with other factors as
age and obesity (Grant, 2002, Guyton et al., 2003). The quantification of Vitamin D
concentration must consider also the race (Afro-Americans has a higher risk for PC), the
season of blood drawn and presence of supplemental in diet (Stolzenberg-Solomon, 2009).

6.5 Alcohol consumption

A recent study showed a moderate risk to heavy alcohol drinkers ( about 40 g alcohol daily)
and liquor users ( relative risk 1.45-1.62) , probably due to their nitrosamine content (Jiao et
al., 2009), sustained by other studies only in men (Hassan et al., 2007).

6.6 Demographic factors

Advanced age, between 60 and 80 is associated with 80% of pancreatic cancers. Other
demographic factors that are associated with a modest (about 2-fold) increased risk include
male gender, Jewish descent and black ethnicity(Lillemoe et al., 2000).

Transcription zinc finger protein 19q13.31
MIXL1 Mix1 homeobox-like 1 1q42.12 6.24
SEPT1 Septin 1 16p11.1 3.42
Intracellular FL] breakpoint cluster region 22q11.21 3.02
signaling 42953 pseudogene 2
AGRP agouti related protein 16922 6.51
homolog

Intracellular CCDC coiled-coil domain containing ~ 11q12.3 4.61
transport 88 88B

UTP14 U3 small nucleolar Xq26.1 3.44

A ribonucleoprotein

VPS11 vacuolar protein sorting 11 17p11.2 3.33
homolog

LLRC leucine-rich repeat, 10923 3.33

21 immunoglobulin-like and

transmembrane domains

CHRM3  cholinergic receptor, 1943 3.01
muscarinic 3

Table 1. Genes with significant different expression (overexpressed or underexpressed) in
pancreatic cancer compared to normal pancreatic tissue.
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Our research on 16 tissue samples of T3 pancreatic cancer comparing to normal tissue in the
same patients analysed by microarray showed that there were 41 overexpressed genes and 402
underexpressed genes. From those with tumor concentration three times modified compared
to normal tissue we noticed genes involved in transcription, intracellular signaling and
intracellular transport (Table I), which need further validation on larger sample groups (data
unpublished). This showed that genomic tissue microarray analysis represents a powerful
strategy for identification of potential biomarkers in pancreatic cancer.

7. Conclusions

Pancreatic cancer is a pathological status with clear inheritance in only 10% of cases, the
others seems to be linked to premalignant situations, other diseases or environmental factors
in which genetic implications need further investigations. The gene-gene and gene-
environment interactions have to be more extensively studied, especially because there are
not only single-nuclear polymorphisms, but also DNA copy number variations and
variable-number tandem repeats which can be linked to the risk of pancreatic cancer.
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1. Introduction

Pancreatic ductal adenocarcinoma cancer is the 10th most commonly diagnosed cancer but is
the 4th leading cause of cancer death in the United States. A number of risk factors have been
proposed to play a role in the etiology of pancreatic cancer (1,2). Life-style factors such as
smoking accounts for 20-30% of pancreatic cancer death, with approximately 10% having
germline or somatic mutations association (3). Other risk factors include age, race, gender,
chronic pancreatitis and diabetes; however, the role of dietary intake and specific nutrients
remain an unexplored area of research, although diet is a risk factor (4,5). Epidemiological
studies have long suggested the possibility that what we eat influence the state of our health. It
is believed that dietary habits are important modifiable factors that can influence cancer risk
and tumor behavior (6,7). In vivo, in vitro and epidemiological studies have shown that an
individual’s diet may contribute to their susceptibility to develop cancer (8-11).

Pancreatic cancer remains a very complex and challenging disease. This cancer carries one of
the worst prognosis of any major malignancy, mainly due to its lack of early detection and
lack of effective therapeutic agents. The American Cancer Society projected 43,140 new cases
of the disease in 2010, and over 36,800 deaths (12). Improvements in imaging technology has
aided in diagnosis and identification of patients with the disease; however, these new
technologies have not greatly improved the mortality rate of pancreatic cancer. Clinical,
pathological and genetics studies have identified three important different preneoplastic
lesions of the pancreatic ductal adenocarinoma, the pancreatic intraepithelial neoplasia
(PanIN), intraductal papillary mucinous neoplasm (IPMN) and mucinous cystic neoplasm
(MCM) which could be studied to identify early changes in pancreatic cancer (13,14).
Understanding molecular changes within these preneoplastic lesion, whether genetic or
epigenetic, will greatly improve detection of pancreatic cancer at its earliest stages.
Furthermore, the examining of these lesions with emerging “omics’ technologies and the
emerging new science “nutriogenomics” will greatly contribute to our knowledge of this
deadly cancer.

2. Nutrigenomics

Nutrigenomics is an emerging new field of science in which attempts are being made to
study the effects of nutrition on the whole genome (15). Nutrigenomics is the study of
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specific genes or the affect of functional single nucleotide polymorphisms and bioactive
food components interactions. Although great emphasis has been placed on understanding
the role of nutrigenomics on regulation of gene expression in regards to polymorphisms,
very little data are available on the role of nutrigenomics and its role in epigenetic
regulation. We must also include in this new area of science, high energy or caloric intake
because of its contribution to obesity. Nutrients are thought to be dietary signals that can be
detected by various cellular systems involved in regulating gene and protein expressions, as
well as affecting the production of metabolites (16,17). Therefore, each individual can
establish dietary signatures in specific cells, tissues or organs according to their daily diets,
which could utlimately influence homeostasis and their susceptibility to diseases, such as
cancer. Studying the effects of nutrients at the genomic level can be through genetic or
epigenetic mechanisms. This chapter focuses on the role of epigenetic mechanisms in
pancreatic cancer and their modulation through dietary agents found in daily food intake.
The influence of bioactive components in foods on various biological and physiological
functions at the genomic level is a vastly unexplored area of research in cancer research.
Dietary components are beginning to be observed as major determinants of cancer risk in
humans (18-22). Nutrition can potentially modify, through epigenetic mechanisms
molecular changes associated with carcinogenesis. Furthermore, employing this new science
in understanding how bioactive components can affect the constant insults from external
and internal factors to DNA, which results in chromatin changes, alteration in DNA repair,
apoptosis and inflammation epigenetically will enhance our knowledge on pancreatic
cancer. This new field of science can begin to investigate the role of various nutrients on
mechanisms that may influence the etiology or progression of pancreatic cancer.

3. Epigenetic mechanisms

Epigenetic modifications can be altered by external or internal environmental factors, such
as diets, and has the potential to also be reversed (23,24). Epigenetic mechanisms include
DNA methylation, histone modifications, and changes in microRNAs (25-28). These
mechanisms can lead to changes in gene expression and have been the focus of a
number of diseases including cancer, type 2 diseases, obesity, cardiovascular diseases,
neurodegenerative diseases and immune diseases (29-33). Tumors can exhibit widespread
global DNA hypomethylation, region-specific hypermethylation and increased activities of
the DNA methyltransferases. DNA methylation modification is established and maintained
by a family of DNA methyltransferases (DNMTs), DNMT1, DNMT3a and DNMT3b (34,35).
These enzymes catalyze the transfer of methyl groups from S-adenosylmethionine (SAM) to
cytosine residues in the DNA. These critical enzymes have been shown to be highly expressed
in pancreatic cancer and play critical roles in silencing important genes, such as p16, RASSFIA,
cyclin D2, APC and others through promoter hypermethylation in various cellular pathways
(36-38). Approximately 60% of human genes are associated with CpG islands that are subject
to methylation in tissue specific patterns; however, these islands have been shown to increase
their methylation status during aging and the development of certain diseases such as cancer
(39,40). Several of the classic tumor suppressor genes, such as p16/CDKNI1A, p53, SMAD4
and STKII, have been genetically inactivated through DNA methylation in pancreatic cancer.
hMLH1, which is associated with microsatellite instability, has been also shown to undergo
methylation in pancreatic cancer (41,42). Several other genes with tumor suppressor properties
have also been associated with pancreatic cancer (43).
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Although much of the focus of cancer epigenetics is on inactivation of tumor suppressor
genes by promoter methylation, the earliest observation of altered methylation patterns
identified DNA hypomethylation as an important event in the etiology of cancer (44-46).
Global DNA hypomethylation was first associated with the lack of critical nutrients such as
methonine, folate, and vitamin B12 (47-49). These observations raised the importance of
nutritional causes of methyl group deficiency and its association with the tumorigenesis.
DNA hypomethylation is often associated with gene overexpression or gene activation.
Nutrients deficiency can, therefore, influence the methylation status of an individual and
increase their susceptibility to diseases such as pancreatic cancer. Given the role of the
pancreas in digestion and absorption, diet may play a larger role in pancreatic disease and
prevention.

In addition to DNA methylation, histone modification has also been implicated in pancreatic
cancer, particularly genes of the mucin family (50-52). These genes have been found to
undergo histone modifications in pancreatic cancers (53,54). Mucin gene products are high
molecular weight glycoproteins that are produced by pancreatic cancers. MUC1, MUC2 and
MUCS3 histone modifications have been investigated and their role in pancreatic cancer is
described in relation to nutrigenomics (55,56). MUC1 in normal pancreas is the main
membrane-bound mucin expressed. MUC1 has been used as a marker of pancreatic ductal
cells. MUCs are known to play important roles in protection and epithelial repair in the
intestinal mucosal (57). MUC2 is absent or weakly expressed in ductal and acinar cells in
normal pancreas. MUC2 has been shown to demonstrate tumor suppressor properties (58).
However, in pancreatic cancer there is an altered expression pattern of mucins at different
stages of pancreatic tumor progression (59). MUC1 gene expression is regulated by a
combination of DNA methylation and histone H3-K9 modification (60).

4. Nutrigenomics and epigenetic regulation of signaling pathways

The past decades have focused mainly on research involving genetic alterations or genetic
susceptibility due to germline mutations (61-64). Mutated KRAS has high mutation
prevalence in pancreatic cancer, reaching as much as 100% in advanced stages of the disease
(65,66). However, dietary agents such as high fat diets have been shown to increase KRAS
expression ( 67-69 ), while other studies have shown decreased expression with caloric
restriction (70,71) and intake of bioactive components found in some vegetables and fruits (
72-75). Using global genomic screening, 12 altered core signaling pathways due to mutations
have been found in pancreatic cancer (76). In addition to widespread genetic alterations, it is
now apparent that epigenetic factors also play an important role in modulating a number of
these signaling pathways in pancreatic cancer (77). Regulation of specific genes in a subset
of regulatory pathways has been identified to be disrupted in pancreatic cancer and
modulated by dietary agents (78). These pathways involve apoptosis, DNA damage control,
K-ras signaling, JNK signalings, invasion, Hedgehog signaling, Wnt-Notch signaling, TGF-3,
and regulation of the G1/S phase transition (79-81). The dietary agent curumin, a yellow
spice found in both turmeric and curry powder, inhibits JNK, COX2, NF-kappaB, STAT3
and AP-1 activation (82) through epigenetic mechanisms. The Wnt-Notch signaling
pathway, which is altered in pancreatic cancer, control key biological processes that impact
tumor progression and patient survival. Epigenetic inactivation of key components, such as
the secreted frizzed-repeated protein (SERP1), in this pathway can lead to constitutively
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activation of this pathway (83). EGCG, a component found in green tea extract, induces
apoptosis and inhibits JNK signal pathway in pancreatic cancer (84,85). Inactivation of the
human Runt-related transcription factor 3 (RUNX3), which play a role in TGF-£ signaling,
decreases TGF-5 expression in pancreatic cancer (86). TGF-3 has been shown to be a potent
inhibitor of pancreatic cancer cells in vitro (87). Recent data revealed the inactivation of the
Hh-interaction protein (HHIP) through promoter hypermethylation in pancreatic cancer
cells in vitro. HHIP is a negative regulator of the Hedgehog signaling pathway which is up-
regulated in pancreatic cancer (88). The Hedgehog signaling pathway has been highly
conserved through evolution and plays a crucial role during embryonic development (89).
Dietary agents have been shown to modulate homologus of this pathway (90). In humans,
there are three different homologues of the pathway, Sonic Hedgehog (Shh), Indian
Hedgehog (IH) and the Desert Hedgehog (Dhh). Epigenetic mechanisms involve altered
gene expression without changes in genomic sequences, thus these mechanisms can alter the
above pathways through many factors, such as diet and life-style factors (e.g., smoking).

5. Dietary nutrients, obesity and caloric restriction

In the nutritional field, epigenetics is important because nutrients and bioactive food
components can modify the expression of genes at the transcriptional level (91-93). There is
a critical lack of research examining the role of critical nutrients on the etiology of cancers
such as pancreatic cancer, although animals studies have indicated its role in cancer
development for a number of years (94,95). However, to critically examine an individual’s
nutrients intake will require improvement over the current 24-hour recall survey often used
in dietary studies.

Deficiency in proper nutrients, critical micronutrients and increase in high fat-diets or high
caloric intake have been implicated in a number of diseases, including cancers, such as
pancreatic cancer (96,97). The relationship between food, nutrition science and diseases such
as cancer through epidemological studies have been analyzed for a number of years.
However, the genomic variation among individuals and populations remains an unexplored
area of research, which can enhance our knowledge in understanding complex diseases such
as pancreatic cancer and its impact on the etiology and progression of this disease. The
genomic era has ushered in a new science called “nutriogenomic” to began to understand
the importance of nutrition on complex diseases such as pancreatic cancer, in which the
disease presents little or no early symptoms for early detection or diagnosis. Obesity is a risk
factor for pancreatic cancer in certain populations (98). Understanding these interactions
will provide critical information for understanding how the health consequences of eating
behaviors may vary across individuals or different ethnic groups. Although the survival rate
of pancreatic cancer has slightly improved, African Americans continue to have the highest
incidence rate of pancreatic cancer than any other ethnic groups (99). Eating behaviors and
types of diets in this group as it relates to its effects on changes in the genome related to
diseases such as cancer, remains an unexplored area of research. Bioactive components in
foods can act on the human genome directly or indirectly to affect gene expression or their
gene products. This new research area “nutrigenomics”, in relation to pancreatic cancer, can
ultimately identify molecular targets for nutritional intervention.

Numerous dietary components are known to alter epigenetic events, and thus can influence
the health of individuals. Folic acid and vitamin B12 play an important role in DNA
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metabolism and are required for the Synthesis of Methionine and S-adenosylmethionine
(SAM), the common methyl donor required for the maintenance of DNA methylation
patterns (100). Essential and non-essential nutrients or bioactive components have been
shown to modulated and number of cellular processes through epigenetic mechanisms
involved in carcinogen metabolism, cell signaling, cell cycle control, apoptosis, hormonal
balance and angiogenesis (101).

Epidemiological evidence and the relation of nutrition and pancreatic cancer has been
extensively reviewed (102). However, a number of these studies have included descriptive,
case-control and often cohort studies, all showing a consistent pattern of positive association
with nutrition and recently, research data showing correlation with increase pancreatic
cancer and obesity (103). Some current studies have confirmed our early studies showing
decreased rates of pancreatic cancer with caloric restriction (104). We reported this finding
in the mid-90s and demonstrated that it occurred through DNA methylation, an epigenetic
mechanism. Case-control studies have shown a correlation between caloric intake and
higher risk of pancreatic cancer in African American and identified obesity as a risk factor
for pancreatic cancer (105). Obesity during pregnancy and high-fat maternal diets have been
shown to be associated with obesity in offsprings suggesting early imprinting (106). Studies
are needed to address the specific nutrients or fats that may modulate gene expression
through epigenetic mechanisms. Epigenetic biomarkers of obesity that have been identified
include epigenetic regulation of genes involved in adipogenesis (SOCS1/SOCS3),
methylation patterns of obesity-related genes (FGF2, PTEN, CDKN1A and ESR1),
inflammation genes as well as genes involved in intermediary Metabolism and insulin
signaling (107).

The degree of methylation can be determined by the availability of methyl donors, methyl
transferase activity, and also demethylation activity. Studies have shown that chronic
administration of methionine- and choline-deficients diets results in global hypomethylation
of hepatic DNA and development of spontaneous tumor formation (108). In those studies
when the pancreas was examined in the methionine- and choline-deficients diets, a
transdifferentiated (hepatocyte-like) phenotype was observed (109). The progentic of these
cells have now been identified as pancreatic stem cells (PSCs) that are capable of producing
cells with multiple markers of other non-pancreatic organs (110). The fact that pancreatic
cancer contains tumorigenic cancer stem cells and are highly resistant to chemotherapy and
can be induced by a lack of micronutrients strongly suggest this area of research greatly
needs exploring. Research using nutrigenomics can address the importance of tumorigenic
cancer stem cells in pancreatic cancer.

6. DNA methylation and nutrigenomics

Bioactive food components have been shown to have benefical effects on the genome
through epigenetic mechanisms. Certain bioactive components, such as tea polyphenols,
genistein from soybeans, and isothiocyanates from plant food, may have inhibitory effect on
certain cancer, including pancreatic cancer. Dietary polyphenols is thought to have a direct
inhibition by interaction with the catalytic site of the DMNT1 or it could have an influence
on the methylation status indirectly. A number of cultured cells, animal models and human
clinical trials have shown the protective role of dietary polyphenols against a number of
cancers, including pancreatic cancer (111). However, understanding the timing of
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intervention is critical in cancer prevention, particularly for an aggressive cancer such as
pancreatic cancer which lacks early biomarkers of detection. Epigenetic mechanisms are
thought to play an early role in pancreatic cancer, such as inactivation of tumor suppression
genes through hypermethylation of CpG islands in promoter regions of genes. Reversal of
gene hypermethylation has been achieved by inhibiting DNMT activity in cancer cells. A
number of studies are showing inhibition of DNMT activity with dietary components. We
have shown reactivation of pl6 in pancreatic cancer cells through DNA hypomethylation
with the dietary agent indole-3-carbinol. Recently our laboratory has also shown that indole-
3-carbinol can greatly enhance the efficacy of gemcitabine, which is the first line treatment
for pancreatic cancer (112).

Epigallocatechin-3-gallate (EGCG) one the major components of green tea has been shown
to be an effective DNMT1 inhibitor directly. Thus, activation of tumor suppression genes
p16, RAR, MGMT and MLH1 have been demonstrated by EGCG. In addition, the protected
effects associated with consumption of fruits and vegetables and various chemical
components in pancreatic cancer have demonstrated various effects on pancreatic cancer
cells, such as induction of apoptosis, inhibition of proliferation, inhibition of transcription
factors, activation of suppressor genes and inhibiting K-ras signaling through epigenetic
mechanisms (113). Modulation of these critical events by dietary factors through epigenetic
changes is an important area of research that is needed in clinical trials with or without
association with current chemotherapeutic agents. Table 1 shows a list of dietary factors
know to regulate DNA methylation.

Bioactive Component

Coumestrol

Methionine

Genistein

Vitamin B12
EGCG
Indole-3-Carbinol
Vitamin B6

Folate

Equol

Choline
Curcumin

Table 1. Bioactive Components of Food that Influence DNA Methylation in Pancreatic
Cancer

7. Histone modifications and nutrigenomics

Another epigenetic mechanisms that has been shown to be modulated by bioactive
components in foods are histone modifications. Histones, which are the structural
component of chromatin, are modified by methylation, acetylation, phosphorylation,
biotinylation, ubiquitination, sumoylation, and ADP-ribosylation (114). Diverse histone
modification is known to play an important role in gene regulation and tumorigenesis. The
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modification involving epigenetic mechanisms occurs at the histone tails, that usually
consist of about 15-38 amino acids. Majority of the modifications takes place at lysines,
arginine and serine residues. These modifications can lead to either activation or repression
depending on which resides are modified. Lysines residues in the tails can be either
methylated or acetylated. Usually histone modification status is often balanced by a group
of enzymes called histone acetyltransferases (HATs) and histone methyltransferases (HATs)
which add acetyl and methyl groups; and histone deacetylases (HDACs) and histone
demethylases (HDMs) which remove acetyl and methyl groups from histone protiens.
Histone methylation is maintained by histone methyltransferases and histone demethylases.
Histone acetylation results in an “open” chromatin structure thus allowing access to DNA
and gene transcription. Acetylation of N-terminal lysine residues at positions 9,14,18, and 23
of H3 and 5, 8,12, of H4 mediates the decondensation of the chromatin for accessibility to
transcription factors. Histone acetylation is one the most extensively studied histone
modification. Deacetylation is often associated with silencing of gene expression. Dietary
agents have been identified that have structural features similar to the HDAC inhibitors
(115,116). HDAC inhibitors are known to reactivate epigenetically silenced genes.

Bioactive components have been found to act as HDAC inhibitors, such as butyrate,
sulforophane, curcumin, resveratrol and diallyl disulphide. Butyrate, a short-chain fatty acid
formed from the fermentation of fibre when consumed has been shown to downregulate
transcription factors such as Spl and Sp2, which have been reported to be acetylated targets
for HDAC1 and HDAC2 (117). This effect has been shown to increased p21 expression
which will ultimately cause cell cycle arrest and an increase in Bax expression thus causing
apoptosis. In pancreatic cancer cells sodium butyrate has been shown to sensitize these cells
to Fas-mediated apoptosis as well as down regulation of Bcl-xL expression and apoptosis.
Further research is needed to understand the role of dietary agents on histone modifications
in pancreatic cancer. A number of studies have shown dietary agents such as curcumin,
anacardic acid, garcinol, polyphenols, isothiocyanates, isoflavone and resveratrol to affect
histone modifications. Resveratrol, a bioactive component of grape skins, exert its anti-
inflammatory effect through repression of NF-xB induced by histone deacetylation (118).

Bioactive Component
Butyrate
Sulforophane
Curcumin
Resveratrol
Diallyl disulphide
Anarcardic acid
Garcinol
Polyphenols

Table 2. Bioactive Components of Food that Influence Histone Modification in Pancreatic
Cancer

In addition to bioactive nutrients modulating histone modifications, studies have also
shown that caloric restriction, another unexplored area of research on epigenetics, reduces
the expression of inflammatory genes such as NF-xB, AP1, COX-2, and iNOS (119).
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Reduction in total caloric intake has numerous health benefits, including reducing risk to
certain cancers such as pancreatic cancer ( ).NF-xB is known to be activated by histone
aceylation. Activation of NF-«B occurs through p300 HAT acetylation of the p50 subunit of
NF-xB. This increases NF-xB binding and transactivation. Caloric restriction modulation of
these pathways through epigenetics mechanisms allows numerous opportunities for
prevention of diseases such as cancer.

8. microRNAs and nutrigenomics

In addition to DNA methylation and histone modification, another epigenetic mechanism,
microRNAs is emerging as a key mediator in gene regulation which may be affected by
bioactive dietary components. These small single-stranded RNAs, ~19-24 nucleotides in
length, regulate gene expression through post-transcriptional silencing of targeted genes.
MicroRNAs can play important roles in controlling both DNA methylation and histone
modifications. This regulation creates a highly controlled feedback mechanism. In contrast,
promoter methylation or histone acetylation can also modulate microRNA expression (120).
Usually microRNAs can control a wide spectrum of biological function that may be relevant
in cancer, such as cell proliferation, apoptosis, and differentiation. Aberrant expression of
these small nucleotides have been associated with cancer. Several microRNAs have been
identified that are regulated by DNA methylation in pancreatic cancers (121). Noncoding
RNA and miRNAs are known to be involved in post-transcriptional gene silencing. Methyl-
deficient diets and folate deficiency induce global increase in microRNA expression in some
cancers.The relevance of microRNA and nutrigenomics is a greatly unexplored area of
research as it relates to pancreatic cancer. However, curcumin has been linked to changes in
microRNA expression in pancreatic cancer cell lines. Curcumin represses human pancreatic
cancer cells by upregulating miR-22 and downregulating miR-199a. MicroRNA-10a
expression, which has been identified as a mediator of metastatic in pancreatic cancer, is
repressed by retinoic acid receptor antagonists (122,123).

