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Abstract

Pancreatic cancer is a genetic disease. Pancreatic cancers develop from one of three precursor
lesions, pancreatic intraepithelial neoplasia (PanIN), intraductal papillary mucinous neoplasms
(IPMNs), and mucinous cystic neoplasms (MCNs), and each arises in association with distinct
genetic alterations. These alterations not only provide insight into the fundamental origins of
pancreatic cancer but provide ample opportunity for improving early diagnosis and management
of cystic precursors.
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INTRODUCTION

Every year in the United States, approximately 44,000 people are diagnosed with pancreatic
adenocarcinoma (hereafter referred to as “pancreatic cancer™). It is among the most lethal of
all cancers, with nearly 38,000 deaths per year and 5-year survival rates of 5%. To date,
pancreatic cancer remains the 4th leading cause of cancer deaths among both men and
women [1].

A number of genetic studies have proven instrumental in elucidating the key genes, and
more recently molecular pathways, that drive the formation and progression of pancreatic
cancer. Early studies identified several genes that are frequently altered in pancreatic cancers
[2]. Subsequent analysis of the precursor lesions giving rise to pancreatic cancer indicated
the temporal accumulation of these genetic alterations during pancreatic carcinogenesis [3].
Most recently, next generation sequencing technologies have revealed the genetic landscape
of neoplasms that arise from preinvasive neoplasms of the pancreas. Such surveys are
helping to shape the development of new, personalized approaches to clinical management
and therapy for pancreatic cancer patients.
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PANCREATIC CARCINOGENESIS

Precursors to Pancreatic Cancer

Three precursors to pancreatic cancer have been described [4,5]. The vast majority of
pancreatic cancers develop from microscopic precursors called pancreatic intraepithelial
neoplasia (PanIN), that originate in small terminal (<5 mm) pancreatic ducts [4] (Fig. 1).
PanINs are further classifiable based on their degree of morphologic atypia. In PanIN-1
lesions transformation of the normal ductal epithelium into tall columnar cells with
intracellular mucin is seen, whereas PanIN-2 lesions are notable for the development of
cytologic atypia and nuclear crowding. PanIN-3 lesions are characterized by extensive
nuclear crowding and nuclear atypia, pseudopapillary growth, mitotic figures, and
intraluminal necrosis [4,6]. By contrast, intraductal papillary mucinous neoplasms (IPMNSs)
and mucinous cystic neoplasms (MCNSs) are macroscopically visible cystic neoplasms.
IPMNs arise in the mucin-producing main pancreatic duct or one of its branches (Fig. 2A,B)
where they distend the duct system by intraductal growth of the neoplasm and by copious
mucin production. MCN's are typically intraparenchymal and do not communicate with the
pancreatic duct system (Fig. 2C,D). Histologically, MCNs are characterized by a mucinous
epithelial lining in association with an underlying ovarian-like stroma (Fig. 3). A detailed
discussion of the morphologic features of dysplasia in cystic precursors is beyond the scope
of this review, but both IPMNs and MCNs also show a range of morphologic features
ranging from low grade, to moderate, to high-grade dysplasia [5]. Ultimately, pancreatic
cancer may arise from any of these above precursor lesions yet cancers arising in association
with PanINs are much more common [7].

The Genetic Progression Model

KRAS

The genetic events that accumulate during carcinogenesis have been best described for
PanINs (Fig. 3). Genetic events detected in PanIN-1 lesions include telomere shortening and
activating mutations in KRAS[8,9]. PanIN-2 lesions exhibit CODKNZA loss while PanIN-3
lesions demonstrate genetic inactivation in 7P53, SMAD4, and BRCAZ2[8]. Of course,
exceptions to these scenarios have been shown with occasional PanIN-1 having CDKNZA
loss or PanIN-2 having 7P53 inactivation [10]. While the morphological progression of
IPMNs and MCNs from low to moderate to high-grade dysplasia is well known, the
relationship of these morphologies to accumulating genetic abnormalities is less well
characterized. However, as discussed later in this review the genetic events underlying
IPMN and MCN formation are now being determined.

