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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.     

M.D. Molin and A. Maitra



17

      References 

     Aguirre AJ, Bardeesy N, Sinha M, Lopez L, Tuveson DA, Horner J, Redston MS, DePinho RA 
(2003) Activated Kras and Ink4a/Arf defi ciency cooperate to produce metastatic pancreatic 
ductal adenocarcinoma. Genes Dev 17:3112–3126  

    Baas IO, Mulder JW, Offerhaus GJ, Vogelstein B, Hamilton SR (1994) An evaluation of six anti-
bodies for immunohistochemistry of mutant p53 gene product in archival colorectal neoplasms. 
J Pathol 172:5–12  

    Bardeesy N, Aguirre AJ, Chu GC, Cheng KH, Lopez LV, Hezel AF, Feng B, Brennan C, Weissleder R, 
Mahmood U, Hanahan D, Redston MS, Chin L, Depinho RA (2006) Both p16(Ink4a) and the 
p19(Arf)-p53 pathway constrain progression of pancreatic adenocarcinoma in the mouse. Proc 
Natl Acad Sci USA 103:5947–5952  

     Bashyam MD, Bair R, Kim YH, Wang P, Hernandez-Boussard T, Karikari CA, Tibshirani R, Maitra A, 
Pollack JR (2005) Array-based comparative genomic hybridization identifi es localized DNA 
amplifi cations and homozygous deletions in pancreatic cancer. Neoplasia 7:556–562  

    Berry DA, Cronin KA, Plevritis SK, Fryback DG, Clarke L, Zelen M, Mandelblatt JS, Yakovlev AY, 
Habbema JD, Feuer EJ (2005) Effect of screening and adjuvant therapy on mortality from 
breast cancer. N Engl J Med 353:1784–1792  

    Bertino JR, Waud WR, Parker WB, Lubin M (2011) Targeting tumors that lack methylthio-
adenosine phosphorylase (MTAP) activity: current strategies. Cancer Biol Ther 11:627–632  

    Bettegowda C, Agrawal N, Jiao Y, Sausen M, Wood LD, Hruban RH, Rodriguez FJ, Cahill DP, 
McLendon R, Riggins G, Velculescu VE, Oba-Shinjo SM, Marie SK, Vogelstein B, Bigner D, 
Yan H, Papadopoulos N, Kinzler KW (2011) Mutations in CIC and FUBP1 contribute to 
human oligodendroglioma. Science 333:1453–1455  

     Bian Y, Matsubayashi H, Li CP, Abe T, Canto M, Murphy KM, Goggins M (2006) Detecting low- 
abundance p16 and p53 mutations in pancreatic juice using a novel assay: heteroduplex analy-
sis of limiting dilution PCRs. Cancer Biol Ther 5:1392–1399  

    Biankin AV, Waddell N, Kassahn KS, Gingras MC, Muthuswamy LB, Johns AL, Miller DK, Wilson 
PJ, Patch AM, Wu J, Chang DK, Cowley MJ, Gardiner BB, Song S, Harliwong I, Idrisoglu S, 
Nourse C, Nourbakhsh E, Manning S, Wani S, Gongora M, Pajic M, Scarlett CJ, Gill AJ, Pinho 
AV, Rooman I, Anderson M, Holmes O, Leonard C, Taylor D, Wood S, Xu Q, Nones K, Fink 
JL, Christ A, Bruxner T, Cloonan N, Kolle G, Newell F, Pinese M, Mead RS, Humphris JL, 
Kaplan W, Jones MD, Colvin EK, Nagrial AM, Humphrey ES, Chou A, Chin VT, Chantrill LA, 
Mawson A, Samra JS, Kench JG, Lovell JA, Daly RJ, Merrett ND, Toon C, Epari K, Nguyen 
NQ, Barbour A, Zeps N; Australian Pancreatic Cancer Genome Initiative, Kakkar N, 
Zhao F, Wu YQ, Wang M, Muzny DM, Fisher WE, Brunicardi FC, Hodges SE, Reid JG, 
Drummond J, Chang K, Han Y, Lewis LR, Dinh H, Buhay CJ, Beck T, Timms L, Sam M, Begley 
K, Brown A, Pai D, Panchal A, Buchner N, De Borja R, Denroche RE, Yung CK, Serra S, 
Onetto N, Mukhopadhyay D, Tsao MS, Shaw PA, Petersen GM, Gallinger S, Hruban RH, 
Maitra A, Iacobuzio-Donahue CA, Schulick RD, Wolfgang CL, Morgan RA, Lawlor RT, Capelli 
P, Corbo V, Scardoni M, Tortora G, Tempero MA, Mann KM, Jenkins NA, Perez-Mancera PA, 
Adams DJ, Largaespada DA, Wessels LF, Rust AG, Stein LD, Tuveson DA, Copeland NG, 
Musgrove EA, Scarpa A, Eshleman JR, Hudson TJ, Sutherland RL, Wheeler DA, Pearson 
JV, McPherson JD, Gibbs RA, Grimmond SM (2012) Pancreatic cancer genomes reveal aberra-
tions in axon guidance pathway genes. Nature 491(7424):399–405  

    Blackburn EH, Greider CW, Szostak JW (2006) Telomeres and telomerase: the path from maize, 
Tetrahymena and yeast to human cancer and aging. Nat Med 12:1133–1138  

    Blackford A, Serrano OK, Wolfgang CL, Parmigiani G, Jones S, Zhang X, Parsons DW, Lin JC, 
Leary RJ, Eshleman JR, Goggins M, Jaffee EM, Iacobuzio-Donahue CA, Maitra A, Cameron 
JL, Olino K, Schulick R, Winter J, Herman JM, Laheru D, Klein AP, Vogelstein B, Kinzler 
KW, Velculescu VE, Hruban RH (2009) SMAD4 gene mutations are associated with poor 
prognosis in pancreatic cancer. Clin Cancer Res 15:4674–4679  

Genomic Alterations in Sporadic Pancreatic Cancer



18

    Bozic I, Antal T, Ohtsuki H, Carter H, Kim D, Chen S, Karchin R, Kinzler KW, Vogelstein B, 
Nowak MA (2010) Accumulation of driver and passenger mutations during tumor progression. 
Proc Natl Acad Sci USA 107:18545–18550  

    Caldas C, Hahn SA, da Costa LT, Redston MS, Schutte M, Seymour AB, Weinstein CL, Hruban 
RH, Yeo CJ, Kern SE (1994) Frequent somatic mutations and homozygous deletions of the p16 
(MTS1) gene in pancreatic adenocarcinoma. Nat Genet 8:27–32  

    Calhoun ES, Jones JB, Ashfaq R, Adsay V, Baker SJ, Valentine V, Hempen PM, Hilgers W, Yeo CJ, 
Hruban RH, Kern SE (2003) BRAF and FBXW7 (CDC4, FBW7, AGO, SEL10) mutations in 
distinct subsets of pancreatic cancer: potential therapeutic targets. Am J Pathol 163:1255–1260  

