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    Abstract     The prognosis for most patients affl icted by pancreatic cancer still 
remains dismal. With the majority of cases being diagnosed at advanced stages, 
only minimal improvements in survival rates have been achieved using current ther-
apeutic approaches. Nonetheless, remarkable research efforts over the past decade 
have enabled a detailed understanding of the molecular mechanisms underlying the 
pathogenesis of pancreatic cancer. According to the current state of knowledge, 
pancreatic carcinogenesis is a multistep process that requires alterations in a com-
pendium of oncogenes, tumor-suppressor genes and genome-maintenance genes. 
The most frequent aberrations (somatic point mutations and allelic losses) affect 
oncogenes ( KRAS2 ) and tumor-suppressor genes ( CDKN2A/p16, TP53, SMAD4/
DPC4 ) that have a key role in transcription, proliferation and regulation of the cell 
cycle, amongst others. In addition to these known mutational “mountains,” a wide 
number of less frequently altered genes (“hills”) have been discovered, which play 
an important part in defi ning the unique biology and behavior of each individual 
pancreatic cancer. A deeper understanding of the genetic landscape of pancreatic 
cancer, enhanced by “next-generation” high-throughput technologies will hopefully 
promote the development of new methods for early diagnosis and facilitate improve-
ments in current therapeutic approaches.  

        Introduction 

 Extensive clinical and research efforts have been conducted over the last few 
decades to improve the prognosis of patients with cancer. In some tumor types, such 
as breast and colorectal cancer, early detection and better therapeutic agents have 
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led to a signifi cant decline in mortality rates, even for advanced disease (Berry et al. 
 2005 ; Kopetz et al.  2009 ). Conversely, patients affl icted by pancreatic cancer still 
harbor a dismal prognosis, with mortality rates that approximate incidence rates 
(Siegel et al.  2012 ). Especially at advanced stages, prolonged survival is anecdotal, 
and although therapeutic regimens have recently shown promising results (Conroy 
et al.  2011 ), the overall prognosis remains dismal, underscoring our need for a more 
detailed molecular knowledge of this disease. 

 Genomic alterations that translate into gain or loss of function of critical genes 
represent a hallmark of cancer (Hanahan and Weinberg  2011 ), and pancreatic can-
cer is no exception. Molecular and epidemiological data support the importance of 
key genetic alterations in the pathogenesis of pancreatic cancer. For example, sev-
eral “driver” genes are mutated at a high frequency in pancreatic cancer, and the 
altered physiology consequent to these mutations allows the tumor initiating clone 
to escape the regulatory controls (“niche”), leading to tumor formation (Jones et al. 
 2008 ; Yachida et al.  2010 ). Second, extensive histopathological analyses have led to 
the recognition of tangible noninvasive precursor lesions that exhibit, with variable 
frequency, the entire range of genomic alterations that characterize pancreatic can-
cer ( see Chapter by Offerhaus ) (Kanda et al.  2012 ; Maitra et al.  2003 ). Third, genet-
ically engineered mouse models, in which one or more key-mutated genes are 
expressed in the pancreas, recapitulate the full spectrum of phenotypic alterations of 
the cognate human disease, from noninvasive precursor lesions (pancreatic intraepi-
thelial neoplasia or PanINs) to metastatic pancreatic cancer ( see Chapter by Pasca 
di Magliano ) (Hingorani et al.  2003 ,  2005 ; Perez-Mancera et al.  2012 ). Fourth, an 
increased risk for developing pancreatic cancer has been shown in members of fam-
ilies affected by rare cancer predisposition syndromes ( see Chapter by Petersen ) 
(Jacobs et al.  2010 ; Canto et al.  2012 ). Affected individuals from such high-risk 
families often harbor germ line mutations that permit the emergence of pancreatic 
cancer over the lifetime of these patients (Couch et al.  2007 ; Jones et al.  2009 ). 

 The identifi cation of genes involved in pancreatic cancer development was his-
torically obtained through a candidate gene approach. With some notable excep-
tions (Hahn et al.  1996 ), the candidate approach was able to establish the role of 
frequently mutated genes or to identify critical pathways already described in other 
tumor types, but is inadequate in discovering unexpected molecular alterations or 
pathways. Recently, the advent of massively parallel high-throughput technologies, 
such as next-generation sequencing (NGS), has provided the possibility of interro-
gating cancer genomes at an unprecedented resolution (Wu et al.  2011a ; Jiao et al. 
 2011 ; Stransky et al.  2011 ; Parsons et al.  2011 ; Bettegowda et al.  2011 ) ( and see 
chapter by Wei and Kumar ). The information provided by such sensitive methods is 
expected not only to increase our knowledge of the genetic landscape of human 
cancers but also, more importantly, to usher in an era of personalized medicine 
based on tumor-specifi c genetic aberrations. In the context of pancreatic cancer, 
there is considerable hope that the translation of new molecular targets into the 
clinical setting is likely to improve risk assessment, early diagnosis, and the identi-
fi cation of the best possible treatment for each individual patient. In this chapter we 
describe the spectrum of the most common genetic alterations (“mountains”) that 
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drive the development of sporadic pancreatic ductal adenocarcinomas as well as 
less frequent alterations (“hills”) (Vogelstein and Kinzler  2004 a). Furthermore, 
new insights provided by novel high-throughput technologies and their translational 
relevance are also discussed.  

    The Genomic Landscape of Pancreatic Cancer: An Overview 

    Chromosomal Aberrations 

 Genomic instability represents a hallmark of pancreatic cancer, as well as other 
cancer types (Campbell et al.  2010 ; Stephens et al.  2011 ). Numerous alterations at 
the chromosomal level are seen in pancreatic cancer and, depending upon the under-
lying genetic mechanism, they can either occur as chromosomal instability (CIN) or 
microsatellite instability (MIN). This distinction, which appears to be mutually 
exclusive, is justifi ed by the unique molecular and histological features of each type 
of alteration (Goggins et al.  1998 ; Wilentz et al.  2000 ). 

 CIN, which is revealed in the vast majority of pancreatic cancers (97 %) by cyto-
genetic analysis, is expressed through copy-number gains and losses, transloca-
tions, inversions, amplifi cations and homozygous deletions. Although such 
alterations may appear to be randomly distributed, they refl ect a distinctive pattern 
in which selected genes that play a critical role in carcinogenesis are targeted and 
disrupted. In fact, a recent study has elucidated the concept of STOP (suppressors 
of tumorigenesis and proliferation) and GO (growth enhancers and oncogenes) that 
contribute negatively and positively towards the neoplastic phenotype, respectively 
(Solimini et al.  2012 ). In many instances, areas of hemizygous deletions are enriched 
for “islands” of high-density STOP genes that each contribute, on the basis of their 
haploinsuffi ciency, towards the eventual malignant phenotype, even in the absence 
of mutations on the remaining allele. Most frequently, numerical changes of the 
chromosomal architecture in pancreatic cancer are characterized by losses, particu-
larly on chromosomes 6p, 9p, 13q, 17p, and 18q, as well as gains on chromosomes 
7q and 20 (Mahlamaki et al.  2004 ; Holzmann et al.  2004 ). Several techniques have 
been used to identify regions of copy number alterations at a high resolution, includ-
ing dense allelotyping and microarray analysis on single nucleotide polymorphism 
(SNP), bacterial artifi cial chromosome (BAC), oligonucleotide, or cDNA arrays 
(Calhoun et al.  2006 ; Nowak et al.  2005 ; Gysin et al.  2005 ; Chen et al.  2008 ; 
Bashyam et al.  2005 ; Shain et al.  2012 ; Kwei et al.  2008 a). For example, Iacobuzio- 
Donahue et al. investigated chromosomal alterations in 80 pancreatic cancer xeno-
grafts by genome wide allelotyping, and confi rmed losses in chromosomes 9p, 18p 
and 17p as the most common copy number alterations, with the regions of overlap 
encompassing three well known tumor suppressor genes in pancreatic cancer 
( CDKN2A, SMAD4/DPC4 and TP53 , respectively) (Iacobuzio-Donahue et al.  2004 ). 
Of note, allelotyping of PanINs has revealed imbalances in several  chromosomal 
regions also altered in pancreatic cancer, suggesting that CIN occurs early during 
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the progression from noninvasive precursor lesions to invasive adenocarcinoma 
(Luttges et al.  2001 ; Yamano et al.  2000 ). Kern and colleagues have identifi ed two 
patterns of CIN in pancreatic cancer using high-density SNP arrays, “original” CIN, 
characterized by an admixture of allelic loss and copy number changes, and “holey” 
CIN, exemplifi ed by large regions of homozygous deletions (“holes”) in the genome 
(Calhoun et al.  2006 ). 

 The use of array-based approaches to study copy number alterations in pancre-
atic cancer have helped defi ne the regions of amplifi cation and deletion with unprec-
edented resolution, including at the level of individual or neighboring genes. 
Notably, there are many instances wherein genes or pathways are altered predomi-
nantly by copy number changes rather than mutations at the nucleotide level. For 
example,  MYC,  the gene encoding the master transcriptional factor C-myc and 
located on chromosome 8q, is amplifi ed in 10–20 % of pancreatic adenocarcinomas 
(Nowak et al.  2005 ; Bashyam et al.  2005 ), although somatic mutations have not 
been reported in this cancer type. Transcriptional overexpression is also observed in 
the majority of cases (Han et al.  2002 ), further highlighting the importance of 
altered C-myc signaling in pancreatic cancer. As recent studies have shown, C-myc 
plays a crucial role in metabolic reprogramming of cancer cells, allowing them to 
thrive in the hypoxic, nutrient-deprived environs of the tumor microenvironment 
(Dang  2010 ,  2012 ). Another example of a region of recurrent amplifi cation occurs 
on chromosome 18q, which targets the gene encoding the transcription factor 
 GATA6 , amplifi ed in approximately a fi fth of pancreatic cancers (Fu et al.  2008 ; 
Kwei et al.  2008 b). As with  MYC , somatic mutations of the GATA transcription 
factor family are rare in pancreatic cancer (Jones et al.  2008 ). Similarly, inactivation 
of genes whose encoded products are involved in chromatin remodeling ( ARID1A, 
ARID1B ,  PBRM1, SMARCA2 , and  SMARCA4 ) can be seen in up to a third of pan-
creatic cancers, only a minor fraction of which occurs via somatic mutations and the 
majority through copy number alterations (Shain et al.  2012 ).  

    Telomere Alterations 

 Telomeres are tandem repeats of specifi c noncoding nucleotide sequences 
(TTAAGGG) present at the ends of chromosomes (Blackburn et al.  2006 ). 
Telomeres play a fundamental role as guardians of genomic integrity, protecting 
chromosomal ends from breakage or fusion with neighboring chromosomes. Since 
cell cycle results in progressive telomere shortening, telomere length can be main-
tained by activation of the enzyme telomerase, a feature observed in most human 
cancers (Harley et al.  1990 ; Martinez and Blasco  2011 ). Reactivation of telomerase 
protects cancer cells from critical telomere shortening and resulting DNA damage, 
thus allowing limitless replication. Telomerase activation is observed fairly late in 
the multistep progression of pancreatic cancer, however, and is preceded by an 
abnormal shortening of telomeres that occurs at the stage of noninvasive precursor 
lesions (van Heek et al.  2002a ). Indeed, more than 90 % of low-grade PanIN lesions 
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demonstrate marked shortening of telomeres, as compared with normal pancreatic 
ductal epithelium, suggesting that telomere attrition is probably one of the earliest 
genetic events during pancreatic carcinogenesis (Fig.  1 ). While the basis for the 
near uniform telomere dysfunction in precursor lesions is unclear, it is likely that 
such dysfunction sets the stage for subsequent “breakage-fusion-breakage” cycles, 
which lead to chromosomal instability and frank neoplasia.

       Oncogenes 

 Somatic activating mutations in the  KRAS2  gene are present in over 90 % of pancre-
atic adenocarcinomas and PanIN lesions, rendering it the most frequently mutated 
oncogene in this tumor type (Jones et al.  2008 ; Kanda et al.  2012 ).  KRAS2  gene 
(also known as Kirsten rat sarcoma viral oncogene homolog), located on chromo-
some 12p, encodes a GTP-binding and hydrolyzing enzyme involved in growth 
factor signaling pathways (Vigil et al.  2010 ). The K-ras protein activates multiple 
downstream effector pathways required for oncogenesis, including cell survival, 
cell proliferation, cell invasion, and aberrant cellular metabolism ( see chapter by 
Bar-Sagi ). Principal effectors of K-ras include the mitogen-activated protein kinase 
(MAPK), phosphoinositide 3-kinase (PI3K)/Akt, and Ral signaling pathways, 

  Fig. 1    Attrition in telomere length is one of the earliest detectable molecular alterations in pancreatic 
cancer, nearly ubiquitously observed at the stage of even low-grade PanIN lesions. A specifi c fl uo-
rescence in situ hybridization probe against telomeric DNA is used for semiquantitative measure-
ment of telomere lengths in archival tissues (TEL-FISH). In this fi gure, a neoplastic gland from a 
ductal adenocarcinoma demonstrates near total loss of fl uorescence intensity by TEL-FISH. In 
contrast, bright telomere signals are observed in the adjacent stromal cells, and one infi ltrating 
lymphocyte at the bottom of the gland. Photomicrograph courtesy of Alan Meeker, PhD, 
Department of Pathology, Johns Hopkins University School of Medicine       
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among others (Young et al.  2009 ). Under physiological conditions, K-ras is 
 transiently activated by GTP binding, followed rapidly by inactivation due to its 
intrinsic property of GTP hydrolyzation (“GTPase”). This endogenous GTPase 
activity is compromised by somatic mutations occurring in the GTP-binding pocket, 
which causes K-ras to remain constitutively active (DeNicola and Tuveson  2009 ; 
Perez- Mancera and Tuveson  2006 ). Interestingly, the vast majority of  KRAS2  point 
mutations in human pancreatic cancer are confi ned to codon 12, and less frequently 
to codons 13 and 61. In addition to invasive cancer,  KRAS2  mutations are also found 
in PanINs, including nearly all low-grade PanINs. As recently shown (Kanda et al. 
 2012 ), lower grade PanINs represent an admixture of mutant and nonmutant clones 
of cells, with a progressive increase in the proportion of the mutant clone accompa-
nying histological progression to invasive neoplasia. 

 Recently developed animals models provide some of the most compelling evi-
dence that K-ras is required for the initiation, maintenance, and progression of 
pancreatic cancer. Specifi cally, the expression of mutant  Kras  in the mouse pan-
creas during development is suffi cient to yield the development of murine PanINs 
(mPanINs), which culminates in invasive adenocarcinoma in a fraction of animals 
(Hingorani et al.  2003 ; Aguirre et al.  2003 a). More recent studies in transgenic 
animals have also underscored the importance of  Kras  in the maintenance of pan-
creatic cancer. This has been accomplished by the use of doxycycline-modulated 
 Kras  expression in the murine expression, wherein “turning off” mutant protein 
expression results in regression of established mPanINs and even invasive adeno-
carcinomas (Collins et al.  2012 ; Ying et al.  2012 ). Finally, mouse models of coop-
eration between mutant  Kras  and  p16  loss have found an intriguing loss of 
heterozygosity (LOH) of the wild-type  Kras  allele in advanced lesions (metasta-
ses), suggesting that the wild-type protein might interfere with the oncogenic func-
tion of the mutant K-ras protein (Qiu et al.  2011 ). In light of the near ubiquitous 
nature of  KRAS  mutations in pancreatic cancer, and the observed dependence in 
animal models on sustained Ras signaling, one presumes that pharmacological 
inhibition of mutant K-ras protein would be a therapy of choice in this malignancy. 
Unfortunately, clinical trials with inhibitors of farnesyltransferase, a key enzyme in 
the post-translational processing and membrane targeting of Ras protein, have been 
disappointing in pancreatic cancer (Kelland  2003 ; Van Cutsem et al.  2004 ). Several 
alternative strategies are currently undergoing evaluation, including targeting of 
Ras effectors pathways, either singly, or more increasingly, in combination 
(Feldmann et al.  2011 ; Collisson et al.  2011 ). 

  KRAS2  mutations also represent candidate biomarkers for the diagnosis of pan-
creatic cancer in biological samples such pancreatic juice, stool, and blood 
(Goggins  2005 ). However, in heterogeneous biological samples, the overwhelming 
presence of wild-type DNA, as opposed to a limited number of mutant molecules, 
renders  KRAS2  mutations particularly diffi cult to detect using conventional assays. 
To overcome these limitations, ultrasensitive assays for the detection of mutant 
 KRAS2  have been generated in the last few years, which are able to identify low- 
concentration mutant molecules and estimate differences in the proportion of 
mutant  KRAS2   molecules between pancreatic cancer and noncancerous conditions. 
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For example, a technique known as “LigAmp,” which involves sequential DNA 
ligation and PCR amplifi cation, has been recently developed to detect and quantify 
 KRAS2  mutant molecules in pancreatic juice samples (Shi et al.  2008 ) (Fig.  2 ). 
In another ultrasensitive approach, known as BEAMing (beads, emulsion, amplifi -
cation, and magnetics), a single DNA molecule is assigned to a single magnetic 
bead, PCR-amplifi ed and coupled with specifi c fl uorescent-labeled oligonucle-
otides (Dressman et al.  2003 ; Diehl et al.  2008 ). The percentage of mutant DNA 
molecules in a mixed population of DNA molecules is then quantifi ed by analyzing 
fl uorescence emission through a fl ow cytometer. If validated by additional studies, 
it is expected that these new quantitative assays will greatly improve the diagnostic 
armamentarium available for the early diagnosis of pancreatic cancer.

   In addition to the overwhelming dominance of mutant  KRAS2 , other pathway 
components can occasionally be altered, and might either be additive, or less fre-
quently substitute for, mutant K-ras function. For example, in rare instances (~1 %), 
pancreatic cancers may harbor somatic  BRAF  mutations, and some studies have 
suggested that this preferentially occurs in the setting of  KRAS2 -wild type tumors 
(Calhoun et al.  2003 ). In this instance, one envisions that mutant  BRAF  gene prod-
uct is driving activation of the MAPK signaling pathway. Similarly, amplifi cation of 
the  AKT2  gene locus on chromosome 19q is observed in ~10 % of pancreatic can-
cers (Cheng et al.  1996 ; Ruggeri et al.  1998 ), and is typically co-existent with a 
mutant  KRAS2 , likely contributing the abnormal activation of signaling in the Akt 
oncogenic pathway.  

  Fig. 2    Quantitative detection of mutant KRAS molecules in pancreatic juice samples obtained 
from patients with pancreatic adenocarcinoma using ultrasensitive LigAmp technology. 
Figure reproduced with permission from Shi C et al., Cancer Biol Ther 2008, Landes Bioscience 
Publishers, Austin TX       
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    Tumor-Suppressor Genes 

 The  CDKN2A/p16  gene on chromosome 9p21 is inactivated in more than 95 % of 
pancreatic cancers, representing the most frequently inactivated tumor suppressor 
gene in this tumor type (Maitra and Hruban  2008 ; Rozenblum et al.  1997 ; Caldas 
et al.  1994 ; Schutte et al.  1997 ). Unlike  KRAS  mutations,  CDKN2A/p16  inactivation 
occurs through multiple mechanisms: it is estimated that 40 % of the cancers harbor 
a homozygous deletion of both alleles of the gene, and another 40% presents an 
intragenic mutation in one allele coupled with loss of heterozygosity (LOH) of the 
second, refl ecting classical Knudsonian mechanisms of gene inactivation (Knudson 
 1996 ). In the remaining 10–15 % of cancers,  CDKN2A/p16  gene is inactivated via 
promoter hypermethylation. Notably, abnormal p16 protein expression is also 
observed in 30 % of PanIN-1, 55 % of PanIN-2 and 70 % of PanIN-3, and similar 
to invasive neoplasia, the underlying genetic abnormalities occurs via a combina-
tion of gene mutation, promoter methylation, and allelic deletions (Moskaluk et al. 
 1997 ; Hustinx et al.  2005a ; Fukushima et al.  2002 ). Germ line  CDKN2A/p16  muta-
tions occur in the familial atypical multiple mole and melanoma (FAMMM) syn-
drome ( see chapter by Petersen ) (Fusaro and Lynch  2000 ). Persons affected by this 
syndrome characteristically present with numerous nevi, including dysplastic nevi 
characterized by atypical shape, size, and color and a predisposition for developing 
malignant melanoma. Notably, these patients also harbor nearly a 20-fold lifetime 
risk of developing pancreatic cancer (Klein et al.  2001 ), underscoring the impor-
tance of  CDKN2A/p16  as a tumor suppressor gene in this cancer type. The gene 
product of  CDKN2A/p16  regulates cell cycle progression by inhibiting cyclin 
D1-CDK4/6, a kinase complex that is involved in promoting the G1/S phase transi-
tion by inactivating the retinoblastoma protein, Rb (Sherr  2004 ). The  CDKN2A/p16  
locus at chromosome 9p21 has an overlapping reading frame with  Arf , whose gene 
product is involved in stabilizing p53 (Kim and Sharpless  2006 ). In genetically 
engineered mice, co-deletion of  Cdkn2a/p16  in conjunction with  Arf  plus expres-
sion of a mutant  Kras  allele in the pancreas results in rapidly progressive and lethal 
adenocarcinomas (Aguirre et al.  2003 b). Subsequent studies have confi rmed that 
pancreas-specifi c bi-allelic deletion of  Cdkn2a/p16  alone (with intact  Arf ) in asso-
ciation with mutant  Kras  is suffi cient in generating murine pancreatic adenocarci-
nomas (Bardeesy et al.  2006 ). 

 The high frequency of  CDKN2A/p16  abnormalities (especially mutations and 
promoter methylation) renders this gene as an attractive candidate for biomarker 
studies. Not surprisingly, both classes of abnormalities of  CDKN2A/p16  can be iden-
tifi ed in the pancreatic juice of patients harboring pancreatic cancer, especially using 
sensitive detection technologies (Bian et al.  2006 ; Matsubayashi et al.  2006 ). 
Interestingly, the gene encoding methylthioadenosine phosphorylase (MTAP), which 
resides approximately 100 kb telomeric to the  CDKNA2A/p16  gene, is frequently 
included in the 9p21 homozygous deletions, present in up to 1/3 rd  of pancreatic can-
cers overall (Hustinx et al.  2005b ). The MTAP enzyme is critical for purine biosyn-
thesis through the salvage pathway, and therefore, pancreatic cancers harboring 
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 MTAP  homozygous deletions are potentially susceptible to small molecule inhibitors 
of de novo purine biosynthesis, providing a great example of a synthetic lethal inter-
action that is targeted at a passenger, and not a driver alteration (Hustinx et al.  2005b ; 
Karikari et al.  2005 ; Bertino et al.  2011 ) (Fig.  3 ).

   The  TP53  gene, located on chromosome 17p, plays a critical role as a “guardian” 
of the genome. It regulates the G1/S cell cycle phase checkpoint, and induces cell 
cycle arrest in the setting of DNA damage; the inability to repair damaged DNA 
then triggers p53-dependent apoptosis (Vazquez et al.  2008 ). Somatic mutations of 
 TP53  gene are found in ~50–75 % of invasive pancreatic cancers, which results in 
the inability of the mutant protein to bind to DNA and activate the p53 transcrip-
tional network (Jones et al.  2008 ; Hingorani et al.  2005 ). Several recurrent  TP53  
mutations observed in human cancers, such as the R175H mutation, have a 
dominant- negative “gain-of-function” effect, which attenuates the function of the 
wild type allele (Jackson et al.  2005 ; Olive et al.  2004 ). Thus, loss of the second 
allele, although generally observed as a chromosome 17p loss of heterozygosity, 
may not always be necessary to abrogate physiologic p53 protein function. The 
majority of  TP53  mutations result in stabilization of the encoded protein, and this 
can be detected as nuclear accumulation of p53 on immunohistochemistry (Baas 
et al.  1994 ). In PanINs, nuclear p53 accumulation is typically detected at the stage 
of PanIN-3 and beyond, suggesting that it is a late anomaly in the multistep progression 

  Fig. 3    Purine biosynthesis in cells occurs via either the de novo or the salvage pathways. 
Methylthioadenosine phosphorylase (MTAP) is the essential enzyme for purine synthesis through 
the salvage pathway. In pancreatic cancers with homozygous  MTAP  gene deletions, the tumor 
cells are dependent on de novo purine synthesis. In these cases, blockade with a systemic inhibitor 
of de novo synthesis like  l -alanosine can provide a synthetic lethal effect that is restricted to can-
cer cells only       
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of pancreatic cancer (Maitra et al.  2003 ). This is in contrast to markers of DNA 
damage response (such as phosphorylated ATM and Chk2 proteins), which are 
observed even in the lowest-grade PanIN lesions (Koorstra et al.  2009 ). The retention 
of p53 function in low-grade PanINs (and the resulting checkpoint phenomenon) 
might explain why pancreatic cancers remain relatively uncommon despite the 
widespread prevalence of lower grade PanINs in the general population (>50 % har-
bor such noninvasive lesions above the age of 60 years) (Cubilla and Fitzgerald 
 1976 ). Loss of p53 function at the PanIN-3 stage “opens the fl oodgates” for progres-
sion to invasive neoplasia (Fig.  4 ). The high frequency of  TP53  mutations in pancre-
atic cancer provides an opportunity for its use as a biomarker in clinical samples, 
such as pancreatic juice samples (Bian et al.  2006 ). In addition, the recent develop-
ment of mutant allele specifi c p53 targeted small molecule therapeutics (in particu-
lar, those that can reactive wild-type function in the R175H allele, the most common 
mutation in pancreatic cancer) (Yu et al.  2012 ), provides new therapeutic opportuni-
ties against the mutant protein. Another example of selective toxicity against 
 p53- mutant pancreatic cancers has recently been identifi ed in preclinical studies 
that targeted the Wee1 kinase, which inhibits Cdc2, using a potent and selective 
small molecule antagonist (Rajeshkumar et al.  2011 ). Specifi cally, agents that block 
Wee1 kinase function, and hence promote Cdc2-mediated G2-M progression result 

  Fig. 4    Retention of p53 function acts as a crucial barrier to cancer progression in the pancreatic 
epithelium, in response to progressive accumulation of DNA damage and activation of the DNA 
damage response (DDR). Inactivation of p53 function at the stage of PanIN-3 and beyond is asso-
ciated with bypass of the DDR checkpoint, and progression to invasive cancer. Figure reproduced 
with permission from Koorstra et al., Mod Pathol 2009       
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in a phenomenon of so-called “mitotic catastrophe” in the setting of exacerbated 
DNA damage, such as that induced by concomitant therapy with antineoplastic 
agents like gemcitabine.

   The  DPC4/SMAD4  gene, located on chromosome 18q, encodes for an intracel-
lular protein that transduces growth inhibitory signals upon binding of transforming 
growth factor β (TGFβ) to its membrane receptors (Siegel and Massague  2003 ). 
 DPC4/SMAD4  functions as a key tumor suppressor gene, and homozygous deletion 
or intragenic inactivating mutation of  DPC4/SMAD4  occur in approximately 55 % 
of pancreatic adenocarcinomas (Hahn et al.  1996 ). Of note, loss of  DPC4/SMAD4  
is infrequently to rarely seen in other pancreatic neoplasms, such as pancreatic neu-
roendocrine tumors (PanNETs), or in most extra-pancreatic epithelial neoplasms 
(Jiao et al.  2011 ; Schutte et al.  1996 ). This renders loss of Dpc4/Smad4 protein 
expression in metastases from occult primaries as a relatively specifi c, albeit not 
particularly sensitive, biomarker for pancreatic adenocarcinoma (Tascilar et al. 
 2001a ; van Heek et al.  2002b ). Mutations of  DPC4/SMAD4  gene in adenocarcino-
mas is the only one of the “big four” that has been shown to signifi cantly correlate 
with decreased survival at both the genetic and protein level (the latter using immu-
nohistochemistry in archival samples) (Blackford et al.  2009 ; Tascilar et al.  2001b ). 
In addition, mutations of  DPC4/SMAD4  correlate with extensive systemic metasta-
ses in terminal pancreatic cancer patients, versus oligo-metastatic or locally 
advanced disease in those with retained function ( see chapter by Iacobuzio- 
Donahue  ) (Iacobuzio-Donahue et al.  2009 ). In the multistep progression model, 
loss of Dpc4/Smad4 protein expression is observed as a relatively “late” event, 
mostly at the stage of high-grade PanIN lesions (Maitra et al.  2003 ). Recent chemi-
cal genetic approaches have identifi ed compounds that are synthetic lethal to cells 
with DPC4/SMAD4 mutations, providing an opportunity for molecularly targeted 
therapies (Wang et al.  2006 ). 

 Other tumor suppressor genes have been shown to be inactivated at low fre-
quency in pancreatic cancer (<5 %). Somatic mutations of the  LKB1/STK11  gene, 
which encodes for a serine threonine kinase, are rarely observed in sporadic pancre-
atic cancer, but more commonly in the setting of familial pancreatic cancer arising 
in patients with Peutz-Jeghers syndrome (Su et al.  1999 ). Individuals affected by 
this autosomal-dominant syndrome harbor an increased risk of developing colorec-
tal hamartomatous polyps, as well as pancreatic cancer (Giardiello et al.  1987 ). The 
 LKB1  gene product is a multifunctional protein involved in metabolic sensing, 
maintenance of epithelial polarity and in regulating cytoskeletal architecture, 
amongst others (Hezel and Bardeesy  2008 ) (Fig.  5 ). In murine models, intraductal 
papillary mucinous neoplasms (IPMN) cystic neoplasms develop in the pancreas 
upon conditional  Lkb1  deletion (Hezel et al.  2008 ). Notably, loss of Lkb1 protein 
expression is observed in up to a third of cystic IPMNs of the pancreas ( see chapter 
by Offerhaus ) (Sahin et al.  2003 ), although somatic  LKB1  mutations were not seen 
in the recent sequencing of the IPMN exome (Wu et al.  2011a ). Intragenic muta-
tions and homozygous deletions of the  MKK4  gene occur in <5 % of pancreatic 
cancers (Su et al.  1998 ). The  MKK4  gene, located on chromosome 17p, encodes for 
a component of stress-activated protein kinase cascade and plays a role in growth 
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control and apoptosis (Robinson et al.  2003 ; Haeusgen et al.  2011 ). Furthermore, 
inactivation of the  MKK4  gene has been documented in subsets of metastatic pan-
creatic cancer lesions, suggesting that the product of this gene may act as a metastasis 
suppressor (Xin et al.  2004 ).

       Genome-Maintenance Genes 

 In addition to oncogenes and tumor-suppressor genes, a third class of genes, col-
lectively defi ned as genome-maintenance genes, is occasionally inactivated in 
pancreatic cancer (Vogelstein and Kinzler  2004 b). Also known as “caretakers,” 
these genes are involved in the repair of DNA breaks, minimizing errors during 
DNA replication. One of the most commonly inactivated “caretaker” genes, in 
approximately 5 % of sporadic pancreatic cancers, is the  BRCA2  gene, located on 
chromosome 13q (Jones et al.  2008 ; Naderi and Couch  2002 ). Germ line mutations 
of  BRCA2  are observed in 5–10 % of patients with an inherited predisposition to 
pancreatic cancer, and have a particular propensity to occur in families of Ashkenazi 
Jewish heritage ( see chapter by Petersen ) (Ozcelik et al.  1997 ; Goggins et al.  1996 ; 
Hahn et al.  2003 ; Lal et al.  2000 ). The product of  BRCA2  interacts with proteins 
encoded by the Fanconi anemia genes (the  FANC  genes) to mediate homologous 
recombination at sites of DNA double-strand breaks (Gudmundsdottir and Ashworth 
 2006 ). Notably, pancreatic cancers that harbor bi-allelic mutations of  BRCA2  are 
characterized by exquisite sensitivity to DNA cross-linking agents (e.g., mitomycin 
C, cisplatin) as well as poly (ADP-ribose) polymerase inhibitors (PARP-i),  providing 
an avenue for “personalized” therapy in this malignancy (Gallmeier and Kern  2007 ; 
van der Heijden et al.  2005 ; James et al.  2009 ). Recently, mutations have also been 
described in other components of the Fanconi anemia pathway, such as the  Partner 
and Localizer of BRCA2  ( PALB2 ) gene, which encodes for a partner that spatially 

  Fig. 5    Loss of Lkb1/Stk11 
protein expression by 
immunohistochemistry in a 
pancreatic ductal 
adenocarcinoma. The 
neoplastic glands ( left half ) 
are negative for Lkb1 
expression, while the 
intermixed normal ductal 
epithelium ( right half ) 
demonstrates robust labelling       
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localizes BRCA1 and BRCA2 proteins at sites of double strand breaks, in order to 
facilitate repair (Jones et al.  2009 ). Pancreatic cancers with bi-allelic  PALB2  muta-
tions are similarly sensitive to the effects of cisplatin and mitomycin C (Villarroel 
et al.  2011 ). One of the important caveats that have emerged from mouse models of 
conditional  Brca2  defi ciency in the pancreas is that haploinsuffi ciency for  Brca2 -
function might be suffi cient for inducing exocrine neoplasia, particularly in combi-
nation with mutant  Kras  (Skoulidis et al.  2010 ). This has therapeutic implications 
for treating “ BRCA ”-associated human pancreatic adenocarcinomas with PARP-i, 
since retaining a functional  BRCA2  allele would potentially render the tumors resis-
tant to this class of agents (Fong et al.  2010 ). The data on somatic loss of the second 
 BRCA2  allele in pancreatic adenocarcinomas arising in patients with a germ line 
defect of one allele remains controversial, with at least one study suggesting that it 
may be retained, rendering such tumors resistant to PARPi-based therapies 
(Skoulidis et al.  2010 ). 

 Other genes involved in DNA repair that have been implicated in pancreatic car-
cinogenesis include  hMLH1  and  hMSH2 , mostly in the context of familial pancre-
atic cancers arising on the backdrop of hereditary non-polyposis colorectal cancer 
(HNPCC) (Lindor et al.  2011 ; Ghimenti et al.  1999 ; Yamamoto et al.  2001 ). 
Mutations or transcriptional silencing in  hMLH1  and  hMSH2  have been shown to 
result in replication errors in simple repetitive units known as microsatellites 
(Parsons et al.  1993 ; Malkhosyan et al.  1996 ; Eshleman and Markowitz  1996 ). As a 
consequence, microsatellite instability (also known as a defect in mismatch repair 
or MMR) defi nes a unique genomic landscape, characterized by very few altera-
tions in chromosome ploidy. Interestingly, pancreatic carcinomas with microsatel-
lite instability exhibit a unique histological pattern, termed as “medullary,” 
comprised of poorly differentiated histology, pushing borders, and large numbers of 
tumor infi ltrating lymphocytes (Wilentz et al.  2000 ). As additional evidence of the 
distinct genetic basis for these neoplasms, mutations in the  KRAS2  gene are uncom-
monly seen in medullary carcinomas (Goggins et al.  1998 ).   

    New Perspectives from Exomic and Next-Generation 
Sequencing Studies 

 As previously stated, historically, the discovery of molecular alterations in human 
cancer was based on a candidate gene approach. These methods allowed researchers 
for the identifi cation of frequently mutated genes ( KRAS ,  CDKN2A/p16 ,  SMAD4/
DPC4 ,  TP53 ) in pancreatic adenocarcinoma, although they were often unable to 
fi nd genes altered at low frequency or in unexpected cancer pathways. The fi rst 
comprehensive glimpse into the genomic landscape of pancreatic cancer came in 
2008, with an exomic sequencing study performed on a series of 24 cancers (Jones 
et al.  2008 ). This study utilized automated Sanger sequencing for exome analysis, 
combined with serial analysis of gene expression (SAGE) for the transcriptome and 
genome-wide single nucleotide polymorphism (SNP) microrrays for copy number 
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aberrations, in order to generate an integrated assessment of molecular alterations in 
pancreatic cancer. Using this approach, the sequences of 23,219 transcripts, repre-
senting 20,661 protein-coding genes (99.6 % of the coding genome) were deter-
mined. Overall, 1,562 somatic mutations were identifi ed, mostly represented by 
single base substitutions [missense and nonsense mutations, or insertions/deletions 
(i.e., “indels”)]. Pancreatic cancers were found to harbor a median of 66 somatic 
mutations per tumor. Only a small proportion of the compendium of mutated genes 
within an individual sample actually contributes to tumorigenesis (“driver genes”) 
and the vast majority simply represent a bystander effect of ongoing genetic insta-
bility and clonal evolution (“passenger genes”) (Bozic et al.  2010 ). Genes with a 
minimum of two genetic alterations (at least one of which was predicted to result in 
altered function) and a mutation rate > 10 mutations/Mb, calculated by integrating 
gene size, nucleotide composition and other characteristics, were considered as 
candidate driver genes (“CAN” genes). Consequently, genes that did not fi t these 
criteria were considered passenger genes. Such an approach led to the identifi cation 
of 91 CAN genes. Of these, the previously known “big four” ( KRAS2, CDKN2A/
p16, TP53, SMAD4/DPC4 ) constituted the most obvious “mountains” on the 
genomic landscape. The rest of the landscape was comprised of low-frequency 
“hills” and even “private” (unique) mutations, underscoring the considerable genetic 
heterogeneity amongst the different tumor samples studied. These results might at 
fi rst appear discouraging to researchers and clinicians in terms of developing tar-
geted therapies. However, such a complexity is signifi cantly reduced if altered genes 
are considered in the much broader context of biological pathways. In fact, 12 core 
biological pathways appear to be altered in most cases of pancreatic cancer, many 
of which are well-established hallmarks of cancer (Hanahan and Weinberg  2011 ) 
(Fig.  6 ). This information may harbor implications for the development of new 
therapeutic agents that target functional pathways or processes rather than individ-
ual products of mutated genes.

   Although detailed discussion of the 12 core signaling pathways is beyond the 
scope of this chapter, one notable theme that has emerged from the pancreatic can-
cer exome sequencing effort (Jones et al.  2008 ), as well as other comparable solid 
tumor studies, has been the emergence of epigenetic modifi ers as a major target of 
genomic alterations (Parsons et al.  2011 ; Jones et al.  2010 ,  2012 ; Varela et al.  2011 ; 
Fujimoto et al.  2012 ). Pancreatic cancers harbor widespread epigenetic alterations, 
which mimic the multistep genetic progression observed with coding sequences 
( see chapter by Goggins ). It is postulated that many of the genomic alterations in 
chromatin modifying genes represent epigenetic “drivers” of cancer (Elsasser et al. 
 2011 ). For example, somatic mutations of the mixed-lineage leukemia 3 ( MLL3 ) 
gene is observed in ~10 % of pancreatic cancers, rendering it as the fourth most 
commonly mutated tumor suppressor gene in this neoplasm (Jones et al.  2008 ). The 
protein encoded by  MLL3  encodes for a histone methyltransferase, which forms 
part of a multimeric complex involved in regulation of chromatin remodeling (Lee 
et al.  2009 ). As previously stated, numerous other chromatin modifying genes are 
inactivated by copy number alterations in pancreatic cancer (for example,  ARID1A , 
 BRG1 ,  PRBM1 ), with almost a third of tumors demonstrating aberrations in this 
class of genes (Shain et al.  2012 ). 
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 The pancreatic adenocarcinoma exome has also been sequenced as part of an 
international effort known as the International Cancer Genome Consortium (ICGC) 
(Hudson et al.  2010 ). In contrast to the Jones et al. study (Jones et al.  2008 ), the 
pancreatic cancer ICGC team (led by investigators in Australia and Canada) utilized 
NGS technology on ~100 primary (Stage I and II) tumors (Biankin et al.  2012 ). 
Their data has reaffi rmed many of the mutational “mountains” and “hills” uncovered 
in the Jones study, but also identifi ed novel recurrent mutated pathways in pancreatic 
cancer. In particular, genes involved in embryonal axonal guidance [members of the 
 SLIT/ROBO  family of genes (Killeen and Sybingco  2008 )] has emerged as recur-
rently mutated in pancreatic cancer, and appear to impart an adverse prognosis in 
patients bearing tumors with such somatic alterations. 

 The pancreas is one of the few organs where not only the most common neoplas-
tic subtype (i.e., ductal adenocarcinoma) has been sequenced at the exome level, but 
so have nearly all other solid and cystic variant neoplasms as well (Wu et al.  2011a , 
 b ; Jiao et al.  2011 ). These studies, accomplished by harnessing the prowess of NGS 
have confi rmed that “genetics begets morphology”—in that each of the histogenetic 
subtypes of pancreatic neoplasms is characterized by a unique underlying genomic 

  Fig. 6    Core signaling pathways that are altered by somatic mutations in the majority of pancreatic 
cancers. New data from the ICGC suggests that axonal guidance genes are another important cat-
egory to be added to this list of core pathways. Figure adapted from Jones et al., Science 2008       
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signature and driver gene mutations. For example, in contrast to ductal adenocarci-
nomas, PanNETs rarely, if ever, harbor mutations of the “big four” ( KRAS2, 
CDKN2A/p16, TP53, SMAD4/DPC4 ) (Jiao et al.  2011 ). In contrast these lesions 
have three “mountains” on their genomic landscape—mutations of  MEN1 , germ 
line mutations of which are responsible for multiple endocrine neoplasia, type 1 
(Marx et al.  1999 ); mutations of genes in the mammalian TOR signaling pathway 
( PIK3CA ,  PTEN , and  TSC2 ) that determines susceptibility to inhibitors of TOR 
kinase (Meric-Bernstam et al.  2012 ; Yao et al.  2011 ); and a novel cancer pathway 
involving mutations of two genes— DAXX  and  ATRX , which encode for proteins that 
act as histone chaperones at telomeric DNA (Jiao et al.  2011 ). Mutations of  DAXX  
or  ATRX  are found in a mutually exclusive manner in ~50 % of PanNETs, and result 
in a phenomenon called alternative lengthening of telomeres (ALT), characterized 
by absence of telomerase activity and abnormally long telomeres within neoplastic 
cells (Heaphy et al.  2011a ). Of note, neither mutations of  ATRX/DAXX , nor the ALT 
phenomenon have been described in ductal adenocarcinomas (Heaphy et al.  2011b ). 
Similarly, the genomes of cystic mucinous neoplasms of the pancreas—including 
IPMNs and mucinous cystic neoplasms (MCNs) have recently been profi led, and 
approximately half contain inactivating mutations of  RNF43 , a gene encoding for 
RING domain containing ubiquitin ligase (Wu et al.  2011a ). Mutations of  RNF43  
have not been described in ductal adenocarcinoma, and the substrates of this ubiq-
uitin ligase could represent the essential proteins responsible for driving exocrine 
neoplasia along a mucinous and cystic pathway. Recent studies suggest that RNF43 
protein functions as a Wnt pathway inhibitor (Hao et al.  2012 ), and in conjunction 
with activating  CTNNB1  mutations in a subset of IPMNs (Chetty et al.  2006 ), aberrant 
Wnt activation might represent one of the mechanisms by which unique histogenetic 
differentiation occurs in cystic neoplasms versus “usual” ductal adenocarcinomas.  

    Conclusion 

 In conclusion, tremendous advances have been achieved over the last few years in 
our knowledge of the genomic alterations in spoardic pancreatic cancer. The appli-
cation of NGS technologies has greatly expanded the scenarios in pancreatic cancer 
wherein this knowledge can be applied, from developing ultrasensitive early 
detection assays in biological specimens to more effi cacious personalized therapies. 
In addition, knowledge gleaned from sequencing of the sporadic pancreatic cancer 
genome has been useful in expanding to the study of genomic alterations in precur-
sor lesions ( see chapter by Offerhaus ) (Wu et al.  2011a ,  b ), discovery of genes 
involved in familial pancreatic cancer ( see chapter by Petersen ) (Jones et al.  2009 ; 
Roberts et al.  2012 ), to elucidate the genomic complexity of metastases, and con-
struct a timeline for progression to terminal disseminated cancer ( see chapter by 
Iacobuzio-Donahue ) (Yachida et al.  2010 ; Campbell et al.  2010 ). The public dis-
semination of sequence data using online portals such as the “ICGCMart” (Zhang 
et al.  2011 ) is likely to impact research and drug discovery efforts in pancreatic 
cancer for the next decade.     
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    Abstract     Pancreatic cancer is the fourth leading cause of cancer-related death in 
the USA. Each year about 44,000 patients are newly diagnosed with pancreatic 
cancer in the USA. Most of these patients present with advanced disease and have a 
very poor prognosis. 

 Given this dismal prognosis, the challenge is to identify pancreatic cancer in an 
early stage or, better, patients at risk for pancreatic cancer before an incurable inva-
sive carcinoma has developed. Several distinctive precursor lesions of pancreatic 
cancer are now known, which theoretically allows for detection of patients at risk of 
developing pancreatic cancer. These precursor lesions are the microscopic pancre-
atic intraepithelial neoplasia (PanIN) and the macroscopic cystic precursor lesions 
intraductal papillary mucinous neoplasia (IPMN), intraductal tubulopapillary neo-
plasm (ITPN), and mucinous cystic neoplasia/mucinous cystadenoma (MCN). 

 Insight in the molecular biology of pancreatic adenocarcinoma and these precur-
sor lesions has substantially increased during the past decades. Accurate understand-
ing of the successive molecular genetic alterations in these lesions may eventually 
lead to biomarkers that can predict biological behavior and guide treatment of 
patients at risk of invasive pancreatic cancer. This chapter reviews the clinical, diag-
nostic, and molecular genetic aspects of these pancreatic cancer precursor lesions.  

        Introduction 

 Pancreatic cancer is the fourth leading cause of cancer-related death in the USA. 
In 2012, an estimated 44,000 patients are diagnosed with pancreatic cancer and 
about 37,000 patients will die of this disease (Siegel et al.  2012 ). Worldwide, 
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approximately 277,000 new patients are diagnosed with pancreatic cancer each year 
(Maisonneuve and Lowenfels  2010 ). Depending on stage, the median survival var-
ies from 2.5 to 6.8 months in patients without surgical therapy to 4.5–24.1 months 
in patients receiving surgery. The overall 5-year survival rate is 3–5 %, whereas the 
5-year survival rate is 15–30 % for patients with early-stage disease treated by cura-
tive resection. However, more than 70 % of patients present with stage III or IV 
disease and have a poor prognosis (Bilimoria et al.  2007 ; Hidalgo  2010 ; Hruban 
et al.  2010 ; Vincent et al.  2011 ; Siegel et al.  2012 ). The asymptomatic nature of 
early pancreatic cancer, the lack of sensitive and specifi c tools to diagnose early 
disease, and the lack of response to most forms of treatment all contribute to the 
high mortality rate of pancreatic cancer. Despite intensive research prognosis of 
invasive pancreatic cancer has barely improved in the past decades. Postoperative 
adjuvant chemo- and/or radiation therapies are only marginally effective and there 
is a high level of chemo- and radioresistance (Hidalgo  2010 ; Vincent et al.  2011 ). 
The most promising way to reduce pancreatic cancer mortality is therefore to iden-
tify and treat patients at risk for pancreatic cancer before an incurable invasive car-
cinoma develops (Maitra et al.  2005 ; Hruban et al.  2007b ). 

 Although still evolving, knowledge of pancreatic tumorigenesis has signifi cantly 
improved during the past decades and it is now clear that invasive pancreatic cancer 
develops from several distinctive precursor lesions. The most common precursor 
lesion is the microscopic pancreatic intraepithelial neoplasia (PanIN). Less com-
mon are the macroscopic cystic precursor lesions intraductal papillary mucinous 
neoplasm (IPMN), intraductal tubulopapillary neoplasm (ITPN), and mucinous 
cystic neoplasm/mucinous cystadenoma (MCN) (Maitra et al.  2003 ; Hruban et al. 
 2007b ,  2010 ). Detection and treatment of these precursor lesions and thereby pre-
venting development of full-blown invasive pancreatic adenocarcinoma is an impor-
tant strategy to reduce pancreatic cancer mortality. However, defi nitive preoperative 
diagnosis and prediction of biological behavior of these lesions is often diffi cult but 
essential for further treatment decisions. Accurate knowledge of molecular genetic 
alterations in these lesions may lead to biomarkers that can differentiate between 
and predict biological behavior of these lesions, and thus guide further treatment of 
patients with these lesions. In this chapter, clinical, histopathological, and molecu-
lar aspects of the different pancreatic cancer precursor lesions are discussed.  

    Pancreatic Intraepithelial Neoplasia 

    Defi nition, Clinical Appearance, and Histopathology 

 PanIN is the most common precursor lesion of conventional pancreatic ductal ade-
nocarcinoma. PanIN is a microscopic precursor lesion arising in small caliber pan-
creatic ducts and has been recognized for more than a century (Hruban et al.  2004 , 
 2010 ; Maitra et al.  2005 ). PanINs occur most frequently in the head of the pancreas 
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and to a lesser extent in the body or tail. The overall prevalence of PanIN is esti-
mated to be about 20 % and the incidence increases with age, present in 6.7 % of 
people ≤50 years of age, 28 % in people between 50 and 65 years of age, and 37 % 
of people ≥65 years of age (Kozuka et al.  1979 ; de Wilde et al.  2012 ). In addition, 
PanIN lesions occur more often in pancreata harboring adenocarcinoma (82 %) than 
pancreata with pancreatitis (60 %) or normal pancreata (16 %) (Andea et al.  2003 ; 
Hruban et al.  2008 ). Moreover, multiple PanINs of all grades are frequently observed 
in individuals with inherited susceptibility to pancreatic cancer (Shi et al.  2009 ). 

 PanINs occur in smaller pancreatic ducts and are less than 5 mm in diameter 
which is in fact one of the features used to distinguish PanIN from IPMNs which are 
usually >1 cm diameter. PanINs are microscopic lesions and are not macroscopi-
cally detected (Hruban et al.  2004 ). 

 Histologically, PanINs are lined by columnar mucinous epithelium instead of the 
normal cuboidal pancreatic duct epithelium (Hruban et al.  2004 ). Most PanINs 
express MUC1, MUC5AC, and MUC6 suggesting gastric foveolar differentiation 
(Kim et al.  2002 ). MUC2 expression is not present in PanIN, a distinctive feature to 
differentiate it from IPMN (Hruban et al.  2004 ; Maitra et al.  2005 ). 

 PanINs are divided in three grades based on the degree of cytonuclear and archi-
tectural atypia (Fig.  1a–e ) (Hruban et al.  2004 ,  2010 ). Low-grade or PanIN-1A 
lesions typically have fl at epithelium consisting of columnar mucinous cells ori-
ented perpendicularly to the basement membrane with basally oriented uniform 
round to oval nuclei and supranuclear mucin. PanIN-1B lesions have a (micro)pap-
illary architecture, whereas PanIN-2 lesions show even more architectural complex-
ity with pseudostratifi cation, nuclear hyperchromasia, and beginning loss of nuclear 
polarity consistent with intermediate-grade dysplasia. PanIN-3, or high-grade dys-
plasia/carcinoma-in situ, is characterized by signifi cant cytological atypia and 
includes complete loss of nuclear polarity, nuclear hyperchromasia, conspicuous 
nucleoli, and the presence of (atypical) mitotic fi gures. In addition, PanIN-3 is char-
acterized by architectural changes including (micro)papillary epithelium and cribri-
form growth, and there is sometimes luminal necrosis (Hruban et al.  2004 ; de Wilde 
et al.  2012 ). Interestingly, PanINs are often surrounded by lobular parenchymal 
atrophy which can be detected by imaging techniques (e.g., endoscopic ultrasound) 
and may be used as a biomarker in a subset of patients with a high-risk pancreatic 
cancer (Meckler et al.  2001 ; Detlefsen et al.  2005 ; Brune et al.  2006 ).

       Molecular Characteristics of PanIN 

 Molecular genetic alterations in PanIN confi rm the stepwise progression from nor-
mal epithelium to low-grade, subsequent high-grade dysplasia and invasive carci-
noma. A simplifi ed model of this histologic–genetic progression is called the 
“PanINgram” and shows that accumulation of molecular alterations correlates with 
increasing grades of dysplasia (Hruban et al.  2000 ) (Fig.  2 ). Early genetic alterations 
that can initiate PanIN development are mainly found in the  KRAS  oncogene and 
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less frequently in  p16/CDKN2A ,  GNAS , or  BRAF  (Kanda et al.  2012 ). In addition, 
telomere shortening is found in >90 % of PanIN lesions of all grades but this may 
rather be a consequence of activation of oncogene stress-induced senescence 
 programs than an initiator of PanIN (van Heek et al.  2002 ; Kanda et al.  2012 ).