One of the earliest and most universal genetic alterations observed in pancreatic cancer is
activating mutations in the oncogene KRAS [11]. At least 99% of PanIN-1 lesions harbor
mutations in KRAS, suggesting its activation is an important initiating step in carcinogenesis
of most pancreatic cancers [10]. KRAS encodes a guanosine triphosphate (GTP)-binding
protein, which functions as a key mediator in a variety of cellular processes, including cell
survival, proliferation, and cell motility. In its inactive state, Ras is bound to GDP.
Extracellular signaling through growth factor receptors triggers the removal of GDP from
Ras, allowing GTP to bind. Inactivation of these active Ras—GTP complexes is
accomplished when GTP is hydrolyzed. Activating mutations in the KRAS gene result in a
loss of the intrinsic GTPase activity of the Ras protein, and consequently, constitutive
signaling occurs even in the absence of extracellular signals [12]. Activated Ras feeds into a
number of signaling pathways, including the RAF/mitogen-activated protein (MAP) kinase
pathway, as well as into the phosphoinositide-3-kinase (PI13K)/AKT signaling pathway.
Activating mutations in BRAF are observed in a subset of pancreatic cancers lacking KRAS
mutations, resulting in aberrant Ras—Raf-MAPK signaling [13].
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CDKN2A

TPS3

SMAD4

The tumor suppressor gene CDKNZA is inactivated in over 90% of pancreatic ductal
adenocarcinomas, with the vast majority of alterations arising as early as the PanIN-2 stage
[14,15]. The CDKNZA gene possesses alternative splicing sites that result in the formation
of several protein products. For example, the p14/ARF protein sequesters MDM2 helping to
stabilize TP53 whereas the p16/INK4A protein acts to inhibit the formation of complexes
between cyclins and cyclin-dependent kinases (CDKSs) thus regulating progression through
the G4 checkpoint in the cell cycle [16-18]. In about 40% of cases, inactivation of CDKNZA
occurs through homozygous deletion. Intragenic mutation with subsequent loss of the
second allele acts as a second mechanism for CDKNZ2A loss, accounting for another 40% of
alterations. Methylation of the promoter region of CDKNZA, resulting in gene silencing, has
also been observed [14].

Inactivation of the 7P53 gene is observed in higher-grade, PanIN-3 lesions [19]. Up to 85%
of pancreatic cancers have 7P53inactivation, with the most frequent mechanism of
inactivation being intragenic mutation with loss of the second allele [20,21]. TP53 functions
as an essential regulator of many interrelated cellular processes including apoptosis, cell
cycle progression and DNA repair. In response to DNA damage, TP53 can promote the
transcription of p21, a CDK inhibitor that can bind to cyclin~-CDK complexes, leading to
cell cycle arrest in the G4 phase. TP53 can also regulate transcription of both pro and anti-
apoptotic genes. Loss of 7P53results in an overall increase in genomic instability, as cells
are permitted to proliferate in the setting of otherwise catastrophic DNA damage [22].