Bioactive Component
Curumin
Polyphenols
Resveratrol

Table 3. Bioactive Components of Food that Influence microRNAs in Pancreatic Cancer

9. Conclusion

Finally, understanding the role of nutrigenomics on pancreatic cancer etiology through
epigenetic mechanisms could have a tremendous impact on decreasing the mortality of this
disease. The beneficial aspects of various nutritional bioactive components and their effects
on inhibiting or decreasing pancreatic cancer could also enhance the efficacy of current
therapeutics used in treating pancreatic cancer. Understanding the role of nutrigenomics
and its impact on modulating epigenetic mechanisms such DNA methylation, histone
modification and microRNAs in pancreatic cancer will greatly enhance intervention or
prevention stagergy for this disease. Our knowledge in the field of this emerging science is
currently very limited, but the potential is vast in understanding the role of various
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nutrients on the genome and its ability to contribute to healthy life-style, thus decreasing
individuals risk to diseases such as cancer. Although intake of some dietary components
may not improve health, research in this field will identify the interaction of these
components with various macromolecules in the cell that are not Benefical. The study of
nutrigenomics could identify molecular targets for nutritional preemption and information
obtained from these studies are key to personalized nutrition.
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1. Introduction

Molecular genetic analyses have provided evidence that has helped characterize the
carcinogenesis of pancreatic adenocarcinoma. Pancreatic carcinogenesis is a multistep
process during which oncogenes are activated, and the function of tumor suppressor genes
is lost. K-ras mutations, telomere shortening, loss of p16, loss of p53 and loss of smad4 are
thought to contribute to pancreatic carcinogenesis. Recent studies have shown that some
new signaling pathway contribute to pancreatic cancer development. Because the model of
pancreatic cancer development suggests that several genetic alterations accumulate
progressively, the molecular mechanisms underlying this disease should be investigated
thoroughly. In addition, we have considered of the appearance of epigenetic and microRNA
abnormalities in creating a profile of the molecular genetic mechanisms at work in
pancreatic cancer carcinogenesis.

This chapter provides an overview of the most relevant molecular genetic alterations that
have been implicated in pancreatic cancer development and includes the characterization of
the development of precancerous lesions and invasive carcinoma.

2. Molecular genetics understanding of pathway in pancreatic cancer
2.1 Alterations in oncogenes

Many gene mutations have been implicated in the molecular mechanisms of pancreatic
cancer formation. In this section, we focus on the oncogenic gene mutations that have been
linked to pancreatic cancer.

2.1.1 K-ras

The most frequent genetic abnormality in invasive pancreatic cancer is mutation of the
activating K-ras oncogene, which occurs in 75-90% of pancreatic cancers (Ji et al., 2009). K-
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ras is a member of the Ras gene family, which is located on chromosome 12p and encodes a
21-kDa membrane-bound GTP-binding protein. This GTP-binding protein mediates various
cellular functions, such as proliferation, cellular survival, motility, and cytoskeletal
remodeling. The K-ras activating mutations abolish the regulated GTPase activity of the K-ras
protein, which converts the Ras protein to the ‘on’ state and permanently activates
downstream signaling events that may contribute to carcinogenesis. K-ras is activated by point
mutations, most often in codon 12 but also in codons 13 and 61 (Jones et al., 2008). The role of
H-ras, another member of the Ras family, in carcinogenesis is not as well characterized, but it
has been reported that H-ras is responsible for mediating the growth-promoting effects in
pancreatic cancer cells that possess K-ras mutations (Seufferlein et al., 1999).

The critical role of Ras signaling in pancreatic cancer has been confirmed by many
experimental studies. The mutations in the K-ras gene are observed in the earliest form of
pancreatic intraepithelial neoplasia (PanIN) lesions and are considered to be one of the
earliest genetic events to take place during pancreatic tumorigenesis (Jones et al., 2008; Tada
et al., 1996). However, the hyperactivation of the Ras signaling cascade alone is neither
sufficient for the malignant transformation nor restricted to malignant pancreatic cells.
Instead, Ras hyperactivation may be combined with many genetic abnormalities and
signaling pathways to promote pancreatic cancer development. Moreover, K-ras mutations
were also detected in nearly 25% of chronic pancreatitis patients and even in healthy elderly
subjects (Guerra et al., 2007).

Until now, several studies have focused on K-ras as a therapeutic target and have worked to
develop treatments, such as antisense therapy and RNA interference. In a phase II trial of
patients with locally advanced and metastatic pancreatic cancers, the Ras family antisense
inhibitor showed a response rate of 10.4% and a median survival of 6.6 months when the
therapy was combined with gemcitabine treatment (Alberts et al., 2004). RNA interference
technology is highly specific, but it has not yet entered the clinical trial stage. However, in
vitro and in vivo studies have provided promising results for the use of RNAi as a pancreatic
cancer therapy (Rejiba et al., 2007).

2.1.2 The PI3K/AKT pathway

The PIBK-AKT pathway is one of several signaling pathways that function downstream of
K-ras, and it is also activated by mutations during carcinogenesis. AKT proteins are
activated through PI3K in response to mitogenic stimulation, such as the activation of EGFR.
Several downstream targets, including the mammalian target of rapamycin (mTOR) and the
transcription factor NFxB, have a variety of roles in cell proliferation, survival, resistance to
apoptosis, angiogenesis and invasion (Schneider & Wolf, 2009).

AKT is amplified and the PI3K-AKT pathway is activated in 20% and 59% of pancreatic
cancers, respectively (Schlieman et al., 2003). The amplification of AKT2 genes are also
observed in 10% to 20% of pancreatic cancers, and its suppression by antisense RNA results
in the reduced growth and tumorigenicity of pancreatic cancer cell lines (Cheng et al., 1996).

Inhibition of this pathway through aberrant expression of PTEN (phosphatase and tensin
homolog), which is a natural antagonist of PI3K, is frequently observed in pancreatic cancers
(Asano et al., 2004). Furthermore, an architectural transcription factor, HMGAI, activates
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PI3K-AKT signaling and appears to mediate resistance to gemcitabine. Together, these
observations suggest that this gene is another potential target for inhibition therapy(Kim &
Gallick, 2008; Liau & Whang, 2008). Other agents, including everolimus and sirolimus, are
currently in phase II clinical trials (Azzariti et al., 2008). Furthermore, PTEN has also been
described as a target for treating human pancreatic cancer.

2.1.3 EGF receptor

The epidermal growth factor receptor (EGFR) is a transmembrane glycoprotein receptor
with an intracellular tyrosine kinase domain. Once bound to its ligands, the protein forms
homodimers or heterodimers with other members of the ErbB family, which leads to the
phosphorylation of tyrosine residues in its intracellular domain. Intracellular proteins were
subsequently activated, which induce downstream signaling events through the PI3K-AKT
family, STAT family, and, most notably, the MAPK signaling pathway. STAT proteins have
roles in cell proliferation, survival, motility, invasion and adhesion. The mechanisms that
lead to inappropriate activation of EGFR include receptor overexpression, activating
mutations, overexpression of receptor ligands, and/or the loss of negative regulatory
pathways. The overexpression of EGFR and its ligands (EGF and others) and/or the loss of
the mechanisms that down-regulate the activity are frequently observed in pancreatic cancer
(Bloomston et al., 2006; Preis & Korc, 2010).

A phase III trial that combines gemcitabine and erlotinib, an orally active small molecule
that binds to the ATP-binding site of EGFR, has revealed a small but statistically significant
increase in the survival of patients with advanced pancreatic cancer compared with
gemcitabine treatment alone (Moore et al., 2007).

214IGF

The insulin-like growth factor receptor (IGF-R) is structurally similar to the insulin receptor.
Insulin-like growth factor-1 (IGF) exhibits structural homology to proinsulin and binds to
IGF-R with high affinity and to the insulin receptor with a much lower affinity. Therefore,
the insulin-receptor substrate is able to interact with many signaling molecules. These
interactions facilitate the activation of multiple downstream signaling pathways, including
the PIBK/AKT, MAPK, and JAK/STAT3 pathways, and result in anti-apoptosis and
growth-stimulating effects. IGF and its receptors have been extensively studied in various
cancers, such as colon, breast and prostate cancer (Moschos & Mantzoros, 2002).

A large portion of the exocrine pancreas is exposed to high levels of insulin, which may act
on the exocrine cells via a proxicrine mechanism to provide the pancreatic cancer cells a
growth advantage. These high insulin levels can activate both the insulin and IGF receptors.
IGF-R is overexpressed in 64% of pancreatic cancers (Moschos & Mantzoros, 2002).

Together, these alterations may work in combination to further enhance cancer growth,
indicating that IGF-R may be an important therapeutic target in pancreatic cancer. There are
several IGF-1R-targeting agents that are currently being tested in clinical trials. The anti-
IGF-R monoclonal antibodies, AMG-479 and IMC-A12, are in Phase I/1I studies, which are
currently enrolling patients. Moreover, small molecule inhibitors of IGF-R, such as BMS-
754807, may provide an alternate approach for targeting this important pathway in
pancreatic cancer treatment (Ma & Adjei, 2009).
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2.1.5 VEGF

Tumor angiogenesis is essential for tumor growth and is largely mediated by the vascular
endothelial growth factor (VEGF) family of proteins and receptors. VEGF is a glycoprotein
that promotes endothelial cell survival, mitogenesis, migration, differentiation and vascular
permeability. The upregulation of VEGF expression is stimulated by hypoxia and oncogenic
proteins, such as Ras. In addition, growth factors, such as EGF, TGF-a, TGF-$, PDGF, and
HIF, and cytokines, such as IL-la and IL-6, can also upregulate the expression of VEGF.
VEGEF and its receptors are overexpressed in more than 90% of pancreatic cancers and are
associated with increased microvessel density, tumor progression and poor prognosis (Seo
et al., 2000).

The importance of VEGF and its receptor pathway for the growth of pancreatic tumors was
demonstrated in several studies with animal models. These studies showed that VEGF and
its receptors are the targets of numerous ongoing clinical trails that are evaluating the
efficacy of these treatments in pancreatic cancer (Seo et al., 2000). Several other trials are
being conducted to examine bevacizumab in combination with other agents or treatment
modalities for pancreatic cancer; however, this agent seems unlikely to confer sufficient
benefit to justify licensing for this condition. It has been suggested that angiogenic inhibitors
that target other non-VEGF pathways may be better able to gain access to the tumor
environment than an antibody (Whipple & Korc, 2008).

2.2 Tumor-suppressor genes and pathways

Tumor suppressor genes inhibit cell proliferation and signaling pathways and induce
apoptosis and support DNA repair systems, which are thought to be key events that
suppress transformation during tumor carcinogenesis. However, these genes are subjected
genetic alterations that reduce or eliminate their normal function.

In pancreatic cancer, the frequently affected tumor suppressors include p53, APC,
SMAD4/DPC4, p16INK4A and some additional candidate genes. The loss of these tumor-
suppressor genes may participate and dominate the signaling pathways in pancreatic tissue
carcinogenesis. A summary of these and other tumor-suppressor genes that are altered in
pancreatic cancer are discussed below.

2.2.1 p16INK4A/retinoblastoma

The loss of function of the pl6é gene, due to mutation, deletion or promoter
hypermethylation, occurs in 80-95% of sporadic pancreatic cancers, which is a higher rate
than that reported in any other tumor type (Caldas et al., 1994; Rozenblum et al., 1997). The
p16 locus is located on chromosome 9921, and it regulates cell cycle progression by limiting
Rb phosphorylation through inhibition of the cyclin D/CDK4/6 complexes (Serrano et al.,
1996). The inactivation of the pRb/p16 tumor-suppressor pathway may alter the activity of
pRb, CDK4, and cyclin D to promote tumor development (Freeman et al., 2004).

The loss of p16 alone or in combination with the activity of other oncogenes has a significant
role in the formation of pancreatic precursor lesions and the development of pancreatic
cancer. Immunohistochemical analyses revealed that the loss of pl6 protein expression
occurred in approximately 30% of PanIN-1A lesions, 55% of PanIN-1B lesions and PanIN-2
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lesions, 71% of PanIN-3 lesions and 100% of PDAC (Real et al., 2008). Recently, Aguirre et al.
found that pl6 limits the malignant conversion of these PanIN lesions to ductal
adenocarcinoma in activated KRAS-initiated PanIN formation, which suggested that p16 is
not the earliest event but is an important event in the progression of pancreatic
carcinogenesis (Aguirre et al., 2003).

Clinical research has focused on the contribution of p16 in pancreatic cancer. It appears that
pl6 plays a significant role in pancreatic carcinogenesis and is an important diagnostic or
therapeutic target. Rosty et al. proposed that the loss of the expression of the suppressor
gene pl6 was a major risk factor for the development of pancreatic cancer in patients with
chronic pancreatitis (Rosty et al., 2003). DNA hypermethylation of pl6 in pancreatic juice
was demonstrated to be a valuable diagnostic marker to predict pancreatic cancer
progression. However, further studies are needed to provide evidence for the clinical
applications that target the p16 gene (Matsubayashi et al., 2006; Yan et al., 2005).

2.2.2 p53

The p53 locus, which is on the 17p13 chromosome, regulates the cell cycle by integrating
numerous signals to control cell death (Rozenblum et al., 1997). The abrogation of p53
activity through mutation occurs in more than 50% of sporadic pancreatic cancers. Wild-
type p53 maintains a G2-M arrest and regulates the G1-S checkpoint to facilitate normal
cell cycle progression (Vogelstein & Kinzler, 2004). The inactivation of p53 affects PTEN,
which inhibits the AKT signaling pathway and induces apoptosis in pancreatic cancers.
p53 is short-lived and expressed at very low levels in normal cells, but p53 becomes stable
and accumulates if the cell has DNA damage. Pinho AV et al. found that p53 controls both
growth and epithelial cell differentiation in the pancreas, which indicates that p53
inactivation in tumors is associated with aggressive biological behavior (Pinho et al.,
2011).

Because p53 mutations accumulate relatively late in carcinogenesis, clinical research has
focused on the therapeutic contribution of p53 in pancreatic cancer. Patients with pancreatic
cancer that carry a p53 mutation have shorter survival rates than patients with wild-type
p53. Moreover, tumors that contain a mutated p53 are typically radioresistant and/or
chemoresistant, indicating that p53 may serve as treatment indicator in pancreatic cancer
(Dergham et al., 1998). In addition, p53 gene therapy strategies can induce tumor regression
in patients with advanced NSCLC and with recurrent head and neck cancer (Roth et al,,
1999).

2.2.3 SMAD4/DPC4

The SMAD4/DPC4 locus on 18921 is the critical component of the TGFp signaling pathway
and negatively regulates the growth of epithelial cells (Massague et al., 2000). SMAD4 (DPC)
is another commonly mutated gene in PDAC, and it is activated in approximately 50% of
pancreatic cancers as a result of homozygous deletion mutations. Wilentz et al. revealed that
expression of the SMAD4 protein is associated with the histopathological grades of
pancreatic cancer (Hahn et al., 1996). In addition, immunohistochemical assays revealed that
the smad4 protein was not expressed in 31% (9/29) of the high-grade lesions (PanIN-3).
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Conversely, the loss of SMAD4 expression did not occur in PanIN-1 and -2, indicating that
the loss of SMAD4 typically occurs late in PanIN progression to PDAC, similarly to p53
(Miyaki & Kuroki, 2003; Wilentz et al., 2000).

SMAD/4 is an integral member of the TGF-f signaling cascade, which plays an integral role
in tumor initiation and progression (Bierie & Moses, 2006; Massague, 2008). There are three
TGF-p ligands (TGF-B1, TGF-p2 and TGF-f3), which bind to TbRII, TbRI and phosphorylate
the downstream mediators SMAD2 and SMAD3. The phosphorylated SMAD2 and SMAD3
for a complex with SMAD4 and enter the nucleus to modulate gene transcription (Derynck
& Zhang, 2003).

Clinical research has focused on the therapeutic contribution of smad4 in pancreatic cancer.
Melisi D et al. found that the TGF-$/Smad-independent pathway can increase apoptosis
inhibitors to produce pancreatic cancer cells that are resistant to the pro-apoptotic effects of
gemcitabine (Melisi et al., 2011). Some ongoing clinical trials are employing different TGF-3
inhibitors to inhibit the TGF- signaling pathway in advanced pancreatic carcinoma (Korpal
& Kang, 2010; Nagaraj & Datta, 2010). The loss of SMAD4 plays a crucial role in abrogating
the TGFp-mediated cancer cell growth and metastasis. However, further studies are needed
to investigate and improve the effectiveness of combined TGFp inhibitor treatment and
SMAD4 gene therapy.

2.2.4 Candidate tumor suppressor genes

2.2.4.1 ARHI gene

The maternally imprinted gene Aplesia Ras homolog member I (ARHI, DIRAS3) is a
member of the Ras superfamily locus on chromosome 1q. It is a small 26-kDa GTPase that
inhibits anchorage-dependent and independent growth, motility, invasion and
angiogenesis, despite sharing 54-62% amino acid homology with Ras and Rap (Yu et al,
1999). Artificially induced expression of ARHI in mice leads to small body size, infertility
and decreased lactation (Xu et al., 2000) . Ectopic overexpression of ARHI in cancer cells that
express low levels of ARHI triggers apoptosis through a caspase-independent, calpain-
dependent mechanism (Bao et al., 2002). Recent studies suggest that the return of ARHI to
normal physiological expression levels also induces a G2/M cell cycle arrest, autophagy and
tumor dormancy in ovarian cancer (Lu et al., 2008) . The expression and function of ARHI in
pancreatic cancer has received relatively little attention. Because ARHI appears to oppose
Ras function, and K-ras is frequently activated in pancreatic cancers, it is possible that the
loss of ARHI contributes to pancreatic carcinogenesis. In the present study, we measured
the expression of ARHI in normal and cancerous pancreatic tissue. Yang et al. found that
ARHI is widely expressed in the ductal and acinar cells of normal pancreatic tissue but is
down-regulated or lost in approximately 50% of pancreatic cancers (Yang et al., 2010). This
study also examined the methylation status of ARHI in pancreatic cancer cell lines with low
ARHI expression and found that hypermethylation was the main mechanism for the loss of
function of ARHI. Stable transfections of ARHI can inhibit cell cycle progression and induce
cell apoptosis in pancreatic cancer cells through the inhibition of PI3K/AKT signaling (Lu et
al., 2009). The role of ARHI in regulating growth and its loss in half of pancreatic cancers
suggest that the loss of ARHI could be an important event in the pathogenesis of pancreatic
cancer. However, the identification of clinical applications of ARHI requires further studies.
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2.2.4.2 KLF4 gene

The KLF4 gene, which locus on chromosome 9q31.1-3, negatively regulates G protein-
coupled mitogenic signal transduction, cell proliferation, transformation, and oncogenesis.
Zammarchi F et al. used immunohistochemical analysis to show that the KLF4 protein is
expressed in 86.8% cases of DPC (33/38). The overexpression of KLF4 in a human pancreatic
carcinoma cell line induced the up-regulation of p21 and the down-regulation of cyclin D1.
It appears that the KLF4 gene may be a key suppressor in pancreatic tumorigenesis
(Zammarchi et al., 2011).

2.3 Telomere length abnormalities
2.3.1 The definition and function of telomeres

A telomere is a region of repetitive DNA sequences at the end of a chromosome. This region
protects the end of the chromosome from deterioration and from fusion with neighboring
chromosomes. Human telomeres are nucleoprotein complexes consisting of 8-15 kb of
hexameric DNA repeat sequences (TTAGGG) and specifically bound proteins at
chromosomes ends (Blackburn, 1991). These structures prevent the chromosome termini
from being recognized as double-stranded DNA breaks and are essential for genomic
stability (Artandi et al, 2000). During DNA replication, the DNA polymerase protein
complex cannot replicate the sequences that are present at the ends. In somatic cells,
telomeres become progressively shorter during each round of cell division through
replication-dependent loss of the DNA termini (Harley et al., 1990). Over time, due to each
cell division, the telomere ends become shorter. This is the reason why telomeres are so
important in context of successful cell division; they "cap" the end sequences and are lost in
the process of DNA replication. The cell has an enzyme termed telomerase, which carries
out the task of adding repetitive nucleotide sequences to the ends of the DNA. Telomerase is
the natural enzyme that promotes telomere repair. Its expression is low or absent in somatic
cells, but it is active in stem cells, germ cells, hair follicles, and 90 percent of cancer cells
(Blackburn, 1991).

The consecutive shortening of telomeres ultimately leads to excessive telomere erosion, loss
of telomere capping function, and eventually genetic instability and cellular senescence
when telomeres become critically short (Counter et al., 1992). Consequently, epithelial cells
with excessive telomere shortening are largely eliminated by protective mechanisms
(Artandi et al., 2000). Therefore, telomere shortening has been suggested to be an important
biological factor in aging and cellular senescence, which could limit the over-growth of cells
and prevent them from transforming into cancer cells.

2.3.2 The relationship between telomeres and human cancer

It is clear that telomeres could function as protectors of chromosome stability and prevent
uncontrolled cellular growth. In cancer progression, telomeres help to maintain genomic
integrity, similar to the role played by caretaker genes. It is assumed that the loss of
telomere function might permit subsequent accumulation of additional genomic changes at
the chromosomal level, which may facilitate the progression toward a fully malignant
phenotype (Hackett & Greider, 2002).
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Telomeres can be maintained through recombination or by telomerase activation.
Telomerase is an RNA-dependent DNA polymerase that is generally inactivated in normal
human somatic cells. Introduction of telomerase into normal human somatic cells may
facilitate unlimited cellular growth and extend the cellular lifespan (Bodnar et al., 1998).

In most human cancers, telomerase was activated through the accumulation of multiple
genomic and epigenetic aberrations, and these changes help the cells restore the minimal
length of telomeres required to maintain cell function and escape from cellular senescence
(O'Hagan et al., 2002). Therefore, the reactivation of telomerase has become an additional
hallmark of some human cancers, including pancreatic cancer (Hiyama et al., 1997).

Telomeric fusion is mechanism of telomere dysfunction and leads to uncontrolled mitosis of
cancer cells. Telomeric fusions between chromosomal arms may occur in the presence of
critically shortened telomere repeat sequences; these fusions lead to ring and dicentric
chromosomes that form anaphase bridges during mitosis (Gisselsson et al., 2001).

Highly recombinogenic free DNA ends are generated when anaphase bridges are broken,
and fusion of the broken ends results in novel chromosomal rearrangements. Some of these
abnormal chromosomes may then form bridges during the next cell division, setting in
motion a self-perpetuating breakage-fusion-bridge cycle. The presence of unbalanced
chromosomal rearrangements is an essential feature of most human epithelial cancers
(Gisselsson et al., 2001) .

2.3.3 The relationship between telomeres and pancreatic cancer

Pancreatic adenocarcinomas, which are remarkable for their highly complex karyotypes,
numerous chromosomal abnormalities, and multiple deletions, often possess chromosome
ends that lack telomeric repeat sequences (Griffin et al., 1995). The evidence for up-regulated
human telomerase reverse transcriptase expression has been demonstrated in invasive
pancreatic cancer (Hiyama et al., 1997) and in the intraductal papillary mucinous neoplasms
(IPMN) of the pancreas (Hashimoto et al., 2008). Telomere dysfunction was also found to
play a role in the multistep progression model for the development of pancreatic cancer. In
this multistep model of pancreatic cancer development, noninvasive precursor lesions in the
pancreatic ductules accumulate genetic alterations in cancer-associated genes that ultimately
lead to the development of an invasive cancer. In the pancreas, the noninvasive precursor
lesions are called pancreatic intraepithelial neoplasia or PanIN. PanINs are believed to
progress from a flat and papillary appearance without dysplasia to a papillary appearance
with dysplasia to carcinoma in situ (van et al, 2002). Telomere fluorescence in situ
hybridization and immunostaining was used to assess the telomere length in tissue
microarrays containing a variety of noninvasive pancreatic ductal lesions (van et al., 2002)
found that the telomere signals were strikingly reduced in 79 of 82 (96%) of PanINs
compared with adjacent normal structures. The 82 PanIN lesions that were examined
included all histological grades (PanIN-1A, PanIN-1B, PanIN-2, and PanIN-3). Thus, this
study reveals that telomere shortening is the most common early genetic abnormality in the
progression of pancreatic adenocarcinomas. Telomeres may be an essential gatekeeper for
maintaining chromosomal integrity and normal cellular physiology in pancreatic ductal
epithelium. A critical shortening of telomere length in PanINs may predispose these
noninvasive ductal lesions to accumulate progressive chromosomal abnormalities and to
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progress toward the stage of invasive carcinoma. Another research group also found that
the telomeres were significantly shortened (97.3%) in 37 intraductal papillary mucinous
neoplasm (IPMN) loci of the pancreas, which has been increasingly identified as a precursor
to infiltrating ductal adenocarcinoma (Hashimoto et al., 2008) .

