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Cystic precursors to invasive pancreatic cancer

Hanno Matthaei, Richard D. Schulick, Ralph H. Hruban and Anirban Maitra

Abstract | Improvements in the sensitivity and quality of cross-sectional imaging have led to increasing
numbers of patients being diagnosed with cystic lesions of the pancreas. In parallel, clinical, radiological,
pathological and molecular studies have improved the systems for classifying these cysts. Patients with
asymptomatic serous cystic neoplasms can be managed conservatively with regular monitoring; however,
the clinical management of patients with intraductal papillary mucinous neoplasms and mucinous cystic
neoplasms is far more challenging, as it is difficult to determine whether these lesions will progress to
malignancy. Fortunately, prospective studies have helped to establish that proposed clinical and radiological
criteria (the Sendai guidelines) can be used to guide the care of patients with cystic lesions of the pancreas.
Despite this progress in imaging and clinical guidelines, sensitive and specific tests have not yet been
developed that can reliably predict the histology and biological properties of a cystic lesion. Such biomarkers
are urgently needed, as noninvasive precursors of pancreatic cancer are curable, while the vast majority of

invasive pancreatic adenocarcinomas are not.
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Learning objectives

Upon completion of this activity, participants should be able to:

1 Analyze the epidemiology, presentation, and diagnosis of
IPMNs.

2 Analyze the epidemiology and diagnosis of MCNs.

3 Evaluate the use of biomarkers in the diagnosis of
pancreatic cysts.

4 Perform appropriate diagnostic interventions for patients
with pancreatic cysts.

Introduction

The past decade has witnessed a dramatic increase in
the number of patients being diagnosed with asymptom-
atic pancreatic cysts, sometimes referred to as ‘pancre-
atic incidentalomas’'~* Many of these lesions, including
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lymphoepithelial cysts, retention cysts and serous cyst-
adenomas (SCA), are benign and can be monitored
clinically if the diagnosis is certain. By contrast, research
of patient outcomes in combination with meticulous
histopathological studies has revealed that intraductal
papillary mucinous neoplasms (IPMNs) and mucinous
cystic neoplasms (MCNs) have the potential to progress
to invasive pancreatic adenocarcinomas.

The power of modern imaging technologies to visual-
ize even minute changes within the pancreas provides
an unprecedented opportunity for the early detection
and treatment of patients with pancreatic neoplasia. The
importance of early detection of pancreatic cancer has
been reiterated by the discovery that pancreatic cancers
tend to metastasize fairly late in their genetic evolu-
tion, thus presenting a large window of opportunity for
therapeutic intervention at an early, and hence poten-
tially curable, stage.” Although IPMNs and MCNs are
generally detectable with modern imaging, our inability
to predict accurately which cysts can be safely monitored,
and which have an associated invasive adenocarcinoma
or are likely to progress to infiltrating carcinoma remains
a challenge. A major advance in the field was, therefore,
the establishment of evidence-based treatment guide-
lines by a consortium of the International Association of
Pancreatology at a meeting held in Sendai, Japan, in 2006
(Box 1).° Although the Sendai guidelines are extremely
helpful, they rely on indirect measurements of risk, such
as the size of the cyst. Studies to validate these guidelines
revealed clear limitations in the sensitivity and specificity
of the reccommended measurements, therefore, more reli-
able biomarkers than those used in the Sendai guidelines
are needed for the optimal management of individual
patients (Table 1).”?
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Key points

The number of patients being diagnosed with pancreatic cysts is increasing
dramatically owing to the widespread use of high resolution imaging modalities

Although some pancreatic cysts are benign, others (such as intraductal
papillary mucinous neoplasms or mucinous cystic neoplasms) are precursor
lesions of invasive pancreatic cancer that might undergo malignant
transformation

Diagnosis and risk assessment of pancreatic cystic lesions before surgery is
challenging, which hampers the implementation of an appropriate therapeutic
stratification

Ongoing research is trying to discover diagnostic targets to enable a tailor-made
approach to the treatment of patients with pancreatic cystic lesions

The discovery of biomarkers in pancreatic cyst fluid (a readily available clinical
specimen) is believed to provide diagnostic targets for translation into improved
clinical management of patients with pancreatic cysts

Box 1 | Resection recommendation from the Sendai guidelines®

All subgroups of patients with suspected mucinous cystic neoplasm of main
duct intraductal papillary mucinous neoplasm should undergo resection

In patients with suspected branch duct intraductal papillary mucinous
neoplasm, only those with a cyst >3 cm, with symptoms, with mural nodules or
positive cytology should undergo resection

In spite of substantial advances in perioperative out-
comes, patients undergoing pancreatic resection still
have an operative mortality of 2-4% and morbidity rates
of ~40-50%."° In addition, patients who undergo com-
plete pancreatic resection will develop diabetes mellitus
attributable to reduced insulin production. The mortal-
ity, morbidity and financial costs of these surgeries could
potentially be reduced if patients with low-risk lesions
could be identified and spared surgery.