   Previous studies have shown an increase of  KRAS  mutations correlating with 
neoplastic progression (i.e., 36 % in PanIN-1A, 44 % in PanIN-1B, 87 % in 
PanIN- 2/3, and >90 % in PDAC), suggesting that  KRAS  mutation is more involved 
after PanIN initiation than responsible for initiation of tumorigenesis (Moskaluk 
et al.  1997 ; Hruban et al.  2000 ; Lohr et al.  2005 ). However, a recent study using 
more sensitive mutation detection methods identifi ed  KRAS  mutations in >90 % of 
both low- and high-grade PanIN lesions. Interestingly, the average concentration of 
mutant  KRAS  alleles increased in subsequent PanIN grades, which is consistent 
with a gradual expansion of the  KRAS -mutant clone during progression of PanIN. 
This fi nding can also explain the lower prevalence of  KRAS  mutations in low-grade 
lesions found in prior studies that used less sensitive sequence methods (Kanda 
et al.  2012 ).  BRAF  mutations were only found in a small subset of  KRAS -wild-type 

  Fig. 1    Histology of PanIN lesions. ( a ) Normal pancreatic duct lined by cuboidal epithelium. 
( b ) PanIN-1A. Pancreatic duct lined by fl at epithelium consisting of columnar mucinous cells with 
basally oriented uniform round to oval nuclei and supranuclear mucin. ( c ) PanIN-1B. Pancreatic 
duct lined by epithelium consisting of columnar mucinous cells and micropapillary architecture. 
( d ) PanIN-2. Pancreatic duct lined by columnar cells with nuclear hyperchromasia, pseudostratifi -
cation, and papillary architecture. ( e ) PanIN-3. Pancreatic duct lined by columnar cells with severe 
cytonuclear pleiomorphism, loss of nuclear polarity, and complex architecture with (micro)papil-
lary epithelium and cribriform growth pattern. ( f ) p53 immunohistochemistry in a PanIN-3 lesion 
showing accumulation of the p53 protein consistent with  TP53  mutation       
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PanINs and pancreatic cancers (Jones et al.  2008 ; Kanda et al.  2012 ). A subset of 
PanINs (~11 %) harbored a  GNAS  mutation, an oncogene that was recently discov-
ered to be mutated in ~60 % of IPMNs (Wu et al.  2011b ; Kanda et al.  2012 ). 
Interestingly, in some PanINs a  GNAS  mutation was the only identifi ed mutation 
and in other PanINs the  GNAS  mutation seemed to have occurred earlier than the 
 KRAS  mutation. In total, >99 % of the earliest stage PanIN-1 lesions contain muta-
tions in  KRAS ,  p16/CDKN2A ,  GNAS , or  BRAF , indicating that somatic mutations 
are required for the early development of all PanIN lesions which can be used as an 
argument against the hypothesis that PanINs begin as metaplasia. However, it also 
appears that  KRAS  mutation alone provides only a modest selective advantage over 
neighboring cells and that additional genetic or epigenetic events are needed for 
neoplastic progression (Kanda et al.  2012 ). 

  p16/CDKN2A  mutation is a relatively early event in PanIN and may be the addi-
tional genetic event needed for PanINs with  KRAS  mutation to progress (Hruban 
et al.  2000 ; Kanda et al.  2012 ).  p16/CDKN2A  mutations were found in 11 % of 
low- grade (i.e., PanIN-1/2) lesions and were more often found in PanIN lesions 
without a  KRAS  mutation (Kanda et al.  2012 ). Previously, loss of p16/CDKN2 
 protein expression was already shown to increase with PanIN grade (i.e., p16/
CDKN2 protein expression was lost in 30 % of PanIN-1A/B, 55 % of PanIN-2, and 
71 % of PanIN-3 lesions) (Wilentz et al.  1998 ). Loss of function occurs through 
homozygous deletions, mutation and loss of heterozygosity (LOH) or promotor 
hypermethylation, each of these mechanisms accounting for approximately one-
third of p16 silencing (Schutte et al.  1997 ). In addition, overexpression of cyclin D1 
is noted in 29 % of PanIN-2 and 57 % of PanIN-3 lesions (Maitra et al.  2003 ). 

  Fig. 2    Progression model of pancreatic cancer. Each step in the progression from normal epithe-
lium to low-grade PanIN, subsequent high-grade PanIN and eventually invasive adenocarcinoma 
is accompanied by additional genetic alterations. More than 99 % of the earliest stage PanIN-1 
lesions contain mutations in  KRAS ,  p16/CDKN2A ,  GNAS , or  BRAF        
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 Inactivation of p53 through intragenic mutation and LOH of the  TP53  gene is a 
late event in pancreatic tumorigenesis and appears to be limited to PanIN-3 and 
invasive pancreatic cancer where it is found in 30–50 % of cases (Fig.  1f ) (Hruban 
et al.  2000 ; Luttges et al.  2001 ). Inactivation of the tumor suppressor gene  SMAD4  
( DPC4 ) is found in approximately 30 % of PanIN-3 and 50 % of PDAC cases and 
is therefore another late event in pancreatic tumorigenesis (Hruban et al.  2000 ; 
Wilentz et al.  2000 ). Loss of the wild-type  BRCA2  allele has been found in PanIN-3 
in a patient with a germline  BRCA2  mutation (Goggins et al.  2000 ). In addition to 
mutational inactivation of tumor suppressor genes, epigenetic inactivation by hyper-
methylation of tumor suppressor genes is a frequent event early in PanIN develop-
ment and increases with increasing grade of dysplasia (Sato et al.  2008 ). Also 
aberrant overexpression of oncogenes such as components of EGFR, Notch and 
Hedgehog signaling occurs in PanIN and is associated with invasive adenocarcino-
mas (Day et al.  1996 ; Miyamoto et al.  2003 ; Thayer et al.  2003 ). Lastly, PanIN 
lesions show aberrant expression of many microRNAs, which is likely to be impor-
tant in pancreatic carcinogenesis. Interestingly, expression of some microRNAs, 
such as miR-196b, appears specifi c for high-grade lesions (PanIN-3 and PDAC) and 
may therefore be useful as diagnostic markers (Yu et al.  2012 ).   

    Intraductal Papillary Mucinous Neoplasm 

    Defi nition, Clinical Appearance, and Histopathology 

 IPMN is a macroscopically visible cystic mucin producing tumor arising in a main 
pancreatic duct or one of its branches. IPMNs are quite common lesions and account 
for approximately 3 % of exocrine pancreatic neoplasms and for 20 % of cystic pan-
creatic neoplasms (Kosmahl et al.  2004 ; Adsay et al.  2010 ; Shi and Hruban  2012 ). 
Most IPMNs are found in patients between 60 and 70 years of age and the mean age 
of diagnosis varies from 63 to 66 years (Fukushima et al.  1997 ; Chari et al.  2002 ). 
Patients with an IPMN with an associated invasive carcinoma tend to be 3–5 years 
older than patients with an IPMN without invasive carcinoma. IPMNs are slightly 
more common in males (~60 % of cases) than females (Shi and Hruban  2012 ). 

 IPMNs have been reported in individuals with a family history of pancreatic can-
cer and in patients with Peutz-Jeghers syndrome (Sato et al.  2001 ; Canto et al.  2012 ). 

 IPMNs are divided in main duct, branch duct, and combined or mixed type, 
which is mainly based on its appearance on imaging and to a lesser extent on gross 
pathologic examination (Crippa et al.  2010 ; Shi and Hruban  2012 ). Main-duct 
IPMNs usually occur in the pancreatic head and often produce copious thick mucin 
which gives rise to a (diffusely) dilated main pancreatic duct and associated symp-
toms. These symptoms include abdominal or back pain, nausea, vomiting, weight 
loss, or recurrent episodes of pancreatitis. Approximately 60 % of main-duct IPMNs 
harbor high-grade dysplasia and associated invasive carcinoma is found in about 
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45 % of main-duct IPMNs (Salvia et al.  2004 ; Kawamoto et al.  2006 ; Crippa et al. 
 2010 ; Shi and Hruban  2012 ). Branch-duct IPMNs occur mainly in the head and 
uncinate process and are often multicystic grapelike structures with thin cyst walls 
involving side branches of the main pancreatic duct. Branch-duct IPMNs are usu-
ally asymptomatic and are therefore often incidental fi ndings on imaging studies for 
other medical reasons. One study found an unsuspected pancreatic cyst (most of 
which were probably IPMN) in 2.6 % of asymptomatic patients and this number 
increased with age (Laffan et al.  2008 ). Most branch-duct IPMNs are low-grade 
lesions with an indolent behavior, although high-grade dysplasia and invasive car-
cinoma are found in about 25 and 20 % of branch-duct IPMNs meeting the “Sendai 
criteria”, respectively (Terris et al.  2000 ; Kawamoto et al.  2006 ; Rodriguez et al. 
 2007 ; Crippa et al.  2010 ; Shi and Hruban  2012 ). Mixed-type IPMNs involve both 
the main and branch ducts. Both main and branch-duct IPMNs can be associated 
with atrophy of the adjacent pancreatic parenchyma. 

 Prognosis of IPMN is mainly determined by the presence or absence of associ-
ated invasive carcinoma. The 5-year survival rate for patients with an IPMN without 
an associated invasive carcinoma is 90–100 %, whereas this is about 30–60 % for 
patients with an IPMN with associated invasive carcinoma (Chari et al.  2002 ; Maire 
et al.  2002 ; Raimondo et al.  2002 ; D’Angelica et al.  2004 ; Salvia et al.  2004 ; Nara 
et al.  2008 ; Crippa et al.  2010 ). Invasive carcinoma in IPMN has a better prognosis 
than primary PDAC which maybe mainly due to the lower stage at which IPMN- 
associated adenocarcinoma is usually diagnosed (Poultsides et al.  2010 ). 

 The “Sendai criteria” are international consensus guidelines for the management 
of IPMNs (Tanaka et al.  2006 ). These criteria advise surgical resection of all main- 
duct IPMNs and resection of branch-duct IPMNs that are symptomatic, >3 cm, har-
bor a mural nodule, or are associated with signifi cant dilatation of the pancreatic 
duct. In addition, lesions should be resected if cytology shows severe cytonuclear 
atypia (Tanaka et al.  2006 ; Shi and Hruban  2012 ). 

 Grossly, IPMNs can be lined by fl at epithelium (ductectatic pattern) or by epithe-
lium with papillary projections (villous growth). By defi nition, IPMNs are >0.5 cm 
and most IPMNs are >1 cm, with the size varying from 1 cm to the entire pancreas 
(Hruban et al.  2007a ). Careful gross examination to differentiate between main-duct 
and branch-duct IPMNs is important in view of the higher risk of high-grade dys-
plasia and invasive carcinoma in the main-duct type (Crippa et al.  2010 ). Because 
invasive carcinoma can be very focal within an IPMN, these lesions should be thor-
oughly sampled for histological examination. Gross features suggestive of invasive 
adenocarcinoma are irregular heterogeneous thickening of cyst walls, fi brotic foci, 
and the presence of solid nodules (Shi and Hruban  2012 ; de Wilde et al.  2012 ). 

 Microscopically, IPMNs are classifi ed according to the degree of dysplasia and 
the direction of differentiation of the neoplastic epithelium, which can be intesti-
nal-, pancreatobiliary-, gastric-, or oncocytic type. Because multiple histological 
types of epithelium can often be found in an IPMN, the dominant component defi nes 
the subtype (Adsay et al.  2010 ; Shi and Hruban  2012 ). It is important to recognize 
the histological subtype of an IPMN because this appears to be an independent pre-
dictor of patient prognosis (Furukawa et al.  2011 ). Moreover some IPMN subtypes 
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are associated with distinct types of invasive carcinoma with varying prognosis. For 
instance, colloid carcinoma (associated with intestinal-type IPMN) and oncocytic 
carcinoma (associated oncocytic-type IPMN) have better a prognosis than the tubu-
lar type carcinoma (associated with gastric-, pancreatobiliary-, or intestinal-type 
IPMN) which has a course similar as PDAC (Mino-Kenudson et al.  2011 ). 

 Main-duct IPMNs are usually lined by intestinal- and pancreatobiliary-type epi-
thelium, whereas branch-duct IPMNs are typically lined by gastric-type epithelium 
(Adsay et al.  2010 ). The intestinal-type IPMN (Fig.  3a ) shows long papillae lined 
by columnar mucin-producing cells with cigar-shaped pseudostratifi ed nuclei and 
basophilic cytoplasm, resembling a villous adenoma of the colon. Often goblet-like 
cells are encountered. Intermediate to high-grade dysplasia is usually seen in this 
type (Adsay et al.  2010 ; Shi and Hruban  2012 ). The neoplastic cells of intestinal- 
type IPMN do not express MUC1, weakly express MUC6 and strongly express 
MUC5A, MUC2, and CDX2 (Adsay et al.  2004 ; Basturk et al.  2010 ).

   Pancreatobiliary IPMNs (Fig.  3b ) are lined by cuboidal cells with round hyper-
chromatic nuclei with prominent nucleoli and cytoplasm containing less mucin than 
in the intestinal-type IPMN. These IPMNs are further characterized by more 
 complex thin papillae with branching and cribriform growth and therefore tend to 
be high-grade lesions (Adsay et al.  2010 ; Shi and Hruban  2012 ). Pancreatobiliary 
IPMNs have an immunohistochemical expression pattern similar to that of PanIN 
and usually express MUC1 and MUC5A, sometimes MUC6 but not MUC2 (Adsay 
et al.  2004 ; Ban et al.  2006 ; Basturk et al.  2010 ). 

 Gastric foveolar-type IPMNs (Fig.  3c ) are lined by cells with abundant apical 
cytoplasmic mucin and basally oriented small nuclei, resembling gastric foveolar 
epithelium (Furukawa et al.  2005 ). These IPMNs are usually lined by a single fl at 
layer of epithelium lining dilated ducts. Papillary projections are uncommon in these 
lesions and there is mostly low-grade dysplasia. The neoplastic cells often extend 
along the pancreatic ducts into adjacent pancreatic tissue resulting in acinar- ductal 
metaplasia, acinar atrophy, and fi brosis. Gastric foveolar-type IPMNs strongly 

  Fig. 3    Histologic subtypes of IPMN. ( a ) Intestinal-type IPMN with intermediate-grade dysplasia 
lined by columnar mucin-producing cells with cigar-shaped pseudostratifi ed nuclei and scattered 
goblet-like cells. ( b ) Pancreatobiliary IPMN with high-grade dysplasia lined by cuboidal cells with 
round hyperchromatic nuclei with prominent nucleoli, cytoplasm containing less mucin than in the 
intestinal-type IPMN and more complex papillary architecture. ( c ) Gastric-type IPMN with low- 
grade dysplasia lined by a single layer of cells with basally oriented small nuclei and abundant 
apical cytoplasmic mucin resembling gastric foveolar epithelium       
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express gastric-type mucins MUC5A and MUC6 but not MUC1 and MUC2 
(Furukawa et al.  2005 ; Ban et al.  2006 ; Basturk et al.  2010 ). 

 Oncocytic-type IPMNs, also known as intraductal oncocytic papillary neoplasms 
(IOPNs), are composed of cells with abundant granular eosinophilic cytoplasm due 
to accumulation of mitochondria. The architecture of IOPNs is very complex with 
arborizing papillae, cribriform growth, and solid nests, growing into the lumen of 
the dilated duct. Intraepithelial and intracellular mucin is frequently present and 
scattered goblet cells can be observed. The stratifi ed oncocytic neoplastic cells have 
abundant eosinophilic granular cytoplasm and large round uniform nuclei. Because 
of the marked cytonuclear and architectural atypia most IOPNs are classifi ed as 
having high-grade dysplasia (Adsay et al.  2010 ; Shi and Hruban  2012 ). Sometimes 
it can be diffi cult to appreciate the intraductal nature of this lesion. IOPNs express 
MUC1 and MUC6, whereas expression of CDX2, MUC2, and MUC5A is restricted 
to the goblet cells (Basturk et al.  2010 ; Liszka et al.  2010 ; Shi and Hruban  2012 ). 
Invasive carcinoma arising from IOPN is a relatively well-circumscribed tumor 
composed of cells with the characteristic oncocytic features growing in the periduc-
tal stroma as small solid nests and glands (Patel et al.  2002 ). Although only few 
cases have been described, genetic changes seem distinct from typical pancreatic 
adenocarcinoma which may explain the indolent clinical behavior of IOPN (Patel 
et al.  2002 ; Xiao et al.  2011 ).

In the fourth edition of WHO classifi cation of tumors of the digestive system, 
ITPN is recognized as a subtype of the intraductal pancreatic neoplasms and is 
therefore discussed separately (Adsay et al.  2010 ).  

    Molecular Characteristics of IPMN 

 A recent study investigating eight IPMNs by whole-exome sequencing showed that 
IPMNs contain an average of 26 somatic mutations (Wu et al.  2011a ). The most 
common genetic alteration in IPMN is mutation of codon 12 and to a lesser extent 
codon 13 of the  KRAS  gene which is found in >80 % of IPMNs (Wu et al.  2011b ). 
Previous studies have shown that the prevalence of  KRAS  mutation increases with 
increasing grade of dysplasia (Sessa et al.  1994 ; Satoh et al.  1996 ; Schonleben et al. 
 2007 ). In addition, this study identifi ed mutations in  GNAS , a well-known oncogene 
functioning as a signal transducer between hormonal receptors and adenylyl cyclase, 
to be present in 66 % of IPMNs. Interestingly, it was suggested that  GNAS  muta-
tions are specifi c for IPMN since mutations in this gene were not found in other 
types of cystic pancreatic neoplasms (i.e., serous cystadenoma, MCN, and solid 
pseudopapillary neoplasm) or in invasive adenocarcinomas not associated with 
IPMNs, whereas  GNAS  mutations were found in adenocarcinomas developing in 
association with IPMNs (Wu et al.  2011b ). 

 Taken together, about 50 % of IPMNs harbor both a  GNAS  and a  KRAS  mutation, 
whereas either a  KRAS  or a  GNAS  mutation can be found in 96 % of IPMNs. 
Because  KRAS  and  GNAS  gene mutations can be detected in cyst fl uid, mutation 
analysis of these genes in cyst fl uid aspirates may prove to be a valuable asset for 
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preoperative diagnostic workup of IPMNs (Wu et al.  2011b ). Importantly, both 
 KRAS  and  GNAS  mutations are restricted to specifi c codons ( GNAS  codon 201 and 
 KRAS  codon 12 or 13) which makes analysis of these molecular alterations rela-
tively straight forward and suitable for routine diagnostics (Wu et al.  2011b ). 

 Different subtypes of IPMN appear to follow different pathways of neoplastic 
progression. For instance, gastric- and pancreatobiliary-type IPMNs show higher 
rates of  KRAS  mutation than intestinal-type IPMNs, whereas  GNAS  mutations are 
most prevalent in the intestinal-type IPMNs and absent in IOPN (Mohri et al.  2012 ; 
Wu et al.  2011b ). In addition,  KRAS  mutation and p53 overexpression are less prev-
alent in IOPN than in pancreatobiliary-type IPMN (17 % vs. 58 % and 11 % vs. 
58 %, respectively) (Xiao et al.  2011 ). Whole-exome sequencing also identifi ed 
 RNF43 , encoding a protein with intrinsic E3 ubiquitin ligase activity, as a gene that 
is frequently mutated in IPMN (6 of 8 cases). Although  RNF43  mutations were not 
specifi c for IPMN, since mutation of this gene was also found in a subset of MCNs, 
this fi nding highlights the importance of inactivation of ubiquitin ligase in cystic 
pancreatic tumors (Wu et al.  2011a ). 

 The mTOR pathway may be involved in IPMN tumorigenesis via loss of  LKB1/
STK11  which is a serine threonine kinase upstream of mTOR.  LKB1/STK11  loss is 
found in IPMNs arising in patients with Peutz-Jeghers syndrome (caused by germ-
line  LKB1/STK11  mutation) and also in about 25 % of sporadic IPMNs (Su et al. 
 1999 ; Sato et al.  2001 ). In addition,  PIK3CA , which also encodes a protein upstream 
of AKT-mTOR, is mutated in a subset of IPMNs (~10 %), but  PIK3CA  mutation 
may be more specifi c for ITPNs than for IPMNs (Schonleben et al.  2008b ; 
Yamaguchi et al.  2011 ). 

 Other genetic alterations in IMPN are found with variable frequencies.  TP53  
mutation represents a late event in neoplastic development of IPMN and is found in 
0–50 % of IPMNs (Sessa et al.  1994 ; Kawahira et al.  2000 ; Sasaki et al.  2003 ; Xiao 
et al.  2011 ). Loss of  p16/CDKN2A  has been reported in 0–80 % of IPMNs and 
increases with grade of dysplasia (Biankin et al.  2002 ; Sasaki et al.  2003 ). SMAD4 
is only rarely inactivated in noninvasive IPMN and protein expression is preserved 
in most IPMNs regardless of grade of dysplasia (Iacobuzio-Donahue et al.  2000a ; 
Biankin et al.  2002 ).  APC  and  HER2  mutations are very rare in IPMN (Schonleben 
et al.  2008a ; Schonleben et al.  2008b ; Wu et al.  2011a ; Xiao et al.  2011 ). Allelic loss 
of at least one chromosome region is found in most IPMNs (7 of 8) (Fritz et al. 
 2009 ). By array-CGH it has been shown that copy number alterations are frequently 
found in IPMNs with moderate- and high-grade dysplasia but not in IPMNs with 
low-grade dysplasia. Commonly lost regions were located on chromosomes 5q, 6q, 
10q, 11q, 13q, 18q, and 22q (Fritz et al.  2009 ). 

 Gene expression analysis of IPMN has identifi ed a number of genes that are 
associated with progression to invasive carcinoma, including  claudin 4 ,  CXCR4 , 
 S100A4 , and  mesothelin , which may serve as biomarkers to identify high-risk 
IPMNs (Sato et al.  2004 ; Habbe et al.  2009 ; Tsutsumi et al.  2011 ; Jury et al.  2012 ). 
Expression of  MSX-2  has been linked to neoplastic progression of branch-duct 
IPMN (Satoh et al.  2010 ). Overexpression of Sonic Hedgehog is an early event 
in the development of IPMN (Ohuchida et al.  2006 ). In addition, aberrant DNA 
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methylation occurs frequently in IPMNs and contributes to inactivation of tumor 
suppressor genes and neoplastic progression (Sato et al.  2002 ; Hong et al.  2008 , 
 2012 ). Interestingly, methylation of specifi c genes, including  BNIP3 ,  PTCHD2 , 
 SOX17 ,  NXPH1 , and  EBF3 , may predict the presence of high-grade dysplasia in an 
IPMN (Hong et al.  2012 ). Also, overexpression of microRNAs, in particular miR-
21 and miR-155, has been described in IPMN (Habbe et al.  2009 ). Lastly, telomere 
shortening has been shown in IPMN and the average telomere length decreases with 
tumor progression (Hashimoto et al.  2008 ).   

    Intraductal Tubulopapillary Neoplasm 

    Defi nition, Clinical Appearance, and Histopathology 

 ITPN is a recently described rare variant of an intraductal neoplasm of the pancreas 
accounting for <1 % of all exocrine pancreatic neoplasms and for 3 % of pancreatic 
intraductal neoplasms (Tajiri et al.  2005 ; Yamaguchi et al.  2009 ; Adsay et al.  2010 ). 
Limited data is available about prognosis for patients with ITPN, but 5-year survival 
is likely more than 30 %. No signifi cant correlation between invasive growth and 
survival has been found which may be due to the microscopic nature of the invasion 
or because small foci of invasion may have been missed due to inadequate sampling 
(Adsay et al.  2010 ). 

 ITPN is a generally large (average size 6 cm; range 0.8–15.0 cm) macroscopi-
cally visible solid nodular tumor fi lling the dilated pancreatic duct. In contrast to 
IPMN, these tumors lack overt mucin production and have a predominantly tubular 
growth pattern although papillae can be found in some lesions (Suda et al.  1996 ; 
Yamaguchi et al.  2009 ,  2011 ). The tumor consists a proliferation of back-to-back 
acinar glands lined by cuboidal cells with modest amount of eosinophilic to ampho-
philic cytoplasm and round to oval moderately to marked atypical nuclei (Fig.  4 ). 
Typically ITPNs express cytokeratins 7 and 19 and MUC1. About 60 % of cases 
also express MUC6, whereas MUC2 and MUC5AC are not expressed, which can be 
helpful in distinguishing these lesion from IPMNs (Tajiri et al.  2005 ; Yamaguchi 
et al.  2009 ). There is homogenous high-grade dysplasia and complex architecture 
throughout the lesion and, in contrast to IPMNs, foci of necrosis are frequently 
encountered. In about 40 % of cases an associated invasive carcinoma is found 
(Suda et al.  1996 ; Yamaguchi et al.  2009 ).

       Molecular Characteristics of ITPN 

 Few studies have investigated the molecular characteristics of ITPN. Abnormal 
expression of p53 and SMAD4 has been described in 1 case. No aberrant expression 
of β-catenin or mutations in  KRAS  of  BRAF  have been found (Yamaguchi et al. 
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 2009 ,  2011 ), whereas a  KRAS  mutation is found >80 % of IPMNs (Sarr et al.  2001 ; 
Crippa et al.  2008 ,  2010 ; Wu et al.  2011a ). Interestingly, a recent study investigating 
molecular alterations in 11 ITPNs and 50 IPMNs found mutations in  PIK3CA  in a 
subset of ITPNs (3 of 11) but in none of the IPMNs. In addition,  PIK3CA  mutations 
were associated with strong expression of phosphorylated AKT. As previously 
reported, no  BRAF  of  KRAS  gene mutations were found in any of the ITPNs. These 
results suggest a role of the phosphatidylinositol 3-kinase pathway in ITPNs and the 
activated phosphatidylinositol 3-kinase pathway may therefore be a potential target 
for molecular diagnosis and therapy of ITPNs.   

    Mucinous Cystic Neoplasm 

    Defi nition, Clinical Appearance, and Histopathology 

 MCN of the pancreas is a macroscopically visible cystic neoplasm accounting for 
approximately 8 % of all resected cystic lesions of the pancreas (Kosmahl et al. 
 2004 ; Fukushima and Fukayama  2007 ; Zamboni et al.  2010 ). These lesions are most 
often found in the body and tail of the pancreas and, in contrast to IPMNs, usually 
do not communicate with the pancreatic duct system. Almost all MCNs occur in 
female patients with a female to male ratio of 20:1. However, male gender cannot be 
used to rule out the diagnosis since sporadic MCNs have been reported in males 
(Wouters et al.  1998 ). The mean age at diagnosis is between 40 and 50 years with a 
range of 14–95 years (Thompson et al.  1999 ; Wilentz et al.  1999 ; Zamboni et al. 

  Fig. 4    Histologic appearance of ITPN. ( a ) Intraductal tubulopapillary neoplasm showing an intra-
ductal proliferation of back-to-back acinar glands lined by cuboidal cells with marked cytonuclear 
pleiomorphism. ( b ) Detail of ( a ) showing proliferation of cuboidal cells with hyperchromatic 
anisomorphic nuclei and several mitoses       
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 1999 ; Fukushima and Fukayama  2007 ). On average, patients with an associated 
invasive carcinoma are 5–10 years older than patients with noninvasive MCN 
(Zamboni et al.  2010 ). 

 Clinical manifestations of MCN depend on the size of the lesion. Lesions smaller 
than <3 cm are often found incidentally in patients imaged for another indication. 
Larger lesions often give rise to nonspecifi c complaints such as abdominal discom-
fort and the sensation of a mass in the epigastric region. About one-third of resected 
MCNs have an associated invasive carcinoma, which usually resembles a common 
pancreatic ductal adenocarcinoma. However, the number of MCNs with associated 
adenocarcinoma may decrease since more MCNs are being detected incidentally in 
patients imaged for another reason (Wilentz et al.  1999 ; Zamboni et al.  1999 ,  2010 ; 
Tanaka et al.  2006 ; Fukushima and Fukayama  2007 ; Crippa et al.  2008 ; Yamao 
et al.  2011 ). Patients with a surgically resected noninvasive MCN have an excellent 
prognosis, but the 5-year survival rate for patients with an MCN with an associated 
invasive carcinoma is about 50–60 %. Since the invasive component can be very 
focal MCNs should undergo extensive histological examination before invasion is 
excluded (Wilentz et al.  1999 ; Zamboni et al.  1999 ; Fukushima and Fukayama 
 2007 ). In contrast to IPMNs, MCNs are almost always unifocal and after surgery for 
an MCN there is minimal risk of metachronous disease (de Wilde et al.  2012 ). 

 Macroscopically, MCNs are single spherical lesions with a mean diameter of 
6–10 cm (range 2–35 cm) and a fi brous pseudocapsule. The tumor can be unilocular 
or multilocular with cysts varying from millimeters to several centimeters contain-
ing thick mucinous and/or hemorrhagic or necrotic material. Low-grade lesions 
usually have a smooth and glistering internal surface, whereas high-grade lesions 
often show papillary projections. MCNs with an associated invasive carcinoma are 
often large and multilocular and contain papillary projections or mural nodules 
(Zamboni et al.  1999 ; Fukushima and Fukayama  2007 ). 

 Histologically, MCNs are defi ned by the presence of distinctive ovarian-type 
stroma consisting of densely packed spindle cells with round to elongated nuclei 
and a small amount of cytoplasm expressing inhibin, estrogen and progesterone 
receptors, as well as vimentin, smooth-muscle actin, and desmin (Fig.  5 ) (Fukushima 
and Mukai  1997 ; Ridder et al.  1998 ; Thompson et al.  1999 ; Zamboni et al.  1999 ; 
Tanaka et al.  2006 ). In some lesions it may be diffi cult to identify the ovarian-type 
stroma since the stroma may become fi brotic and hypocellular and some areas can 
resemble corpora albicantia (Fukushima and Fukayama  2007 ; Zamboni et al.  2010 ).

   The epithelium overlying the ovarian-type stroma and lining the cyst consists of 
mucin-producing tall columnar epithelial cells that can have pseudopyloric, gastric- 
foveolar, small- or large-intestinal differentiation. Rarely squamous differentiation 
is noted (Zamboni et al.  2010 ). The columnar epithelial cells express cytokeratins 7, 
8, 18, and 19, the gastric-type mucin MUC5A, and pancreatic-type mucin DUPAN-2 
and CA19-9. Scattered goblet-like cells express the intestinal mucin MUC2. MUC1 
expression is observed in most MCNs with invasive ductal adenocarcinoma (Luttges 
et al.  2002 ). Within a single MCN the degree of epithelial atypia can vary greatly 
and change abruptly from minimal to severe dysplasia or even focal invasive growth. 
MCNs should therefore be extensively sampled for histologic examination before 
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excluding invasive growth. MCNs are categorized based on the highest degree of 
architectural and cytonuclear atypia present, as MCN with either low-grade, 
intermediate- grade, or high-grade dysplasia (Zamboni et al.  2010 ). 

 Two theories about pathogenesis of MCN prevail in the literature. One hypothe-
sis argues that MCNs are a result of ectopic gonadal mesenchyme that may be 
incorporated in the pancreas during the fourth and fi fth weeks of embryogenesis as 
a result of the close proximity of the left primordial gonad to the dorsal pancreatic 
anlage which gives rise to the body and tail of the pancreas (Zamboni et al.  1999 ; 
Erdogan et al.  2006 ). However, this theory does not explain the rare occurrence of 
MCNs in male patients. An alternative theory suggests that neoplastic epithelial 
cells of MCNs induce ovarian stromal differentiation in cells that are normally pres-
ent in the pancreas (Zamboni et al.  2010 ).  

    Molecular Characteristics of MCN 

 A recent study investigated genetic alterations in MCN by whole-exome sequencing 
and found that MCNs contain an average of 16 somatic mutations and relatively few 
allelic losses (Wu et al.  2011a ).  KRAS  is the most frequently mutated gene in MCN 
and correlates with the degree of neoplastic progression.  KRAS  mutations have been 
found in 26 % (7/27) of MCNs with low-grade dysplasia, 38 % (5/13) of MCNs with 
intermediate-grade dysplasia, and 89 % (8/9) of MCNs with high-grade dysplasia or 
carcinoma (Jimenez et al.  1999 ).  p53  mutation appears to be a relatively late event 
occurring only in areas with severe dysplasia or carcinoma (Jimenez et al.  1999 ). 

  Fig. 5    Histologic appearance of MCN. ( a ) Mucinous cystic neoplasm showing ovarian type 
stroma ( asterisk ) and lining by mucin-producing tall columnar epithelial with low-grade dysplasia 
( arrow ). ( b ) Estrogen receptor expression in stromal cells ( brown staining ) ( asterisk )       
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A newly discovered and relatively frequently mutated gene in MCN is  RNF43  
which was mutated in three of eight MCNs and encodes a protein with intrinsic E3 
ubiquitin ligase activity (Wu et al.  2011a ). Allelic loss at 3p25, the chromosomal 
location of  VHL  gene, has been reported in 17 % (2/12) of MCNs (Kim et al.  2003 ). 
In addition, loss of SMAD4 and p16/CDKN2A expressions is found in lesions with 
associated invasive carcinoma (Iacobuzio-Donahue et al.  2000b ). Hypermethylation 
of  p14  and  p16  has been reported in about 15 % of benign or borderline MCNs 
(Kim et al.  2003 ). 

 Global gene expression profi ling identifi ed a number of genes that are upregu-
lated in the epithelium of MCNs, including  S100P ,  PSCA ,  c-myc ,  STK6/STK15 , 
 cathepsin E ,  TCF4 , and  pepsinogen C . In addition, activation of the Notch pathway 
was shown in the epithelial component by the demonstration of overexpression of 
Jagged1 and the downstream Notch pathway member Hes1. Overexpression of ste-
roidogenic acute regulatory protein ( STAR ) and estrogen receptor 1 ( ESR1 ) occurs 
in the stroma (Fukushima et al.  2004 ).   

    Conclusions 

 Molecular genetic alterations in pancreatic cancer have largely been unraveled in 
the past decade and knowledge about pancreatic cancer precursor lesions has sub-
stantially grown. Recently, some important steps have been made in the molecular 
characterization of pancreatic cancer precursor lesions which may ultimately prove 
to be useful in diagnostic workup of patients with these lesions and may lead to new 
targets for therapy. 

 All pancreatic cancer precursor lesions share a high frequency of somatic muta-
tion of the  KRAS  oncogene. In PanIN, it was recently shown that somatic mutations 
in  KRAS  or  GNAS  are already present in virtually all of the earliest PanIN lesions. 
In addition,  GNAS  mutations are found in the majority of IPMNs but not in other 
cystic pancreatic tumors such as MCN or serous cystic adenoma. Furthermore, cys-
tic pancreatic tumors appear to share defects in genes that play a role in the ubiquitin 
ligase complex.  RNF43  mutations were identifi ed in IPMNs and MCNs but not in 
serous cystic adenomas or solid pseudopapillary neoplasms. Serous cystic  adenomas 
are characterized by mutations in  VHL  and solid pseudopapillary neoplasms by 
mutations in  CTNNB1 . 

 Testing for these and other molecular genetic alterations in pancreatic cyst fl uid 
can potentially be used to distinguish different cyst types on a molecular level and 
may lead to more accurate diagnosis (Wu et al.  2011a ). However, further studies are 
needed to validate these fi ndings and to test the potential of these genetic alterations 
for diagnostic use. In addition, it is important to develop biomarkers that can distin-
guish between high-grade or low-grade lesions and predict biological behavior.     
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    Abstract     Gene mutations that are associated with cancer syndromes explain a 
small portion of pancreatic cancer cases. The majority of the sporadic pancreatic 
cancer cases are perhaps the consequence of a joint effect of genetic factors and 
environmental or lifestyle risk factors. Studies on common genetic variants via the 
candidate gene approach have observed risk modifi cations by genes involved in 
various biological process and signaling pathways. However, most of these fi ndings 
were made in studies that lacked adequate statistical power or replication effort. 
Recent genome-wide association studies (GWAS) have identifi ed several genes and 
loci associated with the risk of pancreatic cancer:  ABO ,  NR5A2 , and  TERT1  in indi-
viduals with European ancestry,  FOXQ1 ,  BICD1 , and  DPP6  in the Japanese popu-
lation, and  BACH1 ,  DAB2 ,  PRLHR ,  TFF1 , and  FAM19A5  in the Chinese population. 
Future completion of larger scale GWAS in pancreatic cancer, mining of GWAS 
data using novel statistical approaches, and functional studies on the mechanistic 
links between identifi ed genes and the disease will provide new insights into genetic 
susceptibility to and the molecular mechanisms of pancreatic cancer.  
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        Introduction 

 Familial pancreatic cancer accounts for approximately 10 % of pancreatic cancer 
cases in the general population. Mutations in genes that are associated with can-
cer syndromes also explain a small portion of pancreatic cancer cases. The 
majority of the sporadic cases are perhaps the consequence of a joint effect of 
genetic factors and environmental or lifestyle risk factors. Cigarette smoking, 
high body mass index (BMI), long-term type 2 diabetes, and possibly higher 
intake of red meats or fat are major nongenetic modifi able risk factors for this 
disease. Because only a portion of individuals with these modifi able risk factors 
ever develop pancreatic cancer, genetic susceptibility factors alone or in combi-
nation with epidemiological factors may play a major role in pancreatic carcino-
genesis. Research on common genetic variants via the candidate gene approach 
and via genome-wide association studies (GWAS) has generated a large amount 
of information on potential genetic susceptibility genes for this disease. In this 
chapter, we summarize recent information and discuss future directions in this 
research fi eld.  

    The Candidate Gene Approach 

 Since 1994, several large, retrospective case–control studies in the USA (Duell et al. 
 2002a ; Gross et al.  1999 ; Li  2001 ; McWilliams et al.  2008 ; Prizment et al.  2012 ; 
Asomaning et al.  2008 ), China (Li et al.  2011 ; Zhao et al.  2009 ), the Czech Republic 
(Vrana et al.  2009 ), and Japan (Suzuki et al.  2008a ) have achieved adequate sample 
size to address the main effect of common single-nucleotide polymorphisms (SNPs) 
on the risk of sporadic pancreatic cancer. The genes and SNPs selected in those 
studies included those involved in carcinogen or nutrient metabolism (Vrana et al. 
 2009 ; Suzuki et al.  2008a ; Ayaz et al.  2008 ; Bartsch et al.  1998 ; Duell et al.  2002b ; 
 2010 ; Jiao et al.  2007a ,  b ; Kanda et al.  2009 ; Li et al.  2005 ,  2006 ; Liu et al.  2000 ; 
Miyasaka et al.  2005 ,  2010 ; Mohelnikova-Duchonova et al.  2010 ; Ockenga et al. 
 2003 ; Ohnami et al.  2008 ; Piepoli et al.  2006 ; Suzuki et al.  2008b ; Verlaan et al. 
 2005 ; Wang et al.  2005 ; Vrana et al.  2010 ), DNA repair (Duell et al.  2002a ; 
McWilliams et al.  2008 ; Dong et al.  2011a ; Gargiulo et al.  2009 ; Jiao et al.  2006 , 
 2007c ,  2008 ; Li et al.  2009 ; McWilliams et al.  2009a ; Zhang et al.  2011a ), cell cycle 
regulation and apoptosis (Asomaning et al.  2008 ; Li et al.  2011 ; Chen et al.  2007 , 
 2008 ,  2010 ; Couch et al.  2009 ,  2010 ; Grochola et al.  2010 ; Naccarati et al.  2010 ; 
Reid-Lombardo et al.  2011 ; Sonoyama et al.  2011 ; Theodoropoulos et al.  2010a ; 
Wang et al.  2007 ; Yang et al.  2008 ), antioxidant defense (Lyn-Cook et al.  2006 ; 
Mohelnikova-Duchonova et al.  2011 ; Tang et al.  2010 ), infl ammation and the 
immune system (Zhao et al.  2009 ; Reid-Lombardo et al.  2011 ; Duell et al.  2006 ; 
Hamacher et al.  2009 ; Lang et al.  2012 ; Olson et al.  2007 ; Ozhan et al.  2011 ; 
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Sun et al.  2008 ; Talar-Wojnarowska et al.  2011 ; Yang et al.  2012 ), and mitochondrial 
function (Wang et al.  2007 ; Lynch et al.  2011 ). Other genes and SNPs include those 
related to familial pancreatic cancer (McWilliams et al.  2009b ), other cancers 
(Couch et al.  2009 ; Lang et al.  2012 ; Chen et al.  2011 ), or medical conditions such 
as insulin resistance (Suzuki et al.  2008c ; Dong et al.  2011b ) or obesity, and diabe-
tes (Prizment et al.  2012 ; Wang et al.  2007 ; Tang et al.  2010 ,  2011  Fong et al.  2010 ; 
Pierce et al.  2011 ). Researcher’s selection of candidate genes is largely based on 
existing knowledge of risk factors for pancreatic cancer and hallmarks of cancer. 
With the evolution of genotyping technology, PCR-RFLP, Taqman, mass spectrom-
etry, Sequenom, Illumina GoldenGate, and other methods have been used in differ-
ent studies. In most of these studies, weak main effects of the genes were observed 
occasionally; interactions with known nongenetic risk factors were reported more 
frequently. In this section, we briefl y summarize the major fi ndings from the exist-
ing research. Findings on genes involved in xenobiotic metabolism, oxidative stress, 
and cell cycle control published after 2009 are summarized in Table  1 . Prior studies 
were summarized in a recent review (Lin et al.  2011 ) and a meta-analysis (Mazaki 
et al.  2011 ). Studies that included fewer than 100 cases (Ayaz et al.  2008 ; 
Bartsch et al.  1998 ; Piepoli et al.  2006 ; Hamacher et al.  2009 ; Fong et al.  2010 ; 
Krechler et al.  2009 ; Lukic et al.  2011 ; Scola et al.  2009 ; Theodoropoulos et al. 
 2010b ) are not reviewed in this section.

      Xenobiotic Metabolizing Genes 

 Because cigarette smoking is a major risk factor for pancreatic cancer, carcinogen 
metabolic genes and DNA repair genes were among the fi rst genes studied in a wave 
of research on genetic variants in pancreatic cancer. Studies conducted at the 
University of Texas MD Anderson Cancer Center reported positive associations 
between the  CYP1A2 ,  NAT1 , and  NAT2  genotypes and risk of pancreatic cancer 
independently or jointly with exposure to tobacco carcinogens (Jiao et al.  2007a ; Li 
et al.  2006 ; Suzuki et al.  2008b ). None of four studies on glutathione S-transferase 
( GST ) genes found a signifi cant main effect on risk of pancreatic cancer (Vrana 
et al.  2009 ; Duell et al.  2002b ; Jiao et al.  2007b ; Liu et al.  2000 ). Of those four stud-
ies, one observed a possible interaction between  GSTT1  gene deletion and heavy 
smoking among Caucasians, in particular among women (Duell et al.  2002b ), and 
two reported an age-related effect of the  GSTP1 -codon 105 SNP on risk of pancre-
atic cancer (Vrana et al.  2009 ; Jiao et al.  2007b ). The rs743572 SNP of  CYP17A1 , 
a gene encoding an enzyme involved in estrogen and testosterone biosynthesis, was 
associated with risk of pancreatic cancer in Caucasians (Duell et al.  2010 ). One SNP 
of  CYP1B1  (rs1056836) was associated with pancreatic cancer in a Czech Republic 
population. However, the confounding factors were not evaluated in this study 
(Vrana et al.  2010 ) (Table  1 ).  
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    DNA Repair Genes 

 Studies on various DNA repair pathways—such as base excision repair, nucleotide 
excision repair, homologous recombination repair and non-homologous end join-
ing, and mismatch repair—have observed some weak main effects of variants of 
DNA repair genes on the risk of pancreatic cancer, such as  LIG3  and  ATM  (Li et al. 
 2009 ),  MGMT  and  PMS2  (Dong et al.  2011a ). Some joint effects of  XRCC1 ,  APE1 , 
 MGMT ,  XRCC2 , and  XPD  variants with smoking (Jiao et al.  2006 ,  2007c ;  2008 ) 
and  ATM  and  LIG4  variants with diabetes (Li et al.  2009 ) were also reported. 
However, two studies on the interaction between the  XPD  D312N SNP (rs1799793) 
and heavy smoking showed opposite directions: the minor allele was associated 
with increased risk in one study (McWilliams et al.  2008 ) and decreased risk in the 
other (Jiao et al.  2007c ). Three studies in the USA consistently found a null associa-
tion of the  XRCC1  rs25487 with risk of pancreatic cancer (Duell et al.  2002a ; 
McWilliams et al.  2008 ; Jiao et al.  2006 ). Using a tagging SNP approach, a Mayo 
Clinic study examined 236 tag-SNPs of 26 DNA repair genes and identifi ed that the 
genotype and haplotype of the  MMS19L  gene, which is involved in nucleotide exci-
sion repair, were associated with risk of pancreatic cancer (McWilliams et al. 
 2009a ). Three studies have investigated  hOGG1  SNPs (McWilliams et al.  2008 ; 
Zhang et al.  2011a ; Li et al.  2002 ), but only one found an association between the 
variant allele of rs1052133, and the risk of pancreatic cancer (OR: 1.57, 95 % CI: 
1.04–2.39, any 326Cys compared with Ser326Ser) (Zhang et al.  2011a ).  

    Oxidative Stress-Associated Genes 

 Oxidative stress is one of the mechanisms whereby cigarette smoking can contrib-
ute to pancreatic cancer development. A number of studies have investigated the 
association between SNP rs4880 of  SOD2  and the risk of pancreatic cancer (Zhang 
et al.  2011a ; Mohelnikova-Duchonova et al.  2011 ; Tang et al.  2010 ; Wheatley-
Price et al.  2008 ). A study with a Czech population showed neither main effects 
nor interactions with smoking and alcohol, coffee, or tea consumption 
(Mohelnikova- Duchonova et al.  2011 ). A U.S. study showed that the valine allele 
of  SOD2  rs4880 interacted with diabetes and antioxidant use in modifying the risk 
of pancreatic cancer (Zhang et al.  2011a ; Tang et al.  2010 ). No association was 
reported for other genes involved in oxidative stress, including  SOD3 ,  CAT ,  NQO1 , 
and  NQO2 , in pancreatic cancer (Table  1 ). Mitochondria play a key role in the 
production of reactive oxygen species. Oxidative stress could cause mitochondrial 
damage and affect mitochondrial DNA copy numbers. A Mayo Clinic study found 
no association between 24 mitochondrial SNPs or haplogroup and risk of pancre-
atic cancer (Wang et al.  2007 ). In a nested case–control study within a Finnish 
male smoker cohort, a signifi cantly higher copy number of mitochondrial DNA 
was detected (Lynch et al.  2011 ).  
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    Infl ammation and Immunity Genes 

 Accumulating evidence suggests that chronic infl ammation may be one of the 
underlying mechanisms that contribute to pancreatic cancer development (Farrow 
et al.  2004 ). Several studies have evaluated the polymorphisms of selected infl am-
matory genes in association with pancreatic cancer. A Mayo Clinic study examined 
1,538 SNPs of 102 genes involved in nuclear factor κB–mediated infl ammatory 
pathways and found signifi cant associations between the  CD101  rs10923193 or 
four SNPs of  NOS1  (rs3782203, rs9658350, rs532967, and rs547954) and the risk 
of pancreatic cancer. However, the signifi cant associations could not be validated in 
a PanScan cohort and case–control consortium study (Reid-Lombardo et al.  2011 ). 
Two other studies found possible interactions of  TNFα  −308 G/A and  RANTES  
−403 G/A with pancreatitis,  CCR5  −Δ32 with smoking (Duell et al.  2006 ), and  IL -
 4R  G3017T with allergic response (Olson et al.  2007 ) in modifying risk of pancre-
atic cancer. 

 Cytotoxic T-lymphocyte antigen-4 (CTLA-4) plays important roles in down- 
regulating T-cell activation, thereby attenuating antitumor responses and increasing 
cancer susceptibility. The  CTLA - 4  49 G>A SNP (rs231775) weakens the binding 
affi nity of CTLA-4 to B7.1, leading to attenuated CTLA-4-triggered inhibition of 
T-cell activation and proliferation (Sun et al.  2008 ). Two independent studies in 
China showed that the  CTLA - 4  49A allele was signifi cantly associated with a higher 
risk of pancreatic cancer (Yang et al.  2008 ; Lang et al.  2012 ). 

 Cyclooxygenase-2 (COX-2) is a key enzyme in the arachidonic acid pathway. 
A Chinese study and a Polish study both showed a positive association of the −1195AA 
 COX - 2  genotype with risk of pancreatic cancer (Zhao et al.  2009 ; Talar-Wojnarowska 
et al.  2011 ). The Chinese study also revealed that the −765GC genotype increased 
the risk of pancreatic cancer both independently and jointly with cigarette smoking 
(Zhao et al.  2009 ). However, the Polish study did not fi nd such an association (Talar- 
Wojnarowska et al.  2011 ). A small hospital-based study in Turkey found that two 
haplotypes of  COX2  were more frequent in patients than in control subjects (Ozhan 
et al.  2011 ).  

    Folate- and Alcohol-Metabolizing Genes 

 Observations have been inconsistent on the 5,10-methylenetetrahydrofolate reduc-
tase ( MTHFR ) C677T SNP (rs1801133) in pancreatic cancer (Suzuki et al.  2008a ; Li 
et al.  2005 ; Ohnami et al.  2008 ; Wang et al.  2005 ; Matsubayashi et al.  2005 ) and null 
for the  MTHFR  A1298C SNP (Li et al.  2005 ; Wang et al.  2005 ; Matsubayashi et al. 
 2005 ). Those studies were summarized in two previous review articles (Lin et al. 
 2011 ; Mazaki et al.  2011 ). The latter article, a meta-analysis, concluded that the 
 MTHFR  677TT genotype in Caucasian smokers conferred a 1.66- and 2.52-fold 
higher risk of pancreatic cancer compared with the CC and CT genotypes, respec-
tively (Mazaki et al.  2011 ). In a step-wise genotyping study, a Japanese study 
 investigated 227 SNPs of 46 selected genes that are involved in folate metabolism. 
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The variant alleles of the methionine synthase reductase ( MTRR ) gene SNPs rs162049 
and rs10380 were associated with increased risk of pancreatic cancer (Ohnami et al. 
 2008 ), but the results from other previously reported SNPs of  MTHFR  and  NAT1  
were not replicated in this study. Another Japanese study did not fi nd any main effect 
of the folate metabolic genes, but a potential interaction of some SNPs of  MTHFR  
and  MTRR  with heavy alcohol consumption was suggested (Suzuki et al.  2008a ). 

 One of two studies on the thymidylate synthase ( TS ) variable number of tandem 
repeat variants found no association with pancreatic cancer in a Japanese population 
(Suzuki et al.  2008a ). The second study found an increased risk of pancreatic cancer 
for the  TS  5'-untranslated region 3Rc/3Rc genotype in a Chinese population (Dong 
et al.  2011a ). 

 Heavy alcohol consumption (>4 drinks per day) has been associated with an 
increased risk of pancreatic cancer (Jiao et al.  2009 ). However, a case–control study 
in the Czech Republic did not fi nd an association between the alcohol dehydroge-
nase  ADH1B  and  ADH1C  variants and pancreatic cancer risk (Mohelnikova- 
Duchonova et al.  2010 ). A meta-analysis of studies on the aldehyde dehydrogenase 
 (ALDH)2  gene found a marginally signifi cant effect of alcohol intake on the risk of 
pancreatic cancer among the heterozygous *1*2 genotype carriers but not among 
the *2*2 homozygous genotype carriers (Mazaki et al.  2011 ).  

    Cell Cycle Regulation- and Apoptosis-Related Genes 

 Two studies found that the  P53  Arg72Pro minor allele conferred a higher risk of 
pancreatic cancer (Naccarati et al.  2010 ; Sonoyama et al.  2011 ). Mouse double min-
ute 2 homologue (MDM2) is an E3 ubiquitin ligase that blocks the transcriptional 
activation of p53 and is overexpressed in human pancreatic cancer (Dong et al. 
 2005 ). Two small studies provided evidence that a common  MDM2  T309G SNP 
was associated with a higher risk of pancreatic cancer (Asomaning et al.  2008 ; 
Grochola et al.  2010 ). A U.S. study of 509 cases and 462 controls reported a main 
effect of  P21  SNP rs1801270 but not  P27  SNP rs2066827 in pancreatic cancer 
(Chen et al.  2010 ). 

 The FAS/FASL system plays a crucial role in modulating apoptosis and main-
taining homeostasis. A study of Chinese Han subjects found that the functional 
SNPs of  FasL  (−844 T-C) and caspase-8 ( CASP8 ) (−652 6N ins → del) were both 
independently and jointly associated with risk of pancreatic cancer. Furthermore, 
these two genetic variants interacted with smoking and diabetes to modify this risk 
(Yang et al.  2008 ).  