Therefore, telomere abnormalities may function as a cancer marker in invasive pancreatic
cancer and may also function as the earliest known event in the cascade of pancreatic cancer
development.

Telomere shortening has been suggested to be an important biological factor in aging,
cellular senescence, cell immortality, and transformation to cancer. Cellular immortality and
transformation are associated with the reactivation of telomerase and with telomere
dysfunction in cells with critically shortened telomeres and may play an important role in
the development of pancreatic cancers.

2.4 Epigenetic abnormalities

Both epigenetic abnormalities and genetic alterations contribute greatly to cancer
development at all stages and may drive the initial steps of cancer progression. DNA
methylation and chromatin configurations underlie the abnormal patterns in cancer, and
cumulative epigenetic abnormalities of the host genes without accompanying changes in the
DNA sequences are critical contributors to oncogenesis. Interestingly, cancer-specific
epigenetic alterations can be reversed by pharmacological targeting, and increasing
attention has been given to this field as a means to treat cancer.

In the United States, it is estimated that 44,030 new cases of pancreatic cancer were
diagnosed and 37,660 deaths occurred in 2011(Siegel et al., 2011), which indicates that
pancreatic ductal adenocarcinoma is an extremely aggressive and devastating neoplasm.
Therefore, a better understanding of pancreatic cancer molecular genetics is important and
can provide the basis for the development of valuable biomarkers and targets for
therapeutic intervention.

Over the past two decades, extensive interest has revealed many advances in the
understanding of genetic alterations that are important in pancreatic cancer. The mutations
and deletions of oncogenes and tumor suppressor genes, such as k-ras,p53 CDKN1A/p16,
SMAD4/DPC4, etc.,, appear to play an important role in pancreatic carcinogenesis. In
addition, by understanding of the progression of pancreatic cancer, a model of pancreatic
carcinogenesis, from precursor lesions to invasive cancers with genetic alterations, was
proposed.

Recently, the epigenetic abnormalities found in pancreatic cancers were also of considerable
interest among researchers and clinicians. This interest was especially piqued after
demethylating drugs, 5-azacytidine (5-aza-CR) and 5-aza-29-deoxycytidine (5-aza-dC), were
shown to be effective in treating myelodysplastic syndrome and were approved by the Food
and Drug Administration (FDA) (Venturelli et al., 2011). The key epigenetic mechanisms
that may affect gene expression include DNA methylation, histone modification, and
microRNA expression (Hong et al., 2011). Epigenetic abnormalities may be functionally
involved in precursor lesions, tumor growth, invasion and metastasis in pancreatic cancer.
In the following section, we will review recent advances in our understanding of the
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epigenetic features associated with pancreatic neoplastic progression, specifically focusing
on their role in precursor lesions and their potential clinical benefits.

2.4.1 DNA methylation

DNA methylation is a biochemical process where a methyl group is added to the fifth
positon of the cytosine pyrimidine ring or the sixth nitrogen of the adenine purine ring.
DNA methylation stably alters the gene expression pattern to provide cellular memory or
decrease gene expression. DNA methylation also plays a crucial role in the development of
nearly all types of cancer. Both hypermethylation and hypomethylation distinguish normal
tissue from tissue associated with pancreatic cancer (Jaenisch & Bird, 2003).
Hypermethylation is one of the major epigenetic modifications that repress transcription via
the promoter region of tumor suppressor genes. Hypermethylation typically occurs at CpG
islands in the promoter region and is associated with gene inactivation. Global
hypomethylation has also been implicated in the development and progression of cancer
through alternative mechanisms (Jeffrey & Nicholas, 2011).

2.4.2 DNA methylation and precursor lesions

It has been shown that PDAC develops through a stepwise progression from preinvasive
lesions, including PanINs, IPMNs, and MCNs, to invasive neoplasms (Haugk, 2010). The
discovery of abnormal methylation in pancreatic cancer has been followed by the
investigation of methylation in precursor lesions. Many genes that are epigenetically
silenced in pancreatic cancers also are silenced or have reduced expression in precursor
lesions of pancreatic cancer. The molecular genesis of precursor lesions may lay the
foundation for our understanding of pancreatic carcinogenesis and the identification of
valuable tumor markers and therapeutic targets.

Many genes showed epigenetic abnormalities in precursor lesions of pancreatic cancer,
including Reprimo, SPARC, SAPR2, NPTX2, LHX1, CLDN5, CDH3, and ST14 for PanIN and
119 CDKN1C/p57KIP2 and CyclinD2 for IPMN (Fukushima et al., 2002, 2003; Gerdes et al.,
2003; Matsubayashi et al., 2003; Sato et al., 2008). Using methylation-specific PCR analysis
(Singh & Maitra, 2007), eight genes (Reprimo, SPARC, SAPR2, NPTX2, LHX1, CLDNS5,
CDH3, and ST14) were tested in 65 PanIN lesions. The results revealed that these eight
genes may be detected in more than 70% of the earliest lesions (PanIN-1A). In addition,
aberrant DNA methylation can be detected in PanIN-2 and PanIN-3 lesions, which suggests
that DNA methylation alterations may begin in the early stages of precursor lesions, such as
in PanINs, IPMNs, and MCNs. Moreover, their prevalence was shown to progressively
increase during pancreatic carcinogenesis. Because DNA methylation of particular genes can
occur in the precursor lesions, the methylation targets may be valuable tumor markers and
treatment strategies.

2.4.3 DNA methylation and pancreatic cancer

Changes in the DNA methylation program are closely associated with pancreatic
carcinogenesis, including CpG island hypermethylation and hypomethylation (Sato &
Goggins, 2006). Recently, high-throughput screening technologies and single gene
methylation technologies have identified several genes that are affected by aberrant DNA
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methylation in pancreatic cancer. Tan AC et al. detected 1505 CpG sites across 807 genes to
identify DNA methylation patterns in the pancreatic cancer genome and found that 289
CpG sites show different patterns in the normal pancreas, pancreatic tumors and cancer cell
lines (Tan et al., 2009). The promoter and CpG island array was used to compare the Panc-1
cell lines with a non-neoplastic pancreatic duct line, and 1,010 of 87,922 probes on the 88 K
promoter array (606 genes) had higher signals (log2 > 2) in the pancreatic cancer line.

The aberrant hypermethylation of CpG islands is an important cause of altered tumor
suppressor gene function in pancreatic cancers. Several of the classic tumor suppressor
genes, such as pl6, p53, and SMAD4/DPC4, showed DNA hypermethylation, which
suggests that DNA hypermethylation is an important mechanism in pancreatic
carcinogenesis. DNA hypermethylation has also been observed in many other genes that are
implicated in pancreatic carcinogenesis, including TNFRSF10C, NPTX2, SPARC, FOXA1/2,
RUNX3, GATA-4, GATA-5, ppENK, CDKN1C/p57KIP2, HHIP, DUSP6, CXCR4, TFPI-2,
HIN-1, SOCS-1, WWOX, RASSF1A, CACNA1G, TIMP-3, E-cad, THBS1, hMLH1, DAP
kinase, and ARHI (Cai et al., 2011; Dammann et al., 2003; Fendrich et al., 2005; Fu et al., 2007;
Gao et al., 2010; Komazaki et al., 2004; Krop et al., 2004; Kuroki et al., 2004; Martin et al.,
2005; Nakayama et al., 2009; Nomoto et al., 2008; Ohtsubo et al., 2006; Park et al., 2007, 2011;
Sato et al., 2003, 2005, 2005, 2005, 2005; Song et al., 2010; Ueki et al., 2000; Xu et al., 2005).

DNA hypomethylation an additional type of epigenetic alteration that is found in pancreatic
cancer (Ehrlich, 2002). Global DNA hypomethylation and hypomethylation of specific genes
have been observed. Global DNA hypomethylation is associated with folate metabolism,
indicating that essential nutrients are helpful for preventing cancer progression (Gaudet et
al.,, 2003; Kim, 2004). DNA hypomethylation of many oncogenes, such as claudin4,
lipocalin2, 14-3-3 sigma, trefoil factor 2, S100A4, mesothelin, PSA, has also been shown to be
important for facilitating their over-expression during pancreatic carcinogenesis.

2.4.4 DNA methylation and clinical applications

Does targeting DNA methylation in pancreatic cancer show a clinical benefit as an early
detection method or an effective treatment strategy? Initially, the serum level of the
hypermethylation of specific genes appeared to hold potential diagnostic value. Gotoh M
found that the methylation status of twelve bacterial artificial chromosome (BAC) clones
could predict pancreatic tumors with 100% sensitivity and specificity and could also identify
patients that would show early relapse with 100% specificity (Gotoh et al., 2011). Park JK
found that the level of serum NPTX2 hypermethylation was a valuable diagnostic marker
for identifying pancreatic cancers with 80% sensitivity and 76% specificity (Park et al., 2011).
Gerdes B et al. found that p16(INK4a) alterations can be observed in a significant number of
PanIN1 in chronic pancreatitis tissues, and methylation of the p16(INK4a) promoter may
indicate a high-risk for progression from chronic pancreatitis to cancer (Gerdes et al., 2001).
In addition, DNA methylation of p16, ppENK, SARP2 and some additional genes was
demonstrated to be a valuable diagnostic tool to predict pancreatic cancer (Yan et al., 2005).
Overall, the detection of DNA methylation, either alone or in combination with other tumor
markers, will be helpful for screening and diagnosing pancreatic cancer.

Importantly, DNA methylation, unlike genetic changes, are considered to be reversible
biological alterations, so pharmacological agents that target this change are attractive potential
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strategies for treating cancer. Drugs that target the DNA methyltransferase are promising
chemotherapeutic agents because this enzyme is a limiting factor for DNA methylation.

Yang et al (Yang et al., 2010). demonstrated that the inhibitor decitabine (5-aza-dC, 2'-deoxy-
5-azacytidine DNMT inhibitor) could inhibit pancreatic cancer cell growth, induce
apoptosis, induce ARHI gene demethylation and induce ARHI re-expression. Many studies
have demonstrated that tumor-suppressor gene expression can be restored by DNMT
inhibitors to induce pancreatic cancer apoptosis, including NPTX2, BNIP3, SOCS-1, WWOX,
and cyclin D2. Although demethylating drugs have been approved by the FDA to treat
MDS, these demethylating drugs must be further investigated to understand the mechanism
that prevents pancreatic cancer progression and to predict potential side effects
(Matsubayashi et al., 2006; Sato & Goggins, 2006).

2.4.5 Histone modifications and pancreatic cancer

Histone proteins influence chromatin accessibility and gene activity through post-
translational modifications (Bernstein et al., 2007; Gaudet et al., 2003; Ting et al., 2006).
Histone acetylases/deacetylases, the polycomb group proteins, and HP1 are the key histone
protein complexes that influence chromatin accessibility and gene activity. Histone
modifications have been linked to the altered expression of several critical genes in
pancreatic cancer, including the IL-13 receptor, MUC17, MUC4, MUC1 and MUC2 (Esteller,
2007; Fujisawa et al., 2011; Kitamoto et al., 2011; Vincent et al., 2008; Yamada et al., 2008).

The importance of histone modifications lies in their potential use as a diagnostic and
therapeutic intervention. For instance, it has been shown that histone deacetylase inhibitors
induce apoptosis of human pancreatic cancer cells. Donadelli M found that histone
deacetylase inhibitors, in combination with conventional chemotherapeutic drugs, such as
gemcitabine, leads to a synergistic inhibition of pancreatic adenocarcinoma cell growth. In
addition, targeting the Polycomb members and HP1 has also been shown to be effective in
inhibiting pancreatic cancer cells. Furthermore, Manuyakorn A et al. showed that the
pattern of H3K4ME2, H3K9me2 and H3K18ac can predict the prognosis and treatment
response of patients (Donadelli et al., 2007; Garcia-Morales et al., 2005; Haefner et al., 2008;
Manuyakorn et al., 2010; Yamada et al., 2006).

Recently, many studies have focused only on somatic genetics; however, these areas
represent only a small portion of mechanisms that contribute to gene alteration in pancreatic
cancer. Epigenetic changes, including CpG island hypermethylation, hypomethylation, and
histone modifications, comprise a new arena for pancreatic cancer research, which may
provide new diagnostic and therapeutic tools to combat pancreatic cancer. However, many
fundamental questions about the biological and clinical significance of epigenetic changes
have yet to be answered, and further studies are needed to do to create effective clinical
applications for pancreatic cancer.

2.5 Aberrant microRNA expression in pancreatic cancer
2.5.1 Introduction to microRNA

MicroRNAs(miRNAs) are non-protein-coding RNA molecules that are approximately 22
nucleotides and regulate gene function in various silencing pathways. These molecules are
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also encoded by genes and are transcribed by RNA polymerase II. miRNAs are
phylogenetically conserved and play an important role in cell survival, proliferation,
differentiation, apoptosis and angiogenesis (Ambros, 2004; Farh et al., 2005). miRNAs
expression patterns differ, depending upon the cell, tissue, and disease type.

miRNAs regulate their targets by direct mRNA cleavage or translational inhibition and each
miRNA can regulate multiple target genes.In the most recent database (miRBase release 15),
over 21,643 mature miRNAs have been identified in 168 species (Kozomara & Griffiths-
Jones, 2011).

2.5.2 miRNAs and pancreatic cancer

The overexpression and deregulation of several miRNAs has been observed in human
cancers (Lu et al., 2005; Metzler et al., 2004; Takamizawa et al., 2004). These studies have also
shown that miRNA expression signatures correlate well with specific cancer clinical
characteristics and could be used to differentiate normal and cancerous tissues, as well as
subtypes of malignancy (Calin & Croce, 2006; Cummins & Velculescu, 2006; Dalmay &
Edwards, 2006).Deregulation of miRNAs in cancer may be caused by several changes: (1)
chromosomal regional gain, loss or translocation, (2) aberrant expression and activation of
transcriptional factors, (3) epigenetic alterations, or (4) changes in miRNA processing (Deng
et al., 2008).

The miRNA expression profiles in pancreatic tumor tissues are different from those
observed in the normal pancreas or in patients with chronic pancreatitis. Most miRNA
expression profile analyses show that miRNAs are deregulated in tumor tissues compared
with normal pancreatic tissue, and the expression pattern is tissue specific.

Szafranska et al. (Szafranska et al., 2007) demonstrated that two miRNAs, miR-216 and miR-
217, are pancreas specific, which was in agreement with two previous studies (Sood et al.,
2006). Furthermore, both miR-216 and miR-217 are absent or only minimally expressed in
pancreatic carcinoma tissues and cell lines. Therefore, miR-216 and miR-217 are potential
biomarkers. Based on clustering analysis, the three pancreatic tissue types (normal pancreas,
chronic pancreatitis and pancreatic cancer) can be classified according to their respective
miRNA expression profiles. Among 26 miRNAs that have been identified as most
prominently deregulated in PDAC, only miR-217 and miR-196a have been found to
discriminate between normal pancreas, chronic pancreatitis and tumor tissues. These
miRNAs are also potential biomarkers.

Zhang et al. (Zhang et al., 2009) evaluated 95 miRNAs, which were selected from pancreatic
cancer profiling, and correlated them with their potential biological functions, such as
cancer biology, cell development, and apoptosis. Among them, eight miRNAs (miR-196a,
miR-190, miR-186, miR-221, miR-222, miR-200b, miR-15b and miR-95) are differentially
expressed in most pancreatic cancer tissues and cell lines. These eight genes are all
significantly up-regulated, from 3- to 2018-fold, in pancreatic tumors compared with normal
control samples.

miRNAs are functionally classified as oncogenes or tumor suppressors based on whether
their targets are oncogenes or tumor suppressor genes. Therefore, oncogenic miRNAs are
upregulated in tumors, whereas tumor suppressor miRNAs are downregulated. Torrisani et
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al. (Torrisani et al., 2009) have reported that the tumor suppressor let-7 miRNA is expressed
in normal acinar pancreatic cells but is extensively downregulated in PDAC samples
compared with adjacent unaffected tissues.

2.5.3 miRNAs and clinical applications
2.5.3.1 miRNAs as biomarkers for pancreatic cancer diagnosis

Recent studies indicate that aberrant miRNA expression occurs early in the precursor
lesions during the multiple stages of pancreatic cancer development. In addition, miRNA
profiles may be assessed in more clinically accessible samples, such as pancreatic juice, and
may be used as a diagnostic tool.

Szafranska et al. (Szafranska et al., 2008) identified potential miRNA markers in EUS-FNA
biopsies of pancreatic tissue. The results show that the combined expression pattern of miR-
196a and miR-217 can differentiate PDAC cases from healthy controls and chronic
pancreatitis in the FNA samples. Furthermore, miR-196a expression is likely to be specific to
PDAC cells and is positively associated with the progression of PDAC.

The potential use of these miRNAs as biomarkers has been evaluated in pancreatic juices.
Habbe et al. (Habbe et al., 2009) have observed significant overexpression of 10 miRNAs in
IPMN:Ss (n = 15). miR-155 and miR-21 show the highest relative fold-changes in the precursor
lesions. The upregulation of both miR-155 and miR-21 in the subset of IPMN-associated
pancreatic juices was observed.

Wang et al. (Wang et al., 2009) have studied plasma samples from patients with PDAC and
found that four miRNAs (miR-21, miR-210, miR-155 and miR-196a) are able to differentiate
pancreatic cancer patients from healthy controls with moderate accuracy (64% sensitivity
and 89% specificity).

2.5.3.2 miRNAs as therapeutic targets in pancreatic cancer

Several studies have shown that the events leading to EMT are regulated by miRNAs
(Gregory et al., 2008; Korpal & Kang, 2008; Wellner et al., 2009). Li et al. (Li et al., 2009)
investigated the effects of let-7 and miR-200 on the morphological changes of EMT in
gemcitabine-resistant pancreatic cancer cells (GRPCCs). They noted several observations: (1)
the expression of miR-200 and let-7 is significantly downregulated in GRPCCs, which have
EMT characteristics; and (2) transfection of GRPCCs with miR-200 rescues the epithelial
phenotype by upregulating the epithelial marker E-cadherin and downregulating the
mesenchymal markers ZEB1 and vimentin.

Oh et al. (Oh et al.,, 2010) have shown that upregulation of let-7a results in the attenuated
expression of Kras and increased radiosensitization of pancreatic cancer cells. This suggests
that miRNA could be used as a valuable therapeutic option in radioresistant tumors that
have K-ras mutations.

Weiss et al. (Weiss et al., 2009) have shown that miR-10a expression promotes metastasis,
and repression of miR-10a inhibits invasion and metastasis in xenotransplantation
experiments using zebrafish embryos. These data also suggest new therapeutic applications
for miRNA in patients with metastatic pancreatic cancer.



Characterization of the Molecular Genetic
Mechanisms that Contribute to Pancreatic Cancer Carcinogenesis 47

Moriyama et al. (Moriyama et al., 2009) showed that miR-21 could be a target for a
therapeutic strategy for patients with chemoresistant pancreatic cancer. Ji et al. (Ji et al,,
2009) showed that miRNAs, such as miR-34, can be a novel molecular therapy for human
pancreatic cancer via inhibiting pancreatic cancer stem cell differentiation.

Overall, many reasearchers suggest that miRNA play an important role in pancreatic
carcinogenesis. However, many questions about the function and clinical application need
to be further answered for pancreatic cancer.

2.6 A multistep model that involves the accumulation of genetic alterations during the
development of pancreatic cancer

We now know that the development of pancreatic cancer, like other malignant diseases, is a
multistep process involving the accumulation of genetic and epigenetic mutations.
Furthermore, it has been shown that some genetic alterations occur early in the disease and
can be designated disease-promoting mutations, whereas others occur later and enhance the
oncogenic potential of earlier mutations. Three different types of preneoplastic lesions have
been identified in the pancreas: pancreatic intraepithelial neoplasia (PanIN), intraductal
papillary mucinous neoplasia (IPMN) and mucinous cystic neoplasms (MCN). Of these,
PanlIN lesions are the best characterized, both genetically and pathologically. A well-known
progression model of pancreatic cancer development explains that normal pancreatic ductal
cells progress from flat (PanIN-1A) and papillary lesions (PanIN-1B) without dysplasia to
papillary lesions with dysplasia (PanIN-2) to carcinoma in situ (PanIN-3) and finally to
invasive pancreatic cancer (Hruban et al., 2008).

There are two distinct genetic events that occur in the early stages of pancreatic cancer
PanIN -1 lesions: telomere shortening and K-ras mutations (Hruban et al., 2000). Activating
point mutations of K-ras occur in approximately 45% of PanIN-1 lesions (Hingorani et al.,
2003). Telomere shortening is found in approximately 90% of PanIN-1 lesions and may
contribute to global chromosomal abnormalities in PanINs (van et al.,, 2002). Inactivating
mutations of CDKN2A /p16 begin to occur in PanIN-2 lesions, whereas inactivation of TP53,
SMAD4/DPC4, and BRCA2 are generally associated with higher-grade PanIN lesions
(PanIN-3) (Schonleben et al., 2008).

Furthermore, a recent study described a cell surface marker-mediated system for identifying
pancreatic cancer stem cells. Pancreatic cancer cells share several features with embryonic
pancreatic cells, including activation of the Notch and Hedgehog signaling pathways, which
regulate the growth of many organs during embryogenesis and is aberrantly activated in
pancreatic cancer cells (Hong et al., 2011; Wong & Lemoine, 2009). The Notch pathway is a
critical regulator of pancreatic development and appears to be active in the early stages of
pancreatic cancer initiation as well as in invasive cancers. Activation of this pathway leads
to the proteolytic intramembrane cleavage of Notch receptors, which results in the release
and translocation of their active intracellular domain to the nucleus. Moreover, the
upregulation of several Notch target genes in invasive pancreatic cancer as well as
preneoplastic lesions suggests that this pathway is an important contributing factor in the
development of pancreatic cancer (Maitra & Hruban, 2008).

The activity of the Hedgehog pathway is another important pathway in the development of
the gastrointestinal tract and has been implicated in the development and maintenance of
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the pancreatic cancer phenotype. The Hedgehog family is composed of Sonic Hedgehog
(Shh), Indian Hedgehog (Ihh), and Desert Hedgehog (Dhh). Many studies have shown that
many of the components of the Hedgehog family show abnormal expression in pancreatic
cancer and precursor lesions (Dosch et al.,, 2010). These studies indicate that Hedgehog
signaling plays a role in the initiation and growth of pancreatic cancer (Kayed et al., 2006).
Overall, multistep changes and pathway involves the development of pancreatic cancer.

3. Conclusion

As in colorectal cancer, two distinct tumor categories exist in pancreatic cancer, which are
distinguishable by the predominant mutagenic mechanism. Most pancreatic cancers exhibit
chromosomal instability (CIN), which causes numerous gross chromosomal changes that
result in aneuploidy. A second category is characterized by microsatellite instability (MSI)
(Vogelstein & Kinzler, 2004), which results in a drastically decreased fidelity of DNA
replication and repair due to defects in the DNA mismatch-repair pathway. Therefore, MSI
tumors exhibit frequent errors during DNA replication, which are particularly pronounced
at repetitive sequences termed microsatellites.

In the past decade, major advances have been made in understanding the earliest
histological and molecular changes that occur in precursor lesions and cancers of the
pancreas (Hruban & Adsay, 2009). In addition, the identification of molecular signatures
that mark the earliest changes of carcinogenesis may lead to the earlier detection of
pancreatic cancer. Understanding the signature of molecular alterations that occur before
the development of invasive pancreatic cancer may lead to improved detection and survival
of pancreatic cancer patients.
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1. Introduction

Pancreatic cancer remains to be one of the most lethal solid tumours of the gastrointestinal
tract with a 5-year survival rate lower than 5%. It is characterised by late diagnosis,
aggressive local invasion, early systemic dissemination and resistance to chemo- and radio-
therapy. At the time of diagnosis more than 85% of patients have already developed
metastasis and are therefore not eligible for local treatments with curative intention such as
surgery or radiotherapy. Chemotherapy with Gemcitabine is the mainstay of palliative
treatment with modest antitumour effects in these patients.