In this Review we first discuss the salient clinicopatho-
logical and molecular features of IPMNs and MCNs, as
these are the clinically most important precursor lesions
of invasive pancreatic cancer. We review the latest impor-
tant research accomplishments and outline new avenues
for translational research that will hopefully provide
attractive diagnostic and therapeutic targets within the
near future. In the second section of our Review we
focus on current biomarker research with a particular
emphasis on pancreatic cyst fluid.

Patients with pancreatic cysts

Cystic lesions in the pancreas are actually fairly common.
At the lower end of the prevalence range reported in the
literature, pancreatic cystic lesions were found in just
0.2% of patients who were assessed with ultrasonography
for a routine health examination or during outpatient
screening,'’ and another study identified cystic lesions
of the pancreas in only 1.2% of the records of 24,039
patients undergoing CT or MRI scans (no more than
0.7% in the absence of pancreatitis).’ At the upper end
of the spectrum, an assessment of the spin-echo MRI
scans of 1,444 patients found cystic lesions in 19.6% of
the patients. However, these results might be an over-
estimate of prevalence in the general population as the
study included patients with pancreas-related symp-
toms.'? By contrast, an analysis of the abdominal MRI

scans of 616 patients who did not have pancreas-related
symptoms found at least one pancreatic cyst in 83 indi-
viduals (14%) and 40% of the pancreata of these indivi-
duals had multiple cysts.” In this study the prevalence of
incidental pancreatic cysts was strongly correlated with
age: only one patient <40 years of age had a pancreatic
cyst. The finding of pancreatic cysts in patients without
pancreas-related symptoms is mirrored by a study from
our institution published in 2008 in which CT scans
revealed that 2.6% of asymptomatic patients had a pan-
creatic cyst.'* Today, the most accurate incidence rates of
pancreatic cysts can probably be derived from meticu-
lous necropsies. Such studies have reported incidental
cystic changes in up to 25% of pancreata (many of these
changes might not be seen by conventional imaging)."®
Given that an estimated 50 million CT scans are per-
formed annually in the USA, clinicians will have to famil-
iarize themselves with the best management of patients
who present with an asymptomatic pancreatic cyst.

IPMNs

Clinical appearance and morphology of IPMNs
IPMNs are epithelial neoplasms in the main pancre-
atic duct or in one of its branches that produce mucins
(Table 2, Figures 1 and 2).'®!” Noninvasive IPMNs
can be divided into two clinical subtypes: those that
predominantly involve the main duct and those that pre-
dominantly involve a branch duct.'® When main ducts
and branch ducts are both involved sometimes the term
‘mixed-type’ or ‘combined-type’ IPMN is used.'” Main
duct IPMNs mostly exhibit a more severe epithelial dys-
plasia and are more often associated with an infiltrat-
ing adenocarcinoma than are branch duct IPMNs.2%2!
Although there is considerable overlap between main
duct and branch duct IPMNSs, the assessment of duct
involvement during imaging before surgery enables a
useful therapeutic stratification according to the Sendai
criteria (see below).

On the basis of the predominant direction of differ-
entiation within the lining epithelium, IPMNs can also
be categorized as being of the gastric foveolar, intesti-
nal, or pancreatobiliary subtypes. Main duct IPMNs are
often larger in size than branch duct IPMNs and exhibit
an intestinal or pancreatobiliary subtype in their lining
epithelium; IPMNs of the branch duct are usually rela-
tively small and are almost always of the gastric foveolar
subtype.?! Usually, the intestinal IPMN subtype shows
increased MUC2 expression, whereas the pancreato-
biliary IPMN subtype expresses MUCL1. The gastric
foveolar IPMN subtype typically expresses MUC5AC and
does not exhibit MUC1 or MUC2 expression.”*** CDX2,
a transcription factor crucial in intestinal development,
is expressed by the majority of IPMNs of the intestinal
subtype, suggesting the existence of an intestinal pathway
of differentiation for some IPMNs. By contrast, IPMNs of
the pancreatobiliary subtype, as well as pancreatic intra-
epithelial neoplasia (PanIN), which are also predominantly
MUCI1 positive, lack CDX2 expression.***

IPMNss are slightly more frequent in men than in
women (~3:2 ratio). The age of patients presenting with
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Table 1 | Studies validating the APA consensus guidelines about the treatment of IPMNs and MCNs

Study n

Average age Study design

Conclusion

Pelaez-Luna 147 BD-IPMNs 65

et al. (2007)%*

Tang et al. 61 (31 BD-IPMNs; 66
(2008)8 30 MD-IPMNSs)