    Other Cancer-Related Genes 

 Hypothesis-driven analyses of existing GWAS data can be a cost-effi cient approach 
to investigating genetic susceptibility to pancreatic cancer. A series of studies 
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investigated SNPs that predispose individuals to other forms of cancers. SNPs 
of  CASP8  (rs1045485) and  MAP3K1  (rs889312),  APC  (rs2431238) and  NIN  
(rs10145182), which have been implicated in breast cancer, were shown to be asso-
ciated with pancreatic cancer in the same Caucasian population (Couch et al.  2009 , 
 2010 ). However, in an MD Anderson Cancer Center study, two SNPs that have 
been implicated in lung cancer, rs8034191 and rs1051730, which are located in the 
15q24-25.1 region, were not associated with risk of pancreatic cancer (Chen et al. 
 2011 ). Genetic variations that contribute to hereditary pancreatic cancer do not 
seem to contribute to sporadic pancreatic cancer: polymorphisms of  PRSS1 ,  PRSS2 , 
 CDKN2A  and 28 genes directly and indirectly involved in the Fanconi/BRCA path-
way had no effect on pancreatic cancer risk (McWilliams et al.  2009b ).  

    Diabetes and Obesity-Related Genes 

 Type 2 diabetes and obesity have been consistently associated with increased risk of 
pancreatic cancer. Therefore, an association between diabetes or obesity-associated 
SNPs and pancreatic cancer is biologically plausible. SNPs of the genes for  GCKR , 
 FTO ,  PPAR γ,  MTNR1B ,  MADD , and  BCL11A  have all been associated with risk of 
pancreatic cancer (Prizment et al.  2012 ; Pierce et al.  2011 ). An interaction of the 
 FTO  and  ADIPOQ  SNPs and BMI was detected (Tang et al.  2011 ). 

 Strong experimental evidence supports the role of insulin-like growth factor 
(IGF) in pancreatic carcinogenesis. Thus far, three studies have investigated the IGF 
axis genes in association with pancreatic cancer (Suzuki et al.  2008c ; Dong et al. 
 2010 ; Nakao et al.  2011a ). An MD Anderson study observed that genotypes of the 
 IGF1 ,  IGF1R , and  IGFBP1  genes and haplotypes of the  IGF2R  and  IGFBP3  genes 
were signifi cantly associated with pancreatic cancer risk (Dong et al.  2010 ). These 
studies also showed that genetic variants of IGF axis genes act jointly with diabetes, 
BMI, and alcohol consumption to affect susceptibility to pancreatic cancer. Notably, 
a 3′-untranslated region variant of the  IGF1  gene (rs5742714) was implicated in two 
independent studies (Suzuki et al.  2008c ; Nakao et al.  2011a ). The other study also 
found genetic variations of somatostatin receptor ( SSTR5 ) and glucose metabolizing 
enzyme that modifi ed, independently or jointly with smoking or diabetes, the risk of 
pancreatic cancer (Li et al.  2011 ; Dong et al.  2010 ).  

    Copy Number Variation 

 Structural variations of the human genome, including copy number variation (CNV), 
have been recognized as a common type of genetic variation that predisposes indi-
viduals to sporadic cancer (Ionita-Laza et al.  2009 ; Kuiper et al.  2010 ). Loss of 
chromosome 6q13 is a frequent event in pancreatic cancer (Harada et al.  2007 ). 
CNVR2966.1 is a common CNV in a gene desert region on 6q13. A Chinese study 
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revealed that individuals carrying one copy of CNVR2966.1 had a signifi cantly 
higher risk of pancreatic cancer compared with those carrying two copies (adjusted 
OR: 1.31, 95 % CI: 1.08–1.60) (Huang et al.  2012 ). Moreover, this study found that 
CNVR2966.1 functions as a potential  trans -acting regulator of the  CDKN2B  gene 
that is a cell growth regulator controlling cell cycle G1 progression.  

    Summary 

 In summary, efforts using the candidate gene approach to identify low-penetrating 
and common gene traits (minor allele frequency >5 %) that modify the risk of spo-
radic pancreatic cancer have been largely unsuccessful. Some weak main effects of 
 NAT ,  SOD2 ,  TP53 ,  COX2 ,  IGF1  and  MTHFR  variants were reported while fi ndings 
on other genes have not been independently validated in different study populations. 
Therefore, additional genetic epidemiologic studies of pancreatic cancer are needed 
to establish the relevance of the intriguing fi ndings on genes involved in DNA 
repair, infl ammatory response, IGF signaling, as well as obesity and diabetes. 
Further examination of possible gene–environment interactions are required in ade-
quately powered studies to resolve the problem of imprecise risk estimates. Such 
studies will rely on accurate assessment of the major risk factors such as smoking, 
alcohol use, diet, BMI, and diabetes. Findings from such studies need to be repli-
cated in racial and ethnic groups other than non-Hispanic Caucasians. Despite lim-
ited success in the past, retrospective case–control studies will likely continue to 
contribute to the genetic association study of pancreatic cancer in the format of 
consortium studies. To date, a number of consortia of preexisting studies exist, and 
they may facilitate the identifi cation of additional low-penetrating variants, gene–
environment and gene–gene interactions using the high throughput technology. 
Large consortium studies are needed to have the requisite power to examine genetic 
variants in minority populations, CNV, and common and rare SNPs in various path-
ways. However, the consortium studies should not prevent the generation of addi-
tional well-designed, suffi ciently powered studies that apply uniform criteria for 
case selection, acquisition of environmental exposure information, and biological 
sample collection.   

    Genome-Wide Association Studies 

 GWAS have identifi ed numerous gene traits that predispose individuals to cancer. 
The comprehensive coverage of a large number of gene variants in this approach has 
uncovered novel gene variants that had previously not been considered in relation to 
cancer. Stringent criteria are applied in the statistical analysis of GWAS data to 
minimize the false-positive discoveries associated with multiple testing. 
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    GWAS Publications 

 To date, four GWAS have been conducted in association with risk of pancreatic 
cancer (Table  2 ). Two of those studies were conducted with people mostly with 
European ancestry (Amundadottir et al.  2009 ; Petersen et al.  2010 ), one study with 
a Japanese population (Low et al.  2010 ), and one with a Chinese population (Wu 
et al.  2012 ).

      PanScan I and PanScan II 

 The fi rst GWAS for pancreatic cancer (PanScan I) was conducted by the National 
Cancer Institute using 1,896 cases and 1,939 controls pooled from 12 cohort studies 
and one case–control study by the Pancreatic Cancer Cohort Consortium 
(Amundadottir et al.  2009 ). Approximately 550,000 SNPs were genotyped, and the 
most signifi cant ones (top 100 hits with small P values) were tested in the replication 
stage using 2,457 cases and 2,654 controls from eight case–control studies of the 
Pancreatic Cancer Case–Control Consortium (Petersen and Boffetta  2012 ). The initial 
scan identifi ed a signifi cant association of an  ABO  gene variant (rs505922) with risk 
of pancreatic cancer, and this observation was confi rmed in the replication study. 
A signifi cant association was also detected for some  sonic hedgehog  ( SHH ) gene vari-
ants (rs167020 and rs172310) in the initial scan, but that fi nding was not replicated. 

 The second GWAS for pancreatic cancer (PanScan II) was performed with 1,955 
cases and 1,995 controls drawn from the same eight case–control studies used in the 
replication stage of PanScan I (Petersen et al.  2010 ). Approximately 620,000 SNPs 
were genotyped, and the combined dataset of PanScans I and II revealed three addi-
tional loci in association with the risk of pancreatic cancer. Two SNPs (rs9543325 
and rs9564966) identifi ed on the chromosome 13q22.1 region map to a non-genic 
region between  KLF5  and  KLF12  genes, which code for the kruppel-like transcrip-
tion factors that regulate cell growth and transformation. This chromosome segment 
is frequently deleted in many cancers, including pancreatic cancer, and thus an 
unidentifi ed tumor suppressor gene may be harbored in this region. Five SNPs on 
the chromosome 1q32.1 region map to the nuclear receptor subfamily 5, group A, 
member 2 ( NR5A2 ) gene (also known as  liver receptor homologue 1 ,  LRH1 ); the 
strongest signal was rs3790844. A single SNP (rs401681) resides on the chromo-
some 5p15.33 region, which contains the cleft lip and palate transmembrane 1-like 
gene ( CLPTM1L ) and the telomerase reverse transcriptase gene ( TERT ), has been 
associated with multiple cancers.  

    GWAS with a Japanese Population 

 The third GWAS was conducted with a Japanese population involving 991 cases 
and 5,209 controls without a replication step (Low et al.  2010 ). Three genes were 
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signifi cantly associated with the risk of pancreatic cancer:  FOXQ1  SNP rs9502893, 
located on chromosome 6p25.3,  BICD1  SNP rs708224 on chromosome 12p11.21, 
and  DPP6  SNP rs6464374 on chromosome 7q36.2. None of the GWAS top hits 
reported in PanScan I or PanScan II were confi rmed in this Japanese study.  

    GWAS with a Han Chinese Population 

 The most recent GWAS on pancreatic cancer was conducted with a Han Chinese 
population. This two-stage study involved 981 cases and 1,191 controls in the initial 
scan and 2,603 cases and 2,877 controls in the replication phase (Wu et al.  2012 ). 
Five genes were found to be highly signifi cantly associated with pancreatic cancer: 
 BACH1 ,  DAB2 ,  PRLHR ,  TFF1 , and  FAM19A5 , which are located on chromosomes 
21q21.3, 5p13.1, 10q26.11, 21q22.3, and 22q13.32, respectively. Furthermore, two 
of the top hits of PanScans I and II, one located on the non-genic region of chromo-
some 13q22.1 and one on chromosome 5p15.33, were replicated in this population.   

    Validation and Functional Characterization of Genes 
Identifi ed in GWAS 

 Understanding the biological mechanisms that link the GWAS top hits with the phe-
notype is crucial to the application of these fi ndings in disease intervention. Among 
the genes/SNPs identifi ed in pancreatic cancer GWAS, few have been validated in 
different populations or functionally characterized in experimental models (Table  3 ). 

    ABO Genotype 

 The association between  ABO  genotypes and risk of pancreatic cancer has been vali-
dated in several studies. In two large prospective cohort studies (the Nurses’ Health 
Study and the Health Professionals Follow-up Study), individuals with non-O sero-
types had a 1.32- to 1.72-fold higher risk of pancreatic cancer than those with the O 
blood type; as much as 17 % of the cases could be explained by the non-O blood 
types (Wolpin et al.  2009 ). Similar fi ndings were reported when the  ABO  genotype 
was imputed using SNPs examined in the PanScan I GWAS: the non-O genotypes 
contributed to 19.5 % of the pancreatic cancer cases (Wolpin et al.  2010a ). 
Furthermore, the  ABO  A1 allele, which is associated with higher glycosyltransferase 
activity, was responsible for the increased risk of pancreatic cancer (Wolpin et al. 
 2010b ). Although the GWAS conducted in the Japanese and Han Chinese popula-
tions did not confi rm the association between  ABO  genotype and risk of pancreatic 
cancer (Low et al.  2010 ; Wu et al.  2012 ), this association was reported by another 
Japanese study of 185 pancreatic cancer cases and 1,465 controls (Nakao et al. 
 2011b ). The mechanisms underlying the association between  ABO  and pancreatic 
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cancer risk are not understood. Several studies have shown a signifi cant association 
between  ABO  genotype and the plasma level of proteins involved in infl ammatory 
response, cell adhesion, and vascular functions, such as tumor necrosis factor α, 
intercellular adhesion molecule 1, E-selectin, and P-selectin (Melzer et al.  2008 ; 
Barbalic et al.  2010 ; Paterson et al.  2009 ). Whether ABO plays a regulatory role in 
infl ammatory response, which in turn contributes to pancreatic carcinogenesis, 
requires further investigation (Lennon et al.  2010 ).  

  Table 3    GWAS top hits and possible links with pancreatic cancer   

 Gene 
symbol  Full gene name 

 Known protein 
function  Potential mechanism 

  ABO   ABO blood group (transferase A, 
α-1-3- N -acetylgalactosaminy
l-transferase; transferase B, 
α-1-3-galactosyltransferase) 

 Glycosyltransferase  Infl ammation, cell 
adhesion 

  BACH1   BTB and CNC homology 1 
(basic leucine zipper 
transcription factor 1) 

 Transcription factor  Antioxidant-response-
element- mediated 
gene regulation? 

  BICD1   Bicaudal D homolog 1  Mediator of dynein 
function 

 Telomere length, 
G protein signaling 

  CLPTM1L -
 TERT1  

 Cleft lip and palate transmem-
brane 1-like–telomerase 
reverse transcriptase 

 Telomerase reverse 
transcriptase 

 Genomic stability 

  DAB2   Disabled homolog 2  Mitogen-responsive 
phosphoprotein 

 Growth factor or Ras 
pathway 
modulation 

  DPP6   Dipeptidyl-peptidase 6  Bind specifi c 
voltage-gated 
potassium 
channels 

 Electrophysiological 
properties? 

  FAM19A5   Family with sequence similarity 
19 (chemokine [C-C 
motif]-like), member A5 

 Secreted protein  Immune and nervous 
cell regulation 

  FOXQ1   Forkhead box Q1  Transcription factor  Embryonic develop-
ment, cell cycle, 
epithelial–mesen-
chymal transition 

  NR5A2   Nuclear receptor subfamily 5, 
group A member 2 

 Nuclear receptor  Pancreas development 
and differentiation, 
steroidogenesis,
cholesterol 
and bile acid 
homeostasis, 
cell proliferation 

  PRLHR   Prolactin-releasing hormone 
receptor 

 G protein–coupled 
receptor 

 ? 

  TFF1   Trefoil factor 1  Secretory protein  Activation of 
NF-κB-mediated 
infl ammation 
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    NR5A2 Gene 

 Among the genes identifi ed in the PanScans I and II GWAS, some have known 
functional signifi cance in regulating biological processes, such as organ develop-
ment and cell differentiation, cell cycle, and genomic stability, all of which have 
important roles in tumorigenesis. For example, NR5A2 plays a role in controlling 
pancreas differentiation during embryonic development and in regulating choles-
terol and bile acid homeostasis, steroidogenesis, and cell proliferation (Fayard et al. 
 2004 ). A recent study reported a critical role for  NR5A2  in the phosphatidylcholine 
signaling pathway regulating fatty acid and glucose homeostasis (Lee et al.  2011 ). 
 NR5A2  was overexpressed in pancreatic cancer, and its knockdown by small inter-
fering RNA signifi cantly inhibited pancreatic cancer cell proliferation in vitro 
(Benod et al.  2011 ), suggesting an oncogenic property of this gene in pancreatic 
cancer.  

    BACH1 Gene 

  BACH1  (BTB and CNC homology 1) is a basic leucine zipper transcription factor 
and an  Nrf2  target gene. Induction of  BACH1  by  Nrf2  serves as a feedback- 
inhibitory mechanism for antioxidant-response-element–mediated gene regulation 
(Jyrkkanen et al.  2011 ). BACH1 effects DNA helicase activities and physically 
interacts with BRCA1 and MLH1 (mutL homologue 1), which differentially con-
trol DNA double- stranded break repair processes. Because  BRCA1  and  BACH1  
mutations targeting the BRCA1-BACH1 interaction have been associated with 
breast cancer susceptibility,  BACH1  has been suggested as a tumor suppresser gene 
(Dohrn et al.  2012 ).  

    DAB2 Gene 

  DAB2  encodes a mitogen-responsive phosphoprotein. This protein binds to the SH3 
domains of GRB2, an adaptor protein that couples tyrosine kinase receptors to SOS 
(a guanine nucleotide exchange factor for Ras). Thus, this protein may modulate 
growth factor/Ras signaling pathways by competing with SOS for binding to GRB2 
(Wang et al.  2002 ). Knockdown of  DAB2  in human mammary epithelial cells leads 
to increased Ras/MAPK signaling and promotes epithelial-to-mesenchymal transi-
tion (Martin et al.  2010 ).  

    TTF1 Gene 

 TFF1 (trefoil factor 1) is a stable secretory protein expressed in gastrointestinal 
mucosa. The function of this gene is ill defi ned, but it may protect the mucosa from 
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insults, stabilize the mucus layer, and affect healing of the epithelium. 
Overexpression of  TFF1  has been reported in many types of human cancers and 
preneoplastic lesions. In one study, recombinant  TFF1  stimulated the motility of 
both human pancreatic cancer cells and human pancreas stellate cells in vitro, and 
overexpression of  TFF1  in pancreatic cancer cells greatly increased metastasis 
in vivo (Arumugam et al.  2011 ). Loss of TFF1 is associated with activation of 
nuclear  factor κB– mediated infl ammation and gastric neoplasia in mice and humans 
(Soutto et al.  2011 ).  

    DPP6 and PRLHR Genes 

 The functional signifi cance of  DPP6  (dipeptidyl-peptidase 6) and  PRLHR  (prolactin- 
releasing hormone receptor and their potential roles in the development of pancre-
atic cancer are intriguing.  DPP6  encodes a single-pass type II membrane protein 
that is a member of the S9B family in clan SC of the serine proteases. This protein 
has no detectable protease activity but binds specifi c voltage-gated potassium chan-
nels and alters their expression and biophysical properties. Genetic variation in 
 DPP6  has been associated with susceptibility to amyotrophic lateral sclerosis (van 
Es et al.  2008 ). PRLHR is a seven-transmembrane domain receptor for prolactin- 
releasing hormone and is a G protein-coupled receptor. Physical activity and a 
genetic variant of PRLHR have been associated with hypertension (Franks et al. 
 2004 ; Bhattacharyya et al.  2003 ).  

    Other Genes 

 Still other genes have been identifi ed by GWAS for pancreatic cancer.  FOXQ1  is a 
member of the  FOX  gene family, which are involved in embryonic development, 
cell cycle regulation, tissue-specifi c gene expression, cell signaling, and tumorigen-
esis (Bieller et al.  2001 ). Recent studies showed that FOXQ1 regulates epithelial 
cell differentiation and epithelial–mesenchymal transition in human cancers (Qiao 
et al.  2011 ; Zhang et al.  2011b ; Feuerborn et al.  2011 ). TERT1 plays an essential 
role in maintaining telomere length and preventing fusion of chromosome ends. In 
addition to its role in regulating G protein signaling and internalization (Swift et al. 
 2010 ), BICD1 has been associated with telomere length (Mangino et al.  2008 ). 
 BICD1  gene variants have been associated with risk of aggressive but not indolent 
prostate cancer (Xu et al.  2010 ). The  FAM19A5  gene codes for a small secreted 
protein. These proteins contain conserved cysteine residues at fi xed positions and 
are distantly related to MIP-1α, a member of the CC-chemokine family (Tom Tang 
et al.  2004 ). TAFA proteins are predominantly expressed in specifi c regions of the 
brain and are postulated to function as brain-specifi c chemokines or neurokines that 
regulate immune and nervous cells.  
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    Summary 

 Overall, genes identifi ed by GWAS seem to have diverse functions that might con-
tribute to cancer development. Fine mapping to identify the responsible variants 
and mechanistic studies on the biological and functional signifi cance of these genes 
in relation to pancreatic cancer are required before the value of these GWAS 
 fi ndings can be appreciated.   

    Post-GWAS Data Analysis 

    Candidate Pathway Analysis 

 Single-locus analysis of GWAS data may miss some markers and genes that are 
related to a phenotype but do not pass the stringent statistical threshold. Furthermore, 
most genes work as a network or via a signaling transduction pathway; thus, moderate 
changes in the expression or function of genes involved in the same biological path-
ways may alter phenotypic outcomes. To further explore other genetic susceptibility 
factors in pancreatic cancer, a pathway-based analysis was conducted using PanScan 
data (Li et al.  2012 ). A total of 577 genes belong to 23 pathways or groups of genes 
known or hypothesized to be important in pancreatic carcinogenesis were analyzed 
using the adaptive rank truncated product method and the logic regression method. 

 Among the pathways, the pancreatic development pathway showed the most sta-
tistically signifi cant association with risk of pancreatic cancer ( P  = 2.0 × 10 −6 ) (Li 
et al.  2012 ). The major contributing genes to this pathway included  NR5A2 ,  HNF1A , 
 HNF4G ,  PDX1 , and  HNF1B . These genes are important components of the tran-
scriptional networks that govern embryonic pancreatic development and differentia-
tion and maintain pancreatic homeostasis in adults (Maestro et al.  2007 ; Martin 
et al.  2007 ). Mutations in  HNF1A ,  PDX1 , and  HNF1B  are responsible for maturity- 
onset diabetes of young (MODY) types 3, 4, and 5, respectively (Glucksmann et al. 
 1997 ; Carette et al.  2007 ). Mutations in and common variants of  HNF1A  and 
 HNF1B  have also been associated with risk of type 2 diabetes (Voight et al.  2010 ; 
Furuta et al.  2002 ; Holmkvist et al.  2006 ). Notably,  HNF1A  was the top hit for pan-
creatic cancer in a separate analysis of PanScan data as identifi ed by assessing 
markers previously identifi ed in a GWAS of phenotypes other than pancreatic can-
cer (Pierce and Ahsan  2011 ).  HNF1A  gene mutations have been reported for several 
types of human cancer, suggesting a role for them in tumor suppression (Laurent- 
Puig et al.  2003 ; Rebouissou et al.  2004 ; Bluteau et al.  2002 ).  

    Agnostic Pathway Analysis 

 The association between the pancreas development pathway and the risk of pancreatic 
cancer was confi rmed in an agnostic pathway analysis of PanScan data (Wei et al. 
 2012 ). In this study, a total of 197 biological pathways identifi ed from the Kyoto 
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Encyclopedia of Genes and Genomes (KEGG) database were analyzed using the 
gene set ridge regression in association studies algorithm and the logistic kernel 
machine test. Two pathways were signifi cantly associated with risk of pancreatic 
cancer after adjusting for multiple comparisons (P < 0.00025) and in replication 
testing: neuroactive ligand-receptor interaction, (Ps < 0.00002), and the olfactory 
transduction pathway (P = 0.0001). Functional enrichment analysis using the 
Database for Annotation, Visualization, and Integrated Discovery (DAVID) consis-
tently found the G protein–coupled receptor signaling pathway to be the most sig-
nifi cant pathway for pancreatic cancer in this study population. These fi ndings need 
to be confi rmed in separate datasets from future GWAS of pancreatic cancer. 
If confi rmed, these novel fi ndings will provide new perspectives on genetic suscep-
tibility to and molecular mechanisms of pancreatic cancer.  

   Candidate Gene Analysis 

 Because obesity and diabetes are known modifi able risk factors for pancreatic can-
cer, there is great interest in identifying genetic factors that modify these associa-
tions. One study examined 47 genetic variants that have previously been related to 
type 2 diabetes, fasting glucose, or β-cell function in PanScan I data. None of the 
genes showed association with pancreatic cancer at the genome-wide signifi cance 
level. Four genes,  FTO ,  MTNB1R ,  BCL11A  and  MADD , were nominally associated 
with pancreatic cancer risk (Pierce et al.  2011 ).  

   Gene–Environment Interaction 

 Most human cancers are likely the consequence of joint actions of genetic and envi-
ronmental factors. Identifi cation of the interplay of gene and environment will help 
in understanding the biological networks underlying the complex disease risks. Yet, 
few studies have incorporated the known environmental or host risk factors in the 
analyses of GWAS data. A case–control study of 1,070 patients with pancreatic 
adenocarcinoma and 1,175 controls confi rmed the association between  NR5A2  and 
risk of pancreatic cancer as observed in a GWAS (Tang et al.  2011 ). However, no 
signifi cant interaction of  NR5A2  with BMI, diabetes, or smoking was detected. Two 
 FTO  gene variants were non-signifi cantly associated with a decreased risk of pan-
creatic cancer in participants with a BMI < 25 kg/m 2  ( P  

interaction
  = 0.0001) but signifi -

cantly associated with an increased risk of pancreatic cancer in participants with a 
BMI ≥ 25 kg/m 2  ( P  

interaction
  = 0.0015) (Tang et al.  2011 ).  

   Survival Analysis 

 Although many previous candidate gene studies have reported associations of gene 
variants with patient survival, no signifi cant fi ndings on SNPs and survival have 
yet been discovered from existing GWAS data. A study of 690 cases of pancreatic 
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ductal adenocarcinoma and 1,277 healthy control subjects of German and British 
extraction replicated the associations of GWAS top hits with pancreatic cancer risk 
reported in PanScan. The  NR5A2  rs12029406_T allele and a SNP located at gene 
desert region of chromosome 15q14 were weakly associated with overall survival in 
the German population (Rizzato et al.  2011 ). Nevertheless, an exploratory GWAS of 
550,000 SNPs conducted with 351 patients with pancreatic cancer (294 genetically 
European patients) identifi ed a nonsynonymous SNP in interleukin (IL)-17F 
(rs763780, H161R) and an intronic SNP in strong linkage disequilibrium 
(rs7771466) in association with overall survival at the genome-wide signifi cance 
level ( P  ≤ 1 × 10 −7 ) (Innocenti et al.  2012 ). The variant 161R form of IL-17F is a 
natural antagonist of the antiangiogenic effects of wild-type 161H IL-17F, and 
patients with the variant allele had signifi cantly shorter median survival (3.1 months; 
95 % CI, 2.3–4.3) than patients without this variant (6.8 months; 95 % CI, 5.8–7.3) 
( P  = 2.61 × 10 −8 ).  

   Summary 

 As observed for many complex human diseases, the identifi ed gene variants from 
GWAS explain only a small proportion of the heritability of pancreatic cancer. The 
unexplained heritability could be due partly to gene–environment interactions or to 
more complex pathways involving multiple genes and exposures. Using novel sta-
tistical strategies to further mine GWAS data for gene–gene and gene–environment 
interactions may reveal additional gene traits that are missed in single-locus analy-
ses (Wolpin et al.  2010b ; Weinberg et al.  2011 ). In addition, GWAS coverage 
focused on SNPs with minor alleles of frequency >5 % and tagging SNPs without 
known functional signifi cance may contribute to the low discovery rate. As technol-
ogy advances, more coverage of rare SNPs and special selection of exome SNPs 
may generate more helpful information in defi ning the genetic susceptibility factors 
for pancreatic cancer. The ultimate success of using these genetic markers in risk 
assessment and in clinical management of the disease will also heavily depend on 
the understanding of the mechanistic links between the genes and the disease.    

    Conclusion 

 The fi eld of genetic epidemiology of pancreatic cancer has made notable progress in 
the past 20 years. Accumulating evidence support a polygenic feature of the disease 
and a contributing role of common low penetrance gene variants in the development 
of pancreatic cancer. However, many challenges and inconsistent fi ndings remain. 
Upon the establishment of consortia and completion of additional large scale GWA 
studies in the near future, more genetic traits are expected to be identifi ed. The large 
amount of GWAS data and exposure information will be valuable in examining gene–
gene and gene–environment interactions. Findings from these studies will be utilized 
in establishing and improving the risk prediction models for pancreatic cancer. 
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Functional characterization of the implicated genes should help to better defi ne the 
molecular mechanisms underlie the complex etiology of this deadly disease and offer 
new opportunities in developing novel preventive and treatment strategies   .
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    Abstract     This chapter discusses the potential applications of molecular genetics to 
the early diagnosis of pancreatic cancer. The current state of the fi eld is discussed in 
general terms with an emphasis on the limitations of current technologies and strate-
gies, and the potential of molecular genetic diagnostics to impact diagnosis and 
management of pancreatic cancer in the future.  

        Molecular Genetics of Pancreatic Cancer 

 The altered genetic landscape of pancreatic cancer has been characterized over the 
past 25 years and is discussed in detail in previous review articles and in other chap-
ters of this book. It is increasingly accepted that there is morphological progression 
of premalignant lesions in the pancreas (Pancreatic Intraepithelial Neoplasia or 
PanIN lesions, graded as I, II, and III, with the latter representing carcinoma in situ) 
that results from an accumulation of genetic and epigenetic events (Maitra and 
Hruban  2008 ). Earlier studies undertaken using hypothesis driven science, genomic 
discovery methods, and candidate gene approaches identifi ed four genes that are 
mutated or modifi ed epigenetically in a large percentage of pancreatic cancers: 
 KRAS2  (>90 %) , p16/CDKN2A  (>90 %) , TP53  (50–75 %) ,  and  SMAD4  (>50 %) 
(Iacobuzio-Donahue  2012 ) .  A number of other genes that are altered in less than 
5 % of cancers have been implicated by other studies, including two whole genome 
sequencing efforts (International Cancer Genome Consortium  2010 ; Jones et al. 
 2008 ). With the possible exception of detecting inherited genes that predispose to 
cancer in families that have a history of malignancy, these low frequency alleles 
are not currently of use for purely early diagnostic purposes (Hruban et al.  2010 ). 
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There are currently attempts to classify the low frequency mutations into functional 
categories that largely fall into biochemical pathways that contribute to malignant 
progression (Jones et al.  2008 ). This is highly important to understanding the 
biology of pancreatic cancer and will undoubtedly contribute the development of 
new targeted- therapies for the disease. As such diagnostic tests for these may 
contribute to future clinical decisions regarding therapy; however, direct detection 
of these mutations are unlikely to be useful for early detection of cancer in the near 
future. 

 Though much attention has been paid to whole genome exome (that part of the 
genome that encodes expressed proteins) sequencing of tumors, this strategy is lim-
ited since only 1 % of the human genome encodes expressed proteins. More recent 
efforts have begun to investigate the role of the remaining 99 % of the genome in 
cancer progression, including expression and role of multiple types of noncoding 
RNAs. The analysis of mutations in noncoding RNAs, DNA structural elements, 
and other features of nucleic acids in tumors is only beginning, and will hopefully 
provide additional insight and the potential for new molecular diagnostic tools in 
the future.  

    Diffi culties of Early Detection of Pancreatic Cancer 

 Early detection for cancer has improved the survival of patients with many types of 
cancer and is critical for future improvements in effectively treating the disease. The 
rationale for this is that early detection of cancer allows for cures, usually by surgi-
cal resection. Pancreatic cancer, however, presents special challenges. Currently, 
pancreatic cancer is highly lethal, even when detected in early stages. The 5-year 
survival rate for surgically resected patients with stage 1 disease (tumors less than 
2.5 cm, confi ned to the pancreas) is less than 30 %    (Witkowski et al.  2013 ). One 
implication of this fact is that even when there is resection of small tumors with 
negative margins by pathological examination, some tumor cells have escaped to 
colonize other organ sites. This undoubtedly results in part from aggressive biologi-
cal properties of pancreatic cancer. It is proposed by some that pancreatic cancer 
invades and metastasizes relatively early in disease progression, perhaps even before 
there is full transformation of the cells (Rhim et al.  2012 ). There is also evidence 
that clonal evolution of cancer occurs over a longer period of time. Mathematical 
modeling of the rate of mutation acquisition (as revealed by exome sequence analy-
sis of spatially distinct and presumably progressive lesions from seven pancreatic 
cancer cases) suggested that there is as an 11.7-year period of time from an initiat-
ing mutation in a pancreatic cell to the acquisition of additional mutations that con-
fer fully transformed growth properties on a cell, and that there is another 6.8 years 
until the fi rst metastatic subclone is derived. In this model death occurred at about 
2.7 years after of the appearance of the putative metastatic subclone (Iacobuzio- 
Donahue  2012 ). If this model is correct, it suggests that there is a window of time in 
which early detection may impact disease outcome. 
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 Nonetheless, at this time, early detection of pancreatic cancer followed by surgical 
resection will not be curative for most patients. This has led some to suggest that 
early detection of pancreatic cancer will not be useful for improving survival. Many 
clinicians believe that surgical resection should be accompanied by neoadjuvant or 
adjuvant therapy; however, the currently available therapies are also generally not 
curative. Part of the reason for this defi ciency is the conundrum presented by the 
fact that we cannot identify early cancers at a rate that is suffi cient to undertake 
clinical trials of large numbers of these patients so that we can identify curative 
therapies. It is anticipated that early detection will provide more opportunities for 
clinical trials in the future. Moreover, the advent and anticipated improvement of 
cancer therapies that target molecular defects that arise from genetic mutations, 
epigenetic alterations, and other factors will provide treatment options in the future. 
Thus, diagnostic tests of the future should attempt to identify the presence of malig-
nancy and characterize the molecular defects that are responsible for driving the 
biological properties of each malignancy.  

    Assays for Early Detection of Pancreatic Cancer 

 Several factors must be taken into account regarding the development of diagnostic 
tests for pancreatic cancer. These include the development of accurate and molecu-
larly sensitive tests for appropriate clinical samples that show performance charac-
teristics (diagnostic sensitivity and specifi city) that will be helpful in making clinical 
decisions. The assays must also be economically feasible. A starting point for most 
diagnostic tests that are currently under development include assay of bloods—
serum, plasma, or cellular content. A second source of diagnostic samples includes 
stool, or samples obtained by endoscopic sampling (pancreatic juice, fi ne needle 
aspirate, or biopsy). A third type of diagnostic test would be an imaging test, pre-
sumably that included a targeted imaging agent that improved discrimination of 
malignant cells from benign conditions. One problem for early detection is that of 
the molecular or cellular sensitivity of the test. Early small lesions are unlikely to 
produce a suffi cient amount of material or cells to be detected when diluted into the 
large volume of blood that is in circulation. This is further complicated in pancreatic 
cancer by the fact that up to 90 % of each pancreatic tumor is comprised of a des-
moplastic reaction, which does not include tumor cells that are the targets of molec-
ular diagnostic tests. 

 Regarding assays for blood or other body fl uids, there are efforts to develop tests 
to detect nucleic acids (DNA and RNA) and protein in blood, stool or other clinical 
samples, and there are assays to capture circulating tumor cells. There are practical 
positives and negatives for translational application of all of these tests. There is 
evidence that nucleic acids derived from tumors can be detected in blood, although 
the molecular forms of these are not well established. Possibilities include free 
nucleic acids or forms bound to proteins, exosomes, cellular debris, or material 
carried by immune cells such as macrophages or dendritic cells. One problem 
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 encountered in analyzing nucleic acids in blood or other body fl uids is the issue of 
identifying mutated sequences against a background of normal sequence. Newly 
developed economical technologies such as ICE-COLD PCR that selectively 
amplify mutated sequences (Milbury et al.  2011 ) may increase the sensitivity of 
these assays and enable practical diagnostic tests in the future. 

 Circulating tumor cells represent an important source of potential diagnostic 
material. Unfortunately, by defi nition, the presence of circulating tumor cells 
implies that the tumor is metastatic, and so it is anticipated that analysis of these 
cells will not aid early detection, but instead will provide a potential source of a 
“peripheral biopsy” that will allow for molecular characterization of the genotype 
and phenotype of the parental tumor (Yu et al.  2012 ). Whether circulating tumor 
cells are representative of the parental tumor and all metastatic deposits remains to 
be determined. 

 An important component of diagnosis of early stage pancreatic cancer is the 
analysis of fi ne needle aspirate (FNA) samples of pancreatic lesions obtained by 
endoscopic ultrasound. Unfortunately, cytopathological analysis of these samples is 
often diffi cult and results in indeterminate fi ndings (Payne et al.  2009 ). The addition 
of molecular genetic analysis to these samples should enhance the accuracy of diag-
nosis, and in the future may aid in directing therapeutic approaches; however, this 
area of diagnostic endeavor requires further development. 

 The imaging of pancreatic lesions has improved with the development of pan-
creas specifi c CT protocols; however, the detection of small lesions in the pancreas 
remains a problem that could be improved by the addition of imaging techniques 
that identify alterations associated with malignancy (Fisher et al.  2008 ). Efforts to 
develop agents that target molecules expressed as a consequence of malignant trans-
formation are underway, but are nascent at this point in time (Bausch et al.  2011 ). 
Ultimately, early diagnosis of pancreatic cancer will need to include improved 
imaging techniques.  

    Molecular Discrimination of Disease by Molecular Genetics 

 If an acceptable assay is developed that will accurately and sensitively detect 
mutated, methylated or expressed nucleic acid sequences, it is likely there will be 
problems with the performance characteristics of these tests with respect to sensitiv-
ity and specifi city for detecting pancreatic cancer. Consider the genes known to be 
commonly affected in pancreatic cancer. There are mutations in  KRAS2  in virtually 
all pancreatic cancers, but similar mutations have been observed in patients with 
pancreatitis and in normal individuals (Lohr et al.  2000 ,  2005 ). In fact, 50 % of the 
relatively common PanIN 1 lesions are predicted to contain  KRAS2  mutations 
(Feldmann et al.  2007 ). This suggests that detection of  KRAS2  mutations alone does 
not predict the presence of cancer and would lead to numerous false positives. Thus, 
it would be desirable to add another test to detection of mutations in  KRAS2 .  p16/
CDKN2A  is inactivated in almost all pancreatic cancers, and is apparent in PanIn 2 

M.A. Hollingsworth



79

lesions. As such  p16/CDKN2A  would be a good candidate as a marker, except that 
in 40 % of cases there is homozygous deletion of the allele. Another 40 % have a 
mutant allele that is accompanied by deletion or methylation of the second allele 
and 10–15 % show methylation of the promoter. A similar scenario is evident for 
 SMAD4 , which is lost by homozygous deletion in 30 % of pancreatic cancers and is 
mutated and inactivated by loss or methylation in 25 % of cases (Iacobuzio-Donahue 
et al.  2012 ). Detection of loss of alleles is feasible if not optimal for tissue biopsies, 
but assaying for loss of alleles is not practical as a test for circulating DNA derived 
from cancer. Inactivation of  TP53  may be more promising as a test, as mutant alleles 
can be found in up to 75 % of pancreatic cancers and this is usually accompanied by 
loss of the second allele directly or through methylation. Mutations in  TP53  are 
found in PanIN 3 lesions, which is an appropriate diagnostic target. Thus, one early 
detection strategy that should be evaluated carefully would be to detect the presence 
of mutations in both  KRAS2  and  TP53  in blood products (plasma or cells). One limi-
tation of this approach that has prevented a comprehensive analysis to date is the 
fact that there are numerous sites of mutation in TP53, which complicates the devel-
opment of economical detection assays for many clinical samples. 

 Besides detecting mutated genes directly, it should be possible to develop diag-
nostic tests to detect consequences of mutated genotypes. This is being evaluated by 
detecting mutated proteins directly, or by detecting alterations in expression of cel-
lular products (or biochemical pathways) whose levels or features (e.g., posttransla-
tional processing) are altered as a consequence of the mutated genome. There are a 
number of efforts to develop biomarkers based on this approach; however, none 
have achieved performance characteristics that warrant deployment as an early 
diagnostic test to date. 

 Another possibility for early detection that is currently being explored is analysis 
of the specifi city of autoantibodies that are produced in cancer patients (Raedle 
et al.  1996 ). The rationale is that many individuals develop autoantibodies to 
mutated proteins, overexpressed proteins, or altered forms of proteins that arise dur-
ing malignant progression of cancer. An advantage of this strategy, at least in theory, 
is that it may allow for detection of alterations that occur in very early lesions. For 
example, a small focus of malignant cells may not make a suffi cient level of any 
compound to be detected in blood or body fl uids. However, the development of 
antibodies to proteins in those cells would be amplifi ed and detectable as stable 
compounds in serum. 

 An increasing clinical dilemma with respect to diagnosis of pancreatic cancer is 
the increased incidental fi ndings of pancreatic cystic lesions that result from 
increased use of imaging techniques (CT and MRI). It is often diffi cult to discrimi-
nate malignant precursors (intraductal papillary mucinous neoplasms, mucinous 
cystadenomas) from other benign cystic lesions. Molecular diagnostic strategies 
that could evaluate FNA samples or other tissue samples from these lesions or blood 
based assays of that would discriminate those lesions with aggressive biological 
properties would impact disease management. Initial exome sequencing studies of 
several cystic lesions has begun to reveal candidate mutations that should be further 
explored (Wu et al.  2011 ).  
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    Summary and Future Directions 

 Molecular genetic studies have provided a great deal of insight into the biochemical 
underpinnings of pancreatic cancer; however, this characterization is far from over, 
as only a fraction of the genome has been analyzed and the results obtained so far 
have not yet translated into improved diagnostics or therapeutics. The early detec-
tion of pancreatic cancer remains possible if the premalignant lesions are present for 
several years; however, the small size and relatively inaccessible location of these 
lesions present a signifi cant barrier to many diagnostic modalities. It would be 
desirable to develop economical screening assays that detect the presence of muta-
tions and could be deployed annually in at risk or aging populations. An example of 
this would be tests that detect mutated genes, their products, or autoantibodies to 
mutated gene products or products that are altered or uniquely expressed as conse-
quences of the acquisition of mutations. It is unlikely that a defi ned set of mutations 
will be solely diagnostic for pancreatic cancer, but these tests may indicate the pres-
ence of premalignant or malignant cells in certain organ types. It should be possible 
to develop secondary screening protocols (such as cancer-specifi c imaging) to 
detect the locations of the neoplasms. Prohibitive costs associated with endoscopic 
and imaging studies will preclude their use as early diagnostic tools, though these 
modalities should be used and enhanced as secondary screening protocols. 
Molecular diagnostic tests should be developed to aid in detecting malignancies in 
the small quantities of clinical samples obtained by FNA or biopsy. Ultimately, 
molecular characterization of tumors should be used to direct appropriate targeted 
therapies at the time of diagnosis, or to direct prevention strategies aimed at block-
ing the progression of premalignant lesions.     
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    Abstract     Activating mutations in the K-Ras oncogene occur in approximately 
90 % of cases of pancreatic ductal adenocarcinoma, and tumors containing mutant 
K-Ras often acquire a dependency on the expression of the oncogene. Therapies 
that block the oncogenic functions of K-Ras could have clinical effi cacy for a dis-
ease that is currently refractory to all forms of treatment. This chapter describes the 
evidence, from both  in vitro  studies and studies using genetic mouse models, of the 
importance of oncogenic K-Ras and its downstream signaling pathways in driving 
pancreatic tumor formation and cancer cell growth.  

        Introduction 

 The decades-old observation that pancreatic ductal adenocarcinoma (PDA) is almost 
always associated with an activating mutation in the  KRAS  gene has focused atten-
tion on this oncogene as a key therapeutic target for this lethal disease. Many tumor 
cells containing  KRAS  mutations are considered to be K-Ras “addicted,” meaning 
that they depend on the oncogene in order to survive. Therapies that block K-Ras 
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signaling could therefore potentially benefi t almost all patients with PDA. Thirty 
years of study of the cell biology of K-Ras has yielded a wealth of information but 
an effective treatment for PDA is still elusive. This chapter describes how oncogenic 
K-Ras signaling is involved in almost every aspect of the initiation and progression 
of PDA from precursor lesions to metastatic disease. Oncogenic K-Ras induces 
numerous alterations that drive normal pancreatic cells to become invasive cancer 
cells and this provides many opportunities for therapeutic intervention. Understanding 
as much as possible about K-Ras signaling should allow us to determine where such 
intervention would prove the most effective in treating this disease.  

    The K-Ras Oncogene 

 Ras oncogenes were fi rst identifi ed in the 1970s as the sequences responsible for the 
transforming properties of the Harvey (Ha-MSV) and Kirsten (Ki-MSV) rodent 
tumor viruses. It was discovered that these recombinant retroviruses contained 
DNA sequences derived from the rat genome that encoded the  Hras  (Ha-MSV) and 
 Kras  (Ki-MSV) genes. Later  HRAS  became the fi rst oncogene isolated from human 
cancer cells by its ability to transform NIH3T3 mouse fi broblasts (Shih and 
Weinberg  1982 ; Goldfarb et al.  1982 ; Pulciani et al.  1982 ). The transforming 
sequences from human tumor cells were found to be homologs of the viral  v-h-ras  
and  v-k-ras  genes (Parada et al.  1982 ; Der et al.  1982 ; Santos et al.  1982 ). 

 Molecular cloning and sequencing showed that the oncogenes derived from 
tumor cells and the normal cellular  HRAS  and  KRAS  genes differed by only a single 
point mutation, most commonly in codons 12, 13, or 61 (Reddy et al.  1982 ; Tabin 
et al.  1982 ; Taparowsky et al.  1982 ; Santos et al.  1984 ). This information was used 
to screen a wide variety of different human tumors for the presence of oncogenic 
 RAS  mutations (Bos  1989 ). It is estimated that up to 30 % of human tumors contain 
 RAS  mutations making it the most frequently mutated oncogene in human cancer 
(Barbacid  1987 ). 

 There are three main isoforms of Ras proteins that are highly homologous. 
In addition to H-Ras and K-Ras, the third isoform N-Ras was identifi ed after the 
other two isoforms as the transforming gene present in a neuroblastoma cell line 
(Shimizu et al.  1983a ,  b ; Hall et al.  1983 ). K-Ras in fact exists as two alternatively 
spliced isoforms, K-Ras4A and K-Ras4B, which differ only in the sequence encoded 
by the fourth exon. K-Ras4B is considered to be the more relevant isoform to human 
cancer due to its more ubiquitous expression in tissues in both mice and humans 
(Pells et al.  1997 ; Plowman et al.  2006a ), and due to the fact that a  KRAS  knockout 
mouse has an embryonic lethal phenotype (Johnson et al.  1997 ; Koera et al.  1997 ) 
whereas a targeted knockout of exon 4A has no phenotype (Plowman et al.  2003 ). 
However, because the oncogenic mutations in  KRAS  occur in the shared fi rst and 
second exons, these mutations results in the production of oncogenic versions of 
both splice variants. Data regarding the importance of the K-Ras4A isoform  in vivo 
 is somewhat contradictory and more research is required to determine what role this 
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 isoform may play in oncogenesis (Patek et al.  2008a ,  b ; To et al.  2008 ; Plowman 
et al.  2006b ; Abubaker et al.  2009 ). 

 The Ras proteins are prototypical small GTPases (Scolnick et al.  1979 ; Shih 
et al.  1980 ; Tamanoi et al.  1984 ; Temeles et al.  1985 ) that act as molecular switches 
cycling between an active GTP-bound and an inactive GDP-bound state (Field et al. 
 1987 ; Satoh et al.  1987 ). When GTP-bound, Ras can interact with downstream 
effectors involved in numerous cellular pathways that control cell growth, differen-
tiation, and survival. The GTP/GDP cycle is controlled by guanine nucleotide 
exchange factors (GEFs) that activate Ras by promoting the release of GDP allow-
ing the more abundant GTP to bind (Wolfman and Macara  1990 ), and GTPase acti-
vating proteins (GAPs) that dramatically accelerate the intrinsic rate of GTP 
hydrolysis, thereby inactivating Ras and curtailing signaling (Trahey and McCormick 
 1987 ). Oncogenic mutations in the Ras protein render it locked constitutively in the 
active GTP-bound state by reducing the intrinsic GTP hydrolysis rate and rendering 
the protein insensitive to the action of GAPs (McGrath et al.  1984 ; Sweet et al. 
 1984 ; Gibbs et al.  1984 ; Manne et al.  1985 ; Trahey and McCormick  1987 ). 

 A defi ning feature of Ras proteins is that they are peripheral membrane proteins 
that associate with cellular membranes by virtue of a series of posttranslational 
modifi cations (Wright and Philips  2006 ). The extreme C terminus of Ras ends with 
a “CaaX motif” in which C is a cysteine, “a” is generally an aliphatic residue and X 
is one of a number of amino acids (Fu and Casey  1999 ). This CaaX motif renders 
Ras a substrate for modifi cation by farnesyltransferase, which catalyzes the addition 
of a 15-carbon farnesyl lipid to the cysteine of the CaaX motif (Schafer et al.  1989 , 
 1990 ). Subsequently the aaX amino acids following the farnesylcysteine are cleaved 
off by a protease, Ras converting enzyme 1 (Rce1) (Boyartchuk et al.  1997 ; Freije 
et al.  1999 ; Otto et al.  1999 ). The α-carboxyl-group on the farnesylcysteine is then 
methylated by isoprenylcysteine carboxyl methyltransferase (Icmt) (Clarke et al. 
 1988 ; Gutierrez et al.  1989 ; Hrycyna et al.  1991 ; Pillinger et al.  1994 ). This methyl 
esterifi cation neutralizes the negative charge of the carboxyl group and is therefore 
thought to increase the affi nity of the farnesylcysteine for the plasma membrane by 
reducing the repulsion of the carboxyl group by the negatively charged head groups 
of the inner leafl et of the phospholipid bilayer (Hancock et al.  1991 ). Correct mem-
brane association has been shown to be essential for both the biological and onco-
genic functions of Ras proteins (Hancock et al.  1989 ; Gutierrez et al.  1989 ; 
Willumsen et al.  1984 ). Therefore, disrupting the addition of the modifi cations that 
enable Ras to associate with membranes has been seen as an attractive way to inhibit 
the function of oncogenic Ras in cancer (Downward  2003 ).  

    Oncogenic K-Ras Effector Pathways and Pancreatic Cancer 

 The exchange of the nucleotide bound to Ras from GDP to GTP results in a confor-
mational change in the Ras protein that affects the affi nity of binding to effector 
molecules (Ito et al.  1997 ; Geyer et al.  1996 ). Conformational changes in Ras occur 
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in two areas of the protein within the highly conserved GTPase domain termed 
switch I and switch II (Milburn et al.  1990 ). A Ras effector is defi ned as a protein 
that preferentially binds to the GTP-bound form of Ras. Effectors interact with Ras 
via a Ras-binding domain (RBD). While no sequence homology exists between 
RBDs from different effectors, they all share an ubiquitin superfold topology 
(ββαββαβ) (Nassar et al.  1995 ; Geyer et al.  1997 ; Walker et al.  1999 ). Oncogenic 
mutations in Ras, such as the substitution of valine or aspartic acid for glycine at 
codon 12 (G12V or G12D), render the protein constitutively GTP-bound because 
residues with a side chain in this position sterically interfere with the geometry of 
the transition state of GTP hydrolysis in the presence of GAPs (Scheffzek et al. 
 1997 ; Krengel et al.  1990 ; Tong et al.  1991 ). Mutation of the glutamine at position 
61 is also oncogenic because this residue forms a hydrogen bond with the arginine 
at position 789 in GAP p120 (Scheffzek et al.  1997 ) and positions a catalytic water 
molecule for nucleophilic attack on the γ-phosphate of GTP (Buhrman et al.  2010 ; 
Scheidig et al.  1999 ), which is essential for GTP hydrolysis. These mutations there-
fore enable Ras to constitutively interact and activate downstream effectors. Thus, 
the oncogenic nature of Ras results from its ability to promote unchecked signaling 
down a variety of pathways that induce cell growth, proliferation, and survival. 

 The importance of Ras signaling in pancreatic cancer is highlighted by the fact 
that mutations in K-Ras are found extremely frequently in patient tumors. Early 
analysis of tumors revealed a prevalence of oncogenic mutations of K-Ras in pan-
creatic ductal adenocarcinoma (PDA) in excess of 90 % (Almoguera et al.  1988 ). 
However, recent evidence from analysis of the catalogue of somatic mutations in 
cancer (COSMIC) database (Forbes et al.  2011 ) suggests that the percentage of 
mutations in pancreatic cancer is 60 % (Prior et al.  2012 ). K-Ras mutations have 
been found to be present in early PanIN lesions and in surrounding areas of acinar- 
ductal metaplasia (ADM) (Shi et al.  2009 ; Kanda et al.  2012 ) consistent with the 
hypothesis that this mutation is an initiating event in PanIN formation. PDA is 
believed to originate from somatic mutations in  KRAS  during adulthood rather than 
during embryonic development. Indeed, although germ line mutations in  HRAS  and 
 KRAS  as well as other components of the downstream MAPK cascade have been 
found to be responsible for Noonan, LEOPARD, cardio-facio-cutaneous and 
Costello syndromes, that share similar features including facial abnormalities, heart 
defects, impaired growth and development, and, in some cases, cancer predisposi-
tion (Schubbert et al.  2007a ,  b ), none of these syndromes appear to predispose to the 
development of PDA. 

 While the requirement for K-Ras signaling in pancreatic cancer is clear, what is 
not fully understood is what effector pathways downstream of Ras are necessary 
and suffi cient to transmit its oncogenic signals. There are at least ten distinct func-
tional classes of putative Ras effectors (Fig.  1 ) (Repasky et al.  2004 ). Raf-1 kinase 
was the fi rst Ras effector to be discovered and remains the best characterized 
(Moodie et al.  1993 ; Warne et al.  1993 ; Zhang et al.  1993 ; Vojtek et al.  1993 ). The 
canonical pathway of Raf-1 activation occurs downstream of receptor tyrosine 
kinases (RTKs), such as the epidermal growth factor receptor (EGFR). When 
growth factors (such as EGF) bind to their cognate RTK, this induces dimerization 
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and cross-phosphorylation of tyrosine residues in the cytosolic domain of the RTK 
(Schreiber et al.  1983 ; Ushiro and Cohen  1980 ; Yarden and Schlessinger  1987a ,  b ; 
Zhang et al.  2006 ). The SH2 domain of the adapter protein Grb2 then binds to the 
phosphotyrosine residues in the RTK, and Grb2 in turn recruits the Ras GEF SOS 
to the plasma membrane via an SH3 domain in the Grb2 protein (Buday  1999 ). This 
recruitment enables SOS to interact with and activate Ras on the plasma membrane 
(Boriack-Sjodin et al.  1998 ). Ras-GTP is then able to bind and activate the effector 
Raf-1 by a mechanism that is not yet completely understood (Marais et al.  1995 ). 
Downstream of Raf-1 is the mitogen activated protein kinase (MAPK) cascade that 
includes MEK (MAPK/Erk kinase), Erk-1 and Erk-2. The Erk proteins are serine/
threonine kinases with a variety of different substrates. Once phosphorylated, the 
Erk proteins form dimers that translocate into the nucleus where their substrates 
include proteins in the Ets family of transcription factors.