The process of cancer initiation, progression and metastasis remains to be poorly
understood. Little is known about the development of metastatic progression and the
dissemination of cells from the primary tumour site into distant organs. A better
understanding and thorough investigation of the biology behind pancreatic cancer invasion
and metastasis is urgently needed. Current concepts and emerging fields of research in
pancreatic cancer metastasis shall be discussed in this chapter.

2. Mechanisms of metastatic evolution

Metastasis has been conventionally viewed as the last step in a cumulative process of
genetic alterations within cells of a primary tumour mass. For metastatic cells to progress,
they have to acquire distinct properties such as loss of cell adhesion, acquisition of an
invasive potential, ability of intravasation, transport through the circulation, extravasation,
formation of micro-metastases, and finally the ability to induce an angiogenic switch to form
macro-metastasis (Coghlin & Murray, 2010). This hypothesis has been recently challenged
by several groups (Bernards & Weinberg, 2002; Weinberg, 2008; Klein, 2008). An alternative
model is proposed that considers the genetic alterations accumulated at the initial stages of
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tumour’s evolution to be sufficient to promote the metastasis process. Two distinct models
arising from this hypothesis are discussed in the following section.

2.1 Metastasis: Progression models
2.1.1 Late metastasis (linear progression) model

This model is based on Leslie Fould's description of a step-wise progression of
morphological abnormalities accompanying cancer (Klein, 2009). It places selection of
genetic and epigenetic modifications mostly inside the established primary tumour for
competitive fitness. After multiple rounds, the cells may be able to proliferate relatively
autonomously at a competitive rate and seed to secondary metastatic niche sites (Fig.1). Late
disseminating cells are expected to be genetically identical to the parental cells of the
primary tumour and should be subject to similar tumour cell targeting therapeutic
modalities (Klein, 2008, 2009; Coghlin & Murray, 2010).
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Fig. 1. Models of metastasis evolution: in the late metastasis model, cells acquire genetic and
epigenetic modifications mainly in the primary tumour site of the organ. Mutated cells
disseminate within the blood stream into the final metastatic niche. However, in the early
metastasis model cells accumulate genetic alterations at distant sites and thus diverge from
the primary tumours at both genetic and epigenetic levels.
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2.1.2 Early metastasis (parallel progression) model

In contrast to the late metastasis model, here tumour cells are believed to leave the primary
site quite early up-on activation of factors such as Twist (master regulator of embryonic
morphogenesis) with a major role in metastasis during tumourigenesis (Yang et al., 2004)
and to diverge genetically at ectopic sites whereby they generate a further cascade of
metastatic cells (Fig.1). Owing to the different selection pressures at different niches
(metastastic sites) and inherent genetic instability of tumour cells, parallel progression
predicts greater variation among metastatic founder and primary tumour cells.
Consequently they may respond differently to systemically administered drugs (Klein, 2008,
2009; Coghlin & Murray, 2010).

2.2 Progression of metastasis in pancreas cancer

Whether the dismal prognosis of patients with pancreatic cancer compared to those with
other cancer types is a consequence of late diagnosis or early dissemination to distant organs
is still debated. In a study performed by Yachida et al., data generated from sequencing of
the genomes of seven pancreatic cancer metastases, were used to evaluate any clonal
relationship between primary and their corresponding metastatic cancers. After
development of the parental clone, clonal evolution continues within the parental site giving
rise to distant metastases. They provided evidence that primary pancreatic cancers contain a
mix of geographically and genetically distinct sub-clones, each harbouring large numbers of
cells that are present within the primary tumour years before the metastases become
clinically apparent (Yachida et al., 2010). Additional studies led to estimation of at least three
time-scales associated with tumour progression: the time between tumour initiation to
establishment of the founder cell of the parental clone (average 10 years, T1); the sojourn
time between the arising parental clone and its acquisition of metastatic potential (average
6.8 years, T2); and the time from metastatic dissemination to patient’s death (average 2.7
years, T3) (Yachida et al., 2010; Lubeck, 2010). Unfortunately, the vast majority of cancer
patients are diagnosed within the last two years of tumour development. The great
challenge would rather be the detection of these lesions during or shortly after T1, but
before T2-T3 i.e., the seeding of metastases.

3. The host and the tumour micro-environment

Malignant cells do not exist in isolation, but are rather intensely communicating with the
surrounding cells in their micro-environment such as microvessel endothelial cells,
macrophages, fibroblasts, bone-marrow-derived cells etc. These interactions significantly
contribute to tumour proliferation, local invasion and distant metastasis.

3.1 Pancreatic stellate cells: Role in pancreatic cancer metastasis

The transition of the pancreatic stellate cells (PSC) from a quiescent to an “activated” or
“myofibroblastic”” state plays a key role in various pathogenic disorders of the exocrine
pancreas. In quiescent state, PSC express intermediate filament proteins desmin, glial
fibrillary acidic protein (GFAP), vimentin and nestin. Up-on activation, induced by various
stimuli such as injury, PSC attain other markers such as smooth muscle actin (SMA), and
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interstitial collagen type 1. Therefore, activated PSC constitute a major source for
development of tissue fibrosis attributed to e.g. chronic pancreatitis and pancreatic
adenocarcinoma (PDAC) (Omary et al., 2007; Hwang et al., 2008).

Intense fibrotic reaction referred to as tumour desmoplasia is a hallmark of pancreatic
cancer (Cruickshank et al., 1986; Hwang et al., 2008; Bachem et al., 2008; He et al., 2007;
Erkan et al., 2010) whereby infiltrating carcinoma cells get surrounded by a dense fibrotic
stroma consisting mainly of collagen types I and III as well as fibronectin (Imamura et al.,
1995; Bachem et al., 2008). PSC, attracted by pancreatic cancer cells, get activated by various
paracrine stimulants and growth factors, such as platelet-derived growth factor (PDGF)
rendering them motile and proliferative, fibrogenic mediators such as transforming growth
factor beta (TGFf) which stimulate matrix synthesis resulting in this desmoplastic reaction,
cytokines such as interleukin Il-1, II-6, 11-8, and tumour necrosis factor alpha (TNFa) (Omary
et al., 2007; Bachem et al., 2008). Among the key implications of the desmoplastic reaction
are the promotion of survival and prevention of apoptosis of pancreatic tumour cells
through direct interaction with extra-cellular matrix (ECM), increased production of matrix
metalloproteases (MMP) and serine proteases such as members of the plasminogen activator
system (Vaquero et al., 2003; Edderkaoui et al., 2005).

Additionally, soluble factors produced by PSC themselves stimulate the proliferation and
survival of pancreatic cancer cells. Hwang et al. have shown that co-injection of PSC along
with pancreatic cancer cells increases tumour incidence, size, and metastasis in an
orthotopic model of pancreatic cancer (Hwang et al, 2008). In addition, combined
inoculation of human pancreatic cancer and stellate cells in a xenograft model was shown to
promote tumour growth and progression as compared to inoculation of tumour cells alone
(Bachem et al, 2008). In another study, significantly elevated expression of urokinase
plasminogen activator (uPA) as well as fibroblastic uPA receptor (uUPAR) was correlated
with liver metastasis of human pancreatic cancers, indicating a possible role of stromal
fibroblasts in promoting pancreas cancer dissemination. Co-culturing of peri-tumour
fibroblasts with metastatic BxPC3 pancreas cancer cells activates matrix metalloprotease-2
(MMP-2) and up-regulates uPAR expression, along with elevated expression of integrin
a6pl in BxPC3 cells. This suggests a possible interaction between integrins of cancer cells
and the uPAR of the stromal fibroblasts along the uPAR-uPA-MMP-2 cascade (He et al,
2007). Moreover, Buechler et al. demonstrate a de novo transcriptional regulation of uPAR
mRNA by the hypoxia-inducible factor-1 (HIF-1), accompanied by an increased rate of
hypoxia-induced metastasis (Buechler et al., 2009). Taken all together, pancreas cancer
growth and progression are accelerated via an orchestrated functional interaction among
carcinoma cells and stellate/stromal fibroblast cells.

3.2 Tumour-associated macrophages: Role in cancer metastasis

Tumour-associated macrophages (TAM) are bone-marrow-derived cells capable of
promoting tumour invasion, angiogenesis, immune evasion, and migration (Allavena et al.,
2008; Coghlin & Murray, 2010). In normal tissues, pathogenic challenge or wounding results
in the local expression of a variety of growth factors e.g. colony stimulating factor 1 (CSF1)
also known as macrophage CSF, granulocyte-macrophage CSF (GM-CSF), TGFp1, in
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addition to various chemokines such as CCL2, CCL7, CCL8, CCL3 CCL4. Such a milieu
recruits circulating monocytes and stimulates their differentiation into macrophages
(Pollard et al., 2004).

At the primary tumour site, hypoxia-related factors and oncogenic induction of pro-
inflammatory mediators mentioned above also result in the recruitment of macrophages
(TAM) as well as mobilisation of bone-marrow-derived progenitor cells. TAM may there-
after stimulate angiogenesis by expressing factors such as vascular endothelial growth
factor (VEGF), and angiopoietin 1/2 (ANGI1-ANG2). Moreover, they recruit
hematopoietic cells (e.g., mast cells or neutrophils) which exert similar functions (Pollard
et al., 2004).

Along with activated stromal cells, TAM act synergistically with malignant cells to degrade
the ECM and release growth factors favouring invasiveness. TAM promote invasion by
producing proteases that digest the basement membrane and remodel the stromal matrix.
Additionally, they produce multiple growth factors which stimulate the growth of the
tumour cells themselves (Pollard et al., 2004).

4. Local invasion and distant metastasis
4.1 The epithelial-to-mesenchymal transition (EMT)

Epithelial-to-mesenchymal transition (EMT) describes a biologic process in which polarised
epithelial cell under-go various bio-chemical modifications and ultimately gain
mesenchymal characteristics i.e., enhanced migration and invasiveness, increased resistance
to apoptosis, as well production of ECM components (Kalluri & Neilson, 2003). A proposal
has been made which classifies EMT into three different sub-types. Type 1 EMT is associated
with implantation and embryonic gastrulation and gives rise to the mesoderm, endoderm
and to mobile neural crest cells. On the other hand, type 2 EMT promotes organ fibrosis
mediated by inflammatory cells. The last type of EMT, type 3, is associated with cancer
progression and metastasis (Kalluri & Weinberg, 2009).

The EMT process is characterised by decreased expression of Epithelial cell-cell junction
molecule E-cadherin along with increased expression of non-epithelial cadherins mostly N-
cadherin and acquisition of mesenchymal cytoskeleton markers such as vimentin and SMA,
accompanied by nuclear beta-catenin accumulation (Shintani et al., 2006; Yang & Weinberg,
2008; Coghlin & Murray, 2010). Tumour cells undergoing EMT are typically seen at the
invasive fronts of primary tumours. These cells may eventually enter into subsequent steps
of the invasion-metastasis cascade namely intravasation, transport through the circulation,
extravasation, formation of micro-metastases, and colonisation (Fig. 2) (Thiery, 2002, 2003;
Fidler & Poste, 2008; Brabletz et al., 2001).

EMT is initiated by extra-cellular signals e.g. hepatocyte growth factor (HGF), fibroblast
growth factor (FGF), epidermal growth factor (EGF), and TGFP which activate multiple
EMT-inducing transcription factors notably Snail, Slug, zinc finger E-box binding homoebox
(ZEB1) and Twist (Savagner et al., 2001; Lee et al., 2006; Shintani et al., 2006; Kalluri &
Weinberg, 2009). Activation of EMT cascade also involves the disruption of cell-cell
adherens junctions and integrin-mediated adhesion in the ECM.
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Fig. 2. The role of EMT in cancer metastasis: epithelial tumour cells lose their polarity and
detach from the basement membrane. This situation is referred to as carcinoma in situ.
During the EMT process, primary epithelial tumour cells undergo various modifications
whereby they lose their epithelial markers and acquire mesenchymal properties, i.e. digest
the basic membrane and invade the surrounding tissue. The onset of angiogenic switch and
establishment of abnormal tumour neo-vasculature favours the intravasation of metastatic
cells into the blood-stream. Only a small fraction of disseminated tumour cells (DTC)
survive in circulation, extravasate into distant organs and form single cell or small tumour
colonies also called micro-metastases. DTCs or micro-metastases could remain dormant for
a prolonged period of time until they eventually switch to angiogenic macroscopic
metastatic lesion and become clinically apparent (Folkman & Kalluri, 2004; Almog et al.,
2009). Interestingly, metastatic lesions derived from carcinomas demonstrate the epithelial
characteristic of their primary tumour of origin suggesting that according to this model
mesenchymal to epithelial transition (MET) occur during tumour colonisation in the distant
sites.

4.2 Matrix metalloproteases (MMP)

MMP are a family of enzymes involved in degradation of ECM components e.g. collagen
and fibronectin (Jimenez et al., 2000). MMP of either malignant cells or induced fibroblasts
at the invasive front are thought to mediate cancer invasion and metastasis via disruption of
tumour cell adhesion molecules and degradation of basement membranes and other matrix
components.

Immunohistochemical studies have demonstrated over-expression of active MMP-2, MMP-9
(Gress et al., 1995; Koshiba et al., 1998), MMP-7 and MMP-11 (Bramhall et al. 1997) in
tumours with lymph node metastasis. The involvement of MMP-1 in promoting
angiogenesis and metastatic spread has been recently linked to pancreatic cancer (Abdollahi
et al., 2007). Using an orthotopic mouse model of pancreatic cancer, the MMP inhibitor
Batimastat was shown to improve the survival and to reduce growth of tumours in mice
implanted with HPAC, a moderately differentiated pancreatic cancer cell line (Zevros et al.,
1997). Recent work in multiple carcinomas suggests a crucial role of transcriptional
regulators Snail and Slug in the regulation of E-Cadherin expression (Gavert & Ben-Ze'ev,
2008). In pancreatic cancer, Slug is shown to promote the invasiveness of tumour cells
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through up-regulating ECM proteins such as MMP-9 along with remodeling of the actin
cytoskeleton (Zhang et al., 2011).

4.3 Growth factor expression patterns in pancreas metastasis

Among its pleiotropic effects TGFp was shown to potently induce EMT in different
tumours. TGFp signalling in pancreatic cancer is often attenuated because of alterations in
components of this pathway (Jonson et al., 2001). Using genetic array data, genes responsive
to TGFP in pancreas cancer cell line PANC-1 are depicted to be involved in ECM
remodeling, cell motility, adhesion, angiogenesis, cell cycle, proliferation and apoptosis
(Gaspar et al., 2006). Negative regulation of E-cadherin necessary for EMT has been
observed in PANC-1 cultures (Halder et al., 2005), and has been associated with lymph node
metastasis (Pignatelli et al., 1994). Regulation of JAGI by TGFp on the array is interesting
because its gene product Jaggedl (Notch ligand), is influenced by TGFP in cultured
epithelial cells. Notch signalling is an important cell signalling pathway involved in
regulation of the balance between cell proliferation, differentiation, and apoptosis. Notch-1
has been reported to induce nuclear factor kB (NFxB) promoter activity (Jang et al., 2004).
Down-regulation of Notch-1, and consequently of NFkB and MMP-9 inhibits invasion of
pancreatic cancer cells through matrigel (Wang et al., 2006). Inhibition of TGFp signalling
reduces PDAC growth and invasiveness (Gaspar et al., 2006).

TGFp signalling is altered in human pancreas cancer cells with one half of tumours showing
allelic deletions or inactivating mutations of the Smad4 gene. These cells show an enhanced
TGFpB-mediated EMT as determined by increased vimentin expression and decreased beta-
catenin and E-cadherin expression. TGFp-mediated invasion is suppressed in Smad4 intact
cells in vitro which show reduced dissemination in an orthotopic pancreatic cancer model
(Zhao et al., 2008). Interestingly, cells with an intact Smad pathway reveal reduced
activation of signal transducer and activator of transcription (STAT3). STAT3 is
constitutively activated in various carcinomas and plays a pivotal role in regulating cell
growth, cell survival and angiogenesis (Yu & Jove, 2003; Abdollahi et al., 2004). Inhibition of
STAT3 phosphorylation by Smad4 suppresses TGFp-mediated invasion and metastasis of
pancreatic cancer cells (Zhao et al., 2008). Therefore, reconstitution of Smad4 activity or
suppression of STAT3 down-stream signalling constitutes attractive targets to inhibit TGF[-
induced EMT and pro-metastatic effects.

Other factors known to be frequently over-expressed in several human malignancies and to
be associated with invasion of tumour cells are the insulin-like growth factor I receptor (IGF-
IR) and HGF receptor c-Met. IGF-IR over-expression and excessive activation are associated
with malignant transformation, tumour aggressiveness, and protection from apoptosis
(Macaulay, 1992; Sell et al., 1995). Over-expression of IGF-IR, reported in pancreatic
carcinomas, is regulated by AKT activation thereby promoting invasiveness of human
pancreatic cells (Tanno et al., 2001). Furthermore IGF-IR and c-Met co-operate
synergistically to induce migration and invasion of human pancreatic carcinoma cells (Bauer
et al., 2006).

EGFR is over-expressed in approximately 90% of pancreatic carcinoma and is associated
with poor prognosis. Blocking of EGFR signalling in various animal models reduces growth
and spread of pancreas carcinoma (Baselga & Arteaga, 2005). Of note, low-molecular weight



68 Pancreatic Cancer — Molecular Mechanism and Targets

tyrosine kinase inhibitors targeting EGFR such as erlotinib are the only class of targeted
inhibitors so far demonstrating additional mild benefits when combined with gemcitabine
versus gemcitabine mono-therapy in treatment of metastatic PDAC (Moore et al., 2007).
Accordingly, erlotinib is the only targeted therapy currently approved for clinical use in
PDAC. In extension of this work, dual inhibition of EGFR signalling using erlotinib (alone or
in combination with gemcitabine) and of hedgehog signalling with cyclopamine were
shown to inhibit tumour growth, increase apoptosis, and suppress the dissemination of
pancreatic cancer cells (Feldman et al., 2007; Mimeault et al., 2005, Hu et al., 2007).

4.4 Hypoxia and angiogenesis

The presence of significant hypoxia in pancreatic cancers has been long suspected due to the
relatively poor contrast agent enhancement of pancreatic cancer lesions suggestive of hypo-
vascular regions in e.g. computer tomography (CTscans, Megibow, 1992). Koong et al.
directly detected hypoxia in pancreas cancer by placement of intra-tumoural needles
measuring tissue oxygen levels at the time of resection in seven operable pancreatic cancer
patients (Koong et al., 2000). Hypoxia renders tumours more aggressive, and resistant to
chemo- and radio-therapy (Garcea et al., 2006, Abdollahi et al. 2005). Therefore, the
combination of desmoplastic reaction and strong intra-tumoural hypoxia synergistically
contribute to the inherent resistance of pancreas cancer against cancer therapies such as
chemotherapy.

For a tumour or any other tissue to grow above the size of 1mm3, recruitment of new vessels
is required. This process is termed tumour angiogenesis (Folkman, 1971). The “angiogenic
switch” is considered a hallmark of cancer and refers to the phenomenon in which the
balance of pro- and anti-angiogenic factors is shifted towards the pro-angiogenic state
(Hanahan & Folkman, 1996; Abdollahi et al, 2005 Hanahan & Weinberg, 2011).
Nevertheless, the hypo-vascular phenotype of pancreatic tumours observed by contrast
enhanced non-invasive imaging techniques misled the research in this field to precept that
angiogenesis is not playing a key role in development of PDAC. The role of an angiogenic
micro-environment in development of pancreatic cancer is only recently reported
(Abdollahi et al., 2007). It is shown that the angiogenic state gradually switches from normal
pancreas (off) to chronic inflammation (pancreatitis, intermediate) to primary pancreatic
tumour and distant metastases (on). These data indicate that aberrant pro-angiogenic micro-
environment might contribute to the 19-fold increased cancer risk in patients with chronic
pancreatitis (Abdollahi et al., 2007). Although several angiogenic factors have been
associated with PDAC, most of the studies have so far focused on VEGF reporting its pivotal
role in stimulation of endothelial cell proliferation, migration, gene activation, and apoptosis
evasion (Dvorak et al., 1995; Ferrara, 1999, Abdollahi et al. 2005). VEGF is a dimeric cytokine
with members including VEGF-A (most common isoform), VEGF-B, VEGF-C, VEGF-D and
VEGEF-E. VEGF-A exerts its effects on target endothelial cells via binding to its specific trans-
membrane tyrosine kinase receptors VEGFR-1 and VEGFR-2 (Ferrara, 1999; Dvorak, 2002).
Hypoxia has been shown to stimulate VEGF transcription in pancreatic carcinoma cell lines.
This requires Src activation and leads to increased steady-state levels of HIF-la and
increased phosphorylation of STAT3. Expression of VEGF in STAT3 or HIF-la dominant
negative mutants is significantly reduced. Together, STAT3 and HIF-1a are both required
for maximum transcription of VEGF mRNA following hypoxia (Gray et al., 2005).
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4.41 Local invasion and lymph-angiogenesis

Tumour cell dissemination may follow several patterns e.g. local invasion, lymphatics,
hematogenous spread, or direct seeding of body cavities or surfaces (Rubbia-Brandt et al.,
2004). The recent discovery of lymphatic endothelium-specific markers such as VEGFR-3,
LYVE-1 and lymph-angiogenic growth factors VEGF-C and VEGF-D has allowed better
understanding of tumour-associated de novo lymph-angiogenesis - the generation of new
lymphatic vessel - in the metastatic process (Kopfstein et al., 2007). The expression of VEGF-
C and VEGF-D is reported in a variety of human tumours and is correlated with markers of
lymphatic vessel density (LVD), lymph node metastasis and poor prognosis (Sleeman et al.,
2009). Tumour-associated lymphatic vessels have been reported to occur both peri- and/or
intra-tumourally with the latter case correlating with lymph node metastasis and prognosis.
In contrast to most tumours, in pancreatic carcinoma the correlation between lymph-
angiogenesis marker and worse prognosis is still controversially debated (Sleeman &
Thiele, 2009).

VEGF-C and VEGEF-D are the most extensively studied factors that enhance tumour-induced
lymph-angiogenesis and lymph node metastsasis (Thiele & Sleeman, 2006). VEGF-C is
highly expressed in pancreatic cancer tissue and cell lines, while its receptor VEGFR-3 is
expressed on cancer stromal cells. Thus, local tumour growth is promoted via paracrine
simulation of VEGFR-3 expressing stromal cells leading to the entry of cancer cells into peri-
tumoural lymphatics (Schneider et al., 2006). Kofstein et al. have used Ripl1VEGF-D
transgenic mouse model of pancreatic -cell carcinogenesis to investigate the functional role
of VEGF-D in inducing lymph-angiogenesis and tumour progression. They show that
VEGF-D expressing tumours exhibit peri-tumoural lymphangiogenesis along with
lymphocyte accumulations and hemorrhages, with frequent lymph node and lung but not
hepatic metastases (Kofstein et al., 2007). Similar to VEFG-D, transgenic expression of VEGF-
C in RiplVEGF-C model induces peri-tumoural, but not intra-tumoural lymph-
angiogenesis, and promoting lymph node metastasis without affecting blood vessel
angiogenesis (Mandriota et al., 2001).

Additional mechanisms are described to be involved in tumour lymph-angiogenesis e.g.
insertion of endothelial cells into the existing lymphatic endothelium. The existence of
lymphatic progenitor cells was attributed to the CD34+ CD133+ VEGFR-3+ expressing cells
which could differentiate into cells expressing vascular and lymphatic endothelial cell
markers (Salven et al., 2003). Moreover, expression of chemokine receptor CCR7 by tumour
cells enables them to migrate to lymphatic endothelial cells expressing the cognate ligand
CCL21. Interestingly, CCR7+ tumour cells could produce CCRY7 ligands and migrate with
the lymphatic fluid in a process referred to as autologous chemotaxis (Sleeman et al., 2009)

4.4.2 VEGF and liver metastasis

VEGF expression is closely related with micro-vessel density and seems to be a crucial
indicator for liver metastasis and a poor prognosis in pancreatic adenocarcinoma (Seo et al.,
2000). Elevated VEGEF levels are correlated with tumour size (Itakura et al., 1997) and liver
metastasis (Seo et al., 2000). Others have shown that the presence of TGFp in the tumour
micro-environment plays an important role in enhancing liver metastasis by modulating the
capacity of angiogenesis and immunogenicity (Teraoka et al., 2001). Histological studies in
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pancreatic cancer patients often show invasion into large veins and dissemination into the
liver. This is accompanied by elevated expression of MMP-2 and MMP-9 (Nagakawa et al.,
2002). VEGF levels were shown to be markedly elevated in liver metastases as compared to
non-tumour bearing liver. However, no correlation was found in VEGF expression between
liver metastases and primary pancreatic carcinoma (Tawada et al., 2008).