As is seen with 7P53, SMAD4 loss is observed in high-grade PanIN-3 lesions [23].
Inactivation of SMAD4, either by homozygous deletion or intragenic mutation with the loss
of the second allele, occurs in ~55% of pancreatic ductal adenocarcinomas [24]. The Smad4
protein plays a key role in propagating extracellular signals through the transforming growth
factor p (TGF-B) signaling pathway. TGF-p regulates cell proliferation and differentiation,
and thus acts as a critical tumor suppressor in normal cells. Activation of this pathway
begins with binding of a TGF- ligand to type I and type Il serine/threonine kinase cell
surface receptors. This results in receptor dimerization and activation of the type | receptor
leading to its phosphorylation of the Smad2 and Smad3 proteins. Smad4 complexes with
phosphorylated Smad2/3 proteins and together they translocate into the nucleus where, in
association with transcriptional cofactors, regulate the expression of genes involved in a
variety of important cellular processes including cell cycle control, cell differentiation and
growth [25]. Loss of SMAD4 and hence canonical TGF-p signaling in pancreatic ductal
adenocarcinomas results in the loss of TGF-p-induced growth inhibition [26], and correlates
with both poor prognosis and the development of widespread metastases in patients
[25,27,28]. Of note, in a small subset of pancreatic cancers with intact SMAD4 genes, loss
of the TGFBR1, TGFBRZ2, or ACVR1B receptors has been found [20,29].

OBSERVATIONS FROM EXOMIC SEQUENCING APPROACHES

Genetic alterations in KRAS, CDKNZA, TP53, and the TGF- family were initially
elucidated using candidate gene approaches, namely dideoxy (Sanger) sequencing.
However, in recent years next generation sequencing methodologies have been used to
examine the entire coding fraction of the genome (i.e., the “exome”) with the goal of
identifying the entire compendium of somatic alterations in this tumor type [20]. This, in
turn, has contributed to creating a more comprehensive genetic landscape by uncovering
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both gene “mountains” and “hills,” that is, genetic alterations that are observed in a high and
low frequency of tumors, respectively [30].

The Landscape of Pancreatic Cancer

A total of 20,661 protein-coding genes have been analyzed in 24 pancreatic cancers [20],
leading to identification of a total of 1,562 somatic alterations. The majority of these
changes were found to be base substitutions; however, small insertions and deletions as well
as alterations within the untranslated regions (UTRs) and at splice sites were also observed.
Over 1,300 genes were found to contain at least one genetic alteration, with 148 genes
containing two or more alterations. Copy number analysis was also utilized to interrogate
gene deletion and amplification events, and revealed a total of 198 homozygous deletions
and 144 focal high-copy amplifications in the 24 tumors analyzed. Genes within these
regions of deletion or amplification included well-established tumor suppressors and
oncogenes, respectively; however, additional genes that had not been previously associated
with pancreatic ductal adenocarcinoma were also found.

A list of camdidate cancer genes (“CAN” genes) was generated based on the set of genes
harboring somatic alterations [20]. This analysis was based largely on passenger mutation
rates, gene mutation type and frequency. Importantly, this list included each of the
previously identified genes known to play a role in pancreatic carcinogenesis (KRAS,
CDKNZA, TP53, and SMAD4) indicating the robustness of this approach. Genes not
previously appreciated in this tumor type were also identified, for example MLL3. The
significance and roles of each of these CAN genes remains to be determined in functional
systems; however, new studies of these genes in various tumor types is shedding light onto
emerging processes and pathways involved in tumorigenesis [31-33].

Core Signaling Pathways of Pancreatic Cancer

Further categorization of the somatic alterations data generated by whole exome sequencing
revealed that they correspond to 12 core signaling pathways (Fig. 4). Many of these
pathways consist of genes that have already been appreciated as players in pancreatic cancer
formation and progression, such as DNA damage control (7P53), cell cycle regulation
(CDKNZA), and TGF- signaling (SMAD4). Most importantly, the authors were able to
show that while most patients’ carcinomas exhibited a genetic alteration corresponding to
each of the 12 core pathways, the specific gene mutated for a given pathway in each patient
often varied. This finding may help account for both the heterogeneous nature of tumors, as
well as offer insight into why agents targeting a specific gene in a pathway rarely result in a
therapeutic advantage in more than a minor percentage of patients.