Sawhney et al. 154 60
(2009)°

Single center,
retrospective

Single center,
retrospective

Single center,
retrospective

All patients with malignancy detected according to CG;
specificity is low (23%)

CG recommended surgery in high-risk lesions; lesions
with recommended nonsurgical treatment were low-risk

Some malignant cysts missed; accuracy of CG low (56%)

Abbreviations: BD-IPMN, branch duct intraductal papillary mucinous neoplasm; CG, APA consensus guidelines; MD-IPMN, main duct intraductal papillary

mucinous neoplasm.

an invasive IPMN is often 3-5 years older than the average
age of presentation (60-70 years) in patients with a
noninvasive IPMN. In addition, many patients with an
IPMN develop symptoms attributable to their IPMN
several months, and up to 10 years, before they are
diagnosed.?®?” These observations suggest that there
is a substantial window of opportunity to detect and
treat noninvasive IPMNs before they progress to inva-
sive cancer.” The importance of detecting these neo-
plasms early is underscored by studies of patients who
have undergone surgical resection that have reported a
5-year survival of >90% for patients with noninvasive
IPMNSs compared to survival of ~50% if the IPMN has
an associated invasive carcinoma.?** Family history is
a well-established risk factor for the development of
IPMNs. Inherited predispositions for IPMNs include
Peutz-Jeghers syndrome, which is caused by germ-line-
inactivating mutations in the STK11 gene (also known
as LKBI), and the less-well defined clinical entity of
familial pancreatic cancer.’*-* Symptoms of IPMNs
include abdominal pain, back pain, anorexia, weight
loss and recurrent episodes of pancreatitis. However, the
symptoms are usually nonspecific, which highlights
the challenge of establishing an early diagnosis without
reliable biomarkers.

A variety of diagnostic approaches are available to
evaluate a potential IPMN. Some centers rely heavily on
magnetic resonance cholangiopancreatography (MRCP),
although high-resolution CT and endoscopic ultrasound
(EUS) are emerging as the most accurate modalities.>'*
A CT of an IPMN will usually reveal a pancreatic cyst
with ectasia of the main pancreatic duct or multiple cysts
attributable to dilatation of side branch ducts with occa-
sional multicentric growth (Figure 1a,b). Some patients
will present with a mixed-type lesion with characteristics
of both main duct and branch duct IPMNs. EUS might
reveal mucus secretion from a prominent papilla of
Vater sometimes referred to as ‘fish mouth papilla’
because of its patulous appearance. Endoscopic retro-
grade cholangiopancreaticography (ERCP) might reveal
dilated pancreatic ducts or nodules in the cyst wall that
represent a potential invasive transformation of the epi-
thelium. Increased serum levels of tumor markers, such
as carcinoembryonic antigen (CEA) or cancer antigen
19-9 (CA19-9), are sometimes detected in patients with
an IPMN with an associated invasive carcinoma.* The
current status of cyst fluid biomarkers is outlined later
in this article.

The clinically relevant pathologic features in IPMNs
are the degree of dysplasia and the presence or absence
of an associated invasive carcinoma. The degree of
architectural and cytological atypia is used to subclassify
IPMNs into low-grade dysplasia, intermediate dysplasia
and high-grade dysplasia.** Approximately one-third of
IPMNss are associated with an invasive carcinoma. These
invasive carcinomas are usually colloid adenocarcinomas
or ductal adenocarcinomas. Colloid adenocarcinomas are
characterized by abundant extracellular pools of mucin,
in which floating neoplastic epithelium can be observed.*
Colloid cancers are generally associated with intestinal
IPMNs that express MUC2, while the ductal adeno-
carcinomas are associated with pancreatobiliary lesions
that express MUCI1. Gastric IPMNs are only rarely associ-
ated with malignant progression; this observation sup-
ports a conservative treatment approach to most branch
duct IPMNs where neoplastic epithelium is usually
present.” However, given the marked difference in 5-year
survival between patients with noninvasive and invasive
IPMNs (90% versus 50%, respectively),’ the presence
of an invasive component should be excluded by careful
histopathological examination of the entire specimen.

On the basis of these correlative observations, a con-
sensus conference of the International Association of
Pancreatology has proposed guidelines for the manage-
ment of patients with pancreatic cysts suspected to be
IPMNs (the Sendai guidelines). These guidelines use the
results of radiology before surgery and/or the diagnosis
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Table 2 | Clinical features of cystic precursor lesions of pancreatic cancer

Feature IPMN MCN
Predominant age 60-70 years 40-50 years
Sex ratio (female:male) 2:3 20:1
Predominant intrapancreatic Head Body and/or tail
localization