     Calhoun ES, Hucl T, Gallmeier E, West KM, Arking DE, Maitra A, Iacobuzio-Donahue CA, 
Chakravarti A, Hruban RH, Kern SE (2006) Identifying Allelic Loss and Homozygous 
Deletions in Pancreatic Cancer without Matched Normals Using High-Density Single- 
Nucleotide Polymorphism Arrays. Cancer Res 66:7920–7928  

     Campbell PJ, Yachida S, Mudie LJ, Stephens PJ, Pleasance ED, Stebbings LA, Morsberger LA, 
Latimer C, McLaren S, Lin ML, McBride DJ, Varela I, Nik-Zainal SA, Leroy C, Jia M, Menzies 
A, Butler AP, Teague JW, Griffi n CA, Burton J, Swerdlow H, Quail MA, Stratton MR, 
Iacobuzio-Donahue C, Futreal PA (2010) The patterns and dynamics of genomic instability in 
metastatic pancreatic cancer. Nature 467:1109–1113  

    Canto MI, Hruban RH, Fishman EK, Kamel IR, Schulick R, Zhang Z, Topazian M, Takahashi N, 
Fletcher J, Petersen G, Klein AP, Axilbund J, Griffi n C, Syngal S, Saltzman JR, Mortele KJ, 
Lee J, Tamm E, Vikram R, Bhosale P, Margolis D, Farrell J, Goggins M (2012) Frequent detection 
of pancreatic lesions in asymptomatic high-risk individuals. Gastroenterology 142:796–804  

    Chen S, Auletta T, Dovirak O, Hutter C, Kuntz K, El-ftesi S, Kendall J, Han H, Von Hoff DD, 
Ashfaq R, Maitra A, Iacobuzio-Donahue CA, Hruban RH, Lucito R (2008) Copy number 
alterations in pancreatic cancer identify recurrent PAK4 amplifi cation. Cancer Biol Ther 
7:1793–1802  

    Cheng JQ, Ruggeri B, Klein WM, Sonoda G, Altomare DA, Watson DK, Testa JR (1996) 
Amplifi cation of AKT2 in human pancreatic cells and inhibition of AKT2 expression and 
tumorigenicity by antisense RNA. Proc Natl Acad Sci USA 93:3636–3641  

    Chetty R, Serra S, Salahshor S, Alsaad K, Shih W, Blaszyk H, Woodgett JR, Tsao MS (2006) 
Expression of Wnt-signaling pathway proteins in intraductal papillary mucinous neoplasms of 
the pancreas: a tissue microarray analysis. Hum Pathol 37:212–217  

    Collins MA, Bednar F, Zhang Y, Brisset JC, Galban S, Galban CJ, Rakshit S, Flannagan KS, 
Adsay NV, Pasca di Magliano M (2012) Oncogenic Kras is required for both the initiation and 
maintenance of pancreatic cancer in mice. J Clin Invest 122:639–653  

    Collisson EA, Sadanandam A, Olson P, Gibb WJ, Truitt M, Gu S, Cooc J, Weinkle J, Kim GE, 
Jakkula L, Feiler HS, Ko AH, Olshen AB, Danenberg KL, Tempero MA, Spellman PT, 
Hanahan D, Gray JW (2011) Subtypes of pancreatic ductal adenocarcinoma and their differing 
responses to therapy. Nat Med 17:500–503  

    Conroy T, Desseigne F, Ychou M, Bouche O, Guimbaud R, Becouarn Y, Adenis A, Raoul JL, 
Gourgou-Bourgade S, de la Fouchardiere C, Bennouna J, Bachet JB, Khemissa-Akouz F, Pere- 
Verge D, Delbaldo C, Assenat E, Chauffert B, Michel P, Montoto-Grillot C, Ducreux M (2011) 
FOLFIRINOX versus gemcitabine for metastatic pancreatic cancer. N Engl J Med 
364:1817–1825  

    Couch FJ, Johnson MR, Rabe KG, Brune K, de Andrade M, Goggins M, Rothenmund H, Gallinger 
S, Klein A, Petersen GM, Hruban RH (2007) The prevalence of BRCA2 mutations in familial 
pancreatic cancer. Cancer Epidemiol Biomarkers Prev 16:342–346  

    Cubilla AL, Fitzgerald PJ (1976) Morphological lesions associated with human primary invasive 
nonendocrine pancreas cancer. Cancer Res 36:2690–2698  

    Dang CV (2010) Rethinking the Warburg effect with Myc micromanaging glutamine metabolism. 
Cancer Res 70:859–862  

    Dang CV (2012) MYC on the Path to Cancer. Cell 149:22–35  
    DeNicola GM, Tuveson DA (2009) RAS in cellular transformation and senescence. Eur J Cancer 

45(Suppl 1):211–216  

M.D. Molin and A. Maitra



19

    Diehl F, Schmidt K, Durkee KH, Moore KJ, Goodman SN, Shuber AP, Kinzler KW, Vogelstein B 
(2008) Analysis of mutations in DNA isolated from plasma and stool of colorectal cancer 
patients. Gastroenterology 135:489–498  

    Dressman D, Yan H, Traverso G, Kinzler KW, Vogelstein B (2003) Transforming single DNA 
molecules into fl uorescent magnetic particles for detection and enumeration of genetic varia-
tions. Proc Natl Acad Sci USA 100:8817–8822  

    Elsasser SJ, Allis CD, Lewis PW (2011) Cancer. New epigenetic drivers of cancers. Science 
331:1145–1146  

   Eshleman JR, Markowitz SD (1996) Mismatch repair defects in human carcinogenesis. Human 
molecular genetics 5 Spec No:1489–1494  

    Feldmann G, Mishra A, Bisht S, Karikari C, Garrido-Laguna I, Rasheed Z, Ottenhof N, Dadon T, 
Alvarez H, Fendrich V, Rajeshkumar NV, Matsui W, Brossart P, Hidalgo M, Bannerji R, Maitra 
A, Nelkin BD (2011) Cyclin-dependent kinase inhibitor Dinaciclib (SCH727965) inhibits pan-
creatic cancer growth and progression in murine xenograft models. Cancer Biol Ther 
12(7):598–609  

    Fong PC, Yap TA, Boss DS, Carden CP, Mergui-Roelvink M, Gourley C, De Greve J, Lubinski J, 
Shanley S, Messiou C, A’Hern R, Tutt A, Ashworth A, Stone J, Carmichael J, Schellens JH, 
de Bono JS, Kaye SB (2010) Poly(ADP)-ribose polymerase inhibition: frequent durable 
responses in BRCA carrier ovarian cancer correlating with platinum-free interval. J Clin Oncol 
28:2512–2519  

    Fu B, Luo M, Lakkur S, Lucito R, Iacobuzio-Donahue CA (2008) Frequent genomic copy number 
gain and overexpression of GATA-6 in pancreatic carcinoma. Cancer Biol Ther 7(10):
1593–1601  