4.5 Role of chemokines in pancreas metastasis

Chemokines are low molecular-weight peptide ligands involved in the trafficking of
leukocytes and other motile cells (Murphy et al., 2000; Mellado et al., 2001). Their receptors
are cell-surface, seven trans-membrane G protein-coupled receptors. Many chemokines have
more than one ligand and can activate more than one receptor.

4.5.1 Role of the chemokine receptor CXCR4 in pancreas metastasis

CXCR4 has been detected on many leukocytes such as lymphocytes, monocytes, natural
killer cells, as well as on vascular smooth muscle cells, endothelial cells, and astrocytes
(Caruz et al., 1998; Wegner et al., 1998; Zhang et al., 1998; Balkwill, 2004). The chemokine
CXCL12, originally termed stromal derived factor 1 (SDF-1), is a ligand for CXCR4. In
normal adult, the interplay between CXCR4 and CXCL12 is critical for homing and retention
of hematopoietic progenitor cells in the bone-marrow (Richard & Blay, 2008). High levels of
CXCR4 are expressed by these progenitor cells, which in turn get attracted to CXCL12
produced by stromal cells in specialised bone-marrow niches (Aiuti et al., 1997). Stem cells
and some other differentiated cells in the pathological contexts of inflammation and tissue
regeneration or repair are also influenced by the chemo-attractant potency of CXCL12. It is
postulated that metastatic cancer cells subvert the physiologic function of CXCR4/CXCL12
in controlling cell migration and homing,.

It has been shown that CXCL12/CXCR4 axis promotes progression and dissemination of
various carcinomas. CXCR4 is over-expressed at high levels on cells of solid epithelial
cancers including pancreas, and CXCL12 concentrates in fluid-filled cavities through which
many cancers disseminate and at tissue sites where metastases develop (Richard & Blay,
2008). Most human pancreatic cancer tissues and more than 50% of pancreatic cell lines stain
positively for CXCR4 and express CXCR4 protein, respectively. Chemotaxis induction of
human pancreas carcinomas, as well as stimulation of their proliferation and survival is
induced by CXCL12 (Figure 3) (Marchesi et al., 2004; Koshiba et al., 2000). Kayali and
colleagues have shown in an interferon gamma-non-obese diabetic mouse model that
CXCL12 stimulates the phosphorylation of AKT, mitogen-activated protein kinase (MAPK),
and Src in pancreatic duct cells, and that it influences ductal cell migration. Blocking the
CXCL12/CXCR4 axis in this model leads to a reduced proliferation and increased apoptosis
of pancreatic ductal cells (Kayali et al., 2003). Moreover, CXCR4 small molecule antagonists,
such as TN14003, were shown to inhibit migration of human pancreatic cancer cells in vitro
via alteration of MAPK phosphorylation (Mori et al., 2004).

Recently, a study in 30 patients with pancreatic cancer was initiated to evaluate the
expression of CXCL12 and CXCR4 in tumour tissues, normal pancreas, and regional lymph
nodes. They report low CXCL12 levels in tumour tissues as compared to para-cancerous
tissues, normal pancreas, and lymph nodes. On the other hand, levels of CXCR4 in tumour
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tissues were markedly higher. Additionally, they depict a significant correlation among the
expression of CXCL12/CXCR4 axis and that of lymph node metastases (Cui et al., 2010).

Primary
tumour

-
< s PPN occiiz

Metastatic
site: liver

Fig. 3. Dissemination of tumour cells via the CXCL12/CXCR4 axis. Chemokine signalling
enhances tumour invasion, tissue remodelling and tumour resistance to apoptotic stimuli.
Moreover, pancreatic tumour cells expressing CXCR4 migrate towards the gradient of
CXCL12 released by distant organs such as lymph nodes, lung, and liver. Hence, in addition
to facilitating tumor invasion, the chemokine guidance plays a critical role in spread of
tumour cells from primary sites to form distant metastases.

Several factors regulating the expression of CXCR4 in tumour cells reside within the tumour
micro-environment. It has been shown that hypoxia via hypoxia-inducible factor 1 alpha
(HIF1a) upregulates CXCR4 (Staller et al., 2003). Accordingly, CXCR4 expression was found
to be enhanced in CXCR4-positive cell lines cultured under hypoxic conditions (Marchesi et
al., 2004). As mentioned above matrix metalloproteases such as MMP-2 and MMP-9 have
been associated with haematogenous tumour spreading. Chemokine and MMP activity
seems to be intertwined as treatment of tumour cell lines with CXCL12 were shown to
activate MMPs and trigger tumour cell invasion (Marchesi et al., 2004). Gao et al. proposed a
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crucial role for PSC in promoting the invasion of human pancreatic cancer cells through the
CXCL12/CXCR4 axis (Gao et al., 2010). In addition, CXCL12 was shown to protect CXCR4-
positive pancreatic tumour cells from serum starvation-induced death or interleukin-1-
induced damage via decreasing their rate of apoptosis (Marchesi et al., 2004). Together,
these data suggest an important role for chemokine signalling in matrix-remodelling,
tumour invasion and enhanced cell survival by evading apoptotic stimuli.

4.6 Influence of PPAR on pancreas metastasis

Peroxisome proliferator-activated receptors (PPAR) are ligand-activated transcription
factors belonging to the super-family of nuclear hormone receptors (Isseman & Green, 1990).
Three major sub-types have been described so far: PPAR-a, PPAR-3/6, and PPAR-y. PPAR-
vy has been recently shown to be over-expressed in pancreatic cancers (Eibl et al., 2004).
Troglitazone, a synthetic PPAR-y agonist/ligand, leads to G1 cell cycle accumulation and
inhibits cellular proliferation in vitro (Itami et al., 2001). Implantation of PANC-1 tumours in
nude mice shows significant inhibition of tumour growth treated with pioglitazone, another
PPAR-y agonist (Itami et al., 2001). In another study, both ciglitazone and 15d-prostaglandin
J2 (15d-PGJ2) were shown to inhibit the growth of four tested pancreatic cancer lines.
Treatment with 15d-PG]J2 significantly suppresses pancreatic cancer cell invasiveness which
is accompanied by a reduction of MMP-2 and MMP-9 protein levels and activity
(Hashimoto et al., 2002). The anti-tumour activity on pancreas cancer cell invasion was in
part attributed to the influence of PPAR-y ligands on the serine protease urokinase-type
plasminogen activator (uPA) and its receptor (uPAR) (Sawai et al., 2006). In addition,
synthetic PPAR-y agonists may impede metastasis formation via interference with
chemokine signalling by decreasing CXCR4 expression levels (Richard & Blay, 2008). Of
note, data generated with synthetic PPAR ligands known as PPAR “agonists” or
“antagonists” are not always matching data generated by genetic knock-down studies
suggesting that binding of synthetic ligands may induce additional or different effects, by
e.g. release of endogenous ligands (Lee et al., 2003; Plutzky, 2003). In this context, anti-
metastatic but not anti-proliferative effects were also reported after treatment of pancreas
cancer with a synthetic PPAR-y ligand (T0070907), known to be a specific PPAR-y
antagonist (Nakajima et al., 2008). In contrast, PPAR-y agonists were shown to inhibit the
growth of pancreas tumours via downregulation of VEGF and thus inhibition of tumour
angiogenesis (Dong et al., 2009). This is in line with previous observations suggesting an
involvement of PPAR-y signalling in the angiogenesis process (Panigrahy et al. 2002).
PPAR-a and PPAR-B/§, the two other members of this family were also proposed to play a
critical role in tumor growth and angiogenesis (Park et al., 2001, Abdollahi et al. 2007;
Miiller-Briisselbach et al., 2007; Wang et al., 2006; Kaipainen et al.,, 2007; Panigrahy et al.
2008). In particular, PPAR-f/0 expression levels were shown to be gradually increased from
normal pancreas to chronic pancreatitis to primary tumor and distant metastasis of pancreas
cancer (Abdollahi et al. 2007). Moreover, PPAR-f/ was found to play a central role within
a network of genes that govern the angiogenic switch process. Accordingly, targeted
removal of PPAR-B/8 in tumor microenviroment via implantation of wt-tumors in PPAR-
B/ knockdown mouse resulted in impaired tumor growth and angiogenesis (Abdollahi et
al. 2007). This data are consistent with other studies reporting on impaired wound healing
and reduced body fat; both processes known to be angiogenesis dependent (Peters et al.,
2000; Michalik et al., 2001).
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4.7 Genomic studies

Recent advances in high-through put sequencing analysis have improved our
understanding of genetic alterations in pancreatic cancer. In 2008 Jones et al. reported on
sequencing protein-coding exons from 20,735 genes in 24 pancreatic cancers. They found
that pancreatic cancer contains an average of 63 genetic alterations, the majority of which
were point mutations that could be assigned to a core set of 12 cellular signalling pathways
being altered in 67% to 100% percent of pancreatic cancers. These include, apoptosis (100%
affected), DNA damage control (83%), regulation of G1/S phase transition (100%),
hedgehog signalling (100%), homophilic cell adhesion (79%), integrin signalling (67 %), c-Jun
N-terminal kinase signalling (96%), K-Ras signalling (100%), regulation of invasion (92%),
small GTP-ase Ras-independent signalling (79%), TGF-f signalling (100%), and Wnt/Notch
signalling (100%). Although these pathways partially over-lap in the majority of the patients
tested, every individual tumour might reveal variations in the alterations observed in
pathway components. This perspective likely applies to most of epithelial cancers, and
explains the heterogeneity within individual genes and within individual tumours (Jones et
al., 2008).

Shi et al. have established a highly metastatic pancreatic cancer line SW1990HM from intra-
splenic injection of SW1990 tumor cells. Gene expression profiles of SW1990HM and
SW1990 cells show 40 metastasis-related genes expressed with a 3-fold difference. From the
40 genes 32.5% are assigned to be adhesion and ECM-related genes, namely matrix
metalloproteases (MMP-10, MMP-9, MMP-7), E-cadherin tumour suppressor gene (CDHI),
and the golgi enzyme glycosyltransferase (MGAT5). Another 30% are found to be cell-
growth and proliferation-related such as insulin growth factor 1 (IGF1), interleukin 8
receptor beta (IL8RB), integrin A7 (ITGA7), murine double minute oncogene (MDM2),
mesenchymal epithelial transition factor (MET), somatostatin receptor 2 (SSTR2), and VEGF
(Shi et al., 2009).

Thakur and colleagues have utilized Ela-c-myc transgenic mice, described previously to
develop acinar carcinoma (50%) as well as mixed ductal and acinar cell carcinoma (50%), to
show spontaneous metastasis to the liver (Liao et al., 2006, 2007, Thakur et al., 2008).
Microarray analyses revealed up-regulation of genes involved in DNA replication, cell
proliferation and cell cycle regulation, chromosome organization, and signal transduction.
Many genes are related to the maintenance of chromosomal structure and integrity such as
mini-chromosome maintenance 2 (MCM2), MCM5; MCM10; structural maintenance of
chromosome 211 (SMC211), SMC41l, SMC51], RAD51, and BRCAL.

In alignment with these data expression analysis of two established cell lines (HPAC and
PANCI1) in terms of their patterns of invasiveness, reveals significant increase in the
expression of DNA repair genes. DNA copy number of BRCA1 and RAD51 genes is also
found to be increased in tissues isolated from metastatic pancreas cancer in comparison to
normal tissue from the respective sites (Mathews et al., 2011).

Thakur et al also described elevated expression levels of IGFBP1 and Serpinl in liver
metastatic tissues as compared to primary pancreatic tumours and normal pancreas. Both
genes are also known to be over-expressed in highly metastatic human pancreatic cell lines
(PANC28, CoLo357fg, L3.6pl) in comparison to less metastatic cell lines (PANC1 and
BxPC3) (Thakur et al., 2008).
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5. Peri-neural invasion

Tumour peri-neural invasion (PNI), i.e., the neurotropism of pancreatic tumour cells and
their metastasis into the peri-neural space of peripheral nerves constitutes a unique feature
of pancreatic ductal adenocarcinoma (PDAC). PNI is associated with poor prognosis in
patients due to the fact that tumour cells disseminating along nerve fascicles are spared by
surgery and could therefore contribute to the local recurrence of pancreatic cancer (Marchesi
et al., 2010; Pour et al., 2003). The human pancreas harbours a large amount of neural tissue
and is innervated by the autonomic nervous system through plexi from the celiac and
superior mesenteric artery ganglia. In majority of pancreatic cancer patients (~90%) tumor
cells infiltrate intra-pancreatic nerves, with involvement of about 70% of extra-pancreatic
nerves. Neural infiltration by cancer cells along with the accompanying ultimate nerve
damage serve to cause the characteristic severe pain in pancreatic cancer patients (Pour et
al., 2003). Morphologic changes at the migration front include characteristic increased neural
density and hypertrophy and clustering of malignant cells around the neuritis (Ceyhan et
al., 2008; Dai et al., 2007).

5.1 Mediators and molecular mechanisms of PNI

Investigation of many pathologic sections reports an increase in the size of nerve fibres in
the vicinity of pancreatic tumours, suggesting the necessity of neurotropic factors, growth
factors, and axonal guidance molecules as key players in this aspect (Chedotal et al., 2005;
Chilton et al., 2006). Major neurotropic factors, such as neurotropins (NT) which include
nerve growth factor (NGF), brain-derived nerve growth factors (BDNF), NT-3, NT-4, and
NT-5, are over-expressed in tumour cells and intra-tumoural nerves (Ketterer et al., 2003).
Other factors including hematopoietic colony stimulating factors (G-CSF) and their
receptors (G-CSFR and GM-CSFRa) have also been shown to be expressed at high levels in
pancreatic tumour micro-environment and to be associated with induction of pain. To this
end, injection of anti-sera containing neutralising anti-bodies against G-CSF and GM-CSF
receptors in a murine model of tumour-induced bone pain prevents hyperalgesia and
reduces the number of nerves branching into the skin surrounding the tumour
(Schweizerhof et al., 2009). In addition, myelin associated glycoprotein (MAG or Siglec-4a),
expressed by Schwann cells bind to mucin 1 (MUC1) enriched on the surface of pancreas
tumour cells (Swanson et al., 2007).

5.2 Chemokines and tumour PNI

CX3C chemokine receptor 1 (CX3CR1) also known as the fractalkine receptor or G-protein
coupled receptor 13 (GPR13) are known to be involved in leukocyte adhesion and
migration. Cells expressing this receptor bind to corresponding ligand CX3CL1 expressed
on the surface of neurons, nerve fibres, and activated endothelial cells (Marchesi et al., 2010).
In contrast to normal pancreas cells, tumour cells over-express CX3CR1 which in turn
stimulates PNI. A large fraction (~90%) of pancreatic cancer biopsies are CX3CR1 positive
and high receptor expression is associated with prominent PNI in pancreas cancer (Marchesi
et al,, 2008). A novel CX3CR1 antagonist has been recently developed and shown to block
the cell adhesion along the CX3CL1/CX3CR1 axis (Dorgham et al., 2009). Thus, interference
with CX3CL1/CX3CR1 signalling poses an attractive approach in prevention of PNIL. Figure
4 illustrates some molecular mechanisms known to be involved in PNI.
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Fig. 4. Molecular mechanisms of PNI: Tumour cells expressing CX3CR1 and MUC-1
infiltrate the peri-neural space and adhere to CX3CL1 and Siglec-4a on the surface of neural
cells. Both cell types secrete neurotropins which are crucial for sustaining growth and
survival of both cell types. Pain perception is influenced upon the interaction between CSF
secreted by tumour cells and their receptors CSFR on the surface of neural cells.

A novel method has been developed by Abiatari et al. to monitor ex vivo PNI of PDAC
tumor cells into surgically resected rat vagal nerves. Genome-wide transcriptional analyses
deciphered a set of differentially regulated genes in high versus low invasive pancreas
tumour cells. Kinesin family member 14 (KIF14) and Rho-GDP dissociation inhibitor
(ARHGDIp) are among two candidate PNI genes identified. Increased expression of both
proteins was confined to tumour cells invading the peri-neural niche in pancreatic tumour
patients. Finally, functional knock-down of KIF14 and ARHGDIp resulted in altered PNI of
tumour cells (Abiatari et al, 2009). These data indicate that a better molecular
characterization of the PNI process is a prerequisite for development of targeted therapies
aiming to inhibit the pancreatic cancer metastasis.
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6. Pancreatic cancer stem cells

An emerging field of cancer research attempts to identify cellular hierarchies among the
tumour cell population. Evidence are provided for tumor cells with self-renewing and stem-
cell-like characteristics within solid tumours termed tumour-initiating cells (TICs) or cancer
stem cells (CSC) (Reya et al., 2001; Al Hajj et al., 2003; Singh et al., 2004 O’Brien et al., 2007;
Ricci-Vitani et al., 2007). It is hypothesised that CSC undergo EMT at the invasive front of
primary tumours and migrate to colonise new tissue. The concept of “migrating CSC”
describes a cancer stem cell which possess both an element of stemness and mobility
(Brabletz et al., 2005). The relationship between CSC and pancreatic cancer progression was
investigated by Li et al. (2007). They have chosen cancer stem cell markers based on
previous work on breast cancer stem cells. These include the cell surface markers CD44,
CD24, and epithelial-specific antigen (ESA). CD44+ CD24+ ESA+ pancreatic CSC
demonstrate typical features observed in adult stem cells such as the ability of self-renewal,
generation of differentiated progeny, and activation of developmental signalling pathways
such as sonic hedgehog (Li et al., 2007). They further reported that only hundred human
CD44+ CD24+ ESA+ pancreatic CSC are required to generate subcutaneous tumours in 50%
of immuno-compromised SCID mice.

CD133 is yet another potential marker discussed to be characteristic for pancreatic CSC
(Hermann et al., 2007). They showed that the capacity of cells to form primary tumours
following orthotopic implantation in nude mice was exclusive to the CD133+ sub-population
which also demonstrated inherent resistance to gemcitabine chemotherapy. Further studies on
highly metastatic pancreatic cancer cell line L3.6pl identified two sub-sets of tumour cells
based on the expression of CXCR4 receptor (Miller et al., 2008). Depletion of CXCR4 subset of
CD133+ pancreatic CSCs precluded the formation of spontaneous liver metastases. In line with
above mentioned data, CXCL12 appears to be the strongest inducer of migration in CD133+
cancer cells in vitro. A component of the therapeutic plant Boswellia serrata, acetyl-11-keto-p-
boswellic acid (AKBA), has been shown to down-regulate CXCR4 expression in pancreatic
tumour cells and suppress cancer cell invasion (Park et al., 2011). Negative staining of
cytokeratin epithelial cell marker in the CD133+ (in contrast to CD133- CSC) indicated EMT
phenotype, thereby explaining their invasive potential (Mani et al., 2008). Blocking of the
CXCL12/CXCR4 interaction with the CXCR4 non-peptidic antagonist reduces the spread of
CD133+/CXCR4+ invasive pancreas cancer cells (Hermann et al., 2007).

Correlation between CD133 expression and lymph node metastasis in pancreatic cancer was
investigated by Maeda et al. Immunohistochemical assessment of samples from 80 patients
with PDAC after surgery revealed <15% CD133+ tumours cells per tumour in only 60% of
specimen (48/80) suggesting a low frequency of these cells in PDAC. However, if CD133+
cells were detected they were cytokeratin negative and were confined to the glandular
structures in the periphery of tumours. CD133 expression significantly correlated with
clinicopathological parameter including VEGF-C expression, lymphatic invasion and lymph
node metastasis (Maeda et al., 2008).

7. Conclusion

A better comprehension of the processes governing the formation of metastases is critical
towards development of more advanced cancer treatment modalities. Various theories of



Pancreatic Cancer: Current Concepts in Invasion and Metastasis 77

metastatic cancer progression have lately emerged. In contrast to late dissemination model
early dissemination and parallel evolution of tumours in primary vs. metastatic sites impact
current perception of tumour heterogeneity and consequently will impact the development
of targeted cancer treatment strategies. The emergence of novel sequencing and high-
through put genetics methods will hopefully assist cancer research in defining the relevance
of each model in pancreatic cancer development.

Acquisition of multiple genetic aberrations in the tumour cells is crucial for initiation of
cancer. However, the communication of tumour cells with tumour-micro-environment is a
prerequisite for successful tumour progression towards metastatic disease. Therefore, a
better understanding of molecular mechanism underlying the orchestrated action between
tumor cells and its micro-environmetal participants such as stellate cells, endothelial cells,
pericytes, immune cells and bone-marrow derived cells are urgently needed. The
contribution of angiogenesis, EMT, cytokine/chemokine axis, neurotropism, hypoxia and
tissue remodelling in development of pancreatic cancer are still in an early stage. Further
research is needed to elaborate the molecular characteristics of specific niches such as liver
vs. lymph nodes in development of PDAC metastases. In contrast to dynamic models
considering tumour cell plasticity as the pivotal force behind its ability to gain specific traits
when exposed to e.g. EMT or hypoxia stimuli, the existence of deterministic hierarchies
among pancreatic tumour cells as proposed by the emerging tumour stem cell community
remain elusive. In conclusion, a concerted multidisciplinary effort is needed to identify
novel targets, rationally design therapies and ultimately improve the treatment of this
devastating disease.
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1. Introduction

Growth factor signaling plays a critical role in cancer proliferation and invasion. Therefore,
molecules, involved in growth factor signaling have become the targets of cancer therapy,
and many drugs targeting growth factor signaling pathways have been developed. Some of
these drugs have been used clinically, while many more are being tested in clinical trials.
However, to date, molecule-targeted therapies for pancreatic cancer have not been
developed.

Nitric oxide (NO) was discovered two decades ago and was initially identified as an
endothelial relaxing factor. Subsequently, NO has been shown to play key roles in the post-
translational modification of proteins and the regulation of protein enzymatic activity. In
this paper, we present evidence indicating that NO influences cancer proliferation and
invasion, and discuss the mechanisms trough which NO is thought to exert these effects.

2. Production of NO in cells and tissues

NO is produced by three distinct genes products: neuronal and endothelial nitric-oxide
synthases (NNOS and eNOS) and inducible nitric-oxide synthases (iNOS) (Palmer et al.,
1987). The activities of nNOS and eNOS are tightly regulated by calcium-dependent
calmodulin binding, whereas iNOS does not require calcium ion or posttranslational
modification for its activity. As a result, iNOS expression is associated with prolonged,
exaggerated NO generation of up to > 1,000-fold greater than that generated by nNOS and
eNOS. Although iNOS expression is increased in macrophages and endothelial cells by
various stimuli, including acute inflammation, recent studies have revealed that iNOS is
expressed even in normal conditions in many tissues, including skeletal muscle and cancer
(Perreault and Marette, 2001; Xie and Fidler, 1998). The expression of iNOS protein has been
reported in pancreatic cancer cells, colon cancer cells, gastric cancer, breast cancer,
hepatocellular carcinoma, glioma cells, melanoma cells, and laryngeal squamous cell
carcinoma.
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3. NO-donors

Several types of reagents called NO-donors, are capable of releasing NO constitutively
(Table 1). S-Nitrosothiols (RSNO), which break down to form NO and the corresponding
disulphide (RSSR), are an important class of NO -donor drugs. NO-donors containing R-NO
(S-NO), are unstable and release NO upon breakdown. Decomposition of these compounds
is catalysed by Cu+ ions, which themselves can be formed by reduction of Cu?* ions by
thiols. Breakdown is accelerated by light at ultraviolet and optical wavelength and is
influenced by PH.