Chromatin Regulation in Pancreatic Cancer

In addition to the core pathways initially described above, more recent data indicate that
chromatin regulation is an additional cellular process that plays a crucial role in pancreatic
cancer [32,33]. There are two notable examples. The first is AR/D1A that encodes a protein
involved in the SWI/SNF (switch/sucrose non-fermentable) ATP-dependent chromatin
remodeling complex [34]. Somatic mutations of AR/D1A in pancreatic cancer were initially
identified by whole exome sequencing [20], and since validated in a larger series of human
tumors from a variety of organ sites [32]. Most mutations were truncating indicating this
gene is tumor suppressive in nature, with the frequency of mutations being highest in colon
(10%), stomach (10%), and pancreas (8%) [32]. Of interest, Shain et al. [33] recently
reported that alterations of each individual SWI/SNF subunit occurred at modest-frequency
in pancreatic cancer, but together they affected at least one-third of all pancreatic cancers,
defining SWI/SNF as an additional mutational “mountain” for this tumor type.
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The second example of a chromatin regulating gene is MLL3 (mixed-lineage leukemia 3)
that encodes a histone methyltransferase and belongs to the TRX/MLL gene family [35].
Loss of the long arm of chromosome 7, where the MLL3 gene resides, is a frequent event in
myeloid leukemia [35]. MLL3was first implicated as a CAN gene in solid tumors by
Sjoblom et al. [36] in colorectal and breast cancer, followed by Balakrishnan et al. [37] who
identified somatic ML L 3alterations in glioblastoma and pancreatic ductal adenocarcinomas.
Subsequently, Jones et al. [20] further identified MLL3 as a common mutational target in
human pancreatic cancer by whole exome sequencing. More recently, a model utilizing the
oncogenic LSL-Kras®22P mouse coupled with the Sleeping Beauty transposon system was
created to screen for mutations that, in combination with Kras, drive pancreatic ductal
adenocarcinoma tumorigenesis. From this screen, both previously implicated and novel
cancer candidate genes were identified, including MLL3[38]. Taken together, the data
underscore the important and emerging role of chromatin remodeling in pancreatic ductal
adenocarcinoma.

ALTERNATIVE ROUTES TO DUCTAL ADENOCARCINOMA: IPMNs AND
MCNs

Early Genetic Studies of IPMNs and MCNs

The genetic alterations that underlie IPMN and MCN formation and progression have been
much less characterized compared to PanINs [5]. Similar to PanIN lesions, mutations in
KRAS, and TP53have been reported although with lower frequencies [39-41]. BRAF
mutations may also be seen [42]. SMAD4 expression may be lost in invasive pancreatic
cancers that arise from IPMN lesions but is rarely lost in preinvasive IPMNs, unlike PanINs
in which SMAD4 s lost in 30% of PanIN-3 lesions [23,43]. By contrast, genetic alterations
in IPMNs not seen in PanIN lesions are inactivating mutations in the serine/threonine kinase
STK11/L KB1[44]. STK11/LKBI1 functions as a tumor suppressor, with critical roles in
apoptosis, metabolism, and cell polarity [45]. Germline inactivating mutations in this kinase
occur in patients with Peutz—Jeghers syndrome [46], and patients with Peutz—Jeghers are at
high risk of developing pancreatic cancer in association with an IPMN [47,48]. Activating
mutations in P/IK3CA that send oncogenic signals through AKT are found in 10% of IPMNs
[42]. However, emerging evidence suggests that these mutations may be specific to a variant
of intraductal neoplasia, intraductal tubulopapillary neoplasm (ITPN) [41].

MCNs, the least frequent precursor to pancreatic cancer, have even less well-defined genetic
alterations. Mutations in KRASand 7P53have been noted in higher-grade lesions [49] and
loss of SMAD4 has been reported in infiltrating cancers that arise in association with MCNs
with high-grade dysplasia [43].