    Fujimoto A, Totoki Y, Abe T, Boroevich KA, Hosoda F, Nguyen HH, Aoki M, Hosono N, Kubo 
M, Miya F, Arai Y, Takahashi H, Shirakihara T, Nagasaki M, Shibuya T, Nakano K, Watanabe- 
Makino K, Tanaka H, Nakamura H, Kusuda J, Ojima H, Shimada K, Okusaka T, Ueno M, 
Shigekawa Y, Kawakami Y, Arihiro K, Ohdan H, Gotoh K, Ishikawa O, Ariizumi SI, Yamamoto 
M, Yamada T, Chayama K, Kosuge T, Yamaue H, Kamatani N, Miyano S, Nakagama H, 
Nakamura Y, Tsunoda T, Shibata T, Nakagawa H (2012) Whole-genome sequencing of liver 
cancers identifi es etiological infl uences on mutation patterns and recurrent mutations in chro-
matin regulators. Nat Genet 44(7):760–764  

    Fukushima N, Sato N, Ueki T, Rosty C, Walter KM, Wilentz RE, Yeo CJ, Hruban RH, Goggins M 
(2002) Aberrant methylation of preproenkephalin and p16 genes in pancreatic intraepithelial 
neoplasia and pancreatic ductal adenocarcinoma. Am J Pathol 160:1573–1581  

    Fusaro RM, Lynch HT (2000) The FAMMM syndrome: epidemiology and surveillance strategies. 
Cancer Invest 18:670–680  

    Gallmeier E, Kern SE (2007) Targeting Fanconi anemia/BRCA2 pathway defects in cancer: the 
signifi cance of preclinical pharmacogenomic models. Clin Cancer Res 13:4–10  

    Ghimenti C, Tannergard P, Wahlberg S, Liu T, Giulianotti PG, Mosca F, Fornaciari G, Bevilacqua 
G, Lindblom A, Caligo MA (1999) Microsatellite instability and mismatch repair gene inacti-
vation in sporadic pancreatic and colon tumours. Br J Cancer 80:11–16  

    Giardiello FM, Welsh SB, Hamilton SR, Offerhaus GJ, Gittelsohn AM, Booker SV, Krush AJ, 
Yardley JH, Luk GD (1987) Increased risk of cancer in the Peutz-Jeghers syndrome. N Engl J 
Med 316:1511–1514  

    Goggins M (2005) Molecular markers of early pancreatic cancer. J Clin Oncol 23:4524–4531  
    Goggins M, Schutte M, Lu J, Moskaluk CA, Weinstein CL, Petersen GM, Yeo CJ, Jackson CE, 

Lynch HT, Hruban RH, Kern SE (1996) Germline BRCA2 gene mutations in patients with 
apparently sporadic pancreatic carcinomas. Cancer Res 56:5360–5364  

     Goggins M, Offerhaus GJ, Hilgers W, Griffi n CA, Shekher M, Tang D, Sohn TA, Yeo CJ, Kern SE, 
Hruban RH (1998) Pancreatic adenocarcinomas with DNA replication errors (RER+) are asso-
ciated with wild-type K-ras and characteristic histopathology. Poor differentiation, a syncytial 
growth pattern, and pushing borders suggest RER+. Am J Pathol 152:1501–1507  

    Gudmundsdottir K, Ashworth A (2006) The roles of BRCA1 and BRCA2 and associated proteins 
in the maintenance of genomic stability. Oncogene 25:5864–5874  

Genomic Alterations in Sporadic Pancreatic Cancer



20

    Gysin S, Rickert P, Kastury K, McMahon M (2005) Analysis of genomic DNA alterations and 
mRNA expression patterns in a panel of human pancreatic cancer cell lines. Genes 
Chromosomes Cancer 44:37–51  

    Haeusgen W, Herdegen T, Waetzig V (2011) The bottleneck of JNK signaling: molecular and 
functional characteristics of MKK4 and MKK7. Eur J Cell Biol 90:536–544  

     Hahn SA, Schutte M, Hoque AT, Moskaluk CA, da Costa LT, Rozenblum E, Weinstein CL, Fischer 
A, Yeo CJ, Hruban RH, Kern SE (1996) DPC4, a candidate tumor suppressor gene at human 
chromosome 18q21.1. Science 271:350–353  

    Hahn SA, Greenhalf B, Ellis I, Sina-Frey M, Rieder H, Korte B, Gerdes B, Kress R, Ziegler A, 
Raeburn JA, Campra D, Grutzmann R, Rehder H, Rothmund M, Schmiegel W, Neoptolemos 
JP, Bartsch DK (2003) BRCA2 germline mutations in familial pancreatic carcinoma. J Natl 
Cancer Inst 95:214–221  

    Han H, Bearss DJ, Browne LW, Calaluce R, Nagle RB, Von Hoff DD (2002) Identifi cation of dif-
ferentially expressed genes in pancreatic cancer cells using cDNA microarray. Cancer Res 
62:2890–2896  

     Hanahan D, Weinberg RA (2011) Hallmarks of cancer: the next generation. Cell 144:646–674  
    Hao HX, Xie Y, Zhang Y, Charlat O, Oster E, Avello M, Lei H, Mickanin C, Liu D, Ruffner H, 

Mao X, Ma Q, Zamponi R, Bouwmeester T, Finan PM, Kirschner MW, Porter JA, Serluca FC, 
Cong F (2012) ZNRF3 promotes Wnt receptor turnover in an R-spondin-sensitive manner. 
Nature 485:195–200  

    Harley CB, Futcher AB, Greider CW (1990) Telomeres shorten during ageing of human fi broblasts. 
Nature 345:458–460  

    Heaphy CM, de Wilde RF, Jiao Y, Klein AP, Edil BH, Shi C, Bettegowda C, Rodriguez FJ, Eberhart 
CG, Hebbar S, Offerhaus GJ, McLendon R, Rasheed BA, He Y, Yan H, Bigner DD, Oba-Shinjo 
SM, Marie SK, Riggins GJ, Kinzler KW, Vogelstein B, Hruban RH, Maitra A, Papadopoulos 
N, Meeker AK (2011a) Altered telomeres in tumors with ATRX and DAXX mutations. Science 
333:425  

    Heaphy CM, Subhawong AP, Hong SM, Goggins MG, Montgomery EA, Gabrielson E, Netto GJ, 
Epstein JI, Lotan TL, Westra WH, Shih Ie M, Iacobuzio-Donahue CA, Maitra A, Li QK, 
Eberhart CG, Taube JM, Rakheja D, Kurman RJ, Wu TC, Roden RB, Argani P, De Marzo AM, 
Terracciano L, Torbenson M, Meeker AK (2011b) Prevalence of the alternative lengthening of 
telomeres telomere maintenance mechanism in human cancer subtypes. Am J Pathol 
179:1608–1615  

    Hezel AF, Bardeesy N (2008) LKB1; linking cell structure and tumor suppression. Oncogene 
27:6908–6919  

    Hezel AF, Gurumurthy S, Granot Z, Swisa A, Chu GC, Bailey G, Dor Y, Bardeesy N, Depinho RA 
(2008) Pancreatic LKB1 deletion leads to acinar polarity defects and cystic neoplasms. Mol 
Cell Biol 28:2414–2425  