Organic nitrates such as nitroglycerin, isosorbide dinitrate and mononitrate, which have
long been used as vasodilators for the treatment of angina pectoris, release NO via both
enzymatic and non-enzymatic pathways. Iron-nitrosyl complexes such as sodium
nitroprusside (SNP), sydnonimine, and amine NONOate, all demonstrate NO donating
capacity. NO -donating non-steroidal anti-inflammatory drugs (NO-NSAIDs), which were
developed recently, are potential anti-cancer drugs (Gao et al., 2005). NO-NSAIDs consist of
a conventional NSAID to which an NO-releasing moiety is attached covalently. Glutathione
S-transferase -activated NO-donors such as JS-K, have shown some therapeutic promise in
cancer without hypotension (Weiss et al.).

NO-donor reagents offer a convenient source of NO for in vitro and in vivo experiments.
Researchers can thereby avoid use NO gas but must consider intrinsic half-life, metabolites,
and other activities derived from the unique moiety in choosing a NO-donor reagent.

S-Nitrosothiols

S-nitrosoglutathione (GSNO)

S-nitroso-N-acetylpenicillamine (SNAP)
Organ nitrates

Nitroglycerin (NTG)

isosorbide dinitrate (ISDN)
Iron-nitrosyl complex

sodium nitroprusside (SNP)
Sydnonimine

3-morpholino-sydnonimine (SIN-1)

Molsidomine
Diazeniumdiolate (NONOate)

Angeli's salt

Diethylamine

02-(2,4-Dinitrophenyl)

1-[(4-ethoxycarbonyl)piperazin-1-yl]diazen-1-ium-1,2-diolate (JS-K)
NO-donating NSAIDs

Nitric oxide-donating aspirin (NO-ASA)

NO-naproxen

NONO-ASA

Table 1. NO donors
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4, Actions of NO in vivo
4.1 cGMP-dependent actions

Guanylyl cyclases (GC) are expressed in the cytoplasm of almost all mammalian cells and
mediate a wide range of important physiological functions, including inhibition of platelet
aggregation, relaxation of smooth muscle, vasodilation, neuronal signal transduction, and
immunomodulation (Collier and Vallance, 1989). GCs have evolved to synthesize cGMP in
response to diverse signals, such as NO. NO activates GC by binding directly to heme to
form a ferrous-nitrosyl-heme complex. Endogenous and exogenous compounds, including
autocoids, hormones, neurotransmitters, and toxins, produce cellular responses through
c¢GMP. The specificity of cellular responses to cGMP is dictated by cGMP-binding motifs in
target proteins PKA (cAMP-dependent protein kinase) and PKG (cGMP-dependent protein
kinase) (Francis and Corbin, 1999), cyclic nucleotide-gated cation channels (Biel ef al., 1999;
Kaupp, 1995) and cGMP-regulated phosphodiesterases (Beavo, 1995).

4.2 cGMP-independent actions

The major cGMP-independent actions of NO are nitrosative post-translational
modifications, including protein S-nitrosylation and tyrosine nitration. Post-translational
modification of proteins by S-nitrosylation, attachment of nitrosonium ion (NO) to cysteine
sulfhydryls, is a major mode of signaling in mammalian cells

Indeed, critical signaling molecules and transcription factors are primary targets of NO
(Stamler et al., 2001). To date, over 100 proteins have been shown to be S-nitrosylated both in
vitro and in vivo. In many of these proteins, S-nitrosylation leads to functional alterations.
Signaling proteins that are directly modified by S-nitrosylation include Ras, Akt, JNK,
PTEN, IxB kinase, and Bcl2. (Azad et al.; Lander et al., 1997; Numajiri ef al.; Park et al., 2000;
Reynaert et al., 2004; Yasukawa et al., 2005)

5. Roles for NO in cancer

Conflicting results have been reported regarding the roles of NO in cancer. Recent papers
reported that endogenous NO promotes oncogenesis and angiogenesis in various cancers
(Ambs et al., 1998; Camp et al., 2006). In contrast, other studies have shown that NO inhibits
cell proliferation and induces apoptosis in various cells including cancer cells, in vitro and in
vivo (Chawla-Sarkar et al., 2003; Jarry et al., 2004; Kalivendi et al., 2001; Kotamraju et al., 2007;
Notas et al., 2006; Peshes-Yaloz et al., 2007; Wang et al., 2003). These studies suggest that NO
can act either as a tumor suppressor or a tumor enhancer depending on cell type and the
level of NO in the cells. However, the molecular mechanism underlying the inhibitory
effects of NO on cancer viability, remains unclear.

5.1 Roles in carcinogenesis and cancer promotion

NO and reactive nitrogen species (RNOS) induce the formation of nitrosamines, which can
cause cancers in a wide variety of animal species. Nitrosation of nucleic acid bases leads to
deamination which in turn results in mutagenic or carcinogenic conversion cytosine to uracil,
guanine to xanthine, methylcytosine to thymine and adenine to hypoxanthine (Caulfield ef al.,
1998; Wink et al., 1991). RNOS can cause both single- and double- strand breaks in DNA.
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Furthermore, NO inhibits DNA repair proteins and poly- (ADP-ribose) polymerase (PARP),
which regulates DNA repair and apoptosis (Sidorkina et al., 2003). Thus, NO induces DNA
damage that can lead to carcinogenesis.

NO can promote cancer by enhancing vascularization, which favors growth and metastasis ,
and by inhibiting apoptosis. NO induces the expression of VEGF in carcinoma cells and
suppresses angiostatin and thrombospondin-1, inhibitors of angiogenesis, resulting in
promotion of tumor vascularization (Cooke and Losordo, 2002; Dulak et al., 2000). The
growth of xenografted murine mammary adenocarcinoma which expresses iNOS is reduced
by treatment with iNOS inhibitor (Thomsen et al., 1997). Nitric oxide (NO)-mediated S-
nitrosylation of Bcl-2 prevents its ubiquitination and subsequent proteasomal degradation,
leading to inhibition of apoptosis. NO-mediated S-nitrosylation and stabilization of Bcl-2
protein was the primary mechanism involved in the malignant transformation of
nontumorigenic lung epithelial cells in response to long-term carcinogen exposure (Azad
etal).

5.2 Anti-cancer effects

In contrast to the aforementioned effects of NO, other studies have shown that NO inhibits
cell proliferation and induces apoptosis in various cells including cancer cells, in vitro and in
vivo (Chawla-Sarkar et al., 2003; Jarry et al., 2004; Kalivendi et al., 2001; Kotamraju et al., 2007;
Notas et al., 2006; Peshes-Yaloz et al., 2007; Wang et al., 2003). Nitrosylcobalamin (NO-Cbl),
an analog of vitamin B12 that delivers nitric oxide (NO) and xhibits anti-tumor activity; NO-
Cbl increases the expression of tumor necrosis factor-related apoptosis-inducing ligand
(Apo2L/TRAIL) and its receptors, resulting in apoptosis of human tumors. (Chawla-Sarkar
et al., 2003). The tumor suppressor P53 participates in numerous critical cellular functions
including gene transcription, DNA repair, cell cycle control, genomic stability, and
apoptosis (Gottlieb and Oren, 1996; Harris, 1996) . DNA damage, especially DNA double
strand breaks caused by ionizing radiation or other exogenous mutagens, induces p53
protein accumulation and activation, leading to cell cycle arrest during G1/S transition
(Huang et al., 1996). High concentrations of nitric oxide (NO), inducing DNA damages, also
triggers wild-type p53 protein accumulation and apoptosis (Messmer ef al., 1994). In
addition, nitric oxide induces death of colon cancer cells through down-regulation of beta-
catenin via proteasome-independent degradation (Prevotat et al., 2006). Some report
document specific effects of NO in pancreatic cancer. Decker et al. reported that human
pancreatic cancer cells engineered to overexpress eNOS show down-regulation of liver
metastasis and tumor growth in mice (Decker ef al., 2008). Wang et al. established a role of
NOS2 in pancreatic cancer growth and metastasis in an animal model. They demonstrated
that pancreatic cancer clones expressing low levels of NOS 2 produced tumors in the
pancreas which metastasized to the liver, whereas those expressing high levels of NOS 2 did
not (Wang et al., 2003).

6. Growth signaling in cancer

Insulin/insulin-like growth factor (IGF) signals play a key role in cancer proliferation and
invasion (Bergmann ef al., 1995; Furukawa et al., 2005; Kim et al., 2007). Insulin/IGF-I and
IGF-1I bind to insulin/IGF-I receptors, leading to tyrosine phosphorylation of the cognate
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receptors. Insulin receptor substrate (IRS)-1, an adaptor protein, exists mainly in the cytosol,
and binds to phosphorylated insulin receptor (IR) and IGF-I receptor (IGF-IR), resulting in
the phosphorylation and activation of IRS-1. IRS-1 activates phosphatidylinositol-3 kinase
(PIBK), which in turn activates further down-stream components, including Akt/PKB and
glycogen synthase kinase (GSK)-3p. Alternatively, phosphorylated and activated IRS-1 can
also bind to another adaptor protein, Grb-2, which activates mitogen-activated protein
kinase (MAPK), another major insulin/IGF signaling cascade parallel to the PI3K-Akt/PKB
pathway (Ito et al., 1996; Tanaka and Wands, 1996). IRS-1 protein expression is detected in
several types of cancer, including pancreatic cancer, breast cancer, and hepatic cell
carcinoma (Asano et al., 2005; Chang et al., 2002). Thus, insulin/IGF signaling is thought to
play a major role in not only metabolic actions, including stimulation of glucose uptake and
synthesis of glycogen and protein, but also in cancer viability including proliferation and
invasion. IRS-1 is a key molecule in insulin/IGF signaling that transduces a signal from
IR/IGF-IR to both PI3K and MAPK pathways (Asano et al., 2005).

Epidermal growth factor (EGF) signaling also plays a key role in cancer proliferation and
invasion. EGF binds to EGF receptor (EGFR) and triggers tyrosine phosphorylation of the
receptor. Phosphorylated EGFR activates phosphatidylinositol-3-kinase (PI3K), which
activates further down-stream components, including Akt. Alternatively, phosphorylated
EGEFR can also activate the Ras/MEK/ERK pathway, another major EGF signaling cascade
parallel to the PI3K/ Akt pathway.

In the section to follow, we present our data showing effects of nitric oxide on growth factor

signaling.
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7. NO regulates growth signaling
7.1 NO regulates insulin signaling in skeletal muscle

Expression of iNOS is elevated in skeletal muscle of patients with type 2 diabetes (Torres et
al., 2004) and in high fat diet-induced diabetic mice. Perreault and Marette showed that
disruption of the iNOS gene protects against high fat diet-induced insulin resistance in mice
(Perreault and Marette, 2001). Furthermore, we demonstrated that disruption of the iNOS
gene reverses IRS-1 protein reduction in skeletal muscles of leptin deficient obese mice and
NO-donor treatment induces proteasome-dependent IRS-1 degradation in skeletal muscle
cells (Sugita ef al., 2005). Thus, NO inhibits insulin signaling and is associated with IRS-1
protein degradation, resulting in insulin resistance. This may explain the occurrence of
insulin resistance in patients with inflammation or diabetes.

7.2 NO influences insulin/IGF signals in MIAPaCa-2 cells

We examined whether NO influences on insulin/IGF-I signaling in MIAPaCa-2 cells, a
pancreatic cancer cell line. Protein expression and phosphorylation were detected by
immunoblotting using specific antibodies. SNAP, a NO -donor, inhibited insulin-stimulated
tyrosine phosphorylation of IR, IRS-1, the phosphorylation of Akt/PKB at Ser 473, and GSK-
3p at Ser 9. In addition, SNAP inhibited IGF-I-stimulated tyrosine phosphorylation of IGF-IR
and IRS-1, phosphorylation of Akt/PKB at Ser 473, and GSK-3f at Ser °. Furthermore, SNAP
reduced IRS-1 protein expression, although this did not alter the expression of other IGF
signaling proteins, including IGF-IR, Akt/PKB, GSK-3p and Erk 1/2 or of p-actin protein.
SNAP induced phosphorylation of Erk 1/2 without stimulation by insulin/IGF-I, and
enhanced the insulin/IGF-1-stimulated phosphorylation of Erk 1/2; however, SNAP did not
influence Erk 1/2 protein expression in MIAPaCa-2 cells (Figure 2A and B).
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GSNO, a NO-donor, inhibited IRS-1 protein expression in MCF-7 as well as MIAPaCa-2 cells
in a dose-dependent manner, but did not influence IRS-1 protein expression in MB 468 and
Panc-1 cells, which exhibited less IRS-1 protein expression (Figure 3A). The proteasome
inhibitor, MG132, completely reversed the reduction of IRS-1 protein expression by NO-
donors in MIAPaCa-2 cells. Neither GSNO nor MG132 influenced GSK-3p and p-actin
protein expression (Figure 3B). To further investigate IRS-1 protein degradation induced by
NO-donor, cDNA constructs of IRS-1 full-length, IRS-1 DM1, IRS-1 DM2, and IRS-1 DM3
were produced and sub-cloned into mammalian expression vectors (Figure 3C). MIAPaCa-2
cells were transfected with these expression vectors. GSNO reduced IRS-1 full-length, IRS-1
DM]1, and IRS-1 DM3 protein expression, although GSNO did not alter IRS-1 DM2 and -
actin protein expression (Figure 3D). Ubiquitination of wild-type and mutant IRS-1 was
detected by immunoprecipitation using anti-Flag antibody followed by immunoblotting
with anti-ubiquitin. SNAP induced the ubiquitination of IRS-1 full-length, IRS-1 DM1, and
IRS-1 DM3, but did not induce the ubiquitination of IRS-1 DM2 (Figure 3E). These results
indicate that NO-donor is capable of inducing ubiquitination at multiple sites in the
carboxy-terminus of the IRS-1 protein.
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Fig. 3. NO donor downregulates IRS-1 protein expression through proteasome-mediated
degradation in MIAPaCa-2 cells

iNOS protein was detected by immunoblotting in Panc-1 cells, a pancreatic cancer -derived
cell line. IRS-1 protein expression was significantly increased by 1400 W, an iNOS specific
inhibitor, in a dose-dependent manner. Expression of Akt/PKB, B-actin, and Erk 1/2 protein
was unaffected by treatment (Figure 4A). GSNO inhibited IRS-1 protein expression,
upregulated by 1400W (Figure 4B). Treatment of 1400W enhanced IGF-I-stimulated tyrosine
phosphorylation of IRS-1, phosphorylation of Akt/PKB at Ser 473, and GSK-3p at Ser ¢ in
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Panc-1 cells. In contrast, 1400 W did not alter IGF-I-stimulated phosphorylation of Erk 1/2
(Figure 4C). These results indicate that endogenous NO produced by iNOS plays a role in
insulin/IGF-I signaling.
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Fig. 4. iNOS inhibitor 1400W upregulates IRS-1 protein expression and IRS-1/ Akt pathway
in Panc-1 cells, a pancreatic cancer cell line

Mammalian expression vectors, pCMV Tag 4/IRS-1 full- length, pPCMV Tag 4/IRS-1 DM2
and pCMV Tag 4A vector alone, were transfected into MIAPaCa-2 and incubated with G418
for the selection of protein-expressing cells for more than 14 days. Subsequently, the cells
expressing high IRS-1 full-length protein or IRS-1 DM2 protein were cloned.

Proliferation of MIAPaCa-2 cells was elevated in a culture medium containing serum or
IGF-1, while no proliferation was observed in a culture medium without serum or IGF-IL
Proliferation of cells overexpressing full-length IRS-1 was greater than that of vector alone-
transefected cells in the culture medium containing 10 % FBS. By contrast, the proliferation
of cells expressing IRS-1 DM2 was attenuated compared to cells transfected with full-length
IRS-1 or vector alone (Figure 5). The proliferation of cells transfected with full- length- IRS-1
was greater compared to that of vector alone-transfected cells in the culture medium
containing 100 nM IGF-I without 10% FBS, while IGF-I-stimulated proliferation of IRS-1
DM2- transfected cell was not observed (Figure 5). GSNO (200 pM) significantly reduced the
proliferation of vector alone-, IRS-1 full- length-, and IRS-1 DM2- transfected cells in culture
medium containing 10 % FBS or IGF-I. To further investigate the role of iNOS in IGF-I-
stimulated proliferation, we evaluated the effects of selective iNOS inhibitor, 1400W, in
Panc-1 cells cultured with IGF-I in the absence of FBS. Proliferation in Panc-1 cells was not
observed in the presence and absence of 1400W (100 uM), when cultured without serum or
IGF-1 (Figure 6A). 1400W significantly enhanced the proliferation of Panc-1 cells when
cultured with 10% FBS (Figure 6B). In the absence of 1400W, IGF-I failed to increase the cell
numbers of Panc-1. The combination of IGF-I and 1400W, however, increased the number of
Panc-1 cells (Figure 6C). These results provide further evidence for the involvement of
downregulation of IGF-I signaling in NO-induced inhibition of cancer cell proliferation.
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Fig. 5. and 6. NO inhibited the proliferation of cancer cell lines and IRS-1 protein expression
was associated with cancer cell proliferation

In vitro invasive potential of MIAPaCa-2 cells and Panc-1 cells was determined using
BioCoat Matrigel Invasion Chambers (Becton Dickinson, Bedford, MA). There was no
difference between the invasion of vector alone-, IRS-1 full-length-, and IRS-1 DM2-
transfected MIAPaCa-2 cells in the absence of the NO -donor. The addition of 200 pM GSNO
markedly reduced invasion in vector alone- and IRS-1 full-length-transfected MIAPaCa-2
cells but did not alter invasion in IRS-1 DM2-transfected MIAPaCa-2 cells (Figure 7A).
Invasion in Panc-1 cells incubated with 1400W (5 and 100 uM) was significantly greater than
that of untreated cells (Figure 7B).
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Fig. 7. Sensitivity of NO to invasion was dependent on IGF signaling

NO-donor treatment leads to several effects on insulin/IGF signaling in pancreatic cancer
cells. NO-donor treatment reduced IRS-1 protein expression via proteasome-dependent
degradation, and inhibited insulin/IGF-I-stimulated phosphorylation of Akt/PKB and GSK-
3, while enhancing phosphorylation of Erk 1/2 in pancreatic cancer cells (Figure 2, 3, 4).
NO-donor inhibited IGF-I-induced phosphorylation of Akt/PKB and GSK-3f in MIAPaCa-2
cells transfected with IRS-1 wild-type or vector, but not in cells transfected with a dominant
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negative carboxy-terminal deletion mutants (Tanaka and Wands, 1996) of IRS-1. This
indicates the importance of IRS-1 in the inhibition of insulin/IGF signal by NO. IRS-1
expression and IGF-I signaling have important roles in the proliferation and invasion of
MIAPaCa-2 cells and Panc-1 cells, consistent with previous reports on other cancer cells
(Kim et al., 2007; Shi et al., 2007, Tanaka and Wands, 1996). NO donor inhibited IGF-I
signaling, proliferation, and invasion in MIAPaCa-2 cells transfected with IRS-1 full-length
or vector. In contrast, treatment with a selective iNOS inhibitor upregulated IRS-1 protein
expression and insulin/IGF signaling, resulting in enhanced proliferation and invasion
activity in Panc-1 cells. These results indicate that the expression of IRS-1 protein is
regulated by endogenous NO production by iNOS as well as by exogenous NO, resulting in
the downregulation of IGF-I signaling and the inhibition of cancer proliferation and
invasion in MIAPaCa-2 and Panc-1 cells (Figure 4, 5, 6).

Furthermore, the carboxy-terminus as the site responsible for IRS-1 protein degradation by
NO, which is located in SH2-containing molecule binding site next the phosphotyrosine
binding (PTB) domain was detected. The observation of the ubiquitination and degradation
of IRS-1 deletion mutants indicates the possibility that there may be at least two sites
responsible for NO donor-induced ubiquitination in the IRS-1 protein. These data had been
published in 2010 (Sugita et al.)

In addition, NO inhibits Akt activity directly through post-translational modification,
(Yasukawa et al., 2005), which seems to contribute to NO-induced cancer inhibition.

Furthermore, we confirmed that NO-donors down-regulate EGF-stimulated phosphorylation
of EGFR and Akt in colon cancer cells (data not shown).

8. Therapeutic prospects

The wusefulness of cancer therapy using NO, including iNOS gene therapy and
administration of NO-donor, was recently confirmed in animal models (Adams et al., 2008;
Kiziltepe et al., 2007; Wang et al., 2004). Consequently, NO therapy has been focused on, and
is currently undergoing clinical evaluation for cancer prevention (Ma et al., 2007). This
should leads to clinical trials using NO -donors in the near future. Nitroglycerin, a NO-
donor, has long been used as a vasodilating, and the safety of nitroglycerin therapies is well
established. Nitroglycerin treatment on non-small cell lung cancer is currently planned as
a phase II clinical trial. A promising novel class of drugs, nitric oxide-donating NSAIDs
(NO-NSAIDs), has been found to be more active than classical NSAIDs against cancer (Rigas
and Williams, 2008). The effects of the NO-donating aspirin derivative, NCX 4040, on three
human pancreatic adenocarcinoma cell lines were recently described (Capan-2, MIA PaCa-2
and T3M4)(Rosetti et al., 2006). Clinical trials using NO-donors or NO-donating aspirin
derivatives are urgently required.
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1. Introduction

Syk (spleen tyrosine kinase) is a nonreceptor tyrosine kinase containing two tandem
amino-terminal SH2 domains, followed by an extended linker region and a carboxy-
terminal kinase domain (Sada et al., 2001). Tyrosine-352 (Y352) in the linker region is
trans-phosphorylated by src family members, promoting the activation of syk (Kimura et
al., 1996; Sada et al., 2001). Activation further involves the autophosphorylation of syk on
tyrosines 525 and 526 (YY525/6) in the activation loop of the kinase domain, which
promotes substrate-specific catalytic activity and is required for signaling by syk (Sada et
al., 2001; Zhang et al., 1998); this modification is thus indicative of the functional enzyme.
The active form of syk then localizes to appropriate substrates or bridging molecules
primarily through interactions with its SH2 domains and linker tyrosines (Kimura et al.,
1996; Sada et al., 2001).

Syk has been identified as a putative tumor suppressor in human breast cancer since
reintroduction of syk retarded the growth of syk-negative breast cancer cells, and
suppression of endogenous syk enhanced the tumorigenic phenotype of the resulting cells
(Coopman et al., 2000). Loss of syk correlates with poor survival and metastasis of breast
cancer in patients (Toyama et al., 2003), and syk regulates breast cancer cell mitosis (Zyss et
al., 2005) and transcription (Wang et al., 2005). Previously we identified syk as being a
pancreatic ductal adenocarcinoma (PDAC) tumor suppressor. Syk is uniformly expressed by
normal pancreatic ductal epithelium and well-differentiated (gradel; G1) PDAC; however
moderately-differentiated (grade2; G2) PDAC demonstrates progressive loss of syk, and
high-grade (grade3; G3), poorly-differentiated lesions are essentially devoid of syk in situ
(Layton et al., 2009). In fact, syk expression is a strong positive indicator of patient survival
(Layton et al., 2009). Mechanistically, we demonstrated that syk is a central mediator of
phenotypic changes regulating PDAC progression, including anchorage-independent
growth, cellular invasion, and gene expression changes responsible for epithelial-
mesenchymal transition (Layton et al., 2009). To assess the utilization of syk in pancreatic
ductal cells, we examined phosphorylation states of syk that correspond to upstream
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activation (tyrosine-352) and catalytic activity (tyrosines-525/6). We further examined the
activity of syk and the requirement for syk kinase activity in regulating cell growth and
invasion. Herein we show that although blockade of syk activity suppressed growth of
endogenously syk-positive PDAC cells in vitro, kinase activity is not required for syk-
dependent regulation of PDAC cell invasion. Phosphorylation of tyrosine-352 and tyrosines-
525/6 is detectable in pancreatic ductal epithelial cells in situ and in vitro, and inhibition of
syk kinase activity specifically retards the growth of endogenously syk-positive PDAC cells
in vitro. In contrast to our previous demonstration that syk regulates the invasion of avf3-
positive Pancl PDAC cells by attenuation of the matrix metalloproteinase-2 axis (Layton et
al., 2009), invasion of avp3-negative MIAPaCa2 and BxPC3 PDAC cells is metalloproteinase-
independent and involves the urokinase/plasminogen system, which is regulated by syk in
these cells. Thus we demonstrate that endogenous syk is active in pancreatic ductal
epithelial cells, and that syk kinase activity is required for growth regulation, but not
invasion suppression, by syk in this cell type.