Multifocal growth Frequently Rare
Communication of the cysts Arises in major or branch Rare

with larger pancreatic ducts
Stroma

Cyst fluid quality

Mucin oozing from papilla

Characteristic ERCP finding

ducts
Collagen rich
Mucoid

Yes

Dilated pancreatic duct
and filling defects

Ovarian type
Mucoid
No

Displaced or compressed
pancreatic duct

Abbreviations: ERCP endoscopic retrograde cholangiopancreatography; IPMN, intraductal papillary
mucinous neoplasm; MCN, mucinous cystic neoplasm.
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Figure 1 | Multifocal intraductal papillary mucinous neoplasms (IPMNs) within a
pancreas. CT imaging before surgery reveals multicystic changes involving the
a | body of the pancreas and b | tail of the pancreas. ¢ | After distal
pancreatectomy six independent branch duct IPMNs can grossly be identified.

d | Histologically the lesions show low to intermediate grade dysplasia and a
characteristic gastric foveolar epithelial subtype (hematoxylin and eosin staining,
100x original magnification).
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Figure 2 | Cystic precursor lesions of pancreatic cancer. a | An extensive intraductal
papillary growth of a large intraductal papillary mucinous neoplasm (IPMN) (image
taken with specimen immersed in water). b | Histology displays finger-like papillae
and high-grade dysplasia (upper part of image) with an invasive colloid
adenocarinoma (lower part of image); these lesions are often located in the main
pancreatic duct and show characteristic intestinal differentiation (hematoxylin and
eosin staining, 20x original magnification). ¢ | A large multicystic mucinous cystic
neoplasm (MCN) in the pancreatic tail. d | A diagnostic sign for MCN ovarian-like
stroma (indicated with an asterisk) underlies the neoplastic epithelium. The latter
often shows abrupt transition in the degree of dysplasia; note the flat epithelium
with mild cytoarchitectural atypia at the upper part of the image versus the more
dysplastic and papillary growth pattern in the lower part of the image (hematoxylin
and eosin staining, 40x original magnification).

from an endoscopic biopsy sample (Box 1).° The pro-
posed consensus criteria recommend resection of all
cysts of the main pancreatic duct, and of side branch duct
IPMNs measuring >3 cm on imaging, those that demon-
strate nodules in the cystic wall (also termed ‘mural’
nodules) and those that cause symptoms. As always,
these general recommendations must be tempered by the
general medical condition of the patient, as well as their
predicted life expectancy. Most lesions in branch ducts
that do not meet these Sendai guidelines for resection
can be monitored conservatively.?”

Importantly, some IPMNs of the pancreas might be
multifocal (Figure 1). Even if the primary cyst is removed
by partial pancreatectomy, there is a risk of progression
of existing synchronous lesions or the development of
new metachronous lesions, including invasive cancer, in
the remnant pancreas.*! Thus, patients who retain a
portion of their pancreas following the resection of an
IPMN need to be carefully followed up with periodic
imaging of the pancreas. Of interest, patients with an
IPMN might also have an increased risk of develop-
ing malignancies in other organs, such as the colon
or stomach.*

Molecular alterations in IPMNs

Cancer is fundamentally a genetic disease, and the
genetic changes in IPMNs can provide additional insight
into the nature of these lesions. Studies have identified a
variety of genetic changes in IPMNs, some of these are
distinct from those that occur in PanINs. Using array
comparative genomic hybridization (CGH), IPMNs have
been found to harbor recurrent cytogenetic alterations
(on chromosomes 5q, 6q and 11q) that are distinct from
those characteristically found in pancreatic ductal adeno-
carcinoma (PDAC).* Grade for grade, the incidence of
mutations in the KRAS gene is reported to be lower in
IPMNs than in PanINs.* Furthermore, the SMAD4 (also
known as DPC4) gene is usually intact in noninvasive
IPMNS, but can be lost in invasive IPMNs.* The STK11
gene, which is usually mutated in the germ line DNA of
patients with Peutz-Jeghers syndrome, also shows loss
of expression in about one-quarter of sporadic IPMN
lesions.’** As another example, activating mutations in
the PIK3CA gene, involved in Akt oncogenic signaling,
are found in 10% of IPMNs.*

As more is discovered about the molecular altera-
tions in IPMNs the heterogeneity of this entity becomes
more obvious. High-throughput molecular analyses,
such as next-generation sequencing or serial analysis
of gene expression, should enable further useful sub-
classifications of IPMNs, especially with regard to
elucidation of diagnostic and therapeutic targets. As
such, high-throughput gene expression studies have
detected differentially expressed genes, such as CLDN4,
CXCR4, S100A4 and MSLN, that are overexpressed in the
associated adenocarcinomas as compared to the intra-
ductal component of the IPMN.*® The proteins of these
overexpressed genes, therefore, are potentially impor-
tant in the development of invasive disease from the
noncancerous ductal epithelium.
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MCNs

