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Abstract

Simple mucinous cysts of the pancreas have an epithelial lining resembling pancreatic
intraepithelial neoplasia but may have a clinical presentation similar to pre-malignant mucinous
neoplasms such as intraductal papillary mucinous neoplasms. Whether the epithelial lining shares
genomic alterations with other pancreatic preinvasive neoplasms such as PanIN and intraductal
papillary mucinous neoplasm has not been determined. We performed targeted sequencing
analysis using a custom designed MiSeq panel including the full coding regions of 18 pancreatic
cancer genes on 13 clinically and pathologically well characterized simple mucinous cysts. We
detected 59 mutations in 15 genes in the cohort, with a median of 4 mutations per cyst (range=0-
16 mutations per cyst). The mutated genes and rate of detected mutations were: KMT72C (MLL3)
(62%), KRAS (15%), BRAF (8%), RNF43(8%), CDKNZ2a (8%), TP53 (15%), and SMAD4 (8%).
No GNAS mutations were detected. Four cases (31%) had no mutations detected. These findings
place the majority of simple mucinous cysts of the pancreas in the spectrum of early, low grade
mucinous neoplasia, albeit with an different spectrum of genomic alterations than PanIN and
intraductal papillary mucinous neoplasm.
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1. Introduction

Localized cysts of the pancreas raise the pre-operative differential diagnosis of pre-
malignant mucinous neoplasms such as intraductal papillary mucinous neoplasm or
mucinous cystic neoplasm, but sometimes the histology of the resected cyst reveals a non-
papillary mucinous cyst lining lacking ovarian stroma. These cysts have been previously
labeled, “retention cyst involved by pancreatic intraepithelial neoplasia” or “mucinous non-
neoplastic cyst [1].” In 2015, a consensus publication detailed criteria for the diagnosis of
these cysts and proposed a unifying term, “simple mucinous cyst,” defined by size > 1 cm
and a simple mucinous epithelial lining with absence of ovarian-type stroma or papillary
architecture, features that would establish the alternative diagnoses for mucinous cystic
neoplasm and intraductal papillary mucinous neoplasm, respectively. Although mucinous
epithelium has been regarded as a neoplastic feature in pancreatic ductal lesions, simple
mucinous cysts have not been established as bona fide neoplasms, and our understanding of
the genetics and natural history is limited because there are few published reports with very
limited follow up data and KRAS has been the only gene investigated [2], [3], [4].

The aim of this study is to describe the somatic mutations of simple mucinous cysts of the
pancreas using targeted sequencing and to document the correlative clinicopathologic
characteristics and clinical follow up over a long interval.

2. Materials and Methods

2.1 Sample selection and slide review

Samples from thirteen localized pancreatic cysts resected between 2000-2014 were obtained
with the approval of the Memorial Sloan Kettering Institutional Review Board. The
inclusion criteria for sample selection were 1) the surgical pathology diagnosis was retention
cyst (all samples were obtained before consensus criteria for simple mucinous cyst were
published); 2) on review, the lesion was lined by simple mucinous epithelium, size was > 1
cm, and papillary architecture and ovarian-type stroma were lacking. Pertinent histologic
features were recorded from the archival hematoxylin and eosin slide review. Cyst lining
epithelium was assigned a grade of dysplasia using criteria described previously proposed
for three tiers of dysplasia (i.e., PanIN 1A, 1B, 2, 3) [5].

2.2 DNA extraction and quantification

The cyst lining cells were micro-dissected by scraping 20 FFPE sections (5 micron
thickness), with careful attention to avoid sampling peri-cystic pancreatic tissue and stroma.
DNA was extracted from formalin fixed, paraffin embedded sections using pH 8.0 buffered
phenol-chloroform.

2.3 Targeted Sequencing and Analysis

Library preparation and sequencing were performed on MiSeq platform (Illumina, San
Diego, CA) according to the manufacturer instructions. Libraries were prepared for use
against a custom designed MiSeq panel including the full coding regions of 18 pancreatic
cancer genes: ARIDIA, ARID2, ATM, BRAF, CDKNZA, CTNNB1, GNAS, KDMG6A,
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KRAS, KTM2C, PCDH15, RNF43, SF3B1, SMAD3, SMAD4, TGFBR1, TGFBRZ, TP53,
a panel that includes genes commonly mutated in PanIN, mucinous cystic neoplasm, and
intraductal papillary mucinous neoplasm.