   In addition to Raf-1, two other well-characterized effectors of Ras are phosphati-
dylinositol 3-kinase (PI3K) (Rodriguez-Viciana et al.  1994 ) and a group of exchange 
factors for the small GTPase Ral which includes RalGDS. PI3Ks are lipid kinases 
that phosphorylate the 3′ hydroxyl group of the inositol ring of phosphatidylinositol 
phosphates. Class 1A PI3Ks are activated downstream of RTKs and function 
primarily to generate the lipid second messenger phosphatidylinositol- 3,4,
5-trisphosphate (PIP 

3
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  Fig. 1    Effector pathways downstream of oncogenic Ras stimulate many cellular processes. The 
signaling pathways shown have known or speculated roles in oncogenesis. Outlined in  red  are 
pathways involved in pancreatic cancer       

 

The Biology of K-Ras Signaling Pathways in Pancreatic Cancer



88

in the recruitment and activation of proteins containing plekstrin homology (PH) 
domains including serine/threonine kinases of the Akt family (Akt1, Akt2, and 
Akt3) and Pdk1 kinase (3-phosphoinositide-dependent kinase). Akt is activated by 
phosphorylation of two key residues, Thr308 by Pdk1 and Ser473 by the rapamycin-
insensitive mammalian target of rapamycin complex 2 (mTORC2) (Sarbassov et al. 
 2005 ). Active Akt is able to phosphorylate a number of different downstream targets 
to control cell proliferation, survival, and metabolism. Notably, Akt activates the 
rapamycin-sensitive mTORC1 complex which results in the phosphorylation of p70 
ribosomal protein S6 kinase 1 (S6K) and the eukaryotic initiation factor 4E binding 
protein 1 (4E-BP1), ultimately leading to an increase in protein synthesis (Inoki 
et al.  2002 ). PI3K signaling is antagonized by  PTEN , a tumor suppressor gene 
encoding a phosphatase for PIP 

3
  (Li et al.  1997 ; Steck et al.  1997 ). RalGDS func-

tions by acting as a GEF for the GTPases RalA and RalB. Effectors for Ral include 
components of the exocyst complex, which regulates vesicular traffi cking and exo-
cytosis (Moskalenko et al.  2002 ,  2003 ). 

 The Raf/MEK/Erk and PI3K pathways have the most well established roles in 
cancer development and progression. Mutations in the Raf isoform BRAF have 
been found to occur in 8 % of human cancers, most commonly in malignant mela-
nomas (41 %), thyroid cancer (45 %) and colorectal cancer (14 %). A single base 
missense mutation that results in the replacement of valine for glutamic acid at 
codon 600 (V600E, previously described as V599E (Kumar et al.  2003 )) in the acti-
vation segment of the kinase domain is responsible for at least 80 % of the BRAF 
mutations found in human cancer (Davies et al.  2002 ). The kinase activity of this 
mutant is greatly elevated; it is able to potently transform NIH3T3 cells and consti-
tutively stimulates Erk activity  in vivo  independent of RAS. Gain-of-function muta-
tions in the catalytic subunit of PI3K p110 (PI3KCA) also occur frequently in cancer. 
These mutations increase enzymatic function, enhance downstream signaling ele-
ments and promote oncogenic transformation (Kang et al.  2005 ; Samuels et al. 
 2005 ). However, mutations in effectors downstream of Ras are infrequent in pancre-
atic cancer, presumably because the pathways are suffi ciently activated through 
oncogenic Ras signaling.  BRAF  mutations are rare in pancreatic cancer (Jones et al. 
 2008 ). They have been reported to occur in tumors that also had a K-Ras mutation 
with a frequency of around 10 % (Ishimura et al.  2003 ). Mutations in  PI3KCA  have 
been found to occur in 9 % of patients with PDA (Janku et al.  2011 ). Amplifi cations 
and overexpression of  AKT2  were found in 10-20 % of pancreatic cancer cell lines 
and tumors (Cheng et al.  1996 ; Ruggeri et al.  1998 ).  EGFR  mutations are also rare, 
occurring in less than 3 % of patients, but have also been found to coexist with 
K-Ras mutations (Oliveira-Cunha et al.  2012 ). Point mutations in the tumor sup-
pressor  PTEN  are infrequently found in pancreatic cancer but functional inactivation 
of the gene occurs commonly by promoter methylation or inhibition of protein or 
mRNA synthesis (Ebert et al.  2002 ; Altomare et al.  2002 ; Asano et al.  2004 ). 

 EGFR genomic amplifi cations and overexpression are a common event in pancre-
atic cancer (Tzeng et al.  2007 ; Bloomston et al.  2006 ; Tobita et al.  2003 ; Fjallskog 
et al.  2003 ), as is expression of some of its ligands (Kobrin et al.  1994 ; Zhu et al. 
 2000 ). This observation is a little surprising as activating mutations in K-Ras, being 
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downstream, would be expected to a certain degree to circumvent the requirement for 
EGFR signaling. This appears to be the case in some other tumor types such as non 
small cell lung cancers where mutation in  KRAS  and  EGFR  are mutually exclusive 
(Shigematsu et al.  2005 ). It has been suggested that signaling through EGFR may still 
be necessary in the presence of oncogenic K-Ras to activate the other isoforms of Ras 
and also possibly any remaining wild type alleles of K-Ras (Ardito et al.  2012 ). In 
contrast, there are also studies that demonstrate a selective loss of the wild type allele 
of K-Ras in human tumors. Mutant allele specifi c imbalance, which can occur by 
either copy number gains or uniparental disomy, was found in 58 % of tumors includ-
ing pancreatic cancers (Soh et al.  2009 ). Similar fi ndings have also been found in 
mouse models (Qiu et al.  2011 ) and there is a growing body of evidence that suggests 
the wild type allele of K-Ras may function as a tumor suppressor (Zhang et al.  2001 ; 
Li et al.  2003 ,  2007 ; Hegi et al.  1994 ; Bremner and Balmain  1990 ). 

 Despite there being no known activating mutations found in the Ral pathway in 
cancer, it has been suggested that in human cells the Ral pathway may be the most 
important pathway downstream of Ras for cellular transformation (Hamad et al. 
 2002 ; Rangarajan et al.  2004 ). RalGDS appears to be required for the survival of 
Ras transformed cells in a mouse model (Gonzalez-Garcia et al.  2005 ). The two 
main substrates of RalGDS appear however to have different roles in oncogenesis. 
Ectopically expressed RalA is transforming and is required for K-Ras G12V  transfor-
mation, whereas RalB impedes transformation (Lim et al.  2005 ). However, RalB 
was found to be required for invasion and metastasis of two pancreatic cancer cell 
lines  in vivo  (Lim et al.  2006 ). In addition to this, RalA was found to be activated in 
a panel of pancreatic cancer cell lines (Lim et al.  2005 ) and both RalA and RalB 
were more frequently activated in pancreatic tumor samples than either Erk or Akt 
(Lim et al.  2006 ).  

    Mouse Models of Oncogenic K-Ras Driven Pancreatic Cancer 

 The importance of oncogenic K-Ras mutations in pancreatic cancer initiation and 
maintenance has now been verifi ed with several mouse models. In 2003, David 
Tuveson utilized a mouse harboring a conditional oncogenic allele of K-Ras G12D  
under the control of the endogenous K-Ras promoter (Jackson et al.  2001 ). 
Expression of the oncogene was blocked by a STOP element fl anked by LoxP sites 
upstream of the gene. Crossing of the  Lox-STOP-Lox-KRAS   G12D   mouse ( LSL- 
KRAS   G12D       ) to mice containing  Cre  recombinase under the control of pancreas spe-
cifi c promoters ( PDX-1-Cre  and  p48-Cre ) allowed for recombination of the STOP 
element and expression of the oncogene in a pancreas-specifi c manner (Hingorani 
et al.  2003 ). This was the fi rst example of the expression of oncogenic K-Ras from 
its endogenous locus in a mouse model of pancreatic cancer. These animals showed 
a phenotype that recapitulated the progression of human pancreatic ductal adenocar-
cinoma from early stage PanIN lesions to invasive metastatic  disease. This result 
was important because it helped to confi rm the PanIN progression model that had 
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been put forward from examination of human specimens (Brat et al.  1998 ; Hruban 
et al.  1999 ; Maitra et al.  2003 ). In addition, the result was groundbreaking because 
previous attempts to develop mouse models that targeted K-Ras G12D  to the pancreas 
with a variety of different pancreas-specifi c promoters (e.g., cytokeratin- 19, Elastase, 
Mist1) had failed to produce pancreatic lesions that resembled those seen in human 
PDA (Brembeck et al.  2003 ; Grippo et al.  2003 ; Tuveson et al.  2006 ). 

 The  LSL-KRAS   G12D   ;PDX-1-Cre/p48-Cre  mouse models have been subsequently 
combined with a variety of different fl oxed, loss of function and dominant negative 
alleles of tumor supressors (Hingorani et al.  2005 ; Izeradjene et al.  2007 ; Bardeesy 
et al.  2006 ; Aguirre et al.  2003 ; Vincent et al.  2009 ). The rapidly accelerated disease 
progression in these models helps confi rm the hypothesis that tumor suppressor 
genes such as p53, p16 INK4A , and Smad4 help keep oncogenic K-Ras-driven neopla-
sia in check. 

 These studies provided compelling evidence that K-Ras G12D  is required for PanIN 
formation; however, the requirement for PanIN progression and PDA maintenance 
had not been tested. To address this question, a mouse was created that contained an 
oncogenic allele of K-Ras that could be turned on or off by the administration or 
removal of doxycycline in the drinking water of adult mice ( p48-Cre;R26-rtTa-
IRES-EGFP;TetO-Kras   G12D  , referred to as iKras) (Collins et al.  2012 ). Removal of 
doxycycline from these animals after 23 weeks of K-Ras G12D  expression resulted in 
an almost complete reversion of PanINs after 2 weeks and a regeneration of the 
acinar cell compartment. Similar results were also observed when K-Ras G12D  was 
expressed for 3 weeks with concomitant cerulein treatment to induce pancreatitis 
(see next section). PanIN reversion was associated with a down-regulation in 
phospho- Erk1/2 levels. Surprisingly, however, switching off oncogenic K-Ras 
expression did not cause an increase in apoptotic cells as shown by staining for 
cleaved caspase-3. Instead, loss of PanIN and acinar regeneration appeared to occur 
by a process of ductal-acinar metaplasia (DAM), as cells co-expressing the acinar 
cell marker amylase and the ductal maker cytokeratin-19 were frequently observed. 
However, if K-Ras G12D  expression was induced for 5 weeks with concomitant ceru-
lein treatment, while removal of doxycycline resulted in PanIN regression there was 
an incomplete regeneration of the acinar cell compartment leaving a small fi brotic 
pancreas with fewer acini than expected. In these pancreata there was a dramatic 
increase in apoptotic cells upon doxycycline removal suggesting that either the 
regenerative capability of the pancreas decreases with the age of the mice or that 
more advanced stage PanIN lesions are not able to undergo DAM. Importantly, 
iKras mice crossed with p53 null mice produced disease that progressed to PDA and 
doxycycline removal resulted in complete regression of all tumors (Collins et al. 
 2012 ; Ying et al.  2012 ). 

 In some of these models, such as the  LSL-KRAS   G12D   ;p48-Cre  model (Hingorani 
et al.  2003 ), K-Ras G12D  expression occurs in every cell of the pancreas raising the 
question of why some cells undergo neoplastic transformation while other cells 
remain normal. This observation led to speculation as to what is the precise cell of 
origin of the PanINs observed. Although PanINs have an obvious ductal morphology 
it is possible that they arise from another cell type by a process of transdifferentiation. 
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One study sought to address this question by targeting K-Ras G12D  expression to different 
cell types in the adult pancreas using  Cre  drivers with different expression patterns 
(Gidekel Friedlander et al.  2009 ). Expression in  Pdx1   +   cells, which includes adult 
endocrine β cells, some ductal cells, acinar cells, and possibly adult progenitor/stem 
cells induced transformation resulting in PanIN formation. However,  proCPA1   +   cells 
were not effi ciently transformed by K-Ras G12D .  ProCPA1  encodes for the pancreas 
specifi c pro-carboxypeptidase A expressed mostly in acinar cells and possibly some 
centroacinar cells. The same result was observed for  insulin   +   cells. These results sug-
gest that a  Pdx1   +   cell is the most likely cell of origin for PDA. However,  insulin   +   cells 
of the endocrine lineage of the adult pancreas were able transdifferentiate and give 
rise to PDA under certain conditions, highlighting the plasticity of the pancreas and 
complicating the question of the cell of origin in human PDA. 

 The difference in the effi ciency of transformation of different cell types in the 
pancreas could occur because the threshold of Ras signaling required to transform 
is higher in some cells relative to others. One study showed that expression of a 
K-Ras G12D  transgene in adult acinar cells at higher levels than from the endogenous 
promoter was suffi cient to induce PanINs that progressed to PDA whereas endoge-
nous levels of expression was not. This study found higher levels of active Ras in 
pancreatic tumor samples than in untransformed areas of pancreas expressing 
K-Ras G12D  from the endogenous promoter suggesting that upregulation of Ras activ-
ity is necessary to bypass a transformation barrier in the pancreas (Ji et al.  2009 ). 
However, interpretation of these results is hindered by the in vitro assay used to 
determine the amount of active Ras that may not fully refl ect the level of Ras signal-
ing in intact cells. Two recent studies highlighting the importance of EGFR in the 
development of K-Ras driven pancreatic cancer lend some credence to this hypoth-
esis (Navas et al.  2012 ; Ardito et al.  2012 ). EGFR was found to be required for 
pancreatitis-dependent acinar cell-derived tumorigenesis and ADM following ceru-
lein treatment both  in vivo  and  in vitro . One of these studies implicated Erk activa-
tion downstream of EGFR signaling in this process, implying that the signaling 
downstream of K-Ras G12D  alone was insuffi cient to transform cells whereas in com-
bination with signaling through EGFR, a critical threshold could be reached to pro-
mote neoplasia (Ardito et al.  2012 ). However, a second study instead implicated 
signaling through Akt and Stat3 downstream of EGFR (Navas et al.  2012 ). Both 
studies agreed that mutations in p53 bypassed the requirement for EGFR signaling 
in tumor development, which may explain why the EGFR inhibitor erlotinib has 
shown poor effi cacy when combined with gemcitabine in clinical trials (Moore 
et al.  2007 ). A third study showed that concomitant expression of TGFα, a ligand 
for EGFR, and K-Ras G12D  accelerates the progression of PanIN lesions in a  p48- 
Cre;LSL-KRAS   G12D   mouse model (Siveke et al.  2007 ), suggesting that signaling 
through EGFR in combination with oncogenic K-Ras signaling may indeed help to 
bypass a transformation barrier in the pancreas. 

 Mouse models have also been used to address the question of which pathways 
downstream of Ras are the most important for malignancy. Upregulation of nuclear 
phospho-Erk (pErk) staining downstream of K-Ras G12D  expression is an early fea-
ture of mouse PanIN lesions, whereas normal pancreatic tissue is negative for pErk 
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staining (Ijichi et al.  2006 ; Guerra et al.  2007 ). However, paradoxically some cell 
lines and tumor samples have low levels of pErk due to a negative feedback mecha-
nism involving MAPK phosphatase 2 (Yip-Schneider et al.  1999 ,  2001 ). Activation 
of Akt has been found in up to 59 % of tumor samples (Altomare et al.  2002 ; 
Schlieman et al.  2003 ; Yamamoto et al.  2004 ). High levels of both pErk and 
phospho- Akt (pAkt) have been associated with reduced survival in patients follow-
ing surgical resection (Chadha et al.  2006 ). Recently it has been shown that expres-
sion of BRAF V600E , but not PI3KCA H1047R , in the adult mouse pancreas can induce 
PanIN formation (Collisson et al.  2012 ), and when combined with gain-of-function 
p53 R270H  the PanINs progress to PDA. However, a pancreatic specifi c deletion of 
 PTEN  during embryogenesis in mice did result in the formation of some PanINs 
and papillary ductal adenocarcinomas in a subset of animals (Stanger et al.  2005 ), 
and was able to synergize with K-Ras G12D  to accelerate the development of PDA 
(Hill et al.  2010 ). Rac1 is another small GTPase that is activated downstream of 
oncogenic Ras, either via PI3K signaling or via the Ras effector Tiam, and is a key 
component in the reorganization of the actin cytoskeleton induced by Ras onco-
genes (Bar-Sagi and Feramisco  1986 ; Ridley et al.  1992 ; Qiu et al.  1995 ; Nimnual 
et al.  1998 ; Rodriguez-Viciana et al.  1997 ; Lambert et al.  2002 ). Active Rac1 func-
tions to induce actin polymerization, and its overexpression has been detected in 
human patient samples of pancreatic cancer (Crnogorac-Jurcevic et al.  2001 ). Rac1 
has long been found to be to be required for Ras transformation and recently condi-
tional loss of  Rac1  in the pancreas was found to impair PanIN formation, early 
metaplastic changes and neoplasia-associated actin rearrangements in the  LSL-
KRAS   G12D   ;p48- Cre   mouse model (Heid et al.  2011 ). It was suggested that Rac1 may 
be required for F-actin rearrangements that take place during the ADM that pre-
cedes PanIN formation in this mouse model (Bi et al.  2005 ), and the PanINs that 
form in the absence of Rac1 may develop from an alternative cell type that does not 
require ADM (Heid et al.  2011 ).  

    Oncogenic K-Ras and Pancreatitis 

 Chronic pancreatitis is a signifi cant risk factor for PDA in humans (Lowenfels et al. 
 1999 ), which suggests that infl ammation plays a role in the progression of the dis-
ease. Mouse models have been used to show that infl ammation can act synergisti-
cally with oncogenic K-Ras G12D  in driving carcinogenesis. Cerulein is an analog of 
cholecystokinin which, when administered to rodents in supraphysiologic doses, 
stimulates the premature intracellular activation of pancreatic digestive enzymes, 
which causes tissue damage resulting in pancreatitis (Lampel and Kern  1977 ; 
Watanabe et al.  1984 ; Ohshio et al.  1989 ; Silverman et al.  1989 ; Niederau et al. 
 1985 ). Cerulein-induced acute pancreatitis is a well-studied animal model that has 
been used to examine the effect of acute pancreatitis on PanIN progression in the 
 LSL-KRAS   G12D   ;PDX-1-Cre  mouse model (Carriere et al.  2009 ). Two brief episodes 
of acute pancreatitis were suffi cient to accelerate pancreatic cancer development. 
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Thus, a brief infl ammatory insult to the pancreas, when occurring in the context of 
oncogenic K-Ras G12D , can enhance pancreatic malignant transformation. 

 Interestingly it has been shown that turning on K-Ras G12D  expression in adult 
pancreatic cells of mice or rats fails to induce the development of PanINs or PDA 
without concomitant or previous treatment with cerulein to induce pancreatitis 
(Guerra et al.  2007 ,  2011 ; Tanaka et al.  2010 ; Habbe et al.  2008 ; De La et al.  2008 ), 
whereas K-Ras G12D  expression during embryogenesis or early adulthood alone is 
suffi cient to induce PanINs that are able to progress to PDA (Guerra et al.  2007 ). 
Thus, these studies in mouse models suggest that adult cells of the exocrine pan-
creas may be refractory to transformation by oncogenic K-Ras and that pancreatitis 
produces a permissive environment that enhances transformation. 

 Although the molecular mechanism underlying the cooperation between onco-
genic K-Ras and pancreatitis remains to be established, one hypothesis is that pan-
creatic injury may induce a trans-differentiation or de-differentiation of cells to a 
less mature differentiated state similar to an embryonic progenitor cell that is more 
permissive to transformation. Cerulein treatment strongly induces ADM in the 
regenerating pancreas and could represent such a trans-differentiation event 
(Willemer et al.  1987 ). Pancreatitis and pancreatic regeneration have been found to 
induce expression of genes normally associated with undifferentiated pancreatic 
progenitor cells such as Sox9, Pdx1, E-cadherin, β-catenin, Notch components and 
Hedgehog components (Jensen et al.  2005 ; Fendrich et al.  2008 ; Sharma et al.  1999 ; 
Yoshida et al.  2008 ; Siveke et al.  2008 ). However, in a wild type pancreas, this 
response and the ADM observed is transient and the acinar cells rapidly regenerate. 
Somehow oncogenic K-Ras signaling seems to alter the fate of the regenerating 
cells so that they form PanINs instead of acini. Consistent with this, many of these 
pathways associated with the progenitor cell population remain active in PanINs 
and PDA including Sox9 (Prevot et al.  2012 ) and Notch (Miyamoto et al.  2003 ; 
Hingorani et al.  2003 ). Despite overwhelming evidence that oncogenic K-Ras sig-
naling and infl ammation synergize to promote pancreatic cancer development, there 
is some controversy regarding the contribution that cellular senescence plays in this 
process. It has been suggested that K-Ras G12D  expression in early PanINs either pro-
motes oncogene-induced senescence that can be relieved by limited episodes of 
pancreatitis (Guerra et al.  2011 ), or inhibits senescence induced in normal ductal 
cells by pancreatitis (Lee and Bar-Sagi  2010 ). It remains to be seen what is the rea-
son for these differences but it is possible that the age of animals used or the stage 
of PanINs observed could account for such discrepancies.  

    Oncogenic K-Ras and Developmental Reprogramming 

 It is not uncommon for tumors to display a reactivation of embryonic signaling 
pathways that are essential for development, such as the Notch, Hedgehog, and 
Wnt pathways. Indeed, pancreatic cancer exhibits several examples of this. 
Upregulated expression of Notch receptors and ligands has been observed in human 
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pancreatic cancer samples as has expression of the Notch target gene Hes1, which 
is usually restricted to centroacinar cells in the normal pancreas (Miyamoto et al. 
 2003 ). Aberrant cytoplasmic and nuclear expression of β-Catenin has been 
observed in human PanIN and PDA (Al-Aynati et al.  2004 ; Lowy et al.  2003 ), and 
canonical Wnt signaling has been found to be active in pancreatic cancer cell lines 
(Pasca di Magliano et al.  2007 ). Additionally, sonic hedgehog is abnormally 
expressed in pancreatic adenocarcinoma and PanINs (Thayer et al.  2003 ). The 
functional relationships between oncogenic K-Ras and these pathways have there-
fore been a subject of great interest. Activation of the Notch pathway by expression 
of the Notch1 intracellular domain (NICD) in adult acinar cells has also been found 
to synergize with oncogenic K-Ras expression in the pancreas to accelerate PanIN 
progression (De La et al.  2008 ). In contrast, another study suggested that Notch1 
functions as a tumor suppressor in the mouse pancreas (Hanlon et al.  2010 ). One 
explanation for these differing results could be due to the difference in timing of 
the Notch activation and loss in these models being either in adulthood or during 
embryonic development. These pathways are extremely complex and changes in 
the specifi c roles or activity level of individual components or alterations in the 
balance of activity of components could have unpredictable effects. Notch signal-
ing inhibits progenitor cell differentiation in the embryonic pancreas (Hald et al. 
 2003 ), so reactivation of Notch signaling may function to induce a more embry-
onic-like state in the pancreas that can synergize with K-Ras to enhance transfor-
mation. However, it is as yet unclear the precise role Notch signaling plays in 
pancreatic cancer development and progression, be it oncogenic or tumor suppres-
sive. Another developmentally important pathway that is reactivated in pancreatic 
cancer is the Wnt pathway. Despite this, stabilized β-catenin was found to impair 
K-Ras G12D  induced PanIN development following cerulein-induced pancreatitis in 
mice. In contrast β-catenin signaling was found to be important for acinar cell 
regeneration following cerulein-induced pancreatitis: a  p48-Cre; β- catenin   fl x/fl x   
mouse was found to have a signifi cant decrease in the acinar cell area 3 and 5 days 
following cerulein treatment (Morris et al.  2010 ). This suggests that oncogenic 
K-Ras signaling may function to suppress a β-catenin-driven acinar cell regenera-
tion program in favor of neoplastic transformation and PanIN formation and 
emphasizes how important the timing of pathway activation may be. Hedgehog 
ligands secreted from pancreatic cancer cells seem to have an important role in 
paracrine signaling to the adjacent stroma (Tian et al.  2009 ). Autocrine signaling 
which occurs via secreted sonic hedgehog binding to the 12 trans-membrane 
domain receptor Patched (Ptch), resulting in the activation of the Smoothened 
(Smo) seven trans-membrane domain protein, does not appear to be required for 
PDA development in mice. Despite this, expression of the  downstream target Gli1 
is required for survival of mouse and human pancreatic cancer cell lines (Nolan-
Stevaux et al.  2009 ). In contrast to the stroma, Gli expression in mouse PDA cells 
may depend on K-Ras signaling in a Smo independent manner, as depleting 80  % 
of K-Ras expression with  Kras -targeted siRNAs resulted in a signifi cant down-
regulation of the Gli1 and Ptch1 mRNAs in PDA lines.  
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    Oncogenic K-Ras and the Tumor Microenvironment 

 The microenvironment surrounding tumor cells consists of other cell types, soluble 
factors, signaling molecules, extracellular matrix, and mechanical cues (Swartz 
et al.  2012 ). It is becoming increasingly apparent how specifi c interactions with the 
microenvironment affect all aspects of tumor biology. In pancreatic cancer there is 
increasing evidence that the infl ammatory response to tissue damage following pan-
creatitis synergizes with oncogenic K-Ras and promotes cancer development 
(Fig.  2 ). An abundant desmoplastic stroma is one of the characteristic histological 
features of PDA (Chu et al.  2007 ; Neesse et al.  2011 ; Korc  2007 ; Mahadevan and 

  Fig. 2    Oncogenic K-Ras and injury in the form of pancreatitis synergize to induce development 
of PanINs that progress to PDA. If K-Ras G12D  is expressed during embryogenesis in an as yet 
unidentifi ed progenitor cell, PanINs form that progress to PDA with a long latency but do not 
require pancreatic injury. This process may or may not proceed through ADM. However, K-Ras G12D  
expression in adult acinar cells requires pancreatitis to develop into PDA. Injury induces ADM in 
the pancreas and K-Ras G12D  signaling diverts the metaplastic cells away from regenerative expan-
sion of the acinar cell population in favor of PanIN formation. PanINs promote expression and 
activation of infl ammatory mediators including GM-CSF, NFκB, Stat3, IL-6, IL-1α, and Cox2, 
which further synergize with K-Ras G12D  signaling and promote an immunosuppressive environ-
ment, which allows progression to PDA. Expression of tumor suppressors such as p53 and p16 INK4A  
is frequently lost during this progression       
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Von Hoff  2007 ). The desmoplastic stroma consists of extracellular matrix (ECM), 
activated fi broblasts, infl ammatory cells and tumor vasculature. Importantly, 
K-Ras G12D  expression in the pancreas in mouse models also induces a desmoplastic 
response that is found in association with PanINs and areas of PDA (Hingorani et al. 
 2003 ,  2005 ). Cyclooxygenase-2 (Cox-2) promotes infl ammation, and the expres-
sion of Cox-2 has been found to be upregulated in human PanINs and PDA (Maitra 
et al.  2002 ; Albazaz et al.  2005 ). Additionally, an anti-infl ammatory selective Cox-2 
inhibitor has been found to delay PanIN progression in the  PDX-1-Cre;LSL- 
KRAS    G12D         mouse model (Funahashi et al.  2007 ). Recently, the pro-infl ammatory 
NF-κB pathway has been shown to be required for PDA development in the  PDX- 
1-Cre;LSL-KRAS   G12D   mouse model (Maniati et al.  2011 ; Ling et al.  2012 ) as condi-
tional deletion of  IKK2  in the pancreas was found to inhibit both PanIN progression 
and K-Ras G12D  induced infl ammatory responses. NF-κB is constitutively activated 
in human pancreatic adenocarcinoma and human pancreatic cancer cell lines but not 
in normal pancreatic tissues (Wang et al.  1999 ; Fujioka et al.  2003 ). Oncogenic 
K-Ras G12D  expression in the pancreas has been shown to induce expression of IL-1α, 
which in turn results in constitutive activation of NF-κB (Ling et al.  2012 ). There is 
also some evidence to suggest that an NF-κB-mediated positive feedback loop is 
able to further enhance oncogenic Ras signaling (Daniluk et al.  2012 ).

   The protein signal transducer and activator of transcription 3 (Stat3) is another 
infl ammatory mediator that is aberrantly activated in human PDA (Scholz et al. 
 2003 ). Activation and phosphorylation of Stat3 was found to be transiently induced 
by acute cerulein treatment in the mouse pancreas and this pStat3 persisted in 
PanINs following cerulein treatment in pancreata that expressed oncogenic 
K-Ras G12D  (Fukuda et al.  2011 ). The observed pattern of pStat3 staining by IHC was 
found to correlate with expression of IL-6, a known activator of Stat3 downstream 
of Ras signaling (Ancrile et al.  2007 ). An increase in IL-6 mRNA was found in 
pancreata expressing K-Ras G12D  and the source of IL-6 was found to be infi ltrating 
macrophages (Lesina et al.  2011 ). Treatment of K-Ras G12D  expressing pancreatic 
acinar cells with an IL-6R/IL-6 complex but not IL-6 alone was able to induce pho-
phorylation of Stat3 however, implying IL-6 transsignaling rather than classical 
IL-6 signaling (Lesina et al.  2011 ). Pancreatic Stat3 deletion in a  Stat3   fl x/fl x   mouse 
ameliorated both spontaneous and pancreatitis-induced PanIN formation in the 
 PDX-1-Cre;LSL-KRAS   G12D   mouse model and the PanIN formed in the absence of 
Stat3 displayed reduced infl ammatory infi ltrates (Corcoran et al.  2011 ; Fukuda 
et al.  2011 ). Similar results were seen in an IL6 −/−  mouse strain (Lesina et al.  2011 ). 
Consistent with this, Stat3 defi cient acini were found to secrete less cytokines and 
infl ammatory mediators that are known Stat3 target genes in response to cerulein 
in vitro. Knockdown of  Stat3  in mouse pancreatic cancer cells dramatically reduced 
PDAC formation compared with control shRNA following orthotopic injection into 
syngenic recipient mice (Corcoran et al.  2011 ). Stat3 signaling has also been impli-
cated in controlling expression of matrix metalloproteinase 7 (MMP7), which has 
been found to be associated with metastatic disease in both humans and mouse 
models (Fukuda et al.  2011 ). This evidence all suggests that infl ammation plays an 
important role in the progression from PanIN to PDA. 
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 Recently oncogenic K-Ras signaling in the pancreas has been found to modulate 
the immune response in order to evade immune surveillance (Clark et al.  2007 ). 
The extensive stromal reaction surrounding PanINs and areas of PDA may pro-
vide an immunosuppressive environment that protects the transformed cells from 
T cells. Oncogenic K-Ras expressing PDECs, PanINs and PDA have been found 
to express GM-CSF (Pylayeva-Gupta et al.  2012 ; Bayne et al.  2012 ), which has 
been implicated in the regulation of proliferation and maturation of putative 
immunosuppressive Gr1 + CD11b +  myeloid cells (Barreda et al.  2004 ) that have 
been implicated in tumor-induced immune tolerance (Dolcetti et al.  2010 ; Bronte 
et al.  1999 ; Gabrilovich and Nagaraj  2009 ; Marigo et al.  2010 ). K-Ras G12D  express-
ing PDECs and cancer cells were found to induce the differentiation of progenitor 
Gr1 - CD11b -  cells to Gr1 + CD11b +  cells that were able to inhibit the proliferation of 
CD3 +  splenic T cells, and knockdown of GM-CSF in PDECs was found to both 
inhibit growth when engrafted into a wild type pancreas and increase the accumu-
lation of CD8 +  cytotoxic T cells into the pancreas (Pylayeva-Gupta et al.  2012 ; 
Bayne et al.  2012 ). 

 To confi rm that infl ammation in the pancreas promotes PDA, conditional knockout 
animals that have impaired regeneration of the pancreas following cerulein- induced 
injury have been found to display accelerated PanIN progression. It has been shown 
that Ezh2, a polycomb group protein and a member of the polycomb repressor com-
plex 2, is transiently upregulated during pancreatic regeneration, where it functions 
to suppress expression of p16 INK4A  and thereby promote cellular proliferation and 
regeneration. In the absence of pancreatic Ezh2, regeneration is impaired and the 
pancreas has a reduced ability to resolve cerulein-induced infl ammation. The ability 
of Ezh2 to inhibit expression of p16 INK4A  makes it a good candidate for a tumor sup-
pressor gene. However, loss of Ezh2 in the pancreas accelerated PanIN progression 
in the  p48Cre;LSL-KRAS   G12D   model (Mallen-St Clair et al.  2012 ). Thus, genetic 
alterations that enhance the infl amed state of the pancreas following damage are 
able to accelerate oncogenesis.  

    Oncogenic K-Ras and Pancreatic Cancer Cell Metabolism 

 One area of tumor biology that is receiving a lot of recent interest is alterations in 
metabolic pathways seen in cancer cells compared to normal cells. The Warburg 
effect was an observation made in the 1920s that under aerobic conditions, tumor 
tissues metabolize approximately tenfold more glucose to lactate in a given time 
than normal tissues (Warburg et al.  1924 ; Minami  1923 ). That is, the Pasteur effect, 
which is the inhibition of fermentation by oxygen, tends not to apply in tumor cells. 
Aerobic glycolysis is not an effi cient method of producing ATP so there has been 
much confusion and debate regarding the advantages upregulating this pathway 
might have to cancer cells. It has been suggested that the Warburg effect occurs 
because proliferating cancer cells require not only ATP but also an abundant quan-
tity of NADPH and macromolecular precursors needed to generate new cells such 
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as acetyl-CoA for fatty acids, glycolytic intermediates for nonessential amino acids, 
and ribose for nucleotides (Vander Heiden et al.  2009 ). Oncogenic Ras has been 
shown to promote glycolysis (Yun et al.  2009 ; Racker et al.  1985 ) and pancreatic 
cancer cells have been found by proteomic analysis to have increased expression of 
glycolytic enzymes (Zhou et al.  2011 ,  2012 ) compared to normal ductal cells. 
Recently the iKras p53 null mouse has been used to study the effects of oncogenic 
K-Ras on cancer cell metabolism in the pancreas (Ying et al.  2012 ). Withdrawal of 
K-Ras G12D  expression was found to signifi cantly affect intermediates in glucose 
metabolism including glucose-6-phosphate (G6P), fructose-6-phosphate (F6P), and 
fructose-1,6-bisphosphate (FBP), as determined by targeted liquid chromatography- 
tandem mass spectrometry (LC-MS/MS) metabolomic studies. This was accompa-
nied by a decrease in glucose uptake and lactate production and down-regulation of 
expression of genes for glucose transporters and rate-limiting glycolytic enzymes. 
As expected, steady-state metabolite profi ling and other methods showed that these 
changes in glycolytic fl ux were associated with a decrease in several intermediates 
of biosynthetic pathways such as hexosamine biosynthesis, protein glycosylation 
and ribose biogenesis through the nonoxidative arm of the pentose phosphate path-
way. The effects observed of removal of K-Ras G12D  were recapitulated by treatment 
with the MEK inhibitor AZD8330, highlighting the importance of MAPK signaling 
downstream of K-Ras in this phenomenon. 

 Autophagy is a process that mediates the lysosomal degradation of cytoplasmic 
components such as damaged organelles and unused proteins. It is a vital contribu-
tor to cellular metabolism as it provides nutrients from internal sources when exter-
nal sources are limited. Autophagy is considered to be a programmed pro-survival 
mechanism and therefore has a pro-tumor effect. However, there is some evidence 
to suggest that under certain conditions an “autophagic cell death” pathway may 
come into play to limit tumor growth (Levine and Yuan  2005 ; Hippert et al.  2006 ). 
It is known that pancreatic cancers have elevated levels of autophagy under basal 
conditions, despite the presence of abundant nutrients, and this has been correlated 
with poor outcome (Fujii et al.  2008 ; Yang et al.  2011 ). Also, genetic and chemical 
inhibition of autophagy was able to suppress the growth of pancreatic cancer cells 
 in vitro  and induce tumor regression in both pancreatic cancer xenografts and 
genetic mouse models (Yang et al.  2011 ). Data suggest that oncogenic Ras expres-
sion alters the requirement for autophagy within a cell and this may be attributable 
to an increase in the need for autophagic substrates for mitochondrial metabolism to 
preserve mitochondrial function (Guo et al.  2011 ). Another study suggested that the 
requirement for autophagy for the optimal growth and survival of K-Ras trans-
formed cells was to impair mitochondrial respiration by mitophagy thereby facili-
tating the induction of the Warburg effect (Kim et al.  2011 ). This hypothesis is 
supported by studies which show a reduction in glucose metabolism in autophagy 
defi cient MEFs (Lock et al.  2011 ) and that knockdown of K-Ras in a pancreatic 
cancer AsPC-1 cell line resulted in increased expression of mitochondrial genes 
(Ohnami et al.  1999 ).  
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    K-Ras Signaling In Vitro 

 While the majority of insight into the role of K-Ras signaling in pancreatic cancer 
development and progression has been garnered from  in vivo  studies using mouse 
models, there is a signifi cant contribution from  in vitro  experiments utilizing estab-
lished pancreatic cancer cell lines and RNAi technology. The concept of oncogene 
addiction suggests that cancer cells become dependent on signaling from one par-
ticular oncogene in order to survive. Knocking down K-Ras has been found to 
induce apoptosis in pancreatic cancer cell lines in agreement with this model 
(Fleming et al.  2005 ). The extent of addiction to K-Ras signaling has been thor-
oughly tested in a panel of pancreatic cancer cell lines containing K-Ras mutations. 
Surprisingly the effect of knocking down K-Ras in these cell lines was found to vary 
signifi cantly with some of the cell lines tested having very little dependency on 
K-Ras. Many of the K-Ras-dependent cells contained  KRAS  genomic amplifi ca-
tions, exhibited a classic epithelial morphology, and expressed E-Cadherin, whereas 
most K-Ras-independent cells appeared less uniformly epithelial and expressed 
little or no E-cadherin, suggesting that they may have undergone an epithelial to 
mesenchymal transition (EMT). From this study it was possible to identify a gene 
expression signature that can be used to accurately predict the K-Ras dependency of 
tumors in different tissue types (Singh et al.  2009 ). Such signature could prove use-
ful in the future to predict what patients would benefi t from therapies that target the 
Ras signaling pathway. 

 In one recent study a high-throughput loss-of-function RNAi screen was car-
ried out to fi nd genes with synthetic lethal interactions with oncogenic K-Ras, 
where knockdown of the gene would affect the viability of cell lines with onco-
genic K-Ras mutations but not those without (Scholl et al.  2009 ). The screen was 
carried out with a panel of cell lines both with and without K-Ras mutations 
including the pancreatic cell lines Panc-1 that contains a K-Ras G12D  mutation and 
BxPC3 that is wild type for K-Ras. The screen identifi ed  STK33 , a putative mem-
ber of the calcium/calmodulin- dependent protein kinase subfamily of serine/threo-
nine protein kinases. Knockdown of  STK33  in Panc-1 cells impaired colony 
formation in semisolid medium and decreased their ability to form tumors in 
immunocompromised mice but had no effect on BxPc3 cells. Despite the apparent 
importance of  STK33  in these cancer cell lines, no amplifi cations of the gene or 
signifi cant increases in gene expression were observed in cell lines with oncogenic 
K-Ras mutations. Knockdown of  STK33  was also found to decrease the phos-
phorylation of S6K1 serine/threonine protein kinase and its downstream substrate 
RPS6 in an oncogenic K-Ras dependent manner. There is evidence to suggest that 
this pathway may be involved in controlling apoptosis via the proapoptotic BH3-
only protein BAD which is known to be phosphorylated and inactivated by S6K1 
resulting in an inhibition of mitochondrial apoptosis (Scholl et al.  2009 ; Azoitei 
et al.  2012 ). Subsequent studies targeting STK33 both by siRNA and inhibitors in 
K-Ras mutant cancer cells were unable however to confi rm the observed synthetic 
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lethality (Babij et al.  2011 ; Luo et al.  2012 ). These discrepancies highlight the 
drawback to using siRNAs, where the risks for off-target effects and false positive 
results are high and the need for these studies to be carefully controlled.  

    Conclusions 

 Oncogenic K-Ras and several of its downstream effector pathways have been shown 
to have essential roles in all aspects of pancreatic cancer initiation, progression, 
invasion, and metastasis. The evidence suggests that any pharmacological agents 
able to completely block K-Ras signaling in pancreatic cancer should result in sig-
nifi cant tumor shrinkage and cell death and therefore have a signifi cant clinical 
impact on a disease that is so refractory to all currently available treatments. Despite 
substantial effort, all attempts to therapeutically target the mutated Ras protein 
directly with small molecules that could promote the hydrolysis of GTP have been 
unsuccessful. Therefore, the focus of drug discovery has concentrated on either 
downstream components of the Ras signaling pathway or the upstream pathway 
involved in the posttranslational modifi cation of the Ras protein. Effective inhibitors 
specifi c for many of the key components of the Ras/Raf/MEK/Erk and Ras/PI3K/
PTEN/mTOR pathways have been developed. Some, such as the orally available 
MEK1 inhibitor Selumetinib, have been tested in phase I and phase II clinical trials 
(Chappell et al.  2011 ). However, there are many more pathways downstream of Ras 
than just these two, and it is as yet unclear the specifi c importance of these indi-
vidual pathways in tumorigenesis. We do not know how many of these pathways 
will need to be inhibited to completely block oncogenic K-Ras signaling, and it 
seems likely that mutiple inhibitors would produce intolerable signifi cant side 
effects. The failure of inhibitors to farnesyl transferase (FTIs), the enzyme that cata-
lyzes the addition of a 15-carbon prenyl group to Ras, to show any effi cacy in clini-
cal trials serves as a cautionary tale to rational drug design. These FTIs, despite 
being very effective inhibitors of farnesyl transferase, failed because K-Ras was 
able to be alternatively prenylated by geranylgeranyltransferase (GGT), an enzyme 
that was not affected by FTIs (Whyte et al.  1997 ). Preclinical testing of FTIs was 
carried out using cells and tumors transformed with H-Ras, an isoform that is not a 
substrate for GGT (Appels et al.  2005 ; Brunner et al.  2003 ). The other enzymes in 
the posttranslational modifi cation pathway of Ras, Rce1, and Icmt are now of inter-
est as potential drug targets and have shown some promise in preclinical studies 
(Wahlstrom et al.  2008 ). Due to the potential diffi culties of targeting K-Ras itself, 
another approach has been to look for other signaling pathways specifi cally required 
for cell survival only in the presence of oncogenic K-Ras. Screens for such synthetic 
lethal interactions have identifi ed a number of potential drug targets (Scholl et al. 
 2009 ; Barbie et al.  2009 ), so there is hope that in the future these studies can gener-
ate effective therapies for K-Ras driven cancers.     
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    Abstract     Pancreatic cancer, one of the deadliest malignancies, is a complex disease 
consisting of heterogeneous cancer cells with deregulated signaling pathways and a 
myriad of microenvironment cells, including infi ltrating immune cells and fi bro-
blasts, that impact tumor growth and susceptibility to conventional chemotherapy. 
Understanding the signaling pathways that drive pancreatic cancer is crucial to the 
development of novel targeted therapies to combat the disease, which is largely 
refractory to conventional therapeutic options. Among these pathways are the 
Hedgehog, NOTCH, Wnt, MET, and TGF-β pathways that control not only bulk 
tumor growth, but also self-renewal of cancer stem cells and maintenance of the 
desmoplastic stroma characteristic of the disease. In addition to altered signaling 
pathways, many cells within the tumor microenvironment promote both tumor 
growth and serve as a barrier to chemotherapy. Here we will discuss how targeting 
these components of the disease may increase the effi cacy with which it is treated.  
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        Introduction 

 The lethality of pancreatic can be attributed to the absence of early detection, the 
inherent aggressive nature of the tumor, and resistance to currently available stan-
dard therapies. Gemcitabine has historically been the cornerstone of systemic 
chemotherapy, with limited improvement with the addition of other cytotoxic che-
motherapies. Recently, a three-drug regimen, FOLFIRINOX, was shown to 
improve clinical outcomes in a clinically signifi cant way but at a cost of toxicity 
that limits broad application (Conroy et al.  2011 ). Despite these therapeutic 
options, the duration of response to chemotherapy is limited in patients with pan-
creatic cancer, indicating a need to develop novel therapies against the disease. 
In this chapter we will focus on developmental signaling pathways that play a 
critical role in pancreatic cancer which may serve as promising therapeutic targets. 
We will also discuss how we may potentially improve therapeutic effi cacy and 
clinical outcomes by targeting the desmoplastic stroma characteristic of pancre-
atic cancer as well as the particularly virulent pancreatic cancer stem cell (CSC) 
subpopulation.  

    Targeting Developmental Signaling Pathways 

 There is a distinct pattern of histologic changes in pancreatic tumorigenesis that 
begins with precursor pancreatic intraepithelial neoplasm (PanIN) lesions that even-
tually progress to invasive pancreatic ductal adenocarcinoma (PDAC). Specifi c 
mutations accompany these histologic changes, including KRAS mutations which 
can be found in the earliest PanIN lesions (i.e., PanIN-1) (Hezel et al.  2006 ). 
Ultimately, KRAS is mutated in greater than 95 % of pancreatic carcinomas. Other 
genetic changes commonly found in invasive pancreatic cancers such as mutations 
or deletions in the tumor suppressor genes p16/INK4A, p53, DPC4/SMAD4 also 
occur during PanIN progression to pancreatic cancer (Hezel et al.  2006 ). In addition 
to these and other genetic changes, there are molecular changes in pancreatic can-
cers that involve reactivation of developmental signaling pathways such as 
Hedgehog, NOTCH and Wnt. These developmental signaling pathways are included 
in a set of 12 core signaling pathways determined to be altered in pancreatic cancers 
through a comprehensive global genomic analysis (Jones et al.  2008 ). An average of 
63 genetic alterations was found in pancreatic cancers, a majority of which were 
point mutations but also included deletions and amplifi cations. While distinct indi-
vidual changes were seen within any given tumor, the specifi c alterations could be 
grouped into a set of 12 core signaling pathways including KRAS, TGF-β, Wnt/
NOTCH/Hedgehog, cell cycle, and DNA repair genes (Jones et al.  2008 ). In the 
following section, we will discuss several of the developmental signaling pathways 
aberrantly activated in pancreatic cancer and describe their potential to serve as 
therapeutic targets. 
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    The Hedgehog Signaling Pathway 

 The Hedgehog signaling pathway is vital for spatial patterning during embryonic 
development (Ingham and McMahon  2001 ). Hedgehog signaling has been shown to 
regulate cell fate specifi cation (heart, skin, eye), cell proliferation (lung, muscle, 
neural crest), and cell survival (gonad) in different target cells (Ingham and 
McMahon  2001 ; Ruiz i Altaba et al.  2002a ,  b ; Berman et al.  2003 ). Canonical acti-
vation of the Hedgehog signaling pathway begins with binding of one of the three 
hedgehog (HH) ligands (Sonic, Indian, and Desert) to the 12-transmembrane pro-
tein Patched (PTCH). In the absence of HH ligand, PTCH actively represses the 
activity of Smoothened (SMO), a seven transmembrane receptor-like protein 
(Fig.  1 ). HH ligand binding to PTCH inhibits its repression of SMO, allowing SMO 
to then transduce the signal internally via the GLI family of transcription factors 
(Rubin and de Sauvage  2006 ; Gupta et al.  2010 ). This results in transcriptional acti-
vation of hedgehog transcriptional genes such  PTCH ,  GLI  and Hedgehog Interaction 
protein  HHIP .

   Aberrant Hedgehog signaling has been associated with cancer through several 
different mechanisms (Scales and de Sauvage  2009 ; Rubin and de Sauvage  2006 ). 
One mechanism of aberrant pathway activation is through mutation of a pathway 
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  Fig. 1    The HH signaling pathway. The hedgehog signaling pathway is shown in three relevant 
scenarios: unstimulated cells ( left ), stimulated cells ( middle ), and pancreatic cancer cells ( right ). In 
unstimulated cells, PTCH inhibits the activity of SMO, resulting in inhibition of GLI-mediated 
transcription. In the presence of ligand (SHH), PTCH no longer inhibits SMO, which in turn inhib-
its SUFU and Cos2, resulting in GLI translocation to the nucleus and transcriptional activation of 
hedgehog signaling target genes. In pancreatic cancer cells, SHH is upregulated by oncogenic 
KRAS, which also blocks autonomous GLI activation through its effector, DYRK1B. Pancreatic 
cancer cell-secreted SHH stimulates neighboring cells, including pancreatic stellate cells       
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component that allows for constitutive pathway activation in a ligand-independent 
manner. This is the pattern of activation seen in basal cell carcinomas, medulloblas-
tomas, and rhabdomyosarcomas. Mutation of PTCH prevents it from its usual active 
inhibition of SMO, resulting in constitutive activation of SMO. By contrast, overex-
pression of HH ligand activates the HH signaling pathway in a ligand-dependent 
mechanism. This aberrant activation mechanism has been shown in multiple solid 
tumors including lung, stomach, esophagus, prostate, breast, liver, and pancreatic 
cancers (Rubin and de Sauvage  2006 ; Scales and de Sauvage  2009 ). While some 
early studies suggested potential autocrine activation of pancreatic tumor cells in 
response to increased HH ligand, a paracrine mechanism is now currently favored. 
In this model, tumor cells secrete Hedgehog ligand which binds to PTCH on neigh-
boring cells in the tumor microenvironment in which Hedgehog signaling is then 
activated (Nolan-Stevaux et al.  2009 ). 

 In pancreatic cancer, ligand-dependent, canonical HH pathway activity is 
restricted to the stromal compartment (Lauth et al.  2010 ). In the tumor epithelial 
compartment of pancreatic cancer, the HH pathway appears to be activated by non-
canonical upregulation of the effector transcription factor GLI1. Pancreatic cancer 
cells appear to be insensitive to HH ligand and in fact SMO is not required for pan-
creatic tumorigenesis (Nolan-Stevaux et al.  2009 ). Instead, GLI1 expression in 
pancreatic cancer epithelial cells is regulated by KRAS via its effector molecule 
DYRK1B, as well as by TGF-β signaling (Lauth et al.  2010 ; Nolan-Stevaux et al. 
 2009 ). While TGF-β signaling promotes the expression of GLI1 in pancreatic can-
cer cells, oncogenic KRAS and DYRK1B suppress its expression, limiting cell 
autonomous HH-signaling in pancreatic cancer cells (Lauth et al.  2010 ). 

 The normal adult pancreas does not normally express HH ligand, while expression 
of HH is a common feature of pancreatic cancer (Kim and Simeone  2011 ). Aberrant 
expression of HH ligand has been shown to occur as early as    PanIN 1 lesions, with 
increasing levels expressed as these lesions progress to PDAC (Thayer et al.  2003 ). 
Sonic HH (SHH) is the dominant HH ligand expressed in pancreatic cancer and is 
aberrantly expressed in 70 % of patient tumors. A causal role for this aberrant SHH 
expression in pancreatic tumorigenesis is supported by evidence from a genetically 
engineered mouse model (Pdx-Shh) in which SHH is expressed in the pancreatic 
endoderm, resulting in development of abnormal tubular structures similar to human 
PanIN-1 and 2 lesions (Thayer et al.  2003 ). SHH has also been shown to play a criti-
cal role in formation and maintenance of the desmoplasia characteristic of pancre-
atic cancers (Bailey et al.  2008 ). Overexpression of SHH expression in a pancreatic 
epithelial cell line that forms xenograft tumors results in enhanced fi broblast infi l-
tration. This fi brotic infi ltration is accompanied by increased expression of the acel-
lular components of the desmoplastic stroma, including collagen I and fi bronectin 
(Bailey et al.  2008 ). HH signaling thus appears to play a role in the generation of the 
dense stroma that is seen in primary pancreatic tumors. 