Clinical appearance and morphology of MCNs
MCN:s are the least frequent of the three known pre-
cursor lesions of pancreatic cancer. For example, low-
grade PanINs are extremely common, and can be found
in as many as 50% of pancreata in individuals >65 years.*’
Although the exact prevalence of mucinous cysts is diffi-
cult to assess, some studies suggest their prevalence to be
approximately half that of IPMNs.* By definition, MCNs
have two components—a mucin-producing epithelium
and a dense ovarian-like stroma subjacent to the lining
epithelium. In fact, the presence of the latter is a require-
ment for establishing a diagnosis of MCN. In MCNs, the
contents of the cyst typically include fluid rich in mucin
or hemorrhagic fluid. MCNs are considerably more fre-
quent in women than men (~9:1 ratio) and patients are
usually between 40 and 50 years of age when a primary
diagnosis is made (Table 2).*° Symptoms of an underlying
MCN can be vague, and include abdominal discomfort
or sensations of an epigastric mass. Similarly to IPMNss,
patients with invasive MCNs are, on average, approxi-
mately a decade older than those with noninvasive
MCNs, presenting at a median age of ~55 years.” Thus
far, risk factors other than female sex are largely unknown
for MCN.

On imaging, such as CT or MRI, and conventional
ultrasound or EUS, MCNs appear as well circumscribed
cystic lesions, with thick septae. In contrast to IPMNss,
however, the main pancreatic duct is not dilated, and the
lesion does not demonstrate any obvious communica-
tion with the ductal system. MCNs are usually located in
the pancreatic body or tail. Levels of circulating tumor
markers, such as CEA or CA19-9, are normal if there
is no associated invasive component. However, levels of
these markers might be raised in the cyst fluid aspirate
of both noninvasive and invasive MCNss (see below).”>™

Histologically, the epithelial lining of an MCN con-
sists of mucin-producing columnar cells with varying
degrees of dysplasia.** MCNs with low-grade dysplasia
demonstrate few architectural and cytological changes.
The lining cells contain abundant mucin overlying
basally oriented nuclei, and are strongly labeled with
antibodies to MUC5AC. In MCNs with intermediate
(moderate) dysplasia, the nuclei begin to lose polarity
and vary in morphology and size. MCN lesions with
high-grade dysplasia (carcinoma in situ) demonstrate
marked architectural and cytological abnormalities. An
interesting feature that might be observed in the cyst
lining is an abrupt transition between areas of severe
and mild dysplasia. As previously stated, a diagnostic
sine qua non of MCN:s is the presence of an ovarian-
like stroma underlying the neoplastic epithelium.*® The
stroma expresses progesterone and estrogen receptors,
and can even undergo luteinization akin to the actual
ovarian stroma.

Similar to IPMNs, approximately one-third of reported
MCNss are associated with an invasive adenocarcinoma,
usually of the ductal type.*® The percentage of MCNs
associated with an invasive cancer might be falling, which
is partly attributable to changing diagnostic criteria,

particularly the strict adherence to the requirement for
the presence of an ovarian-like stroma. Patients who
undergo resection for an MCN with an associated inva-
sive cancer have a 5-year survival of 50-60%. By compar-
ison, patients who undergo resection for a noninvasive
MCN usually have an excellent outcome, with a disease-
specific 5-year survival of almost 100%.>"¢ The excellent
survival of patients with surgically resected MCN relative
to patients with surgically resected IPMN is because, in
contrast to IPMNs, MCNs are typically unifocal lesions.
Identifying the presence of an invasive component is crit-
ical in the resection specimen, since noninvasive MCNss,
including those with severe dysplasia, are usually cured
following surgical resection.”»**

As MCNss are rare, it is not clear which clinical criteria
can be used to safely follow-up patients with known or
suspected MCN. Many centers have adopted a resec-
tional approach if the diagnosis of MCN is known or
suspected; nonetheless, the risk of malignancy is largely
proportional to the size of the lesion and, therefore, other
centers have suggested following the Sendai guidelines
for IPMNs.>

Molecular alterations in MCNs

Understanding the molecular pathology of MCNs is
a work in progress, partly because of the infrequency
with which these lesions occur. Mutations that activate
KRAS are observed even in low-grade dysplasia, while
mutations in TP53 and SMAD4 usually occur in more
advanced dysplasias, including in any associated inva-
sive components.**** The cellular apomucins MUC5AC
and MUC2 are expressed in noninvasive MCNs, while
expression of MUCI is associated with the acquisition
of invasive properties.”’ Global expression profiling has
detected a range of differentially expressed transcripts
in either the epithelium or the ovarian-like stroma of
MCNs.®! Thus, potential oncogenes, such as SI00P,
PSCA, MYC, MET and CTSE, are upregulated in the
neoplastic epithelial cells, while the steroidogenic acute
regulatory protein and estrogen receptor 1 are expressed
in the stroma. Furthermore, transcripts correspond-
ing to protein jagged 1 and the transcription factor
HES]1, key components of Notch signaling, are over-
expressed, which suggests that this ‘druggable’ pathway is
reactivated in MCN.