Several precautions were taken to identify high quality variants. First, each sample of DNA
was used for library preparation and sequencing two independent times [6]. Second, only
variants that passed MiSeq quality metrics were retained. Third, any variant that was non-
coding or synonymous and that had a global minor allele frequency of >=0.05% was
excluded. Fourth, only somatic variants that were present in both sequencing runs for a
sample were considered. Fifth, variants were filtered against the matched normal for each
patient. Samples without a matched normal were filtered against an unmatched pooled
normal representing 30 patients of diverse ethnic and racial origin. Finally, this list of high
quality variants was analyzed by CRAVAT (http://www.cravat.us/CRAVAT/) to identify
those predicted to be functionally deleterious in nature versus passenger mutations in a
driver gene.

2.4 Immunohistochemistry for driver gene expression

Sections from FFPE were stained with the following monoclonal antibodies (Manufacturer,
Identifier): CDKNZ2A (Ventana, 725-4713), TP53 (Dako, M700101-2), SMAD4 (Santa
Cruz Biotechnology, sc-7966) using previously described techniques [7]. TP53 was
abnormal if expression was absent or overexpressed (>30% strong nuclear staining).
CDKN2A and SMAD4 were evaluated for loss of expression, compared with intact labeling
in internal normal tissues.

3. Results

3.1 Clinical data

Cysts from 13 patients met inclusion criteria. The patients were 9 women and 4 men with an
age range 48-76 years (median=67 years) (Table 1). 69% of the cysts were in the pancreatic
body/tail. Review of pre-operative imaging descriptions indicated that a description of a
multi-septate cyst was most frequent (n=4), followed by a dilated duct with stricture (n=3).
Other descriptions included multiple cysts (n=2), a unilocular cyst connected to the main
pancreatic duct (n=2), and a mass/cystic mass (n=3). Three patients had serum testing for
CEA and/or CA19.9 and none were outside of the reference range. Endoscopic ultrasound
guided fine needle aspiration was performed in 50% of the cases with diagnoses including
nondiagnostic (n=5), atypical (n=1), and mucinous neoplasm (n=1). Cyst fluid CEA ranged
from 120 to 4899 ng/ml (median= 1214 ng/ml) in the four patients tested.

Most patients had a pre-operative clinical diagnosis favoring IPMN except for two patients
suspected to have a cyst, not otherwise specified. International guidelines for resection of
IPMN did not exist for the entire period during which the samples were collected; the
documented clinical reasons for resection were: large or increasing cyst size, dilated main
pancreatic duct, or concern for occult malignancy based on abrupt narrowing of the
pancreatic duct, as described in Table 1. Two patients chose resection after being given the
option of surveillance.
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3.2 Histology

By gross and histologic evaluation, most of the cystic lesions were clustered dilated ducts
(10 cases, 77%), with a few (3 cases, 23%) unilocular cysts. Inclusion criteria and diagnosis
of simple mucinous cyst were confirmed, including the absence of papillary architecture and
ovarian-type stroma. Peri-cystic dense, pauci-cellular collagen was present in 7 cases (54%).
Lobular atrophy and chronic pancreatitis were in the peri-cystic tissue in 9 cases (69%).
Immunohistochemical results for ER/PR were reported as negative for two of the female
patients. Connection to the main pancreatic duct was identified grossly in 2 cases. One cyst
was radiologically considered a mass lesion (case 2), which was likely due to dense,
inspissated mucoid material seen grossly and histologically. Columnar epithelium
resembling low grade pancreatic intraepithelial neoplasia (LA=100% 1A, 1B=31%, and 2=
8%) involved the epithelial lining of all cysts, with the amount of intracytoplasmic mucin
highly variable throughout the lesions (Table 2). The background pancreatic parenchyma
was involved by low grade PanIN multifocally in all but 2 patients (1A=62%, 1B=38%,
2=15%). None of the patients had high grade PanIN (high nuclear-to-cytoplasmic ratio,
complex architecture, and cellular disorganization). Sixty-nine percent (n=9) of patients had
extensive lobular atrophy and chronic pancreatitis. 15% of patients (n=2) patients had a
demonstrable cause for obstruction in the form of 1) pancreatic lithiasis (case 6) and 2)
adenocarcinoma presenting 2 months later but not clinically apparent at the time of cyst
resection (case 4); these are not exclusion criterion for diagnosis of simple mucinous cyst;
therefore, these cases were retained in the study.

