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Abstract

It has become evident over the past decade that pancreatic ductal adenocarcinoma
(PDAC) does not originate de novo, but rather, through a multistep progression
that involves histologically defined precursor lesions. Three major subtypes of
precursor lesions of PDAC have been identified to date, including pancreatic
intraepithelial neoplasia (PanIN), intraductal papillary mucinous neoplasm
(IPMN), and mucinous cystic neoplasm (MCN). PanINs constitute by far the
most common precursor lesion, and are, by definition, microscopic in nature,
while IPMNs and MCNs occur less frequently and are macroscopic (e.g., radio-
graphically detectable) precursor lesions. In addition to the development of con-
sensus histopathological criteria for the identification and classification of PDAC
precursors, there has also been considerable progress made in characterizing the
genetic alterations underlying these lesions. Elucidating the molecular pathology
of precursor lesions has enabled a better understanding of the pathogenesis of
early pancreatic neoplasia, and provided a seedbed for developing tools for early
detection and chemoprevention of PDAC. The histopathology, molecular genetics
as well as clinical implications and possible directions for future research of
PanINs, IPMNs, and MCNs will be discussed in this chapter.

Keywords
Pancreatic ductal adenocarcinoma - Precursor neoplasms - Molecular genetics -
Early detection - Pathogenesis

Introduction

The first example linking the progression from a noninvasive precursor lesion to
invasive cancer with a cumulative sequence of genetic aberrations was established
for the adenoma-carcinoma sequence in colon cancer [1]. This concept has since
been extrapolated to many solid cancers, including pancreatic cancer or pancreatic
ductal adenocarcinoma (PDAC). In fact, there is now increasing evidence to suggest,
that almost all of the major epithelial malignancies may be associated with discrete
noninvasive precursor lesions, and that histological progression of such lesions is
paralleled by an underlying genetic progression. The general concept that PDAC
does not arise de novo, but rather originates from tangible noninvasive precursor
lesions, was first proposed over a century ago [2]. However, only over the past few
decades have the identity of these precursor lesions been solidified through
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Table 1 Clinicopathologic features of PanINs, IPMNs, and MCNs

Predominant age

Female: male ratio
Preferential location

Ductal
communication

Cyst contents
Stroma

Multifocal disease

PanIN
Prevalence
increases with
age

1:1

Head > body/
tail

N/A

N/A
Collagen-rich
Often

IPMN
60-70 years

2:3
Head (80%) > body/tail
Yes

Viscous
Collagen rich
In ~20-30%

149

MCN
40-50 years

20:1
Body/tail (90%) > head
No

Viscous
Ovarian type
Extremely rare

EUS findings Normal Ampullary mucin None
extrusion, dilated
pancreatic duct, and filling
defects
Key genes involved | KRAS, KRAS, GNAS, RNF43, KRAS, RNF43,
in pathogenesis and | CDKN24, CDKN2A, TP53, PIK3CA, CDKN2A4, TP53,
progression TP53, and PTEN, and SMAD4 PIK3CA, PTEN, and
SMAD4 SMAD4

Abbreviations: /PMN, intraductal papillary mucinous neoplasm; MCN, mucinous cystic neoplasm;
N/A, not applicable; PanIN, pancreatic intraepithelial neoplasia

meticulous histopathological and molecular biological analysis, and through intro-
duction of a consensus nomenclature [3, 4]. Three different types of precursor
lesions to PDAC are recognized: pancreatic intraepithelial neoplasia (PanIN), by
far the most common, intraductal papillary mucinous neoplasms (IPMNs) and
mucinous cystic neoplasms (MCNs). The key features of these three precursors are
listed in Table 1, and each will be discussed independently within the text.

Pancreatic Intraepithelial Neoplasia (PaniIN)
Clinical and Histopathological Features of PanINs

PanlN lesions are microscopic noninvasive precursor lesions with varying degrees of
architectural and cytologic atypia, and are located in the interlobular ducts of <5 mm
in diameter [3]. Based on the degree of both architectural and cytologic atypia,
PanINs are divided into two grades: low-grade and high-grade. Low-grade PanINs
consist of flat-to-papillary ductal epithelium with abundant supranuclear mucin. The
nuclei may be round or elongated and basally oriented or show some loss of polarity,
crowding, enlargement, pseudostratification, and hyperchromasia (Fig. 1a). Mitoses
are only rarely seen, and when present, are basal and morphologically normal. In
contrast, high-grade PanINs are characterized by significant architectural and cyto-
logic atypia. These lesions are usually papillary and, in some instances, demonstrate
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Fig. 1 Representative histologic sections of low-grade (a) and high-grade (b) PanINs, low-grade
(¢) and high-grade (d) IPMNs, and low-grade (e) and high-grade (f) MCNs. Note the presence of
ovarian-type stroma underlying the mucinous epithelium of MCNs (e, f)

cribriform architecture and luminal necrosis. The nuclei are enlarged, hyper-
chromatic and show loss of orientation, such that they are no longer perpendicular
to the basement membrane (Fig. 1b). Further, the nuclear-to-cytoplasmic ratio is
significantly increased. Nucleoli may be prominent, and mitoses, some of which are
luminal and atypical, may be present.

The overall prevalence of PanINs increases with age, and low-grade PanINs are
found in over half of the population above the age of 65 years [5]. An increased
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prevalence of PanINs in not only observed in PDAC, but also in the setting of
chronic pancreatitis [6]. In one series, Andea and colleagues found PanIN lesions in
67 of 82 (82%) pancreata from patients with PDAC and in 54 of 86 (63%) of patients
with chronic pancreatitis, but only in 10 of 36 (28%) patients with otherwise normal
pancreata. Interestingly, PanINs are also frequently found adjacent to other peri-
ampullary neoplasms, including ampullary adenomas and adenocarcinomas, acinar
cell carcinomas, well-differentiated pancreatic neuroendocrine tumors, serous cyst-
adenomas, and solid-pseudopapillary neoplasms [7, 8].

Molecular Genetics of PanINs

The histological progression of PanIN lesions has been linked to progressive
accumulation of genetic aberrations that are shared with PDAC. These aberrations
do not occur in a random manner, but rather in a well-described sequence of early
and later events (Fig. 2), as depicted in the PanIN progression model (‘“PanIN-
gram”).