Translational research

In vitro and in vivo models of cystic neoplasia
Although the pancreas was the first organ in which trans-
genesis was successfully accomplished,**** the develop-
ment of a genetically engineered mouse model that
closely mimics the full range of pathology observed in
humans had been surprisingly challenging for over two
decades. In 2003, Tuveson and colleagues developed the
first genetically engineered mouse model of PDAC that
recapitulated the multistep progression of the cognate
human disease, including the presence of mouse PanINs
(mPanINs) of various histological grades.®*® Since
that time, multiple genetic cooperation models have
been developed that demonstrate higher penetrance
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of invasive cancer and shorter latency than the original
‘mutant Kras’ model.®*® Although the overwhelming
majority of these models progress to invasive cancer on
the backdrop of extensive mPanINs, the generation of
bona fide mouse models of cystic precursors has been
considerably sparser.

Schmid and colleagues were one of the first groups to
report a genetically engineered mouse model for cystic
pancreatic neoplasms in 2007. Specifically, they gen-
erated compound heterozygous mice with transgenic
expression of transforming growth factor (TGF) using
a rat elastase promoter, in conjunction with expression
of a knockin mutant Kras®'? allele from its endogenous
locus. The resulting mice displayed the entire pancreatic
progression spectrum, from mPanIN lesions to invasive
adenocarcinomas with associated metastases, but at the
same time, the pancreata of these mice had cystic papil-
lary lesions that resembled human IPMNs.® Since TGF
is a ligand for the epidermal growth factor pathway, this
study indicated a critical role for abnormal signaling of
the epidermal growth factor receptor in IPMN develop-
ment that is probably synergistic with oncogenic muta-
tions in Kras. Most other genetically engineered mouse
models that have yielded pancreatic cystic neoplasia
involve co-expression of a mutant Kras allele concomi-
tant with abrogation of the intracellular transforming
growth factor p (TGF-B) transcriptional machinery,
specifically through deletion of the gene that encodes
the Smad cofactor Smad4 (also known as Dpc4). Smad4
binds to the receptor-regulated Smads (such as Smad1 or
Smad2) upon engagement of TGF-f with its receptors,
and the resulting heteromeric complex is translocated
to the nucleus for initiating a TGF-B-induced transcrip-
tional program. Loss of SMAD4 is observed in 55% of
PDACSs, and as noted previously, can be seen in invasive
adenocarcinomas that arise in association with IPMNs
or MCNs.

Curiously, in mice, the cystic neoplasms observed
upon loss of Smad4 can resemble either IPMNs or MCNs,
depending on gene dosage. Thus, loss of both Smad4
alleles in conjunction with mutant Kras%'*® expres-
sion results in cystic lesions that resemble IPMNs70-72
while loss of one Smad4 allele (haploinsufficiency) co-
expressed with mutant Kras®'?" results in development
of MCN-like cysts in the mouse pancreas.”” Of note, the
second Smad4 allele is lost upon progression to invasive
adenocarcinomas in the latter model. Thus, either haplo-
insufficiency or complete loss of intracellular TGF-p
checkpoint control seems to be a prerequisite for devel-
oping cystic precursor lesions in the context of mutant
Kras expression. As loss of SMAD4 is a late event in
human IPMNs and MCNs, the relevance of these models
to the cognate diseases remains uncertain. One awaits
the complete sequencing of the genomes of IPMNs and
MCNs to identify additional candidates that might be
modeled in mice in cooperation with a mutant Kras®!?®
allele to yield more faithful models of cystic neoplasia
than those currently available.

Xenograft models derived from human tumors are
another potential platform that can be used to study

tumor biology in vivo. Patient-derived tumors can
be grown ex vivo to yield stroma-free epithelial cell
lines, which can then be injected in vivo in immuno-
compromised mice to generate xenografts. Alternatively,
patient-derived lesions can be directly implanted into
immunodeficient mice and grown across generations,
without the use of in vitro methods. Both modalities
have been used for generating cystic precursor models.
Thus, a cell line was generated from an invasive IPMN
harboring mutations in KRAS and p53, and confirmed
the ability of the cell line to engraft in immunodeficient
mice.* Similarly, the ability of IPMNs, including non-
invasive lesions, to engraft in vivo has been confirmed
by the successful establishment of eight xenografts from
patient tumors directly implanted in highly immuno-
deficient (NOD/SCID/IL2Ry’) mice; one of the explanted
IPMNs was then established as an immortalized cell
line.” Finally, the first ex vivo model of MCN, denoted
as MCC1 has been created. MCCl is a cell line estab-
lished from a noninvasive lesion with high-grade dys-
plasia.”* MCC1 has mutations of KRAS, CDKN2A and
P53, and is capable of engrafting as xenografts in mice.
These various cell line and xenograft models will hope-
fully serve as avenues for a variety of preclinical studies
in cystic precursors, such as experimental therapeutics
and gene discovery.