     Hingorani SR, Petricoin EF, Maitra A, Rajapakse V, King C, Jacobetz MA, Ross S, Conrads TP, 
Veenstra TD, Hitt BA, Kawaguchi Y, Johann D, Liotta LA, Crawford HC, Putt ME, Jacks T, 
Wright CV, Hruban RH, Lowy AM, Tuveson DA (2003) Preinvasive and invasive ductal pan-
creatic cancer and its early detection in the mouse. Cancer Cell 4:437–450  

     Hingorani SR, Wang L, Multani AS, Combs C, Deramaudt TB, Hruban RH, Rustgi AK, Chang S, 
Tuveson DA (2005) Trp53R172H and KrasG12D cooperate to promote chromosomal instabil-
ity and widely metastatic pancreatic ductal adenocarcinoma in mice. Cancer Cell 7:469–483  

    Holzmann K, Kohlhammer H, Schwaenen C, Wessendorf S, Kestler HA, Schwoerer A, Rau B, 
Radlwimmer B, Dohner H, Lichter P, Gress T, Bentz M (2004) Genomic DNA-chip hybridiza-
tion reveals a higher incidence of genomic amplifi cations in pancreatic cancer than conven-
tional comparative genomic hybridization and leads to the identifi cation of novel candidate 
genes. Cancer Res 64:4428–4433  

    Hudson TJ, Anderson W, Artez A, Barker AD, Bell C, Bernabe RR, Bhan MK, Calvo F, Eerola I, 
Gerhard DS, Guttmacher A, Guyer M, Hemsley FM, Jennings JL, Kerr D, Klatt P, Kolar P, 
Kusada J, Lane DP, Laplace F, Youyong L, Nettekoven G, Ozenberger B, Peterson J, Rao TS, 
Remacle J, Schafer AJ, Shibata T, Stratton MR, Vockley JG, Watanabe K, Yang H, Yuen MM, 

M.D. Molin and A. Maitra



21

Knoppers BM, Bobrow M, Cambon-Thomsen A, Dressler LG, Dyke SO, Joly Y, Kato K, 
Kennedy KL, Nicolas P, Parker MJ, Rial-Sebbag E, Romeo-Casabona CM, Shaw KM, Wallace 
S, Wiesner GL, Zeps N, Lichter P, Biankin AV, Chabannon C, Chin L, Clement B, de Alava E, 
Degos F, Ferguson ML, Geary P, Hayes DN, Johns AL, Kasprzyk A, Nakagawa H, Penny R, 
Piris MA, Sarin R, Scarpa A, van de Vijver M, Futreal PA, Aburatani H, Bayes M, Botwell DD, 
Campbell PJ, Estivill X, Grimmond SM, Gut I, Hirst M, Lopez-Otin C, Majumder P, Marra M, 
McPherson JD, Ning Z, Puente XS, Ruan Y, Stunnenberg HG, Swerdlow H, Velculescu VE, 
Wilson RK, Xue HH, Yang L, Spellman PT, Bader GD, Boutros PC, Flicek P, Getz G, Guigo 
R, Guo G, Haussler D, Heath S, Hubbard TJ, Jiang T et al (2010) International network of 
cancer genome projects. Nature 464:993–998  

    Hustinx SR, Leoni LM, Yeo CJ, Brown PN, Goggins M, Kern SE, Hruban RH, Maitra A (2005a) 
Concordant loss of MTAP and p16/CDKN2A expression in pancreatic intraepithelial neoplasia: 
evidence of homozygous deletion in a noninvasive precursor lesion. Mod Pathol 18:959–963  

     Hustinx SR, Hruban RH, Leoni LM, Iacobuzio-Donahue C, Cameron JL, Yeo CJ, Brown PN, 
Argani P, Asfaq R, Fukushima N, Goggins M, Kern SE, Maitra A (2005b) Homozygous dele-
tion of the MTAP gene in invasive adenocarcinoma of the pancreas and in periampullary can-
cer: a potential new target for therapy. Cancer Biol Ther 4(1):83–86  

    Iacobuzio-Donahue CA, van der Heijden MS, Baumgartner MR, Troup WJ, Romm JM, 
Doheny K, Pugh E, Yeo CJ, Goggins MG, Hruban RH, Kern SE (2004) Large-scale allelotype 
of pancreaticobiliary carcinoma provides quantitative estimates of genome-wide allelic loss. 
Cancer Res 64:871–875  

    Iacobuzio-Donahue CA, Fu B, Yachida S, Luo M, Abe H, Henderson CM, Vilardell F, Wang Z, 
Keller JW, Banerjee P, Herman JM, Cameron JL, Yeo CJ, Halushka MK, Eshleman JR, Raben 
M, Klein AP, Hruban RH, Hidalgo M, Laheru D (2009) DPC4 gene status of the primary car-
cinoma correlates with patterns of failure in patients with pancreatic cancer. J Clin Oncol 
27(11):1806–1813  

    Jackson EL, Olive KP, Tuveson DA, Bronson R, Crowley D, Brown M, Jacks T (2005) The differen-
tial effects of mutant p53 alleles on advanced murine lung cancer. Cancer Res 65:10280–10288  

    Jacobs EJ, Chanock SJ, Fuchs CS, Lacroix A, McWilliams RR, Steplowski E, Stolzenberg- 
Solomon RZ, Arslan AA, Bueno-de-Mesquita HB, Gross M, Helzlsouer K, Petersen G, Zheng 
W, Agalliu I, Allen NE, Amundadottir L, Boutron-Ruault MC, Buring JE, Canzian F, Clipp S, 
Dorronsoro M, Gaziano JM, Giovannucci EL, Hankinson SE, Hartge P, Hoover RN, Hunter 
DJ, Jacobs KB, Jenab M, Kraft P, Kooperberg C, Lynch SM, Sund M, Mendelsohn JB, Mouw 
T, Newton CC, Overvad K, Palli D, Peeters PH, Rajkovic A, Shu XO, Thomas G, Tobias GS, 
Trichopoulos D, Virtamo J, Wactawski-Wende J, Wolpin BM, Yu K, Zeleniuch-Jacquotte A 
(2010) Family history of cancer and risk of pancreatic cancer: a pooled analysis from the 
Pancreatic Cancer Cohort Consortium (PanScan). Int J Cancer 127:1421–1428  

    James E, Waldron-Lynch MG, Saif MW (2009) Prolonged survival in a patient with BRCA2 asso-
ciated metastatic pancreatic cancer after exposure to camptothecin: a case report and review of 
literature. Anti-cancer drugs 20:634–638  

        Jiao Y, Shi C, Edil BH, de Wilde RF, Klimstra DS, Maitra A, Schulick RD, Tang LH, Wolfgang 
CL, Choti MA, Velculescu VE, Diaz LA Jr, Vogelstein B, Kinzler KW, Hruban RH, 
Papadopoulos N (2011) DAXX/ATRX, MEN1, and mTOR pathway genes are frequently 
altered in pancreatic neuroendocrine tumors. Science 331:1199–1203  