2. Materials and methods
2.1 Cell lines and transfection

CAPAN2(G1), CFPAC1(G2), AsPC1(G2), BxPC3(G2), Panc1(G3) and MIAPaCa2(G3+) cells
were originally from ATCC and cultured accordingly. pCDNA3.1/IH/syk"t encoding myc-
tagged human syk linked to a hygromycin phosphotransferase gene through an IRES was
described previously (Layton et al, 2009). Kinase-dead (KD) syk was produced by
site-directed ~ mutagenesis of lysine-402 in the ATP-binding pocket of
pCDNA3.1/IH/sykwt using the following primers (K402R-FWD: 5-
GTGAAAACCGTGGCTGTGAGAATACTGAAAAACGAGGC-3'; K402R-REV: 5'-
GCCTCGTTTTTCAGTATTCTCACAGCCACGGTTTTCAC-3’). MIAPaCa2 cells were
transfected using Lipofectamine2000 (Invitrogen, Carlsbad, CA). BxPC3 cells were
electroporated as described previously (Layton et al., 2009). Stable populations were
hygromycin-selected and assessed for protein expression. For transient studies, pEF4-LacZ
reporter (Invitrogen, Carlsbad, CA) was cotransfected, and cells stained with x-gal to identify
and specifically quantitate transfected cells; average MIAPaCa2 transfection efficiency >95%.
In all cases, serum-free (SF-) media consisted of all components except serum, as appropriate
for the cell line, supplemented with 0.5% bovine serum albumin (BSA).

2.2 Antibodies and reagents

Anti-syk mAb 4D10 and anti-erk2 pAb C14 were from Santa Cruz Biotechnology (Santa
Cruz, CA). Anti-syk phospho-Y352 and anti-syk phospho-YY525/6 pAbs were from Cell
Signaling (Beverly, MA). Anti-phosphotyrosine mAb 4G10 and anti-myc tag mAb 4A6 were
from UBI (Lake Placid, NY). Function-blocking anti-integrin antibodies LM609 (avf3) and
PIF6 (avp5) and the MMP inhibitor N-(R)-[2-(Hydroxyaminocarbonyl)methyl]-4-
methylpentanoyl-L-napthylalanyl-L-alanine, 2-aminoethylamide (TAPI-1) were from
Chemicon/EMD (San Diego, CA). Function-blocking anti-uPA mAb 3689 was from
American Diagnostica (Stamford, CT). HRP- and FITC-conjugated secondary antibodies
were from Jackson Immunoresearch Laboratories (West Grove, PA). Nonspecific mouse
IgG1 antibody MOPC-21, purified rabbit IgG, piceatannol (3,4,3',5'- tetrahydroxy-trans-
stilbene), Crystal Violet and other chemicals were from Fisher Scientific (Pittsburg, PA).



Kinase Activity is Required for Growth Regulation but not
Invasion Suppression by Syk Kinase in Pancreatic Adenocarcinoma Cells 105

2.3 Immunohistochemistry

Patient tissue samples were obtained under approved UCSD Institutional Review Board
protocol from the UCSD Dept. of Pathology archives and stained essentially as described
previously (Layton et al, 2009). Briefly, samples were deparaffinized with xylenes,
rehydrated through sequential alcohols (100%, 95%, 70%, 50%), and incubated with 1% H>O:
to inactivate endogenous peroxidases. Slides were quenched with 50 mM glycine, and
blocked with 2% horse serum/5% BSA/phosphate-buffered saline (PBS), pH7.4, before
renaturing for 20min in a steamer using Target Retrieval Solution (DAKO North America;
Carpinteria, CA). Slides were allowed to cool and then incubated with the appropriate
primary antibody overnight at 4°C. Slides were washed and biotinylated-anti-rabbit applied
according to the VectaStain Elite ABC Kit (Vector Labs; Burlingame, CA, USA). Sections
were developed with DAB, counterstained with hematoxylin, dehydrated through
sequential alcohols and mounted. Brightfield images were acquired on a Nikon TE600
microscope with a Model 3.2.0 CCD camera (Diagnostic Instruments, Sterling Heights, MI,
USA) using SpotBasic software at the Moores UCSD Cancer Center.

2.4 Immunoblotting

Immunoblotting was performed essentially as described previously (Chen et al., 2010).
Briefly, cells were lysed on the plate in NP40 lysis buffer (50mM Tris pH7.4, 150mM NaCl,
1% NP-40) containing Complete™ Protease Inhibitor Cocktail (Roche, Indianapolis, IN)
supplemented with 10mM PMSF, 1mM NaF and 10mM Na3zVOy. Samples were separated by
SDS-PAGE under reducing conditions and electroblotted to a PVDF membrane. Membranes
were blocked with 10% nonfat dry milk in tris-buffered saline (TBS) containing 0.1% Tween-
20 (TBS-T) and incubated 2h to overnight in 2% milk/TBS-T with the indicated primary
antibody. Primary antibody was detected with HRP-conjugated secondary antibody, and
complexes were visualized by enhanced chemiluminescence with PS-3 (Lumigen, Inc.;
Southfield, MI).

2.5 Flow cytometry (FACS)

FACS was performed on a FACScalibur (BD Biosciences, Bedford, MA) at the Moores UCSD
Cancer Center Flow Cytometry Shared Resource as described previously (Chen et al., 2010).
Cells were harvested with 0.1% trypsin/versene, inactivated with 0.1% soybean trypsin
inhibitor and resuspended in FACS buffer (ImM MgCl,, 1mM CaCly, 0.1% NaNs3 0.5% BSA
in PBS pH 7.4) before sequential labelling with primary and FITC-conjugated secondary
antibodies. Gates were set with secondary alone, and 5pg/ml propidium iodide was
included to exclude dead and dying cells.

2.6 Proliferation assays

Cell growth was assessed with the CellTiter9% Aqueous One Solution Cell Proliferation
Assay (MTS) kit (Promega, Madison, WI), or as follows: cells (5x102/well) were seeded into
a 48-well plate. After 24 hours (and every 72 hours thereafter), fresh growth medium was
replaced and the initial time point fixed with 1% paraformaldehyde/PBS, pH7.4. Additional
triplicate wells were fixed at 24 hour intervals. All wells were stained with 1% Crystal
Violet, which was subsequently extracted with 10% acetic acid, quantitated at 550nm and
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compared to a standard curve of cells. For proliferation assays in the presence of the syk
inhibitor, piceatannol, a titration of cells was plated and allowed to adhere for 24 hours before
fresh growth medium (full serum) containing the indicated concentrations of piceatannol or
DMSO vehicle was replaced. Medium was replenished in the same manner every other day
for a total of 3 treatments, and the cells were fixed and stained with Crystal Violet 24h after the
last treatment. Dye was extracted with 10% acetic acid and quantitated at 550nm.

2.7 Anchorage-independent growth

Anchorage-independent growth was assessed as described previously (Layton et al., 2009).
Briefly, a top layer containing 5x103 cells in 0.5% agar/DMEM/10%FBS was seeded onto a
base layer of 0.7% agar/DMEM containing 10% FBS in a 6 well plate. Cultures were
incubated at 37°C, media was replaced every 3rd day, and the assay stopped on day 10.
Cultures were stained with 0.01% Crystal Violet and colonies were enumerated on a Bio-
Rad GelDocXR using QuantityOne Software (Sensitivity=8.1, Average=5).

2.8 Invasion assay

Invasion assays were performed as described previously (Layton et al., 2009) using BioCoat
Growth Factor-Reduced Matrigel Invasion Chambers (BD Biosciences, Bedford, MA, USA).
Briefly, cells were applied in SF-media to the upper chamber with or without 15min
preincubation with TAPI1 (40pg/mL), aprotinin (100pg/mL), anti-uPA monoclonal
antibody 3689 (25ng/mL), nonspecific IgG; control antibody MOPC-21 (25ug/ml), or an
equal volume of DMSO or PBS control included in both chambers. SF-media or growth
media was provided in the lower chamber and cells were allowed to invade for 24h before
removal of uninvaded cells, and enumeration of invaded cells.

2.9 Reverse Transcription (RT)-PCR

c¢DNA was synthesized from 1pg of total RNA using oligo-dT primer. PCR was performed
on 1pL of resulting cDNA using primers described previously (Layton et al., 2009; Leissner
et al., 2006). GAPDH primers were from Stratagene (San Diego, CA) and served as internal
controls. Densitometry was performed on unadjusted images using NIH [mage 1.61 software
and GAPDH as reference control.

2.10 Statistics

Experiments were performed in triplicate and independently repeated at least twice. Data
shown are mean + standard deviation unless otherwise indicated. Colony-formation and
cellular invasion were analyzed by two-tailed Students ¢-Test.

3. Results

3.1 Endogenously-expressed syk is functional in pancreatic ductal cells in situ and in
vitro

Previously we demonstrated the expression of syk in normal pancreatic ductal epithelial
cells in situ (Layton et al., 2009). In order to assess whether this endogenous syk is
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functionally active, we performed immunohistochemistry with antibodies specific for the
phosphorylated form of Y352, which is representative of syk activation by upstream
mediators, or YY525/6, which is indicative of substrate-specific activity of the syk kinase
domain (Kimura et al., 1996; Sada et al., 2001; Zhang et al., 1998). These antibodies react with
both isoforms of syk and do not recognize more distantly related src family members (Cell
Signaling Technology, Beverly, MA). Strong staining for both phospho-Y352 (Fig.1A-C) and
phospho-YY525/6 (Fig.1D-F) was observed in individual cells of independent ducts as well
as ductules associated with acinar clusters. No staining was observed in the absence of
primary antibody or when purified rabbit IgG was used as a control (not shown).

Fig. 1. Syk is functional in pancreatic ductal cells in situ. Inmunohistochemical staining
(brown-black) of normal pancreas with phospho-Y352 (A-C) and phospho-YY525/6 (D-F).
Arrowheads in (C,F) denote nuclear staining. Scale bars in pm.

Nuclear staining was observed in a subset of the duct cells (arrowheads in Fig.1CF),
consistent with the detection of nuclear syk in pancreatic ductal cells in situ (Layton et al.,
2009) and previous reports of syk nuclear translocalization (Wang et al, 2003) and
regulation of cell division (Zyss et al., 2005) and transcription (Wang et al., 2005). Of the 20
samples analyzed, all showed evidence of syk activation in a subset of ductal cells and none
showed widespread constitutive phosphorylation at either site, demonstrating the active
regulation of syk activation and activity in ductal cells of the normal human pancreas and
suggesting an active role for syk in regulating the phenotype of this cell type.

We also previously established the expression of syk in well- to moderately-differentiated
PDAC cells (CAPAN2-G1, CFPAC1-G2, BxPC3-G2, AsPC1-G2), to the exclusion of poorly-
differentiated PDAC cells (Pancl-G3, MIAPaCa2-G3+)(Layton et al,, 2009). In order to
establish the utilization of syk by these endogenously syk-positive PDAC cells, we analyzed
the activation surrogate readout of Y352 and YY525/6 phosphorylation in BxPC3 cells.
Serum-starved cells were stimulated with insulin and then lysates immunoblotted with the
phospho-syk-specific pAbs used for IHC. Interestingly, both Y352 and YY525/6 are
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constitutively phosphorylated under starvation conditions, and dephosphorylated in
response to insulin (Fig.2). Similar results were obtained with serum stimulation (not
shown), and with endogenously syk-positive CAPAN2 cells (not shown). These data
demonstrate the active regulation of syk activity in response to specific signalling pathways
in endogenously syk-positive, well-differentiated PDAC cells, consistent with the restricted
syk activation observed in situ and suggesting that syk is an active participant in regulating
the phenotype of these cells.
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Fig. 2. Syk is functional in PDAC cells in vitro. Immunoblot of phospho-Y352 and
phospho-YY525/6 in BxPC3 cells that had been serum-starved for 24h prior to stimulation
with 10ng/ml insulin for the indicated times. NT, no treatment. Total syk levels determined
with the 4D10 mAb are shown as a control.

3.2 Syk-dependent regulation of cell growth requires syk kinase activity

Syk regulates proliferation of immune cells in response to specific receptor activation events
(Kimura et al., 1996; Sada et al., 2001; Wieder et al., 2001), and ectopic expression of an RFP-
tagged syk caused anomalous cell division and mitotic catastrophe in breast cancer cells,
where it was observed to interact with y-tubulin of the mitotic spindle (Zyss et al., 2005). We
observed localization of syk to the perinuclear region of dividing PDAC cells (not shown),
therefore we assessed whether syk might be involved in regulating the proliferation of
endogenously syk-positive PDAC cells in a manner analogous to that described in breast
cancer (Coopman et al., 2000). Consistent with such a role, the in vitro growth of
endogenously syk-positive CAPAN2, CFPAC1, BxPC3 and AsPCl1 cells was suppressed in a
dose-dependent manner by piceatannol, a phytochemical that inhibits the kinase activity of
syk, suppressing downstream phosphorylation events by a largely unknown mechanism
(Geahlen et al., 1989; Ferrigni et al., 1984; Wieder et al., 2001)(Fig.3A). Significantly, the only
Gl cells in this group, CAPAN2, were completely eradicated by the highest dose of
inhibitor, suggesting cytotoxicity in addition to any cytostatic effect of this compound in
these highly differentiated cells.
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Fig. 3. Kinase activity is required for syk-dependent regulation of cell growth. (A) Cell
growth of syk-positive versus syk-negative PDAC cell lines after 7 days of piceatannol
treatment, plotted as percent of untreated control. (B) Proliferation of stable BxPC3/mock
and BxPC3/sykKP cells after 5 days. (B,inset) Immunoblot of total syk (syk) and the myc-tag
(myc) of sykKP. Erk2, loading control. (C) Proliferation of MP2/mock and MP2/sykwt cells
after 5 days. (D) MP2/syk+t and Panc1/syk cell growth assay after 7 days of piceatannol
treatment, as in (A). (E) Phase contrast images demonstrating the effect of stable syk
expression on MIAPaCa2 cell morphology. Both populations were maintained under
identical culture conditions including maintenance doses of the selectable marker
hygromycin. (F) Effect of syk on anchorage-independent growth of MIAPaCa2 cells. A
representative example of replicate plates is shown with quantitation points superimposed.

The specificity of this effect to the inhibition of syk is demonstrated by the following facts.
First, trans-stilbene, which is the base molecule from which piceatannol is derived, had no
effect on the proliferation of any of these cells (not shown). Second, syk-negative
MIAPaCa2 and Pancl cells demonstrated no growth response to piceatannol in this assay
(Fig. 3A). Third, although piceatannol has been reported to inhibit FAK, src, PI3K and
IxBo/NF-kB kinases (Ashikawa et al., 2002; Choi et al., 2010; Law et al., 1999), inhibition of
these kinases has been shown to retard the proliferation of both syk-positive and syk-
negative lines used in this study (Hering et al., 2007; Hochwald, et al., 2009; Ito et al., 2003;
Perugini et al., 2000). Together, these points demonstrate that the antiproliferative effect of
piceatannol reported here is likely restricted to the inhibition of syk itself. It should be noted
that the concentrations of piceatannol used in this study are based on prior established
parameters designed to minimize non-specific effects (Ashikawa et al., 2002; Choi et al,,
2010; Geahlen et al., 1989; Law et al., 1999; Seow et al., 2002; Wieder et al., 2001).
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To extend these pharmacological inhibitor studies, we stably transfected endogenously syk-
positive BxPC3 cells with a kinase-dead syk construct harbouring a point mutation (K402R)
in the ATP binding site of the kinase domain (BxPC3/KD cells). This construct has been
shown to act as a dominant-negative in endogenously syk-positive cells through an
incompletely understood mechanism (Coopman et al., 2000). BxPC3/KD cells demonstrated
a consistently reduced growth rate versus mock-transfectants (Fig.3B). Stable expression of
wildtype syk did not affect the proliferation rate of these cells (not shown). It should be
noted that these engineered cells are non-clonal populations, being the result of a bicistronic
system that links transgene expression to drug resistance through an IRES sequence.
Moreover, repeated generation of stable populations using this system resulted in stable
“lines” that behaved similarly, demonstrating that these data are not artifactual in nature.

Since stable reexpression of syk in G3 Panc1 cells reduced their growth rate in vitro (Layton
et al., 2009), we questioned whether stable reexpression of syk in MIAPaCa2 (MP2/sykwt)
cells would have a similar effect on these G3+ PDAC cells. Unlike Pancl cells, no growth
rate difference was observed between MP2/mock and MP2/sykvt cells in culture (Fig.3C).
Moreover, piceatannol did not suppress the growth of MIAPaCa2 or Pancl cells stably
reexpressing syk (Fig.3D), suggesting that PDAC cells that have progressed to syk-negative
status are able to bypass the growth requirement for endogenous syk when it is ectopically
reintroduced. It should be noted, however, that piceatannol was functional in this assay,
since it caused a slight dose-dependent increase in the growth rate of Pancl/syk cells
(Fig.3D) that is commensurate with overcoming the minor growth rate reduction that
resulted from the original stable reexpression of syk in these cells (Layton et al., 2009). In
contrast, however, we did observe an effect of stable syk reexpression on overall MIAPaCa2
morphology similar to that observed in Pancl/syk cells (Layton et al., 2009). As such,
MP2/sykwt cells demonstrate increased cell-cell interactions, resulting in more of a
traditional monolayer characteristic of epithelial cells in culture, and a reduced propensity
for cells to remain separate in between cell clusters (Fig.3E). This suggests the
reestablishment of a more differentiated phenotype by syk in these cells. Accordingly,
MP2/sykwt cells demonstrate a dramatically reduced ability to grow in an anchorage-
independent growth assay (Fig.3F), exhibiting a plating efficiency of 1.7%, versus 9.0% for
MP2/mock cells, less dramatic but similar to the effect observed previously in Pancl/syk
cells (Layton et al., 2009).

3.3 Stable expression, but not kinase activity, is required for syk-dependent invasion
suppression

We previously observed a negative regulation of Pancl invasion by stable reexpression of
syk (Layton et al., 2009). Therefore, we assessed the in vitro invasion capabilities of
MP2/mock and MP2/sykwt cells. Stable MP2/sykvt cells exhibit 90% less invasion towards
serum-containing media compared to MP2/mock, and essentially no invasion in the
absence of serum attractant (Fig.4A). To determine whether the kinase activity of syk is
required for this effect, we stably expressed the K402R kinase-dead (KD) mutant syk in
MIAPaCa2 cells (MP2/sykKD); both wildtype and KD proteins were expressed at equal
levels (Fig.4A, inset). Importantly, stable MP2/sykKD cells exhibit nearly identical invasion
suppression to MP2/sykwt cells (Fig.4A), demonstrating that kinase activity is not required
for syk’s invasion-suppressor function in these cells. Consistent with this finding, 48h
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pretreatment with piceatannol did not affect the invasion of either endogenously syk-
positive BxPC3 cells or stable MP2/sykwt cells (Fig.4B). Additionally, transient transfection
with sykwt or sykKDP did not retard MIAPaCa2 invasion (Fig.4C), suggesting that long-term
expression is required for syk to influence invasion, likely through gene expression changes
as described previously in Pancl cells (Layton et al., 2009).
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Fig. 4. Stable expression, but not kinase activity, is required for invasion suppression by
syk. (A) The indicated stable MIAPaCa2 populations were provided serum-containing (FBS)
or serum-free (SF) medium in the lower compartment of invasion chambers and allowed to
invade for 24h before removal of uninvaded cells and enumeration of invaded cells.
(A,inset) Immunoblot of ectopic syk expression with the 4D10 mAb (asyk). Erk2, loading
control. (B) Cells were pretreated for 48h with 25uM piceatannol (PC) or DMSO vehicle (NT)
prior to seeding into invasion chambers with serum-containing media in the lower
compartment. (C) MIAPaCa2 cells were transiently cotransfected with lacZ reporter and
empty vector (mock), or wildtype (WT) or kinase-dead (KD) syk and 48h later seeded into
invasion chambers. After 24 hours cells were stained with x-gal and invaded transfected
cells (blue) were enumerated and plotted as percent of mock.

3.4 MIAPaCaz2 invasion is regulated by urokinase-type plasminogen activators

We previously demonstrated that Pancl invasion is dependent upon the matrix
metalloproteinase (MMP)-2 axis, and that syk specifically attenuates the expression of
MMP?2 and its inhibitor, TIMP2, in these cells (Layton et al., 2009). In contrast to Pancl cells,
the MMP inhibitor TAPI1 did not suppress MIAPaCa2/mock invasion (Fig.5A), and RT-
PCR (Fig.5B) and zymography (not shown) showed that MIAPaCa2 cells do not produce
MMP?2 in culture. MMP2 and MMP9 products were detected in parallel reactions run at the
same time on unrelated samples (not shown), demonstrating that lack of signal in these
samples is not the result of failed amplification reactions. These results demonstrate that
MIAPaCa2 invasion is MMP-independent in vitro.

Another key regulator of epithelial cell invasion is the urokinase-type plasminogen activator
(uPA)/uPA receptor (uPAR) axis (Leissner et al., 2006; McMahon and Kwaan, 2009), whose
components are expressed by MIAPaCa2 cells in culture (Fig.5B). Consistent with the
potential involvement of this system, MP2/mock invasion was completely suppressed by
the serine protease inhibitor aprotinin (Fig.5C). This effect was not due to toxicity, as
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aprotinin-treated cells remained 100% viable after 24h (Fig.5C, inset), which is the duration
of the invasion assay. Specifically demonstrating the involvement of the uPA/uPAR axis,
MP2/mock invasion was almost completely inhibited by a function-blocking anti-uPA
antibody (Fig.5C). An isotype-matched (IgG:) control antibody (MOPC-21) had no effect
(not shown). Importantly, densitometry demonstrated >75% reduction in uPA mRNA levels
by both sykwt and sykKDP in MIAPaCa?2 cells (Fig.5B), suggesting a potential mechanism for
syk’s effect on MIAPaCa2 invasion. Interestingly, expression of the uPA inhibitor, PAI-1,
was also suppressed >30% by both wildtype and kinase-dead syk (Fig.5B). However, the
uPA receptor, uPAR, was actually increased ~50% by sykwt, but suppressed by >60% by

sykKD, suggesting that kinase activity may be required for appropriate regulation of uPAR,
but not uPA or PAI-1.
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Fig. 5. MIAPaCa2 invasion is mediated by the uPA/uPAR axis. (A) MP2/mock invasion
towards serum-containing (FBS) or serum-free (SF) medium +/- the MMP inhibitor TAPII.
(B) Semi-quantitative RT-PCR from the indicated stable MIAPaCa2 transfectants for the
indicated products. GAPDH, control. (C) MP2/mock invasion +/- the serine protease
inhibitor aprotinin or function-blocking anti-uPA antibody. (C,inset) Viability of aprotinin-
treated cells after 24h.

Previous studies have demonstrated the regulation of the MMP2 axis by the avp3 integrin
(Deryugina et al., 2001; Nisato et al., 2005), and an association of the uPA/uPAR axis with
the avp5 integrin (Yebra et al., 1995; 1996). Moreover, MMP2 activation has been linked to
avp3 in PDAC (Hosotani et al., 2002), and avp3 engagement suppresses the expression of
uPA/uPAR components (Hapke et al., 2001). Therefore, to assess whether the different
protease dependencies observed in this and our former study (Layton et al, 2009) are
related to differential integrin expression, FACS analysis was performed on live cells from
standard culture. Consistent with MMP2-dependence, Pancl cells proved to be strongly
avp3-positive (Fig.6A). In contrast, MIAPaCa2 cells are avp3-negative (Fig.6B),
commensurate with their MMP2-independent/uPA-dependent phenotype. These results on
cell surface integrin expression were corroborated at the total expression level by
immunoblotting of whole cell lysates (not shown). Further demonstrating the integrin-
dependent phenotypes of these cells, MIAPaCa2 invasion could be fully suppressed by a
avpb integrin-specific function-blocking mAb, while Panc1 invasion also involves avf3 and

could only be fully blocked by combination of avf5- and avf3-specific function blocking
mAbs (Fig.6C).
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Fig. 6. The invasion mechanism of MIAPaCa2 and Pancl cells is related to their integrin
expression profiles. (A,B) FACS analysis of integrin avp3 and av5 surface expression in
Pancl (A) and MIAPaCa?2 cells (B). (C) Invasion of MIAPaCaz2 (left) and Pancl (right) cells in
the presence or absence of 50ug/ml of function-blocking antibodies directed against the
indicated integrins.