Cyst fluid—a key to diagnosis?

In spite of improved imaging modalities and emerging
clinical awareness of pancreatic cysts, there is currently
no assay for use before surgery available with the sensi-
tivity and specificity needed to accurately predict the bio-
logical behavior of a pancreatic cyst. In some instances,
neoplastic and non-neoplastic cysts can be readily dis-
tinguished by imaging, while in other patients this can
be considerably challenging. The development of readily
applicable guidelines to unequivocally determine which
pancreatic cystic lesions can be conservatively managed
with regular monitoring and which require surgical
resection would be a major advance.*® Pancreatic cystic
lesions, both neoplastic and non-neoplastic, are nearly
always amenable to aspiration of cystic contents, which
provides a unique opportunity for biomarker discovery
in biospecimens proximate to lesional tissue.

Cyst fluid can be obtained by EUS-based fine needle
aspirate for cytology, but the diagnostic benefit of such
aspirations is often hampered by contamination from
non-neoplastic tissues (such as the gastric mucosa) as
well as by the inability to gather a sufficiently repre-
sentative sample from a heterogeneously septated cyst.
Moreover, EUS-based fine needle aspirate samples from
cysts are often lacking adequate cellularity, reducing the
chances of obtaining an accurate diagnosis on cytology
of the aspirated material. Thus, sampling errors by EUS-
based fine needle aspirate might result in false negative
diagnosis of an absence of high-grade dysplasia or carci-
noma, an outright criterion for resection. Nevertheless,
cytologic preparations from fine needle aspirates can aid
in the diagnosis of pancreatic cysts. Fine needle aspirates
of IPMNs and MCNs cannot usually be distinguished
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because the ovarian-like stroma of MCNss is usually
not present in aspirates. A more general diagnosis of
mucin-producing neoplasm, therefore, is often used.
Two components predominate in these aspirates: mucin
and epithelium. Particularly thick, tenacious, colloid-like
mucin is highly suggestive of a mucin-producing cystic
lesion. The second component, the epithelium, is needed
to establish the diagnosis of a neoplasm. The epithelial
cells are typically columnar, and they can form flat sheets
or papillary structures. The degree of dysplasia within
aspirates often underestimates the degree of dysplasia
identified in subsequent resection specimens, presum-
ably because of the considerable heterogeneity that is
often present in these lesions.

The diagnostic potential of protein expression pat-
terns in cyst fluid has been extensively investigated. The
most promising tumor markers include CEA, CA19-9
and carbohydrate antigen 125 (CA125). Of those, CEA
(with a cut off of 200 ng/ml) is most frequently used to
distinguish between cysts that produce mucin (IPMNs
and MCNs) and nonmucinous cysts. However, a distinc-
tion between a noninvasive and an invasive cystic lesion
is currently impossible using only the levels of CEA.”>"7
Allen et al. screened cyst fluid specimens by means of a
commercially available and custom designed multiplex
protein assay using a biomarker panel developed for pan-
creatic cancer.”® Protein expression profiles were used to
discriminate accurately between SCA and IPMN in 92%
of patients. Interestingly, the only proteins overexpressed
in the cyst fluid of patients with mucin-producing neo-
plasms were CEA and CA72.4. The majority of the other
proteins included in the assay were downregulated in
IPMN and MCN fluid specimens, compared to SCA
fluid specimens.” The same group of investigators evalu-
ated the use of cyst fluid CEA analysis in the diagnosis of
mucin-producing cysts by correlating clinicopathological
and outcome data with CEA levels in cyst fluid collected
during EUS. A cut off level of CEA >192ng/ml proved
to be capable of predicting the presence of a mucin-
producing cyst with a sensitivity of 73% and a specificity
of 65%. However, CEA levels were again not predictive of
a malignant mucin-producing cyst or radiographic pro-
gression of the lesion.” By contrast, in a study published
in 2010, the value of CEA assessment before surgery for
differentiating between a mucin-producing cyst and a
nonmucinous cystic lesion has been questioned. The
investigators found considerably raised levels of CEA
(>450ng/ml) in 3 of 9 lymphoepithelial cysts, which are
benign lesions.®