            Jones S, Zhang X, Parsons DW, Lin JC, Leary RJ, Angenendt P, Mankoo P, Carter H, Kamiyama 
H, Jimeno A, Hong SM, Fu B, Lin MT, Calhoun ES, Kamiyama M, Walter K, Nikolskaya T, 
Nikolsky Y, Hartigan J, Smith DR, Hidalgo M, Leach SD, Klein AP, Jaffee EM, Goggins M, 
Maitra A, Iacobuzio-Donahue C, Eshleman JR, Kern SE, Hruban RH, Karchin R, Papadopoulos 
N, Parmigiani G, Vogelstein B, Velculescu VE, Kinzler KW (2008) Core signaling pathways in 
human pancreatic cancers revealed by global genomic analyses. Science 321:1801–1806  

      Jones S, Hruban RH, Kamiyama M, Borges M, Zhang X, Parsons DW, Lin JC, Palmisano E, Brune 
K, Jaffee EM, Iacobuzio-Donahue CA, Maitra A, Parmigiani G, Kern SE, Velculescu VE, 
Kinzler KW, Vogelstein B, Eshleman JR, Goggins M, Klein AP (2009) Exomic sequencing 
identifi es PALB2 as a pancreatic cancer susceptibility gene. Science 324:217  

Genomic Alterations in Sporadic Pancreatic Cancer



22

    Jones S, Wang TL, Shih Ie M, Mao TL, Nakayama K, Roden R, Glas R, Slamon D, Diaz LA Jr, 
Vogelstein B, Kinzler KW, Velculescu VE, Papadopoulos N (2010) Frequent mutations of 
chromatin remodeling gene ARID1A in ovarian clear cell carcinoma. Science 330:228–231  

    Jones S, Li M, Parsons DW, Zhang X, Wesseling J, Kristel P, Schmidt MK, Markowitz S, Yan H, 
Bigner D, Hruban RH, Eshleman JR, Iacobuzio-Donahue CA, Goggins M, Maitra A, Malek 
SN, Powell S, Vogelstein B, Kinzler KW, Velculescu VE, Papadopoulos N (2012) Somatic 
mutations in the chromatin remodeling gene ARID1A occur in several tumor types. Hum 
Mutat 33:100–103  

      Kanda M, Matthaei H, Wu J, Hong SM, Yu J, Borges M, Hruban RH, Maitra A, Kinzler K, 
Vogelstein B, Goggins M (2012) Presence of somatic mutations in most early-stage pancreatic 
intraepithelial neoplasia. Gastroenterology 142:730–733, e9  

    Karikari CA, Mullendore M, Eshleman JR, Argani P, Leoni LM, Chattopadhyay S, Hidalgo M, 
Maitra A (2005) Homozygous deletions of methylthioadenosine phosphorylase in human bili-
ary tract cancers. Mol Cancer Ther 4:1860–1866  

    Kelland LR (2003) Farnesyl transferase inhibitors in the treatment of breast cancer. Expert Opin 
Investig Drugs 12:413–421  

    Killeen MT, Sybingco SS (2008) Netrin, Slit and Wnt receptors allow axons to choose the axis of 
migration. Dev Biol 323:143–151  

    Kim WY, Sharpless NE (2006) The regulation of INK4/ARF in cancer and aging. Cell 
127:265–275  

    Klein AP, Hruban RH, Brune KA, Petersen GM, Goggins M (2001) Familial pancreatic cancer. 
Cancer J 7:266–273  

    Knudson AG (1996) Hereditary cancer: two hits revisited. J Cancer Res Clin Oncol 122:135–140  
    Koorstra JB, Hong SM, Shi C, Meeker AK, Ryu JK, Offerhaus GJ, Goggins MG, Hruban RH, 

Maitra A (2009) Widespread activation of the DNA damage response in human pancreatic 
intraepithelial neoplasia. Mod Pathol 22:1439–1445  

    Kopetz S, Chang GJ, Overman MJ, Eng C, Sargent DJ, Larson DW, Grothey A, Vauthey JN, 
Nagorney DM, McWilliams RR (2009) Improved survival in metastatic colorectal cancer is 
associated with adoption of hepatic resection and improved chemotherapy. J Clin Oncol 
27:3677–3683  

     Kwei KA, Bashyam MD, Kao J, Ratheesh R, Reddy EC, Kim YH, Montgomery K, Giacomini CP, 
Choi YL, Chatterjee S, Karikari CA, Salari K, Wang P, Hernandez-Boussard T, Swarnalata G, 
van de Rijn M, Maitra A, Pollack JR (2008) Genomic profi ling identifi es GATA6 as a candidate 
oncogene amplifi ed in pancreatobiliary cancer. PLoS Genet 4:e1000081  

    Lal G, Liu G, Schmocker B, Kaurah P, Ozcelik H, Narod SA, Redston M, Gallinger S (2000) 
Inherited predisposition to pancreatic adenocarcinoma: role of family history and germ-line 
p16, BRCA1, and BRCA2 mutations. Cancer Res 60:409–416  

    Lee S, Roeder RG, Lee JW (2009) Roles of histone H3-lysine 4 methyltransferase complexes in 
NR-mediated gene transcription. Prog Mol Biol Transl Sci 87:343–382  

    Lindor NM, Petersen GM, Spurdle AB, Thompson B, Goldgar DE, Thibodeau SN (2011) 
Pancreatic cancer and a novel MSH2 germline alteration. Pancreas 40:1138–1140  

    Luttges J, Galehdari H, Brocker V, Schwarte-Waldhoff I, Henne-Bruns D, Kloppel G, Schmiegel 
W, Hahn SA (2001) Allelic loss is often the fi rst hit in the biallelic inactivation of the p53 and 
DPC4 genes during pancreatic carcinogenesis. Am J Pathol 158:1677–1683  

    Mahlamaki EH, Kauraniemi P, Monni O, Wolf M, Hautaniemi S, Kallioniemi A (2004) High- 
resolution genomic and expression profi ling reveals 105 putative amplifi cation target genes in 
pancreatic cancer. Neoplasia 6:432–439  

    Maitra A, Hruban RH (2008) Pancreatic cancer. Annu Rev Pathol 3:157–188  
      Maitra A, Adsay NV, Argani P, Iacobuzio-Donahue C, De Marzo A, Cameron JL, Yeo CJ, Hruban 

RH (2003) Multicomponent analysis of the pancreatic adenocarcinoma progression model 
using a pancreatic intraepithelial neoplasia tissue microarray. Mod Pathol 16:902–912  

    Malkhosyan S, Rampino N, Yamamoto H, Perucho M (1996) Frameshift mutator mutations. 
Nature 382:499–500  

M.D. Molin and A. Maitra



23

    Martinez P, Blasco MA (2011) Telomeric and extra-telomeric roles for telomerase and the 
telomere- binding proteins. Nat Rev Cancer 11:161–176  