 The formation of the dense stroma characteristic of pancreatic cancers appears to 
contribute to virulence of the cancer cells by promoting metastatic progression. It 
may also pose a physical barrier to drug delivery and contribute to the apparent 
resistance of pancreatic cancers to drug therapy. Given the above described role of 
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the HH signaling pathway in the stroma of pancreatic cancers, blocking this pathway 
may facilitate improvement in drug effi cacy by simply allowing greater penetration 
and drug delivery into tumor. Several novel agents that target the HH signaling 
pathway currently are in clinical development and share the general approach of 
inhibiting the SMO protein. HH pathway inhibition using a SMO antagonist has 
been studied in the KPC (KrasLSL.G12D/+; p53R172H/+; PdxCre) mouse model 
of pancreatic cancer, a well-studied model of pancreatic cancer that recapitulates 
human tumors, including formation of desmoplastic stroma (Olive et al.  2009 ; 
Hingorani et al.  2005 ). Treatment of KPC mice with the smoothened antagonist IPI-
926, given in combination with the standard chemotherapy drug gemcitabine, pro-
duced a transient increase in tumor vascularity and intratumoral concentration of 
gemcitabine, leading to transient stabilization of disease (Olive et al.  2009 ). KPC 
mice treated with gemcitabine alone or IPI-926 alone showed no survival benefi t in 
comparison with vehicle-treated controls; however, combination treatment with 
IPI-926 and gemcitabine extended the median survival of KPC mice from 11 to 
25 days ( p  = 0.001) (Olive et al.  2009 ). Although the effects were transient, these 
results provided preclinical evidence that targeting the Hedgehog signaling pathway 
may increase response to chemotherapy. There are a number of other HH pathway 
inhibitors in clinical development which all target SMO, including LDE225 
(Novartis), LEQ506 (Novartis), GDC-0449 (Genentech), and IPI-926 (Infi nity 
Pharmaceuticals). These novel agents are currently being studied in early phase tri-
als for patients with advanced pancreatic cancer in combination with chemotherapy 
(  www.clinicaltrials.gov    ).  

    The NOTCH Signaling Pathway 

 NOTCH signaling plays an important role in cell fate and differentiation through 
effects on cell proliferation, survival and apoptosis (Artavanis-Tsakonas et al.  1995 ; 
D’Souza et al.  2008 ; Fiuza and Arias  2007 ). This pathway also regulates adult stem 
cell homeostasis and maintenance (Gridley  1997 ,  2003 ). The NOTCH signaling 
pathway involves activation of the NOTCH receptor by ligand. Five NOTCH ligands 
have been identifi ed to date, which include Dll-1 (Delta-like1), Dll-3 (Delta-like3), 
Dll-4 (Delta-like4) (Bettenhausen et al.  1995 ; Dunwoodie et al.  1997 ; Shutter et al. 
 2000 ), Jagged-1, and Jagged-2 (Lindsell et al.  1995 ; Shawber et al.  1996 ). Four 
members of the NOTCH family of receptors have been identifi ed, NOTCH1-4. 
Upon activation by one of these ligands, the NOTCH receptor is cleaved by the 
metalloprotease tumor necrosis factor α-convertase enzyme (TACE) and γ-secretase, 
releasing the intracellular domain of NOTCH (ICD) (Fig.  2 ). ICD translocates from 
the cell surface to the nucleus and binds the transcription factor CSL. In the absence 
of NOTCH pathway activation, CSL is free to bind to co-repressors which inhibit 
transcription (Kao et al.  1998 ; Hsieh et al.  1999 ; Morel et al.  2001 ). NOTCH 
pathway activation allows ICD to compete with inhibitory proteins to bind to CSL 
and to recruit co-activators, including p300, mastermind-like 1–3 (MAML1-3), and 
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 histone acetyltransferases. This process converts CSL from a transcriptional repressor 
to transcriptional activator (Zhou et al.  2000 ; Kurooka and Honjo  2000 ; Fryer et al. 
 2002 ,  2004 ). Several NOTCH target genes have been identifi ed, including HES1 
(hairy/enhancer of Split), c-Myc, cyclin D3, and p21 WAF1  (Blaumueller et al.  1997 ).

   NOTCH1 was fi rst characterized as an oncogene in human T-cell acute lympho-
blastic leukemia (Reynolds et al.  1987 ) and subsequently in several epithelial tumors 
(Gallahan and Callahan  1997 ; Gallahan et al.  1996 ; Jhappan et al.  1992 ), including 
head and neck, breast, renal, lung, and colon cancers (Radtke and Raj  2003 ). In the 
pancreas, NOTCH signaling is normally suppressed in early development (Apelqvist 
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  Fig. 2    The NOTCH signaling pathway. In NOTCH signaling, ligand-presenting cells stimulate 
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et al.  1999 ; Jensen et al.  2000 ) but has been found to be upregulated in pancreatic 
cancer (Miyamoto et al.  2003 ). Further evidence supporting a causal role for aber-
rant NOTCH pathway activation in pancreatic cancer can be found from genetically 
engineered mouse models of pancreatic cancer. In the KRAS mouse model of pan-
creas cancer, NOTCH pathway activation can be seen in PanIN lesions (Hingorani 
et al.  2003 ). Co-expression of NOTCH1 with oncogenic KRAS in pancreatic acinar 
cells results in rapid and widespread transformation of acinar cells to duct-like cells 
and progression to aggressive, high-grade lesions (De La O et al.  2008 ). 

 Based on evidence of upregulation of NOTCH signaling in pancreatic cancer, 
targeting this pathway is of clinical interest for therapeutic application to patients 
with pancreatic cancer. The primary target for therapeutic intervention in the 
NOTCH signaling pathway thus far has been the enzyme γ-secretase, responsible 
for the last cleavage step of the NOTCH receptor that releases ICD. In preclinical 
studies, inhibition of NOTCH signaling by down regulation of NOTCH1 receptors 
using specifi c siRNA or γ-secretase inhibitors (GSI) reduced proliferation, increased 
apoptosis and decreased invasion of pancreatic cancer cells (Plentz et al.  2009 ; 
Mullendore et al.  2009 ; Wang et al.  2006 ). In KPC mice, treatment with the GSI, 
MRK-003 (Merck), attenuated the progression of PanIN lesions to PDAC (Plentz 
et al.  2009 ). A recent study exploring the effects of MRK-003 and gemcitabine in 
the same KPC mouse model of pancreatic cancer found the combined treatment 
reduced the proliferation of neoplastic cells, signifi cantly induced endothelial cell 
death and reduced the density of intratumoral vessels (Cook et al.  2012 ). In this 
study it was proposed that the hypoxia caused by endothelial cell death sensitized 
the tumor cells to the effects of GSI by activating target genes such as survivin and 
NOTCH3 (Cook et al.  2012 ). This combination of MRK003/gemcitabine is cur-
rently being tested in an ongoing clinical trial in the United Kingdom. Another GSI, 
MK-0752 (Merck), is being tested in combination with gemcitabine in patients with 
advanced pancreatic cancer (  www.clinicaltrials.gov    ).  

    The Wnt Signaling Pathway 

 Wnt-β-catenin signaling is required for morphogenesis, proliferation and differ-
entiation of many organs.  Wnt  genes encode small, secreted proteins that are 
involved in many aspects of embryonic development and also control homeostatic 
self- renewal in a number of adult tissues (Clevers  2006 ; Willert and Jones  2006 ). 
To initiate pathway signaling, Wnt ligands (19 family members) bind to receptors of 
the Frizzled (Fzd) family (10 members), which in turn interact with transmembrane 
co-receptors LRP5/6 (Fig.  3 ). Activated LRP5/6 then recruits the protein, 
Dishevelled (Dsh), at which point Wnt signaling can branch into two different path-
ways, a canonical and noncanonical pathway. In the canonical pathway (Fig.  3 ), in 
the absence of Wnt, unstimulated cells regulate β-catenin levels by a multiprotein 
complex which phosphorylates β-catenin, leading to its subsequent ubiquitination 
and degradation. This β-catenin degradation complex consists of the adenomatous 
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polyposis coli (APC) tumor suppressor protein, Axin, and the glycogen synthase 
kinase, GSK3β. Binding of Wnt to Fzd leads to inactivation of the degradation com-
plex and accumulation of unphosphorylated β-catenin, which localizes to the 
nucleus. In the nucleus, β-catenin binds to TCF/LEF (T-cell factor/lymphoid 
enhancing factor) to activate downstream target genes (Willert and Jones  2006 ; 
Clevers  2006 ) (Fig.  3 ).

   Wnt also is activated by the “noncanonical” pathway which is independent of 
TCF/LEF and β-catenin. The “noncanonical” pathway is divided into two types: the 
Planar Cell Polarity (PCP) pathway and Wnt-Calcium pathway. In the PCP path-
way, which has mostly been studied in Drosophila, Wnt signaling is transduced 
through Fzd independent of the co-receptors LRP5/6, leading to the activation of 
Dsh (Nishimura et al.  2012 ). Dsh, through Daam1 (Dishevelled associated activator 
of morphogenesis), mediates activation of Rho, Rock and JNK, inducing  cytoskeletal 
changes important for cell polarization and motility during gastrulation (Nishimura 
et al.  2012 ; Kohn and Moon  2005 ). In the Wnt-Ca pathway, Wnt 5a and Wnt11, 
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through activation of Fzd receptors, can stimulate intracellular Ca 2+  release from the 
endoplasmic reticulum, which activates G-proteins without affecting β-catenin sta-
bilization (Kohn and Moon  2005 ). 

 Several studies have proposed a role for the canonical Wnt pathway in pancreatic 
organogenesis. Evidence that Wnt/β-catenin signaling is important for the develop-
ing pancreas came from Heller et al. and others who have demonstrated expression 
of Wnt2b, Wnt 4, Wnt5a, Wnt7b and Frizzled receptors in the developing pancreas 
(Heller et al.  2002 ; Murtaugh et al.  2005 ). Later in development, the Wnt signaling 
pathway appears to promote proliferation and/or differentiation of acinar cells 
(Murtaugh et al.  2005 ; Wells et al.  2007 ; Morris et al.  2010 ). Wnt/β-catenin signal-
ing may also be involved in maintaining normal islet cell development (Dessimoz 
et al.  2005 ). 

 The Wnt β-catenin pathway has been implicated as playing a key role in initia-
tion and progression of cancer in many tissue types. The best studied pathway muta-
tions are the inherited and sporadic mutations in the tumor suppressor APC. 
Monoallelic inactivating mutations in APC result in    familial adenomatous polypo-
sis (FAP), an inherited autosomal dominant condition leading to the development of 
multiple adenomas in the colorectum (Groden et al.  1991 ; Nishisho et al.  1991 ). 
Additionally, mutations in the gene encoding β-catenin ( CTNNB1 ) are present in 
approximately 10 % of the remaining CRC tumors, mostly in early or smaller, less 
aggressive tumors (Samowitz et al.  1999 ). Loss of function mutations in APC or 
gain of function mutations in β-catenin are both rare in pancreatic cancer, except in 
the setting of pseudopapillary tumors in the pancreas, where mutations in β-catenin 
are driver mutations for the disease (Abraham et al.  2002 ). The contribution of aber-
rant Wnt signaling to pancreatic tumorigenesis was fi rst demonstrated by Pasca di 
Magliano and colleagues, where they showed that the canonical arm of the Wnt 
pathway is induced in human PDA as well as in mouse models of pancreatic cancer. 
Wnt inhibition could block proliferation and apoptosis in cultured pancreatic adeno-
carcinoma cells (Pasca di Magliano et al.  2007 ). 

 In addition to the core components of canonical and noncanonical Wnt signaling, 
other novel regulators of Wnt signaling have been identifi ed in pancreatic cancer. 
A recently identifi ed oncogene in pancreatic cancer, the ataxia telangiectasia Group 
D associated gene (ATDC), has been shown to promote pancreatic tumor growth 
and metastasis, at least in part, through upregulation of the β-catenin signaling path-
way (Wang et al.  2009a ). ATDC was shown to bind and stabilize Disheveled-2, 
bringing it to the β-catenin degradation complex. Binding of ATDC and Disheveled-2 
to the degradation complex results in inhibition of degradation complex, release of 
β catenin from the complex, and subsequent activation of the downstream target 
genes (Wang et al.  2009a ). Another mechanism of activating the Wnt signaling 
pathway in pancreatic cancer involves Sulfs. The extracellular sulfatases, Sulf1 and 
Sulf2, act on internal glucosamine-6-sulfate (6S) modifi cations within heparan sul-
fate proteoglycans (HSPGs) and modulate HSPG interactions with various signal-
ing molecules, including Wnt ligands (Nawroth et al.  2007 ). 

 The Wnt pathway can be potentially targeted at multiple levels, either by anti-
bodies against Fzd or by the use of Wnt inhibitors. Antibodies directed against 
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Fzd6 (clone 23M2) and Fzd5 (clone 44M13) have been shown to have antitumor 
properties (Deonarain et al.  2009 ). The inhibitor PRI-724 (Prism Biolabs), which 
blocks the interaction of β-catenin with CBP and is being tested in a phase 1 clinical 
trial in patients with advanced solid tumors, including pancreatic cancer (  www.
clinicaltrials.gov    ).  

    The MET Signaling Pathway 

 Embryogenesis, tissue repair, organ regeneration, and cancer invasion involves 
epithelial mesenchymal transition (EMT) (Kalluri  2009 ). This is stimulated by 
extracellular signaling which leads to modifi cation of cellular proteins, intercellu-
lar junctional molecules and the cell cytoskeleton, leading to ordered cell migra-
tion and morphogenesis of new structures. One of the key signaling pathway that 
participates in these events is the hepatocyte growth factor (HGF) ligand and its 
receptor MET. 

 MET (also known as c-Met) is an integral plasma membrane protein that relays 
signals from the extracellular environment into the cytoplasm. MET, which is 
expressed by progenitors as well as epithelial and endothelial cells, is activated when 
its extracellular domain binds to HGF, also known as scatter factor (Sonnenberg 
et al.  1993 ). HGF is secreted predominantly by mesenchymal cells and bound in an 
inactive form to heparin proteoglycans within the extracellular matrix (Kobayashi 
et al.  1994 ; Lyon et al.  1994 ). HGF mRNA is also found in fi broblasts, smooth mus-
cle cells, mast cells, macrophages, endothelial cells, leukocytes, and megakaryocytes 
(Zarnegar and Michalopoulos  1995 ). The HGF polypeptide is inactive in its initial 
form and must be cleaved into a disulfi de-linked α-β heterodimer by an extracellular 
protease to acquire MET-binding activity (Zarnegar and Michalopoulos  1995 ). 

 Once HGF binds MET, its kinase activity is switched on by receptor dimeriza-
tion and trans-phosphorylation of two catalytic tyrosine residues (Tyr1234 and 
Tyr1235) within the kinase activation loop (Trusolino et al.  2010 ). This leads to 
phosphorylation of two additional docking tyrosines in the carboxyl terminal tail; 
this site acts as a harbor for recruitment of several other signaling molecules. MET 
is negatively regulated by several protein-tyrosine phosphatases (PTP) which 
dephosphorylate either the catalytic or the docking tyrosines (PTP1, 2, 3) which 
prevents engagement of binding partners as well as downstream signaling (Trusolino 
et al.  2010 ) (Fig.  4 ).

   MET signaling is augmented by a few other scaffolding partners, including 
GRB2-associated protein (GAB1) and CD44. GAB1 has a unique binding site for 
MET; upon binding and phosphorylation by MET receptor, GAB1 provides extra 
adapter sites for PI3K, SHP2, CRK, PLCγ1, and p120 Ras-GAP (Maroun et al. 
 2003 ; Maroun et al.  2000 ; Weidner et al.  1996 ). CD44 is a transmembrane cell 
adhesion molecule that activates MET in two ways; the extracellular domain teth-
ers MET, HGF, and CD44, while the cytoplasmic tail helps to transduce signal 
from MET to Ras (Orian-Rousseau et al.  2002 ). Recently, ICAM-1 was identifi ed 
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as a new co-receptor for MET (Olaku et al.  2011 ), although the exact signaling 
mechanism has not yet been elucidated. Thus the basic signaling machinery of 
MET is regulated by a complex group of signal modifi ers. 

 MET activates a cascade of downstream signaling pathways that include the 
MAP kinase PI3K-AKT, STAT, and NF-κB pathways (Trusolino et al.  2010 ) which 
function to modulate downstream gene expression. The mesenchymal-epithelial 
communication mediated by HGF-MET signaling integrates several pathways that 
control cell proliferation essential for normal processes such as embryogenesis, 
organ regeneration, and wound healing (Bhowmick et al.  2004 ; Boccaccio and 
Comoglio  2006 ). A role of MET in cancer was fi rst noted in 1984, when it was 
cloned as a fusion oncogene from a human osteosarcoma cell line (Cooper et al. 
 1984 ). Germ line mutations in MET were observed in hereditary kidney cancer 
(Schmidt et al.  1997 ) and MET-activating mutations have also been observed in 
sporadic papillary renal cancer (Schmidt et al.  1997 ), childhood hepatocellular can-
cer (Park et al.  1999 ), and gastric cancer (Soman et al.  1991 ). More frequently, MET 
is overexpressed rather than mutated in cancer, as in colorectal (Takeuchi et al. 
 2003 ; Di Renzo et al.  1995a ), hepatocellular (Suzuki et al.  1994 ), gastric (Amemiya 
et al.  2002 ), prostate (Humphrey et al.  1995 ), breast (Beviglia et al.  1997 ; Ghoussoub 
et al.  1998 ; Lee et al.  2005 ), and pancreatic cancers (Di Renzo et al.  1995b ). 
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  Fig. 4    The MET signaling pathway. In MET signaling, stromal ( right ) cell-secreted HGF binds to 
the MET receptor on pancreatic cancer cells ( left ). Upon ligand binding, MET dimerizes, auto-
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 Evidence of MET/HGF upregulation in pancreatic cancer came from work in 
pancreatic cancer cell lines which showed that MET and HGF were overexpressed 
in a panel of 31 pancreatic cancer cell lines and were responsible for a “ductal” 
phenotype (Di Renzo et al.  1995b ).In most pancreatic cancers, MET expression is 
transcriptionally upregulated and has been shown to be induced by hypoxia 
(Pennacchietti et al.  2003 ) and/or infl ammatory cytokines in the tumor stroma 
(Bhowmick et al.  2004 ). The interaction between HGF and the MET receptor 
increases the rate of proliferation, invasion, migration, and angiogenesis of pancre-
atic cancer cells, and data suggest MET activation is a relatively late event in tumor-
igenesis that adds to the aggressiveness of the tumor by its proliferative, pro-apoptotic 
and pro-migratory signals (Trusolino et al.  2010 ). 

 MET is considered to be an important target in anticancer therapy because of its 
role in oncogenesis and cancer progression (Trusolino et al.  2010 ; Migliore and 
Giordano  2008 ; Sierra and Tsao  2011 ). Preclinical studies have shown that in animal 
models, the inhibition of MET or neutralization of its ligand impairs tumorigenic and 
metastatic properties of cancer cells (Li et al.  2011 ; Corso et al.  2008 ; McDermott 
et al.  2007 ). Recently, Li, and colleagues evaluated the role of MET in pancreatic 
cancer stem cell (CSC, reviewed later in the chapter) function (Li et al.  2011 ). 
Pancreatic cancer cells expressing high levels of MET cells had increased tumori-
genic potential in mice, and cells that expressed MET and CD44 (0.5–5 % of the 
pancreatic cancer cells) had the capability for self-renewal and the highest tumori-
genic potential of all cell populations studied. MET inhibition using the pharmaco-
logic inhibitor XL184 or knockdown by shRNA slowed tumor growth and reduced 
the population of CSCs, either alone or in combination with gemcitabine. Additionally, 
targeting of MET prevented the development of metastases (Li et al.  2011 ). Based on 
this data, clinical trials targeting MET are currently in development.  

    The TGF-b Signaling Pathway 

 TGF-β is a multifunctional cytokine that controls cell growth, differentiation, pro-
liferation, and angiogenesis, both during embryonic development and in adult tis-
sues (Massague  1998 ). The TGF-β family contains two subfamilies, the TGF-β/
Activin/Nodal subfamily and the bone morphogenetic protein (BMP)/growth and 
differentiation factor (GDF)/Muellerian inhibiting substance (MIS) subfamily, as 
defi ned by sequence similarity and the specifi c signaling pathways that they acti-
vate. The ligand family is comprised of three isoforms, TGF-β1, TGF-β2, and TGF- 
β3 (Massague  1998 ). TGF-β1 is expressed in epithelial, endothelial, hematopoietic 
and connective tissue cells; TGF-β2 is expressed in epithelial and neuronal cells and 
TGF-β3 is expressed in mesenchymal cells (Pasche  2001 ). There is 70–80 % 
 homology among TGF-β isoforms which have different binding affi nities to their 
tissue- specifi c receptors (Massague  1998 ). In general, they exhibit similar functions 
in vitro on cell growth regulation, ECM production and immune modulation. 
However, each ligand has distinct activities in vivo (Pasche  2001 ; Massague  1998 ). 
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 To initiate signaling, TGF-β ligands interact with two receptors, TGFβRI and 
TGFβRII. TGF-β binds to TGFβRII, which then recruits and phosphorylates 
TGFβRI (Fig.  5 ). This allows activation and phosphorylation of SMAD2 and 
SMAD3. Phosphorylated SMAD2 and 3 then combine with SMAD4 to translocate 
into the nucleus (Massague  1998 ). Once in the nucleus, the SMAD complex can 
associate with cofactors to transcriptionally regulate target genes. In addition to 
SMAD dependent signaling pathways, TGF-β also activates many other signaling 
pathways such as PI3K (Krymskaya et al.  1997 ), MAPK (Hartsough and Mulder 
 1995 ), and the small GTPases Rho (Bhowmick et al.  2001 ), Cdc42 (Edlund et al. 
 2002 ), and Rac1 (Mucsi et al.  1996 ).

   SMAD4 (or Deleted in Pancreatic Cancer, locus 4/DPC4) inactivation through 
homozygous deletion or intragenic mutations are found in more than half of pancre-
atic cancers, (Jaffee et al.  2002 ). It is thought that loss of the SMAD4 expression is 
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  Fig. 5    The TGF-β signaling pathway. Binding of TGF-β to TGFβRII promotes dimerization with 
and phosphorylation of TGFβRI. This leads to recruitment and phosphorylation of SMAD2/3, 
which in turn bind to SMAD4 and translocate to the nucleus to promote transcription of target 
genes. Additionally, repressor SMADs, like SMAD7, inhibit TGF-β signaling. In addition to driv-
ing transcription through SMAD2/3/4, TGF-β signaling also activates small GTPases like Rho, 
Rac1, and CDC42, which regulate cytoskeletal dynamics       

   Molecular Targeted Therapies in Pancreatic Cancer



130

a rather late event in the pathogenesis of pancreatic cancer, with loss of SMAD4 
expression occurring in 14.3 % of stage I pancreatic cancers and increasing to 
60.0 % of stage IV pancreatic cancers (Hua et al.  2003 ). In a separate study, SMAD4 
gene expression was found to be normal in PanIN1 and 2 lesions with loss of expres-
sion seen in 31 % of cases with PanIN3 (Wilentz et al.  2000 ). 

 Loss of expression of SMAD4 in pancreatic cancers has been associated with 
worse prognosis. Patients with cancers expressing the SMAD4 protein had signifi -
cantly longer survival following surgical resection than patients in which SMAD4 
expression was absent in their tumors (median survival of 19.2 months vs. 14.7 
months;  p  = 0.03) (Tascilar et al.  2001 ). To further examine the role of SMAD4 in 
pancreatic tumorigenesis, several groups have used pancreatic-specifi c Cre recom-
binase strategies to study the role of SMAD4 loss in both initiation and promotion 
of pancreatic cancer (Izeradjene et al.  2007 ; Bardeesy et al.  2006 ). SMAD4 loss 
markedly promoted tumor development initiated by Kras G12D  activation and Kras G12D /
Smad4 −/−  tumors exhibited both increased proliferation and tumor stromal forma-
tion. These studies demonstrate that SMAD4 loss cannot alone initiate pancreatic 
tumor formation, but promotes pancreatic tumor progression and metastasis inde-
pendent of TGF-β-mediated EMT (Malkoski and Wang  2012 ). 

 In addition to SMAD family members like SMAD4 that transduce TGF-β signal-
ing, some SMAD family members, like SMAD6 and SMAD7, are inhibitory. 
SMAD7 has been shown to be overexpressed in greater than 50 % of pancreatic 
cancers (Arnold et al.  2004 ). Interestingly, low expression of SMAD7 in pancreatic 
tumors correlated with lymph node metastasis, liver metastasis after surgery, a poor 
survival rate and high MMP2 expression ( p  = 0.0004) (Wang et al.  2009b ). These 
results would suggest a more complicated role for SMAD7 in pancreatic cancer, and 
not simply one of an oncogene. Several other molecules, like KLF11, retinoblas-
toma, and thioredoxin have been associated with SMAD7-dependent aggressive-
ness of pancreatic cancer (Ellenrieder et al.  2004 ; Arnold et al.  2004 ). 

 TGF-β signaling is complex in tumor development as it appears to have dual 
roles, with growth inhibitory function in early tumor development but apparent pro-
motion of invasion and metastasis later in tumorigenesis. This latter role of TGF-β 
is the basis for interest in targeting this pathway in pancreatic cancer. Several inhibi-
tory approaches have shown effi cacy in preclinical and clinical studies. These 
include blocking production of TGF-β ligands with antisense molecules, small- 
molecule inhibitors of the kinase activity of TGFβRI and TGFβRII, monoclonal 
antibodies that block TGF-β signaling and soluble forms of TGFβRII and TGFβRIII 
that function as ligand traps (Flavell et al.  2010 ; Rowland-Goldsmith et al.  2001 , 
 2002 ; Kelly and Morris  2010 ). In addition, combined therapies of small-molecule 
inhibitors with immune-stimulating vaccines represents an additional therapeutic 
approach that is being tested (Terabe et al.  2009 ). Another agent being utilized to 
target the TGF-β pathway in pancreatic cancer is trabedersen (AP 12009), a phos-
phorothioate antisense mRNA targeting TGF-β2 (Schlingensiepen et al.  2011 ). 
Using an orthotopic xenograft model, trabedersen was effective at inhibiting tumor 
cell growth and cell migration, while reversing TGF-β2-mediated immunosuppres-
sion of lymphokine activated killer (LAK) cells (Schlingensiepen et al.  2011 ). 
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These data support the idea that the TGF-β is a desirable target in pancreatic cancer; 
however, further evaluation of these TGF-β inhibitory agents is necessary to assess 
actual effi cacy in controlled clinical trials.   

    Stromal Biology and Therapeutic Targets 

 Pancreatic cancer characteristically has an abundantly dense stroma composed of a 
mixture of both cellular and acellular components including extracellular matrix 
proteins (ECM), growth factors, cytokines. The different cellular components 
include cells of mesenchymal and immune origin. In the following section, we will 
describe how these stromal cells contribute to pancreatic cancer growth and how 
they may be targeted. 

    Cancer-Associated Fibroblasts 

 The dense stroma found in pancreatic cancer appears to be formed through the 
actions of cancer-associated fi broblasts (CAFs) (Apte et al.  2004 ; Hwang et al. 
 2008 ). Current understanding of the actual cell of origin for CAFs is incomplete 
and although the term CAF is often used interchangeably with activated pancre-
atic stellate cells (PSCs), CAFs may also be derived from other cell types includ-
ing infi ltrating cells from the bone marrow (Direkze et al.  2004 ). Further 
demonstrating the complexity of CAFs is a recent study in human pancreatic 
tumors that identifi ed a subpopulation of CAFs that are CD10+ which more 
robustly support tumor growth, highlighting the fact that    CAFS represent a hetero-
geneous population of cells (Ikenaga et al.  2010 ). In addition to supporting 
enhanced tumorigenicity, CAFs appear to also contribute to resistance of pancre-
atic cancer cells to chemotherapy and radiation and promote metastatic spread 
(Hwang et al.  2008 ). 

 There have been multiple mechanisms proposed by which CAFS contribute to 
the tumor progression, including signaling pathways such as SDF-1/CXCR4 axis, 
the Hedgehog pathway (discussed previously), hypoxia-mediated signaling, and 
innate immunity. Stromal cell-derived factor-1 (SDF-1) is a member of the CXC 
subfamily of chemokines and interacts with its receptor CXCR4. SDF1-CXCR4 
signaling has been implicated in the process of local invasion and distant metastasis 
of pancreatic cancer (Hermann et al.  2007 ). CAFs have been shown to express SDF- 1, 
whereas CXCR4 is expressed by pancreatic cancer cells (Koshiba et al.  2000 ). 
Increased proliferation and metastatic spread of pancreatic cancer cells expressing 
CXCR4 can be abrogated by anti-SDF-1 neutralizing antibodies or the CXCR4 
inhibitor AMD3100/plerixafor (Johnson Matthey), suggesting that the SDF-1/
CXCR4 axis contributes to CAF stimulation of pancreatic cancer cells (Gao et al. 
 2010 ). In one study, pancreatic cancer cell lines treated with recombinant SDF-1 
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were resistant to gemcitabine, and this effect was reversed by blocking CXCR4 with 
AMD3100 (Singh et al.  2010 ). In addition, a potential important role of CXCR4 has 
been described in pancreatic CSCs, in which a subpopulation of CSCs expressing 
CD133 and CXCR4 were found to be highly invasive and responsible for metastasis 
(Hermann et al.  2007 ), further supporting the rationale for exploring SDF-1/CXCR4 
for therapeutic targeting. 

 In addition to provided growth factors and chemoattractants that promote pan-
creatic cancer cell growth, the extremely dense stroma of pancreatic cancer serves 
to protect cells from chemotherapy by “crushing” blood vessels. Using a murine 
pancreatic cancer model, Olive and colleagues showed that the dense tumor stroma 
was driven by tumor cell-derived SHH which activated the Hedgehog pathway in 
stromal cells (Olive et al.  2009 ). By inhibiting SMO with IPI-926, blood vessels 
could be transiently reopened by decreasing the stroma, which allowed for 
enhanced effi cacy of gemcitabine treatment (Olive et al.  2009 ). In addition to 
being driven by paracrine SHH signaling, the desmoplastic tumor stroma has also 
been shown to be sustained by excessive amounts of the extracellular matrix com-
ponent, hyaluronic acid (hyaluronan) (Provenzano et al.  2012 ; Jacobetz et al. 
 2013 ). Provenzano and Jacobetz and their colleagues simultaneously reported that 
in murine pancreatic cancer models, hyaluronic acid in the stroma led to the col-
lapse of tumor vasculature, which impeded drug delivery. Using a PEGylated form 
of the hyaluronic acid- degrading enzyme, PH20 hyaluronidase (PEGPH20), the 
authors were able to restore a normalized stroma and tumor vasculature. When 
combined with gemcitabine, PEGPH20 was able to substantially reduce tumor 
burden and extend animal survival (Provenzano et al.  2012 ; Jacobetz et al.  2013 ). 
Based on these fi ndings, the tumor stroma can be thought of as both nurturing and 
protecting pancreatic cancer cells and a valuable target in pancreatic cancer 
therapy.  

    Hypoxia-Driven Signaling Pathways 

 Hypoxia is a common condition in zones of rapidly proliferating tumors which 
infl uences signaling pathways that control cell proliferation, angiogenesis, and 
apoptosis (Harris  2002 ). Hypoxia is also believed to be a prevalent state in pancre-
atic tumors due to hypovascularity that is concomitantly found within the dense 
stroma. Hypoxic conditions are also associated with resistance to chemotherapy and 
radiation therapy (Harris  2002 ; Yokoi and Fidler  2004 ). In pancreatic cancer, 
hypoxia confers multidrug resistance primarily through the PI3K/AKT/NF-κB 
pathway and partially through the MAPK signaling pathway (Yokoi and Fidler 
 2004 ). Inhibition of PI3K with the inhibitor LY294002 (Eli Lilly), in combination 
with a Chk1 inhibitor, UCN-01 (Tokyo Research Laboratories), has been shown to 
partially sensitize pancreatic cancer cells to cytotoxic chemotherapy under hypoxic 
conditions (Onozuka et al.  2011 ).  

E. Kim et al.



133

    Immune Cells 

 Immune cells form an integral part of the tumor stroma and various types of immune 
cells have either tumor-promoting or tumor-antagonistic properties. The balance 
between these two properties contributes to tumor growth. Tumor-promoting cells 
include macrophages, mast cells, neutrophils, T and B lymphocytes (Ruffell et al. 
 2010 ; DeNardo et al.  2010 ). These cells are activated by a number of signaling 
molecules that have been extensively studied in different cell systems (Ruffell et al. 
 2010 ; Murdoch et al.  2008 ; Qian and Pollard  2010 ). Infi ltration with immune cells 
has been observed in all stages of pancreatic cancer, from PanIN lesions to invasive 
cancer (Clark et al.  2007 ). These immune cells secrete a number of molecules that 
modulate tumor and stromal growth, including VEGF, FGF2, chemokines and cyto-
kines, pro-angiogenic factors such as MMP-9 and other matrix metalloproteases, 
and heparinase (Murdoch et al.  2008 ; Qian and Pollard  2010 ; Hanahan and Weinberg 
 2011 ). Kraman and colleagues identifi ed a specifi c subpopulation of stromal cells 
expressing fi broblast activation protein (FAP) that play a role in suppressing antitu-
mor immunity (Kraman et al.  2010 ). Depletion of this subpopulation led to IFNγ 
and TNFα mediated modulation of tumor growth (Kraman et al.  2010 ). Pancreatic 
cancer cells are also responsible for recruiting immune cells to suppress the antitu-
mor activity of CD8(+) T cells. Using murine models for pancreatic cancer, two 
groups simultaneously found that oncogenic KRAS results in the secretion of 
GM-CSF by pancreatic cancer cells, which in turn attracts Gr-1(+) CD11b(+) cells 
that can inhibit the activity of CD8(+) T cells in the tumor (Bayne et al.  2012 ; 
Pylayeva-Gupta et al.  2012 ). These data emphasize the complex nature of the 
immune system and tumor development and represent a venue to target to alter the 
immune suppressive environment that exists in pancreatic cancer.  

    Cancer Stem Cells 

 A subset of cancer cells has been identifi ed in many solid tumors which has the 
capacity to effi ciently propagate a new tumor with the heterogeneity and pathologic 
features of the original cancer. These cells are called CSCs because they share nor-
mal stem cell features such as self-renewal and the ability to undergo both symmetric 
and asymmetric cell division (Reya et al.  2001 ). Conventional therapies are directed 
at eliminating bulk tumor cells; however, these therapies are usually short- lived, and 
tumors eventually reestablish themselves. One reason for this phenomenon is that 
the CSCs are intrinsically resistant to cytotoxic chemotherapy and persist despite 
apparent response in bulk tumor (Kim and Simeone  2011 ). Therefore, understanding 
differences between CSCs and bulk tumor cells is relevant to improving overall effi -
cacy of treatment. 

 CSCs were fi rst described in acute myeloid leukemia (AML) as a distinct CD34+/
CD38− population capable of both self-renewal and distinct progeny (Bonnet and 
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Dick  1997 ). Subsequently, CSCs have been identifi ed by surface marker analysis in 
solid tumors, including pancreatic cancer, with a fi rst report demonstrating a subset 
of CD44+/CD24+/ESA + pancreatic CSCs (Li et al.  2007 ). Additionally, both 
CD133 and ALDH have been identifi ed as potential independent markers for pan-
creatic CSCs (Hermann et al.  2007 ; Jimeno et al.  2009 ). Most recently, c-Met+/
CD44+ pancreatic cancer cells have been described to potently enrich for a popula-
tion of pancreatic CSCs (Li et al.  2011 ). 

 Although tumorigenesis is generally considered a clonal process, there is ulti-
mately genetic diversity within an individual tumor (Marusyk and Polyak  2010 ). 
Recent detailed analysis of tumor cells from different metastatic sites within an 
individual patient confi rmed that there are subclonal populations due to genomic 
instability (Campbell et al.  2010 ). We currently lack a detailed understanding of 
how genetic heterogeneity of pancreatic cancer correlates with the hierarchy of 
CSCs. Although one could view the complexity of genetic heterogeneity as an 
insurmountable barrier to the development of targeted therapies, an alternate view 
in the context of CSCs is that identifying the dominant signaling pathways in the 
CSC subpopulation is the key to eliminating the subpopulation of cells that may be 
most important for clinical progression and recurrence of disease. Based on this lat-
ter view, we describe below the results of increased attention focused on CSC biol-
ogy, including the role of developmental signaling pathways and commonalities 
between CSC and cancer cells that have undergone EMT. 

 There are multiple signaling pathways that are upregulated in pancreatic CSCs 
that represent possible therapeutic targets. MET has recently been described as a 
potent marker for identifying pancreatic CSCs when studied in combination with 
CD44 expression (Li et al.  2011 ). This selective feature of CSC is now being tar-
geted therapeutically with agents that inhibit MET. Treatment with the MET inhibi-
tor XL184 has been shown in preclinical studies to reduce the percentage of 
pancreatic CSCs, decrease tumorsphere-forming capacity, and decrease in vivo 
tumorigenicity (Li et al.  2011 ). In addition to high levels of MET expression, 
Lonardo and colleagues found Nodal/Activin signaling to be elevated in pancreatic 
CSCs (Lonardo et al.  2011 ). By inhibiting the Nodal/Activin receptors Alk4/7 with 
the chemical inhibitor SB431542 or targeted siRNA, CSCs could be ablated in vitro. 
Additionally, the combination of SB431542 with gemcitabine and the SMO inhibi-
tor CUR199691 could effectively ablate tumor growth in vivo (Lonardo et al.  2011 ). 
Together, HGF/MET and Nodal/Activin/Alk4 represent signaling pathways that 
may allow for the development of CSC-targeted therapies that can potentially be 
used in combination with standard chemotherapeutic regimens to reduce disease 
recurrence by specifi cally eliminating CSCs. 

 CSCs have also found to be resistant to chemotherapy and radiotherapy as evi-
denced by the increased percentage of CSC isolated following treatment. Cells that 
have undergone EMT share some of the same characteristics. Induction of EMT has 
been shown in breast cancer to cause transition to development of a CSC marker 
profi le with associated phenotypic changes such as increased ability to form tumor-
spheres (Mani et al.  2008 ). In pancreatic cancer, recent gene expression profi ling 
analysis of human and murine pancreatic cancer cell samples revealed three distinct 
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tumor types: classical epithelial, quasimesenchymal, and endocrine-like type 
(Collisson et al.  2011 ). The most EMT-like quasimesenchymal tumors were associ-
ated with poor patient prognosis (Collisson et al.  2011 ). It has also been reported in 
preclinical studies that gemcitabine-resistant cells appear to undergo EMT with 
associated phenotypic changes of increased invasiveness and migration (Wang et al. 
 2009c ). These resistant cells correspondingly had an increased population of pan-
creatic CSCs (Wang et al.  2009c ). Although these data do not prove equivalence of 
CSC with cancer cells that have undergone EMT, the correlation between EMT and 
CSCs may provide insight into shared phenotypes of chemoresistance and allow for 
identifi cation of new targets for therapy.   

    Conclusions 

 From the analyses of the complex pathways present in pancreatic cancer and evolving 
evidence of tumor heterogeneity, it is evident that in pancreatic tumors, changes are 
not often due to a single driver mutation, but more often a combination of many 
mutations collaborating together. Therefore, targeting a single pathway or molecule 
is unlikely to be successful. Adding to this complexity is the genetic clonal variation 
within the tumor itself. It is also becoming more apparent that in order to effectively 
treat pancreatic cancer, other cells in the tumor microenvironment must also be 
targeted, such as CAFs and immune cells that nourish and protect pancreatic cancer 
cells from chemotherapies. Ultimately, effective treatment of pancreatic cancer will 
need to combine means of normalizing the tumor stroma, removing bulk tumor 
cells, and eliminating elusive pancreatic CSCs that might drive tumor reestablish-
ment and disease relapse. By achieving these goals, pancreatic cancer may someday 
become a manageable condition rather than a certain death sentence.     
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    Abstract     In the past several years, numerous genetically engineered mice have 
been used to model pancreatic cancer. These models differed based on the approach 
used (some use transgenes while others used homologous recombination), as well 
as on the oncogene or combination of oncogenes. The expression of an oncogenic 
form of Kras in the mouse pancreas at physiological levels has led to models that 
not only develop pancreatic ductal adenocarcinoma (PDA), but that mimic the pro-
gression of the human disease, including pre-carcinogenic stages, such as Pancreatic 
Intraepithelial Neoplasia (PanIN), and activation of specifi c signaling pathways. 
Thanks to genetically engineered mouse models we have started to discern the con-
tribution of different signaling pathways to initiation and progression, and in some 
cases maintenance, of pancreatic cancers. We have also started dissecting the impor-
tance of the interactions between the tumor cells and their surrounding microenvi-
ronment. Notwithstanding the sophistication of the current models, further 
modifi cation of the approaches used could be implemented, for example to develop 
mice with clonal tumors, such as seen in human patients. Moreover, applying 
genomic approaches to the study of the mouse models might shed light on their abil-
ity to recapitulate specifi c subsets of human tumors.  
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        Introduction 

 Pancreatic ductal adenocarcinoma (PDA), the most common form of pancreatic 
cancer, is one of the most lethal human malignancies. The American Cancer Society 
estimates that 43,920 people will be diagnosed with the disease in 2012 and 37,390 
people will die from their cancer (  www.cancer.org    ). Pancreatic cancer is rapidly 
lethal. Curative surgery and adjuvant chemoradiotherapy is an option only for 
approximately 10–20 % of newly diagnosed patients. Even for these patients, the 
5-year survival rate is only 20–30 %. Most patients, however, have locally advanced 
or widely metastatic disease at the time of diagnosis, and typically survive only 
6–12 months (Desai et al.  2009 ; Ferrone et al.  2008 ; Hsu et al.  2010 ; Katz et al. 
 2009 ). Moreover, the prognosis for pancreatic cancer patients has not signifi cantly 
improved over the past 40 years. The possibility to develop new targeted therapies 
for this disease relies on understanding its biology, and therefore requires basic and 
translational research. This chapter summarizes a subset of the ongoing research in 
pancreatic cancer, namely, the development and analysis of genetically engineered 
mouse models of this disease. 

 Several experimental models (Mansour et al.  1988 ; Thomas and Capecchi  1987 ), 
each with its own inherent advantages and disadvantages, can be used to explore 
fundamental cancer biology questions. Here we limit our discussion to genetically 
engineered mouse models, but we will compare their use with other widely used 
alternatives. The possibility to generate mouse models of cancer followed the dis-
covery of oncogenes as well as the development of techniques to modify the mouse 
genome. Two main groups of genetically modifi ed mice, each with its own subcat-
egories, have been widely used in carcinogenesis studies: transgenic mice (Gordon 
et al.  1980 ; Palmiter and Brinster  1986 ), and models based on gene targeting in 
mouse ES cells (Doetschman et al.  1987 ). Below we discuss the use of both of these 
approaches to generate genetically defi ned mouse models of PDA that are directly 
based on our understanding of the human disease.  

    Pancreatic Cancer Progression 

 Human pancreatic adenocarcinoma is widely believed to be preceded by precursor 
lesions. The most common precursor lesions resemble pancreatic ducts and are 
known as Pancreatic Intraepithelial Neoplasia (PanINs). PanINs are classifi ed as 
1A, 1B, 2, and 3 based on histological characteristics (Hruban et al.  2004 ). Namely, 
PanIN1As are lined by a columnar epithelium with abundant accumulation of 
intracellular mucins; the cells forming PanIN1B are similar, but they form papil-
lary structures within the duct lumen; PanIN2s show loss of cellular polarity and 
form a pseudostratifi ed epithelium. PanIN3s are also known as carcinoma in situ. 
Other, less common, precursor lesions for pancreatic cancer are mucinous cystic 
neoplasms (MCNs) and    intraductal papillary mucinous neoplasms (IPMNs) [for 
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comprehensive reviews, see (Adsay  2008 ; Hezel et al.  2006 )]. Since MCNs and 
IPMNs can form clinically detectable lesions, they can often be surgically removed 
prior to the development of pancreatic adenocarcinoma; in addition, they are 
believed to infrequently progress to adenocarcinoma; in contrast, PanINs can cur-
rently not be detected and are rarely found in the absence of invasive tumors 
(Adsay  2008 ; Tanaka et al.  2006 ). 

 The PanIN progression describes changes in the pancreatic epithelium, the com-
partment that will ultimately form the tumor cells. At each step of the process, 
however, the changes in the epithelium are accompanied by changes in the sur-
rounding tissue. The most prominent is the accumulation of an abundant fi broin-
fl ammatory stroma, also known as a desmoplastic reaction, of mesenchymal origin, 
surrounding the epithelial lesions (Korc  2007 ). The stroma forms a complex micro-
environment with each component having an important function. While all tumor 
types are formed by tumor and non-tumor cells, pancreatic cancer is unique in the 
abundance of the stroma, which can form the vast majority of the tumor volume. 
Therefore, an ideal mouse model of pancreatic cancer should follow the stepwise 
changes in the epithelial cells (such as the PanIN progression), from normal to can-
cer, as well as elicit the formation of extensive stroma, in order to develop tumors 
that are similar to the human counterpart. The following sections describe the devel-
opment of such models, followed by describing their potential use for basic and 
translational research.  

    Developing Mouse Models of Pancreatic Cancer 

    RIP-Tag Insulinoma and Ela-Tag Mouse Models 

 Before gene targeting in ES cells was developed, the pioneers of mouse modeling 
used transgenic mice to express oncogenes in the pancreas. One of the most widely 
used models of cancer is the RIP-Tag mouse, which uses the rat insulin promoter/
enhancer to express the SV40 large T antigen (Tag) in the insulin producing cells of 
the pancreas (Hanahan  1985 ). The RIP-Tag mouse develops islet cell (β cell) tumors 
that resemble human insulinomas. This model develops step-wise carcinogenesis, 
with a predictable time-frame and complete penetrance. Given that the model is 
based on a single transgene, it is easy to cross into other genetically engineered 
animals. It is therefore no surprise that some of the most fundamental aspects of 
cancer biology, later referred to as the hallmarks of cancer, have been carefully 
characterized in this model, including the need for sustained angiogenesis for frank 
tumor formation and the presence of unlimited replicative potential (Hanahan and 
Weinberg  2000 ,  2011 ). 

 A transgenic mouse model system targeting the SV40 Tag to the acinar compart-
ment using an elastase promoter also demonstrated progressive stepwise neoplasia 
(Ornitz et al.  1987 ). The tumors were composed of disorganized nests of acinar-like 
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cells, which had lost some of their differentiation characteristics during the neoplastic 
transformation. Although this model did not recapitulate the histological character-
istics of human PDA, it proved that, together with the RIP-Tag2 model, specifi c 
pancreatic compartments could be targeted for oncogenesis using the proper 
enhancer/promoter elements. These fi ndings were crucial for the development of 
the later generations of pancreatic cancer mouse models. Transgenic mice contain-
ing oncogenes including myc, Ras, and SV40 Tag therefore provided the initial 
systems that allowed investigators to study the overall process of tumorigenesis 
in vivo and paved the way for future model development.  

    TGFα Overexpression Models 

 Transforming growth factor α (TGFα) is a known ligand for the epidermal growth 
factor receptor (EGFR) (Liebmann  2011 ), which is highly expressed in human pan-
creatic cancer (Wagner et al.  1998 ). TGFα was overexpressed in transgenic mice 
under the control of the metallothionein or the rat elastase promoter (Sandgren et al. 
 1990 ). The metallothionein promoter allowed inducible, Zn 2+  regulated, expression 
of TGFα, which led to hyperplasia and fi brosis in multiple tissues, including the 
pancreas. In Elastase-TGFα mice, TGFα is expressed specifi cally in the pancreatic 
exocrine cells; however, the expression is constitutive. These mice developed pan-
creatic fi brosis and acinar-ductal metaplasia (ADM), the replacement of acinar cells 
with duct-like structures (Sandgren et al.  1990 ). Older Elastase-TGFα mice devel-
oped cystic papillary neoplasms and acinar cell carcinoma (Hruban et al.  2006 ; 
Wagner et al.  1998 ). The contemporary inactivation of one of both alleles of the 
tumor suppressor p53 accelerated the onset of pancreatic tumor formation, but did 
not change the tumor type (Wagner et al.  2001 ). Even though it does not fully reca-
pitulate the progression of human pancreatic adenocarcinoma, the Elastase-TGFα 
mouse has been a useful model to improve our understanding of this disease. 
Intriguingly, Elastase-TGFα;p53 +/−  (or p53 −/− ) mice shared several alterations com-
mon to the human tumors such as increased levels of Ras signaling, as well as loss 
of p16/Ink4a, Smad4, and occasionally Rb1 (Wagner et al.  2001 ). Thus, the muta-
tional profi le of the model recapitulated the genetic changes common in primary 
human pancreatic cancers, but the histology of this model did not recapitulate the 
PanIN/PDA progression (Hruban et al.  2006 ). Despite these reservations, the TGFα 
models represent some of the earliest informative examples of animal models of 
pancreatic neoplasia.  

    PyMT Model 

 An alternative method to obtain tissue-specifi c expression of a transgene is based on 
the tissue-specifi c expression of the viral receptor TVA; the mice can then be 
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infected with the avian leukosis virus (ALV) engineered to express a gene of interest 
(Federspiel et al.  1994 ). The virus will only infect the TVA-expressing cells, thus 
ensuring tissue-specifi c delivery of the transgene. The main advantages of this sys-
tem are, fi rst, the possibility to induce expression of the gene of interest in the adult 
organism, and, second, to generate a single transgenic model that can then be 
infected with several viruses, or combination of viruses, expressing different genes 
of interest. The replication-competent avian sarcoma-leukosis virus (RCAS-TVA) 
system was used to generate transgenic elastase- tv-a  mice where TVA is expressed 
in the pancreatic acinar cells. These mice were then infected the mice with an ALV 
expressing the polyoma virus middle T antigen (PyMT) or the  c-myc  oncogene 
(Lewis et al.  2003 ). Expression of PyMT led to cystic papillary neoplasms with 
some ductal differentiation and to acinar cell carcinomas. The acinar cell carcino-
mas were more common in TVA transgenic mice that were bred onto the Ink4a −/−  
background. Expression of c-Myc had an altogether different effect; it led to the 
formation of insulin-positive pancreatic neuroendocrine tumors (Lewis et al.  2003 ). 
Therefore, this model did not recapitulate the formation of PDA, but it highlighted 
the role for specifi c oncogenes, inducing distinct transcriptional networks, in the 
initiation of different tumor types from the same cell of origin.  

    Oncogenic Kras Models 

 A turning point in the approach to pancreatic cancer modeling came with an 
enhanced focus on Kras, which had previously been found to be a frequently 
mutated gene in human pancreatic adenocarcinoma (Almoguera et al.  1988 ). A 
decade of subsequent work identifi ed additional genetic alterations that are com-
monly found in this disease and this work eventually was summarized in a progres-
sion model of pancreatic neoplasia (Hruban et al.  2000 ) that, with small additions, 
is still valid today. Recent genome sequencing efforts have confi rmed that Kras 
mutations appear early during the progression to pancreatic adenocarcinoma (Kanda 
et al.  2012 ), and that mutations of the INK4A, p53, DPC4/SMAD4, and BRCA2 
tumor suppressor loci occur at later stages and precede the development of invasive 
PDA [reviewed in (Maitra and Hruban  2008 )]. The wealth of genetic information 
that accumulated during the past two decades was used to generate mouse models 
of pancreatic cancer that seek to reproduce the genetics of the human disease, and 
the oncogenic form of KRAS took center stage in a series of mouse models. 

 The normal form of Kras, one of the three members of the Ras family of GTPases, 
is activated in response to extracellular signals that are transduced through a recep-
tor tyrosine kinase; Kras transmits the signal to its downstream effectors and at the 
same time hydrolyzes GTP to GDP, thus inactivating itself [reviewed in (Pylayeva- 
Gupta et al.  2011 )], in one of the many mechanisms that ensure tight regulation of 
cellular signals. In human pancreatic adenocarcinoma, the most common mutations 
of Kras are the G12D and G12V single amino acid substitutions (Moskaluk et al. 
 1997 ). Both mutant forms lead to a protein that is unable to hydrolyze GTP to GDP, 
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and is therefore “locked” in a constitutively active state. Given its frequent presence 
in early lesions, oncogenic Kras had been hypothesized to be the initiating driver 
mutation for PDA (Hruban et al.  2000 ). A series of transgenic mice were generated 
to test this hypothesis, and with the goal to develop a model of pancreatic cancer 
faithful to the human disease. 