Oncogene Mutations in PanIN Lesions

A growing number of oncogenes have been identified that contribute to pancreatic
carcinogenesis upon activation, usually through intragenic mutations or copy
number alterations. The most commonly observed activating point mutations in
PDAC, as well as in PanINs, are found in the KRAS oncogene on chromosome 12p.
These mutations, which are also among the earliest genetic alterations observed
during pancreatic carcinogenesis, can be detected in up to 90% of PDACs and
most often occur on codons 12, 13, or 61 [10, 11]. Utilizing pyrosequencing, a
highly sensitive DNA sequencing technique, Kanda et al. showed more than 90%
of low-grade PanINs harbor KRAS mutations, suggesting that this oncogene plays
a critical role in PDAC initiation [12]. The importance of constitutively activated
KRAS in PDAC initiation is further underscored by the development of genetically
engineered mouse models of PDAC, wherein a mutant Kras allele is sufficient for
the development of murine PanIN (mPanIN) lesions [13, 14]. Activating mutations
impair the intrinsic GTPase activity of the KRAS gene product, leading to consti-
tutive activation of downstream intracellular signaling cascades [15]. Three major
downstream Ras effector cascades have been identified that are involved in
mediating the oncogenic properties conferred by constitutively active KRAS,
namely the RAF/MEK/ERK, the PI3K/AKT, and the RalGDS/Ral pathways. Of
note, oncogenic Ras signaling seems to be involved in not only PDAC initiation,
but also required for tumor maintenance in established cancers [16, 17]. Interest-
ingly, in a proportion of PDAC more than one distinct mutation within the KRAS
gene can be detected, suggesting that within the same organ, multifocal precursor
lesions can develop independently from the one that eventually culminates in
PDAC [18].
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Tumor Suppressor Gene Mutations in PanIN Lesions

Three tumor suppressor genes frequently inactivated in PanIN lesions, mirroring
their common loss of function in PDAC, are CDKN2A, TP53, and SMAD4/DPC4.
The CDKN2A4 gene on chromosome 9p21 encodes for the cell-cycle checkpoint
protein p16, which binds to the cyclin-dependent kinases CDK4 and CDK6, and
thereby inhibiting cyclin D1-binding and causing cell-cycle arrest in G1-S [19]. The
CDKN2A gene is inactivated in virtually all PDACs: in approximately 40%
of cases, this is due to homozygous deletion; another 40% carry intragenic mu-
tations and show loss of the second allele; and 15% demonstrate epigenetic inacti-
vation [20, 21]. Loss of p16 expression, which can be exploited as surrogate marker
of the CDKN2A gene status, correlates with PanIN progression and is observed in
30-55% of low-grade PanINs and 71% of high-grade PanINs [22]. Interestingly, the
frequencies of CDKN24 inactivation appear to be lower in PanIN lesions associated
with chronic pancreatitis [23]. In a subset of cases, homozygous deletions of
CDKNZ2A at 9p21 can also include homozygous deletion of the methylthioadenosine
phosphorylase (MTAP) gene, whose product is required for the salvage pathway of
purine synthesis. Codeletion of MTAP and CDKN24 is observed in approximately
one-third of PDACs, and 10% of high-grade PanINs [24, 25].

The tumor suppressor gene 7P53 on the short arm of chromosome 17 encodes the
protein p53, which plays a key role in mediating several important physiological
functions, including regulation of the G1/S cell-cycle checkpoint, maintenance of
G2/M arrest, and induction of apoptosis. Therefore, the inactivation of p53 in the
majority of PDACs affects two major mechanisms controlling cell number: cell
proliferation and apoptosis. Moreover, p53 abrogation contributes to genomic insta-
bility observed in PDACs [26]. Loss of TP53 function is observed in 50-75% of
PDAC and almost exclusively through intragenic mutations and loss of the second
allele [27]. Nuclear accumulation of p53 using immunohistochemistry largely cor-
relates with the mutational status of 7P53 and can therefore be used as a surrogate
marker of 7P53 mutations in PanIN lesions. Immunohistochemistry reveals
intranuclear p53 accumulation mostly in high-grade PanINs, and, thus, suggesting
that TP53 mutations constitute rather late events in the multistep pancreatic cancer
progression cascade [9].

SMAD4 on chromosome 18q is inactivated in approximately 55% of PDACs by
homozygous deletion in 30% of cases, or through intragenic mutation and loss of
the second allele in another 25% [28]. SMAD4 encodes the protein Smad4, which
is involved in transforming growth factor (TGF)-beta signaling. The activation of
the TGF-beta signaling pathway leads to binding of Smad4 to a phosphorylated
Smad2/3 protein complex and its translocation to the nucleus, where it binds to
specific promoter regions and induces expression of respective target genes [29].
Therefore, the loss of Smad4 function interferes with the intracellular signaling
cascade downstream of TGF-beta and leads to reduced growth inhibition through
loss of proapoptotic stimuli and inappropriate G1/S transition [30]. A potential
alternative mechanism was recently unmasked in an elegant study showing that
selective loss of Smad4-dependent signaling in T-cells leads to development of
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epithelial cancers of the gastrointestinal tract in mice, while no tumor development
was observed in mice with epithelial-specific deletion of SMAD4. These obser-
vations suggest that in addition to the abovementioned cell functions, Smad4
might also be crucially involved in interactions between cancer cells and the
microenvironment and/or modulation of immune surveillance [31]. As described
above for p53, immunohistochemical labeling for Smad4 can be used as a surrogate
marker of the SMAD4 mutational status [32]. Loss of Smad4 nuclear expression is
observed in about one-third of high-grade PanINs, while it is preserved in normal
ducts and low-grade PanINs [9, 33]. Therefore, SMAD4 mutations, like mutations
of TP53, represent a relatively late genetic event in the progression model for
pancreatic cancer.

Caretaker Gene Mutations in PanIN Lesions

Caretaker genes comprise a third class of cancer-related genes, which are not directly
involved in controlling cell growth or apoptosis, but rather help to maintain DNA
integrity, e.g., by means of mismatch repair, nucleotide-excision repair, and base-
excision repair [34]. By repairing subtle changes in the genomic DNA sequence that
occurs due to polymerase errors or as a result of exposure to mutagens, as well as
gross chromosomal aberrations, caretaker genes prevent accumulation of mutations
within a cell that might provide a selective advantage leading toward a malignant
phenotype.

The Fanconi anemia gene family is a group of caretaker genes known to be
involved in pancreatic carcinogenesis [35, 36]. The Fanconi anemia gene family is
involved in homologous recombination repair in response to DNA damage, e.g., by
crosslinking agents or radiation [37]. One member of this family, the breast and
ovarian cancer susceptibility gene BRCA2 on chromosome 13q, is of particular
interest in the setting of familial pancreatic cancer, since germline BRCA2 mutations
are found in 5-10% of familial cases, especially in individuals of Ashkenazi Jewish
heritage [38, 39]. In addition, PDACs harboring Fanconi anemia mutations are
exquisitely sensitive to DNA crosslinking agents, presenting an avenue for synthetic
lethal therapy [36]. In patients with germline BRCA2 mutations, loss of the second
allele is observed in high-grade PanINs, suggesting that akin to p53 and Smad4,
inactivation of BRCA2 function also constitutes a late genetic event [40].

Genomic Instability and Telomere Length Alterations in PaniN
Lesions

Telomeres consist of hexameric TTAGGG repeats at the ends of chromosomal DNA
strands, which confer chromosomal stability during cell division by preventing the
ends from becoming sticky. Telomere attrition is among the earliest and most
common alterations observed in PanIN lesions. Interestingly, significant telomere
shortening is observed in over 90% of low-grade PanINs [41]. It has been speculated
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that telomeres conduct a similar function to those of caretaker genes in pancreatic
carcinogenesis, such that telomere dysfunction facilitates progressive accumulation
of additional chromosomal abnormalities that culminates in the development
of PDAC.