New Insights From Whole Exome Sequencing

Unlike PanIN lesions, IPMNs and MCNs are often macroscopic and detectable by
conventional imaging techniques. Both lesions can progress to invasive ductal
adenocarcinoma; however, there is currently no definitive manner to differentiate these
precursor lesions from each other, or other benign lesions not described in this review,
except with surgical resection and subsequent histological evaluation [50,51]. Therefore,
there is a definite need to better understand the genetic abnormalities that accompany the
formation and progression of IPMNs and MCNSs. To this end, several groups have recently
reported the results of whole-exome sequencing on these two neoplasms [52,53].

Furukawa et al. [52] recently carried out whole-exome sequencing on DNA isolated from
IPMNs and found somatic alterations in 17 genes, including the gene that encodes the
guanine nucleotide-binding protein alpha stimulating activity polypeptide, GNAS. Over
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40% of the IPMNs analyzed harbored a mutation in GNAS, and this mutation was always
present at codon 201, indicating a hot spot of mutational activation. Additionally, 25% of the
IPMN cases had mutations in both GNASand KRAS, concurrently. Importantly, G-protein
signaling was demonstrated in these neoplasms via expression analysis of the G-protein
alpha subunit and a downstream target of this pathway, phosphorylated PKA substrates [52].
In a similar study, Wu et al. [53] analyzed IPMN cyst fluid for alterations in a defined set of
genes that are frequently mutated in cancer. GNAS mutations were observed in 66% of the
IPMNs sequenced, and over half contained concurrent mutations in both GNAS and KRAS.
Moreover, because alterations in KRAS and GNAS were observed in both low-grade and
high-grade IPMNs, the authors suggested that the identification of additional genomic
alterations would be important for distinguishing the two.

In addition to analyses of cyst fluids, Wu et al. also sequenced IPMNs and MCNs samples
directly as well as two additional types of cystic neoplasm, serous cystadenomas (SCAs) and
solid pseudopapillary neoplasms (SPNs) [53] to define the genetic landscapes of these tumor
types. Unique patterns of genetic alterations were observed for each cystic neoplasm (Table
I). For example, the majority of IPMNs harbored mutations at codon 12 of KRAS and/or
mutations at codon 201 in GNAS. However, IPMNs were also found to contain inactivating
nonsense mutations in RNF43that encodes a protein with E3 ubiquitin ligase activity [54].
MCN:S, like IPMNSs, also had alterations in RVF43as well as in KRAS; however, no GNAS
alterations were observed in MCNs. In sharp contrast to IPMN and MCN cystic neoplasms,
SCAs and SPNs never contained mutations in RNF43, KRAS, or GNAS. Instead, SCAs
contained mutations of the von-Hippel-Lindau ( VVHL) gene and SPNs exhibited alterations
in CTVNBI, and these mutations were never seen in IPMNs or MCNs. Of note, the
observed VHL mutations in SCA samples is interesting given that patients with VHL
syndrome, a rare autosomal dominant familial disorder, are prone to developing SCAs [55].
The VHL genetic alterations observed in SCA lesions in this study were found to be
identical to germline mutations in patients with VHL syndrome.

These findings are important for two reasons. First, many of the genetic alterations identified
in these cystic neoplasms encode proteins that either harbor intrinsic ubiquitin ligase activity
or that interact with ubiquitin ligases indicating a pervasive role of ubiquitin-dependent
pathways in neoplastic pancreatic cystic development [53]. As discussed, the RNVF43gene-
encoded protein possesses E3 ubiquitin ligase activity, although further work will be
required to determine which proteins are targeted by RNF43 for ubiquitination and that
mediate its tumorigenic effects. Likewise, VAL recruits ubiquitin ligases to target HIF1a
proteins for degradation [56] whereas CTNVNBI mutations inhibit phosphorylation marks of
the protein product (B-catenin) that would cause its degradation by E3 ubiquitin ligases
[57,58]. Second, these data suggest that analyzing a small panel of genes could aid in
distinguishing these four cystic neoplasms from one another, and in turn, decrease the
number of invasive resection procedures performed on otherwise benign lesions [59-61].