 In one of the fi rst models, the G12D allele of Kras was expressed under the con-
trol of the elastase promoter, thus targeting it to acinar cells in the pancreas (Grippo 
et al.  2003 ). ELA-Kras G12D  mice developed frequent ADM, and cystic papillary 
neoplasms, but no PanINs or ductal adenocarcinomas. These results suggested that 
mutant Kras had been targeted to the wrong cellular compartment, it was expressed 
at inappropriate levels, or that Kras was insuffi cient to drive PanIN and PDA forma-
tion in the absence of additional genetic alterations. Alternatively, the elastase pro-
moter may be inactivated during PanIN formation leading to the inactivation of 
oncogenic Kras expression and potential reversion of the PanINs back to the acinar 
fate. A second transgenic model utilized the Kras G12V  allele under the control of the 
cytokeratin-19 (CK-19) promoter, which leads to expression in the pancreatic duc-
tal epithelium, as well as in the intestinal villi, colonocytes, and gastric isthmus 
cells (Brembeck et al.  2001 ). CK19-Kras G12V  mice developed periductal lympho-
cytic infi ltrates and occasional ductal hyperplasia (Brembeck et al.  2003 ), but no 
precursor lesions or tumors. Yet an alternative approach to mutant Kras expression 
of the pancreas was the generation of Mist1-Kras G12D  mice by inserting the onco-
genic Kras allele into the Mist1 locus (Tuveson et al.  2006 ). Mist1, a basic helix-
loop-helix transcription factor, is expressed in the acinar cells of the pancreas, the 
serous cells of the salivary glands, the chief cells of the stomach, and secretory cells 
within the male reproductive system and in other organs (Pin et al.  2000 ). Mist1 
plays a key role in the maintenance of the pancreatic acinar cells and Mist1 −/−  mice 
progressively lose their acinar compartment (Pin et al.  2001 ). When Kras G12D  was 
inserted into the Mist1 locus, the pancreas developed acinar metaplasia and cystic 
papillary neoplasms; the mice also develop hepatocellular carcinoma. Metastatic 
acinar cell carcinomas were the most common invasive neoplasms in this model 
(Tuveson et al.  2006 ). Mist1-Kras G12D  mice bred with p53 +/−  mice developed the 
same tumor spectrum, with more rapid onset of tumor formation and shorter sur-
vival compared to either of the parental strains (Tuveson et al.  2006 ). This model 
did not recapitulate the progression of human pancreatic cancer, but it did introduce 
the use of targeted constructs, rather than transgenes, to obtain oncogene 
expression.  

    Oncogenic Kras Expression from Its Endogenous Locus: 
Modeling PanIN Formation 

 The fi rst model to closely mimic the human disease, later to be known as the KC 
mouse (Aguirre et al.  2003 ; Hingorani et al.  2003 ), was based on the use of the  Cre/
LoxP system to control transgene expression. Cre recombinase can specifi cally 
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recognize the LoxP sequence; when two LoxP sequences are inserted in series, Cre 
will eliminate the sequence between the two sites and join the ends of the DNA leav-
ing one LoxP site behind (Sauer and Henderson  1988 ; Sternberg and Hamilton 
 1981 ). The KC mouse was generated by crossing two genetically modifi ed strains: 
the fi rst one expresses the Cre recombinase in a pancreas-specifi c manner [either 
Ptf1a/p48-Cre (Kawaguchi et al.  2002 ) or Pdx1-Cre were used in the initial descrip-
tion of this model, with similar results]; the second allele is a “knock-in” allele 
where the oncogenic variant Kras G12D  was inserted in the Kras endogenous locus, 
and preceded by a STOP cassette fl anked by LoxP sites (Jackson et al.  2001 ). Thus 
the STOP cassette could be removed in tissue-specifi c manner, allowing pancreas- 
specifi c expression of oncogenic Kras from its endogenous locus. Both Pdx1-Cre 
and Ptf1a-Cre are expressed during the earliest stages of pancreas development 
(Gu et al.  2003 ; Heiser et al.  2006 ; Kawaguchi et al.  2002 ) and in all of the pancreatic 
cell lineages; therefore, oncogenic Kras is expressed in the whole pancreas through-
out development. Since recombination is irreversible and inherited by all the daugh-
ter cells, the pancreatic epithelium in this model keeps expressing mutant Kras 
(provided that the Kras endogenous locus is active) even after the expression of Pdx1 
and Ptf1a is restricted, respectively, to the endocrine compartment and to the acinar 
cells of the pancreas in the adult animal. Notwithstanding the pancreas-wide expres-
sion of oncogenic Kras, KC mice are born at the expected Mendelian ratio and with 
a normal pancreas; however, shortly after weaning, they develop PanIN1A lesions 
that over time progress to higher grade PanINs lesions (Fig.  1a ). These lesions share 
the histologic features of human PanINs and mimic their progression (Hruban et al. 
 2006 ). A subset of KC mice develops frank PDA between 6 and 12 months of age. 
These fi ndings demonstrated that oncogenic Kras drives the initiation of pancreatic 
adenocarcinoma, when expressed at the appropriate level in the appropriate cell 
type(s). Thus, the KC mouse was the fi rst model to closely mimic the progression of 
the human disease, and has since served as the basis for many studies on pancreatic 
cancer biology, some of which we highlight later in this chapter.  

    Modeling Invasive and Metastatic Pancreatic Adenocarcinoma: 
The KC; Ink4a −/−  and KPC Models 

 Although KC mice develop PDA, they do so with low penetrance and long latency, 
indicating the need for additional genetic or epigenetic events to occur. Pancreatic 
cancer in human is characterized by the loss of multiple tumor suppressor genes 
(Hezel et al.  2006 ), which are likely restricting the formation of PanINs and PDA 
even when Kras mutations are present. The fi rst model with high penetrance of PDA 
formation to be described combined the KC mouse with the inactivation of the 
Ink4a locus. The Ink4a locus codes for two tumor suppressor genes, p16 Ink4a  and 
p19 Arf  in mice [reviewed in (Sherr  2004 )]. The Ink4a locus is almost invariably 
silenced by promoter methylation or by inactivating mutations in the vast majority of 
human pancreatic adenocarcinomas and higher grade PanINs (Moskaluk et al.  1997 ; 
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Schutte et al.  1997 ; Wilentz et al.  1998 ). Additionally patients with the Familial 
Atypical Multiple Mole Melanoma (FAMMM) Syndrome, caused by germline 
mutations in p16, are predisposed to the development of pancreatic cancer (Borg 
et al.  2000 ; Goldstein et al.  1995 ). When KC mice are crossed with a conditional 
“knock-out” allele of Ink4a, deleting exons 2 and 3 and thereby inactivating both 
p16 and p19, the resulting animals develop PanINs that rapidly progress to poorly 
differentiated and highly metastatic PDA (Aguirre et al.  2003 ). In these tumors the 
p53 pathway, another key tumor suppressor often lost in pancreatic cancer, was 
found to be still active: in fact, tumor cells isolated from these mice were able to 
upregulate p53 expression in response to ionizing radiation. Thus the Ink4a prod-
ucts serve as a key constraint in the progression of the PanINs to invasive PDA. 

 The relative importance of the two genes encoded by the Ink4a locus was subse-
quently addressed using genetically engineered alleles that allowed inactivation of 
p16 and p19 individually in the context of the KC model (Bardeesy et al.  2006a ). 
This work demonstrated that both p16 and p19 each play key roles in the  suppression 
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PDA is accelerated in presence of additional mutations.
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  Fig. 1    Different strategies to generate Kras-based models of pancreatic cancer. ( a ) Embryonic 
activation of Kras has, surprisingly, no effect on pancreas development and leads to carcinogenesis 
in adult mice. ( b ) Adult activation leads to carcinogenesis spontaneously in some models. ( c ) Other 
studies have shown carcinogenesis following adult activation only upon induction of pancreatitis. 
( d ) Reversible expression of Kras has revealed a role for this oncogene in tumor maintenance       
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of PDA formation in mice. Knockouts of different tumor suppressors alone or in 
combination, such as p16 with and without p53 or p16 with and without p19, also 
revealed the relative contribution of these tumor suppressor genes to PDA forma-
tion. Deletion of both p16 and p19 led to tumor formation with similar latency as the 
loss of both copies of p53 (Bardeesy et al.  2006a ). Addition of p16 deletion to p53 
biallelic loss did not lead to faster tumor appearance. Deletion of p16 alone led to a 
higher latency in tumor formation than in the combined p16/p19 knockout mice. In 
addition to the timing of tumor development, another interesting observation was 
the correlation of different tumor suppressor disruptions with the resultant PDA 
histology. Mice that contained p16 or p16/p19 disruptions alone formed a subset of 
carcinomas that were highly anaplastic or sarcomatoid in nature (Bardeesy et al. 
 2006a ). In contrast, tumors that developed in mice with a p53 deletion with or with-
out Ink4a locus disruption tended to have the classical ductal morphology. Genomic 
studies analyzing tumors from the different backgrounds demonstrated recurrent 
amplifi cations of loci containing the Kras and c-myc oncogenes regardless of the 
genetic background (Bardeesy et al.  2006a ). These observations correlated with the 
genomic changes observed in human PDA and validated the genetically engineered 
mouse models as relevant to the pathology of the human disease. 

 The involvement of p53 as a key tumor suppressor in PDA has been postulated 
for a long time and the loss or mutation of p53 occurs late during PanIN progression 
to frank PDA [reviewed in (Hezel et al.  2006 ; Hruban et al.  2000 )]. Genetically 
engineered mouse models of PDA have been invaluable in demonstrating the syn-
ergy of p53 deletion or mutation with the presence of an oncogenic Kras allele. KC 
mice were crossed with mice bearing the Trp53 R172H  allele to generate animals 
expressing both mutant Kras and mutant p53 in the pancreas (Hingorani et al.  2005 ), 
a model currently referred to as the KPC model (Hingorani et al.  2005 ; Olive and 
Tuveson  2006 ). Of note, the design of the p53 mutant allele results in inactivation of 
one copy of p53 ubiquitously and expression of the mutant form upon Cre 
 recombination (thus in a pancreas-specifi c manner). Expression of oncogenic Kras 
in the presence of mutated p53 led to rapid onset of pancreatic neoplasia and the 
development of PDA with high penetrance and relatively short latency (5–6 months 
of age). KPC mice have highly metastatic disease to multiple organs including the 
lymph nodes, liver, lungs, diaphragm, and adrenal glands (Hingorani et al.  2005 ), 
with liver and lung being the prevalent metastatic sites, consistent with the human 
disease. Extra-pancreatic malignancies, including hepatocellular carcinomas, non-
small-cell lung carcinomas, lymphomas, and teratocarcinoma, were noted in a sub-
set of animals and are likely the result of the loss of heterozygosity of p53. The 
pancreatic cancers in the KPC mice ranged from well-differentiated ductal adeno-
carcinomas to poorly differentiated and anaplastic/sarcomatoid tumors. Whether 
additional genetic alterations, acquired over the course of the malignant progression, 
differ between the different tumor typologies observed in these animals remains to 
be determined. In fact, genetic and chromosomal analysis of the tumors and derived 
cell lines demonstrated high levels of genetic instability, including large scale 
genomic rearrangements (Hingorani et al.  2005 ). Of note, recent expression studies 
have identifi ed subsets of pancreatic cancer in humans, with the prevalent forms 
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described as “classical” and “quasi-mesenchymal”: both forms are  recapitulated in 
KPC mice (Collisson et al.  2011 ). 

 A different model based on endogenous expression of mutant Kras is the Ela- 
tTA/tetO-Cre; LSL-Kras G12V lacZ  mouse, which allows inducible expression of 
Kras G12V  in the pancreatic epithelial cells (Guerra et al.  2007 ). Embryonic activation 
of oncogenic Kras leads to PanIN formation in adult mice; in the p53 +/−  background 
the animals develop invasive pancreatic adenocarcinoma. Pathologic analysis of the 
tumors showed ductal adenocarcinomas of varying differentiation and metastases 
were observed in the liver, lungs, and regional lymph nodes. Interestingly, activation 
of oncogenic Kras in adult animals did not lead to PanIN formation, possibly indi-
cating that adult pancreatic cells are less susceptible to transformation. This model 
is further discussed later within this chapter.  

    Understanding of the Role of Tumor Suppressors: DPC4/Smad4 

 The transforming growth factor β (TGFβ) plays many roles in the process of tumor-
igenesis and metastasis [reviewed in (Massague  2008 )]. Signals from the TGFβ 
receptor family are transduced into the cell nucleus through the Smad transcription 
factor family. Smad4 serves as the common nuclear binding partner for the all of the 
Smad transcription complexes (Massague  2008 ). Nonbiased loss-of-heterozygosity 
(LOH) analysis of primary human PDA revealed recurrent deletions of chromo-
some 18q21.1 involving DPC4 (deleted in pancreatic cancer 4)/Smad4, which indi-
cated its possible role as a tumor suppressor in PDA (Hahn et al.  1996 ). Subsequent 
histological analysis of human PanIN lesions and PDA showed that DPC4 was lost 
in highly dysplastic PanIN-3s and frank PDA, while its expression was intact in 
lower grade PanINs (Wilentz et al.  2000 ). These data implicated the loss of Smad4 
as a later event in pancreatic neoplastic progression. Importantly, the DPC4/Smad4 
status of the primary pancreatic cancer also correlated with the type of recurrence 
seen in patients, with DPC4 loss marking cancers that tended to widely metastasize 
(Iacobuzio-Donahue et al.  2009 ). The contribution of Smad4 loss to PDA progres-
sion has also been modeled in mice. When both of the Smad4 alleles are deleted in 
the KC model, all of the mice die by 24 weeks of age from pancreatic cancer 
(Bardeesy et al.  2006b ), thus greatly anticipating both the age of onset and the pen-
etrance of cancer development. The pancreatic cancers in this model frequently 
arose in the setting of intraductal papillary mucinous neoplasm (IPMN)-like lesions, 
which also exist in humans and are considered to be precursor lesions of PDA. 
When the Smad4 allele loss was combined with a loss of the Ink4a locus, the result-
ing tumors often retained ductal epithelial morphology rather than the frequently 
seen sarcomatoid histology seen in the Ink4a −/−  models. The disruption of TGFβ 
signaling therefore prevents the pancreatic cancers from progressing to the fully 
anaplastic state in this model. Consistent with this fi nding, Tgfbr2 knockout mice 
crossed onto the KC background had a very rapid onset of tumors comparable with 
the Ink4a loss model (within 7–10 weeks), but histological analysis revealed the 
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tumors remained well differentiated (Ijichi et al.  2006 ). Overall, studies in mice are 
consistent with observations in human patient samples, and indicate that DPC4/
Smad4 serves as late-stage checkpoint in pancreatic neoplastic progression.  

    Oncogenic Kras Expression in the Adult Pancreas 

 Even the most sophisticated mouse models are not identical to the human disease, 
and not only because of the obvious observation that mice are not human beings. 
The KC mouse is one of the cancer models that most faithfully resemble the human 
disease it seeks to model, but profound differences remain. One of the most obvious 
is that KC mice express oncogenic Kras in every cell (or the vast majority) of the 
pancreas, starting during the early embryonic development. This is a very different 
scenario than the human disease, which is prevalent in older adults, and is believed 
to arise clonally from a single cell that has acquired an initiating mutation. The fi rst 
approach to expressing oncogenic Kras in the adult pancreas was achieved with a 
triple transgenic system, as described earlier in the chapter: Elastase-tTa drives 
expression of the tetracycline transactivator in the pancreas; when tTa is active (in 
absence of tetracycline or doxycycline), it activates TetO-Cre; thus, the Cre recom-
binase is expressed in the pancreas, in an inducible manner (Guerra et al.  2007 ). 
When the mice are exposed to doxycycline in their water or chow, the Tet-off trans-
activator does not bind the tetracycline promoter and the Cre recombinase is silent. 
When Cre is expressed, it excises the STOP cassette that precedes a Kras G12V  mutant 
inserted in the Kras endogenous locus. Therefore, in this model, mutant Kras can be 
expressed during embryogenesis, or in the adult pancreas, at will (Guerra et al.  2003 , 
 2007 ). Intriguingly, different outcomes follow embryonic versus adult activation of 
oncogenic Kras. When oncogenic Kras was activated during development, the mice 
developed PanINs and occasional progression to PDA. The added presence of a 
loss-of-function allele of p53 leads to highly penetrant and rapid PDA formation as 
previously noted. When Kras was activated on postnatal day 10, a subset of the mice 
still developed PanINs and eventually progressed to frank PDA. However, when 
Kras was activated in adult mice (postnatal day 60), it had no effect: the mice never 
developed any PanIN lesions or PDA (Guerra et al.  2007 ). Thus, it appears that the 
embryonic pancreas is permissive for Kras-induced transformation while the adult 
organ is relatively refractory to tumor development. This fi nding highlights the need 
for additional genetic or environmental factors to synergize with the oncogenic Kras 
to induce PanIN formation. 

 Chronic pancreatitis is one of the known risk factors for PDA development in 
humans, and thus constituted a potential candidate as an environmental factor that 
could synergize with oncogenic Kras to induce tumor formation. Indeed, when the 
oncogenic Kras allele was activated in adult mice after the induction of chronic pan-
creatitis, all of the animals developed high-grade PanIN lesions and 30 % of them 
progressed to invasive PDA (Fig.  1c ). These fi ndings highlight the existence of contrib-
uting environmental factors to PDA pathogenesis and help explain the  epidemiological 
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role of chronic pancreatitis in the onset of pancreatic cancer. Moreover, this study 
showed that adult acinar or centroacinar cells, the only cell types to express the elastase 
promoter in the adult pancreas, can constitute the cell of origin for PDA. 

 Intriguingly, different results were obtained when the LSL-KrasG12D mouse was 
crossed with elastase-CreER or Mist1-CreER, two acinar-specifi c drivers that 
express an inactive form of Cre that can be activated at will by administering tamoxi-
fen or its derivatives to the mice. When Cre recombination is induced in the adult 
acinar cells, these double-transgenic mice develop    PanINs with high penetrance 
(Habbe et al.  2008 ), with no need to induce pancreatitis, in contrast to the absolute 
need for pancreatitis in the KrasG12V model (Fig.  1b ). Possibly, the KrasG12D is a 
more potent oncogenic effect than KrasG12V, although further studies will be needed 
to test this possibility. Yet a different model used a transgenic approach to express 
KrasG12D in the adult pancreas using a CAG promoter, thus allowing for higher 
expression levels that those of the endogenous locus (Daniluk et al.  2012 ). This 
model highlighted the issue of dosage of Kras, or Kras activation rather than expres-
sion. In fact, the levels of Kras activity increase during pancreatic carcinogenesis in 
humans, and expression of mutant Kras from the endogenous locus, present in every 
cell of the pancreas since the earliest stages of embryogenesis, results only in PanIN 
formation over several months of age, indicating the need for additional genetic or 
epigenetic events, or potentially the need to reach a threshold of Kras activity. 

 A second important question that the different models have addressed is that of 
the cell of origin for pancreatic cancer. The fact that activation of Cre in adult acinar 
cells can lead to PanIN formation seems to point at an acinar, or potentially centro-
acinar, cell of origin for pancreatic adenocarcinoma. De-differentiation of acinar 
cells into a duct-like cell type, a process known as ADM—often as a result of pan-
creatic injury—has been suggested to be required for Kras-driven transformation 
(Morris et al.  2010b ). However, a controversy on the cell of origin of pancreatic 
cancer remains. When the ductal-specifi c driver CK19-CreER was used to activate 
the LSL-KrasG12D allele rare PaNIN lesions were observed albeit with low fre-
quency and with a long latency (Ray et al.  2011 ), indicating susceptibility of ductal 
cells to malignant transformation. Pancreatic adenocarcinoma formation from other 
cell types, such as insulin positive beta-cells, has been observed in the context of 
pancreatic injury, but it appears not to occur in physiological conditions (Gidekel 
Friedlander et al.  2009 ). Thus mouse models have provided some indication as to 
the cell of origin of pancreatic cancer, and no doubt lineage tracing studies will 
further expand on the subject in the future  .

       Reversible Expression of Oncogenic Kras: Role in Pancreatic 
Cancer Progression and Maintenance 

 In the previous paragraphs, we have described the studies that led to the identifi -
cation of Kras as the fundamental initiating driver for pancreatic adenocarci-
noma. However, the role of this oncogene in disease progression, and, in cancer 
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maintenance, had until recently not been addressed. In fact, the question of which 
oncogenes are essential for tumor maintenance is highly relevant to identifying 
potential therapeutic targets. Indeed, in the Kras-based model described above, 
activation of oncogenic Kras is irreversible. Since drugs targeting oncogenic 
Kras are not available, this question could only be addressed through genetic 
inactivation of the oncogene. 

 Recently, our group has described a new mouse model, named iKras*, that 
allows tissue-specifi c, inducible and reversible expression of oncogenic Kras in the 
pancreas (Collins et al.  2012 ). The iKras* mouse is based on three transgenes that 
allow pancreas-specifi c Cre recombination using Ptf1a-Cre (Kawaguchi et al. 
 2002 ), Cre-inducible expression of rtTa from the Rosa 26 locus (Soriano  1999 ) and 
doxycycline-dependent regulation of TetO-Kras G12D  (Fisher et al.  2001 ). This model, 
therefore, does not use the endogenous Kras locus to express the oncogenic variant. 
Nevertheless, the resulting iKras* mouse develops PanIN lesions with high fre-
quency if Kras is activated during embryonic development. If Kras is activated in 
the adult mouse, PanIN formation is sporadic and occurs with long latency, but can 
be effi ciently anticipated by inducing acute pancreatitis, an approach that was fi rst 
described in the KC model (Morris et al.  2010a ). Inactivation of Kras* in low-grade, 
and newly formed PanINs leads to complete regression of the lesions by, at least in 
part, redifferentiation of PanIN duct-like cells into acinar cells and simultaneous 
remodeling of the stroma. When Kras* is inactivated at later stages, when the 
PanINs have acquired characteristic of higher grade lesions, and have existed in the 
tissue for several weeks, however, the epithelial cells undergo apoptosis, having 
become dependent on sustained oncogenic activity for survival. iKras* mice develop 
invasive adenocarcinoma at a very low frequency and with long latency; however, 
when crossed to a loss-of-function allele of p53, they develop adenocarcinoma rap-
idly and with high frequency. Inactivation of oncogenic Kras in these invasive 
tumors leads to sustained regression. Therefore, Kras is not only essential for pan-
creatic cancer initiation, but also important for tumor maintenance (Fig.  1d ). 
Moreover, analysis of this model showed that Kras regulates several aspects of the 
biology of pancreatic cancer, including the maintenance of an infl ammatory micro-
environment and the presence of an active desmoplastic stroma. 

 Recently, the role of Kras in pancreatic cancer maintenance has been explained 
by the oncogene’s ability to regulate the tumor’s anabolic metabolism and to 
increase glucose uptake (Ying et al.  2012 ). Thus, Kras induces a metabolic switch 
in tumor cells which could potentially be exploited by targeting metabolic genes 
therapeutically. Further studies will be needed to test the requirement for Kras in 
presence of other tumor suppressor gene mutations, such as point mutations of p53 
and/or loss of p16/p19; moreover, it will be essential to determine what is the fate of 
the tumor cells upon Kras* inactivation. In fact, both studies suggest that some of 
the tumor cells do not undergo apoptosis, and potentially remain dormant into the 
tissue (Collins et al.  2012 ; Ying et al.  2012 ). In the future these models might prove 
useful to model Kras inhibition in pancreatic cancer, and to elucidate potential 
mechanisms of escape from Kras dependency that might limit the application of 
Kras inhibitors, were they to be developed, in human patients.   
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    Mouse Models as Discovery Tools 

    Mouse Models and Developmental Pathways in PDA 

    Hedgehog Signaling 

 Hedgehog (Hh) signaling regulates multiple developmental processes, including the 
patterning of the gastrointestinal tract [reviewed in (van den Brink  2007 )]. During 
pancreas development, Hh signals have to be specifi cally excluded from the region 
of the foregut that will give rise to the pancreas. Mice that overexpress Sonic 
Hedgehog (Shh), one of the Hh ligands, under the control of the Ipf1/Pdx1 promoter 
fail to develop a pancreas (Apelqvist et al.  1997 ). In some of the mice where limited 
pancreatic tissue can be detected, cells of the endocrine and exocrine compartment 
are present, but do not form cohesive islets or acini and are instead interspersed with 
duct-like structures that strongly resemble early PanINs (Thayer et al.  2003 ). 
Therefore, timing and strength of Hh signaling plays a key role in pancreas 
development. 

 Genetically engineered mouse models have played a key role in delineating the 
role of Hh signaling in PDA biology. Hh ligands and pathway components were 
found to be upregulated in PanIN 2–3 lesions, PDA, as well as in pancreatic cancer 
cell lines (Thayer et al.  2003 ), providing the fi rst indication of ligand-driven activa-
tion of the Hedgehog pathway in cancer. Secreted Hh ligands could potentially act 
in an autocrine or paracrine fashion to activate the pathway. To address whether Hh 
ligand acted in a cell-autonomous fashion on the tumor epithelium, a conditional 
Smoothened knockout mouse model was crossed into the p48-Cre, LSL-Kras G12D , 
p53 fl /+  murine PDA model. Pancreatic epithelium-specifi c knockout of Smoothened 
did not affect overall pancreatic development and did not inhibit PanIN and PDA 
development (Nolan-Stevaux et al.  2009 ). Surprisingly, the authors noted overex-
pression of Gli transcription factor and expression of Hh pathway target genes in the 
epithelial cells, notwithstanding the inactivation of Smo, thus demonstrating the 
lack of ligand-driven pathway activation in the epithelial cells. They further demon-
strated that Gli expression and activity was driven by noncanonical Kras and TGFβ 
signaling and was required for the maintenance of the neoplastic state (Nolan- 
Stevaux et al.  2009 ). Thus it appears that Gli expression and activity in the tumor 
cells is Hedgehog-ligand independent. 

 Concurrent experiments with pancreatic cancer cell lines and other 
Hh-overexpressing tumors revealed that tumor epithelial cells were often insensitive 
to Hh ligands (Yauch et al.  2008 ). In contrast, ligand-dependent pathway activation 
was noted in the surrounding stroma (Yauch et al.  2008 ). Hh signaling inhibition 
abrogated the growth pancreatic cancer xenografts in immune-compromised mice, 
suggesting that the activated Hh pathway in the tumor stroma functionally supports 
tumor growth (Yauch et al.  2008 ). When the Hedgehog activity reporter allele Ptch1-
lacZ was introduced into the Pdx1-Cre, LSL-Kras G12D , Ink4a fl /fl   mouse model of PDA, 
Hh pathway activation was again only seen in the tumor stroma (Tian et al.  2009 ). 
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Analysis of microdissected tissues from human PDAs demonstrated relative Gli1 
upregulation in the tumor stroma as compared to the tumor epithelium (Tian et al. 
 2009 ). Taken together, these experiments support a model where the activation of an 
oncogenic version of Kras together with additional noncanonical pathways leads to 
the Gli factor activation and Hh ligand expression in the tumor epithelium. The 
secreted Hh ligands then act in a paracrine fashion on the infi ltrating tumor stroma, 
which in turn supports tumor epithelial cell survival and growth. 

 Noncanonical activation of the Gli factors in the tumor epithelium also has 
profound consequences on pancreatic tumorigenesis. As previously noted, disrup-
tion of Gli1 in pancreatic cancer cell lines inhibited in vitro colony formation and 
increased pancreatic cancer cell apoptosis (Nolan-Stevaux et al.  2009 ). When the 
CLEG2 allele, an N-terminally deleted dominant active version of Gli2, was 
introduced into the pancreatic epithelium in the presence of oncogenic Kras G12D , 
the pancreata rapidly developed the full spectrum of PanINs, multiple cystic 
lesions, and eventually undifferentiated carcinomas (Pasca di Magliano et al. 
 2006 ). Additionally Gli1 expression from the Rosa26 locus on the p48-Cre, LSL-
Kras G12D  background led to rapid onset of PanIN and classical PDA formation 
(Rajurkar et al.  2012 ). Conversely, inhibition of Gli signaling by a dominant nega-
tive Gli3 construct in the pancreatic epithelium abrogated PanIN and PDA forma-
tion (Rajurkar et al.  2012 ). Therefore, Gli activity plays a key role in pancreatic 
tumorigenesis by acting in both the stromal and epithelial compartments of the 
tumor (Fig.  2 ).

   The notion that Hedgehog signaling acts in a paracrine fashion in pancreatic 
cancer led to studies exploring the possibility of inhibiting the Hh pathway to target 
the stroma as a new therapeutic modality. Human pancreatic cancer cell xenografts 
in nude mice were treated with cyclopamine with or without gemcitabine, a stan-
dard antimetabolite used in pancreatic cancer therapy, and subsequent tumor growth 
and metastatic spread were assessed. Inhibition of Hh signaling by cyclopamine led 

     

Gli
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 Fig. 2 Paracrine activation of Hedgehog signaling in pancreatic cancer. The tumor cells secrete 
Hedgehog ligands, prevalently Sonic Hedgehog (Shh); the surrounding fi broblasts express the 
receptor Patched (Ptch). Binding of Shh to Ptch releases Ptch repression of Smoothened (Smo); a 
signaling cascade ensues that leads to activation of target genes 
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to decreased tumor growth in the presence of gemcitabine and almost complete 
inhibition of metastatic spread (Feldmann et al.  2007 ). Disruption of Hh signaling 
also led to the inhibition of the desmoplastic response in orthotopic models of PDA 
(Bailey et al.  2008 ). These observations from xenografts models were replicated 
and extended in the KPC model of PDA. Inhibition of Hh signaling in de novo KPC 
tumors by IPI-926, a small molecule inhibitor of Smo, led to disruption of the stro-
mal component of the tumors and blood vessel reopening and signifi cantly improved 
perfusion of the tumors, allowing for improved delivery of gemcitabine (Olive et al. 
 2009 ). These effects led to improved survival of mice treated with the IPI-926 com-
pound and gemcitabine compared to gemcitabine alone. These data suggested that 
the Hh pathway could serve as a therapeutic target leading to tumor stroma remodel-
ing and improved delivery of cytotoxic agents.  

    Wnt/β-Catenin Signaling 

 Wnt signaling has been implicated in the biology of multiple malignancies but its 
role in PDA initiation and progression remains only incompletely understood. 
Parallel efforts to delineate the role of Wnt/β-catenin signaling in pancreatic devel-
opment and PDA pathogenesis in genetically engineered mouse models have begun 
to offer some clues. Conditionally knocking out β-catenin by deleting exons 3–6 in 
a pancreatic progenitor-specifi c manner with a Pdx1-Cre recombinase construct 
inhibited pancreatic development resulting in severe pancreatic hypoplasia primar-
ily due to the non-proliferation of the acinar compartment (Wells et al.  2007 ). 
β-catenin was found to regulate the expression of the Ptf1a/p48 transcription factor, 
which is key to the specifi cation of the exocrine pancreatic lineage (Wells et al. 
 2007 ). Additional work utilized three distinct pancreas-specifi c Cre drivers and the 
dominant active stabilized version of β-catenin lacking exon 3 to address the effects 
of different Wnt pathway activation timing on pancreatic development. When a 
Pdx1-Cre early  construct, expressed and active by E10.5, was used to drive β-catenin 
activation, the resulting mice suffered from severe pancreatic agenesis and early 
death by 7 days of age (Heiser et al.  2006 ). In contrast when the Pdx1-Cre late  con-
struct, active by E11.5–12.5 and more mosaic in function, was used, the mice devel-
oped a grossly normal pancreas and were viable. As the animals aged, however, 
they developed signifi cant pancreatic hyperplasia driven by the expansion of the 
acinar compartment. When the Ptf1a/p48-Cre construct was used to stabilize 
β-catenin, the mice also developed pancreatic hyperplasia but now demonstrated 
multiple ductal lesions not seen in the Pdx1-Cre mouse strains. They also developed 
tumors histologically and molecularly similar to benign human lesions termed solid 
pseudopapillary tumors (Heiser et al.  2008 ). Together, this data indicates that the 
timing and dosage of Wnt pathway activation and the identity of target cells losing 
or gaining β-catenin expression directly infl uence the fi nal outcome of pancreatic 
development. Therefore, Wnt signaling has to be tightly regulated throughout the 
process of pancreatic growth to yield a properly developed functional gland in the 
adult animal. 
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 Several lines of evidence implicate Wnt signaling in PDA biology, but again 
the role of this pathway during disease progression is incompletely understood. 
The pathway is active in PanINs and PDA that develop in the Pdx1-Cre, LSL-
Kras G12D  and Pdx1-Cre, LSL-Kras, p53 fl /+  mouse models (Pasca di Magliano et al. 
 2007 ). In addition multiple Wnt ligands are expressed in human pancreatic cancer 
cell lines. The Wnt activity levels in pancreatic cancer cell lines are, however, much 
lower than those observed in colon cancer, where the pathway is dysregulated due 
to mutations in key components. Inhibition of Wnt signaling in pancreatic cancer 
cells led to decreased proliferation and increased apoptosis (Pasca di Magliano et al. 
 2007 ). The mechanism of pathway activation in pancreatic cancer might be variable. 
On one hand, pathway activation may be due to ligand overexpression (Nawroth 
et al.  2007 ; Pasca di Magliano et al.  2007 ). On the other hand, the key component, 
β-catenin, can be stabilized by disruption of the β-catenin degradation complex 
through the formation of a complex between Dishevelled-2 (Dvl-2) and ataxia-
telangiectasia group D complementing gene (ATDC/TRIM29) (Wang et al.  2009 ). 
Two principal studies utilizing GEMMs have yielded further insight into Wnt regu-
lation of PDA biology. When the dominant active form of β-catenin was expressed 
in the p48-Cre, LSL-Kras G12D  model of PDA, PanINs and PDA did not form (Heiser 
et al.  2008 ). In contrast, the mice developed lesions resembling human intraductal 
tubular neoplasms. Further dissection of the underlying mechanisms involved in 
tumor development demonstrated that in the process of ADM and early PanIN for-
mation, oncogenic Kras inhibits β-catenin expression, which is normally necessary 
for proper redifferentiation of progenitor-like cells back to acinar cells during pan-
creatitis recovery (Morris et al.  2010a ). When the dominant active form of β-catenin 
is present during early pancreatitis, ADM and PanIN formation are inhibited and the 
active Wnt pathway in essence overrides the oncogenic Kras signal (Morris et al. 
 2010a ). However, some uncertainty still remains as to the interplay of the Wnt sig-
naling pathway and Kras during formation of PanINs. In fact, stabilized β-catenin 
might not be appropriate to model the activation of Wnt signaling in pancreatic 
cancer as it greatly exceeds the levels of activation observed in this disease.  

    Notch Signaling 

 The Notch signaling pathway plays a key role in the fate specifi cation of the pancre-
atic exocrine compartment (Afelik et al.  2012 ; Apelqvist et al.  1999 ; Jensen et al. 
 2000 ; Murtaugh et al.  2003 ; Nakhai et al.  2008 ; Sumazaki et al.  2004 ) Notch path-
way components were noted to be upregulated in human PDA when compared to the 
normal pancreas (Miyamoto et al.  2003 ). Genetic Notch pathway manipulation in 
the mouse models of PDA has begun to yield insights into its function in tumor 
 initiation and progression. As in human pancreatic cancers, Notch pathway compo-
nents were overexpressed in the Pdx1-Cre, LSL-Kras, Trp53 fl /+  model of PDA 
(Plentz et al.  2009 ). When these mice were treated with a gamma secretase inhibitor 
preventing proper proteolytic processing of the Notch receptors after ligand binding, 
PanIN progression, and PDA onset were signifi cantly inhibited (Plentz et al.  2009 ). 
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 Genetic disruption of the Notch pathway by conditional deletion of the Notch1 
and Notch2 receptors in the presence of an oncogenic Kras allele has yielded results 
suggesting different roles for their involvement in PDA initiation and progression 
(Hanlon et al.  2010 ; Mazur et al.  2010 ). When Notch1 was conditionally deleted in 
the pancreas in the Pdx1-Cre, LSL-Kras model of PDA, mild acceleration of PanIN 
progression was seen, suggesting that Notch1 may in fact function as a tumor sup-
pressor in this mouse model (Hanlon et al.  2010 ). In an independent study that ana-
lyzed the conditional deletion of Notch1 in the Ptf1a/p48-Cre, LSL-Kras model 
demonstrated a trend towards worse survival in the Notch1 knockout mice (Mazur 
et al.  2010 ). In contrast, when Notch2 was deleted in the mouse pancreas, survival 
signifi cantly improved. The animals that did eventually develop PDA in the setting 
of Notch2 deletion more often demonstrated undifferentiated “sarcomatoid” pathol-
ogy and myc upregulation (Mazur et al.  2010 ). This data suggests that distinct 
Notch receptors may play nonredundant and possibly opposing roles in the PDA 
pathogenesis. 

 Notch pathway activation in the setting of an oncogenic Kras allele has also been 
modeled by expressing the Notch1 intracellular domain (N1IC) from the Rosa26 
locus in the Pdx1-CreERT, LSL-Kras and Ela-CreERT, LSL-Kras models (De La O 
et al.  2008 ). When the Cre recombinase and N1IC expression was activated during 
embryonic development (E10.5) in the Pdx1-CreERT model, rapid acceleration of 
PanIN formation was seen in the mouse cohorts compared to the control Pdx1- 
CreERT, LSL-Kras mice. The N1IC domain by itself was not capable of inducing 
PanIN/PDA formation. However, when N1IC expression was induced in the adult 
acinar compartment in the presence of the oncogenic Kras G12D allele (Ela-CreERT 
model), rapid and effi cient ADM was seen within 2 weeks of Cre activation by 
tamoxifen (De La O et al.  2008 ). The genetic gain-of-function experiments suggest 
that Notch signaling may play a key role in the reprogramming process involved in 
the generation of the fi nal duct-like fate seen in the neoplastic tissue similar to its 
role in normal pancreatic development.    

    Mouse Models in Preclinical Applications 

 Despite marked advances in our understanding of cancer biology we have not been 
able to translate these to effective therapeutics in the vast majority of patients. The 
fi eld of pancreatic cancer in particular is littered with many examples of failed 
Phase III clinical trials that were originally based on promising preclinical data, 
albeit much of which was generated using commercially available, highly passaged 
cell lines. Genetically engineered mouse models of PDA have the potential to fi ll the 
void between basic bench research and clinical therapeutics and serve as high 
 fi delity preclinical models. 

 The contribution of the tumor microenvironment to tumor growth has been 
recently highlighted as an emerging hallmark of cancer (Hanahan and Weinberg 
 2011 ). The role of the microenvironment and its regulation by Hh signaling in PDA 
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has already been noted earlier in this chapter (Bailey et al.  2008 ; Yauch et al.  2008 ). 
A study by Olive et al. directly tested the clinical applicability of this concept using 
the Pdx1-Cre, Kras LSL-G12D/+ , Trp53 R172H/+  (KPC) model of PDA (Olive et al.  2009 ). 
The authors utilized the small molecule Smo inhibitor IPI-926 (Infi nity 
Pharmaceuticals) to disrupt the Hh signaling activation in the stroma. In the process 
they observed signifi cantly increased perfusion of the treated tumors with concomi-
tant increase in blood vessel number. This led to a markedly improved delivery of 
the standard PDA chemotherapeutic gemcitabine along with a rise in tumor cell 
apoptosis. Most importantly, the tumor perfusion effect translated into increased 
survival of the mice treated with the IPI-926/gemcitabine regimen versus either 
drug alone or the untreated controls, albeit with modest survival differences (about 
2 weeks survival advantage, from 11 to 25 days) . This study combined knowledge 
of basic PDA biology previously described in mouse and human tumor transplanta-
tion models with the concept of using mice with autochthonous tumors as a preclini-
cal model to validate a possible new treatment strategy, which was subsequently 
translated into human clinical trials. Despite this proof of concept experiment it is 
important to note that the subsequent human clinical trial of IPI-926 in pancreatic 
cancer had to be halted due to more rapid tumor growth seen in the IPI-926-treated 
cohort, highlighting our still incomplete understanding of how to best preclinically 
model human PDA. 

 Subsequent efforts at targeting the tumor microenvironment in GEMMs of PDA 
focused on the role of the tumor extracellular matrix in PDA function. Two concur-
rent studies demonstrated that both human and murine PDAs in the KPC model 
exhibit highly elevated levels of the extracellular matrix component hyaluronan 
(Jacobetz et al.  2013 ; Provenzano et al.  2012 ). Hyaluronan is a high molecular 
weight polymer of  N -acetyl glucosamine and glucuronic acid groups, is highly 
anionic, and sequesters small molecule solutes and water. The authors hypothesized 
that its presence led to the high increase in the interstitial tissue fl uid pressure (IFP) 
seen in human and murine PDA (Provenzano et al.  2012 ). Both groups then used 
pegylated hyaluronidase to digest the stromal hyaluronan. This intervention 
decreased the IFP and led to the reopening and reperfusion of the already-existing 
tumor vasculature. Along with this, increased structural permeability of the vessels 
was noted (Jacobetz et al.  2013 ). Similar to the tumors treated with the Hh antago-
nist IPI-926, the tumors were better perfused with chemotherapeutics with subse-
quent inhibition of tumor growth. These interventions again led to increased survival 
of the mouse cohorts treated with the combination hyaluronidase/gemcitabine ther-
apy compared to either drug alone or the controls in both studies (survival benefi t of 
hyaluronidase/gemcitabine 91.5 days in average; gemcitabine alone 55.5 days in 
average). These preclinical fi ndings from GEMMs have now led to a multi- 
institutional trial testing the combination therapy in human patients with advanced 
unresectable PDA. 

 These results highlight the usefulness of GEMMs in studying the biology of 
PDA and subsequently extending these observations to develop new potentially use-
ful therapeutic approaches to this deadly disease. It is important to point out that 
despite having fairly high-fi delity models of PDA in mice, there still probably exist 
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many differences between the murine models and human biology which may affect 
the outcomes of new therapies fi rst tested in GEMMs, followed by testing in human 
clinical trials. Since no model is perfect at fully recapitulating all aspects of a dis-
ease, it will most likely be important to combine several approaches including 
GEMMs and orthotopic primary human PDA xenograft models to fully study a 
therapeutic strategy before translation into human clinical trials.  

    Conclusions 

 GEMMs have yielded impressive new insights into PDA biology over the past 
decade. It is without question that they serve as one of the best tools for basic scien-
tifi c discovery in many fi elds, including tumor biology. The challenge that still 
exists, however, is to take new knowledge gained from the mouse models and best 
utilize it to improve disease outcomes in patients. We have to ultimately defi ne the 
best systems that will allow us to translate basic fi ndings into more relevant and 
effective therapeutic approaches to pancreatic cancer. It is still unclear to what 
extent the GEMMs can contribute in the drug discovery arena. It will be important 
to further modify the existing models of PDA such as the KC and KPC models to 
even better mimic the processes underlying the human disease. For example, the KC 
and KPC models rely on embryonic activation of the multitude of oncogenic driv-
ers. This is clearly not the case in the vast majority of human patients. Models using 
inducible Cre drivers are the fi rst step to further model the disease in a more biologi-
cally relevant manner. Another key difference between most models, as currently 
designed, and the human patients is that in the former the oncogenes are expressed 
tissue-wide, while in the patients the mutations presumably appear in a single cell. 
Using CreER or other similar approaches, it will be possible to restrict the activa-
tion of the oncogenes to a small number of cells in mice, thus obtaining a single 
tumor in a fi eld of otherwise normal cells. However, the penetrance of tumor forma-
tion is likely to be lower, and studies of that nature will need resources and space to 
maintain very large mouse colonies. A different aspect that will have to be investi-
gated in detail is how closely mouse tumors recapitulate the genetic and epigenetic 
alterations of their human counterparts. Likely, future efforts aimed at sequencing 
mouse tumors will give us an answer to this question. Nevertheless, it will be impor-
tant to develop models that utilize the primary human tissue as a complementary 
approach to genetically engineered mouse models in preclinical and early stage 
clinical studies. 

 One of the key components that will be the most diffi cult to recapitulate is the 
contribution of the immune system to the process of tumorigenesis and immuno-
surveillance. GEMMs benefi t from having an intact endogenous immune system 
that fairly closely correlates with the responses seen in human tumors. All models 
currently using human tissue lack any contribution from the human immune com-
partment. Incorporation of a humanized immune system in mice combined with 
human tumor tissue orthotopic xenotransplantation may provide a way to study 
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human tumors in a more biologically appropriate system that would complement 
observations made in GEMMs. It is possible that a combination of these approaches 
may lead to the development of new effective treatments for this deadly disease.     
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    Abstract     Pancreatic cancer is caused by mutations in specifi c cancer genes. While 
these cancer genes are often categorized into those that are inherited versus somati-
cally acquired, they may also be categorized into those that occur during carcinogen-
esis versus those that accumulate during clonal progression. This newfound approach 
to understanding pancreatic cancer genetics now opens the door to understanding 
those events that play a role specifi cally in progression to metastatic disease.  

        Introduction 

    Clinicopathologic Features 

 Pancreatic ductal adenocarcinoma (PDAC, pancreatic cancer) is the eighth leading 
cause of cancer-related deaths in the world corresponding to a >94 % mortality rate 
(Jemal et al.  2011 ; Bosetti et al.  2012 ; Malvezzi et al.  2011 ). Most patients present 
with advanced stage disease at the time of diagnosis leaving relatively few patients 
as candidates for potentially curative resection (Hidalgo  2010 ). Unfortunately, even 
in patients who undergo pancreatic resection, both local and systemic recurrences 
are common with a median post-resection survival of less than 24 months (Katz 
et al.  2009 ; Winter et al.  2006 ,  2012 ). Perhaps not surprisingly most patients diag-
nosed with pancreatic cancer will die of locally advanced (Stage III) or metastatic 
disease (Stage IV) (Stathis and Moore  2010 ) (Fig.  1 ), indicating the urgent need to 
understand pancreatic cancer progression so as to improve upon these statistics.
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       Pancreatic Cancer as a Model System for Metastasis 

 To date, the vast majority of pancreatic cancer research has been devoted to under-
standing the biology of the neoplastic cell in association with carcinogenesis and/or 
invasion within the primary site, including methods for therapeutic targeting 
[reviewed in (Hidalgo  2010 ; Stathis and Moore  2010 ; Maitra and Hruban  2008 ; 
Vincent et al.  2011 )]. Such studies are undoubtedly important and have revealed a 
wealth of information for this disease. By contrast, studies of pancreatic cancer 
progression and of the metastatic phenotype specifi cally are relatively rare, leading 
investigators to depend on cell culture systems or mouse models of metastatic pro-
gression (Hingorani et al.  2005 ; Aguirre et al.  2003 ; Ijichi et al.  2006 ; Feldmann 
et al.  2007 ; Morton et al.  2010 ; Little et al.  2012 ) without relevant human tissues for 
correlation. Thus, metastasis research as an independent fi eld with the pancreatic 
cancer community is in its infancy, making it fertile ground for novel discoveries. 

 In addition to the enormous medical need to understand progressive disease, 
pancreatic cancer itself is an ideal model tumor type to understand the dynamics of 
cancer progression and metastasis in general. First, the genetics of pancreatic cancer 
are among the most well described for any solid tumor type, and indicate that 

  Fig. 1    Histologic images of the most common sites of metastatic disease in patients with pancreatic 
cancer. ( a ) Liver metastasis. ( b ) Lung metastasis. ( c ) Peritoneal metastasis. All images ×100 
magnifi cation       
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 pancreatic cancers arise due to the progressive accumulation of activating mutations 
in oncogenes and inactivating mutations in tumor suppressor genes (Maitra and 
Hruban  2008 ; Jones et al.  2008a ,  2009 ,  2012 ). Second, the precursor lesions that 
give rise to invasive ductal adenocarcinomas have also been well described (Hruban 
et al.  2001 ; Matthaei et al.  2011 ), and when studied in the context of pancreatic 
cancer genetics it is clear that the increasing cytologic atypia of these precursors is 
well associated with accumulation of alterations in specifi c genes (Hruban et al. 
 2000 ; Maitra et al.  2003 ). Third, metastasis is a common feature of pancreatic can-
cer with up to 50 % of patients presenting with metastatic disease at the time of 
initial diagnosis (Stathis and Moore  2010 ). Moreover, even patients who undergo 
surgery commonly develop metastatic disease (Sohn et al.  2000 ; Iacobuzio-Donahue 
et al.  2009 ). Finally, because metastatic pancreatic cancer is not a surgical disease, 
it is not uncommon for patients to have their primary carcinoma in situ for compari-
son to coexistent metastases, particular in the setting of performing an autopsy for 
research purposes as we have reported (Embuscado et al.  2005 ).   

    Genetics of Pancreatic Carcinogenesis 

 One cannot discuss the genetics of pancreatic cancer progression without an under-
standing of the genetic alterations that occur during pancreatic carcinogenesis. This is 
discussed in detail in Chap.   2    , and therefore, only a brief overview is presented here. 

    High Frequency Genetic Alterations 

 Much of the genetic basis of pancreatic cancer has largely been elucidated using a 
candidate gene approach (Redston et al.  1994 ; Caldas et al.  1994 ; Hahn et al.  1996 ). 
Traditionally this approach has relied on conventional dideoxy sequencing and has 
identifi ed the four genes most commonly associated with pancreatic cancer as 
 KRAS, CDKN2A  ( p16 ) , TP53 , and  SMAD4  ( DPC4 ) . KRAS  is a member of the RAS 
family of guanosine triphosphate (GTP)-binding proteins that, when bound to GTP, 
mediate a wide range of cellular functions including proliferation, cell survival, and 
cytoskeletal remodeling. Activating mutations in  KRAS  impair its GTPase activity, 
resulting in a constitutively active oncoprotein independent of extracellular or intra-
cellular signals (Schubbert et al.  2007 ). Mutations of  KRAS  are not only the most 
common genetic alteration in pancreatic cancer (>99 %) but also detectable as early 
as PanIN-1A lesions (Kanda et al.  2012 ). 

 By contrast,  CDKN2A, TP53 and SMAD4  are tumor suppressor genes that are 
inactivated in approximately 90 %, 80 %, and 55 % of pancreatic cancers, respec-
tively (Jones et al.  2008a ; Redston et al.  1994 ; Caldas et al.  1994 ; Hahn et al.  1996 ; 
Schutte et al.  1997 ).  CDKN2A  inactivation occurs by one of three mechanisms such 
as homozygous deletion, intragenic mutation with loss of the second allele, or least 
commonly epigenetic silencing of gene expression by promoter methylation 
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(Caldas et al.  1994 ; Schutte et al.  1997 ).  CDKN2A  is a member of the cyclin-depen-
dent kinase (CDK) inhibitor family; in its absence cells proceed unchecked through 
the G1-S checkpoint mediated by CDKs such as CDK4 and CDK6 (Kim and 
Sharpless  2006 ).  TP53  and  SMAD4  inactivation occur through mutation and loss of 
the second allele, or by homozygous deletion (Jones et al.  2008a ). In normal cells, 
the p53 protein is a critical regulator of many cellular functions, including the G1-S 
cell cycle checkpoint, maintenance of G2-M arrest, and the induction of apoptosis 
following cellular stress (Riley et al.  2008 ). In the presence of DNA damage loss of 
p53 function allows cells to survive and divide, leading to an accumulation of addi-
tional genetic abnormalities (Vogelstein et al.  2000 ). Smad4 protein is a central 
mediator of the transforming growth factor-β (TGF-β) canonical signaling pathway 
that functions in cellular growth and differentiation (Massagué  2008 ), and loss of 
 SMAD4  thus inhibits Smad-dependent TGF-β signaling, allowing an escape from 
TGF-β induced growth inhibition (Padua and Massagué  2009 ).  

    Exomic Sequencing 

 Sequencing of the cancer exome has provided greater insight into the mutational 
spectrum of human cancer beyond the success of candidate gene approaches. This 
strategy has been applied to the study of pancreatic cancers with the goal of identi-
fying the complete spectrum of somatic mutations beyond the most commonly 
altered genes described above, and to identify the molecular pathways important for 
this tumor type (Jones et al.  2008a ,  2009 ). It is important to note that initial exome 
sequencing efforts of pancreatic cancer were performed by high throughput dideoxy 
sequencing (Jones et al.  2008a ) and the data thus refl ects the sensitivity of this 
approach. With the use of high resolution next generation methods, even greater 
numbers of mutations per carcinoma can be expected (Meyerson et al.  2010 ). 

 Overall, the pancreatic cancer exome determined by dideoxy sequencing is nota-
ble for an average of 63 alterations per cancer genome, the majority of which cor-
respond to single base changes, or point mutations. These base changes most often 
caused missense mutations, many of which were silent. Homozygous deletions and 
amplifi cations were also found. The numbers of homozygous deletions per pancre-
atic cancer genome was variable, but were more numerous than amplifi cations. 
Review of the genetic alterations in each cancer analyzed, coupled with estimations 
of passenger mutation rates, resulted in a list of 91 candidate cancer genes, or CAN 
genes, in pancreatic cancer. This list included all genes previously known to play a 
signifi cant role in pancreatic cancer through common mutation or copy number 
change ( KRAS, CDKN2A, TP53 , and  SMAD4 ). In addition, because of the unbiased 
approach afforded by exomic sequencing, numerous other genes of potential bio-
logical interest were discovered such as  ARID1A  and  MLL3  (Jones et al.  2012 ; 
Balakrishnan et al.  2007 ). Low frequency mutational targets such as  MKK4, 
TGFBR2 , and  STK11  were also identifi ed consistent with prior reports (Su et al. 
 1998 ; Goggins et al.  1998 ; Su et al.  1999 ).   
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    Genetics of Pancreatic Cancer Progression 

 Locally advanced or metastatic pancreatic cancer is not a surgical disease (Stathis 
and Moore  2010 ; de Jong et al.  2010a ,  b ), and it is for this reason that tissues of 
advanced stage human pancreatic cancer have not been available for study. This 
need has been addressed by our labs’ use of a rapid autopsy protocol in which 
patients with end stage pancreatic cancer consent premortem to an autopsy for the 
purpose of collecting high quality cancer tissues for research (Iacobuzio-Donahue 
et al.  2009 ; Embuscado et al.  2005 ). From each patient the entire primary carcinoma 
and up to 20 different metastases from different organ sites are collected in a variety 
of methods, allowing study of the metastatic process in humans in unprecedented 
detail, including the genetics of advanced stage disease. 