3.3 Clinical outcome

The surgical pathology diagnosis of retention cyst with PanIN conflicted with the
presumptive clinical diagnosis of IPMN in 10 patients. Subsequently, follow up
recommendations were as follows: 8 patients had annual pancreatic angiography, 3 patients
had no prescribed follow up pancreatic imaging due to no perceived risk of recurrence, 1
patient required no follow up due to no residual pancreatic tissue, and one patient developed
a mass (previously undetected) two months following cyst resection in the residual pancreas,
which was confirmed to be adenocarcinoma (case 4). For the 8 patients undergoing
surveillance, follow up ranged from 12-159 months (median 60 months), during which 5
patients had residual cystic lesions and dilated pancreatic ducts that remained stable and 3
patients had no recurrence/residual abnormalities.

3.4 Molecular characterization of cyst epithelium with histologic and immunophenotypic

correlation

Targeted sequencing analysis of 18 genes associated with ductal neoplasia in the pancreas
detected a total of 59 mutations in this cohort, involving 15 genes, with up to 16 detected
mutations per cyst (median=4 mutations per cyst), as detailed in Table 3. No mutations were
detected in 4 cysts, one of which was the cyst (case 6) associated with lithiasis. The most
frequently altered gene was KMT2C (MLL3), occurring in 8 cysts (62%). Mutations in
genes altered early in non-invasive pancreatic neoplasia were detected at the following rates:
KRAS (15%), BRAF (8%), RNF43(8%). Several genetic alterations associated with
advanced dysplasia were detected at the following rates: CDKNZa (8%), TP53(15%), and
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SMAD4 (8%). No mutations were detected in GNAS, CTNNBI, and SMADS3. Six of the
cysts showed multiple unique missense mutations in the same gene; genes with multiple
mutations per cyst included: ARID2, ATM, KMTZ2C, SF3B1, TGFBRZ2. Two cases in this
cohort had cysts with possible upstream obstruction. Case 6, with lithiasis, did not have
mutations detected, but 3 other cysts had no mutations and no indication of duct obstruction.
Case 6, with the subsequently detected adenocarcinoma had multiple mutations. We do not
know the genotype of the adenocarcinoma to assess whether the lesions were related, but
they were not close to each other in the gland.

Immunohistochemical staining for p16, p53, and SMAD4 was tested on cysts showing
abnormalities of the related genes CDKN2A, TP53, and SMADA4, respectively. Patchy
overexpression of p16 was seen in case 1 (Figure 1). SMAD4 labeling was retained in cases
9 and 10 but rare cells in case 1 had absent expression of uncertain significance. Staining for
p53 did not meet criteria for abnormal expression in cases 4 and 11, but p53 was
overexpressed in case 3 (Figures 2,3).

4. Discussion

Using a targeted genetic sequencing panel, we tested the epithelium of 13 simple mucinous
cysts, originally diagnosed as retention cysts with PanIN, and detected multiple,
heterogeneous driver gene mutations associated pancreatic mucinous neoplasia, which
provides insight into the biology of these lesions.

The panel of 18 genes was designed to cover the most common mutations occurring in
PanIN and IPMN, and we detected a 59 total mutations with a median of 4 mutations per
simple mucinous cyst (range= 0-16 per cyst). It is difficult to place this prevalence of
mutations in context with the mutational burdens of other mucinous neoplasms, since
methodology varies among studies. For example, whole exome sequencing of high grade
PanIN has a median of 33 mutations per lesion [8]. Targeted next generation sequencing (51
cancer-associated genes) of low grade IPMN found a median of 3 mutations per lesion
(range= 0-5) [9]. Targeted sequencing (275 cancer-associated genes) on high grade IPMN
has a median of 4.5 (range=0-40) [8, 9, 10]. Like IPMN and PanIN, the mutations detected
in simple mucinous cysts included multiple driver genes, which provides further support that
these lesions contain neoplastic epithelium rather than occurring as a consequence of
obstruction, as reflected by the initial terminology of “mucinous non-neoplastic cyst.” The
concept that the mucinous epithelium represents non-neoplastic metaplasia was initially
propagated after a published report of polyclonality in these lesions [11]. Recently, both
PanIN and IPMN have been shown to contain multiple neoplastic clones, challenging the
idea that these neoplasms are monoclonal. [12, 13].