Reflecting their inherent genomic instability, structural and numerical chromo-
somal aberrations can be found in almost all cases of PDAC and often involve loss
of significant proportions or the entirety of chromosomal arms. Chromosomal
regions frequently involved in loss of one allele (designated loss of heterozygosity
[LOH)) in PanINs include 1q, 6q, 7p, 9p, 10q, 14, 16q, 17p, and 18q [42]. Of note,
the frequency of LOH observed at a given locus commonly increases from low- to
high-grade PanINs. It has been proposed that LOH might in many cases be the first
event in the “two-hit” cascade leading to inactivation of tumor suppressor genes.
This concept is in line with the hypothesis of genomic instability beginning early in
the PanIN progression model.

Epigenetic Alterations in PanIN Lesions

The most common form of epigenetic alterations found in PDAC, and also in PanIN
lesions, consists of methylation of CpG islands within promoter regions, leading to
transcriptional silencing of the regulated gene. Over recent years, epigenetic gene
silencing — in addition to genetic alterations such as deletions and intragenic
mutations — has increasingly been recognized as one of the most ubiquitous mech-
anisms exploited by cancer cells to alter their inherent transcriptomic programs in
favor of more rapid cell growth, invasiveness, and resistance to apoptosis [43].
Current evidence supports the notion that aberrant DNA methylation occurs early
during the progression of pancreatic cancer. Using a gene candidate approach, Rosty
et al. demonstrated that PanIN lesions in patients with chronic pancreatitis show the
loss of p16 expression, suggesting that this alteration may contribute to the predis-
position of patients with chronic pancreatitis to develop PDAC [23]. In a large-scale
methylation analysis with subsequent validation via methylation-specific PCR,
Sato et al. analyzed DNA samples from 65 PanINs for methylation status of
eight genes (ST14, CDH3, CLDN5, LHX1, NPTX2, SARP2, SPARC, and Reprimo)
that were identified previously through a microarray approach as aberrantly
hypermethylated in PDAC [44]. Among PanINs examined in this study, methylation
of any of these eight genes was identified in 68% of cases with methylation
prevalence increasing from low-grade to high-grade PanIN for SARP2, Reprimo
and LHXI. Peng et al. had examined promoter methylation patterns of 12 cancer-
related genes (p14, pl15, pl6, p73, APC, h(MLHI, MGMT, BRCAI, GSTPI1, TIMP-3,
CDH1, and DAPK-1) in 40 microdissected PanIN lesions and 147 discrete areas
sampled from PDACs [45]. The frequency of at least one methylated gene locus
increased significantly from normal ductal epithelium lacking signs of inflammation
to PanINs, and from PanINs to PDAC, respectively, further underscoring that
epigenetic progression is also a feature of the traditional “PanIN-gram” model.
Determination of aberrantly methylated gene promoters in pancreatic juice samples
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has emerged as a potential diagnostic tool for PDAC and its precursor lesions, with a
suggestion that it might be more specific than detection of mutated or differentially
expressed genes [46]. In particular, certain promoter sequences like that of the
TSLCI gene are methylated only in higher-grade PanIN lesions, and therefore,
might identify those lesions that pose a greater relative risk of progression to
invasive adenocarcinoma.

Transcriptomic Abnormalities in PanIN Lesions

With the advent and increasingly widespread deployment of global gene expression
profiling techniques, including RNA sequencing, serial analysis of gene expression
(SAGE), and various forms of oligonucleotide and cDNA/miRNA microarrays,
there has been a dramatic increase in our knowledge of differential gene expression
patterns in PDAC [47-51]. A few compelling examples of differentially expressed
genes with translational potential will be discussed here. Although initially discov-
ered in the context of invasive cancer, the differential expression of these genes has
since been validated in varying grades of PanIN lesions as well.

Prostate stem cell antigen (PSCA) is overexpressed in 30—40% of low-grade
IPMNs and 60% of high-grade IPMN:s, in line with PSCA upregulation being an
early event in the PanIN progression model [9]. Of note, the recent pilot studies
showed that PSCA overexpression might be a suitable target for the development of
novel diagnostic tools for PDAC [52]. Another example is mesothelin, a membrane-
bound GPI-anchored protein known to play a role in cell adhesion. Unlike PSCA,
mesothelin expression was detected only in 11% of PanIN lesions, but close to 100%
of PDACs, suggesting that mesothelin overexpression is a late event [9, 53]. Recent
studies have examined mesothelin as an antigen for cancer cell-specific drug deliv-
ery and for cancer immunotherapy [54]. A study by Sutherland et al. using oligo-
nucleotide microarrays described the upregulation of several components of the
retinoic acid signaling pathway, including RAR-alpha, HOXB6 and HOXB2 in
PDAC, as compared to the normal pancreas [55]. In particular, HOXB2 expression
was identified as prognostic marker in PDAC that correlated with survival, surgical
resection, and tumor stage at the time of diagnosis. Nuclear immunostaining for
HOXB2 was observed in 8% of normal pancreatic ducts, 14% of PanIN lesions, and
38% of PDACs. This suggests HOXB2 overexpression increases during pancreatic
carcinogenesis.

Changes in microRNA (miRNA) expression are also important in the develop-
ment of PDAC. miRNAs are small endogenous noncoding RNAs of 14-24 nucle-
otides that negatively regulate protein expression at the posttranscriptional level
by inhibiting translation and/or by targeting mRNAs for degradation. Furthermore,
because miRNAs are stable and detectable in human plasma, they are being inves-
tigated for their use as diagnostic serum markers. PDACs overexpress sev-
eral miRNAs including miR-21, miR-34, miR-146a, miR-155, miR-196b, and
miR-200a/b [56-58]. In a large comprehensive miRNA study by Yu et al., the
authors identified 107 aberrantly expressed miRNAs based on the PanIN grades
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and compared with normal pancreatic duct samples [59]. Further, 35 aberrantly
expressed miRNAs in high-grade PanINs compared with normal pancreatic duct
samples. These differentially expressed miRNAs included those that have been
previously identified in PDACs as well as miRNAs not previously described as
differentially expressed in these lesions (e.g., miR-125b, miR-296-5p, miR-183%*,
miR-603, miR-625/*, and miR-708). Interestingly, miR-196b was the most differ-
entially expressed miRNA in high-grade PanINs.