    Patterns of Metastatic Failure 

 In an initial survey of the dynamics of pancreatic cancer metastasis, 76 patients with 
pancreatic cancer who underwent a rapid autopsy were studied (Iacobuzio-Donahue 
et al.  2009 ). These patients represented the full spectrum of those encountered in 
clinical practice and included those initially diagnosed with Stage I/II resectable 
disease, Stage III locally advanced and Stage IV metastatic disease. Patients were 
also treated with a variety of chemotherapy regimens in keeping with standard of 
care based on the stage of diagnosis. Surprisingly, careful review of each patient’s 
terminal stage disease revealed two distinct patterns of spread (Fig.  2 ). In the fi rst 
pattern ( w idely  m etastatic  p ancreatic  c ancer, WMPC) patients died with widespread 

  Fig. 2    Patterns of metastatic failure. At autopsy, approximately two-thirds of patients have widely 
metastatic pancreatic cancer that is defi ned as >10 distant metastases but often numbers in the tens 
to >100 of deposits. By contrast, patients with oligometastatic pancreatic cancer have few metas-
tases (no more than 10), and the cause of death is most often due to the large primary carcinoma 
that invades into adjacent vital structures       
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metastatic disease to multiple organ sites. This pattern was seen in approximately 
two thirds of patients, with the number of metastases generally in the tens to hun-
dreds of deposits. Moreover, when cause of death could be determined, patients 
with WMPC most often died of complications of organ failure due to replacement 
by tumor. In the second pattern ( o ligo m etastatic  p ancreatic  c ancer, OMPC), patients 
predominantly died with localized disease in association with few metastases, typi-
cally fewer than <10. These patients more often died of destruction of local vital 
structures such as mesenteric vessels leading to ischemia, or diaphragmatic infi ltra-
tion leading to respiratory failure; metastatic disease was not the primary cause of 
death in most OMPC patients. Of interest, in a subset of patients with OMPC only 
a bulky primary carcinoma and no metastases were found at autopsy, further sup-
porting the notion that the locally destructive primary carcinoma was the cause of 
death in these patients. Irrespective of the extent of metastatic burden in WMPC and 
OMPC, the most common sites of metastatic failure were the liver, peritoneum and 
lung (Yachida and Iacobuzio-Donahue  2009 ). Collectively, these observations indi-
cate that there is a range of metastatic effi ciencies in pancreatic cancer and not all 
patients die of aggressive metastasis. It is also important to note that these patterns 
of metastatic failure were unrelated to clinicopathologic features at diagnosis, a 
fi nding also shown by Hishinuma et al. ( 2006 ), indicating that the current staging 
modalities do not fully capture the metastatic phenotype of pancreatic cancer.

       Genetic Correlates of Metastatic Effi ciency 

 While deregulation of a variety of cellular programs or pathways have been sug-
gested to play a role in metastasis in general, including pancreatic cancer metastasis 
(Padua and Massagué  2009 ; Polyak and Weinberg  2009 ; Subarsky and Hill  2003 ), 
very few genetic alterations have been specifi cally implicated in the formation of 
metastatic disease (Mudali et al.  2006 ). Thus, given the wealth of information 
gleaned from candidate approaches and exomic sequencing, a logical question is the 
extent to which the genes identifi ed by these surveys correspond to the distinct pat-
terns of spread seen at autopsy, including organ specifi c metastasis. 

 Data from autopsied patients provide clues to the nature of genetic alterations in 
promoting metastatic spread (Iacobuzio-Donahue et al.  2009 ). For example, no 
relationships were found for  KRAS  or  CDKN2A  and pattern of failure, likely 
because these genes are altered in the vast majority of pancreatic cancers, and 
because oncogenic mutations in  KRAS  and inactivating mutations in  CDKN2A  have 
similar downstream effects, respectively (Hruban et al.  2000 ; Kanda et al.  2012 ; 
Wilentz et al.  1998 ). By contrast, signifi cant relationships were noted for both 
 TP53  and  SMAD4  based on univariate analyses in that the frequency of  TP53  or 
 SMAD4  inactivation was signifi cantly higher in WMPC than in OMPC. Moreover, 
carcinomas for which  TP53  and  SMAD4  mutations were coexistent had the greatest 
metastatic burden at autopsy (>100 deposits), suggesting a degree of synergy when 
both genes are inactivated in the same carcinoma. When considering that both  TP53  
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and  SMAD4  inactivation occurs in PanIN3 lesions, metastatic effi ciency may be 
established, in part, even before the development of the invasive carcinoma. 
However, it is likely that additional modifi ers of metastatic effi ciency also exist 
(Nguyen and Massagué  2007 ) for which  TP53  and  SMAD4  are but two examples. 

 The mechanisms by which  TP53  and  SMAD4  inactivation promote metastasis 
may include both dependent and independent factors. In normal cells the p53 pro-
tein is a critical regulator of numerous cellular functions, including regulation of the 
G1-S cell cycle checkpoint, maintenance of G2-M arrest, and the induction of apop-
tosis due to cellular stress (Vogelstein et al.  2000 ). Loss of p53 function allows cells 
to survive and divide despite the presence of damaged DNA, thus allowing the accu-
mulation of additional genetic abnormalities and hence genetic instability (Goh 
et al.  2011 ). How  TP53  inactivation specifi cally promotes metastasis has yet to be 
elucidated. However, studies in mouse models of pancreatic cancer based on condi-
tional inactivation of  Trp53  by deletion versus missense mutation indicates that only 
PDACs with mutant  Trp53  exhibited invasive activity in vitro (Morton et al.  2010 ). 
A similar fi nding was reported by Neilsen et al. ( 2011 ) including the observation 
that mutant p53 proteins utilize p63 to facilitate invasion by secretion of pro- invasive 
factors into the tumor microenvironment. 

 By contrast, the mechanisms by which  SMAD4  loss promotes metastasis are better 
characterized. In normal cells SMAD4 protein mediates canonical TGF-β signals 
from specifi c cell surface receptors to the nucleus, thereby controlling cellular 
growth and differentiation (Massagué  2008 ). Thus, loss of  SMAD4  inhibits canoni-
cal TGF-β signaling, allowing an escape from TGF-β induced growth inhibition and 
apoptosis (Massagué  2008 ; Padua and Massagué  2009 ; Siegel and Massagué  2003 ). 
Available TGF-β ligand may then function as a tumor promoting factor on the cancer 
cells, stimulate formation of an immunosuppressive microenvironment, and promote 
angiogenesis and epithelial–mesenchymal transition (Siegel and Massagué  2003 ; 
Jonson et al.  2001 ; Pertovaara et al.  1994 ).  

    Genetic Alterations in Pancreatic Cancer Metastasis 

 As a more unbiased approach towards understanding the genetic features of pancre-
atic cancer metastasis, the exomes of seven metastases have been studied in detail 
(Yachida et al.  2010 ). These seven metastases were a subset of the 24 pancreatic 
cancers studied by Jones et al. ( 2008a ), providing a unique opportunity to compare 
the genetics of distant metastases from treated patients who died of their disease to 
surgically resected and treatment naïve tumors. Overall, distant metastases have 
similar numbers of genetic alterations than surgically resected pancreatic cancers, 
and the types of alterations (missense mutations, nonsense mutations, deletions, 
amplifi cations, etc.) are also similar in frequency among resectable and late stage 
disease (Fig.  3 ). This suggests that disease progression is not associated with an 
enhanced genetic mutation rate or change in mutation spectrum.
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   Review of the specifi c genes targeted by somatic alteration in distant metastases 
versus resectable carcinomas has also been informative. Yachida et al. ( 2010 ) found 
that each metastasis exome contained numerous mutations, yet virtually none of 
these alterations were shared among two or more patients. Because somatic altera-
tions may occur at the chromosomal level, Campbell et al. ( 2010 ) also analyzed 
these metastases by massively parallel paired-end sequencing to identify the scope 
of rearrangements in each metastasis as compared to primary carcinomas. Similar 
to that of whole exome sequencing, specifi c genetic events that promote metastasis 
were not found, the majority of gene rearrangements identifi ed occurred early dur-
ing tumor evolution, and beyond known driver genes no rearrangements were found 
in common among two or more cancers.  

    Comparative Lesion Sequencing 

 Use of a single cancer sample with matched normal has traditionally been used for 
identifi cation of cancer genes; however, this approach is insuffi cient for genetic 
studies of metastatic disease as it does not account for the clonally heterogeneous 
nature of the primary neoplasm (Fidler and Hart  1982 ). Thus, studies of metastasis 
ideally rely upon use of two or more distinct samples derived from a given patients’ 
cancer to perform comparative lesion sequencing, a simple yet powerful method to 
evaluate the clonal relatedness of different carcinoma samples within a single indi-
vidual. These samples may be any number of synchronous metastases, the primary 
carcinoma and a subsequent metastatic recurrence, or even samples taken from 
 geographically distinct regions of a single primary carcinoma (Gerlinger et al.  2012 ; 
Navin et al.  2011 ). 

 In essence, genetic alterations present in one cancer sample are analyzed in addi-
tional geographically or temporally distinct samples from that same patient, a method 
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  Fig. 3    Mutational spectra in metastases versus primary carcinomas. Shown are the proportions of 
each type of intragenic mutation in each subset of samples analyzed by whole exome sequencing 
(Jones et al.  2008a )       
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not dissimilar from other phylogenetic approaches in the biosciences (Murchison 
et al.  2012 ; Garcia-Porta et al.  2012 ; Krumbholz et al.  2009 ). Using this approach, 
genetic alterations found by any method can be classifi ed into two categories. The 
fi rst category corresponds to alterations present in all samples analyzed for a patient, 
and these are called founder events. Moreover, because they were present in both the 
primary carcinoma and the matched metastases, a logical assumption is that most if 
not all of these alterations accumulated within the precursor that ultimately gave rise 
to that pancreatic cancer and are thus present in the majority, if not all, of the cells of 
the tumor (Fig.  4 ). Thus, founder alterations are genetic lineage markers of the origi-
nal parental clone of cells that formed that carcinoma. Consistent with this notion, 
founder alterations are represented by known driver mutations important for pancre-
atic cancer formation ( KRAS, CDKN2A, TP53  and  SMAD4 ), as well as many CAN 
genes also identifi ed by whole exome sequencing (Jones et al.  2008a ). Founder alter-
ations more commonly include tumor suppressor genes as well that are inactivated 
by mutation and allelic loss.

   By contrast, progressor alterations are genetic lineage markers of specifi c sub-
clones that arise during clonal evolution of the primary carcinoma (Fig.  4 ). This is 
because progressor alterations are found in a subset of samples analyzed, yet 
founder alterations are found in all samples for that patient that include those with 
progressor alterations. For example, Yachida et al. ( 2010 ) noted that while sub-
clones containing founder alterations were present through the primary carcinoma, 
a subset of samples that had both founder and progressor alterations were present in 
a geographically restricted area of the primary carcinoma. Thus progressor altera-
tions occurred after founders and logically represent subclonal evolution beyond the 
parental clone. The fi nding of shared progressor alterations in the primary and 
metastases in the same patient is also strong evidence that metastases arise from a 
preexisting primary carcinoma.   

    Timeline of Metastasis Formation 

 Beyond pancreatic carcinogenesis, the dynamics of pancreatic cancer progression 
are increasingly complex. In this context mathematical modeling based on genetic 
data has provided an invaluable tool to understand the metastatic process. 

 A major issue in pancreatic cancer management is if the poor prognosis of 
patients with this disease is because they are diagnosed too late in the natural history 
of the disease, or if pancreatic cancer is rapidly metastatic shortly after it forms. To 
address this question, a computational model was created that relied on data gener-
ated from exomic sequencing to estimate three critical times in the genetic evolution 
of pancreatic cancer for these seven patients (Fig.  4 ). The fi rst time interval (T1) 
corresponded for the time taken from the initiating mutation in a normal ductal 
epithelial cell (i.e.,  KRAS ) until the development of the founder cell that contained 
all somatic mutations present in the parental clone that eventually became the infi l-
trating carcinoma. The second time interval (T2) corresponded to the subsequent 
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time taken for the development of the founder cell within the primary carcinoma 
that contained all mutations present in the metastatic subclone that eventually 
seeded the index metastasis in that patient (i.e., the metastasis that was exome 
sequenced), and the third time interval (T3) corresponds for the subsequent time 
until the patients’ death. Based on this model, the conservative estimate of 11.7 years, 
6.8 years, and 2.7 years per interval, respectively, was arrived at corresponding to an 
average of ~21 years from the initiating mutation until the patients’ death. 
Unfortunately, most patients with pancreatic cancer are diagnosed well towards the 
end of this time span (Hidalgo  2010 ; Stathis and Moore  2010 ), indicating that the 
overall poor prognosis is likely due to diagnosis occurring far too late in the natural 
history of the disease. Nonetheless, pancreatic cancer is quite similar to other tumor 
types that have a long latency from initiation to patient death that is on the order of 
decades, not months to years (Jones et al.  2008b ), indicating a prolonged window of 
opportunity for early detection while still in the curative stage.  

T1 T2 T3
11.7± 3.1 yrs 6.8± 3.4 yrs 2.7± 1.2 yrs
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  Fig. 4    Clonal evolution of pancreatic cancer. Carcinogenesis, and time T1, begins with an initiat-
ing alteration (M) in a normal cell that provides a selective advantage. Over time, waves of clonal 
expansion occur in association with the acquisition of additional mutations, corresponding to the 
progression model of pancreatic intraepithelial neoplasia (PanIN). This clonal expansion will gen-
erate the founder cell within a PanIN lesion ( blue clone ) that will eventually become the parental 
clone and hence initiate the infi ltrating carcinoma. The birth of this cell corresponds to the begin-
ning of time T2. Following additional waves of clonal expansion from the parental clone, sub-
clones are generated within the infi ltrating carcinoma. The birth of the cell within the primary 
carcinoma that will become the metastatic subclone ( green clone ) corresponds to the start of time 
T3. The estimated average time for each interval is indicated at the bottom of the illustration and 
corresponds to a total of 21.2 years from tumor initiation until the patient’s death from metastatic 
disease.  Red arrows  indicate the lineage of the index metastasis from its origin in a normal cell       
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    Summary 

 Focused studies of pancreatic cancer progression are only useful if it can be used to 
improve the survival of patients with pancreatic cancer (McDermott et al.  2011 ). As 
we are now in the era of whole genome analyses (Meyerson et al.  2010 ), such stud-
ies are expected to be fruitful towards development of screening modalities to iden-
tify patients before they develop metastatic disease (Vincent et al.  2011 ), and 
therapeutic developments targeting the metastatic phenotype in those who present 
with metastases.     
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    Abstract     Pancreatic cancer remains one of the deadliest malignancies. In addition 
to genetic alterations a wide variety of epigenetic aberrations have been identifi ed in 
pancreatic neoplasms some of which are thought to play an important role in neo-
plastic development and maintenance. Newer technologies are helping to better 
characterize cancer epigenomes. Efforts are underway to identify epigenetic altera-
tions that would make optimal diagnostic markers and therapeutic targets. In this 
chapter, we discuss recent fi ndings in the fi eld of pancreatic cancer epigenetics and 
the implications they hold for future research.  

        Introduction/Background 

 Pancreatic cancer has the lowest survival rate of any solid cancer and is the 4th 
most common cause of cancer death in the USA. In 2012, it is estimated that 
43,920 Americans will be diagnosed and 37,930 will die of pancreatic cancer 
(Siegel et al.  2012 ). From date of diagnosis, the 1 year survival rate is 50 % and 5 
year survival is 6 %. Much of the lethality of pancreatic cancer is owed to its late 
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diagnosis. It is estimated that 85 % of patients only present in advanced stages of 
the disease at which it is unresectable. Further, the 5-year survival of patients who 
undergo  surgical resection with curative intent is only 23 % (Siegel et al.  2011 ). 
Other forms of treatment have little success in halting or slowing the progression 
of metastatic disease. A key step in curtailing the mortality of pancreatic cancer 
will be identifying useful diagnostic and prognostic markers to detect it at earlier 
stages as well as new targets for treatment. 

 Cancer has long been perceived as a genetic disease, but the past decade has seen 
a dramatic shift in our understanding of the role played by epigenetics (Baylin and 
Jones  2011 ). Epigenetic changes are defi ned as any heritable changes to gene 
expression that are not accompanied by changes in DNA sequence (Jones and 
Baylin  2007 ). In normal cells, epigenetic mechanisms are employed in development 
to silence and activate expression of specifi c genes at specifi c times. In cancer cells, 
epigenetic abnormalities contribute to the overexpression of oncogenes and sup-
pression of tumor suppressor genes. They are conserved and frequently observed in 
both adenocarcinoma and precursor lesions. 

 Since cancer is a disease of pathways, it is perhaps not surprising that for pancre-
atic cancers, epigenetic and genetic abnormalities are mostly nonoverlapping with 
respect to the genes that are targeted. There are many examples of genes that are 
rarely mutated, but frequently silenced epigenetically and vice versa (Chan et al. 
 2008 ; Schuebel et al.  2007 ). Discoveries such as these emphasize the need for an 
integrative approach to studying cancer: one that explores both genetic and epigen-
etic aberrations and how they are coordinated in tumorigenesis Table  1    .

   To this end, the use of next-generation sequencing techniques has dramatically 
expanded our knowledge of the extent of epigenetic abnormalities in cancer. High 
throughput sequencing has made it possible to map genome-wide chromatin states 
(Mikkelsen et al.  2007 ; Cui et al.  2009 ) and explore methylation maps with single- 
base resolution (Lister et al.  2009 ). These developments offer powerful tools to 
dissect some of the complex interplay and complementation between genomic and 
epigenomic factors. In this chapter, we review recent research into the epigenetic 
hallmarks of pancreatic cancer and their potential role in advancing diagnosis and 
treatment. Although investigations of the epigenetic abnormalities of pancreatic 
neoplasms have focused on the epigenetics in pancreatic ductal adenocarcinoma 
(PDAC) and its precursors, novel epigenetic abnormalities have also been uncov-
ered in neuroendocrine tumors.  

    Methylation 

 DNA methylation is the result of covalent addition of a methyl group to the 5′ car-
bon of a cytosine in a CpG dinucleotide. Across much of the genome length, the 
occurrence of CpG dinucleotides is much rarer than would be expected from the GC 
content (Lander et al.  2001 ). This is attributed to the mutability of methylated cyto-
sine, which results in a loss of germ line CpGs over time (Lunter and Hein  2004 ). 

M. Ayars and M. Goggins



187

   Ta
bl

e 
1  

  L
is

t o
f 

se
le

ct
ed

 g
en

es
 th

at
 a

re
 g

en
et

ic
al

ly
 a

lte
re

d 
in

 p
an

cr
ea

tic
 c

an
ce

r   

 G
en

e 
sy

m
bo

l 
 G

en
e 

na
m

e 
 E

pi
ge

ne
tic

 
al

te
ra

tio
n 

 C
hr

om
os

om
e 

si
te

 
 K

no
w

n 
or

 p
re

di
ct

ed
 

fu
nc

tio
n 

 M
et

hy
la

tio
n 

in
 p

an
cr

ea
tic

 
ca

nc
er

 c
el

l 
lin

es
, n

o.
 (

%
) 

 M
et

hy
la

tio
n 

in
 

pr
im

ar
y 

or
 

xe
no

gr
af

te
d 

pa
nc

re
at

ic
 

ca
nc

er
, n

o.
 (

%
) 

 So
ur

ce
, y

 

  P
E

N
K

  
 Pr

ep
ro

en
ke

ph
al

in
 

 H
yp

er
m

et
hy

la
tio

n 
 8q

23
-q

24
 

 N
eu

ro
pe

pt
id

e 
pr

ec
ur

so
r 

 11
/1

1 
(1

00
) 

 43
/4

7 
(9

1)
 

 U
ek

i e
t a

l. 
( 2

00
0 )

 
 Fu

ku
sh

im
a 

et
 a

l. 
( 2

00
3 )

 
  U

C
H

L
1  

 U
bi

qu
iti

n 
ca

rb
ox

yl
- 

te
rm

in
al

 e
st

er
as

e 
L

1 
(u

bi
qu

iti
n 

th
io

le
st

er
as

e)
 

 H
yp

er
m

et
hy

la
tio

n 
 4p

14
 

 U
bi

qu
iti

n 
hy

dr
ox

yl
as

e 
 22

/2
2 

(1
00

) 
 42

/4
2 

(1
00

) 
 Sa

to
 e

t a
l. 

( 2
00

3a
   ) 

   

  M
D

F
-1

  
 M

A
D

 (
ye

as
t M

ito
si

s 
A

rr
es

t D
eF

ic
ie

nt
) 

re
la

te
d 

 H
yp

er
m

et
hy

la
tio

n 
 11

q1
3 

 G
ly

co
ge

n 
m

et
ab

ol
is

m
 

 45
/4

7 
(9

6)
 

 N
ot

 d
et

er
m

in
ed

 
 O

m
ur

a 
et

 a
l. 

( 2
00

8 )
 

  N
P

T
X

2  
 N

eu
ro

na
l p

en
tr

ax
in

 I
I 

 H
yp

er
m

et
hy

la
tio

n 
 7q

21
.3

- q
22

.1
 

 N
eu

ro
na

l t
ra

ns
po

rt
 

 21
/2

2 
(9

5)
 

 20
/2

0 
(1

00
) 

 Sa
to

 e
t a

l. 
( 2

00
3a

   ) 
  SP

A
R

C
/O

N
  

 Se
cr

et
ed

 p
ro

te
in

, 
ac

id
ic

, c
ys

te
in

e-
 ri

ch
 

(o
st

eo
ne

ct
in

) 

 H
yp

er
m

et
hy

la
tio

n 
 5q

31
.3

-q
32

 
 C

el
l-

cy
cl

e 
pr

og
re

ss
io

n 
in

hi
bi

tio
n,

 c
el

l–
m

at
ri

x 
in

te
ra

ct
io

n 

 16
/1

7 
(9

4)
 

 21
/2

4 
(8

8)
 

 Sa
to

 e
t a

l. 
( 2

00
3  b

 ) 

  R
P

R
M

  
 R

ep
ri

m
o,

 T
P5

3-
 

de
pe

nd
en

t G
2 

ar
re

st
 

m
ed

ia
to

r 
ca

nd
id

at
e 

 H
yp

er
m

et
hy

la
tio

n 
 2q

23
.3

 
 P5

3-
in

du
ce

d 
G

2/
M

 
ce

ll-
cy

cl
e 

ar
re

st
 

 20
/2

2 
(9

1)
 

 16
/2

0 
(8

0)
 

 Sa
ito

 e
t a

l. 
( 2

00
6 )

 

  B
N

IP
3  

 B
C

L
2/

ad
en

ov
ir

us
 E

1B
 

19
 k

D
a 

in
te

ra
ct

in
g 

pr
ot

ei
n 

3 

 H
yp

er
m

et
hy

la
tio

n 
 10

q2
6.

3 
 H

yp
ox

ia
-i

nd
uc

ed
 c

el
l 

de
at

h 
 9/

10
 (

90
) 

 8/
10

 (
80

) 
 O

ka
m

i e
t a

l. 
( 2

00
4 )

 

  m
iR

9-
1  

 M
ic

ro
R

N
A

 9
-1

 
 H

yp
er

m
et

hy
la

tio
n 

 1q
22

 
 m

iR
N

A
 tr

an
sl

at
io

n 
co

nt
ro

l 
 42

/4
7 

(8
9)

 
 N

ot
 d

et
er

m
in

ed
 

 O
m

ur
a 

et
 a

l. 
( 2

00
8 )

 
  SE

R
P

IN
B

5  
 Se

rp
in

 p
ep

tid
as

e 
in

hi
bi

to
r, 

cl
ad

e 
B

, 
m

em
be

r 
5 

(m
as

pi
n)

 

 H
yp

om
et

hy
la

tio
n 

 18
q2

1.
3 

 R
eg

ul
at

io
n 

of
 c

el
l m

ot
ili

ty
 

an
d 

ce
ll 

de
at

h 
 20

/2
3 

(8
7)

 
 32

/3
4 

(9
4)

 
 Sa

to
 e

t a
l. 

( 2
00

3a
 ,  b

 ) 

(c
on

tin
ue

d)

Epigenetic Alterations in Pancreatic Cancer



188

Ta
bl

e 
1 

(c
on

tin
ue

d)

 Fi
tz

ge
ra

ld
 

et
 a

l. 
( 2

00
3 )

   
 

 O
hi

ke
 e

t a
l. 

( 2
00

3 )
 

  C
C

N
D

2  
 C

yc
lin

 D
2 

 H
yp

er
m

et
hy

la
tio

n 
 12

p1
3 

 C
el

l-
cy

cl
e 

co
nt

ro
l 

 19
/2

2 
(8

6)
 

 71
/1

09
 (

65
) 

 M
at

su
ba

ya
sh

i e
t a

l. 
( 2

00
3 )

 
  ZN

F
41

5  
 Z

in
c 

fi n
ge

r 
pr

ot
ei

n 
41

5 
 H

yp
er

m
et

hy
la

tio
n 

 19
q1

3.
42

 
 40

/4
7 

(8
6)

 
 N

ot
 d

et
er

m
in

ed
 

 O
m

ur
a 

et
 a

l. 
( 2

00
8 )

 
  C

L
D

N
4  

 C
la

ud
in

-4
 

 H
yp

om
et

hy
la

tio
n 

 7q
11

.2
3 

 C
el

l a
dh

es
io

n/
in

va
si

on
 

 17
/2

0 
(8

5)
 

 33
/3

7 
(8

9)
 

 Sa
to

 e
t a

l. 
( 2

00
3a

 ,  b
 ) 

  SF
N

  
 St

ra
tifi

 n
 (

14
-3

-3
 Ï

ƒ)
 

 H
yp

om
et

hy
la

tio
n 

 1p
35

 
 P5

3-
in

du
ce

d 
G

2/
M

 
ce

ll-
cy

cl
e 

ar
re

st
 

 17
/2

0 
(8

5)
 

 36
/3

7 
(9

7)
 

 Sa
to

 e
t a

l. 
( 2

00
3a

 ,  b
 ) 

 Ia
co

bu
zi

o-
 D

on
ah

ue
 

et
 a

l. 
(2

00
3)

 
  LC

N
2  

 L
ip

oc
al

in
-2

 
 H

yp
om

et
hy

la
tio

n 
 9q

34
 

 E
pi

th
el

ia
l d

if
fe

re
nt

ia
tio

n 
 17

/2
0 

(8
5)

 
 34

/3
7 

(9
2)

 
 Sa

to
 e

t a
l. 

( 2
00

3a
 ,  b

 ) 
  TF

P
I2

  
 T

is
su

e 
fa

ct
or

 p
at

hw
ay

 
in

hi
bi

to
r 

2 
 H

yp
er

m
et

hy
la

tio
n 

 7q
22

 
 Se

ri
ne

 p
ro

te
as

e 
in

hi
bi

to
r 

 14
/1

7 
(8

2)
 

 10
2/

14
0 

(7
3)

 
 Sa

to
 e

t a
l. 

( 2
00

3a
 ,  b

 ) 

  C
N

T
N

A
P

2  
 C

on
ta

ct
in

-a
ss

oc
ia

te
d 

pr
ot

ei
n-

lik
e 

2 
 H

yp
er

m
et

hy
la

tio
n 

 7q
35

-q
36

 
 H

ig
he

r 
co

rt
ic

al
 f

un
ct

io
n 

 39
/4

7 
(8

2)
 

 N
ot

 d
et

er
m

in
ed

 
 O

m
ur

a 
et

 a
l. 

( 2
00

8 )
 

  C
D

K
N

1C
/

p5
7  

 C
yc

lin
-d

ep
en

de
nt

 
ki

na
se

 in
hi

bi
to

r 
1C

 
 H

yp
er

m
et

hy
la

tio
n 

 11
p1

5.
5 

 C
yc

lin
-d

ep
en

de
nt

 k
in

as
e 

in
hi

bi
to

r 
 7/

9 
(7

8)
 

 N
ot

 d
et

er
m

in
ed

 
 Sa

to
 e

t a
l. 

( 2
00

5 )
 

  SI
P

1  
 Su

rv
iv

al
 o

f 
m

ot
or

 
ne

ur
on

 p
ro

te
in

- 
in

te
ra

ct
in

g 
pr

ot
ei

n 
1 

 H
yp

er
m

et
hy

la
tio

n 
 14

q1
3-

q2
1 

 A
ss

em
bl

y 
of

 s
pl

ic
eo

so
m

al
 

sn
R

N
P 

 11
/1

5 
(7

3)
 

 34
/3

5 
(9

7)
 

 L
i e

t a
l. 

( 2
01

0a
 ,  b

 ) 
   

  E
L

O
V

L
4  

 E
lo

ng
at

io
n 

of
 

ve
ry

-l
on

g-
ch

ai
n 

fa
tty

 a
ci

ds
 (

FE
N

1/
E

lo
2,

 S
U

R
4/

E
lo

3,
 

ye
as

t)
â€

“l
ik

e 
4 

 H
yp

er
m

et
hy

la
tio

n 
 6q

14
 

 Fa
tty

 a
ci

d 
sy

nt
he

si
s 

 32
/4

7 
(6

8)
 

 N
ot

 d
et

er
m

in
ed

 
 O

m
ur

a 
et

 a
l. 

( 2
00

8 )
 

G
en

e 
sy

m
bo

l
G

en
e 

na
m

e
E

pi
ge

ne
tic

 
al

te
ra

tio
n

C
hr

om
os

om
e 

si
te

K
no

w
n 

or
 p

re
di

ct
ed

 
fu

nc
tio

n

M
et

hy
la

tio
n 

in
 p

an
cr

ea
tic

 
ca

nc
er

 c
el

l 
lin

es
, n

o.
 (

%
)

M
et

hy
la

tio
n 

in
 

pr
im

ar
y 

or
 

xe
no

gr
af

te
d 

pa
nc

re
at

ic
 

ca
nc

er
, n

o.
 (

%
)

So
ur

ce
, y

M. Ayars and M. Goggins



189

  TF
F

2  
 T

re
fo

il 
fa

ct
or

 2
 

 H
yp

om
et

hy
la

tio
n 

 21
q2

2.
3 

 Se
cr

et
or

y 
po

ly
pe

pt
id

e/
ep

ith
el

ia
l r

ep
ai

r 
 13

/2
0 

(6
5)

 
 31

/3
7 

(8
4)

 
 Sa

to
 e

t a
l. 

( 2
00

3a
 ,  b

 ) 

  F
O

X
E

1  
 Fo

rk
he

ad
 b

ox
 E

1 
(t

hy
ro

id
 tr

an
sc

ri
p-

tio
n 

fa
ct

or
 2

) 

 H
yp

er
m

et
hy

la
tio

n 
 9q

22
 

 T
hy

ro
id

 tr
an

sc
ri

pt
io

n 
fa

ct
or

 
 14

/2
2 

(6
4)

 
 15

/2
0 

(7
5)

 
 Sa

to
 e

t a
l. 

( 2
00

3a
 ,  b

 ) 

  S1
00

P
  

 S1
00

 c
al

ci
um

- b
in

di
ng

 
pr

ot
ei

n 
P 

 H
yp

om
et

hy
la

tio
n 

 4p
16

 
 C

el
l-

cy
cl

e 
pr

og
re

ss
io

n 
an

d 
di

ff
er

en
tia

tio
n 

 13
/2

3 
(5

7)
 

 30
/3

4 
(8

8)
 

 Sa
to

 e
t a

l. 
( 2

00
3a

 ,  b
 ) 

  R
A

R
B

  
 R

et
in

oi
c 

ac
id

 
re

ce
pt

or
, Î

 2   
 H

yp
er

m
et

hy
la

tio
n 

 3p
24

 
 C

el
l-

gr
ow

th
 c

on
tr

ol
 

 5/
9 

(5
6)

 
 4/

36
 (

11
) 

 U
ek

i e
t a

l. 
( 2

00
0 )

 

  S1
00

A
4  

 S1
00

 c
al

ci
um

- b
in

di
ng

 
pr

ot
ei

n 
A

4 
 H

yp
om

et
hy

la
tio

n 
 1q

21
 

 M
ot

ili
ty

, i
nv

as
io

n,
 tu

bu
lin

 
po

ly
m

er
iz

at
io

n 
 10

/2
0 

(5
0)

 
 28

/3
7 

(7
6)

 
 R

os
ty

 e
t a

l. 
( 2

00
2 )

 

 Sa
to

 e
t a

l. 
( 2

00
3a

 ,  b
 ) 

  C
D

K
N

2A
/

p1
6  

 C
yc

lin
-d

ep
en

de
nt

 
ki

na
se

 in
hi

bi
to

r 
2A

 
 H

yp
er

m
et

hy
la

tio
n 

 9P
21

 
 C

yc
lin

-d
ep

en
de

nt
 k

in
as

e 
in

hi
bi

to
r 

 3/
9 

(3
3)

 
 5/

36
 (

14
) 

 Sc
hu

tte
 e

t a
l. 

( 1
99

7 )
 

 U
ek

i e
t a

l. 
( 2

00
0 )

 
  M

SL
N

  
 M

es
ot

he
lin

 
 H

yp
om

et
hy

la
tio

n 
 16

p1
3.

3 
 C

el
l s

ur
fa

ce
 a

nt
ig

en
/c

el
l 

ad
he

si
on

 
 8/

20
 (

40
) 

 34
/3

7 
(2

9)
 

 Sa
to

 e
t a

l. 
( 2

00
3a

 ,  b
 ) 

  SO
C

S1
  

 Su
pp

re
ss

or
 o

f 
cy

to
ki

ne
 

si
gn

al
in

g 
1 

 H
yp

er
m

et
hy

la
tio

n 
 16

p1
3.

13
 

 In
hi

bi
to

r 
of

 J
A

K
/S

TA
T

 
pa

th
w

ay
 

 6/
19

 (
32

) 
 13

/6
0 

(2
2)

 
 Fu

ku
sh

im
a 

et
 a

l. 
( 2

00
3 )

   
 

  P
SC

A
  

 Pr
os

ta
te

 s
te

m
 c

el
l 

an
tig

en
 

 H
yp

om
et

hy
la

tio
n 

 8q
24

.2
 

 C
el

l s
ur

fa
ce

 a
nt

ig
en

/c
el

l 
di

ff
er

en
tia

tio
n 

 6/
20

 (
30

) 
 20

/3
7 

(5
4)

 
 Sa

to
 e

t a
l. 

( 2
00

3a
 ,  b

 ) 

  C
A

D
M

1/
T

SL
C

1  
 C

el
l a

dh
es

io
n 

m
ol

ec
ul

e 
1 

 H
yp

er
m

et
hy

la
tio

n 
 11

q2
3.

2 
 C

el
l–

ce
ll,

 c
el

l–
m

at
ri

x 
in

te
ra

ct
io

n 
 4/

17
 (

24
) 

 25
/9

1 
(2

7)
 

 Ja
ns

en
 e

t a
l. 

( 2
00

2 )
 

  M
L

H
1  

 M
ut

L
 h

om
ol

og
 1

 
 H

yp
er

m
et

hy
la

tio
n 

 D
N

A
 r

ep
ai

r. 
 2/

36
 (

6)
 

 0/
9 

(0
) 

 U
ek

i e
t a

l. 
( 2

00
0 )

 
  N

D
R

G
1  

 N
-m

yc
 d

ow
ns

tr
ea

m
 

re
gu

la
te

d 
 H

yp
er

m
et

hy
la

tio
n 

 8q
24

.3
 

 H
or

m
on

e 
re

sp
on

se
s,

 c
el

l 
gr

ow
th

, d
if

fe
re

nt
ia

tio
n.

 
 0/

6 a   
 N

ot
 d

et
er

m
in

ed
 

 A
ng

st
 e

t a
l. 

( 2
01

0 )
 

  C
D

H
1  

 E
pi

th
el

ia
l c

ad
he

ri
n 

 H
yp

er
m

et
hy

la
tio

n 
 16

q2
2.

1 
 C

el
l a

dh
es

io
n/

in
va

si
on

 
 1/

36
 (

3)
 

 2/
9 

(2
2)

 
 U

ek
i e

t a
l. 

( 2
00

0 )
 

   M
od

ifi 
ed

 f
ro

m
 H

on
g 

et
 a

l. 
( 2

01
1 )

 
 A

bb
re

vi
at

io
n:

 M
A

PK
, m

ito
ge

n-
ac

tiv
at

ed
 p

ro
te

in
 k

in
as

e 
  a  N

D
R

G
1 

w
as

 u
pr

eg
ul

at
ed

 b
y 

tr
ea

tm
en

t w
ith

 5
-A

zA
 a

nd
 T

SA
, b

ut
 n

on
e 

of
 th

e 
ce

ll 
lin

es
 e

xa
m

in
ed

 b
y 

bi
su

lfi 
te

 s
eq

ue
nc

in
g 

sh
ow

ed
 p

ro
m

ot
er

 h
yp

er
m

et
hy

la
tio

n  

Epigenetic Alterations in Pancreatic Cancer



190

Notably, remaining CpG sites are much denser in gene-rich regions of the genome. 
These high densities cluster into CpG islands, regions 0.5–4 kb in length that are 
heavily saturated in CpGs and found in the promoters of ~70 % of mammalian 
genes (Bestor et al.  1988 ; Yen et al.  1992 ). In stark contrast to the ~80 % methyla-
tion observed in genomic CpG sites, promoter CpG islands are almost uniformly 
unmethylated (Takai and Jones  2002 ), though there are exceptions in tissue-specifi c 
patterns and some developmental processes (Angst et al.  2010 ) such as X inactiva-
tion and genomic imprinting. 

 Hypermethylation of promoter CpG sites is commonly associated with gene 
silencing. This is achieved through alterations in DNA conformation that render 
local sequence inaccessible to the transcription complex. Methylation also recruits 
methylcytosine-binding proteins (MBDs) that can recruit histone deacetylases 
(HDACs) to remodel local chromatin, imposing gene silencing by other means 
(Jones et al.  1998 ). 

 The enzymes that facilitate the process of DNA methylation are the DNA meth-
yltransferases (DNMTs), which in mammals have three prominent members: 
DNMT1, DNMT3a, and DNMT3b (Bestor et al.  1988 ; Yen et al.  1992 ; Okano et al. 
 1998 ). In normal cells, DNMT1, the most abundant methyltransferase, is responsi-
ble for methylating the hemimethylated daughter strand during replication, preserv-
ing the parental methylation pattern (Robert et al.  2003 ). DNMT3a and DNMT3b 
on the other hand are characterized by their activity on de novo strands in early 
development (Dodge et al.  2002 ; Okano et al.  1999 ). The importance of DNA meth-
ylation in normal development has been highlighted by transgenic mice. 
Homozygous deletions of DNMT1 and DNMT3b are embryonic lethal, while mice 
with homozygous deletion of DNMT3a become runted and die at 4 weeks of age. 

 Overexpression of DNMTs is thought to be a key causative factor in the aberrant 
methylation of cancer cells. DNMT1 is overexpressed in ~80 % of pancreatic can-
cer cells (Li et al.  2010a ) and its degree of overexpression has been correlated to 
disease progression (Wang et al.  2009a ). The cause of DNMT1 overexpression is 
not well understood, but has previously been attributed to aberrant signaling via 
mutant  KRAS .  KRAS  mutations are observed in approximately 95 % of PDACs 
(Brune et al.  2006 ; Jones et al.  2008 ) and these mutations are usually the earliest 
mutations identifi able in precursor lesions (DiGiuseppe et al.  1994 ; Kanda et al. 
 2012 ).  KRAS  wild-type pancreatic cancers also have DNMT1 overexpression (Li 
et al.  2010a ). More recently, GLI1, a key transcription factor of the hedgehog sig-
naling pathway, has been shown to bind to the promoter region of  DNMT1  and to 
induce expression of DNMT1 (He et al.  2011 ). 

 DNMT upregulation is likely to promote aberrant methylation marks. Once 
made, methylation marks are maintained with little turnover, so it is unlikely that a 
large increase in DNMT expression is a prerequisite for aberrant hypermethylation. 
Dysregulation of DNMT activity in cancer cells also extends beyond expression 
changes of the enzyme. O’Hagan et al. recently demonstrated that induced oxidative 
stress results in the relocalization of DNMT1, DNMT3B, and members of the poly-
comb repressive complex 4 from GC-poor areas to GC-rich areas of damaged chro-
matin (O’Hagan et al.  2011 ). They proposed that this mechanism might explain why 
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cancer cells feature both global hypomethylation and hypermethylation of CpG 
islands. Continuously inducing this relocalization through constant oxidative dam-
age would be expected to result in just such a genome-wide pattern. 

 In cancer cells, the consequences of aberrant methylation patterns are varied and 
far-reaching. Given that promoter methylation is often associated with gene silenc-
ing, it is unsurprising that cancer cells have long been characterized with global 
hypomethylation, implying a systemic loss of regulation. Vitamin B12 and folate 
defi ciency are associated with decreased levels of the methyl-group donor 
 S -adenosylmethionine that can result in widespread hypomethylation, but methyl- 
group defi ciency is not the primary mechanism of global hypomethylation in can-
cers. Additionally, demethylation causes a reduction in thymidylate synthesis from 
uracil which leads to genomic instability by triggering double-stranded breaks and 
translocations of mobile DNA elements (Chen et al.  1998 ). In mouse models methyl 
group defi ciency has been directly linked to tumorigenesis (Gaudet et al.  2003 ). 

 The cancer methylome resembles therefore a landscape of hypomethylation with 
hypermethylated CpG islands often located in the promoter regions of tumor sup-
pressor genes. In an intriguing refl ection of the driver/passenger model for genetic 
mutations, Carvalho et al. found evidence that the hypermethylation of a small pro-
portion of CpG islands is critical to the viability of cancer cells (De Carvalho et al. 
 2012 ). Depletion of DNMTs by genetic or chemical methods resulted in demethyl-
ation of most CpG islands, with a small subset consistently preserved by functional 
selection. These results emphasize the importance of aberrant methylation to not 
just malignant transformation, but cancer cell survival.The complexity of known 
methylation mechanisms has been expanded by the characterization of the ten- 
eleven translocation (TET) enzyme family. TET enzymes facilitate three sequential 
oxidation reactions that begin with converting 5-methylcytosine to 
5- hydroxymethylcytosine and ultimately result in DNA demethylation. Through 
this process, they act as potent tumor suppressors and are downregulated in a variety 
of cancers (Jones and Baylin  2007 ; Yang and Liu  2013 ). Further, 5hmC levels are 
consistently and dramatically reduced in these cancers, highlighting it as a poten-
tially very valuable biomarker for cancer development. 

 In pancreatic cancer, an extensive number of genes are regulated by aberrant 
methylation patterns. In one study, Omura et al. used a methylated CpG island 
amplifi cation (MCA) array to identify 606 differentially methylated genes in com-
paring the Panc-1 pancreatic cancer cell line with the HPDE normal cell line (Omura 
et al.  2008 ). In a similar study, Vincent et al. identifi ed CpG islands frequently, dif-
ferentially methylated in pancreatic cancer samples compared to normal tissue 
using a CpG island microarray (Vincent et al.  2011 ). These loci were correlated 
with previous expression data to identify genes in which methylation status is pre-
dictive of epigenetic silencing or induction. 

 Investigating genes previously shown to be overexpressed in pancreatic cancer, 
Sato et al. found that many of their promoters were hypomethylated in comparison 
to normal tissue (Rosty et al.  2003 ). These genes included  TFF2 ,  CLDN4 ,  LCN2 ,  MSLN  
and  PSCA . A later study identifi ed  SERPINB5  and  S100P  as two additional genes 
subject to overexpression through hypomethylation by oligonucleotide microarray 
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(Sato et al.  2004 ). S100A4 is a protein connected to metastasis and poor differentiation 
(Rosty et al.  2002 ). S100A4 has three CpG sites in its fi rst intron; hypomethylation 
of these sites occurs in the majority of pancreatic cancers and is signifi cantly associ-
ated with overexpression. 

 Conversely, many tumor suppressor genes show silencing through aberrant pro-
moter CpG island hypermethylation in pancreatic cancers. The fi rst of these to be 
discovered was CDKN2A/p16 (Schutte et al.  1997 ). CDKNA2A plays an important 
role in cell cycle regulation by inhibiting the cyclin-dependent kinase 4-cyclin D2 
complex and is silenced in over 95 % of pancreatic cancers. Genetic inactivation of 
CDKN2A/p16 has previously been characterized in pancreatic and other cancer 
types (Schutte et al.  1997 ), but it is now understood that hypermethylation of 
 CDKN2A  for much of the inactivation of CDKN2A in pancreatic cancers lacking 
genetic inactivation (Rosty et al.  2003 ). Other tumor suppressor genes that undergo 
genetic inactivation, such as  SMAD4 / DPC4 ,  TP53 , a nd STK / LKB1 , have not been 
shown to be subject to epigenetic silencing by DNA methylation. 

  SPARC , which encodes a matricellular glycoprotein involved in tissue remodel-
ing, cell matrix interactions, differentiation, migration, and angiogenesis, is silenced 
in pancreatic cancer cells by aberrant methylation (Rosty et al.  2003 ). Concurrently, 
SPARC expression in fi broblasts adjacent to pancreatic cancer cells is increased 
(Rosty et al.  2003 ). SPARC is frequently methylated and silenced in early pancre-
atic tumors (Gao et al.  2010 ), while exposure to conditioned media containing 
secreted Sparc inhibited growth of pancreatic cancer cells (Sato et al.  2003a ). 

  BNIP3  is a proapoptotic gene that is commonly downregulated in several can-
cers, including pancreatic cancer (Giatromanolaki et al.  2004 ; Abe et al.  2005 ; 
Okami et al.  2004 ). The BNIP3 promoter coincides with a CpG island that is meth-
ylated in most pancreatic cancer cell lines (Abe et al.  2005 ). In addition to its pro- 
cell death activity, loss of BNIP3 expression has been connected to gemcitabine 
resistance (Akada et al.  2005 ). 

 Past attempts to use the demethylating agents 5-Aza-Dc and Decitabine thera-
peutically met with disappointing results for solid tumors. Used at high doses for 
their ability to induce DNA damage and apoptosis, they were frequently met with 
toxicity and ambiguous impact (Abele et al.  1987 ; Issa and Kantarjian  2009 ). 
Treating leukemias with the drugs at lower doses has offered much more appealing 
outcomes, but the mechanism remains unclear. Applying these lower doses to solid 
tumors, Tsai et al. has demonstrated genomewide promoter DNA demethylation, 
reexpression of critical tumor suppressor genes, and inhibition of tumor cell growth 
without immediate toxicity (Tsai et al.  2012 ). 

 Perhaps most promisingly of all, the effects appeared specifi cally targeted to 
stem-like and tumorigenic subpopulations of cancer cells that are notoriously resis-
tant to existing therapies. Some caution is necessary in assessing the impact of epi-
genetic therapies, as the effects can be unpredictable. In another study, treatment 
with 5-Aza-dC actually increased the invasive potential of four out of fi ve pancreatic 
cancer cell lines through the induction of silenced matrix metalloproteinases (Sato 
et al.  2003b ). The complexity of epigenetic alterations in pancreatic and other can-
cers and the nonspecifi c effects of many epigenetic agents indicate the need for addi-
tional investigations before the routine use of these agents in the clinical setting. 
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  MLH1 , a gene tied to the microsatellite instability of hereditary nonpolyposis 
colon cancer (HNPCC) and pancreatic medullary carcinomas, undergoes DNA 
methylation (Ueki et al.  2000 ; Nakata et al.  2002 ; Yamamoto et al.  2001 ). Other 
cancer-related genes that are silenced in pancreatic cancer include  NDRG1  (Angst 
et al.  2010 ),  CDH1  (Ueki et al.  2000 ),  CCND2  (Matsubayashi et al.  2003 ),  TFPI2  
(Sato et al.  2005 ),  SOCS - 1  (Fukushima et al.  2003 ), and  TSLC1 / IGSF4  (Jansen 
et al.  2002 ). Most hypermethylated genes are affected on an individual basis 
(Easwaran et al.  2010 ); however, zones of regional, continuous, long-range epigen-
etic silencing have also been described in several cancer types (Clark  2007 ). 

 Pancreatic cancer is characterized by its often-asymptomatic progression from 
neoplastic precursors to invasive cancer and eventually metastatic disease. Due to 
the high resistance of advanced disease to conventional therapy, there is consider-
able interest in identifying biomarkers that can improve detection of precursor 
lesions. Methylation profi les of these lesions may offer important diagnostic and 
prognostic tools for clinical screening. 

 In one study, methylation-specifi c PCR (MSP) for eight genes aberrantly hyper-
methylated in PDAC was used to assay the methylation status of the most common 
precursor lesion, pancreatic intraductal neoplasia (PanINs). Even among the earliest 
grade lesions (PanIN-1A), aberrant methylation patterns were commonly detected 
(Sato et al.  2008 ). Some of the genes investigated showed an increase in methyla-
tion frequency by neoplastic grade. A study by Hong et al. used methylation CpG 
island amplifi cation and Agilent CpG island microarray (MCAM) to generate a 
methylation profi le for intrapapillary mucinous neoplasms (IPMNs). Over a thou-
sand genes were hypermethylated in one or more IPMNs and as with PanINs, meth-
ylation increased with neoplastic grade (Hong et al.  2012 ). Some individual genes, 
including  BNIP3  and  PTCHD2 , were also found to be aberrantly hypermethylated 
more frequently or only in high-grade compared to low-grade IPMNs. These results 
indicate that epigenetic dysregulation is present in the earliest precursors to pancre-
atic cancer and continues during pancreatic tumorigenesis. 

 Due to the complex landscape of repressors, insulators, and activators present in 
the genome, aberrant methylation can have “opposite” effects on relevant genes. 
Hypermethylation of repressor or insulator sites can actually amplify proximal gene 
expression in some cases. Imprinting is a normal developmental process in which 
alleles inherited from one parent are repressed epigenetically. A classic example of 
imprinting is insulin-like growth factor 2 (IGF2) and H19, which are oppositely 
imprinted and expressed in a monoallelic fashion from the paternal and maternal 
chromosomes, respectively. IGF2 is a potent growth-promoting hormone that causes 
Wilms’ tumor development (Md Zin et al.  2011 ). One study found that hypermeth-
ylation of the IGF2 densely methylated region 2 (DMR2) in insulinomas caused a 
loss of imprinting and overexpression of IGF2 (Dejeux et al.  2009 ). 

 For many genes, regulatory methylation is even more complex. Loss of 
E-cadherin ( CDH1 ), a component of adherens junctions between cells, is highly 
predictive of an undifferentiated and more aggressive cell type (Winter et al. 
 2008 ).  CDH1  is rarely inactivated by intragenic mutation or methylation, but it is 
subject to silencing by the  SIP1  repressor, which is itself suppressed by miR-200. 
In most pancreatic cancer cells, hypomethylation and overexpression of miR-200 or 
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promoter hypermethylation of  SIP1  cause loss of the repressor and permit normal 
expression of  E - cadherin  (Li et al.  2010b ). Consequently, total loss of  E - cadherin  
and diffuse dedifferentiation within a tumor are rarely observed. It has recently 
been shown, however, that focal loss of  E - cadherin  and pockets of dedifferentia-
tion within a tumor are much more common and prognostically signifi cant (Hong 
et al.  2011 ).  E - cadherin  loss is mediated by hypomethylation and overexpression 
of miR- 200 or by histone deacetylation in the CDH1 promoter (Aghdassi et al. 
 2012 ). Interestingly, heterogeneity and instability of epigenetic loss of  E - cadherin  
has been previously described in various cancer cell lines (Graff et al.  2000 ) and 
regulation of  E - cadherin  transcriptional repressors has been shown to have envi-
ronmental dependence (Klymkowsky and Savagner  2009 ). Taken together, these 
fi ndings suggest that local conditions within the tumor may promote epigenetic 
aberrations in focal subsets of cells. 