PanIN and IPMN are defined as neoplasms because they have clonal mutations of cancer
associated genes and show grade progression with increasing prevalence of mutations [8,
12]. Consequently, the prevalence of activating KRAS mutations in simple mucinous cysts
was the initial evidence used to support their neoplastic nature [2]. The KRAS mutation rate
in our cohort was 15% (2/13). Prior reports of KRAS mutation rates for simple mucinous
cysts has a wide range (13-55%), depending on whether mutations were detected in tissue or
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cyst fluid [2, 3]. In comparison to other mucinous neoplasms, KRAS mutants are much more
consistently detected in PanIN (up to 94% of low grade PanINs), with the major caveat that
in the earliest PanIN lesions, the mutations are present in a small fraction of the cells
comprising the lesion [8, 14]. The prevalence of KRAS mutations in genomic studies of
IPMNs covers a wide range (mean 30-40%) and depends on the prevalence of the various
histologic subtypes of IPMNs tested. For example, Wu et al. reported on a cohort with a high
concentration of gastric type IPMNs and found a 79% prevalence of KRAS mutations [15].

The cysts we studied consistently demonstrated low grade dysplasia, yet in addition to
expected mutations for KRAS, 69% of cysts had multiple other established driver mutations,
such as KMT2C (MLL?3), the most prevalent which comprised 62% (21/59 mutations
detected in the cohort). BRAFand CDKNZA, for example, are known drivers in KRAS
negative pancreatic mucinous neoplasms. Notably, we have shown that simple mucinous
cysts can contain alterations driver genes that are more often seen in advanced pancreatic
neoplasia, such as SMAD4, TP53, and CDKNZA, which is not unlike prior reports that
early, low grade PanINs contain KRAS, CDKNZA, GNAS, or BRAF mutations [14].
Another recent study demonstrated that driver gene heterogeneity is more prevalent in low
grade than high grade IPMNs, and while we cannot draw a clear parallel based on our
limited data, there is appeal to the hypothesis that we observed a similar biological
phenomenon [12, 13]. The scope of our methods did not include quantification, clonality, or
epigenetic studies that could provide more insight into the sequence and combination of
events that lead to disease progression, which is an area of long-standing debate.

Since the epithelial lining of simple mucinous cysts with low grade dysplasia resembles the
neoplastic epithelium of low grade gastric type IPMNs and PanINs, two entities with well-
characterized genetics, there is an existing framework for comparison with our data from
simple mucinous cysts. IPMNs, PanINs, and simple mucinous cysts seem to have overlap in
genotype; all but 3 of the genes on our panel (GNAS, SMAD3, and CTNNB1)that
characterize these other mucinous neoplasms were altered in at least one simple mucinous
cyst [8, 13]. However, the specific mutations in simple mucinous cysts differ from those in
PanINs and IPMNSs, both in type and in frequency. The absence of GNMAS mutation
somewhat reduces the likelihood that this lesion represents an incipient IPMN, since GNAS
is thought to be one of the earliest driver genes in IPMN. Even small (<1 cm) cystic lesions,
so-called “incipient” IPMNSs, have been shown to have a 33% rate of GNAS mutation [16].
In 50% of IPMNSs, both GNAS and KRAS mutations are present (Wu Jiao 2011, Wu
Matthaei 2011 [10]. The overall frequency of KRAS mutations in simple mucinous cysts
was also lower than in PanINs or IPMNs, and some of the most frequently altered genes
(e.9. MLL3) have not been implicated commonly in the pathogenesis of these more common
pancreatic mucinous lesions.

Our robust filtering process selected for deleterious mutations, yet immunohistochemical
protein expression inconsistently correlated with the genetic abnormalities in the cases we
tested. Given the evidence for the low proportion of KRAS mutated cells in low grade PanIN
lesions, if these mutations in simple mucinous cysts also involve scattered lesional cells, it
may be challenging to detect these alterations by immunolabeling [17].
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Krasinskas et al. published the largest case series of simple mucinous cysts to date, and our
smaller, representative cohort has similar clinicopathologic characteristics [3]. For example,
our cohort also presented with a mean age in the mid-seventh decade, a predominance of
post-menopausal females, cysts located in the pancreas body/tail, and evidence of elevated
cyst fluid CEA. In contrast, this cohort had a larger proportion of multiloculated cysts and an
absence of high grade dysplasia [3].