    Marx SJ, Agarwal SK, Kester MB, Heppner C, Kim YS, Skarulis MC, James LA, Goldsmith PK, 
Saggar SK, Park SY, Spiegel AM, Burns AL, Debelenko LV, Zhuang Z, Lubensky IA, Liotta 
LA, Emmert-Buck MR, Guru SC, Manickam P, Crabtree J, Erdos MR, Collins FS, 
Chandrasekharappa SC (1999) Multiple endocrine neoplasia type 1: clinical and genetic features 
of the hereditary endocrine neoplasias. Recent Prog Horm Res 54:397–438, discussion 438-9  

    Matsubayashi H, Canto M, Sato N, Klein A, Abe T, Yamashita K, Yeo CJ, Kalloo A, Hruban R, 
Goggins M (2006) DNA methylation alterations in the pancreatic juice of patients with sus-
pected pancreatic disease. Cancer Res 66:1208–1217  

    Meric-Bernstam F, Akcakanat A, Chen H, Do KA, Sangai T, Adkins F, Gonzalez-Angulo AM, 
Rashid A, Crosby K, Dong M, Phan AT, Wolff RA, Gupta S, Mills GB, Yao J (2012) PIK3CA/
PTEN mutations and Akt activation as markers of sensitivity to allosteric mTOR inhibitors. 
Clin Cancer Res 18:1777–1789  

    Moskaluk CA, Hruban RH, Kern SE (1997) p16 and K-ras gene mutations in the intraductal pre-
cursors of human pancreatic adenocarcinoma. Cancer Res 57:2140–2143  

    Naderi A, Couch FJ (2002) BRCA2 and pancreatic cancer. Int J Gastrointest Cancer 31:99–106  
     Nowak NJ, Gaile D, Conroy JM, McQuaid D, Cowell J, Carter R, Goggins MG, Hruban RH, 

Maitra A (2005) Genome-wide aberrations in pancreatic adenocarcinoma. Cancer Genet 
Cytogenet 161:36–50  

    Olive KP, Tuveson DA, Ruhe ZC, Yin B, Willis NA, Bronson RT, Crowley D, Jacks T (2004) 
Mutant p53 gain of function in two mouse models of Li-Fraumeni syndrome. Cell 119: 
847–860  

    Ozcelik H, Schmocker B, Di Nicola N, Shi XH, Langer B, Moore M, Taylor BR, Narod SA, 
Darlington G, Andrulis IL, Gallinger S, Redston M (1997) Germline BRCA2 6174delT muta-
tions in Ashkenazi Jewish pancreatic cancer patients. Nat Genet 16:17–18  

    Parsons R, Li GM, Longley MJ, Fang WH, Papadopoulos N, Jen J, de la Chapelle A, Kinzler KW, 
Vogelstein B, Modrich P (1993) Hypermutability and mismatch repair defi ciency in RER+ 
tumor cells. Cell 75:1227–1236  

     Parsons DW, Li M, Zhang X, Jones S, Leary RJ, Lin JC, Boca SM, Carter H, Samayoa J, 
Bettegowda C, Gallia GL, Jallo GI, Binder ZA, Nikolsky Y, Hartigan J, Smith DR, Gerhard DS, 
Fults DW, VandenBerg S, Berger MS, Marie SK, Shinjo SM, Clara C, Phillips PC, Minturn JE, 
Biegel JA, Judkins AR, Resnick AC, Storm PB, Curran T, He Y, Rasheed BA, Friedman HS, 
Keir ST, McLendon R, Northcott PA, Taylor MD, Burger PC, Riggins GJ, Karchin R, 
Parmigiani G, Bigner DD, Yan H, Papadopoulos N, Vogelstein B, Kinzler KW, Velculescu VE 
(2011) The genetic landscape of the childhood cancer medulloblastoma. Science 331:
435–439  

    Perez-Mancera PA, Tuveson DA (2006) Physiological analysis of oncogenic K-ras. Methods 
Enzymol 407:676–690  

    Perez-Mancera PA, Guerra C, Barbacid M, Tuveson DA (2012) What we have learned about pan-
creatic cancer from mouse models. Gastroenterology 142:1079–1092  

    Qiu W, Sahin F, Iacobuzio-Donahue CA, Garcia-Carracedo D, Wang WM, Kuo CY, Chen D, 
Arking DE, Lowy AM, Hruban RH, Remotti HE, Su GH (2011) Disruption of p16 and 
 activation of Kras in pancreas increase ductal adenocarcinoma formation and metastasis 
in vivo. Oncotarget 2:862–873  

    Rajeshkumar NV, De Oliveira E, Ottenhof N, Watters J, Brooks D, Demuth T, Shumway SD, 
Mizuarai S, Hirai H, Maitra A, Hidalgo M (2011) MK-1775, a potent Wee1 inhibitor, syner-
gizes with gemcitabine to achieve tumor regressions, selectively in p53-defi cient pancreatic 
cancer xenografts. Clin Cancer Res 17:2799–2806  

    Roberts NJ, Jiao Y, Yu J, Kopelovich L, Petersen GM, Bondy ML, Gallinger S, Schwartz AG, 
Syngal S, Cote ML, Axilbund J, Schulick R, Ali SZ, Eshleman JR, Velculescu VE, Goggins M, 
Vogelstein B, Papadopoulos N, Hruban RH, Kinzler KW, Klein AP (2012) ATM mutations in 
patients with hereditary pancreatic cancer. Cancer discovery 2:41–46  

Genomic Alterations in Sporadic Pancreatic Cancer



24

    Robinson VL, Hickson JA, Vander Griend DJ, Dubauskas Z, Rinker-Schaeffer CW (2003) MKK4 
and metastasis suppression: a marriage of signal transduction and metastasis research. Clin Exp 
Metastasis 20:25–30  

    Rozenblum E, Schutte M, Goggins M, Hahn SA, Panzer S, Zahurak M, Goodman SN, Sohn TA, 
Hruban RH, Yeo CJ, Kern SE (1997) Tumor-suppressive pathways in pancreatic carcinoma. 
Cancer Res 57:1731–1734  

    Ruggeri BA, Huang L, Wood M, Cheng JQ, Testa JR (1998) Amplifi cation and overexpression of 
the AKT2 oncogene in a subset of human pancreatic ductal adenocarcinomas. Mol Carcinog 
21:81–86  

    Sahin F, Maitra A, Argani P, Sato N, Maehara N, Montgomery E, Goggins M, Hruban RH, Su GH 
(2003) Loss of Stk11/Lkb1 expression in pancreatic and biliary neoplasms. Mod Pathol 
16:686–691  

    Schutte M, Hruban RH, Hedrick L, Cho KR, Nadasdy GM, Weinstein CL, Bova GS, Isaacs WB, 
Cairns P, Nawroz H, Sidransky D, Casero RA Jr, Meltzer PS, Hahn SA, Kern SE (1996) DPC4 
gene in various tumor types. Cancer Res 56:2527–2530  