Cell Cycle and Proliferation Abnormalities in PanIN Lesions

Much like PDAC, PanlN lesions also demonstrate aberrations in cell cycle check-
point control and proliferation. While low-grade PanINs are minimally proliferative,
this index significantly increases in high-grade PanINs, as assessed by nuclear
expression of the proliferation antigen Ki-67/MIB-1. Klein et al. described
mean nuclear Ki-67/MIB-1 labeling indices as 0.41% for normal ducts, 5.7% for
low-grade PanIN, and 22.0% for high-grade PanIN [60]. The average labeling index
for PDACs was 37.0%, reflecting the progressive increase in proliferative potential
during the progression from normal ducts to PDAC [60]. Cyclin D1 is involved in
regulating cell cycle progression by acting as a cofactor in phosphorylating and
inactivating the retinoblastoma (Rb) protein, and its expression has been linked to
poor prognosis and decreased survival in PDAC. Overexpression of cyclin D1 is
observed in 14% of low-grade PanINs, 57% of high-grade PanINs, and up to 60—85%
of PDACs [9]. p21™VAFCIP! acts as cyclin-dependent kinase inhibitor that inhibits
cyclin E/CDK2 complexes and prevents phosphorylation of Rb. Overexpression of
p21 WAF/CIPL s an early event and is observed in 33% of low-grade PanINs, 80% of
high-grade PanINs, and 85% of PDACs [61].

Aberrantly Activated Growth Factor Signaling Pathways in PanIN
Lesions

Cyclooxygenase-2 (COX-2) is upregulated in PDAC, possibly secondary to activa-
tion of nuclear factor kappa B signaling, and is postulated to be involved in cell
proliferation and tumor angiogenesis [62]. In PanINs, COX-2 is generally found to
be overexpressed in high-grade PanINs as compared to low-grade PanINs and
normal ducts [63]. COX-2 inhibitors have been suggested as potential chemopre-
ventive agents against PDAC [64], but initial clinical efficacy data have been
equivocal thus far. Members of the matrix metalloproteinase (MMP) family of zinc-
dependent extracellular proteinases are involved in enabling cell invasion and metas-
tasis [65]. Overexpression of MMP-7 is observed in the majority of PDACs, as well as
in greater than half of low-grade PanINs [66]. Urinary plasminogen activator (uPA)
converts plasminogen into plasmin, which in turn activates MMP precursors. In
addition, uPA induces the upregulation of various downstream signaling molecules,
including fibroblast growth factor 2 (FGF2) and angiostatin [67, 68]. In one study, uPA
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immunolabeling was observed not only in the majority of PDACs but also in 19 of
27 (70%) low-grade PanINs and 12 of 27 (44%) high-grade PanINs [69].

Aberrantly Activated Embryonic Signaling Pathways in PanIiN
Lesions

Embryonic signaling pathways, including Hedgehog, Notch, and Wnt, which are
usually inactive in differentiated tissues of the adult pancreas, have been found to be
aberrantly reactivated in PDACs as well as in a variety of other epithelial human
cancers [70-72]. This finding is of particular interest, since these signaling networks
might contribute to maintain specific subpopulations of cancer cells with enhanced
tumor-initiating properties, often referred to as “cancer stem cells.” This concept has
direct translational implications, since all of the three abovementioned embryonic
signaling pathways represent candidate drug targets. The phenotype of the putative
cancer stem cell compartment in PDAC has recently been elucidated by multiple
groups. For example, Simeone et al. have demonstrated that a subpopulation of
CD44+/CD24+/ESA+ cells, which represent less than 1% of cancer cells within a
“bulk” isolate, harbor more than 100-fold increased tumorigenic potential in immu-
nodeficient mice, as compared to nontumorigenic cells. Of note, in this population
they also observed a ~10-fold overexpression of the Hedgehog ligand sonic hedge-
hog (Shh) as compared to bulk tumor tissues [73]. Similarly, Feldmann et al. found
that inhibition of Hedgehog signaling by means of small molecule inhibitors dimin-
ished tumor initiation and metastasis in orthotopic xenograft models of PDAC,
mirrored by significant reduction of a subpopulation of cancer cells with high
aldehyde dehydrogenase (ALDH) activity in vivo and in vitro [74]. The concept
that Hedgehog signaling is involved in maintaining a “cancer stem cell niche” would
imply, that Hedgehog pathway reactivation occurs very early during the carcino-
genic cascade, and indeed overexpression of Shh has been observed by immunohis-
tochemistry in low-grade PanINs, but not in normal pancreatic ductal epithelium
[75]. Further evidence came from another study by Leach et al. demonstrating that
low-grade PanINs express a cluster of “foregut-specific’ markers, including
pepsinogen C, MUC6, KLF4, GATA6, Sox-2, Forkhead-6, and TFF1, which is
very similar to differential gene expression patterns observed in immortalized
pancreatic ductal epithelial cells upon transfection with the Hedgehog transcription
factor Glil [76].

Analogous to the aberrant expression of Hedgehog pathway components, murine
and human PanINs and PDACs also express multiple Notch components [72]. As
observed for Hedgehog signaling, Notch pathway activation during pancreatic
carcinogenesis is most likely to be due to endogenous ligand overexpression, rather
than mutational events. For example, the activating Notch ligand, Jagged-1,
is overexpressed in low-grade PanINs [76]. The activation of Wnt signaling in
cancer tissues usually occurs due to intragenic mutations, i.e., either activating
CTNNB /beta-catenin mutations or loss-of-function mutations within the APC
gene, resulting in nuclear translocation of beta-catenin and subsequent transcription
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of Wnt target genes [77]. In PDAC, however, canonical pathway activation is more
often ligand-dependent, than through mutational events [78]. Immunohistochemical
detection of nuclear beta-catenin can be used as a surrogate marker of Wnt pathway
activation. Al-Aynati et al. reported nuclear overexpression of beta-catenin in a small
proportion of high-grade PanINs [79], but observations regarding PDACs have been
conflicting [71].

Genetically Engineered Mouse Models and Murine PanINs (mPaniNs)

A remarkable advance achieved in the last decade for pancreatic cancer research has
been the development of genetically engineered mouse models, which resemble
cognate properties of the human disease, such as a multistep progression involving
noninvasive precursor lesions culminating in lethal disseminated malignancy [13,
14, 26]. In order to distinguish precursor lesions in mice from those arising in human
pancreata, the former have been designated as murine PanIN (mPanIN) [80]. Inter-
estingly, mPanIN lesions observed in these models also harbor many of the molec-
ular alterations found in humans, including activation of the Notch and Hedgehog
signaling pathways [13, 81]. These mouse models represent a unique platform for
discovery of early pancreatic neoplasia-associated biomarkers in serum, as recently
demonstrated by Hanash and colleagues [82]. In this study, the investigators iden-
tified a large panel of abnormally expressed protein the sera of mice from both early
and late stage disease. Of note, when five of these proteins were examined in human
sera obtained from PDAC patients, they were able to predict the diagnosis of
malignancy as much as 7-13 months prior to onset of clinical symptoms,
underscoring the commonalities between mouse and human disease models.
Genetically engineered mouse models of mPanINs and PDAC have also begun to
be utilized as in vivo platforms for assessment of novel chemoprevention and
treatment modalities. For example, it has been demonstrated that the COX-2 inhib-
itor nimesulide can downregulate mPanIN formation in genetically predisposed
mice [83], an expected finding, given that mPanINs (as well as their human coun-
terparts) overexpress COX-2 [13].