Summary and Implications

The wealth of data acquired from large-scale, whole-exome sequencing approaches of
pancreatic cancer has strengthened our understanding of the signaling pathways and
processes involved in the initiation and progression of this disease. In light of new data
suggesting that a significant window of opportunity exists for detecting pancreatic cancers
that arise from PanINs while still in the curative stage [62], increased efforts into the
discovery of biomarkers for early detection of this disease are essential if we hope to
improve patient survival. Until then, core signaling pathways and processes in pancreatic
cancers offer options for therapeutic targeting based on the physiologic effects of the
dysregulated pathways rather than single genes. Although less frequent, pancreatic cancer
can arise from the cystic precursors IPMN and MCN. Recent sequencing efforts in these
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neoplasms have highlighted the unique genetic features of each that can be exploited for
diagnosis and management, and the importance of ubiquitin-dependent pathways in cystic
neoplasm development. Ultimately, elucidating which pathways to target in patients at
various stages of disease progression will remain a challenge. Nonetheless, insights provided
from examining tumor genomes provide an exciting avenue for new and more personalized
cancer therapies for patients with this devastating disease.
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Fig. 1.

PanIN-3

Infiltrating

Cancer

Morphologic progression model of pancreatic intraepithelial neoplasia. Shown from left to
right are histological examples of a normal pancreatic duct, pancreatic intraepithelial
neoplasia (PanIN), and pancreatic cancer. Normal ducts are characterized by a low cuboidal
epithelium surrounded by a periductal fibrotic cuff. PanIN-1 lesions are differentiated from
normal ductal epithelium by the presence of mucinous hyperplasia of the ductal cells
(arrows) but without cytological atypia. PanIN-2 lesions are notable for the presence of
nuclear enlargement, atypia, crowding and papillary infoldings of the epithelium. PanIN-3
lesions, synonymous to high-grade dysplasia/carcinoma in situ, show a complete loss of cell
polarity (arrows) and marked cytological atypia in association with frequent mitotic figures
and pseudopapillary growth of the neoplastic epithelium. PanIN-3 lesions may progress to
invasive cancer that is characterized by poorly formed neoplastic glands with an infiltrative

growth pattern admixed with abundant desmoplastic stroma.
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Fig. 2.

Morphologic features of cystic neoplasms of the pancreas. A: Intraductal papillary mucinous
neoplasm (IPMN) of the main pancreatic duct. In this example the IPMN shows low-grade
dysplasia, with scattered papillae seen at low power (arrows). B: IPMN with high-grade
dysplasia. The neoplasm shows exuberant papillary growth that fills the lumen (Lu) of the
main pancreatic duct. C: Low power view of a mucinous cystic neoplasm (MCN). The
neoplasm is distinct from the surrounding pancreatic acinar tissue (Ac). D: High power view
of the region outlined in panel C showing low cuboidal mucinous epithelial lining and
underlying ovarian-like stroma.
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Fig. 3.

Genetic progression model of pancreatic carcinogenesis. The molecular alterations that
accumulate during pancreatic carcinogenesis can be classified into early (telomere
shortening and activating mutations in KRAS2), intermediate (inactivating mutations or
epigenetic silencing of CDKNZA) and late (inactivating mutations of 7P53and SMAD4)
events. Mutations in additional genes may also occur during PanIN formation but are not
illustrated in this example.
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Fig. 4.

Core signaling pathways in pancreatic cancer. The 12 pathways and processes whose
component genes were genetically altered in most pancreatic cancers based on whole exome
sequencing [20] are shown in black, and the pathway more recently identified in pancreatic
cancer in gray [31-34]. Therapeutic targeting of one or more of these pathways, rather than
specific gene alterations that occur within a pathway, provides a new paradigm for treatment
of pancreatic cancer. GTPase, guanosine triphosphatase; TGF-, transforming growth factor

B.
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