    Schutte M, Hruban RH, Geradts J, Maynard R, Hilgers W, Rabindran SK, Moskaluk CA, Hahn 
SA, Schwarte-Waldhoff I, Schmiegel W, Baylin SB, Kern SE, Herman JG (1997) Abrogation 
of the Rb/p16 tumor-suppressive pathway in virtually all pancreatic carcinomas. Cancer Res 
57:3126–3130  

      Shain AH, Giacomini CP, Matsukuma K, Karikari CA, Bashyam MD, Hidalgo M, Maitra A, 
Pollack JR (2012) Convergent structural alterations defi ne SWItch/Sucrose NonFermentable 
(SWI/SNF) chromatin remodeler as a central tumor suppressive complex in pancreatic cancer. 
Proc Natl Acad Sci USA 109:E252–E259  

    Sherr CJ (2004) Principles of tumor suppression. Cell 116:235–246  
    Shi C, Fukushima N, Abe T, Bian Y, Hua L, Wendelburg BJ, Yeo CJ, Hruban RH, Goggins MG, 

Eshleman JR (2008) Sensitive and quantitative detection of KRAS2 gene mutations in pancre-
atic duct juice differentiates patients with pancreatic cancer from chronic pancreatitis, potential 
for early detection. Cancer Biol Ther 7:353–360  

    Siegel PM, Massague J (2003) Cytostatic and apoptotic actions of TGF-beta in homeostasis and 
cancer. Nat Rev Cancer 3:807–821  

    Siegel R, Naishadham D, Jemal A (2012) Cancer statistics, 2012. CA Cancer J Clin 62:10–29  
     Skoulidis F, Cassidy LD, Pisupati V, Jonasson JG, Bjarnason H, Eyfjord JE, Karreth FA, Lim M, 

Barber LM, Clatworthy SA, Davies SE, Olive KP, Tuveson DA, Venkitaraman AR (2010) 
Germline Brca2 heterozygosity promotes Kras(G12D) -driven carcinogenesis in a murine 
model of familial pancreatic cancer. Cancer Cell 18:499–509  

    Solimini NL, Xu Q, Mermel CH, Liang AC, Schlabach MR, Luo J, Burrows AE, Anselmo AN, 
Bredemeyer AL, Li MZ, Beroukhim R, Meyerson M (2012) Elledge SJ. Science, Recurrent 
Hemizygous Deletions in Cancers May Optimize Proliferative Potential  

    Stephens PJ, Greenman CD, Fu B, Yang F, Bignell GR, Mudie LJ, Pleasance ED, Lau KW, Beare 
D, Stebbings LA, McLaren S, Lin ML, McBride DJ, Varela I, Nik-Zainal S, Leroy C, Jia M, 
Menzies A, Butler AP, Teague JW, Quail MA, Burton J, Swerdlow H, Carter NP, Morsberger 
LA, Iacobuzio-Donahue C, Follows GA, Green AR, Flanagan AM, Stratton MR, Futreal PA, 
Campbell PJ (2011) Massive genomic rearrangement acquired in a single catastrophic event 
during cancer development. Cell 144:27–40  

    Stransky N, Egloff AM, Tward AD, Kostic AD, Cibulskis K, Sivachenko A, Kryukov GV, 
Lawrence MS, Sougnez C, McKenna A, Shefl er E, Ramos AH, Stojanov P, Carter SL, Voet D, 
Cortes ML, Auclair D, Berger MF, Saksena G, Guiducci C, Onofrio RC, Parkin M, Romkes M, 
Weissfeld JL, Seethala RR, Wang L, Rangel-Escareno C, Fernandez-Lopez JC, Hidalgo- 
Miranda A, Melendez-Zajgla J, Winckler W, Ardlie K, Gabriel SB, Meyerson M, Lander ES, 
Getz G, Golub TR, Garraway LA, Grandis JR (2011) The mutational landscape of head and 
neck squamous cell carcinoma. Science 333:1157–1160  

    Su GH, Hilgers W, Shekher MC, Tang DJ, Yeo CJ, Hruban RH, Kern SE (1998) Alterations in 
pancreatic, biliary, and breast carcinomas support MKK4 as a genetically targeted tumor sup-
pressor gene. Cancer Res 58:2339–2342  

M.D. Molin and A. Maitra



25

    Su GH, Hruban RH, Bansal RK, Bova GS, Tang DJ, Shekher MC, Westerman AM, Entius MM, 
Goggins M, Yeo CJ, Kern SE (1999) Germline and somatic mutations of the STK11/LKB1 
Peutz-Jeghers gene in pancreatic and biliary cancers. Am J Pathol 154:1835–1840  

    Tascilar M, Offerhaus GJ, Altink R, Argani P, Sohn TA, Yeo CJ, Cameron JL, Goggins M, Hruban 
RH, Wilentz RE (2001a) Immunohistochemical labeling for the Dpc4 gene product is a specifi c 
marker for adenocarcinoma in biopsy specimens of the pancreas and bile duct. Am J Clin 
Pathol 116:831–837  

    Tascilar M, Skinner HG, Rosty C, Sohn T, Wilentz RE, Offerhaus GJ, Adsay V, Abrams RA, 
Cameron JL, Kern SE, Yeo CJ, Hruban RH, Goggins M (2001b) The SMAD4 protein and 
prognosis of pancreatic ductal adenocarcinoma. Clin Cancer Res 7:4115–4121  

    Van Cutsem E, van de Velde H, Karasek P, Oettle H, Vervenne WL, Szawlowski A, Schoffski P, 
Post S, Verslype C, Neumann H, Safran H, Humblet Y, Perez Ruixo J, Ma Y, Von Hoff D 
(2004) Phase III trial of gemcitabine plus tipifarnib compared with gemcitabine plus placebo 
in advanced pancreatic cancer. J Clin Oncol 22:1430–1438  

    van der Heijden MS, Brody JR, Dezentje DA, Gallmeier E, Cunningham SC, Swartz MJ, 
DeMarzo AM, Offerhaus GJ, Isacoff WH, Hruban RH, Kern SE (2005) In vivo therapeutic 
responses contingent on Fanconi anemia/BRCA2 status of the tumor. Clin Cancer Res 11:
7508–7515  

    van Heek NT, Meeker AK, Kern SE, Yeo CJ, Lillemoe KD, Cameron JL, Offerhaus GJ, Hicks JL, 
Wilentz RE, Goggins MG, De Marzo AM, Hruban RH, Maitra A (2002a) Telomere shortening 
is nearly universal in pancreatic intraepithelial neoplasia. Am J Pathol 161:1541–1547  

    van Heek T, Rader AE, Offerhaus GJ, McCarthy DM, Goggins M, Hruban RH, Wilentz RE 
(2002b) K-ras, p53, and DPC4 (MAD4) alterations in fi ne-needle aspirates of the pancreas: 
a molecular panel correlates with and supplements cytologic diagnosis. Am J Clin Pathol 
117:755–765  