Therapeutic Implications of Isolated PanIN Lesions

Currently, the detection of PanIN lesions is hampered by the lack of sensitive
noninvasive diagnostic tools. Due to their microscopic size, PanIN lesions are
usually not diagnosed by standard clinical imaging techniques. Recent data from
the Johns Hopkins Hospital suggest that a combinatorial approach of collecting
secretin-stimulated pancreatic juice, endoscopic ultrasound (EUS), and computer
tomography might enable the detection of morphological and genetic changes
associated with PanIN lesions in the adjacent pancreatic parenchyma [84]. In par-
ticular, Brune et al. showed that PanINs can be associated with a lobulocentric form
of atrophy in the adjacent parenchyma, and a diffuse distribution of this atrophy
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observed in patients with multifocal PanIN lesions confers a diagnostic pattern on
EUS [85]. Even if further improvements in imaging techniques and other diagnostic
tools will provide the means to reliably and noninvasively screen for the presence of
PanIN lesions, the therapeutic implications that of such findings are largely
unknown. While the pathophysiological concept of a multistep progression of
PanINs culminating in PDAC has become acceptable, the appropriate clinical
management of noninvasively diagnosed PanIN lesions in an individual patient
still needs to be defined. In an effort to estimate the approximate probability of a
single PanIN to progress to cancer, Terhune et al. applied a mathematical model,
assuming that PanIN lesions can be found in 37.5% of cases in a normal population
with an average of five foci per affected pancreas, and that 0.8% of pancreata
develop PDAC [86]. The authors argued that based on these assumptions only
about 1% on PanIN lesions progress to PDAC. These considerations underscore
the caution mandated in drawing therapeutic conclusions based on the identification
of PanIN lesions alone, in the absence of a discernible malignancy.

Interestingly, collection of secretin-stimulated pancreatic juice has emerged as a
promising adjunct to the evaluation of precursor neoplasms. Digital next-generation
sequencing (“digital NGS”) to detect low-abundance mutations in secretin-
stimulated pancreatic juice samples collected from the duodenum in subjects with
a family history of PDAC has identified low abundance of KR4S mutations that are
thought to arise from small PanIN lesions [87]. However, further studies are needed
to assess whether the genetic alterations associated with high-grade PanINs can be
reliably detected by digital NGS with a high sensitivity and high specificity.

Intraductal Papillary Pucinous Neoplasms (IPMN)
Clinical Features of IPMNs

Intraductal papillary mucinous neoplasms (IPMNs) are mucin-producing epithelial
neoplasms that arise from the main pancreatic duct (main duct IPMN), branches
(side branch IPMN), or both (mixed main and branch duct IPMN). A population-
based study estimated the age and sex-adjusted cumulative incidence of an IPMN to
be 2.04 per 100,000 individuals per year [88]. In comparison, the incidence of
PDAC is 0.8 per 100,000 individuals per year. These neoplasms occur more
frequently in men than women with a mean age at presentation of approximately
65 years. The majority of IPMNs are identified incidentally on abdominal computed
tomography (CT) or magnetic resonance imaging (MRI), but a subset can be
associated with epigastric/abdominal pain, pancreatitis, weight loss, and jaundice
[89, 90]. IPMNss are usually greater than 1 cm in size, commonly arise in the head of
the pancreas and can be multifocal. Similar to PanINs, the neoplastic cells may show
varying degrees of dysplasia that can progress from low-grade dysplasia to high-
grade dysplasia and PDAC [91]. In addition, the risk of high-grade dysplasia and
PDAC is higher in patients with main duct IPMN and mixed main and branch duct
IPMN than branch duct IPMN (60% vs. 25%, respectively) [89, 92]. Although the



The Molecular Pathology of Precursor Lesions of Pancreatic Cancer 161

rate of progression to advanced neoplasia in an IPMN has yet to be defined, patients
with a PDAC arising in an IPMN are generally 3—5 years older than those with a
non-invasive IPMN [93]. Thus, it is hypothesized that there is a substantial window
of opportunity to detect and treat noninvasive IPMNs before they progress to PDAC.

Histopathological Features of IPMNs

As mentioned previously, IPMNs can be subdivided into three groups based on their
location with respect to the pancreatic ductal system: main duct, branch duct, and
mixed main and branch duct. Interestingly, main and branch duct IPMNs differ in
their clinicopathologic features (Table 2). Based on the degree of architectural and
cytologic atypia, IPMNs are graded as either low-grade or high-grade. Representa-
tive histologic images of these lesions are shown in Fig. 1c, d. Main duct IPMNs
have an increased frequency of harboring high-grade dysplasia and more often
associated with a PDAC than branch duct IPMN5 [96, 97]. The neoplastic epithelium
lining the papillae can demonstrate a variety of directions of differentiation, but the
biologic and clinical significance of patterns of differentiation remain controversial.
Most IPMNs adopt an intestinal differentiation and resemble intestinal adenomas
with well-formed, long villous projections, lined by columnar mucinous epithelium
with cigar-shaped nuclei. Most of the neoplastic cells contain abundant apical mucin
and, in some cases, have scattered goblet cells. Gastric foveolar differentiation is
characterized by eosinophilic cytoplasm, basally oriented nuclei, and abundant
apical cytoplasm mucin. Gastric foveolar type IPMNs can be papillary or flat in
appearance. The pancreatobiliary type IPMN is less common and the neoplastic cells
form more complex papillae with bridging and cribriform structures. The nuclei are
rounder than the intestinal type and the chromatin pattern is open, often with
prominent nucleoli. This type contains less apical mucin and tends to harbor at
least high-grade dysplasia. The intestinal and pancreatobiliary types of IPMN more
commonly arise in the main duct, while the gastric type of IPMN is usually a branch
duct lesion. The histological subtypes also demonstrate different patterns of
apomucin labeling, with the intestinal-type IPMNs expressing MUC2, the
pancreato-biliary type expressing MUCI, and the gastric type IPMN expressing
MUCSAC, but usually lacking MUC1 and MUC?2. In addition to intestinal, gastric

Table 2 Clinical and pathologic features associated with main duct and branch duct IPMNs
[94, 95]

Main duct IPMN Branch duct IPMN
Age peak 55 years 65 years
Location in pancreas 57% in head 93% in head
Dysplasia/malignancy
Low-grade dysplasia 43% 85%
High-grade dysplasia 20% 15%

Invasive adenocarcinoma 37% 0%
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and pancreatobiliary type IPMNs, there is another histologic variant that is referred
to as intraductal oncocytic papillary neoplasm (IOPN). The neoplastic cells found
within IOPNs show abundant eosinophilic cytoplasm, due to the high number of
mitochondria in these cells. However, whether IOPNs should be classified as a
subtype of IPMNs or a distinct entity remains controversial.