Levels of amylase in the cyst fluid is another potential
parameter in differentiating, for example, a pseudocyst,
in which high levels of amylase are usually present, from
a cyst that did not arise from pancreatic epithelium, such
as a lymphangioma, which usually show low levels of
amylase. In addition, SCAs generally have low levels
of amylase in their cyst fluid. Since levels of amylase in
IPMNs and MCNs are often increased, a differentia-
tion from pseudocysts might not be possible using this
analyte alone.® Thus far, neither CEA nor amylase have
been approved by the FDA for biomarker purposes in

cyst fluid. These tests, therefore, have to be regarded as
off-label applications."**

Not surprisingly, there have also been attempts to
assess DNA-based markers in cyst fluid as a means of
diagnostic stratification. For example, a pilot study used
the amount of DNA in cyst fluid and molecular altera-
tions in the DNA to facilitate the underlying diagnosis.
A mutation in KRAS followed by microsatellite loss of
heterozygosity at hot spots seemed to be most predic-
tive of the presence of malignancy in a pancreatic cyst.*
Similarly, KRAS mutations and a panel of microsatellite
markers were found to correlate with the degree of dys-
plasia in cysts.® These initial attempts were expanded
into a multicenter trial—the Pancreatic Cyst DNA
Analysis Study (PANDA study), which included 113
patients with pancreatic cysts who underwent surgical
resection or had diagnostic aspiration cytology.®* The
cysts were classified as benign (nonmucinous) or muci-
nous, with the latter being further subdivided into pre-
malignant and malignant (those with carcinoma in situ
or invasive adenocarcinoma, respectively). Cyst fluid
DNA was obtained by EUS, and in addition to analy-
sis of mutations in KRAS, the overall fraction of alleles
deemed as lost compared to the germ line (mean allelic
loss amplitude or MALA) was determined.

In the PANDA study, the presence of a mutant KRAS
or an MALA >65% were predictive of a mucinous lesion
by both univariate and multivariate analysis, and DNA
analysis improved the sensitivity of cyst fluid CEA.
Notably mutation of KRAS was by itself not predictive
of malignancy in mucin-producing cysts (probably a
reflection of these mutations occurring early), although
an MALA >82%, as well as the combination of KRAS and
high MALA were associated with high-grade cysts that
produced mucin. Although the PANDA study provides
some rationale for coopting DNA-based analyses in diag-
nosis of pancreatic cysts, there were inherent weaknesses
in the study design that diminish the overall significance
of the results.®**” For example, the study cohort had a
selection bias towards high-grade cysts than are typically
observed in a nonselected population; additionally, it was
unclear from the trial if DNA analysis (an expensive addi-
tion to health-care costs) would add value to optimally
applied Sendai criteria alone. Finally, there is concern
that allelic loss amplitude can be confounded by DNA
degradation as well as a number of variables attributable
to underlying heterogeneity in cyst fluid composition.
One anticipates that genomic profiling of IPMNs and
MCNs by next-generation technologies will elucidate
improved and cost-effective diagnostic biomarkers that
can fill the current void in this area.

In addition to genomic alterations, epigenetic
abnormalities, such as DNA methylation and microRNA
(miRNA) expression profiles, have also been exam-
ined as potential biomarkers in cyst fluid samples.®*
miRNAs are noncoding RNAs, ~21-23 nucleotides in
length, that are involved in transcriptional regulation
of coding genes.”® Aberrant miRNA expression has
emerged as one of the hallmarks of human neoplasia,
including pancreatic cancer.”’~** Our group assessed the
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relative expression levels of a panel of 12 miRNAs known
to be upregulated in PDAC in 15 noninvasive IPMNss.
miR-21 (mean 12.1-fold increase) and miR-155 (mean
11.6-fold increase) were identified as the most prom-
ising biomarker candidates. Furthermore, upregula-
tion of miR-155 transcripts were observed in 6 of 10
IPMN-associated pancreatic fluid specimens compared
with none of the specimens from control individuals.®
Analysis of the levels of miRNA expression in cyst fluid
samples, therefore, might serve as an important tool in
the diagnostic and prognostic classification of pancreatic
cysts. This approach deserves further investigation.

Conclusions

The dramatic increase in the number of patients diag-
nosed with incidental pancreatic cysts through improved
imaging is a unique chance to detect and treat cystic pre-
cursor lesions before the onset of malignancy. However,
without reliable and cost-effective biomarkers the limited
diagnostic accuracy of modern high-resolution imaging
is a double-edged sword. Small pancreatic cysts can be
detected with relative ease, but many are clinically irrel-
evant and will not harm the patient. Moreover, patients

who have clinically benign lesions are at risk of over-
treatment and morbidity and mortality from unneces-
sary intervention. Thus, it is believed that research
using cyst fluid (a readily available clinical specimen)
will provide diagnostic targets that will eventually enable
appropriate treatment stratification of patients with pan-
creatic cysts. Thus far, it seems that a panel of molecular
markers, rather than a single biomarker, will eventually
enable screening of high sensitivity and specificity for
pancreatic cystic lesions using cyst fluid samples.
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