 Telomerase reverse transcriptase (hTERT) extends the length of telomere ends 
and is often dysregulated in cancer. Researchers have long suspected that  hTERT  is 
regulated by DNA methylation due to CpG sites in its promoter region, but study has 
been complicated by contradictory fi ndings on whether hypermethylation induces or 
silences transcription (Daniel et al.  2012 ). Renaud et al. showed that hypermethyl-
ation of the fi rst exon of  hTERT  prevents binding of the CTCF repressor, which 
would otherwise silence transcription (Renaud et al.  2007 ). Hypomethylation of the 
hTERT promoter site at specifi c sites allows the CTCF repressor to bind (Zinn et al. 
 2007 ); however, total hypermethylation of the promoter region prevents formation of 
the transcription complex and silences expression (Dessain et al.  2000 ; Choi et al. 
 2007 ; Devereux et al.  1999 ).  hTERT  therefore requires a specifi c pattern of hypo- and 
hypermethylation for transcription to occur. In a study by Alpani et al. researchers 
found that in pancreatic cancer cells, the hTERT promoter was methylated, resulting 
in expression of hTERT (Kumari et al.  2009 ). In normal controls, the promoter was 
unmethylated and the gene was silenced. 

 Recent advancements in high resolution mapping techniques for methylation 
have elucidated the conservation of intragenic methylation patterns. In contrast to 
the canonical association between promoter methylation and silencing, intragenic 
methylation appears to promote transcription effi ciency. Early studies have consis-
tently observed that the combination of unmethylated promoter regions with meth-
ylated gene bodies is conserved in highly expressed genes on a genome-wide scale 
(Hellman and Chess  2007 ; Ball et al.  2009 ; Rauch et al.  2009 ). 

 The impact of intragenic methylation patterns is not yet well understood. 
Previously understood links between DNA methylation and histone modifi cation 
would predict that densely methylated regions would incur repressive histone 
marks, but this does not account for the observed expression patterns. Additionally, 
Hahn et al. recently showed that despite a correlation between the presence of the 
H3K36me6 mark and intragenic methylation, there was no direct dependence 
between the two marks (Hahn et al.  2011 ). One alternative possibility is that they act 
to suppress intragenic miRNAs that may target the surrounding gene for silencing. 

 Another postulated role is that intragenic methylation patterns may control alter-
native splicing and the use of alternative transcription start sites. In a novel approach 
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exploiting the affi nity of MBD2 for methylated DNA, Yegnasubramanian et al. 
enriched and analyzed genomic fragments by tiling microarrays and compared IGM 
in cancer and normal samples. Both cancer and normal cells had a high enrichment 
of fragments localized to intron–exon junctions, and these fragments were hyper-
methylated with greater frequency in cancer cells (Yegnasubramanian et al.  2011 ). 
In another study, Maunakea et al. found a similar pattern and observed that in the 
SHANK3 gene locus, methylation status correlated with intragenic promoter activ-
ity (Maunakea et al.  2010 ). In this way, intragenic methylation may offer an alter-
nate mechanism for cancer to disrupt tumor suppressor genes and induce 
dysregulation of oncogenes. These exceptions highlight the importance of caution 
in interpreting methylation patterns; CpG sites can have very different regulatory 
roles depending on location. 

 DNA methylation alterations that are specifi c for pancreatic adenocarcinoma 
can be used to help identify pancreatic cancer in specimens where cytology is non-
diagnostic. In one study Parsi et al. used quantitative methylation-specifi c PCR 
(QMSP) to evaluate biliary and pancreatic strictures. Endoscopically obtained 
brushings of these strictures were as accurate as cytology at differentiating benign 
from malignant strictures (Parsi et al.  2008 ). In another study, methylated DNA 
markers of pancreatic cancer quantifi ed by QMSP detected in pancreatic juice 
obtained during ERCP were accurately able to identify individuals with pancreatic 
cancer (Matsubayashi et al.  2006 ).  

    Histone Modifi cation 

 In the nucleus, DNA is wound around histone proteins into nucleosome structures. 
Repetitive units of nucleosomes in turn form chromatin. Histones are not simple 
structural elements: their behavior plays an important role in gene expression by 
dynamically shifting the chromatin between condensed, transcriptionally inactive 
states (euchromatin), and open, transcriptionally active states (heterochromatin). 
This behavior is largely controlled by the enzymatic imposition of post-translational 
modifi cations or “marks” to the histone cores and tails including acetylation, phos-
phorylation, methylation, SUMOylation, and biotinylation. Some marks such as 
lysine tail acetylation induce transcriptional activation by altering the electrostatic 
charge of the histone protein (Esteller  2007 ). Histone methylation is traditionally 
associated with the recruitment of regulatory proteins and therefore has particularly 
varied effects based on the location and extent of methylation. H3K4 (methylation 
of histone 3 lysine 4), H3K36, and H3K79 are activating marks while H3K9me2/
me3 (di- or trimethylation of histone 3 lysine 9), H4K20me3, and H3K27 me2/me3 
are inactivating marks (Kouzarides  2007 ; Lohse et al.  2011 ). The combination of 
marks that dictate the genomic transcriptional landscape have been proposed to 
form a complex “histone code” (Jenuwein and Allis  2001 ; Strahl and Allis  2000 ; 
Lachner and Jenuwein  2002 ), a key epigenetic mechanism in normal development 
as well as tumorigenesis. 
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 Expression state of genes is strongly modulated by local nucleosome architecture, 
which alters in response to combinations of histone marks (Mikkelsen et al.  2007 ; 
Kouzarides  2007 ). Transcriptionally active gene promoters have nucleosome- 
depleted regions (NDRs) thought to be produced by the migration of fl anking 
nucleosomes that have a high density of acetylated lysine residues, H3K4me3, and 
replacement of the H2A residue with the H2A.Z variant (Baylin and Jones  2011 ; 
Kelly et al.  2010 ). Acetylation of histone H4-K16 specifi cally inhibits the formation 
of higher-order chromatin structures (Shogren-Knaak et al.  2006 ). 

 Mutations in members of the SWI/SNF chromatin remodeling complex have 
also been identifi ed in pancreatic cancers. Exome-sequencing of PDACs has identi-
fi ed inactivating mutations in the ARID1A tumor suppressor gene (Biankin et al. 
 2012 ). ATRX is a protein critical to heterochromatin formation, while DAXX is 
associated with targeted silencing of genes by hypermethylation. In pancreatic neu-
roendocrine tumors, mutations in ATRX and DAXX are common and result in alter-
native lengthening of telomeres (de Wilde et al.  2012 ). 

 Expression states are capable of spreading to proximal regions through the action 
of regulatory proteins recruited by histone marks. The PcG protein heterochromatin- 
associated protein 1 (HP1) is recruited to methylated H3K9. Once bound, it recruits 
histone methyltransferases to methylate adjacent H3K9 tails. This creates binding 
sites for additional copies of HP1, causing the repressive marks to spread and silence 
nearby genes. Loss of HP1 has been associated with cancer progression (Dialynas 
et al.  2008 ). 

 Until recently, it was thought that histone lysine methylation, like DNA methyla-
tion, was an irreversible process used in the stable repression of genes. The discov-
ery and characterization of histone demethylases (Trojer and Reinberg  2006 ) has 
overturned this perspective. Early studies suggest that as with other epigenetic 
enzymes, histone demethylases can exercise both a signifi cant and dualistic role in 
oncogenesis. Lysine-specifi c demethylase 1 (LSD1), which reverses H3K4 and 
H3K9, is overexpressed in a variety of cancer types (Schildhaus et al.  2011 ; 
Kauffman et al.  2011 ). In one study, overexpression of LSD1 was found in breast 
cancer tissue samples and its pharmacological inhibition reduced cancer cell growth 
(Lim et al.  2010 ). Another study found that LSD1 suppressed the metastatic poten-
tial and invasion of breast cancer cells in vivo (Wang et al.  2009b ). A dichotomous 
role for such enzymes is perhaps unsurprising given the vast range of targets it regu-
lates and further study will be necessary to effectively incorporate them into mean-
ingful therapy. 

 Although histone modifi cations are mediated by different enzyme families, there 
is a high degree of crosstalk between the histone modifi cation and DNA methyla-
tion pathways. Use of chromatin immunoprecipitation has confi rmed that methyl-
ated DNA is commonly local to deacetylated histones and compact chromatin while 
unmethylated DNA is common to acetylated histones and open chromatin (Eden 
et al.  1998 ). Methylation of H3K4 prevents the binding of DNMT3L, responsible 
for recruiting DNMT3A and DNMT3B to H3 during developmental DNA methyla-
tion (Ooi et al.  2007 ). In turn, local DNA methylation causes the deacetylation of 
histone H4 and methylation of H3K9 (Hashimshony et al.  2003 ). There are also 
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examples of direct interaction between histone modifi cation enzymes and DNA 
methylation enzymes. The MBDs MECP2 and MBD2 have been shown to recruit 
HDACs to methylated regions (Jones et al.  1998 ; Nan et al.  1998 ). EZH2, a methyl-
transferase downstream of  Ras , is overexpressed in pancreatic cancer and down-
regulates the tumor suppressor genes  E - cadherin  and  RUNX3  through histone 
H3K27 trimethylation (Fujii et al.  2008 ). EZH2 also recruits DNMT1, DNMT3A, 
and DNMT3B to target genes (Vire et al.  2006 ). These associations provide clues 
for how aberrant activity in one regulatory arm can have snowballing downstream 
effects. 

 Aberrant activity of the enzymes responsible for maintaining histone marks can 
have sweeping effects on genome-wide expression, with important implications in 
tumorigenesis.  KRAS2  is the most frequently mutated oncogene in pancreatic can-
cer (>95 %) and its mutation is one of the earliest events in tumorigenesis (Jones 
et al.  2008 ; Kanda et al.  2012 ). Mutations in KRAS have been implicated as a cause 
of alterations in histone marks. 

 Research on chromatin modifi cations in pancreatic cancer has largely focused on 
the acetylation state of histone residues maintained by the opposing activities of 
histone acetyltransferases (HATs) and HDACs. Histone acetylation by HATs neu-
tralizes the positive charge of the histone tail, reducing its binding affi nity for DNA 
and promoting accessibility to transcriptional machinery, a state reversed by HDACs 
(Yang and Seto  2007 ). Loss of HAT activity and aberrant increases in HDAC activ-
ity have been tied to tumorigenesis in a variety of cancers (Peng and Seto  2011 ; 
Ropero and Esteller  2007 ) presenting appealing targets for therapy. Due to the 
importance of deacetylation in silencing tumor suppressor genes, HDAC inhibitors 
have received a lot of attention as potential therapeutic agents. Treatment of pancre-
atic cancer cell lines has yielded a variety of promising antitumor effects including 
drastic reductions in cell proliferation, upregulation of p21, and apoptosis (Kumagai 
et al.  2007 ; Arnold et al.  2007 ; Garcia-Morales et al.  2005 ; Ryu et al.  2006 ). 

 Unfortunately, these in vitro results have not been observed in patients. It may be 
in vitro studies do not take into account nonspecifi c toxicity that can also occur in 
normal cells. Although HDAC inhibitors have proven effective in treating hemato-
logical malignancies (Byrd et al.  2005 ; Ellis et al.  2008 ; Garcia-Manero et al.  2008 ), 
success in solid cancers, including pancreatic, has not been observed (Blumenschein 
et al.  2008 ). As with DNA methylation inhibitors, effects may vary. In some cases, 
histone deacetylation may actually promote tumor progression. As a result of fi nd-
ings like these, epigenetic treatment strategies focus on evaluating the combination 
of HDAC inhibitors with other agents (Garcia-Manero et al.  2008 ; Pili et al.  2012 ).  

    PCG Proteins 

 One of the key protein families involved in histone modifi cation as a normal or 
neoplastic process is the polycomb-group (PcG) proteins. In mammals, these pro-
teins are divided into the two functional complexes they form, PRC1 and PRC2, 
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which each play a role in silencing genes. PRC2 proteins catalyze the trimethylation 
of histone 3 lysine 27 (H3K27me3), an initiating mark in repressive chromatin 
remodeling. This mark is also thought to recruit PRC1, which in turn monoubiqui-
tinates H2A (Wang et al.  2004 ), imposing more constitutive silencing. More 
recently, studies have found that PRC1 can also act independently of PRC2 
(Schoeftner et al.  2006 ; Vincenz and Kerppola  2008 ). PcG proteins have also been 
shown to recruit HDACs (Tonini et al.  2004 ) and “premark” genes for de novo 
methylation by DNMTs (Vire et al.  2006 ). The capacity of PcG proteins for silenc-
ing both specifi c genes and large regions of the genome through chromatin remodel-
ing has plain implications in carcinogenesis. 

 To date, only a few of the PcG proteins have been investigated in pancreatic can-
cer. In PRC1, BMI1 is a zinc fi nger protein that interacts with  Myc  to repress 
 CDKN2A  and dysregulate the cell cycle. In pancreatic cell lines and resected tumors, 
BMI1 is upregulated and its overexpression correlates with metastases (Song et al. 
 2010 ). Additionally, stable RNAi suppression of BMI1 in pancreatic cancer cell 
lines reduced proliferation, delayed the G1/S transition, and increased sensitivity to 
apoptotic triggers. 

 CBX7 is a chromobox family protein that targets PRC1 to specifi c histone resi-
dues and gene promoters. It has a tumor suppressive role in several cancers attrib-
uted to inhibition of HDAC activity. CBX7 has been shown to positively regulate 
 E - cadherin  by preventing HDAC2 inhibition of the  E - cadherin  promoter (Federico 
et al.  2009 ). This correlates with the fi nding in PDAC that CBX7 is depleted in 
poorly differentiated tumors with loss of E-cadherin expression (Karamitopoulou 
et al.  2010 ). 

 EZH2 is a PRC2 protein responsible for imposing the initiating repressive 
H3K27 methylation mark on chromatin. This mark has been associated with silenc-
ing of a number of tumor suppressor genes including hMLH1, ARHI, and RASSF1A 
in ovarian cancer (Abbosh et al.  2006 ). In pancreatic cancer, aberrant EZH2 activ-
ity has been linked to loss of p27 (Ougolkov et al.  2008 ), dysregulating the cell 
cycle and inducing proliferation. Depletion of EZH2 in pancreatic cancer cells 
caused reexpression of p27 and inhibited proliferation, but not survival (Ougolkov 
et al.  2008 ). 

 In a broader context, dysregulation of PcG activity may result in a reversal of 
differentiation milestones that is advantageous to cancer cells. Studies investigating 
the PcG-associated mark H3K27me3 in several cancer types have revealed silenced 
genes in which this repressive mark overlaps with activating H3K4me3 (Ohm et al. 
 2007 ; Ms et al.  2008 ). Regions such as these are termed “bivalent domains” and are 
characteristic of embryonic stem cells. During differentiation, most bivalent 
domains revert to a univalent state in which one of the two marks is preserved, 
 suggesting that bivalent domains represent a priming state in which a regulatory fate 
for individual promoters is decided by tissue type (Ku et al.  2008 ; Zhao et al.  2007 ). 
Their existence in cancer cells highlights PcG protein dysregulation as a mechanism 
by which they may assume a more plastic, stem-cell like phenotype. PcG proteins 
have only recently become an area of intense study in pancreatic cancer, and already, 
important mechanisms in the progression of tumors have been elucidated.  
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    miRNAs 

 MicroRNAs (miRNAs) are small, noncoding RNAs 18–24 nucleotides in length that 
mediate gene silencing at the translation level through the binding and sequestration 
or degradation of target mRNA. In the past decade, many miRNAs have been cata-
logued with broad roles in cellular differentiation, proliferation, and apoptosis 
(Nakamura  2005 ). ~1,200 miRNAs have been characterized to date (Kozomara and 
Griffi ths-Jones  2011 ). Alterations in miRNAs have previously been implicated in the 
progression of a number of different cancers (Grady et al.  2008 ; Sassen et al.  2008 ) 
including pancreatic cancer (Yu et al.  2012a ; Ryu et al.  2011 ). The timing of altera-
tions during pancreatic PanIN progression has also been described (Yu et al.  2012b ). 

 Although the biogenesis of miRNAs is well understood, the regulation of their 
expression remains unclear. Intragenic miRNAs are canonically under the control of 
their overlapping gene’s promoter, although there is evidence for exceptions to this 
rule (Sato et al.  2011 ; Toyota et al.  2008 ). Progress has been made in identifying the 
more elusive promoters for intergenic genes, but many of them have yet to be experi-
mentally confi rmed (Chien et al.  2011 ). Despite these limitations, it is apparent that 
many miRNAs are regulated by the same epigenetic mechanisms as coding tran-
scripts. Saito et al. demonstrated that treatment of bladder cancer cells with demethyl-
ating agents reversed suppression of miR-127, causing the translational inhibition of 
oncogenic BCL6 (Saito et al.  2006 ). Other studies that followed expanded the list of 
epigenetically regulated miRNAs, prompting the use of high-throughput sequencing. 

 In another study, treatment of two pancreatic cancer cell lines with 5-aza-dC and 
trichostatin A induced upregulation of 14 different miRNAs (Lee et al.  2009 ). The 
fi ve of these that were common to both cell lines were miR-29a, miR-29b, miR-103, 
miR-107, and miR-320. Methylation-specifi c PCR confi rmed treatment-induced 
loss of methylation in the 5′ promoter region for miR-107. Retrovirally enforced 
expression of miR-107 in the same cell lines suppressed cyclin-dependent kinase 6, 
a putative target of the miRNA, and negatively impacted cell growth. In a similar 
study, 5-Aza-dc and HDAC inhibitor SAHA were used to treat pancreatic cancer 
cell lines and pancreatic cancer stem cells (Nalls et al.  2011 ). The treatment restored 
expression of miR-34a, a transcriptional target of p53 that putatively targets bcl-2, 
CDK6, and SIRT1. 

 Zhang et al. used an miRNA array to compare miRNA expression between pan-
creatic cancers and adjacent normal tissues (Zhang et al.  2011 ). miR-132, a miRNA 
previously associated with pancreatic carcinogenesis, was found to be frequently 
downregulated in tumor samples. This perturbation was attributed to hypermethyl-
ation of the miR-132 promoter preventing the binding of transcription factor Sp1. 
Further, transfection of miR-132 mimics into cell lines where it was silenced inhib-
ited proliferation, while further depletion of miR-132 had the opposite effect. 

 Though it is now clear that many miRNAs are regulated by epigenetic mecha-
nisms, it is also apparent that entire epigenetic mechanisms are regulated in turn by 
miRNAs. In one study, pancreatic cancer cell lines were treated with difl ourinated- 
curcumin (CDF), a synthetic derivative of curcumin (Bao et al.  2012 ). Reexpression 
of several suppressed miRNAs was observed including the  let - 7  family, miR-26a, 
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miR-101, miR-200b, and miR-200c. Reexpression of  miR - 101  resulted in the 
downregulation of EZH2 and EpCAM, a cell surface adhesion marker tied to inva-
sion. Interestingly, loss of EZH2 causes an upregulation of  let - 7 ,  miR - 200 , and 
 miR - 101  itself; a negative feedback loop that might be exploited therapeutically. 
Three members of the miR-200 family have been shown to reduce expression of 
PcG protein BMI1 and upregulated, can reverse EMT in pancreatic cancer cells 
(Olson et al.  2009 ). Downregulation of the miR-200 family is a hallmark of meta-
static and met- like primary tumors (Olson et al.  2009 ). 

 Investigating the expression and effects of individual miRNAs continues to be 
complicated by the facts that many of them have multiple targets and many miRNAs 
can target the same gene. A recent review highlights the importance of systems biol-
ogy approaches to investigating miRNAs (Azmi et al.  2011 ).  

    Conclusion and Future Directions 

 Despite decades of research, pancreatic cancer still carries a devastating mortality 
rate with little chance of long-term survival. Due to the late presentation of the vast 
majority of patients, surgical resection is rarely viable and other clinical options 
remain lackluster in effect. New approaches are needed to better detect and combat 
pancreatic cancer. 

 Epigenetics is a rapidly expanding fi eld that with every year is offering new 
insights into normal and aberrant modulations of gene expression. High throughput 
sequencing and high resolution mapping techniques have more deeply elucidated 
the mechanisms of DNA methylation and histone modifi cation than ever before. It 
is also becoming steadily clear that these regulatory arms are deeply intertwined by 
crosstalk with each other and with the activities of PcG proteins and miRNAs. The 
correlation of DNA and histone marks with neoplastic tissue and tumor progression 
offers an attractive source of biomarkers for diagnosis and patient prognosis. 
Similarly, the intrinsic reversibility of methylation patterns and histone modifi ca-
tions make them an appealing target for new therapeutic agents. 

 The recent preliminary publication of data from the Encyclopedia of DNA 
Elements (ENCODE) has drawn into question many long-standing assumptions 
about the genetic and epigenetic landscapes. One particularly relevant discovery to 
epigenetics is that DNA methylation may often occur specifi cally in regions that are 
not occupied by transcription factors, suggesting a whole new layer of complexity 
to this regulatory mechanism (Thurman et al.  2012 ). It is not yet clear exactly how 
these discoveries will affect the fi eld of cancer research specifi cally, but they are 
expected to have fundamental consequences for future study. 

 Most of all, it is becoming clear that epigenetic mechanisms of regulation are 
interdependent with and complementary to genetic ones. A full understanding of 
the genomic dysregulation necessary to pancreatic and general tumorigenesis will 
only be possible through an integrative investigation of both fi elds. Such an under-
standing will be key to effectively challenging pancreatic cancer in years to come.     
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    Abstract        The molecular characterization of pancreatic adenocarcinoma is beset 
with several inherent challenges. At the outset, even though pancreatic cancer is the 
fourth leading cause of cancer-related deaths, it is relatively rare among the most 
morbid malignancies, and only 15–20 % of patients are surgically resectable at pre-
sentation. As a result, there are small cohorts of tumor tissues available for research. 
In addition, access to the pancreas, located deep in the retroperitoneum, requires 
highly specialized expertise and infrastructure available only at select centers, 
which further limits the availability of pancreatic tissues and biopsy samples. 
Furthermore, pancreatic adenocarcinoma is uniquely characterized by a dense des-
moplastic stroma, which typically results in no more than 20–30 % of cancer cells 
in grossly dissected tumor tissues. The sample-related constraints are further com-
pounded by the abundance of proteolytic and nucleolytic enzymes in the pancreas 
that diminish the quality of the biomolecules used for molecular analyses. In this 
context, the advent of highly sensitive, high-throughput genomics platforms,  ex vivo  
cultures of primary tumors, and innovative transgenic mouse models of the disease 
over the past decade have helped overcome many of the practical bottlenecks lead-
ing to important breakthroughs in the molecular characterization of pancreatic can-
cer with potential clinical signifi cance. Here we appraise some of the most salient 
high-throughput technologies in genomics, proteomics, and metabolomics currently 
utilized in the study of cancers and review their specifi c applications in pancreatic 
cancer research.  
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        Microarrays 

 Schena et al. fi rst described the use of fl uorescently labeled cDNA microarrays for 
measuring differential gene expression patterns, by comparing mRNA extracted 
from root tissues versus leaf tissues in  Arabidopsis thaliana  (Schena et al.  1995 ). 
The use of fl uorescence imaging and detection allowed for rapid and effi cient analy-
sis of multiple samples at a time. Since then, thousands of large-scale, microarray 
experiments have been published. Growing databases of publically available micro-
array data, such as Oncomine (  www.oncomine.org    ), provide a powerful tool for the 
top–down analysis of related genes, pathways, and networks involved in different 
cancers (Rhodes et al.  2007 ). 

 In cancer research, microarray technology has been typically utilized to compare 
mRNA expression in cancer samples against normal controls, to identify differen-
tially expressed genes that could offer diagnostic or therapeutic targets of these 
diseases. Microarrays also offer an effi cient technique for discovering disease clas-
sifi cations, which can provide important prognostic information and response to 
therapies (Golub et al.  1999 ). Clinically relevant gene expression patterns and rela-
tionships between sample cohorts and gene signatures can be identifi ed using clus-
ter analysis algorithms (Eisen et al.  1998 ). Well-known examples include diffuse 
large B-cell lymphoma (Alizadeh et al.  2000 ) and breast cancer (Sørlie et al.  2001 ; 
Van’t Veer et al.  2002 ), in which clinically signifi cant molecular classifi cation sys-
tems were created using gene expression profi ling. 

 Another application of microarray technology is comparative genomic hybrid-
ization (CGH), to measure DNA sequence copy numbers by comparing differences 
between test DNA and normal reference DNA hybridized to normal chromosome 
spreads; these DNA gains/losses often serve as key events in cancer development 
and can offer unique therapeutic targets in cancer treatment (Kallioniemi et al. 
 1992 ; Pollack et al.  1999 ). Pollack et al. demonstrated this phenomenon in breast 
cancer, in which 12 % of all the gene expression variation in primary breast tumors 
was due directly to changes in gene copy number, highlighting the importance of 
DNA copy number variations in the dysregulation of gene expression and subse-
quent breast cancer development and progression (Pollack et al.  2002 ). 

 The fi rst comparative gene expression study using microarrays in pancreatic can-
cer was published in 1996 (Gress et al.  1996 ). Since that time, there have been a few 
dozen pancreatic cancer microarray studies of varying size and scope. An early 
study using cDNA microarray analysis of nine pancreatic cancer cell lines com-
pared to normal pancreas revealed a panel of 30 overexpressed genes, two of which, 
c-Myc and Rad51, were validated in patient samples by RT-PCR of frozen tissues 
and tissue microarray-based immunohistochemistry (Han et al.  2002 ). To distin-
guish the pancreatic cancer expression profi le from the infl ammatory changes that 
typically accompany pancreatic cancer, another group compared primary pancreatic 
adenocarcinoma tissues against both normal and chronic pancreatitis samples; they 
found 808 genes that were differentially expressed in pancreatic cancer (Friess et al. 
 2003 ). To identify genes that may correlate with metastatic spread of the disease, 
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Tanaka et al. performed a microarray study comparing gene expression patterns 
between established, parental pancreatic cancer cell lines and metastatic sublines, 
which yielded a panel of differentially expressed genes that may contribute to an 
aggressive phenotype (Tanaka et al.  2003 ). Using Affymetrix gene expression pro-
fi ling, the ataxia-telangiectasia group D complementing gene (ATDC) was found to 
be uniquely overexpressed in both pancreatic cancer and pancreatic cancer precur-
sor lesions as compared to chronic pancreatitis and normal pancreas samples, pro-
moting tumor growth and metastasis through the Wnt/β-catenin signaling pathway 
(Logsdon et al.  2003 ; Wang et al.  2009 ). Limiting their focus to cell-surface genes, 
another group analyzed mRNA expression of pancreatic cancer specimens and nor-
mal pancreas tissue samples compared to a known database; they identifi ed 170 
targets uniquely overexpressed in cancer samples, two of which were confi rmed by 
immunostaining of tissue microarrays (Morse et al.  2010 ). 

 By CGH, nonrandom losses and gains have been identifi ed in pancreatic cancer 
cell lines (Bashyam et al.  2005 ) and primary patient tumor samples (Loukopoulos 
et al.  2007 ), which could offer potential therapeutic targets. More recently, Shain 
et al. have performed a high resolution CGH study and found that one-third of pan-
creatic cancers possessed a loss-of-function genetic aberration (deletion, mutation, 
or rearrangement) in one of the genes encoding a component of the SWI/SNF chro-
matin remodeling complex, highlighting the importance of this pathway in normal 
tumor suppression (Shain et al.  2012 ). 

 These various microarray studies have revealed pancreatic cancer to be a com-
plex, heterogeneous disease without a globally distinct profi le as is present in 
some other cancers. Only recently have subtypes of pancreatic adenocarcinoma 
been proposed by analyzing pooled gene expression microarray data sets that may 
correspond to different clinical behaviors (Collisson et al.  2011 ). The study of 
pancreatic cancer presents a unique, analytical challenge, which requires more 
sensitive, high- throughput techniques than are available with traditional microar-
ray technology (Fig.  1 ).

       High-Throughput Sequencing 

 High-throughput sequencing is a powerful tool for analyzing cancer genomics 
through a number of different approaches, depending on the type of sample input 
(RNA or DNA), the part of the genome sequenced (the entire genome, a subset of 
genes, the exome, or the transcriptome), and the aberrations of interest (such as point 
mutations, structural differences, or gene expression) (Mardis and Wilson  2009 ). 

 The original method developed for genome sequencing was Sanger sequencing, 
by which labeled dideoxynucleotides are used for strand termination in the synthe-
sis of DNA from a specifi c primer. The corresponding lengths of the resultant frag-
ments determine the positions of the corresponding deoxynucleotides. Despite 
technical advances, this method can only produce reads up to 1,000–1,200 base 
pairs in length (Zhang et al.  2011 ). 
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 By the late 1990s, the international Human Genome Project (HGP) was launched 
with the goal to sequence the entire human genome. In order to sequence longer 
stretches of DNA than was possible with traditional Sanger sequencing, a new tech-
nique called “shotgun sequencing” was used, by which genomic DNA is frag-
mented, then aligned and reassembled based on partial sequence overlaps (Lander 
et al.  2001 ). The success of the HGP yielded complete genomes, upon which cur-
rent high-throughput sequencing techniques are based. 

 New, high-throughput sequencing techniques utilize a similar shotgun sequenc-
ing approach, with subsequent mapping to a reference genome, as was fi rst made 
possible by the HGP. Once the template DNA is divided into small fragments, 
adapters are ligated to the ends, from which DNA synthesis is performed in “short 
reads” along the entire genome. Various techniques are used to capture the identity 
of the individual nucleotides as they are incorporated. The reads are then reassem-
bled by mapping them to a reference genome. 

 The main issues that need to be addressed with high-throughput sequencing 
methods are suffi cient coverage and error rate. Coverage is defi ned as the number of 
overlapping reads at a site of interest. Typically, 30× coverage is needed to accu-
rately identify individual base differences, while increased depth of coverage may 
be required with samples of poorer quality to decrease the error rate. In the case of 
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methods. Traditional microarray measures levels of gene expression, as compared to a reference 
sample, or DNA copy number variation by array-comparative genomic hybridization. High- 
throughput sequencing methods include whole genome sequencing, exome capture (to sequence 
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genetic rearrangements, another technique for identifying these aberrations with 
low coverage is the use of paired end reads. Short reads are sequenced at an expected 
distance; interval differences when mapped to a reference genome suggest the pres-
ence of structural rearrangements without the need to sequence the intervening 
regions (Meyerson et al.  2010 ). 

    Applications of High-Throughput Sequencing 

 Whole genome sequencing offers the most comprehensive analysis of a sample 
genome but is resource-intensive and requires extensive coverage. To address cer-
tain questions, a targeted sequencing approach can be more effi cient and effective, 
allowing increased coverage in the genomic area of interest (Fig.  1 ). In exome cap-
ture, the coding exons, which constitute only approximately 1 % of the entire 
genome, can be effi ciently sequenced at higher coverage. The sample genomic 
DNA is fragmented and hybridized to oligonucleotide probes specifi c to exomic 
regions, which are then captured and sequenced. Similarly, transcriptome sequenc-
ing (also called RNA-Seq) utilizes cDNA reverse-transcribed from the RNA of 
interest (messenger, micro, or total) to determine levels of gene expression and pos-
sible fusions (Meyerson et al.  2010 ). 

 Epigenetic processes, such as protein-binding and DNA methylation, can also be 
interrogated by focused sequencing. ChIP-Seq is chromatin immunoprecipitation 
followed by sequencing, which has been used to identify transcription factor bind-
ing sites (Robertson et al.  2007 ). DNA regions bound to specifi c proteins of interest 
are enriched using antibodies to those proteins; the resultant DNA fragments are 
then sequenced and mapped to a reference genome to identify the protein binding 
sites (Park  2009 ). Methyl-Seq selectively sequences sites of DNA methylation, 
another important process in the regulation of gene expression. As CpG islands 
account for 99.98 % of these sites, Methyl-Seq typically involves treatment of the 
sample DNA with sodium bisulfi te, which selectively converts unmethylated cyto-
sines to uracils. This is then followed by hybrid selection, sequencing, and mapping 
to a reference genome to identify sites of methylation (Hodges et al.  2009 ).  

    High-Throughput Sequencing Platforms 

 High-throughput sequencing platforms may be broadly categorized by the type of 
template preparation, into amplifi cation-based (Fig.  2a ) versus single molecule- 
based (Fig.  2b ) sequencing methods.

   In amplifi cation-based sequencing techniques, a library of genomic material is 
created by fragmentation and subsequent ligation of adapters containing priming 
sites, to allow for PCR amplifi cation (Fig.  2a ). Illumina, Inc. hybridizes these 
 amplifi ed fragments to an eight-lane glass slide, termed a “fl ow cell.” A pool of 
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  Fig. 2    ( a ) Amplifi cation-based high-throughput sequencing platforms. Illumina uses amplifi ed 
DNA fragments ligated with adapters and hybridized to a fl ow cell; each nucleotide has a unique 
fl uorescent label, which is detected and recorded as it is incorporated during sequencing. With 
ABI/SOLiD, amplifi ed DNA fragments are captured onto beads and attached to a glass slide. Sets 
of octamers containing one of four fl uorescently labeled dinucleotides are ligated, and the emitted 
fl uorescence is detected and recorded. Ion Torrent utilizes bead-hybridized DNA fragments cross- 
linked to a semiconductor chip. Pools of a single, unlabeled nucleotide are introduced one at a 
time. Incorporation of the nucleotide releases a hydrogen ion, which is detected as a local pH 
change and recorded. Roche/454 Life Sciences uses pyrosequencing technology. First, bead- 
hybridized DNA fragments are placed on a PicoTiterPlate. Pools of a single, unlabeled nucleotide 
are introduced one a time. Incorporation of the nucleotide releases pyrophosphate, which is con-
verted to ATP by sulfurylase in the presence of adenosine 5′ phosphosulfate (APS). ATP catalyzes 
the luciferase-mediated generation of light, which is detected and recorded. With Complete 
Genomics technology, DNA fragments are ligated with four adapters to produce a circular plasmid 
that is clonally replicated to form DNA nano-balls that are placed on a silicon slide. Each nucleo-
tide introduced has a unique fl uorescent label, which is detected and recorded as it is incorporated 
during sequencing.  nt  nucleotide. ( b ) Single-molecule sequencing platforms. Oxford Nanopore 
Technologies identifi es individual nucleotides by measuring changes in electrical potential across 
a membrane as a complete strand of DNA (strand sequencing) or a single nucleotide cleaved from 
a strand of DNA (exonuclease sequencing) passes through a nanopore. Helicose/Heliscope ligates 
polyA tails to unamplifi ed DNA fragments, which are hybridized to oligo-dT’s on a fl ow cell. 
A pool of one fl uorescently labeled nucleotide is introduced at a time and incorporation detected 
and recorded. Pacifi c Biosciences uses a single DNA polymerase immobilized in each detection 
well. A single, unamplifi ed strand of DNA is sequenced in a pool of four fl uorescently labeled 
nucleotides. The zero mode waveguide visualization chamber at the bottom of each well is able to 
selectively detect the fl uorescence emitted when a nucleotide is incorporated         
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modifi ed nucleotides is introduced, with each of the four nucleotides labeled with its 
own unique fl uorescent tag. When a single nucleotide is incorporated, DNA synthesis 
is terminated by the reversible terminator. The unincorporated nucleotides are then 
washed off, and the fl uorescent probes are imaged and recorded at each site on the 
fl ow cell. The terminating 3′-OH groups and fl uorescent dyes are cleaved and a new 
pool of fl uorescently labeled, modifi ed nucleotides is introduced (Metzker  2010 ). 

 Other companies use bead capture of the target samples, followed by amplifi ca-
tion and enrichment. The beads are chemically cross-linked to a glass slide (ABI/
SOLiD) or deposited into wells of a semiconductor chip (Ion Torrent) or 
PicoTiterPlate (Roche/454 Life Sciences). Similar to Illumina, ABI/SOLiD uses 
fl uorescence emission to determine nucleotide incorporation; however, rather than 
single, labeled nucleotides, the latter uses octamer probes containing a terminal, 
fl uorescently labeled dinucleotide group in a sequencing-by-ligation approach. 
When the probe is ligated, the emitted fl uorescence is detected and recorded. The 
octamer is then cleaved between the fi fth and sixth bases and the next pool of labeled 
octamers introduced. The bases are thus sequentially interrogated at overlapping 
intervals to improve read accuracy (Wong et al.  2011 ). 

 Ion Torrent and Roche/454 Life Sciences introduce a pool of one unlabeled 
nucleotide at a time. Ion Torrent recognizes the incorporation of a nucleotide by 
detecting a local pH change, due to the chemical release of a single hydrogen ion. 
This output is then converted and recorded by the semiconductor chip. Roche/454 
Life Sciences uses pyrosequencing technology. Incorporation of a single nucleotide 
releases a pyrophosphate, which is converted to adenosine triphosphate (ATP) by 
sulfurylase in the presence of adenosine 5′ phosphosulfate (APS). This ATP then 
catalyzes the luciferase-mediated generation of light, which is detected and recorded 
(Metzker  2010 ). 

 Complete Genomics employs a proprietary library creation process of ligating 
four adapters into each DNA fragment to form stable, circular templates. These 
templates are then amplifi ed into clusters called DNA “nano-balls.” The nano-balls 
are applied to silicon slides and sequencing carried out using pools of four, labeled 
nucleotides, similar to the Illumina technique described above. 

 Single-molecule sequencing offers the major advantage of avoiding artifactual 
genetic errors introduced by the PCR amplifi cation process (Fig.  2b ). Oxford 
Nanopore Technologies utilizes a nanopore placed within a membrane, across 
which there is an electrical gradient. A DNA strand is then sequenced by one of two 
approaches. In “strand sequencing,” a complete strand of DNA is passed through 
the nanopore; in “exonuclease sequencing,” individual nucleotides are cleaved from 
the strand of DNA and passed through the nanopore one at a time. Characteristic 
changes in the electrical signal across the membrane correspond with the identity of 
each passing nucleotide; these signals are detected and recorded (Clarke et al.  2009 ). 

 Helicose/Heliscope ligates polyA tails to unamplifi ed DNA fragments, which are 
then hybridized to oligo-dT’s on a fl ow cell. A pool of one fl uorescently labeled 
nucleotide is introduced at a time and its incorporation detected by capturing and 
recording the emitted fl uorescence (Thompson and Steinmann  2010 ). Pacifi c 
Biosciences uses a single DNA polymerase immobilized in each detection well. 
A single, unamplifi ed strand of DNA is sequenced in a pool of nucleotides 
labeled with one of four fl uorescent probes. The zero mode waveguide visualization 
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chamber at the bottom of each well is able in real time to selectively detect the 
 fl uorescence emitted when a nucleotide is incorporated against the background 
 fl uorescence (Eid et al.  2009 ).   

    Bioinformatics Analysis of High-Throughput Sequencing 
Results in Pancreatic Cancer 

 The subsequent sequencing readout provides a wealth of information depending on 
the type of input and question of interest (Fig.  3 ). Exome capture and whole genome 
sequencing allow identifi cation of focal and global genomic amplifi cations and 
losses, rearrangements, and insertions/deletions (Fig.  3a ). Using these techniques, 
Jones et al. sequenced 20,661 protein-coding genes in 24 pancreatic cancer samples 
and found an average of 63 genetic aberrations per sample, most of which were 
point mutations. These alterations comprised twelve cellular signaling pathways 
that were identifi ed as the core processes involved in the development of pancreatic 
cancer (Jones et al.  2008 ). Focusing specifi cally on hereditary pancreatic cancer, 
Jones et al. also identifi ed PALB2, a BRCA2-binding partner, as the second most 
commonly mutated gene in familial pancreatic cancer after BRCA2 (Jones et al. 
 2009 ). More recently, Campbell et al. have used massively parallel, paired-end 
exome sequencing to study chromosomal rearrangements and metastatic clonal 
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relationships in thirteen patients with Stage IV pancreatic adenocarcinoma. By 
comparing different metastases to the primary tumor of individual patients, they 
found that particular chromosomal rearrangements called “fold back inversions” 
occurred early in cancer development. In addition, they found that such genetic 
instability persists after metastatic spread, with metastases continuing to acquire 
genetic aberrations beyond those needed for primary tumor growth (Campbell et al. 
 2010 ). Subsequent analysis to quantify the genetic evolution of these metastases 
revealed that the time from the tumor-initiating mutation to the development of the 
parental clone was over 10 years, followed by another 5 years prior to the develop-
ment of metastatic capabilities. According to their analysis, patients then died an 
average of 2 years later. This fi nding suggests that there may be an opportunistic 
window in which the development of earlier detection methods would have signifi -
cant clinical impact on this lethal disease (Yachida et al.  2010 ).

   Single nucleotide variants (SNVs) and single nucleotide polymorphisms (SNPs) 
can also be determined using exome and whole genome sequencing by comparison 
of nucleotide differences in a cancer sample against a matched normal sample. Base 
differences shared with the normal sample are termed SNPs, while a SNV is unique 
to the cancer sample. The presence and location of such genetic variations can con-
fer clinical signifi cance, including response to therapeutics and overall survival (Li 
et al.  2006 ; Okazaki et al.  2010 ). 

 Transcriptome sequencing offers a number of tools for the analysis of cancer 
genomics (Fig.  3b ). Gene expression can be quantifi ed based on the depth of cover-
age. During analysis, this must be normalized to the total read number mapped as 
well as the length of the transcript, as longer transcripts require more reads for ade-
quate coverage. This is typically done using the expression measure RPKM or “reads 
per kilobase transcript per million total reads” (Mortazavi et al.  2008 ). Using this 
technique, gene expression may be effi ciently measured and compared across a num-
ber of samples. One such application of this technique is the identifi cation of outlier 
gene expression (i.e., a gene with high expression relative to other genes within that 
sample and as compared to expression levels of that gene across other samples), 
which may indicate a potential driver of the cancer. Transcriptome sequencing is also 
a powerful tool for discovering gene fusions, which are genetic aberrations character-
istic of certain cancers that can serve as potent therapeutic targets (Maher et al.  2009 ). 

 An important resource in the bioinformatics analysis of pancreatic cancer is the 
Pancreatic Expression Database (PED,   http://www.pancreasexpression.org/    ), a publicly 
available, comprehensive database of pancreatic transcriptomic, proteomic, genomic, 
and miRNA profi les culled from the literature. The samples include tissue and 
bodily fl uid specimens from healthy and diseased individuals, cell lines, and mouse 
models, including those that have received various therapies. Currently, there are 
over 60,000 measurements stored, providing a powerful reference for pancreatic 
research (Cutts et al.  2011 ). 

 Other publically available, online resources invaluable in the study of pancreatic 
diseases include the Pancreapedia (  http://www.pancreapedia.org/    ), a rigorously 
maintained resource for pancreatic researchers, containing high quality references 
and research protocols. Also, the Pancreatic Cancer Collaborative Registry Project 
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(  http://pccr.unmc.edu/pccr_project_about.html    ) is a growing, multicenter outcomes 
database to store clinical information on patients with and at high risk for develop-
ing pancreatic cancer.  

    Proteomics of Pancreatic Cancer 

 Proteomics comprehensively refers to the analysis of the identity, characterization, 
quantifi cation, and interactions of proteins within a sample and is a powerful tool in 
cancer research. As compared to DNA and RNA analysis, which are indirect measures 
of gene activity, studying global protein expression patterns may provide more func-
tionally relevant differences between cancer and normal tissues. In addition, proteins 
can be useful biomarkers, as they remain stable in body fl uids and can be effi ciently 
detected and measured using antibody-based methods (Ludwig and Weinstein  2005 ). 

 The most common technique used for protein separation and identifi cation is 
liquid chromatography to fractionate samples, followed by mass spectrometry. In 
mass spectrometry, the mass-to-charge ratios of the protein fragments are calculated 
and compared to a known database. Protein expression levels may also be measured 
using fl uorescently labeled antibodies on a forward or reverse phase protein micro-
array (Fig.  4a ).
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   Over the last 5 years, proteomics has proved to be a powerful tool in elucidating 
molecular mechanisms and novel biomarkers of pancreatic cancer, by the analysis 
of cancer tissues, body fl uids, and cell lines (Cecconi et al.  2011 ). By proteomics 
analysis, genes involved in glycolysis have been implicated in the development of 
pancreatic cancer (Mikuriya et al.  2007 ). Analyzing the proteomics profi le of pan-
creatic cancer stem cells, proteins involved in the signaling pathways for apoptosis, 
cell proliferation, infl ammation, and metastasis, were also found to be differentially 
expressed (Dai et al.  2010 ). More recently, Shi et al. have used an antibody microar-
ray comparing a metastatic pancreatic cancer cell line to its parental line and discov-
ered upregulation of proteins involved in tumor signal transduction and 
downregulation of proteins involved in cell differentiation (Shi et al.  2011 ). 

 A major focus in the fi eld of pancreatic cancer research is the identifi cation of 
highly sensitive and specifi c biomarkers for the early detection and surveillance of 
the disease. A number of such candidate biomarkers have been identifi ed by pro-
teomics analysis of tumor tissue, including calgranulin (Sheikh et al.  2007 ), 
synuclein-γ (Hibi et al.  2009 ), radixin, and moesin (Cui et al.  2009 ); of serum, 
including phosphoglycerate kinase 1 (Hwang et al.  2006 ; Patwa et al.  2009 ), Rab 
GDP dissociation inhibitor β, serotransferrin (Sun et al.  2007 ), and platelet factor 4 
(Fiedler et al.  2009 ); and of pancreatic juice, including insulin-like growth 
 factor binding protein-2 (Chen et al.  2006 ) and matrix metalloproteinase-9 
(Tian et al.  2008 ).  

    Metabolomics of Pancreatic Cancer 

 Metabolomics profi ling is also used to analyze the functional differences between 
cancer and benign samples. Metabolites are the small molecular end-products 
released by cells during metabolism. Therefore, analysis of a sample’s metabolome 
offers a different type of functional analysis as compared to studying precursor 
genes and proteins, which can undergo signifi cant epigenetic regulatory processes 
and posttranslational modifi cations (Patti et al.  2012 ). In addition, protein biomark-
ers may be diffi cult to detect in low concentration or against the background of 
higher abundance proteins. Metabolites can be identifi ed and quantitated by mass 
spectrometry, or individual structures can be interrogated using nuclear magnetic 
resonance. Results are then compared against a reference sample or known database 
(Fig.  4b ). 

 While this technique has been more extensively used to characterize other solid 
organ cancers, there have been few studies published in the fi eld of pancreatic cancer. 
Sugimoto et al. identifi ed a salivary metabolomics profi le to distinguish pancreatic 
cancer patients from healthy cohorts (Sugimoto et al.  2010 ). More recently, metabo-
lomics analysis of serum samples have been used to distinguish patients with pancre-
atic cancer from those with benign hepatobiliary disease to provide a potential 
diagnostic signature (Bathe et al.  2011 ).  
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    Specifi c Issues Concerning the Molecular Characterization 
of Pancreatic Cancer 

 Tumors of pancreatic adenocarcinoma are characterized by dense desmoplastic 
stroma and abundant ribonucleases, which result in the reduced quantity and quality 
of available genomic material (Fig.  5a ). The stroma can occupy up to 90 % of a 
tumor sample and consists primarily of fi broblasts, as well as cancer stem cells, 
extracellular matrix (ECM), immune cells, and scant blood vessels (Mahadevan and 
Von Hoff  2007 ). This dense microenvironment has been implicated in the develop-
ment of pancreatic cancer, as well as invasion, metastasis, and chemotherapy resis-
tance (Li et al.  2012 ). Recent techniques to target this complex network by Hedgehog 
pathway inhibition to deplete the tumor-associated stromal desmoplasia (Olive et al. 
 2009 ) and enzymatic degradation of the dominant ECM component hyaluronic acid 
(Jacobetz et al.  2012 ) have been found to successfully improve tumor perfusion and 
drug delivery. In addition, CD40 activation of the abundant macrophages present in 
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the stroma have also been shown to induce stromal degradation as well as promote 
an antitumor response (Beatty et al.  2011 ).

   With regards to utilizing these molecular techniques to study pancreatic cancer 
and its interactions with this complex microenvironment, the stroma signifi cantly 
contaminates the purity of the input tumor sample. In addition, the pancreas also 
contains the highest concentration of enzymes, including ribonucleases, in the 
body, which results in signifi cant degradation of the RNA used for sequencing 
(Anderson et al.  2010 ). This can increase the error rate of the subsequent sequenc-
ing readout.  

    Experimental Models of Pancreatic Cancer 

 There are numerous methods available to overcome the above limitations charac-
teristic of pancreatic cancer, to improve the quality and quantity of the input sam-
ple (Fig.  5b ). 

    Primary Pancreatic Cancer Tumor Samples 

 New techniques to recover RNA and DNA from archived samples of formalin-fi xed, 
paraffi n-embedded (FFPE) patient samples provide increased amounts of starting 
genomic material. While there has been concern that the fi xation process and long- 
term storage at room temperature can introduce DNA mutations, these errors may 
be successfully overcome by targeted enrichment and increased coverage to 80× 
(Kerick et al.  2011 ). 

 Second, laser-capture microdissection can be used to specifi cally analyze tumor 
cells by selectively procuring the cells from the dense stromal background under 
direct microscopy. A laser is used to melt a thermoplastic polymer, which then 
adheres to the cells of interest. The polymer–cell composite is carefully lifted from 
the slide, completely preserving the cell morphology, DNA, RNA, and protein 
(Espina et al.  2006 ).  

    Commercially Available Pancreatic Cancer Cell Lines 

 As extensively outlined elsewhere in this text, a number of important experimental 
models are used to study the biology of pancreatic cancer and test potential thera-
peutics. A valuable in vitro model is the commercially available, immortalized pan-
creatic cancer cell line. While there may be potential issues with regards to long-term 
sub-culturing and possible cross-contamination, pancreatic cancer cell lines offer a 
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powerful tool for early stage discovery and proof-of-concept experiments. Such 
fi ndings may then be further validated in vivo with the creation of xenografts by 
heterotopic or orthotopic injection of the cancer cell line into an immune- 
compromised mouse. The resultant tumor growth mimics the progression of human 
pancreatic cancer and its response to therapeutics, though there are biologic limita-
tions to this technique (Deer et al.  2010 ).  

    Primary Pancreatic Cancer Cell Lines and Tumor Xenografts 

 Low-passage primary pancreatic cancer cell lines derived directly from primary 
human tumor samples can overcome some of the limitations of these long- 
established commercial cell lines though at the expense of high stromal contamina-
tion. Alternatively, primary tumor cells may be fi rst enriched by creating primary 
tumor xenografts, by transplanting human cancer cells into immune-compromised 
mice, without loss of genotypic features (Rubio-Viqueira et al.  2006 ). Engraftment 
occurs at a rate of about 70 %, with successful engraftment correlating with aggres-
sive phenotype and poor patient prognosis (Andren-Sandberg  2011 ; Garrido- 
Laguna et al.  2011 ). The result is an enrichment of cancer cells two-fold to fi ve-fold, 
with the tumor associated stroma being gradually replaced by infi ltrating murine 
cells (Hahn et al.  1995 ). Subsequent passaging of the xenograft cells further enriches 
the epithelial cancer cells, to provide high-tumor content experimental cells 
(Feldmann et al.  2009 ).  

    Genetically Engineered Mouse Models of Pancreatic Cancer 

 The transgenic mouse model is used as an alternative in vivo model for studying the 
development of pancreatic cancer, by creating genetic alterations of known cancer 
drivers. Most commonly, an activating KRAS mutation is combined with inactivation 
of a tumor suppressor, such as CDKN2A, TP53, SMAD4, or TGFβ, through muta-
tion or deletion (Herreros-Villanueva et al.  2012 ). Recently, an inducible, mutant 
KRAS transgenic mouse model has been developed, which produces pancreas- 
specifi c, reversible, oncogenic KRAS G12D  expression, capable of  producing both pan-
creatic cancer development and regression (Collins et al.  2012 ; Ying et al.  2012 ). 

 In Hanahan and Weinberg’s recent comprehensive review on the “hallmarks of 
cancer,” the important and complex contributions of the tumor microenvironment to 
cancer development were highlighted (Hanahan and Weinberg  2011 ). In no disease 
is this more apparent than in the case of pancreatic cancer, with its tumor cells 
encased in a dense, desmoplastic stroma comprised of components that contribute to 
the cancer’s aggressive phenotype, inhibit its response to therapies, and severely limit 
the relative quantity of tumor content available for study. Furthermore, as the pan-
creas serves as one of the major exocrine organs of the body, the high concentration 
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of enzymes degrade what little biomolecules are available for analysis of this disease. 
Fortunately, with these new available techniques, many of these issues may be over-
come. In addition to primary tumor samples, the genomic material from both in vitro 
and in vivo pancreatic cancer models may be extracted and analyzed by the various 
techniques discussed in this chapter, to further understand the biology of the models 
and how they relate to the primary disease. Although pancreatic adenocarcinoma is a 
lethal, genetically complex process, new advances in genomics, proteomics, and 
metabolomics and the techniques outlined here offer highly sensitive, effi cient meth-
ods for studying and treating this disease and its complicated interactions with the 
tumor microenvironment.      
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