IPMNs can be associated with two predominant subtypes of PDAC that include
colloid (mucinous noncystic) carcinoma and conventional ductal adenocarcinoma
[98]. Distinguishing the subtypes of PDAC is clinically important, since colloid
carcinomas carry a significantly better prognosis [99]. Great care should be taken not
to overlook an associated focal carcinoma, particularly because the neoplastic
epithelium in an IPMN can extend intraductally for several centimeters beyond the
grossly dilated duct. Of note, patients with IPMNs show an increased risk for
extrapancreatic malignancies. In particular, higher rates of colorectal, gastric, esoph-
ageal, and lung malignancies have been reported [100].

Molecular Features of IPMNs

Studies have identified a variety of genetic alterations in [IPMNs. The most frequent
genetic alteration is an oncogenic KRAS mutation, which has a prevalence of >80%.
KRAS encodes for a G-protein, or a guanosine-nucleotide-binding protein, that
functions as a small GTPase and mediates downstream MAPK/ERK signaling
from growth factor receptors [101, 102]. Missense mutations result in constitutive
activation of KRAS and occur primarily in codon 12 and, to a lesser extent, codons
13 and 61 [101]. KRAS mutations are detected in all histologic subtypes of IPMNss,
but are more likely present in the gastric and pancreatobiliary types. Further,
Nikiforova et al. found KRAS mutations in [IPMNs are associated with a branch
duct location [101]. In addition to KRAS, 65% of IPMNs harbor somatic mutations in
the oncogene GNAS, which encodes for the G-protein stimulating o subunit (Gso)
[102]. Mutations in GNAS at either codon 201 or 227 result in constitutive activation
of Gsa and its effector adenylate cyclase, leading to autonomous synthesis of cAMP
and uncontrolled growth signaling [102, 103]. GNAS mutations are more often
present in IPMNs involving the main pancreatic duct than branch duct, and of an
intestinal histologic subtype. Collectively, activating mutations in KRAS and/or
GNAS are present in >96% IPMNs and considered early genetic events in the
progression to PDAC.

In addition to KRAS and GNAS, inactivating mutations in the tumor suppressor
gene RNF43 occur in 14-38% of IPMNs with frequent loss of heterozygosity [104,
105]. RNF43 encodes for an E3 ubiquitin ligase that regulates the Wnt signaling
pathway. Similarly, activating mutations in CTNNB/ also occur in small subset of
IPMNs [106]. Other potential genes mutated in IPMNs include 7P53, PIK3CA,
PTEN, CDKN2A4, and SMAD4. TP53 mutations occur late in the neoplastic progres-
sion of IPMNs and are frequently seen in advanced neoplasia [107]. Similarly,
Garcia-Carracedo et al. found PIK3CA mutations and deletions in PTEN are strongly
associated with high-grade IPMNs and PDAC [108, 109]. Losses in CDKN2A are an
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uncommon finding, but more prevalent in IPMNs with high-grade dysplasia than
low-grade dysplasia [110, 111]. SMAD4 is also rarely inactivated in low-grade
IPMNs, but mutations with corresponding loss of heterozygosity are typically seen
in the setting of advanced neoplasia. More recently, Hata et al. demonstrated an
elevated telomerase activity, presumably due to 7ERT promoter mutations, in
IPMNs is more often seen in IPMNs with high-grade dysplasia and/or invasive
adenocarcinoma [112].

Epigenetic silencing by aberrant promoter methylation has been described for a
number of candidate tumor suppressor genes in IPMNs, including SOCS!, ppENK,
CDKNIC, and CDKN2A [113, 114]. In recent years, several studies have uncovered
a plethora of differentially expressed genes in IPMNs. Transcripts found to be
overexpressed in [PMNs that represent candidate biomarkers, and which might
also potentially be involved in IPMN progression, include lipocalin-2, galactin-3,
cathepsin-E, claudin-4, TFF-1, TFF-2, TFF-3, CXCR-4, S10044, matrix meta-
lloproteinase 7 (MMP-7), and sonic hedgehog (SHH) [115-117]. The recent avail-
ability of technologies that can enable mass spectrometric based approaches on
microdissected tissues has enabled one of the first global proteomic analysis of a
noninvasive IPMN [118]. This study, using microdissected material from an archival
IPMN, identified tissue transgluaminase-2 (TTG-2) and deleted in malignant brain
tumor 1 (DMBT1) as candidate biomarkers in these precursor lesions.

Genetically Engineered Mouse Model of IPMNs

In an elegant study, Schmidt and coworkers described that concomitant pancreas-
specific expression of an oncogenic Kras allele and transforming growth factor-
alpha (TGF-alpha) led to formation of acinar-ductal metaplasia, accelerated
progression of Kras-induced mPanINs, as compared to Kras expression alone, and
to the development of cystic lesions resembling key features observed in human
IPMNs starting at 2—3 months after birth [119]. Histologically, these cystic lesions
were characterized by papillary proliferations which had formed in branches of the
main pancreatic duct. In line with findings in humans, the observed murine [IPMNs
were shown to express CK19, MUC1 and MUCSAC.

Studying the potential role of GNAS in pancreatic carcinogenesis, Taki et al.
generated transgenic mice that included activated GNAS [120]. These mice
showed elevated cAMP levels, small dilated tubular complex formation, loss of
acinar cells, and fibrosis in the pancreas; but, no macroscopic tumorigenesis was
apparent by 2 months of age. However, the combination of KRAS and GNAS
resulted in mice developing cystic tumors consisting of markedly dilated ducts
lined by papillary dysplasia epithelium in the pancreas that closely mimicked
human IPMNss.

Interestingly, mutations in Brg/ and other members of the SWI/SNF complex have
been observed in over 30% of PDAC:s, and decreased Brg! protein expression has been
identified in a subset of IPMNs [121]. Inactivation of Brg/ in combination with mutant
Kras in mice promoted the development of cystic neoplastic lesions that resemble
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IPMNSs and over time progress to PDAC [122]. These findings suggest that chromatin
remodeling may underlie the development of IPMNs and the formation of PDAC.

Therapeutic Considerations Regarding IPMNs

The major clinical challenge with IPMNs is differentiating IPMNs with high-grade
dysplasia and PDAC from IPMNs with low-grade dysplasia. Moreover, another
clinical conundrum is predicting whether an IPMN will follow an indolent or
malignant disease course. As a consequence, a number of consensus- and
evidence-based management and treatment guidelines have been developed for
IPMNs and heavily rely on cross-sectional abdominal imaging, endoscopic ultra-
sound, and pancreatic cyst fluid ancillary studies, such as carcinoembryonic antigen
(CEA) and cytopathology [89, 123, 124]. However, these diagnostic modalities have
clear limitations in predicting malignancy with a high sensitivity and high specificity.
Thus, there has been a growing interest in identifying molecular markers to guide
management for [IPMNs.