The histologic diagnosis of simple mucinous cyst is not without controversy, given the
resemblance of these cysts to PanIN involving a retention cyst, mucinous cystic neoplasm,
and branch duct gastric type IPMN. PanIN was less compelling as a diagnosis because most
of the cysts do not have an obvious obstructing lesion and PanIN is by definition a
microscopic, incidentally detected lesion (<0.5 cm). The apparent predilection for females
and distal gland involvement is in common with MCN, but ovarian type stroma was
consistently absent in simple mucinous cysts. It is more difficult to make an argument
against the possibility these are branch duct IPMNSs, particularly since occasional pancreatic
duct connection has been observed (two cysts in this study) and multi-loculation/grape-like
arrangements commonly described for BD-IPMN are typical [3]. Yet, IPMN is an awkward
diagnosis for a cyst lacking the eponymous papillations, hence the consensus designation of
these cysts as, “simple mucinous cyst.” The lack of an intestinal immunophenotype
(MUC2-, MUC5AC+) in simple mucinous cysts has been repeatedly demonstrated [3, 11].
We did not perform mucin immunophenotyping but none of the cysts exhibited the hallmark
distinctly elongated ovoid nuclei and goblet cells of the intestinal histologic phenotype.
Furthermore, the lack of GNAS mutations, which are particularly characteristic of IPMNs,
argues against the possibility simple mucinous cysts are simply IPMNs that lack papillae.

In 69% of the cysts in this series, the patients presented with a radiologic picture of IPMN,
leading to a vexing clinical dilemma of what surveillance should be recommended. IPMNs
are often multifocal, and patients have up to a 20% risk of recurrence or new disease in their
remnant pancreas following resection [18]. Recurrent IPMN can be due to incomplete
resection of the original primary, intraductal spread of the previous primary, or a new lesion,
independent of the first [19]. For these reasons, IPMN surveillance entails examinations at 2
and 5 years following resection, but more frequent monitoring is often undertaken [20]. With
a median follow up of 5 years, none of the 8 patients in our study with follow up (one patient
had no residual pancreas) had progression or recurrent disease, with one notable exception.
One patient developed a clinically evident adenocarcinoma within 2 months following
resection of the cyst. The lack of progression in this small sample size is reassuring, but this
event highlights how critical it is to clinically exclude an upstream obstructive lesion in the
residual pancreas of patients with simple mucinous cysts, since they are possibly
etiologically related to retention cysts secondary to malignant obstruction.

In conclusion, using clinically and histopathologically well characterized simple mucinous
cysts we have documented the genetic composition of these neoplasms which places them in
an extended spectrum of early, low grade mucinous neoplasia, thus filling a knowledge gap
since previous reports were limited to the testing for KRAS[2].
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Highlights
Discussion
. We detected 59 total mutations with a median of 4 mutations per simple
mucinous cyst (range= 0-16 per cyst).
. KRAS mutations were present in 15% of the cysts (2/13).
. The cysts we studied were consistently low grade in histology, yet 69% had

multiple established driver mutations, such as KMT2C (MLL3), the most
prevalent mutation (21/59, 36%).

. Eight patients had clinical follow up (median 5 years) with either no
progression of residual cystic disease or recurrent cyst disease.
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Cyst Region 1

Figure 1.
Schematic of the high quality variant detection method.
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Cyst Region 1

Figure 2.
Case 1 had mutations of CDKNZA and patchy, intense labeling for p16.
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Figure 3.
Focal strong immunohistochemical labeling for p53 did not reach the overall threshold for

abnormal staining in this case (4) with a TP53 mutation.
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quality variants

4243 variants 13338 variants

N\ "4

212 variants
common to both
sequencing runs

remove
germline
variants

198 somatic variants

screen for
pathogenicity

59 pathogenic somatic variants
(range 0-16 per cyst)

Figure 4.

Page 14

A TP53mutation and diffusely abnormal immunohistochemical expression of p53 were

detected in case 3.
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Patient demographics

Clinical Feature

Table 1.

Male

Female

Cyst location
Head/neck
Body/Tail

Operative procedure
Pancreatoduodenectomy

Distal pancreatectomy

Cystectomy or partial resection

Reason for resection
Patient choice

Cyst size

Concern for occult malignancy

Dilated duct

N %

4 31%
9 69%
4 31%
9 69%
2 15%
8 62%
3 23%
2 15%
4 31%
4 31%
2 15%
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Table 3.

Attiyeh et al.

Total
mutations

Number distinct mutations per gene

Distribution of distinct gene mutations for each simple mucinous cyst

detected

SMAD3 SMAD4 TGFBR1 TGFBR2 TP53

RNF43 SF3B1

BAGE2 BRAF CDKN2A CTNNB1 GNAS KMT2C KRAS PCDH15

ARIDIA ARID2 ATM

per cyst

Case
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