To further test the role of syk in regulating PDAC invasion, we examined the BxPC3/KD
cells, which stably express the dominant-negative kinase-dead syk in addition to their
endogenous wildtype syk. While BxPC3/mock cells show marginal invasion towards
serum-containing media and essentially no invasion in the absence of serum attractant,
stable BxPC3/KD cells demonstrate a >75% increase in invasion towards serum-containing
media and significant de novo invasion in the absence of serum attractant (Fig.7A). FACS
demonstrated that BxPC3 cells are also avp3-negative (not shown) and, consistent with this
finding, the MMP inhibitor TAPI1 had no effect on serum-free BxPC3/KD invasion (Fig.7B).
However, both aprotinin and anti-uPA mAb treatment reduced serum-free BxPC3/KD
invasion significantly (Fig.7B), demonstrating a role for the uPA/uPAR axis in the syk-
regulated invasion of these endogenously syk-positive PDAC cells. An isotype-matched
(IgG1) control antibody (MOPC-21) had no effect (not shown). It should be stressed that
BxPC3/mock cells do not invade under these conditions, thereby allowing us to assess the
role of uPA in a phenotype that was dependent upon syk inhibition and allowing us to
exclude confounding issues derived from the endogenous phenotype.

4, Discussion

Previously we identified syk as being expressed not only in normal pancreatic ductal
epithelium, but also in well- to moderately-differentiated PDAC in situ (Layton et al., 2009).
The expression of syk in normal ductal epithelium of the breast has also been reported, as
has a role for syk as a tumor suppressor in that tissue (Coopman et al., 2000). As such, loss of
syk expression in primary breast tumors is associated with a poor prognosis (Toyama et al.,
2003). We found that syk similarly correlates with patient survival in PDAC patients
(Layton et al., 2009). However, we observe consistent loss of syk expression in poorly-
differentiated PDAC, and have not observed loss of syk in well-differentiated PDAC
samples. This differs from breast cancer, where syk is absent from a subset of well-
differentiated lesions and expressed normally in many poorly-differentiated samples
(Toyama et al., 2003), suggesting potentially dramatic differences in the regulation or
function of syk in the ductal epithelium of these two glandular tissues. Indeed, we present
evidence that syk functions to facilitate growth of PDAC cells that express it. This is perhaps
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Fig. 7. BxPC3 invasion is regulated by syk and mediated by the uPA/uPAR axis.

(A) Invasion of stable BxPC3/mock (Bx/mock) and BxPC3/KD (Bx/KD) cells towards
serum-containing (FBS) or serum-free (SF) medium. (B) Serum-free BxPC3/KD invasion +/-
TAPI1 (left), or aprotinin or function-blocking anti-uPA antibody (right). BxPC3/mock cells
were not assessed as they exhibit no invasion in the absence of serum in the lower chamber.

not entirely unexpected since syk promotes immune cell proliferation in response to
antigenic stimulation (Kimura et al., 1996; Sada et al., 2001), and vascular defects observed in
syk-deficient mice are attributable to a reduction in endothelial cell number (Yanagi et al.,
2001). Indeed, syk was subsequently shown to be required for endothelial cell proliferation
in vitro (Yanagi et al., 2001).

Mechanistically, syk has been shown to regulate mitosis through direct interactions with y-
tubulin and catalytic activity within the centrosome (Zyss et al.,, 2005). Morphological
examination of piceatannol-treated PDAC cells stained with DAPI revealed that
aberrant/dysfunctional mitosis may be responsible for the reduced cell numbers observed
in this assay (not shown). This finding is consistent with prior ectopic expression studies
that demonstrated localization of a carboxy-terminally RFP-tagged syk to centrosomes (Zyss
et al., 2005); this chimera caused aberrant mitosis that likely resulted from steric interference
of the RFP molecule on the directly adjacent kinase domain, further supporting our
contention that syk kinase activity is required for syk-dependent regulation of cell division,
and hence growth.

Similarly, since pharmacological inhibition of syk does not affect BxPC3 invasion, but stable
expression of sykKD does, this suggests that this effect of sykKP is not due to direct
suppression of endogenous syk signaling in these cells. As such, this construct may function
by sequestering binding partners that would normally be phosphorylated by catalytically
active syk, or a similar mechanism, since this construct can still be phosphorylated by
upstream mediators such as src. Indeed, phosphorylation of Y352 couples syk to binding
partners such as phospholipaseC and vav through the SH2 domains of these proteins (Sada
et al., 2001). Mutation of Y352 impairs signaling in immune cells (Sada et al., 2001),
demonstrating that Y352 is an important regulator of syk function in these cells. The
presence of phosphorylated Y352 in pancreatic cells in situ and in vitro suggests that these or
similar pathways are functional in syk-mediated processes in this cell type as well.
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Proteolytic degradation of the extracellular matrix during tumor progression often involves
uPA, its inhibitor, PAI-1, and its receptor, uPAR (Binder and Mihalay, 2008; McMahon and
Kwaan, 2009). This system regulates the activation of the serine protease plasmin, and in the
pancreas uPAR has been shown to regulate PDAC phenotype through interaction with
integrin avf5 and PKC signalling (Yebra et al., 1995; 1996). More importantly, studies have
shown a correlation between uPA and PAI-1 expression and tumor aggressiveness (Hansen
et al., 2003), and PAI-1 has been shown to be necessary for tumor invasion (Binder and
Mihaly, 2008). We recently reported that stable reexpression of syk dramatically reduced the
invasion of endogenously syk-negative Pancl cells at least partly by attenuating the MMP2
axis (Layton et al., 2009). Herein, we demonstrate that MIAPaCa2 and BxPC3 invasion is
MMP-independent and mediated by the urokinase/plasminogen system, and that syk
attenuates the expression of both uPA and PAI-1. This difference in protease utilization may
be due to the differential expression and/or involvement of specific integrins since Pancl
cells are avp3-positive while MIAPaCa2 and BxPC3 cells are avp3-negative. Integrin avf3
suppresses uPA/uPAR expression in ovarian cancer cells (Hapke et al., 2001) and, as noted
previously, the MMP2 axis has been associated with expression of the avf3 integrin and
avp3 is required for MMP2 activation in some cell types (Deryugina et al., 2001); Nisato et
al., 2005), including PDAC (Hosotani et al., 2002). Reciprocally, the uPA/uPAR axis is linked
to avf5 (Yebra et al., 1995; 1996) and other integrins including a:381 (Zhu et al., 2009), which
is also expressed by both MIAPaCa2 and BxPC3 cells (S. Silletti, unpublished data).
Importantly, the differential integrin utilization by these cells extended to the regulation of
invasion as well. Therefore, this differential use of protease pathways in an integrin-specific
manner by PDAC cells may be useful from a diagnostic and/or prognostic standpoint if
further studies bear out this relationship in this tumor type.

In summary, we have further characterized the activity of syk in the growth and invasion
regulation of pancreatic ductal epithelial cells. The expression of syk in these cells is
associated with phosphorylation of tyrosines indicative of syk activation and activity, both
in vitro and in situ, and syk activity is involved in regulating the proliferation/survival of
syk-positive PDAC cells in vitro. This effect may be related to syk’s role in transducing
signals from growth factor receptors, or from syk’s regulation of the mitotic spindle during
mitosis. Irrespective, there has been a recent surge of interest in inhibitor-based strategies to
target syk for conditions such as asthma, rheumatoid arthritis, and other immune disorders
(Scott, 2011; Ulanova et al., 2005; Wong et al., 2004). Therefore, we propose that, aside from
being a potential regulator of PDAC biology and biomarker of more differentiated
PDAC tumors in situ, syk may be a viable target for therapeutic intervention in the clinic,
since all grades of PDAC are uniformly fatal (NCI PDQ Database
[http:/ /www.cnacer.gov/cancertopics/pdq]; NCI-PANC-PRG) and syk expression is
maintained in G1 and G2 PDAC in situ (Layton et al., 2009).

5. Conclusion

In this report we demonstrate that upstream activated and catalytically active syk kinase
states can be detected in pancreatic ductal epithelial cells, both in vitro and in situ. The
activity of syk is further demonstrated with regard to the regulation of cellular growth and
invasion. Importantly, we have found that syk-dependent regulation of invasion is via
modulation of the urokinase/plasminogen system in avf3-negative PDAC cells. This is in
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contrast to the MMP-dependent invasion-suppressor effect of syk in avf3-positive PDAC
cells, which are the exception, rather than the norm in this tumor type. These data provide
further evidence of a central role for syk in regulating pancreatic ductal epithelial cell
phenotype, and support the potential utility of targeting syk as a potential therapeutic
modality in well- to moderately-differentiated PDAC patients, which are the majority of
clinical cases. The significance of this is highlighted by the fact that PDAC is characterized
by extensive dissemination at the time of diagnosis, irrespective of grade of disease.
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1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the fourth cause of cancer-related death in the
US, accounting for an estimated 37.000 in 2010 (Jemal et al., 2010). Only about 10-15% of
newly diagnosed PDAC are potentially resectable, while the majority of patients present
with locally advanced or metastatic cancer. The median survival of non operable patients
treated with standard chemotherapy ranges between 3 and 10 months, with less than 20%
alive at 1 year (Van Cutsem et al., 2004a). Survival rates have not substantially improved
during the past 25 years, and gemcitabine, currently considered as the standard for the
treatment of patients with advanced PDAC, only offers a limited advantage over 5-
fluorouracil. Moreover, in these patients the tolerance of chemotherapy is often limited, due
to the frequent occurence of pain and poor performance status. Given the limited efficacy of
conventional chemotherapy, there is an urgent need of new treatment options for this
disease. It is now clear that development and progression of PDAC is a complex process
involving alterations of a core set of signalling pathways implicated in the regulation of
multiple processes such as proliferation, cell cycle, migration, invasion, metastatization,
metabolism, angiogenesis and resistance to apoptosis (S. Jones et al., 2008).

This chapter will overview the more relevant cellular pathways involved in the
development and progression of PDAC, and the results obtained in preclinical models and
clinical trials with the use of novel agents specifically targeting them.

2. Tyrosine kinases

Proteins endowed with tyrosine kinase activity (TKs), i.e. able to transfer the terminal
phosphate of ATP to the hydroxyl group of tyrosine on acceptor molecule, have long been
established as key regulators of multiple cellular processes including cell growth,
proliferation, migration, invasion and resistance to apoptosis. TKs include receptor tyrosine
kinase (RTKs) and non-receptor TKs (NRTKSs) (Natoli et al., 2010).

2.1 RTKs

RTKs are structurally divided in 20 subfamilies of single transmembrane alpha-helic
proteins, with the exception of the IGFR family that retains a permanent dimeric
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conformation. The binding of a specific ligand to the extracellular domain of the receptor
induces receptor dimerization and autophosphorylation at a regulatory tyrosine within the
intracellular activation loop of the kinase. This triggers a cascade of intracellular reactions
that mainly follows the p42/p44 mitogen-activated protein kinase (MAPK) and the
phosphatidylinositol 3 kinase (PI3K)/protein kinase B (AKT) pathways, and culminates
with the activation of genes involved in cell proliferation and survival.

2.1.1 MAPK and PI3K/AKT pathways

In the MAPK pathway a pivotal role is played by Ras proteins (k-Ras, N-Ras and H-Ras),
enzymes with intrinsic GTPase activity (Ramos, 2008). Ras proteins are attached to the
plasma membrane by virtue of farnesyl or geranylgeranyl chains covalently linked to their
C-terminal end. These post-translational modifications are essential for membrane-
anchorage and function of Ras.

Following RTKs activation, a variety of proteins are recruited nearby the plasma membrane.
The tyrosine phosphorylation of RTKs creates a specific binding site for the SH2 domain of
adaptor proteins, such as Grb2, that in turn allows the recruitment of Guanine Nucleotide
Exchange Factors (GEFs), such as SOS1. GEFs directly activate Ras by promoting the release
of GDP and the binding of GTP. Activated (GTP-bound) Ras induces the activation of the
Raf/MEK/MAPK signaling, and eventually of downstream transcription factors such as
Jun/Fos.

The key regulator of the PI3K/AKT pathway is PI3K, an enzyme that phosphorylates the
membrane lipid phosphatidyl inositol 4,5-P2 (PIP2) in 3,4,5-P3 (PIP3). PIP3 is then
responsible for AKT activation (Osaki et al., 2004). A negative regulator of this pathway is
the Phosphatase and Tensin homolog (PTEN), that switchs off the signalling by
dephosphorylating PIP3 in PIP2.

PI3K is recruited to the plasma membrane by activated RTKs directly through its SH2
domain, or indirectly through adaptor proteins such as Grb2/Gabl, or IRS1/2 in the case of
IGFR. Once PI3K is activated and PIP3 is produced, the serine-threonine kinase AKT and the
phosphoinositide-dependent kinase 1 (PDK1) are co-recruited to the plasma membrane,
resulting in the phosphorylation and activation of AKT by PDK1. Activated AKT is able to
phosphorylate multiple downstream targets, such as BAD, MDM2 and mTOR. In particular,
phoshorylation of mTOR activates many biological processes essential for angiogenesis, cell
metabolism and proliferation (Dowling et al., 2010). AKT activates mTOR complex 1
(mTORC1) via the small GTPase, Rheb. In basal condition, Rheb activity is suppressed by
the TSC1/TSC2 complex, a GTPase activating protein. AKT determines TSC2
phosphorylation and inhibition of TSC1/TSC2 function, changes that unleash Rheb activity
and mTOR signalling. Once activated, mTOR increases mRNA translation via two major
downstream targets: the elF4E-binding proteins (4EBPs) and the S6 kinases (S6K1 and
S6K2). The 4EBPs are suppressors of the initiation translation factor elF4E. After
phosphorylation by mTOR, 4EBPs release elF4E and make it available for the assembling of
the elF4F initiation complex that activates mRNA translation. In addition, the
phosphorylation of S6K determines the subsequent phosphorylation of the ribosomal
protein S6, a component of the 40S ribosomal subunit, that further facilitates mRNA
translation. Proteins encoded by “elF4E-sensitive mRNAs” include VEGF, cyclins, c-Myc
and Bcl-x], molecules involved in angiogenesis, cell proliferation and survival.
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2.2 NRTKs

Based on structure, at least 10 subfamilies of NRTKs have been identified (Natoli et al., 2010).
ABL and Src families have been particularly investigated for their implication in hematological
and non-hematological malignancies. Physiologically, these proteins play a critical role in
relaying intracellular signalling to the nucleus, regulating RTKs downstream signals, MAPK
and PI3K/Akt, and several other key pathways, such as focal adhesion kinase (FAK) and
signal transducers and activator of transcription (STAT transcription factors). NRTKs are
maintained in an inactive state by intramolecular autoinhibition or by cellular inhibitor
proteins or lipids. They are activated by diverse intracellular signals, including recruitment to
RTK, dissociation of inhibitors, and trans-phosphorylation by other kinases. Activated NRTKs
critically participate in the regulation of cell proliferation, differentiation, migration, adhesion,
angiogenesis, invasion, and immune function.

2.3 Dysregulation of TKs signalling in PDAC

Given the central role of TKs in the regulation of cell growth and survival, it is not
surprising that TKs and/or their downstream signalling mediators are aberrantly activated
in different types of cancers, including PDAC.

In PDAC different RTKs have been shown to be frequently overexpressed, such as
Epidermal Growth Factor Receptor (EGFR) in 90% (Lemoine et al., 1992), HER2 in 45-70%
(Yamanaka et al.,, 1993b), Insulin-like Growth Factor-1 Receptor (IGF-1R) in about 50%
(Bergmann et al., 1995), and cMET in 70% of the cases (M. Ebert et al., 1994). Overexpression
is often reported to be associated with enhanced tumor growth, motility, invasion and drug
resistance (M. Ebert et al., 1994; Freeman et al., 1995; Yamanaka et al., 1993a).

Consistent with RTKs overexpression, the downstream MAPK and PI3K/AKT pathways are
often activated in PDAC. Activation of the MAPK pathway has been shown to be
responsible for the malignant transformation of pancreatic cells (Matsuda et al., 2002).
However, activation of Ras in PDCA is mostly RTK-independent, since activating mutations
of this oncogene occur in about 90% of cases in advanced disease (Hruban, 2001). Because of
an impaired GTPase activity, mutated Ras maintains a GTP-bound state, resulting in a
continuous activation of the downstream Raf/ MEK/MAPK signalling. Activating mutation
of Raf has also been described in pancreatic cancer (Hruban, 2001).

Activation of PI3K/AKT pathway has been described in 50% of PDAC cases and is
associated with a worse prognosis (Schlieman et al., 2003). PI3K has been shown to stimulate
proliferation and to be involved in drug resistance of pancreatic cancer cells (Perugini et al.,
2000), while overexpression of AKT promotes invasion (Cheng et al., 1996) and expression
of IGF-IR (Tanno et al., 2001).

Among NRTKs, aberrant Src activation has been described in multiple malignancies,
including pancreatic cancer (Dehm & Bonham, 2004), and shown to be related to increased
cell motility and invasiveness (Shah & Gallick, 2007).

The importance of TKs signalling in the maintenance of the neoplastic phenotype is
emphasized by the fact that inhibition of these pathways induces cell-cycle arrest and
apoptosis in preclinical models of pancreatic cancer (Asano et al., 2005; Bondar et al., 2002;
Ng et al., 2002; Yip-Schneider & Schmidt, 2003).
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2.4 TKs therapeutic targeting

Preclinical studies have shown dependency of pancreatic tumor cell proliferation upon TKs
activity and tumor regression by its blockade.

In the last decade a number of molecules have been developed to inhibit TKs signalling.
These agents can be divided into two major groups: small molecules that inhibit the catalytic
activity of the kinase by interfering with the binding of ATP or substrates, and antibodies
against RTKs or their ligands. In addition, other agents have been designed to block TKs’
downstream signalling molecules, in particular Ras, Raf, MEK, AKT and mTOR. The most
relevant anti-TKs strategies applied in PDCA are detailed below, along with ongoing clinical
trials.

2.4.1 Anti-EGFR therapies

Cetuximab, a chimeric monoclonal antibody that targets the extracellular domain of human
EGFR, has been tested in a phase III randomized trial by the Southwestern Oncology Group
(SWOG trial S0205) in combination with gemcitabine in patients with unresectable, locally
advanced or metastatic PDAC. The study showed no significant improvement in overall or
progression-free survival with the addition of cetuximab, with a minimal although
significant advantage in time-to-treatment-failure (Philip et al., 2010). A similar study design
was used to test the efficacy of panitumumab, a humanized anti-EGFR antibody
(clinicaltrial.gov: NCT00613730). The study was early terminated based on the results of the
50205 trial. A randomized phase II trial of panitumumab, erlotinib and gemcitabine vs.
erlotinib and gemcitabine in patients with untreated, metastatic PDAC (clinicaltrial.gov:
NCTO00550836) has been recently completed and results are awaited.

Erlotinib, an EGFR tyrosine kinase inhibitor, has been tested in combination with gemcitabine
in a randomized phase III trial (Moore et al., 2007). A very modest benefit in OS (median 6.24
vs 5.91 months, P=.038) was observed compared with gemcitabine alone. Even if approved for
the treatment of advanced PDAC, erlotinib is not routinely used because of increased toxicity
and cost. Erlotinib is currently studied in the adjuvant setting (RTOG-led study 0848).

Other EGFR tyrosine kinase inhibitors, including gefitinb and lapatinib, have been tested in
pilot studies, but failed to demonstrate a clinically significant activity (Brell et al., 2009;
Ignatiadis et al., 2006; Safran et al., 2008).

2.4.2 Anti-HER2 therapies

Trastuzumab, a recombinant humanized antibody directed against HER2 and largely used
in the treatment of HER2-positive breast cancer, has been tested in combination with
gemcitabine in 34 PDAC patients with HER2-overexpressing tumors. No significant survival
benefit was observed (Safran et al., 2004).

2.4.3 Anti-IGF-1R therapies
Several trials testing the safety and activity of inhibitors of IGF-1R are ongoing.

IMC-A12, an anti-IGF-1R monoclonal antibody, is currently being used in a randomized
phase II study (SWOG 0727) in combination with chemotherapy and erlotinib in advanced
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PDAC. The dual block of IGF-1R and EGFR has a strong preclinical rationale since the
inhibition of IGF-1R might reverse resistance to anti-EGFR agents (Camirand et al., 2005).

A study with the same design, carried out at the MD Anderson Cancer Center, is testing MK-
0646, a humanized monoclonal antibody against the IGF-1R (clinicaltrial.gov: NCT00769483).

Finally, AMG-479, another anti-IGF-1R antibody, is being used in combination with
gemcitabine in a three-arm randomized phase II study. Preliminary results have been
presented showing a trend toward longer PFS in the combination arm (Kindler et al., 2010a).

2.4.4 Anti-c-MET therapies

AMG-102, a fully humanized monoclonal antibody against c-MET, has been tested in a
phase I study in patients with advanced solid tumors, including pancreatic cancer (Gordon
et al.,, 2010). The drug was safe and well tolerated and it is going to be tested in a phase II
study, in monotherapy or in combination with other agents.

2.4.5 Anti-MAPK therapies

Tipifarnib, a Ras inhibitor, has been studied in combination with gemcitabine in a
randomized phase III clinical trial (Van Cutsem et al., 2004b). The combination has an
acceptable toxicity profile, but does not prolong overall survival in advanced PDAC as
compared with single-agent gemcitabine.

In a phase II study, Sorafenib, a TK inhibitor targeting Raf, VEGFR and PDGFR, has been
tested in combination with gemcitabine in patients with advanced PDCA (Kindler et al.,
2010b), but failed to demonstrate clinical benefit. Other Raf inhibitors are currently tested in
clinical trials (W. W. Ma & Adjei, 2009).

CI-1040, an oral MEK inhibitor, has been used in a pilot phase II study in advanced tumors,
including PDAC. Although generally well tolerated, CI-1040 demonstrated insufficient
antitumor activity to warrant further development (Rinehart et al., 2004).

2.4.6 Anti-PI3BK/AKT therapies

Clinical experience with inhibitors of the PI3K/ Akt pathway in PDAC is mostly limited to
mTOR or AKT inhibitors. Everolimus and enzastaurin failed to demonstrate significant

clinical activity when tested in gemcitabine-refractory (Wolpin et al., 2009) or advanced
PDAC (Richards et al., 2011), respectively.

2.4.7 Anti-Src therapies

Among NRTK-inhibitors, AZD0530, a Src kinase inhibitor, is currently being tested in a
phase II trial in gemcitabine resistant patients and in a phase I/1I trial in combination with
gemcitabine in unresectable disease (clinicaltrial.gov: NCT00735917).

3. Angiogenesis

Angiogenesis, the process by which new blood vessels are formed from pre-existing ones, is
critical for the growth, progression and metastatization of solid tumors, including PDAC.
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This multistep process is tightly controlled by a fine-tuned balance between positive and
negative regulators that emanate from cancer cells, endothelial cells, stromal cells, blood and
the extracellular matrix.

Although several positive regulators of angiogenesis have been described, vascular
endothelial growth factor (VEGF or VEGF-A) represents the prototypical pro-angiogenic
factor (Ferrara et al., 2003). VEGF belongs to a gene family which includes placental growth
factor (PLGF), VEGEF-B, VEGF-C and VEGF-D. When released mainly by tumor cells, VEGF
binds two specific receptor tyrosine kinases, VEGFR-1 (de Vries et al., 1992) and VEGFR-2
(Terman et al., 1992). This triggers receptor autophosphorylation and initiates a series of
downstream signalling that promotes proliferation, survival and migration of endothelial
cells. VEGFR-3 is also included in the same family of RTKs, but binds VEGF-C and VEGEF-D
(Karkkainen et al., 2002).

Overexpression of VEGF has been assoc