In a pilot study, Khalid et al. prospectively evaluated the presence of mutations in
KRAS and allelic imbalance in seven tumor suppressor genes by Sanger sequencing
in preoperative pancreatic cyst fluid [125]. The authors found the combination of
KRAS mutations and allelic loss to be predictive of advanced neoplasia within an
IPMN with a sensitivity and specificity of 91% and 93%, respectively. These results
were later expanded into a multicenter prospective study (Pancreatic Cyst DNA
Analysis Study or PANDA study) of 113 patients [126]. Pancreatic cyst fluid was
collected preoperatively by EUS-fine needle aspiration (FNA) and assessed for
KRAS mutations and the overall fraction of alleles lost compared to germline DNA
(mean allelic loss amplitude or MALA).

In the PANDA study, the presence of mutant KRAS alone had a sensitivity and
specificity of 45% and 96%, respectively, for a mucinous cyst, but was not predictive
of advanced neoplasia. In contrast, a high MALA (>82%) had 90% sensitivity and
67% specificity for advanced neoplasia. But there were a number of weaknesses in
the study design that diminished the overall significance of these results. Notably, it
was unclear if DNA analysis would add value to established pancreatic cyst man-
agement guidelines. Furthermore, there was concern that MALA may be con-
founded by DNA degradation, gastrointestinal contamination during EUS-FNA,
and other variables. Indeed, follow-up studies demonstrated broad variability in
agreement between molecular and clinical diagnoses. Shen et al. reported an 8§9%
concordance between molecular and clinical consensus diagnoses, while Panarelli
et al. and Toll et al. reported a concordance rate of 39% and 56%, respectively
[127-129].

Regardless of the issues with MALA, KRAS testing proved to be a cost-effective
strategy to identify patients with [IPMNs and MCNs. In a cohort of 618 patients,
Nikiforova et al. found mutant KRAS had 54% sensitivity and 100% specificity for a
mucinous cyst [101]. This assay was superior to CEA testing and utilized signifi-
cantly less pancreatic cyst fluid for analysis. Moreover, the combination of KRAS
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point mutations and elevated CEA improved the sensitivity to 83% and maintained a
high specificity of 85%. The sensitivity of molecular analysis for mucinous cysts was
further increased by the addition of GNAS testing. Singhi et al. showed the detection
of mutant KRAS and/or GNAS had a sensitivity and specificity of 65% and 100%,
respectively [103]. However, there was significant discordance in the rates of
detection of KRAS and GNAS mutations between preoperative EUS-FNA and
studies using postoperative pancreatic cyst fluid. The authors underscored the
limitations of their assay may be due to the inherent sensitivity and specimen
requirements of conventional Sanger sequencing.

The limit of detection of Sanger sequencing is approximately 15-20% of mutant
alleles. In comparison, next-generation sequencing (NGS) has a limit of detection of
approximately 3—5% of mutant alleles. Recent studies have shown the application of
NGS to pancreatic cyst fluid ranges from 86% to 90% in sensitivity and 75% to
100% in specificity for mucinous differentiation [130, 131]. Other advantages of
NGS are the small amounts of DNA required for analysis and the ability to assay
multiple genes simultaneously. Using a broad panel of genes to include KRAS,
GNAS, VHL, TP53, CDKN2A, and SMAD4, among others, Jones et al. identified a
high concordance rate between molecular and clinical diagnoses [131]. Similarly,
Singhi et al. found mutations in 7P53, PIK3CA, and/or PTEN to have 83% sensi-
tivity and 97% specificity in detecting advanced neoplasia within an IPMN [130].
However, as diagnostic DNA testing of pancreatic cyst fluid continues to evolve,
questions remain as to how these alterations will influence patient management.

Mucinous Cystic Neoplasms (MCN)
Clinical Features of MCNs

Mucinous cystic neoplasms (MCNSs) are also mucin-producing epithelial neoplasms
that arise outside of the large ducts of the pancreas. The exact incidence and
prevalence of MCNs is difficult to assess, but within a large surgical series
represented, MCNs comprise a quarter of all resected cystic neoplasms of the
pancreas. Over 90% of MCNs are diagnosed in females, and the mean age at
diagnosis is between 40 and 50 years, with a wide range described in the literature
(14-95 years) [132, 133]. Not surprisingly, patients presenting with noninvasive
MCN:s tend to be 5-10 years younger on average as compared to those carrying
MCNs with associated invasive carcinoma, in line with the concept of MCN being a
precursor lesion eventually progressing to PDAC. Clinical symptoms are often
unspecific and include epigastric pain, a sense of abdominal fullness and abdominal
mass. Carcinoembryonic antigen 19-9 (CA19-9) blood concentrations are usually
normal in noninvasive MCN patients and elevated only in cases that are associated
with a PDAC [134]. Of note, MCNs, like IPMNs, can be discovered as incidental
cystic lesions of the pancreas. Computed tomography typically reveals a relatively
large (up to 10 cm) intrapancreatic cystic mass. Intramural nodules are more
common in MCNs with an associated invasive adenocarcinoma. The cysts
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themselves are usually 1-3 c¢cm in diameter and divided by fibrous septa, cyst
contents vary from mucoid to hemorrhagic fluid. MCNs do not communicate with
the pancreatic duct, and this feature is often exploited to differentiate MCNs from
IPMNs in the clinical setting.

Histopathology of MCNs

The cysts of MCNss are lined by a columnar mucin-producing epithelium, associated
with a spectrum of architectural and cytologic atypia, akin to what is observed in
IPMNs. MCNs with low-grade dysplasia consist of uniform columnar cells with
abundant supranuclear mucin. The nuclei are typically uniform, small, and basally
located basally (Fig. 1e). In contrast, MCNs with high-grade dysplasia demonstrate
significant degree of architectural and cytologic atypia, similar to what is seen in
high-grade PanINs and high-grade IPMNs [4, 132] (Fig. 1f). In addition to neoplas-
tic epithelium, MCNs comprise a distinct “ovarian-type” stroma [133, 135]. This
ovarian-type stroma consists of densely packed spindle-shaped cells, which can in
some cases even show luteinization, and that form a band directly underneath the
neoplastic epithelium. Per the current consensus definition, the ovarian-type stroma
is an essential prerequisite for the diagnosis of an MCN. Therefore, a proportion of
lesions previously referred to as MCNs are now categorized as IPMNs, and the ratio
of MCNs relative to IPMNs tends to decrease in newer reports. Diagnostically,
ovarian-type stroma can be particularly useful for MCN samples where the neoplas-
tic epithelium is focally denuded. Around one-third of resected MCNs are found to
be associated with PDAC [132]. These carcinomas may arise focally in an MCN,
and the extent of invasion has been shown to be one of the most important prognostic
factors [133].