    Varela I, Tarpey P, Raine K, Huang D, Ong CK, Stephens P, Davies H, Jones D, Lin ML, Teague 
J, Bignell G, Butler A, Cho J, Dalgliesh GL, Galappaththige D, Greenman C, Hardy C, Jia M, 
Latimer C, Lau KW, Marshall J, McLaren S, Menzies A, Mudie L, Stebbings L, Largaespada 
DA, Wessels LF, Richard S, Kahnoski RJ, Anema J, Tuveson DA, Perez-Mancera PA, Mustonen 
V, Fischer A, Adams DJ, Rust A, Chan-on W, Subimerb C, Dykema K, Furge K, Campbell PJ, 
Teh BT, Stratton MR, Futreal PA (2011) Exome sequencing identifi es frequent mutation of the 
SWI/SNF complex gene PBRM1 in renal carcinoma. Nature 469:539–542  

    Vazquez A, Bond EE, Levine AJ, Bond GL (2008) The genetics of the p53 pathway, apoptosis and 
cancer therapy. Nat Rev Drug Discov 7:979–987  

    Vigil D, Cherfi ls J, Rossman KL, Der CJ (2010) Ras superfamily GEFs and GAPs: validated and 
tractable targets for cancer therapy? Nat Rev Cancer 10:842–857  

    Villarroel MC, Rajeshkumar NV, Garrido-Laguna I, De Jesus-Acosta A, Jones S, Maitra A, Hruban 
RH, Eshleman JR, Klein A, Laheru D, Donehower R, Hidalgo M (2011) Personalizing cancer 
treatment in the age of global genomic analyses: PALB2 gene mutations and the response to 
DNA damaging agents in pancreatic cancer. Mol Cancer Ther 10:3–8  

     Vogelstein B, Kinzler KW (2004) Cancer genes and the pathways they control. Nat Med 
10:789–799  

    Wang H, Han H, Von Hoff DD (2006) Identifi cation of an agent selectively targeting DPC4 
(deleted in pancreatic cancer locus 4)-defi cient pancreatic cancer cells. Cancer Res 66:
9722–9730  

     Wilentz RE, Goggins M, Redston M, Marcus VA, Adsay NV, Sohn TA, Kadkol SS, Yeo CJ, Choti M, 
Zahurak M, Johnson K, Tascilar M, Offerhaus GJ, Hruban RH, Kern SE (2000) Genetic, 
immunohistochemical, and clinical features of medullary carcinoma of the pancreas: A newly 
described and characterized entity. Am J Pathol 156:1641–1651  

        Wu J, Jiao Y, Dal Molin M, Maitra A, de Wilde RF, Wood LD, Eshleman JR, Goggins MG, 
Wolfgang CL, Canto MI, Schulick RD, Edil BH, Choti MA, Adsay V, Klimstra DS, Offerhaus 
GJ, Klein AP, Kopelovich L, Carter H, Karchin R, Allen PJ, Schmidt CM, Naito Y, Diaz LA Jr, 
Kinzler KW, Papadopoulos N, Hruban RH, Vogelstein B (2011a) Whole-exome sequencing of 
neoplastic cysts of the pancreas reveals recurrent mutations in components of ubiquitin- 
dependent pathways. Proc Natl Acad Sci USA 108:21188–21193  

Genomic Alterations in Sporadic Pancreatic Cancer



26

     Wu J, Matthaei H, Maitra A, Dal Molin M, Wood LD, Eshleman JR, Goggins M, Canto MI, 
Schulick RD, Edil BH, Wolfgang CL, Klein AP, Diaz LA Jr, Allen PJ, Schmidt CM, Kinzler 
KW, Papadopoulos N, Hruban RH, Vogelstein B (2011b) Recurrent GNAS mutations defi ne an 
unexpected pathway for pancreatic cyst development. Sci Transl Med 3:92ra66  

    Xin W, Yun KJ, Ricci F, Zahurak M, Qiu W, Su GH, Yeo CJ, Hruban RH, Kern SE, Iacobuzio- 
Donahue CA (2004) MAP2K4/MKK4 expression in pancreatic cancer: genetic validation of 
immunohistochemistry and relationship to disease course. Clin Cancer Res 10:8516–8520  

     Yachida S, Jones S, Bozic I, Antal T, Leary R, Fu B, Kamiyama M, Hruban RH, Eshleman JR, 
Nowak MA, Velculescu VE, Kinzler KW, Vogelstein B, Iacobuzio-Donahue CA (2010) Distant 
metastasis occurs late during the genetic evolution of pancreatic cancer. Nature 467: 
1114–1117  

    Yamamoto H, Itoh F, Nakamura H, Fukushima H, Sasaki S, Perucho M, Imai K (2001) Genetic and 
clinical features of human pancreatic ductal adenocarcinomas with widespread microsatellite 
instability. Cancer Res 61:3139–3144  

    Yamano M, Fujii H, Takagaki T, Kadowaki N, Watanabe H, Shirai T (2000) Genetic progression 
and divergence in pancreatic carcinoma. Am J Pathol 156:2123–2133  

    Yao JC, Shah MH, Ito T, Bohas CL, Wolin EM, Van Cutsem E, Hobday TJ, Okusaka T, Capdevila 
J, de Vries EG, Tomassetti P, Pavel ME, Hoosen S, Haas T, Lincy J, Lebwohl D, Oberg K 
(2011) Everolimus for advanced pancreatic neuroendocrine tumors. N Engl J Med 364: 
514–523  

    Ying H, Kimmelman AC, Lyssiotis CA, Hua S, Chu GC, Fletcher-Sananikone E, Locasale JW, Son 
J, Zhang H, Coloff JL, Yan H, Wang W, Chen S, Viale A, Zheng H, Paik JH, Lim C, Guimaraes 
AR, Martin ES, Chang J, Hezel AF, Perry SR, Hu J, Gan B, Xiao Y, Asara JM, Weissleder R, 
Wang YA, Chin L, Cantley LC, Depinho RA (2012) Oncogenic Kras Maintains Pancreatic 
Tumors through Regulation of Anabolic Glucose Metabolism. Cell 149:656–670  

    Young A, Lyons J, Miller AL, Phan VT, Alarcon IR, McCormick F (2009) Ras signaling and 
 therapies. Adv Cancer Res 102:1–17  

    Yu X, Vazquez A, Levine AJ, Carpizo DR (2012) Allele-specifi c p53 mutant reactivation. Cancer 
Cell 21:614–625  

    Zhang J, Baran J, Cros A, Guberman JM, Haider S, Hsu J, Liang Y, Rivkin E, Wang J, Whitty B, 
Wong-Erasmus M, Yao L, Kasprzyk A (2011) International cancer genome consortium data 
portal—a one-stop shop for cancer genomics data. Database: J Biol Databases Curation 
2011:bar026    

M.D. Molin and A. Maitra


	Genomic Alterations in Sporadic Pancreatic Cancer
	Introduction
	 The Genomic Landscape of Pancreatic Cancer: An Overview
	Chromosomal Aberrations
	 Telomere Alterations
	 Oncogenes
	 Tumor-Suppressor Genes
	 Genome-Maintenance Genes

	 New Perspectives from Exomic and Next-Generation Sequencing Studies
	 Conclusion
	References