Molecular Genetics of MCNs

The genetic alterations found in MCNs are similar to those in [PMNs. Analogous
to IPMNs, activating KRAS mutations are the most common finding, but their
prevalence increases with the degree of dysplasia. Jimenez et al. detected KRAS
mutations in 26% of low-grade MCNs, while in 89% of MCNs with advanced
neoplasia [136]. RNF43 alterations are also present in MCNs and range from 8%
to 35% [104, 105]. In addition, mutations and/or deletions in 7P53, PIK3CA, PTEN,
CDKNZ2A, and SMAD4 are detected in MCNs with advanced neoplasia. However, in
contrast to IPMNs, GNAS mutations are distinctly absent in MCNs [102, 104]. More-
over, recent studies on global expression profiling of MCNs have uncovered tissue
specific overexpression of a variety of proteins. Among others, c-met, S100P,
prostate stem cell antigen (PSCA), jagged-1, c-myc, cathepsin E, and pepsinogen
C were found to be overexpressed by neoplastic epithelial cells, and steroidogenic
acute regulatory protein (STAR) and estrogen receptor-1 (ESR-1) by ovarian-type
stroma cells, respectively [137, 138].
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Genetically Engineered Mouse Models of MCN

Within the past decade, at least two genetically engineered mouse models have been
described, closely resembling key features of human MCNs. Mao et al. reported that
the activation of the Hedgehog signaling pathway through overexpression of a
mutationally activated smoothened allele (R26-Smo-M2) in mice led to the rapid
development of thabdomyosarcomas, basal cell carcinomas, and medulloblastomas
[139]. Of interest, they also observed the development of a novel form of pancreatic
lesions resembling low-grade MCNs in approximately half of tamoxifen-induced
mice. These lesions were characterized by cyst formation of varying size, lined by
cuboidal epithelium with foci of columnar metaplasia and by a supporting prolifer-
ative ovarian-like stroma. Moreover, PAS and Alcian blue stains indicated mucin
expression by the epithelial cells within these lesions. Izeradjene et al. described that
pancreas-specific expression of oncogenic Kras in combination with Smad4
haploinsufficiency led to the formation of macroscopically visible cystic lesions in
the body and tail of murine pancreata [140]. Histopathological examination revealed
formation of low-grade mPanINs as well as cystic lesions resembling histological
features of human MCNs, including lining by a neoplastic epithelium consisting of
columnar, mucin-filled, CK19 positive epithelial cells displaying focal areas of low
to high-grade dysplasia, as well as a surrounding stroma that was frequently very
cellular and contained spindle-shaped cells with distinctive “wavy” nuclei. Interest-
ingly, the cysts did not seem to communicate with the duct system.

Therapeutic Implications of MCNs

The prognosis of MCNs depends largely on whether or not there is an associated
adenocarcinoma and the extent of adenocarcinoma invasion. If a PDAC is not
diagnosed after thorough histopathological evaluation of a surgically completely
resected MCN, the patient has an excellent prognosis and can be considered as cured
[133]. If, on the other hand, a surgically resected MCN is found to be associated with
an invasive carcinoma, patients show a worse 5-year overall survival of only about
60%, which is, nevertheless, still considerably better than survival rates observed for
PDAC that are not associated with an MCN [133]. However, the extent of invasion
of the adenocarcinoma largely dictates prognosis. Both Crippa et al. and Lewis et al.
found intracapsular PDAC as defined by invasion that did not go beyond the wall of
the MCN to be associated with an excellent prognosis [141, 142]. Between both
studies, only 4 of 30 (13%) adenocarcinomas with intracapsular invasion recurred.
Similarly, Zamboni et al. reported three patients with intracapsular invasion and five
cases with extracapsular invasion. All three patients with intracapsular invasion were
alive and well after a mean follow-up of 22 months [133]. In contrast, two of three
patients with extracapsular invasion died of disease.

At least two clinically relevant conclusions can be drawn from these observa-
tions: First, the striking difference in prognosis between MCN with and without
accompanying PDAC underscores the importance and potential of early detection
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and resection of these precursor lesions. Unlike noninvasive IPMNs, MCNs are
typically unifocal and represent surgically curable lesions even if they are associated
with high-grade dysplasia and minimally invasive adenocarcinoma at the time of
diagnosis. The observed age difference of patients with and without associated
adenocarcinoma further indicates that there is probably a sufficient time window
of probably several years in a given patient, before an existing MCN develops an
invasive adenocarcinoma, and during which early detection and resection with
curative intent are possible. Secondly, pathologists need to carefully and entirely
sample MCNs for histopathologic review to adequately assess for the presence of a
PDAC and document the extent of invasion.

Conclusion

In summary, PanINs, IPMNs, and MCNs represent three well-defined precursor
lesions of PDAC. In the last decade, significant progress has been made in under-
standing their molecular genetics, development of animal models, and improvements
in early detection of these lesions in asymptomatic individuals. Further advances in
early detection and possibly chemopreventive clinical trials are expected to occur
within the next decade and are essential in the fight against pancreatic cancer.

Box 1 Key Research Points

Three types of precursor lesions are recognized that can progress to invasive
adenocarcinoma of the pancreas — pancreatic intraepithelial neoplasia (PanIN),
intraductal papillary mucinous neoplasm (IPMN), and mucinous cystic neo-
plasm (MCN). Over the past decade, consensus histopathological criteria have
been established that facilitate the accurate diagnosis and classification of
these precursors, and permit comparable data to be generated between differ-
ent institutions. The multistep progression from early to later stages of these
precursor lesions is mirrored by a series of accumulating genetic alterations.

Box 2 Future Scientific Directions

While potent therapeutic options for established PDAC are lacking accounting
for its overall dismal prognosis, the precursor lesions of PDAC (e.g., PanINs,
IPMNSs, and MCNs) represent a unique therapeutic opportunity for curative
intervention. Future research should be aimed at developing diagnostic and
imaging tools which allow for reliable early detection of these precursor
lesions in a clinical setting. This is particularly desirable for PanINs, which
are by far the most frequently observed precursor lesions and are difficult or
close to impossible to detect with current clinically available imaging

(continued)



The Molecular Pathology of Precursor Lesions of Pancreatic Cancer 169

Box 2 Future Scientific Directions (continued)

techniques. Moreover, prospective studies should address individual risk
estimation of diagnosed precursor lesions to enable evidence-based guidelines
for the appropriate clinical management in individual cases.

Box 3 Clinical Implications

Early detection of precursor lesions of PDAC has the potential to identify
high-risk patients and treat a pancreatic lesion before it progresses into a frank
malignancy. The clinical implications for some precursor lesions are more
obvious than others. MCNs should always be resected and thoroughly evalu-
ated histopathologically for the presence of an associated PDAC. The same
holds true for main duct type IPMNs. However, there are currently opposing
opinions as to the management and treatment of branch duct type IPMNs.
PanINs are a common finding in the elderly population, but to date appropriate
tools to reliably diagnose isolated PanINs in a clinical setting are lacking.
Recently, endoscopic ultrasound has enabled the diagnosis of multifocal
PanIN lesions in patients at risk for developing PDAC (e.g., individuals with
a familial pancreatic cancer). Improvements in imaging strategy and the
incorporation of molecular techniques in the diagnosis and workup of precur-
sor lesions should facilitate improved therapeutic decision making.
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